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Pe3rome: O6’ckmom pozensady € npoyec nodyoosu mooeneil NOBeOIiHKU OUCKPEMHO-HEeNePepeHUX CHOXACIMUYHUX
cucmem HeMapKo8CcbKo20 muny 3a 00nomo2oo memoody gaz Epnanea. Ha 6aszi ybo2o memooy ma 3 6UKOPUCHIAHHIAM
VOOCKOHANEHOT MeXHONO02IT MOOeNOBaAH ST OUCKPEMHO-HENEPEPEHUX CIMOXACIMUYHUX CUCEM MApKoecbkoeo muny [1]
PO3poOAEHO MemOoO nobYO008U MoOeell CKIAOHUX CUCIEM HEMAPKOBCLKO20 muny y euensodi epaga cmanie i nepexodis.
Po3pobrenuti memoo npoiniocmposano npukiadom ananizy CUCMeMU MAco8020 00CIY208Y8aAHHS.
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Abstract: The goal of the paper is the construction of behavior models of discrete-continuous stochastic systems of
non-Markov type by the method of Erlang’s phases. The improved method of formalized construction of behavior
models as a graph of states and transitions is developed. Since this method is a part of technology modeling discrete-
continuous stochastic systems, now the process of construction of behavior systems of non-Markov type is automated.
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BCTYN

Jlis moOymoBH MoOJENeH MOBEAIHKH CKIIATHHUX
TEXHIYHUX CHCTEM Yy  BUIISAI  JUCKPETHO-
HerrepepBHOi croxactuaHoi cuctemu (JJHCC) B [1]
3aIpONIOHOBAHO TEXHOJOTII0 (opMmyBaHHS Trpada
CTaHIB Ta MEPeXOAiB, CTyMiHb QopMamizamlii sKoi
JIO3BOJIMB aBTOMAaTH3yBaTH Iiel mportec. Ha ocHoBI
i€l TEXHOJIOTIT PO3POOJICHO MPOrpaMHHU MOIYJIb
ASNA-1, [IPU3HAYCHUN JUIst BU3HAYCHHS
MMOKa3HUKIB HaliiHOCTI (HMOBIpHICTh 0€3BiIMOBHOI
poboTH Ta  cepemHE  3HAYEHHS  TPHUBAIOCTI

0e3BiIMOBHOI p0OOOTH) BIIMOBOCTIMKHX CHCTEM [2].
J1st 06’ekTa JOCTIIKEHHS 3 JOBUILHOIO KITBKICTIO
cTaHiB mporpamuHuii moxynb ASNA-1 3xilicHIoe

OesnmoMmiKoBy TOOymoBy rpada CTaHiB Ta
MepexodiB, IO € BAXJIMBUM TIPH PO3B’sA3aHHI
NPOCKTHUX 3aJad METOIOM OaraToBapiaHTHOTO

aHamizy. Ha ocHOBi rpacda, skuil mpencTaBise
JHCC [3] dopMmyeThcss MaTeMaTHdHa MOJECITH
00’€kTa  JOCHIKCHHS Y  BUIJISAI  CHUCTEMHU
mudepeHUiansHuX piBHAHE KonMmoroposa-YenmeHa.
Taka Momenp Hakiazae yMOBYy Ha  00’€kT
JOCIIKEHHSI, sIKa TIOJIATae B TOMY, IO TPUBAJIOCTI
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BCiX IPOIIECiB B HHOMY BBAKAIOTHCS PO3TOIITICHIMHI
32 eKCIIOHCHITIIHIM 3aKOHOM PO3IIOILTY.

OnmnHak, mig 0OaratboX OO0’€KTIB JOCIHIIKEHHS
Taka yMOBa 3HW)KYE CTYIiHb aJeKBaTHOCTI MOJENI 1
BHOCHUTh IMOMMJIKY B pe3yibTar. Tak B MOJENIx
BIIMOBOCTIMKHX CHCTEM 3 TEXHIYHUM
00CITyroByBaHHSIM JIsSi TPUBAJIOCTEH BiJHOBJICHHSA 1
B MOJEJSIX CHCTEM MacOBOTO OOCITyTOBYBAaHHS IS
TpUBaJIOCTEH 00cITyroByBaHHS 3asBOK
PEKOMEHY€ThCS BUKOPHCTOBYBATH 3aKOH
posmomity Epmanra [7]. JluckpeTHO-HemepepBHIi
CTOXAaCTUYHI CHUCTEMH, B SIKUX ICHYIOTH TPOIIECH,
TPHUBAJIOCTI SKUX OMHCYIOTHCS 3aKOHAMH PO3IOJITY
BIAMIHHMMH BIiJ €KCHOHEHIIIMHOTO HA3UBAIOTh
HeMapKOBCbKUMU. JIJIs ToOymIOBH MOJENeH TaKux
CHCTEM BHKOPHUCTOBYIOTH MeTon (a3 Epnanra (DE)
[3-6], sixuil A03BOJIIE HEMAPKOBCHKUM TUCKPETHO-
HenepepBHUM Tporrec, TPHUBAJIOCTI SKOTO
posmonineHi 3a 3akoHoM EpiaHra ampokcuMmyBaTH
MapKOBCBKHUM TPOLECOM. 3TifIHO IbOTO METOAY

HEOOXiTHO rpad CTaHIB i TIepeXoIiB
TpaHcHOpMyBaTH, IUIAXOM 3aMiHH BIiJTIOBITHUX
CTaHIB JIAHIFO)KKamMu (PIKTUBHUX cTaHiB. OJHaK,
BHKOPDHCTaHHS  [OTO MeToay ©Oe3  3aco0iB
aBToMaTH3aiii 1 O00’€KTIB  JOCHIUKEHHS 3
BCJIMKOI  KIJIBKICTIO CTaHIB € TPYIOMICTKOIO
3a7a4€ero.

B crarTi mokazaHo MeTonm MOOYIOBH MOJIENCH
MOBEIHKH CKJIAJJHUX CUCTEM HEMapKOBCHKOTO THITY,
B OCHOBY SIKOTO TOKJaJeHi: MeToA TOoOyAOBH
Mojesel y BUIIsiAL rpada, onmucanuii B MoHOTpadii
[1]1meTon da3 Epnanra.

1. YOOCKOHANEHHA TEXHONOrI
NOBYAOBWU MOAENEN NOBEAIHKU
ANCKPETHO-HEMNEPEPBHUX
CTOXACTUYHUX CUCTEM

B poborax [8, 9, 10] mpoBemeHO neTanbHUI
po3rIIsIT 0coOMUBOCTEH BHKOpHcTaHHS Metony DE
Ta 3alpOMOHOBAHO METOAUKY (hopMarizoBaHOl
o0y 10BU Moiene MTOBEIiHKH CUCTEM
HEMapKOBCHKOTO THIY Ha 0a3i mporo meroxy. Lllo6
3pOOMTH W0  METOOWKY  TPHIATHOIO IS
BUKOPDHUCTaHHS, B  MPAKTUI[l  MOJCIIOBAHHS
MOBEMIHKA  CKIIAJHUX TEXHIYHHX CHCTEM, B
TEXHOJIOTIF0  MOJENIOBAaHHS, IPEICTaBICHY B
MoHorpagii [1], BHECEHO psa IOMOBHEHb, SKi
CTOCYIOThCSI (hOpMYyBaHHS BepOanbHOI Ta MoOya0BU

CTPYKTYpPHO-aBTOMAaTHOT MOJIeTeH. Breceni
JOTIOBHEHHS JIO3BOJISIIOTH 3IIHCHIOBATH
aBTOMAaTHU30BaHy TMOOYAOBY MoJeNi MOBEAiHKH

CHUCTEMHU y BUTJLAAI rpada CTaHIB Ta MEPEXOMdiB, 3
BUKOpUCTaHHsIM Metony @PE, sxy 3alesneuye
(peanizye) nporpamuuii Moxyiis ASNA-1.

