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OINTUMAJIbHOE OIIEHUBAHUE COCTOSAHUIA MOAYJIUPOBAHHOI' O
MAP-IIOTOKA COBBITUH ITPU ET'O HEINOJIHOM HABJIIOJJAEMOCTHA

BriBeieHBI SIBHBIC BBIPAXKCHHUS TSI AIOCTEPHOPHBIX BEPOSTHOCTEH COCTOSHHUN MOAYAHUPOBaHHOTO MAP-moTOKa COOBI-
THH, yauTsiBatoue 3GpQeKkT HempoIeBaromerocss MEpTBOro BpeMeHH. Pa3paboTan anroputM ONTUMAIBHOTO OIICHUBA-
HUS COCTOSIHUN MOIyMupoBaHHOT0O MAP-moToka coObithii. [IpoBeIeHbI cTaTUCTHIECKUE SKCIIEPUMEHTHI ISl YCTaHOB-
JIEHUS! Ka4eCTBa OLIEHUBAHUSL, ITOJYYEHBI U POAHATU3UPOBAHBI UUCIICHHBIEC PE3YJIbTATHIL.

KuroueBble ciioBa: MoaynupoBaHHbi MAP-oTOK cOOBITHIT; ONTHMAaTEHOE OIICHUBAHUE COCTOSHHN; METOI MaKCUMY-
Ma anoCTePUOPHON BEPOSTHOCTH; HEMIPOAJIEBAIOLIEECS] MEPTBOE BpEMSI.

WHTeHcuBHOE pa3BUTHE KOMIBIOTEPHOH TEXHUKH U WHPOPMAIIMOHHBIX TEXHOJOTHN MOCTYKHUIIO CTUMY-
JIOM K CO3JIaHUIO BXKHOU cepbl MPUIOKEHUI TEOPHH MacCOBOI'0 OOCTY)KHBaHUS — MPOSKTUPOBAHUS U CO31a-
HUSl THPOPMAIIMOHHO-BEIYMCIUTENbHBIX CETEH, KOMIBIOTEPHBIX CETell CBSI3M, CITyTHUKOBBIX CETEH, TEIeKOM-
MYHUKAIIHOHHBIX ceTel U T.N. IHTEHCHBHOCTh BXOISIIMX MOTOKOB COOBITHH B CHCTEMax M CETSIX MacCOBOTO
00CIyXKMBaHHUA MEHSETCS CO BpEMEHEM, KaK MPaBHJIO, CIy4aifHO, YTO MPUBOAUT K PACCMOTPEHHUIO MaTeMaTH-
YECKUX MOJIeNel IBaXKIbl CTOXaCTUYECKUX MOTOKOB COOBITHH. J[Ba>KAbI CTOXaCTHUECKHE TTOTOKH MOXHO pa3-
JeNTUTh Ha JIBa Kijlacca: K MEepBOMY KJIacCy OTHOCSTCA MOTOKHM, MHTEHCUBHOCTH KOTOPBIX €CTh HENpPEpbIBHBIN
ciy4daifHbIi mpornecc [1]; Ko BTOpoMy Kilaccy OTHOCSITCSI IOTOKH ¢ MHTEHCHBHOCTBIO, TIPEACTaBIISIIONIEH co00i
KYCOUHO-TIOCTOSTHHBIN CIydyallHBIA TPOIeCC ¢ KOHEUHBIM YHUCIOM cocTossHuiM [2-5]. Otmerum, yto MAP-
MOTOKH COOBITHH OTHOCATCSI KO BTOPOMY KJIACCY JABaXKAbl CTOXaCTHUECKHX IMOTOKOB M Hambojee XapakTepHbI
JUIA peasbHBIX TEJIEKOMMYHHMKAIIMOHHBIX ceTeil [6].

[Ipu nccnenoBaHUM MOTOKOB COOBITHI MOKHO BBIACTHUTH JBa Kilacca 3a1ad: 1) olleHMBaHHE COCTOSTHUN
moToka coObITHi [7-9]; 2) onleHnBanue mapamerpoB moToka [10-15].

B Hacrosieil cratbe NpuBeneHbl AHATUTHYECKUE U YNCIEHHBIE PE3yIbTaThl ONTHMAJIBHOIO OLIEHUBAHUS
COCTOSIHMH MonynupoBaHHoro MAP-nioroka. IIpennaraercst anropuT™ onTHMaIbHOTO OLIEHUBAHUS COCTOSHHH,
KOTJa pEUICHHE O COCTOSIHMM IOTOKAa BBIHOCHTCS MO KPHUTEPUI0O MAaKCMMyMa aloCTEpPHOPHONW BEPOSITHOCTH,
MpeAcTaBIsAoNnIel Hanboee TONIHYI0 XapaKTEPUCTHKY COCTOSHUS MOTOKA, KOTOPYIO MOXHO MOJTYYHUTh, Pacmo-
Jarasi TOJIbKO BBIOOpKOI HaOmonennid. CaM KpUTEpuil MUHUMHU3UPYET MOJIHYIO BEPOSTHOCTH OIIMOKH BBIHECE-
HUS pemieHus. [ noimydeHus YUCIeHHBIX PE3YJIbTATOB OLIEHUBAHUS ObUIa IOCTPOEHA UMHUTALIMOHHAS MOACTH
MIOTOKA, C TOMOIIBIO KOTOPOH MPOBEAEH PsI/l CTATUCTUYECKUX IKCIIEPUMEHTOB.