CyTb IUX IOTIOBHEHb MOJIATA€ B HACTYIHOMY:

1) Ilpm dopmyBanHi BepOanmpbHOI  MoOAEII

HEOOXI1THO 3MIMCHUTH OMHUC BCIX MOMIH, SKi MOXYTh
BiIOyBaTHUCS B JOCHIKYBaHil CUCTEMI Ta MPOBECTH
ix kacugikarmiro Ha 6a30Bi Ta cymyTHi. [y KoxxHOT
0a30BOi moAil HEOOXiMHO OMHMCAaTH BCi CHUTyaIllii, B
SIKAUX BOHA MOK€ BiOyBaTHUCH.

Hdns  cucteM  HEMapKOBCBKOTO  THITY, 3
BukopuctanHsM Metony DOE, i3 mporecis, ki
MPOTIKAIOTh B  CHCTEMi HEOOXIHO  BHIIITUTH
MPOIIECH, TPUBAIICTD SIKMX HE MOYKHA IPEACTABISTH
eKCIIOHEHIIIHHUM ~ 3aKOoHOM  posmominy. s
TPUBAJIOCTE  IUX  MPOIECIB  BHU3HAYAETHCS
MaTeMaTHYHa MOJIeTb PEabHOTO 3aKOHY PO3MOALTY
HMOBIpHOCTI (rycTrHa po3noniny f(t), MaTemaTnyHe
OUiKyBaHHS M, , AUCTIEPCis 6°).

JIsi BUKOpHCTaHHS ITMX MaHWUX TPH TOOYyIOBi
MoJeNel TOBEAIHKM CTOXaCTHYHOI CHUCTEMH 3a
nmoromororo Merony ®OE, peanbHi 3akoHN pO3MTOILTY
HEOOXITHO ampOKCHUMYBATH 3a JOIIOMOTOIO 3aKOHY
po3noainy Epmanra abo KOMMO3HWINT  KiIbKOX
3akoHiB  po3noainy  Eprnanra.  3nificHIo€ThCS
BHM3HAYEHHS ITapaMeTpiB ampOKCUMYIOUOTO 3aKOHY
po3nofily ab0 KOMITO3UINT 3aKOHIB PO3MOALTY
Epnanra (MoBa iige mpo MOPAIOK 3aKOHY PO3MOIITY
abo Tak 3BaHWU mapamerp GopMu n Ta mapamerp
MacmTady o, 332 JOMOMOTOI0 SKHX allpOKCHMYETHCS
peasibHUl 3aKOH PO3MOILTY ).

2) lloOymoBa CTPYKTYpPHO-aBTOMAaTHOI MOJEi
(CAM) S3miliCHIOETBCSI Ha OCHOBI  BepOaapbHOL
MoOJIeNli, SiKa 3a/la€ BXiJHI JAaHi y BUTISII TEPEIiKy
0asoBuX mOAi Ta omucy cuTyaniil (mogaHux
yMOBaMH Ta OOCTaBHHaMH), 3a SIKUX i TOMIii
BiIOYBaIOTHCS.

3 oOpanux 0a30BUX IMOMil BH3HAYAIOTHCS Ti
nmoJiii, SKi CHPUYUHSIOTH MPOIIECH, TPUBAIICTD SKHX
HE MO)KHA TPEJICTAaBIISATH €KCIIOHEHIIIHHUM 3aKOHOM
pO3MOLTY.

Hns  aBromarumzamii  mporecy  (opmyBaHHS
JIOJaTKOBUIX JIAHITIOXKKIB (DIKTUBHUX CTaHIB 3TiIHO
Metony DE, HEoOXiqHO BHECTH HOEsAKI 3MIHH B
METOAUKY (OpMYyBaHHS CTPYKTypHO-aBTOMATHOI
MOJENI.

KinpkicTh 1OJAaTKOBHX JTAHIIOKKIB BU3HAYAETHCS
KIJIBKICTIO ~ 3aKoHiB  posmoxiny Epranra,  ski
BUKOPHUCTOBYIOTHCS npu ampoKCUMaIIii
HeMapkoBchbkux mporteciB B JIHCC, a KiTbKicTh
(GIKTUBHHUX CTaHIB B LUX JTOJATKOBUX JIAHIIIOKKAX
BU3HAYAETHCS MOPSAKOM ANPOKCHMYIOUOTO 3aKOHY
posmnonairy Epranra.

dopMyBaHHS BEKTOpa CTaHiB MOJsrac y BUOOpI
KOMITOHEHT, sIKi BU3HAYar0Th CTaH CUCTeMH (00’ €KTa
JOCT/DKEHHS) B KOKEH MOMEHT 4acy. KimbkicTh
KOMIIOHEHT B OMHCI IOTOYHOTO CTaHy CHCTEMH
MOBHHHA BIAMOBINATH KUTBKOCTI IMapaMeTpiB, 3MiHY
SKAX BU3HAYAE MOBEMIHKA 00’ €KTa HOCIIHKEHHS.

[Ipu Bukopucranni Meromy @OE HeoOXigHO
MPU3HAYUTH JTOJIATKOBI KOMIIOHEHTH BEKTOpa CTaHy,
aki Bu3HauyatoTh nepeOyBanHs JHCC y ¢ikTuBHHX
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CTaHax  JIOAATKOBUX  JIAHIIOXKKIB.  KinmbKicTh
JIOJTATKOBUX KOMIIOHEHT BEKTOpa CTaHy
BH3HAYAETHCS KUTBKICTIO TIPOIIECIB, TPHUBAIICTh SIKHX
po3mo/IiieHa He eKCIoHeHIIiitHO. [loTouHe 3HaYeHHs
JIOJTATKOBOI KOMIIOHEHTH BijoOpakae Ha sKid (ha3i
JI0IaTKOBOT'O mporiecy — mepedbysae  JITHCC.
ITouaTkoBe 3HAYeHHS i€l KOMIOHEHTH BiOMOBimae
KUTBKOCTI (ha3 JOMATKOBOTO TIpOIeCy (KITBKOCTI
CTaHIB JOJATKOBOT'O JIAHITIOKKA, SKi Ui 00’eKra
JOCTiKeHHS € (DIKTUBHUMMU).

Ilpu dopMyBaHHI MHOXHHH  (QOpMaTbLHUX
mapaMeTpiB 3aMaloThCsl 3HAUCHHS I1HTCHCHBHOCTI
MOTOKIB TOJii Ta KOHCTAaHTH, $KI BH3HAYaIOTh
CTPYKTYpy 00’ €KTa TOCIiIKEHHS.

B mobynoBy nmepeBa mpaBmi  Monaudikartii
KOMITOHEHT BEKTOpa CTaHy BHECEHO PsiJl JOTIOBHEHb.
3riTHO TEXHOJIOTii MOJEeNroBaHHs moaaHid B [1], y
BiAMOBimHIA  TaOmmuHi  dopmi,  MOTAETHCS
(dopmamizoBaHUil OMUC TOBENIHKHA CHCTEMH. 3a
JOTIOMOTO0 JIOTIYHMX (YHKIIH Ta MaTeMaTHYHUX
omeparii Hajg KOMIIOHCHTAMH BEKTOpa CTaHIB
MIPOBOJIUTECS OMKMC YMOB Ta OOCTaBHH, 3a SKHX
BigOyBaroThCsl 6a30B1 MOII.

Jus 6a30BHX MOMii, SKI CHPUYHHSIOTH TOSBY
HemapkoBcbkux mporeciB B JJHCC HeoOXximHO
chopMyBaTH J0JATKOBI YMOBHU Ta OOCTaBUHH, SIKI
OyIoyTh BHW3HauaTH TiepeOyBaHHA Yy (DIKTHBHHX
CTaHax JI0JIaTKOBUX JIAHIIFOKKIB.

[pu posrmsani 6a3oBoi momii, ska CHPUYHHSE
MOSIBY B CHCTEMi HEMapKOBCHKOTO  IPOIECY,
HEOOXiIHO peanbHW 3aKOH PO3MOAUTy HOro
TPHUBAJIOCTEH alPOKCUMYBATH 3a JIOTIOMOTOKO 3aKOHY
posnoniny Epnanra n-ro nopaaxky. Tozai BinmoBigHi
crann JIHCC HEoOXiZHO 3aMIHHUTH JIAHIOXKKOM
¢dikTuBHUX ~ craHiB. KigBKiCTh  CTaHIB  IHOTO
JIQHITIOKKA TIOBUHHA OYTH PIBHOIO MOPSAKY 3aKOHY
posnoxiny Epmanra, skWii BHKOPHCTOBYIOTH IS

anpokcumariii. Jlmg  1mpOro 'y BEKTOpP  CTaHy
BHOCHTBECSI HOBAa KOMIIOHEHTa V), ITOYaTKOBE
3Ha4YEeHHs  fAKOi BM3HAYac  KIUIBKICTh  CTaHIB

JI0JIATKOBOIO JIAHIFOKKA 1.

Burnsn 1oaaTKoBOro JIaHIFOXKKA 3 3HAYEHHSIM
JIOIaTKOBOi KOMIIOHEHTH Vi I KOXHOTO CTaHy
300paxeHo Ha puc. 1.

: ° : ° : e : ° :
Vk=n Vk=n-1 Vk=2 Vk=1

Puc. 1 - JlonatkoBuii 1aH0K0K GiKTUBHUX CTAHIB
JAUCKPETHO-HeNepPePBHOI CTOXACTUYHOI CHCTEMH

Hunst wiei 6a3oBoi moxii kpiMm yMOB Ta 00CTaBUH,
IO ONKCYIOTh CHTYallii B AKUX BigOyBaeThCs MO,
HeoOXiHO JomaTtd JBi O3HAaKW, sKi OyIyTh
Bm3Havyatn mnepeOyBanHs JIHCC y ¢diktuBHEUX
craHax  S;...S, OOJAaTKOBOIO  JIAHIYOXKKA 1

BIJIITOBITHO BH3HAYATH 110101 (144 ) Horo
(opMmyBaHHS B CTPYKTYpi rpada cTaHIB i MEPeXoIiB.

[Nepima o3naka BizoOpaskae nepedysanns JHCC
B ctaHax Bim S; mo S,;. Lls o3Haka 3ammcyerbcs
HACTYIHUM YMHOM V|>=2, a mpaBwio Mojudikamii
KOMITOHEHTH BEKTOpa CTaHy Mae BUIIIAA Vi:=V-1.

Hpyra  o3Haka  BimoOpakae  3aBepIICHHS
nmepebyBanas JIHCC B ocTaHHROMY  CTaHi
JOJJATKOBOTO JIaHIIOKKa. DopMaiizoBaHMid 3aIuc
miei o3Haku € TakuMm Vi =1. Ilpu QopmyBaHHi
mpaBuia Momudikarlii KOMIIOHEHT BEKTOpa CTaHy
HEOOXITHO TIOBEPHYTH KOMIIOHEHTI Vj IMOYaTKOBE
3HAY€HHSA 1 3MIHWTH BIAMOBIAHI KOMIIOHEHTH, SIK1
BiOOpaXKAIOTh TIepeXi/l B HACTYITHUH peallbHUi cTaH
00’€KTa TOCTiKEHHS.

Po3pobnena  cTpyKTypHO-aBTOMaTHa  MOJAENb
00’€KTa IOCIHIKEHHS, 3 TOJJATKOBOIO KOMITOHEHTOIO
BEKTOpa CTaHy Ta BIAMOBITHUMH O3HAKAMH CTaHY,
BBOAMUTHCA B mporpamMHuii moxynbs ASNA-1, sxuit
3IiICHIOE aBTOMaTH30BaHy MoOYyZOBy rpada cTaHiB
Ta TEpPeXoJliB 00’€KTa TOCHIHKCHHS Ta PO3B’s3Yy€
cucreMy audepeHmiiHuX piBHSIHb Kommoroposa-
UenmeHa.

Po3p’si3aHHs  cucTeMH  pIBHAHb  JTO3BOJISIE
OTPUMATH PO3MOIiA WMOBIpHOCTEH MepeOyBaHHSI
JIHCC y Bcix cTaHax Sy B AOBIIbHHI MOMEHT Yacy t,
TOOTO Py (t).

Sxmo B AOCHDKYBaHIW CHCTEMI iCHYIOTBH
HEMAapKOBCHKI IMPOIIECH, SKI PO3MOYMHAIOTHCS HE 3
MOYaTKOBOTO CTaHy, TO TpPU 3aMiHi [HMX CTaHIB
JIOJTATKOBUM JIAHITFO)KKOM HE BIA€THCS OTPUMATH
BUOpaHMH JUId amnpoKcuMarii 3aKOH  PO3MOIITY
Epnanra. Lls npoGnema posrisaaeTses B cTaTTi [8].
B miif craTTi moka3aHo, [0 BUKOPUCTOBYIOYH METO]T
¢a3 Epmanra mpu moOymoBi MoOJeNel CKIaTHUX
CUCTEM HEOOXiTHO MepeBipATH TOYHICTh
ampokcuMariii, Ky 3abe3meduye anmpoKCUMYHOUHA
3aK0H po3monairy. s 1bOT0 Ha OCHOBI PO3IOALTY
HMOBIpHOCTEH TiepeOyBaHHS CHUCTEMH B CTaHax,
MPOBOAMUTECS PO3paxyHOK anpPOKCUMYIOUUX
€KBIBAJICHTHUX IHTEHCHBHOCTEH, $KI  IOBHHHI
ONMCYBAaTH BIATOBIMHUNA Tporiec  (BiAHOBICHHS,
00CITyroByBaHHS TOIIO).

[Ticnst mporo 3ailicHIOETECS (hOpMyBaHHS BHpPa3y
TYCTHHH PO3IOAUTY WMOBIPHOCTI UISI TPHBAIOCTI
anpOKCHMYIOUOTO MPOIECy Ta pPO3PaXOBYIOTHCS
napamMeTpu anpoOKCHMYIOUOTO 3aKOHY PO3MOJILTY
(MaTeMaTHYHE OYiKyBaHHS M, AHCIEPCis 6°).

[epeBipka TOYHOCTI anpPOKCUMAIIIT 3TIHCHIOETHCS
IUISXOM MOPIBHSIHHS apaMeTPiB PeaabHOrO 3aKOHY
po3mofily, sAKi BH3HAYAIOTBCA TpH MOOYAOBI
BepOAIbHOI MOZIETl Ta PO3paxOBaHUX IapaMeTpiB
ANPOKCHMYIOUOT0 3aKOHY PO3IIOJILTY.

[IpoBoauThCS oOIiHKA BimMmoBimHOCTI  dopmMu
GyHKIOIH ~ TYCTHHH — PO3MOIITYy  WMOBIpHOCTI
peaIbHOTO Ta alPOKCUMYIOUYOTO 3aKOHIB PO3IIOILTY.
Jns IIEOTO OILIIHIOETHCS pi3HUILSA MIXK
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MaTeMaTHYHUMH OYiKyBaHHSMH M, Ta AACIEPCIAMHU
6° 000X 3aKOHIB PO3MOIINY.