1. ITocTanoBKAa 3aga4uu

PaccmatpuBaercs MmomynupoBaHHbIE MAP-IOTOK COOBITHI C MHTEHCUBHOCTBIO, TIPEACTABISIONICH CO-
001 KyCOYHO-TIOCTOSIHHBII CTallMOHAPHBIA CIydalHBIA mpomecc A(f) ¢ AByMsI COCTOSHHSAMH: A(f) =A; H
ME) =y (A > A 2 0). ImutenbHOCTS IpeOBbIBaHUS TIpoIecca A(f) B i-M COCTOSHUM, { = 1,2, onpenensercs IBy-
Ms CIy4allHBIMU BETMUMHAMU: TEepBas CilydailHas BEIMUYMHA paclpeiesicHa MO AKCIOHEHIIMAIbHOMY 3aKOHY
FV=1- e j=1,2; B MOMEHT OKOHYAHHS i-TO COCTOSHHS rporiecc A(f) MEePEeXoUT C BEPOSITHOCTHIO €/TH-
HUIa U3 i-T0 COCTOSIHUSA B j-¢, i, j = 1,2 (i #j); BTOpas ciydaiiHasi BeNMMYMHA paclpeaeieHa Mo SKCIOHeHINab-



kit j=1,2; B MOMEHT OKOHYAHHMS i-r0 COCTOSIHHS IIPoLiece A(f) IIEPEXOHUT C BEPOSIT-

HOMY 3aKkony ¥ =1 — e~
HOCTBIO P (A; | A;) B j-€ cocTosiHUE (i # j) ¢ HACTYILIEHUEM COOBITUS, JINOO ¢ BEpPOATHOCTBIO Py (A; | A;) mepexo-
IIIT B j-¢ cocTostHUE (i # j) 0€3 HACTYIUIEHUS COOBITHS, TNOO C BEPOSTHOCTBIO P (A; | A;) OcTaercs B i-M COCTOS-
HUM C HacTymieHueM coObItust (P (A | M) + Po(A; | A) + Pir(Ai [ M) =1,16,j= 1,2, i #)).

[lepBast u BTOpas ciydailHbIC BEIUMYMHBI SIBJISIOTCS HE3aBUCHMBIMH JPYT OT JIpyra. B coenaHHbBIX mpen-
MOJOKEHUSIX A(f) — MapKOBCKHI Mporiecc.

Briounas MaTpuila HHGUHUTE3UMAIBHBIX XapAKTEPUCTUK mporecca A(Z) TpU 3TOM MPUMET BH]L

— (o +2y) o + 0B, M) MAMR L) MA(G )

o + A, B (A [25) — (0 +2y) MBM L) MB (kg |Ry)

DleMeHTaMu MaTpulbl D1 SABJIAIOTCS MHTCHCUBHOCTU IICPCXOJ0B ITpoLecca 7\.(f) N3 COCTOAHUA B COCTOSAHHE C

D- =1y 1D}

HaCTyIJIeHneM coObITus. HeanaroHanbHble 3JeMEHThI MaTpuLbl Dy — HHTEHCUBHOCTH NEPEXOJ0B U3 COCTOA-
HUS B COCTOsSIHUE 0€3 HACTYIUICHHS cOOBITHS. J{naroHanbHbIe SIEMEHTHI MaTpULbl Dy — HHTEHCUBHOCTH BBIXO-
na mpomecca A(f) M3 CBOMX COCTOSHHUH, B3SITbIE C NPOTUBOMOJIOKHBIM 3HAKOM. OTMETHM, 4YTO eciu
Py(A2 | M) = Po(A1 | A2) = 0, TO HMeeT MECTO MOAYJIMPOBAHHBIM CHHXPOHHBIN TIOTOK COOBITHH [16].

[ocne kaxmoro 3aperucTpUpOBaHHOTO B MOMEHT BPEMEHH f; COOBITHSI HAacTymaer BpeMs (UKCHPOBaH-
HOU UINTENBHOCTH T y.q0q (MEPTBOE BpEMsI), B TEUECHHE KOTOPOTrO APYrHE COOBITHS MCXOJHOIO MOAYINPOBAHHO-
ro MAP-noroka HegocTynHsl HaOmoaeHuo. [1o OKOHYaHUK MEpPTBOTO BPEMEHH IME€PBOE HACTYIHBILEE COOBI-
THE CHOBA CO3JA€T MEpUOJ MEPTBOIO BPEMEHH AIUTEIBHOCTH Tgeq M T.1. IlpuMep BO3HMKAOLIEH CHUTyalnu
npuBeneH Ha puc. 1, rme / m 2 — cocrostHUs mpouecca A(f), ti,f... — MOMEHTHI HAaCTYIUIEHHsS COOBITHH B
HAO0JI01aEMOM MOTOKE; MYHKTHPOM 0003HaueHbI AJIUTEIbHOCTH MEPTBOTO BPEMEHU; YEPHBIMH KpYXKaMH 000-
3Ha4YeHBI COOBITHA MOAYIUpoBaHHOrO MAP-noTOKa, HemOCTYHBIE HAOMIOACHHIO.
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Puc. 1. ®opmupoBanue HaOMIOIAEMOT0 IOTOKA COOBITHI

Taxk kak nporuecc A(f) TpUHIUIHATBHO HeHaOMonaeM (CKpPBITBIH MapKOBCKHM Mpoliecc), a HabI01aeMbIMH
SBIISIIOTCA TOJIBKO BPEMEHHBIE MOMEHTBHI HACTYIUIEHHS COOBITHH TOTOKA f,f..., TO HEOOXOAMMO MO 3TUM
HAOJIOICHHUSIM OLIEHUTD COCTOsIHHE Tporiecca A(f) (Wi MoayIrupoBaHHOTO MAP-110TOKa) B MOMEHT OKOHYaHUS
HaOJIOICHHS.

PaccmatpuBaercst craliuoHapHBINH peKUM (GYHKIMOHUPOBAHUS IIOTOKA COOBITHH, IIO3TOMY IEpEXOAHBIMU
mpoleccaMy Ha MHTepBaie HabmoaeHus (fy, ), Te fp — MOMEHT Hauyana HaOJIIOACHHU, { — MOMEHT BBIHECEHUS
peLlIeHUsI 0 COCTOSIHUM Tporecca A(f), mpeHeOperaem. Toraa 6e3 moTepr OOLUIHOCTH MOXKHO MOJOXKHTD fo = 0.
Jlnst BBIHECEHUS PEIIeHHs O COCTOSHUU Mporecca A(f) B MOMEHT BpEMEHHU ¢ HEOOXOAUMO OIPEeNUTh armocTe-



puopHbIe BeposTHOCTH W(A,| ) = W(A| t1,.. . ,tn,t), 1 =1,2, TOrO, 4TO B MOMEHT BpEMEHH ¢ 3HaUCHHE IpoIlecca
ME) =A; (m — KONMMYECTBO HAOIIOJICHHBIX COOBITHIA 3a BpeMs ¢), ipu 3ToM W(A| ) + w(A,| ) = 1. Pemenue o
COCTOSIHUM Ipolecca A(f) BBIHOCUTCS IIyTeM CpaBHEHUsS BeposTHocTell: ecmu w(h,| t) 2 w(A)| 1), i,j = 1,2, i #],

TO OllEHKA COCTOsHUS A (f) = A;, uHaue A (f) = A;.
2. AITOPUTM ONITUMAJIBHOT0 OLIEHNBAHNS COCTOSTHMIT MOy IHPOBaHHOT0 MAP-nioToka coobITHii

Paccmorpum mHTEpBAI (#f, t141), k= 1,2,..., MEXIY COCETHUMH COOBITHSIMH PacCMAaTPHBAEMOTO IOTOKA.
MOMEHT BBIHECEHUS pEIIeHUs ¢ OyeT MPUHAIISKATh dTOMY UHTepBaly. [Ipu 3ToM 171 HaYamsHOTO WHTEPBA-
na (ty, t;) MOMEHT ¢ OyJIeT JIeKaTh MKy MOMEHTOM Hauaya HaOIItOJICHHS f) © MOMEHTOM HACTYILICHUS TIEPBO-
ro COOBITHS TIOTOKA. 3HAUCHHE JUITUTEIIHOCTH UHTEPBANIA (¥, f4+1) €CTh Tp = fy4) — Iy, k= 1,2,... . C apyro# cro-
POHBI, TaK KaK HaOJIF01aeMOe B MOMEHT ¢; COOBITHE ITOPOXKIAET IIEPHO MEPTBOI'O BPEMEHH JITUTENbHOCTH T, TO
7. =T+, TIe M — 3Ha4YCHUE JUTMTEIHHOCTH HWHTEpBAJIa MEXKJIYy MOMEHTOM OKOHYAHHUsS TEpUoja MEPTBOTO
BpeMeHH #; + Tgeas © MOMEHTOM {441, T.€. UHTEPBAI (#;, #;+1) pa30MBaeTCs Ha IBa CMEXKHBIX: MTEPBBIN MOTyHHTEP-
Bal (2, ty + Tyead], BTOpOH — UHTEPBAN (¢ + Tdead, tr+1). [lOMIEPKHEM, YUTO YCIOBUS HAXOXKICHUS allOCTEPUOPHOM
BeposiTHOCTH W(A4| ) Ha momyuHTepBaNe (f), t; + T4eaq] M MHTEPBANE (#; + Tdend, ti+1) TPUHIUIIHAIBLHO Pa3HBIC.
Kpome Toro, s HaxoxACHUS BEPOSTHOCTH W(A1|f) HEOOXOUMO TOYHO 3HAThH 3HAYCHUE 7T ye,q MO0, TIO Kpaii-
Hell Mepe, TPEIBAPUTEIHHO OCYIIECTBUTh OIEHKY 7yeaq. B MPOTUBHOM Ciydae OTCYTCTBUE TAKOW HMH(pOPMAIIIH
JIENIAeT TOMBITKY CTPOT'Or0 HaXOXKACHUS BEPOSITHOCTH W(A || ) HEBO3MOXXHOMU. 37€Ch MPEATOIaraeTcs, 4To 3Ha-
YeHUE 7 geag U3BECTHO TOUHO.