Sxo MaTeMaTU4YHE OUiKyBaHHS
AIPOKCUMYIOUOT0 3aKOHY pO3IOALTYy mca Oiibiie
BiT 3HAYCHHS  MaTEMaTUYHOTO  OYIKyBaHHSI
PEAIILHOTO 3aKOHY PO3MOAUTY MCT, TO 3HAYCHHS
IHTEHCHBHOCTI ~ TEPEeXOMiB MK  JIOJAaTKOBUMHU
CTaHAMH HE0OXiTHO 30UTBIITYBATH, a |y
MPOTHIICKHOMY BHITJIKy 3MCHIIYBATH.

Ilicns Toro, sk Oyne mocsarHyra HeoOXimHA
TOYHICTh  ampOKCHMAIlil  pealbHOrO0  3aKOHY
po3moniny, OTPUMAaHU pe3yibTaT pPO3B’sI3aHHS
cucteMu audepeHiaIbHuX piBHAHL Kommoroposa-
YerMeHa BBa)XKA€THCSI MPABUIIBHUM.

Temep MokHa mTpUCTYNUTH A0 (HopMyBaHHSI
MMOKA3HUKIB €(DEKTUBHOCTI TOCIIIKyBaHOI CUCTEMHU.
3 OTPUMAHOTO po3noiny WMOBIpHOCTEH
niepebyBanns JJHCC y ctanax ¢popMyroTs He0OXiaH1
MOKA3HUKU €(PEKTHBHOCTI 00’€KTa JOCIIIPKCHHS.
Hanpukman, moisixoM cyMyBaHHS —HMOBipHOCTEH
repeOyBaHHs CHCTEMH Y BiIIOBITHUX CTaHaX.

2. NMPUKNAAQ 3ACTOCYBAHHA
YOOCKOHANEHOI TEXHOMOTrTI

MOAEJTIIOBAHHA
Ilocmanoeka 3a0aui 00CNi0ICEHNA.
Posrnsimaerbest  cucrema  0OpoOku  iHQoOpMaIii,
MOJCILITIO SIKOT € cucrema MacoBOTO
ob6cimyroByBanHsa (CMO) 3 00MEXKEHOIO Yepror Ta
OJTHOKaHAJILHUM, OJHO(A3HMM 1 HeHamiiHUM
o0ciyroByBaHHsM puc. 2 [1].
Bxiganit
IOTIK 3asiBOK ' 1€Pra 3asBOK
Kanan
00CITyrOoByBaHHs

Puc. 2 — Cucrema MacoBoro o0c1yropyBaHHs 3
00MesKEeHOI0 Yeprolo Ta OTHOKAHAIBHUM, 0AHO(GAa3HUM
i HeHaIIiHUM 00CTyTOBYBAHHSAM

HocnimxyBaHa cucTeMa TMpamioe HAaCTYIHUM
YHHOM: 3asBKa, SKa HAAXOJUTh TPH BIICYTHOCTI
yepru 1 He3alHATOMY Ta Mpaune3JaTHOMY KaHaii
o0CIyroByBaHHs  IIOCTymae 1O  HBOIO  Ha
oOcnmyroByBaHHS. SIKIIO KaHald OOCITyrOBYBaHHS
3aifHATUI 200 HEeCIPaBHUU 1 B Uep3i € BiIbHE MicIie,
3adBKa fKa HAaOXOIUTh CTa€ B depry. SIkmo kaHai
00CITyroByBaHHs 3alHATHH a00 HECHpaBHUA 1 B
4yep3i HeMae BUIBHOTO MiCIs, 3asBKa SKa HaXOIUTh

BTpPAYa€ETHCS.
YacoBuii  iHTepBall  MDK  3asgBKaMu, JUIs
posrasHyroi CMO, po3nopinieHuil 3a 3aKOHOM

posmoniny Epranra 3-ro mopsaKy 3 TYCTHHORO
PO3IIOMIITY fo (2):

—at (1)

fot)=a-e W (H

Je o — mapamerp Macmrtady; n — mapamerp
dhopmm.

Kanan o0cnyroByBaHHSI MOKE BHXOJUTH 3 JIAay,
NpUYOMy BTpaTa Mpale3gaTHOCTI MOXKE CTaTHCS
KOJIM KaHaJl € BUTbHUM, @ MOXE CTATHCS KOJH KaHaN
3aHATHN OOCITYTrOBYBaHHSIM 3asBKH. 3asBKa, sKa
00CIIyrOBY€THCSI B MOMEHT TIOSIBU TOPYIICHHS
MpaIe3TaTHOCTI KaHaldy, TOBEPTAEThCS B 4Yepry,
AKIIO B HIH € BiJbHE Micle. SIKIo BUIBHOTO Micus
HEMae, BOHA BTPa4acThCs. ITopymenns
npane3aaTHOCTI KaHaly 00CITyroByBaHHs
BUSIBIISIEThCS 3aC00aMH KOHTPOJIIO 1 IICHSI IHOTO
MOYMHAETECS PEMOHT KaHalmy OOCITyroBYBaHHS,
AKUH TIOKJIAJACHO Ha PEMOHTHHH oprad. KinbkicTb
PEMOHTIB KaHally OOCIIyTOBYBaHHS HE OOMEXEHO,
MPUIOMY PEMOHT 3aBXaHM € ycmimHuM. DOyHKIis
KOHTPOJIIO ~ CTaHy  Mpane3laTHOCTI  KaHaly
00CITyroByBaHHS BHKOHYETHCS 0O€3I0TaHHO, TOOTO
HMOBIPHICTE BUSIBJICHHS TTOPYIIICHHS
Mpane31aTHOCTI PiBHA OJUHHIII.

[Noka3HukamMu e(QEeKTUBHOCTI CHUCTEMH OOPOOKH
iH(opMarii BUOpaHO «HMOBIPHICTh BTPaTH 3asBKID)
Ta «HAMOBIpHICTh TepeOyBaHHsS 3asiBKU B KaHaJi

00CITyrOBYBaHHS».
HeoOxinmHO OWIHUTH PI3HUIIO MK 3HAYEHHSIMHU
MMOKa3HWKIB  €(DEKTUBHOCTI CcHCTeMH  OOpOOKH

iHpopManii, Ko A1l MPOBEIEHHS PO3PaxyHKIB B
gakocti i momeni Bukopucrano CMO MM|12 i
MOJIEITh 3 BUIUM CTyTIeHeM anekBaTHocTi E3|M|1]2.

Po3pooka CMPYKMYPHO-A6MOMAMHUX
Mooeneii. JI7is IpoBeIeHHS TOCTIKEHHS 3/1iCHEHA
po3podka mBox CAM. Ilepmra CAM pospobieHa 3a
YMOBH, IO HMOBIPHICHOIO MOJICIUTIO JUISl IHTEPBATIB
yacy MK BXIJHMMHU 3asBKaMU 1 JJIsi TPUBAJIOCTEH
00CITyroBYBaHHS 3asiBOK € EKCIOHEHIIHMIA 3aKOH
posmoniny. JIpyra CAM po3pobieHa 3a yMOBH, IO
HMOBIPHICHOIO MOJIEIUTIO JJISl IHTEPBaNiB 4acy Mik
BXITHUMH 3asBKaMH € 3aKOH posmnoniny Epnanra 3-
ro TOPSAKY, a JJsi TPUBAJIOCTEH OOCIyroByBaHHS
3assBOK — €KCIIOHCHIIIMHUIN 3aKOH PO3MOILTY.

Ilepenix  6azosux nodiu. [Jns Takoi
XapaKTepHUMH € Taki 0a30Bi MOl

[Momis 1. «IIpuxin 3asBKU Ha 0OCITyTOBYBAaHHS.

CMO

Ilomis 2. «3aBepiieHHs  0OCIYTOBYBaHHS
3aBKI.

IMomis 3. «Btpara mpamne3maTHOCTI KaHATy
00CITyrOBYBaHHS».

Iomiss 4. «3aBepiieHHS PEMOHTY KaHaly
00CITyrOBYBaHHS».