2.1. Buvipasicenus 013 anocmepuopHoil 6epoAmMHOCU RPU OMCYMCMEUU MEPMEO20 6PEMEHU

Paccmotpum cutyanuto, korna 7 = 0, T.e. MepTBOe BpeMsi OTCyTCTBYeT. J{iist BeIBosia (hOpMYIT arocTepu-
OpHOH BeposTHOCTH W(A| £) Bocrionb3yemcest Af-MeToaoM.

Jlemma 1. Ha BpemeHHBIX HHTEpBaNax (fo, t1) u (%, tx1), k= 1,2,..., anocTepropHas BEpoATHOCTb W(A1| f)
ynosierBopseT quddepeHInanTbHOMy ypaBHEHHIO

W'(M 1) =M =y =2 By (g [ 2g) + Ay By (e [ A) WP (A | 1) =
—[oy +oy + 4y =y + 2R, By (Mg [2y) WAy [ 1)+ 0ty +Rp By (Mg 1) (D
by <t<t), t, <t<tp,, k=L12,... .

Jlemma 2. AnocrepuopHas BepoSTHOCTb W(A;| f) B MOMEHT #, k= 1,2,..., HACTyIJICHUSI COOBITUS MOJLY-

nupoBanHoro MAP-motoka onpenensercs Gpopmyioii nepecuera
MB (| )+ [MB A [A)) =R B (A [ 2y) (R 1 —0)

Mol=Ry(hy [ A)]+ [Ay =Ry = MRy (g [ M)+ Ay By (A | 1) IRy |8, = 0)

3ameuanue. B Touke #; BepoaTHOCTh W(A4| f) IpeTepreBaeT pa3pbiB (MMEET MECTO KOHEYHBIH CKayOK).

w(k |t +0)=

)

BepositHocTs W(A | # + 0) 3aBucuT oT 3HaYeHuss W\ | t; — 0), Toe w(A| # — 0) — 3HaueHue BeposiTHOCTH W(A | )
B MOMEHT BpPEMEHHU ¢, Korna w(\| £), onpenensemas B (1), uaMeHsieTcss Ha MHTEpPBANE (#;_j, #), COCSAHEM C MH-
TepBasioM (fy, ty+1), k=2,3,... . Takum oOpazom, B 3HaueHUN W(A| ¢, + 0) «cocpenoToueHay BCsS MPEABICTOPHS
HaOIOICHUH 332 MOIYIHpOBaHHBIM MAP-morokom, HaumHas OoT MOMeHTa fp =0 10 MomeHTa #. B kauecTBe
HavaiabHOro 3HadeHUst w(h| fo + 0) = w(Ay| o = 0) Ha momyuHTEpBane [#), #;) BEIOUpaeTCca anpuopHas GHUHAIb-
Hasl BEpOSITHOCTh MEPBOr0 COCTOSTHUS mporiecca A(f) [7]:
= oy + Ay [1=R(Ry [2,)] ’
oy + oy + A [1= By [A)]+2,[1 = R(Ry [2,)]

KOTOpas SIBIsAETCS peieHneM audQepeHInaibHOro ypaBHEHHS

m(tlty)= (=0 =y =M1 = By [A)]= Ao [1= By [A)])my (¢ [ 89) + 0ty + 25 [1= B (25 [2,)]
nopuft —>oo.

Jlemmbl 1, 2 mO3BOIAIOT chOPMYIUPOBATH CIACTYIOUIYIO TEOPEMY.

T

€)



Teopema. IloBenenue amoctepuopHoil BeposTHOCTH W(Ai|f) Ha BpeMEHHBIX WHTepBanax (fy, t;) U
(tx, tis1), k=1,2,..., onpenensercs SBHBIMU (GOPMYIIAMH

[wy = w(hy |1 +0)]=wy[wy = w(ky |1 +0)]- e~ 402700

"
w(h |t)= ’ 4
( 1| ) WZ_W(KI |tk+0)—[W1_W(7\-1 |tk+0)],e—A(Wz—Wl)(l—lk) ( )
. B?-44C . =B+ BZ-44C
1_ 2

24 2 24 ’
A=hy =y =M By(My [ M)+ Ry By(Ay [Ay) £ 0, B=—0 =0ty —A; + Ay =20, Fy(R | 1;),
C=0, + A Ry(Ay[2y);

mtA=0

. LeBl—t) _
w(?»llt)=(C+B wh |8,))-e C
B
t<t<t, t<t<t, k=1,2,...; wih| t, + 0) onpenencua popmyoii (2).

) ©)

2.2. Buipascenue ona anocmepuopHoii 6epoanmHocmu
6 YCI106UAX HENPOOJIeBAIOU4E20CA MEPMBO2Z0 6PEMEHU

BosBpatumcst kK cuTyanuu, KOraa AIUTEIbHOCTE MEPTBOTO BpeMEHH Tgeq # 0 (puc. 1). Torma Berumcie-
Hue BeposTHOCTU W(A4| ) mo dopmyne (4) cnpaBemmuBo Ha uHTepBane (¢ + Tdcad, ti+1). 1IpH 3TOM HauvanbHOE
ycinoBue s w(Ai| f) IPUBS3BIBACTCS K MOMEHTY BpeMEHH fy + Tyeuq, T.€. B GopMysie (4) HYXKHO 3aMEHUTH
W(A| t; + 0) Ha WA | 8 + Tdead) U b + Thead <t < tys1, k=1,2,... . Dopmymna (2) ocraercst 63 U3MEHEHUS, TaK KaK
npeaHa3HadeHa il BbluuciieHus w(A;|f) B MOMEHT f; HaCTYIUIEHHS COOBITHS, KOTOPOE MOPOXKIAET MEPTBOE
Bpemst. Paccmotpum momyunTepBan (f, t; + Tgead], £ = 1,2,... . Ha 3TOM monmyunTEepBaie coObITHE UMEET MECTO
B I'PaHUYHOI TOYKE #;, HA CAMOM TMOIyHHTEpBaie COOBITUSI OTCYTCTBYIOT.

Yr1Bep:knenue. lloBenenne amocTepuopHOM BepOsSTHOCTH W(Ai|f) Ha BPEMEHHBIX MOIYHMHTEpBajax
(tx, tx + Tyead], k= 1,2,..., onpenensiercs SBHOU GopMyIIoit

wiky [£)=m + [y [ 1 +0)—m Je P00, (6)
B=—0o =0y —Ay+hy =20 B (A [ 1y),
4t <ty + Tgead, k= 1,2,...; w(hi| t; + 0) onpenenena Gopmynoii (2); m; onpenenena B (3).

[lony4eHnHble GOpPMYIIBI MO3BOISIOT CHOPMYIUPOBATH aJTOPUTM pacdeTa BeposSTHOCTH W(A,| f) u airo-
PUTM IPUHSTHS PELICHUs O COCTOSIHUU Tpolecca A(f) B 0001 MOMEHT BpEMEHH ¢ (QITOPUTM ONTUMAIIEHOTO
OLIGHMBAHUS COCTOSHUN MoayanpoBanHoro MAP-motoka):

1) BBIYHCISIETCS allprOpHAsi BEPOSITHOCTD T; HAaXOXKICHHS MPOLEcca B COCTOSHUHU A; B MOMEHT HayaJa
HaOmoeHust ¢, o popmyie (3);

2) Ha mpoMexyTke (¢, ;) mo ¢popmyne (4) unu (5) B 3aBUCHMOCTH OT 3HaueHUs1 Koddduuuenta 4 BbI-
YHUCIIAETCS alOCTePHOpHas BEpOSITHOCTh W(A| £), Tae B kadecTBe W(A4| fp + 0), fp — MOMEHT HACTYIUICHHUS COOBI-
THUS1, UCIIONB3YETCs 3HAUCHHE TTp;

3) B MOMEHT HACTYIUICHHSI COOBITHSA f; amocTepUOpHasi BEpOATHOCTh W(A4| #; + 0) paccumThIBaeTCs 1O
¢dopmyne (2). 3necy B kauecTBe W(A4| t; — 0) ncnonp3yercs 3HaueHHe, BEIYMCIEHHOE 10 popmyne (4) umu (5) B
MOMEHT BpPEeMEHU 1y, k= 1,2,...;

4) Ha IPOMEKYTKE (#y, #; T Tyead] ATIOCTEPHIOPHAS BEPOITHOCTD W(A | {) BEIUHCHsieTCS 10 popmyie (6), Tae
w(A1| 4 + 0) — 3HaYeHUe, BEIUMCICHHOE Ha MPEABIAYIIEM IIare anropuTMa mno gopmyse (2);

5) va unrepBane (t + Tyeas> ti+1), kK= 1,2,..., 3HaueHHE W(A4| t) paccunThiBaercs no popmyine (4) unu (5),
rae B kauectBe w(i| f; + 0) ucnonssyercs 3uadenre w(k| & + Tyeaq), BoIUMCIEHHOE Ha mare 4. Jlanee ocy-
miecTBisieTcs nepexon Ha mar 3. llaru 3—5 moBTOPSIOTCSI 1O MOMEHTA ¢ OKOHYAHUSI HAOIIOZEHHS 32 TIOTOKOM.

[apannensHO MO XOXy BBIYUCICHUS W(A4| f) B 11000 MOMEHT BPEMEHHU BBIHOCHTCS PEIICHHUE O COCTOS-

uuu nponecca A(f): ecinu w(ki| £) = w(k,| t), To olleHKa cocTosHuUs A (f) = A, uHade A (£) = A,



3. Pe3ynbTaThl YMCIEHHBIX PACYeTOB

HJ’IH MOJIYy4YCHUS YUCICHHBIX PE3YJIbTATOB 6BIJ'I3 MOCTpOCHA MMUTAIMOHHAA MOACIb MOAYJIUPOBAHHOI'O
MAP—HOTOKEI CO6BITI/H>’I C ABYMA COCTOSSHUAMHU U IPOBCACH CTaTI/ICTI/I‘-IeCKI/Iﬁ OKCIICPUMCHT. Ha MEpBOM ITarlic
pa60TBI nporpaMmMbl CTPOUTCH pean3alvsd IOTOKaA. Ha BTOPOM 3Tari€ Ha OCHOBAaHUU HOHy‘IeHHOf’I BI:I60pKI/I
tl,fz. ..,fn MOMCHTOB HAaCTYIJICHUSA CO6BITHI>1 B Ha6J'IIO}_'[aeMOM IMOTOKEC MPOUCXOAUT OILICHUBAHHNC COCTOHHI/Iﬁ I10-
TOKa MCTOJAOM MaKCHUMyMa aHOCTepHOpHOﬁ BCPOATHOCTH. Ha puc. 2 1/1306pa>i<eHa pcain3anud MOTOKa I
M=4, ha=1, T=5, Twu=1, u=01, o2=01, Pi(ks|A)=0,6, Pi(hs|M1)=0,3, Po(h2|N1)=0,1,
Pi(ha | M) = 0,4, Py (M1 | A2) = 0,4, Po(hy | o) = 0,2,