Hapamempu moodeni CMO, saxi eidobpadiceHi &
CIPYKMYPHO-ABIMOMAMHIU MOOE:

KF — KUJIBKICTH CTaHIB JOJAaTKOBOT'O JIAHIIOYKKA;
UL 3aKOoHy posnominy Epmamra 3-ro mopsaky
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KF=3;

A - IHTCHCUBHICTh BiJIMOB KaHaITy
00CITyTOBYBaHHS;

L — IHTEHCHBHICTh BiJHOBIICHHS KaHaJy
00CITyTOBYBaHHSI;

0. — IHTEHCUBHICTb HaJIXOKCHHS 3a5BKH;

B — iHTeHCHBHICTh 0OPOOKH 3asIBKH;

m — MaKCUMaJIbHA KUTBKICTh 3asIBOK B Uep3i.

Komnonenmu eexmopa cmany:

V1 — BKa3ye Ha IOTOYHY KIJIBKICTh 3asBOK B
4yep3i; MmovyarkoBe 3HaueHHA V1=0; MakcumanbHE
3Ha4YeHHS KOMIOHEHTH V 1=m;

V2 — onwmcye cTaH kaHany oOciyroByBaHHS; 1 —
KaHaJ CIIpaBHUN 1 BUTBHWH; 2 — KaHaN CIIpaBHUM 1
3aHATHI OOCIyroByBaHHSIM 3asBku; 0 — KaHam
HECIIPaBHUU;

V3 — inauKaTop BTPATH 3asIBOK;

V4 — pgopaTkoBa KOMIIOHEHTA, sSKa BH3HAYaE
nepeOyBaHHS CHCTEeMH Yy (IKTHBHHX CTaHaX
JOJAaTKOBOTO  JIAHIIOXKKA; MOYAaTKOBE 3HAYCHHS
V4=KF.

Onuc cumyayiii, 6 sAKux 6i00ysaromvcs 06a3086i
nooii:

Tomis 1. «I[Ipuxia 3asBKH HA 00CIYTOBYBAHHS.

Ilomis «llpuxim 3asBKE Ha OOCIYTOBYBaHHS
3aKiHYy€ 1HTEpBaJl 4Yacy «OYiKyBaHHS YeproBoi
3asBKU». Jl7s TpuBalocTel MBOTO IHTEpBAy €
CIIPaBEINIMBUM 3aKOH posmoaiury Epmanra. Takum
YUHOM CTaHH, B SIKUX BiJI0YBa€ThCS HAIXOJKCHHS B
CUCTEMY 3asBOK, HEOOXiJIHO 3aMiHUTH JIOJaTKOBUM
JIAHITFO)KKOM, SIKUH CKIIAZA€ThCS 3 TPHOX (PIKTUBHUX
CTaHiB 3 IHTCHCHBHICTIO TEPEXOMdIiB MDK IHUMHU
CTaHaMH 0.

3rigHO  TEeXHOJOTii MOJENMIOBaHHS B  OIUC
CUTYyaIlii, B SIKUX BigOyBaeThCs momis 1, HEOOXimHO
BHECTH O3HAKH, sKI BHU3HAYAIOTh MPOLEAYPY
(hopMyBaHHS TOTATKOBUX JIAHIIOKKIB rpada cTaHiB
1 IEPEeXOIiB.

IMomis 1 € He3anexxHor 1 BifAOyBaeThes 0e3
YMOBH TIpu TpboX oOctaBuHax. OnmHak npu
MIpe/ICTaBIeHHI O00CTaBWMH Tpeba BpaxyBaTH, IO
peanpHa moxis 1 BimOyaeTbcss B OCTAHHBROMY CTaHI
JIOJTATKOBOTO JIAHIIFOKKA. A TIEpEeXO[¥ MiX IHIIMMHU
(momepenHiMM) CTaHAMU JIAHITFOXKKA 1HIMIIOE TaKOXK
moxist 1, ame ii cimimg BBakaTw (ikTHBHOIO. ToMy Yy
(dhopMaizoBaHe NPEACTABICHHS KOKHOI 00CTaBUHU
HEOOXiJIHO IOJaTH O3HAaKy TOTO, B SKWUW CTaH
JIOMAaTKOBOTO  JIAHITIOXKAa (OPMYEThCS  TIEPEXifT
(octanHniit yu Hi). ToOTO 0OCTaBUHM MalOTh OYTH
MIPEJICTABJICHUMH JIBOMA MianyHKTamu. Lle BaxxiauBo
TOMY, IIO JUI KOXKHOI 00CTaBUHU HEOOX1THO 3a7aTh
pi3HI TpaBmiia Moawdikamii KOMIOHEHT BEKTOpa
CTaHiB.

Ob6cmasuna la. Kanan oOcCIyroByBaHHA €
nparne3gaTHuM 1 ButbHUM (V2=1), a gepra 3asBOK €
nopoxkapor0 (V1=0). O3naka mepeOyBaHHSI HE B
OCTaHHBOMY  CTaHI  JOJATKOBOTO  JIAHITFOXKKA

(V4>=2). [Insa obcraBuam la mpaBmwio Moaudikarii
KOMITOHEHT BEKTOpa CTaHy Ma€ BU3HAYATH NepeXif B
HACTYIHHI CTaH AOJAaTKOBOrO JaHItoxkKa (V4:=V4-
1).

Obcmasuna 16. Kanan o0OCIyroByBaHHS €
npane3aaTHuM i BitbHUM (V2=1), a uepra 3asBOK €
nopoxHeoro  (V1=0). O3naka mnepeOyBaHHA B
OCTaHHBOMY CTaHi JTOJATKOBOTO JaHITiokKa (V4=1).
Tenep 3asiBKa, MO HAaIXOAWTh, MOCTYIAaE€ B KaHAI
obciyroByBanHs. ToMy mis o6ctaBuam 10 mpaBmito
Moamdikamii KOMIIOHEHT BEKTOpa CTaHy Mae
MOBEPHYTH KOMIIOHEHTI V4 TMouYaTKOBE 3HAYCHHS
(V4:=KF) i 3MiHUTH cTaH KaHaly OOCIyrOBYBaHHS
(V2:=2).

Obcmasuna 2a. KaHam o00CIIyTOBYBaHHS €
npane3fgaTHUM 1 3alHATHH ~ 0OCIyroBYBaHHIM
3asBku (V2=2) abo HecmnpaBuuii (V2=0). B uep3i €
3a8BKM, IIPOTE€ BOHA HE 3allOBHEHA 1O KIHLSA 1 e
3aJMIIAE€ThCA Micle U 3asiBOK, SIKi NMpPUOYBAaIOThH
(V1<m). Osnaka mepeOyBaHHS HE B OCTaHHHOMY
cTaHi JmomaTkoBoro JjaHImioxkka (V4>=2). [na
o0cTaBUHM 2a TPaBUIO MOAMMIKAIi KOMIIOHEHT
BEKTOpa CTaHy Mae€ BU3HA4YaTH TUIBKH TEpexin B
HACTYITHUM CTaH JOJATKOBOTO JaHIioxkKa (V4:=V4-
1).

Obcmasuna 26. KanHan o0OCIyroByBaHHS €
Mpane3NaTHUM 1 3alHATHH  0OCIyrOBYBaHHSM
3asBku (V2=2) abo HecmpaBuuii (V2=0). O3Haka
nepeOyBaHHS B OCTaHHHOMY CTaHi JIOJJaTKOBOTO
nanmioxkka V4=1. B 4ep3i € 3asBKku, MpoTe BOHA HE
3al0BHEHA 0 KIHII 1 1€ 3aJUINAETHCI MICIE IUIS
3asBOK, sAKi mpuOyBaroTh (VI1<m). s obcraBuHU
20 npaBwiio MoanQikamii KOMIIOHEHT BEKTOpa CTaHy
Ma€e TIOBEpHYTH KOMIIOHEHTI V4  MOYaTKoBe
3HadeHHsA (V4:=KF) i 3MIHUTH TOTOYHY KUIBKICTh
3asBOK B uep3i (V1:=V1+1).