o o— =

|

|

|1

LY L S '\-\.I.r' Il
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|tz t3 | t
¥ #

t1 t2 t

Puc. 2. Peanmmsarmms mogynupoBanHOro MAP-moToka coObITHit

Ha puc. 3 npuBeneHo noBeaeHne anocTeproOpHON BEpOATHOCTH W(A,| £) WIS TeX ke 3HaYeHUH MapaMeTpoB.

o s P

0.3 1—\__‘_1|

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

Ha puc. 4 n300paeHo moBeeHne oleHKn A (f) mponecca A(f). ToHKas IIpsiMast TMHKSA TIPOBEJIEHa HA TeX
BPEMEHHBIX yYacTKax, I7ie moBeaenue A(f) u A (f) He coBmaiaer.

L

Puc. 4. Iosenenue A (1)

UToOBl YCTAaHOBUTH YaCTOTY OIIMOOYHBIX PEIICHHH O COCTOSHUM Iporecca A(f), ObUIH IMPOBEIECHBI CTa-
TUCTHYECKUE SKCIIEPUMEHTBHI, COCTOSILUE U3 CIEAYIOIINX 3TaloB:

1) n7st ompeneneHHoro Habopa mapamMeTpoB OCYIIECTBISETCS MOJEIHUPOBAaHUE MTOTOKA (i-i OTBIT);

2) no ¢popmynam (2)—(6) pacCUMTHIBAETCS anocTepUOpHasi BEpOATHOCTb W(A4| f) ¥ IO METOAY MaKCuMyMa
anoCTepUOPHON BEPOSATHOCTH BHIHOCHTCS pElICHHE O 3HAUeHHH mporecca A(f) B 110001 MOMEHT BPEMEHH f;

3) onpenensiercs 3HaYCHUE d; — CyMMapHasi IPOTSHKEHHOCTh HHTEPBAIOB BPEMEHH, Ha KOTOPBIX IOBee-
nue M(?) u A (f) He coBmajaer;

y d;
4) BpIUUCISETCA A0S OIUMOOYHBIX PEIICHUN P, = ?’ , Tae T — BpeMs MOJEINPOBaHUS;

5) waru 1-4 noBTopsitoTcs N pas.



Pe3ynbTaToM OMHCAHHOIO alropuTMa SBISETCS BBIOOpKA pP,..., Py AONeH OMMOOUHBIX pelleHui B N
. 2 1 5 .
UCTIBITAHUAX, HA OCHOBaHUHU KOTOPOH BBIUMCIIIETCS BEIOOPOUHOE CpeaiHee P = Vil p; =P, — olleHKa noiHOU
1=
1 N
2 A\
BEPOSITHOCTH OIIMOKH MPHUHATHS peteHust Py, W BBIOOpOUHas nucnepcust S< = Vo1 > (pl- - p) .

—liz

B nepBoM 3kcniepuMeHTE yCTaHABIMBAETCSA 3aBUCUMOCTD OLIEHKH E)m OT 3HAUEHMs IapaMeTpa o. 3Ha-

YCHUS OCTAJIbHBIX MapaMETPOB IMPUBCACHLI B Tabm. 1. PeByj'HyTaTLI MMPUBCACHLI B TaomI. 2.

Tabnuma 1
JlaHHBIe /151 epPBOro YKCepuMeHTa

T=100 A =10 a;=0;0,1;...;1 Pi(A|A)=0,2 Py (M| 2)=0,7 Py(Ay | 1) =0,1
Taeaa =1 Ar=1 a,=1 P(A|2y)=0,8 Pr(A|2y)=0,1 Py(M|2y)=0,1

Tabnuia 2
Pe3ysibTaThl EPBOro IKCHEPUMEHTA

o 0 0,1 0, 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1
P 0,025 0,037 0,049 0,059 0,071 0,079 0,090 0,094 0,104 0,112 0,121
S§ix 107 0,63 0,72 0,81 0,93 0,89 1,37 1,26 1,51 1,83 1,92 2,04

om

Kaxk BuzHO, onienka P, BO3pacTaeT 110 MEPE POCTa 0. ITO OOBACHAETCA TEM, YTO C POCTOM O ITEPEXO-

JIbI M3 TIEPBOT'O COCTOSHUS BO BTOPOE MPOUCXOJAT Yalle, CICAOBATEILHO, COOBITUI B TIEPBOM COCTOSIHHH TIPO-
1ecca A(f) HacTymaer MeHbIe (B BEpOSTHOCTHOM CMBICIIE) ¥, KaK CIIEACTBHE, COOBITHI B HAOII01aeMOM ITOTOKE
HACTyIMaeT MeHbIe. TeM caMbIM yMEHBIAeTCsl KOJIMYECTBO WH(OPMAIIUH, TaK KaK alrOpUTM B KayeCcTBE HC-
XOJHBIX JaHHBIX PACIONAraeT TOJbKO BBIOOPKOW MOMEHTOB HACTYIUICHUs COObITHI. TakuM oOpazom, 4acTtora
MPUHSITHS OIIUOOYHBIX PEIICHUN O COCTOSIHHUY ITOTOKA YBEITUIHBACTCS.

A

Bo BTOpPOM J3KCIICPUMCHTC YCTAHABJIMBACTCA 3aBHCHUMOCTH OIICHKHU POILI

OT 3HAYEHHS IapamMmerpa .
3HayeHus1 OCTAIBHBIX apaMeTPOB MpUBEAEHBI B Ta0J. 3. Pe3ynpTaThl BTOPOro 3KCIeprMEHTa MPOAEMOHCTPHU-
POBaHBbI B TaOI. 4.
Tabnuma 3
JlaHHbI€e 1/ BTOPOI0 KCIIePUMEHTA

TZIOO }\,1210 Ctlzl Pl(}\.1|7\.1)20,2 Pl(}\.2|7\.1)20,7 Po(}\.2|}\.1)20,1
Thead =1 A=1 ap=;01;.;1 Pi(A|2)=0,8 Pi(M|2)=0,1 Py(h[22)=0,1

Tabnuia 4
Pe3ysibTaThl BTOPOro KCNEePUMEHTA

oy 0 0,1 0, 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1
ﬁom 0,028 0,070 0,093 0,098 0,106 0,108 0,110 0,113 0,116 0,117 0,120
S§tx 107 0,96 1,54 2,26 2,20 2,28 1,92 1,96 2,11 1,78 2,34 1,90

A

Kak u B MEPBOM 3KCIICPUMCHTEC, OLICHKA P

om BO3PACTacT C pOCTOM Qa. Ha puc. 5 I/1306pa>KeH0 IIOBCIC-

HHUEC OLICHKHU POIH Ipru U3MCHCHUU NTApaMCTPOB Ol U QL.

3amerum, uto B, (02) > Py, (0t1) IpH paBHBIX 3HAYEHHAX O U Olo. DTO 00BACHAETCS HAOOPOM BEPOST-

HOCTEH, OMpEeACNIONX MOTOK, B YaCTHOCTH 3HadeHusMu Py (A, | A) = 0,7 u P; (A, | Ay) = 0,8. [locnennue 3a-
JaHbl TaKUM 00pa3oM, 4YTO Mporecc A(f) BO BTOPOM COCTOSIHMH IPOBOAUT Oonbine BpeMeHH. [1ockombky
A =10,a iy =1 (A; >>A;), TO aNITOPUTM C OOJNBIION AIOCTEPHOPHON BEPOSTHOCTHIO W(A| #; + 0) BEIHOCHT pe-
IIICHUE O TOM, YTO COOBITHE HACTYIMJIO B TIEPBOM COCTOSIHHMM Tiporiecca A(f), TaM CaMbIM COBEpIIasi OIIUOKY
MIPY OIICHKE COCTOSIHHSL.



0,14 -
0,12
0,1 -
0,08 -
0,06 -
0,04 -
0,02
0 — T T T T T T T — T
0 01020304 Och 0,6 0,7 0,8 0,9 1

OueHka P,
~\

Puc. 5. 3aBucumMocTsb onieHKM P, OT HapaMeTpoB oy, i = 1,2.

1 — oBeieHNe f’om (0); 2 — moBeneHKE f’om (o)

5 A
B TperbeM 3KkCIIEpUMEHTE HCCIENYETCA 3aBUCUMOCTD OLEHKH P OT OTHOLICHUS lk . B Tabn. 5 npu-
2
BE/ICHBI UCXOJHbIC JaHHBIEC HKCIIEPUMEHTA, Pe3yIbTaThl HKCIIEPUMEHTA POJAEMOHCTPHPOBAHBI B Ta0II. 6.

Tabnuma 5
JlaHHBIe /I TPEThero IKCnepuMeHTa

T= 100 }\.1210 CLIZO,S Pl(}\.1|7\.1)20,2 Pl(}\.2|7\.1)20,7 Po(}\.2|}\.1)20,1

A
Taeaa =1 %224;”-;200 o, =0,5 Pi(A|2) =028 Pi(A|2)=0,1 Py(h|22)=0,1

Tabnuia 6
Pe3ysibTaThl TPeTHEro 3KCepUMeEHTAa

A
% 4 5 10 20 50 100 200
2
Py 0,108 0,097 0,076 0,068 0,061 0,057 0,057
S?x 10™ 1,94 1,51 1,27 1,73 1,66 1,47 1,16

A
PeByTH:TaTLI IMMOKa3bIBAIOT, YTO OUCHUBAHNWEC TCM JIYUIIIC, YCM OOJIIbIIIE OTHOIICHHE 17\‘ . B atom cjIydac
2

COCTOAHUS ITpoLecca }\.(f) CTAHOBATCA pa3JIMYUMBbI JIYy4IIC U 4aCTOTAa NPUHATHA OIINOOYHEIX peH_IeHI/Iﬁ 3Ha4YHn-
TCJIbHO YMCHBIIACTCA.
B YCTBCPTOM SKCIICPUMCHTC YCTAHABJIMBACTCS 3aBUCUMOCTD OLICHKHU ﬁ()m OT MJIUTCIBbHOCTU MCPTBOI'O BpC-