Ob6cmaeuna 3a. Kanan oOCIyroByBaHHS €
mpare3gaTHUM 1 3aiHITHA ~ 0OCITyTOBYBaHHSIM
3aaBku (V2=2) abo HecmpaBHui (V2=0), a uepra
3asBOK €  3anoBHeHow  (V1=m). OsHaka
nepeOyBaHHS He B OCTAaHHHOMY CTaHi JOJaTKOBOTO
nmaHIiokka (V4>=2). Jlna obOcraBUHH 3a TIPaBHIIO
Moaudikamii KOMIIOHEHT BEKTOpa CTaHy Mae
BU3HAYATH TIUIbKH TepeXiJi B HACTyNHHUHA CTaH
JIoIaTKOBOTO JaHIoxkka (V4:=V4-1).

Obcmasuna 36. Kanan o0OCIyroByBaHHS €
npane3fgaTHUM 1 3alHATHH ~ 00CIyroBYBaHHIM
3asBku (V2=2) abo HecmpaBumii (V2=0), a depra
3adBOK € 3amoBHEHOIO (V1=m). B Takomy BuUmanky
HOBompHuOyNa 3asBKa BTPAYa€ThCS, a IMPABHIIO

Monmu(ikamii KOMIIOHEHT BEKTOpa CTaHy IS
obcraBuHM 30 Mae TOBEPHYTH KOMIIOHEHTI V4
noyarkoBe 3HadeHHs (V4:=KF) 1 3wmiHuTH

KOMIIOHEHTY, sIKa CHTHAJ3ye TpPO BTpaTy 3asBKU
(V3:=1).
IHTeHCHBHICTD MOAIT 1 BU3HAYAE TTApaMETP d.
Homis 2. «3aBeplieHHs  00CAYrOBYBaHHS
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3asgBkm». [lomiss 2 BimOyBaeTbcs 3a YMOBH, IO B
KaHa 00CyroByBaHHs € 3asBka (V2=2) i npoiiec B
JIOJTATKOBOMY JIaHIIOKKY € 3aBepuicHUM (V4=KF)
Ta 32 HACTYIHHUX JIBOX 0OCTaBUH:

Obcmasuna 1. Yepra 3asgBOK € TOPOKHBOIO
(V1=0). B rtakomy Bumaaky oOcCIyKeHa 3asBKa
3BUIBHIOE  KaHan  oOcimyroByBaHHs.  lIpaBuio
Moaudikamii KOMITOHEHT BEKTOpa CTaHiB
3aMyCy€eThesl HacTymHUM YyiHOM (V2:=1).

Ob6cmasuna 2. Yepra 3asBOK HE € TIOPOKHBOIO
(V1>0). Ilo 3aBeprneHHi 0OCTyroByBaHHS 3asBKa
MOKHUIa€ KaHall 00CIyrOBYBaHHS, a B HOTO BiIpa3y
HAJXOJIUTh HACTYIHA 3asiBKa, sSKa 3HAXOAWJIACS B
yepsi. [IpaBmiio momudikarii KOMIOHEHT BEKTOpa
CTaHy 3alUCY€EThCSA HACTyMHUM YrHOM (V1:=V1-1).

[HTeHCUBHICTH MOAIT 2 BU3HAYAE TTApaMETP [3.

Tlomis 3. «Brtpara mnpane3gaTHOCTI KaHaIy
obcnyroByBanuay. [lomiss 3 Moxe BigOyBathcs 3a
YMOBH, III0 KaHaJ 0OCIYyTrOBYBaHHS € Mpane3aTHUM
((V2=1) abo (V2=2)) i nogaTtkoBui MpoleC, KU
Mozeoe mosBy momii 1, 3aBepmeno (V4=KF). s
noJ1ii 3 iCHye Tpu OOCTaBUHH:

Obcmasuna 1. Kanan oOCIyroByBaHHS €
cnpaBHUM 1 BimbHEM (V2=1) Ta depra 3asBOK
BimcytHs (V1=0). Jlms oOcraBuam 1 mpaBmIIo
Momudikamii KOMIIOHGHT BEKTOpa CTaHy Mae
BH3HAUaTH TMepeXiJ] KaHally OOCIyroByBaHHS B
Hemparne3aaTauit cran (V2:=0).

Ob6cmasuna 2. Kanan o0cIyroByBaHHS 3aiHATHIA
oOcimyroByBaHHsM 3asiBku (V2=2), a wuepra €
nopoxxHbo10 (V1=0) ab0 He € 3aIMOBHEHOIO 10 KiHIIS
(V1<m). Ilpu BTpaTi KaHAJIOM MPALE3IAaTHOCTI
3asBKa, fKa B Il 4ac 0OCIyroByBaiach
MOBEPTAETECA B UYEPry, a KaHal NEePeXOIuTh ¥y
HeTpare3qaTHuil ctad. ToMy mpaBuiao Momudikarii
KOMITOHEHT BeKTopa crany Mae Burnia (V2:=0);
(V1:=VI1+1).

Ob6cmasuna 3. Kanan 006cTyroByBaHHS 3aiHATHI
oOcimyroByBanHsiM 3asiBku (V2=2), a wuepra €
MOBHICTIO 3anmoBHEHOIO (V1=m). B Takomy BUmaaxy
IIpH BTpPaTi KaHAJIOM IpaIe3qaTHOCTI 3asiBKa, IKa B
el dac OOCIyroByBaJlaCh BTPayaeTbCs, a KaHAI
MEepPexXouTh B Henpane3gaTHuii craH. [IpaBuio
Monu(ikamii KOMIIOHEHT BEKTOpa CTaHIiB Mae
Burisig (V2:=0); (V3:=1).

IHTeHCUBHICTH MOAIT 3 BU3HAYAE TTApaMeETp A.

Homis 4. «3aBeplieHHs PEMOHTY KaHAIy
obcnyroByBaHHMY. Ll momis BimOyBaeThbCs TIPH
YMOBI, 111(0) KaHaj 00CITyrOByBaHHS €
HenpanesgatauM  (V2=0) 1 momaTkoBUil mpoIiec,
SIKUH Mojietoe mosiBy moii 1, 3aBepmeno (V4=KF).
st moxii 4 icHye nBi OOCTaBUHMU:

Ob6cmasuna 1. 3asBku B uep3i BiacytHi (V1=0).
s o6craBuHM 1 mipaBmiio Moaudikarii KOMITIOHEHT
BEKTOpa CTaHy Ma€ BU3HAYATH (3a7aBaTH) TEpexin
KaHaly oOCIyroByBaHHS B Tpale3aTHHH CTaH
(V2:=1).

Obcmasuna 2. B dep3i € 3asBku (V1>0). B
POMY BHMAJIKy KaHan OOCIyroByBaHHS Biapa3y
OTpUMY€ 3asBKy, sKa 3Haxomwiach B uepsi. s
oOctaBuHM 2 mpaBmio Moau(ikamii KOMIOHEHT
BEKTOpa CTaHy Ma€ BU3HauaTu (3alaBaTH) Iepexin
KaHaly  OOCIYroByBaHHS B CTaH  3alHATHH
obOciayroByBaHHsIM 3asBkH  (V2:=2), a Takox
3MEHIIICHHS 4epry 3a1Bok (V1:=V1-1).

[HTeHCHBHICTD MOAIT 4 BU3HAYAE TTApaMETP L.

Ilobyoosa 2pagpa cmanie ma nepexooie. 3a
JIOTIOMOTOF0  TIporpamMHoro Moxyis ASNA-1, nHa
ocHOBI po3pobinennx CAM, oTtpumaHo 2 Mozeni
CMO vy Burmaani rpada cTaHiB Ta MEpexomiB,
300pakeHUX Ha pUCYHKaxX 3 i 4.

T O
By

Puc. 3 — Mogeas CMO tuny M|M|1]2 y Burasai
rpadga craHiB Ta nepexonis, sk JHCC
MAapKOBCBKOT0 THIY
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Puc. 4 — Moaeas CMO tuny E3|M|1|2 y Burasai
eKBiBaJIEHTHOTO rpada cTaHiB Ta nepexoais, K
JHCC MapKoBCHKOT0 THIY 3 BAKOPHCTAHHSM

(10" 123
a—{ 19 Ja—a—{ 18 )

U

merony PE
Dopmyeannsa  nNOKA3HUKi@  egpekmueHnocmi
oocnioxncysanoi  cucmemu. 3 BUKOPHCTAHHAM

3HaYeHb WMOBIPHOCTEH TMepeOyBaHHA B CTaHaX,
OTPUMaHHX B PE3YyJbTaTi PO3B’SA3aHHSI CHCTEMH
mudepeHLianbHuX piBHAHE KonmMmoroposa-YenmeHa,
3MIACHIOEThCS OOpaXyHOK HEOOXITHHMX TOKa3HHKIB
e(heKTUBHOCTI, a caMe «MMOBIPHICTb BTPATH 3aSBKID)
Ta «HAMOBIpHICTh IepeOyBaHHsS 3asiBKH B KaHaJl
o0ciryroByBaHHs». B maHoMy BHIIQJKy MOKa3HUKH
e(heKTUBHOCTI (hopMyrOThCS [UITXOM
MJCYMOBYBaHHS  HMOBipHOCTEH  mepeOyBaHHS
CHCTEMH B TICBHHUX CTaHaX.

VIMOBipHIiCTb BTpaTH 3asBKM PO3PaXOBYEThCH, AK
cyma iimoBipraocTeit nepedyBanus JJHCC y craHax,
ne 3adikcoBana Brpara 3asBku. Jlna JHCC
MapKOBCBKOTO THITy, Ipad CTaHiB SKOI 300pakeHO
Ha puc. 3, me cramm S5 1 6; ma JHCC
HEMapKOBCHKOTO THITY, Tpad CTaHIB K0T 300paXKeHO
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Ha puc. 4, nie craam 22 i 23. Tomy dopmynm s
pO3paxyHKy MMOBIPHOCTI BTpaTH 3asiBKH MalOTh
TaKUU BUTJIAL:
Pop(6)= Py(e)+ (1) @
})smp (t) = P22 (Z)+ })23 (t) (3)
3HaueHHs WMOBIPHOCTEH BTpATH 3asBKU IS
CMO MM|12 craHoBUTH P,,,=0,125 1 nnd
E3M|1|2 cranoButh Py =0,255.

MoBipHicTs TIepebyBaHHS 3asBKM B KaHA
OOCIIyTOBYBaHHSI ~ PO3PAaxXOBY€ThCS, AK  CyMma
itmoBipHocTelt niepedyBanusa JHCC y npate3gaTHux
CTaHaX, B SKMX KaHaJl OOCIyroBYBaHHS 3alHATHH
00CITyTOBYBaHHM 3a5BKH. Jost JIHCC
MapKOBCBHKOTO TUIY pHc. 3 1e ctanu 2-5; mia JHCC
HEMapKOBCbKOTO Tully ue cranu 4-7, 11, 12, 17, 20,
21, 23. Tomy d¢opmynu sl pO3PaxyHKY
WMOBipHOCTI  TlepeOyBaHHA 3asBKA B  KaHai
00CITyTOBYBaHHS MalOTh TAKUN BUTITIAL;

P ()=Py()+ P,(1)+ P,()+ P,(t)  (4)

Pal)= RO+ RO+ )+ o

+ 7(t)"ipzo(t)+le(t)"‘Pza(t)

o

3HaueHHs HMOBipHOCTI TepeOyBaHHS 3asBKU B
kaHaiai oOcmyroByBanHs mi1s  CMO MM|1|2
cTaHOBUTh P,5.=0,750 1 nna E3|M|1|2 craHOBHUTH
P,;.=0,962.

OTtprMaHa pi3HUI MK 3HAYEHHSMH MTOKa3HUKIB
e(heKTHBHOCTI MiITBEPIIKYE TTOTTUTBHICTD
YCKJIaJTHECHHS MOJIE/ 00’ €KTa JOCIIKCHHS.

3. BACHOBKU

YI0CKOHAIGHO  TEXHOJIOTIO
MOBEMIHKH  CKIAQJHUX  CHCTEM, MaTeMaTH4He
TIPEACTABIICHHS SIKUX BIZIITOBiA€E JIHCC
HEMapKOBChKOro  THmy. lle  yJockoHalleHHsS
JIO3BOJISIE 3IMICHIOBATH aBTOMAaTH30BaHy TOOYJIOBY
rpaga cramiB Ta mepexomiB i1 JHCC
HEMAapKOBCHKOT'O THIy 3 BUKOPHCTAaHHSIM METOMY
(a3 Epnanra 3a J0moMororw MmporpaMHOrO MOJYJIs
ASNA-1. VYnockoHalleHa TEXHOJIOTiA IIiIBHIIYE
CTYTIHb aJCKBATHOCTI MOJICJICH CKIQIHUX CHCTEM 3a
PaXxyHOK BpaxyBaHHS peallbHUX 3aKOHIB PO3IOMALITY
JUIS TPUBAJIOCTEH TpOIenyp, fAKi 3 HEOOXiTHOIO
TOYHICTIO MOXHA ampoKCHMYBATH 3a JOMOMOTOIO
3aKoHy po3noniny Epmanra.

3aificHEHO MOPIBHSHHS [IOKA3HUKIB
eeKTUBHOCTI  cucTeMu 00poOku  iHdopmarlii
MPEJICTABICHOT MapKOBCHKOIO Ta HEMapKOBCHKOIO
JHCC. PizHuns Mix pe3ylbTaTaMHu HiATBEPIKYE
aKTyallbHICTh ~ BPaxyBaHHS pEallbHOTO  3aKOHY
pO3IOAUTY TP MOJEIIOBaHHI MOBEAIHKA CKJIAIHOT
CUCTEMHU.
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Bosiouyiti bozdaH HKOpitio-
euy, npogecop, OOKMOpP
MEeXHIYHUX HayK, rpogecop
kagheldpu
padiomexHiku i padiosu-
MiprogaHb  HaujoHarnbHO20
YHisepcumemy «JIbgigcbKa
rnosiimexHika.

Aemop noHad 150 nyb6ni-
Kauil, 30Kkpema 2 MoHoepadgili, 2 Has4asbHUX

nocibHukie, 4 suHaxoldis. Cmax nedaz2o2iyHoi

pobomu y suwiti wkoni — noHad 35 pokis.
Haykoei iHmepecu: meopis | npakmuka

cucmeMomexHiYHoO20  rpoekmygaHHsi  padio-

e/1eKMPOHHUX iHGhopMaUiliHUX cucmem.

O3sipkoecbkuli JleoHiod
HeoHicitioeuy, OoueHm,
KaHOudam MexHIYHUX Hayk,
OekaH IHcmumymy merne-
KoMyHikauid, padioene-

mexHiku, doueHm kaghedpu
meopemuyHoi  padiomex-
HiKU ma padiosumMiptogaHsb.

meopemuyHoi

KMPOHIKU ma efieKmpoHHOT

Cmax nedazoeiyHoi pobomu y euwii WKosi
— rnioHad 10 poxis.

Onyb6nikosaHo noHad 50 cmamel ma 25
HayKo80-MemoOUYHUX pO3POBOK, 8 MomMy Hucrii
2 HagyaribHUX MOCIGHUKU.

Hanpsm Haykoeux 0ocnidxeHb -
pPO3pObIEHHS memodis ma 3acobis
modentoeaHHs hyHKUiOHaIbHOI ma HalilHiCHOI
rnosediHKU rnpoepaMHo-anapamHux iHghopma-
yitHUXx cucmem.

Kynuk lzop Bonodumu-
poeud, acriipaHm Kaghedpu
meopemu4Hoi  padiomex-
Hiku i padiosumiprosaHb
HauioHarnbHO20 YHieep-
cumemy «JIbsigcbka rorsii-
mexHika». Aemop 3 cma-
med.

Hanpsm Haykosux 0oc-
nidxeHb — po3pobka mame-
modeneli  MexHIYHO20  0bCIy-

MamuyHuUx
2o8ygaHHs 06’ckmig iHhopmMmauilHoi Mepexi
38’A3KYy.
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Abstract: The goal of the paper is the construction of behavior models of discrete-continuous stochastic systems of
non-Markov type by the method of Erlang’s phases. The improved method of formalized construction of behavior
models as a graph of states and transitions is developed. Since this method is a part of technology modeling discrete-
continuous stochastic systems, now the process of construction of behavior systems of non-Markov type is automated.

Keywords: mathematical model, the behavior of the system, the method of phase of Erlang, Markov models.

1. INTRODUCTION

To construct the behavior models of complex
technical systems, such as a discrete-continuous
stochastic systems (DCSS), in [1] proposed a
method of forming the graph of states and
transitions, the degree of formalization whose
allowed to automate this process. This method is
incorporated into the technology of modeling the
behavior of complex systems [1], based on which
developed a software ASNA-1. The software
ASNA-1, intended for designing fault-tolerant
systems, provides the error-free building of the
graph of states and transitions and calculates indices
of reliability (reliability as a function of time R(t)
and MTBF) fault-tolerant systems [2]. Based on the
graph, the mathematical model of the research object
is formed as a system of differential equations of the
Kolmogorov-Chapman. This model imposes a
condition on the object of research, which consists in
that the duration of all processes in it are distributed
according to exponential distribution law.

But, for many research objects, that condition
reduces a degree of adequacy models and made an
error in the result. For example, in models of fault
tolerant systems with maintenance for the duration
of recovery and in models of queuing systems for
the duration of maintenance applications is
recommended Erlang distribution law [7]. To build
such models use the method of phase of Erlang (PE)
[3-6], which allows non-markov discrete-continuous
process, the duration whose are distributed by law

Erlang approximate by Markov processes.
According to this method a graph of states and
transitions need transform by replacing the
corresponding states by chain of fictitious states. But
using this method for objects of research with a large
number of states without automation tools is time-
consuming task.

2. THE IMPROVEMENT OF THE
TECHNOLOGY OF BUILDING THE
BEHAVIOR MODELS OF DISCRETE-
CONTINUOUS STOCHASTIC SYSTEMS

In [8, 9, 10], has been performed the detailed
consideration of features of using the method PE and
proposed the method of formalized constructing of
behavior models of systems non-markov type. This
methodology allowed improved the method of
constructing of behavior models as a graph of states
and transitions. Such as the method is a component
the technology modeling [1], the process of building
of behavior model systems non-markov type is
automated.

The essence of this improvement is follow:

1) In forming verbal model system for the
duration of non-markov processes determined the
mathematical model of the real law of probability
distribution  (density  distribution  f(t), the
mathematical expectation mec, variance o©2) and
determined the parameters approximating the
distribution or composition distribution laws Erlang.

2) In the method of construction of structure-
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automatic model of the research object be included
the following additions.

In forming the state vector need designate
additional components of the vector state that define
DCSS stay in fictitious states additional chains. The
number of additional components of the vector state
defined by the number of processes whose duration
is non-exponentially distributed.

When building a event tree the basic events that
cause the appearance non-markov processes DCSS,
except the conditions that describe situations in
which the event occurs, must be create two
additional indicators, that will determine the staying
system in n fictitious states additional chains in
Fig. 1.

The first indicator reflects staying DNSS in
fictitious states from S; to S,.;. This indicator is
written as follows V> = 2, and a rule modification
of component state vector has the form Vy: = V.

The second indicator reflects the completion
staying DCSS in the last position S, of additional
chain. Formalized recording of this sign is as Vi = 1.
In forming the rules of modification component of
the vector states need to set the initial value
component Vi, and change the appropriate
components that reflect the transition to the next real
state of the object of study.

Using the method of PE in most cases can not
accurately reproduce the selected order Erlang
distribution law. Therefore, after solving the
differential equations necessary to verify the
accuracy of approximation of the real distribution
law. Checking the accuracy of the approximation,
made by comparing the actual parameters of the real
distribution law to be determined by the construction
the verbal models and calculated parameters of the
approximating distribution law.

3. CONCLUSIONS

The technology of modeling the behavior of
complex systems, mathematical representation
which corresponds DCSS non-markov type is
improved. This improvement allows exercise the
automated build of the graph of states and transitions
for DCSS non-markov type using the method of
phase of Erlang using the software ASNA-1. The
improved technology increase the adequacy of
models of complex systems by taking into account
the real distribution laws for the duration of

procedures with sufficient accuracy can be
approximated by the distribution Erlang.

4. REFERENCES
[1] VolochiyB.Y., Technology Modeling

Algorithms Behavior of Information Systems,

(2]

(3]

(4]

(5]

[7]

(8]

[10] Volochiy B.,

Lviv: Publishing National University «Lviv
Polytechnicy», 2004, 220 p. (in Ukrainian)

B. A. Mandzij, B.Y. Volochiy, L. D. Ozirkov-
skyy, M. M. Zmysnyy, [. W. Kulyk, Definition
of options of strategy for disaster recovery fault-
tolerant systems based on plurality of structure,
Bulletin  «Lviv  Polytechnic». Radio and
telecommunications, 705 (2011), pp. 216-224.
(in Ukrainian)

Kochegarov V. A, Frolov H. A., Designing of
System Information Distribution: Markov and
non-Markov models, Moscow, Radio and
Communication, 1991, 216 p. (in Russian)
Kenig D., Shtoyan D., Methods of Queuing
Theory, Moscow, Radio and Communication,
1981, 128 p. (in Russian)

Raynshke K., Ushakov I. A., Evaluation of
Reliability of Systems Using Graph, Moscow,
Radio and Communication, 1988, 208 p. (in
Russian)

Cox D., Smith W., The Theory of Queues,
Translated from English by V. V. Rykova and
J. B. Rozhdestvenskyy, edited by
A. D. Solovyev, Springer-Verlag, 1966, 221 p.
(in Russian)

Bayhelt F., Franken P., The Reliability and
Maintenance. Mathematical approach: first with
it, Moscow, Radio and Communication, 1988,
392 p. (in Russian)

Volochiy B. Y., Ozirkovskyy L. D.,
Kulyk I. W., Formalization of designing of
models of discrete-continuous  stochastic
systems by Erlang phase method, Information
extraction and processing. National Academy of
Sciences of Ukraine. Interbranch collection of
scientific papers, (36) 112 (2012), Lviv. (in
Ukrainian)

Mandzij B. A., VolochiyB. Y., Ozirkov-
skyy L. D., Kulyk I. W., Automating of building
behavior models of non-Markov systems, with
using the method of Erlang phase, International
Symposium «Reliability and Quality-2012»,
Penza, Russia, 2012. (in Russian)

Osirkovskyy L.,  Kulyk I.
Automation of building of behavior models
of the non-Markov discrete-continuous
stochastic systems by the method of Erlang
phases, XI™ International Conference
«Modern problems of radio engeneereng,
Telecommunications, and computer
science», Lviv-Slavske, Ukraine, (February
2012). (in Ukrainian)

271