MCHU T. dead- HaHHBIe JUIA DKCIICPUMCHTA ITPUBCIACHLI B Ta6J'L 7 PCBYHBTaTBI MMpOACMOHCTPUPOBAHBI B Ta6ﬂ. 8
Tabnuia 7
JlaHHBIE /11 YeTBEPTOro KCIepUMeHTa

=100 Ar=5 a;=0,2 P(A | M)=0,6 P (M| 2)=03 Po(h [ M) =0,1
T4ead=0;1;...56 Ar=1 o, =02 Pi(M])=0,1 Pi(M | 2y)=0,7 Py(M | 2y)=0,2

Tabnuia 8
Pe3ysibTaThl 4€TBEPTOro IKCNEPUMEHTA

Tgead 0 1 2 3 4 5 6
B, 0,232 0,260 0,276 0,280 0,284 0,288 0,291
S2x10°° 0,49 1,01 0,97 1,33 1,34 1,22 1,45

10




A

PeBy.]'H:TaTLI CBUACTCIILCTBYIOT O TOM, UYTO OLICHKA Pom pacTeT C YBCINYCHUCM 3HAYCHUSA Tdeada TaK Kak

coObITHI B HaOMIOJaeMOM NOTOKE HACTYNaeT MEHbIIE, B PE3YJIbTATE Yero YMEHBIIACTCS KOIUYECTBO UHQOP-
MAalWH AJIs aArOPUTMA PUHATHS PELIeHUs 0 3HAaUeHUH Tpotecca A(f).

3akjIoueHne

B nanHoil cTaThe mpeniokeH alropuT™M ONTUMAIBHOIO OLCHUBAHUS COCTOSIHUNA MOAyIupoBaHHOro MAP-
MOTOKA TP HAJTMYMU HEMPOIJICBAIOIIET0CS MEPTBOIO BPEMEHH, IPUBEICHBI YUCICHHBIC PE3YJIBTAThI Psiia DKCIIe-

PUMCHTOB I10 BBISIBJICHHUIO 3aBUCUMOCTH OLICHKU Pom OT U3MCHCHHS PAa3JIMYHBIX TAapaMETPOB ITOTOKA. PeBy.]'II:TaTI:I

OKCIICPUMCHTOB IMOKAa3bIBAKOT, YTO OLICHKA Pom BO3pAaCTacT € YBCINYCHUEM MMApaMCTPOB Ol U O, 4 C YBCIIMYCHU-

€M OTHOILICHUA 7\.1 K 7\.2 OLICHHUBAaHHEC COCTOSHUI mponecca }\.(f) MPOUCXOOUT 3HAYUTCIIBHO JIyYIIIC.
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This paper considers the modulated MAP, which rate is a piecewise constant random process A(f) with two states: A(f) = A; and
AMt) = Ay (A > Ay 2 0). The time when the process A(f) remains at the i-th state, 7 = 1,2, depends on two random values: 1) the first ran-
dom value has the exponential distribution function FM=1- ¢ j=1,2; when the i-th state ends, the process A(?) transits with the
probability equal to one from the i-th state to the j-th state, i, j = 1,2 (i #); 2) the second random value has the exponential distribution
function F? = 1 — ™" i =1,2; when the i-th state ends, the process A(f) transits with the probability P, (A; | &) from the i-th state to
the j-th state (i # j) and a flow event occurs or A(¢) transits with the probability Py (2 | A;) from the i-th state to the j-th state (7 #j) but an
event does not occur, or the process A(¢) transits with the probability P, (A; | A;) from the i-th state to the i-th state and a flow event oc-
curs. Here Py (A | &) + Po(A; | &) + Pi(A; | &) = 1,4, j=1,2,i#j. The block transition rate matrix for the process A(?) is as follows:

_(al +7"1) o +7"1Po(7"2 |}L11 7"1P1(7"1 |7"1) 7"1P1(7"2 M‘l)J
az"'}"zpoo‘q |7"2) —((12+7\.2) 7"21)1(7"1 |7"2) 7"21)1(7"2 |7"2

An event generates the period of time called the dead time, during which the flow cannot be observed. After this period ends, a new
event also generates the dead time. Having only a sample (z,,..., #,) of events moments, we need to estimate the flow states.

The optimal states estimation algorithm is as following:

1) at the initial moment #; a priori probability m; that A(?) is in A, is calculated using the formula
— 0Lz"'}"z[l_Pl(}"z|}"2)] .

; +0a, +}\‘1[1_I)1(}\‘1 | }"1)]"'}"2[1_1)1(}"2 | }"2)] )

2) in the interval (#, ;) a posteriori probability w(A,| ) is calculated using the formula
wi[wy, =Wk |2 +0)] = wylwy — Wk, [ £ + 0)e™ 02 )it
wy = w(hy |1 +0)=[wy = w(hy | g +0)e™ 4027 Xi=0)

3) at event occurring moment #; a posteriori probability w(l| # + 0) is calculated using the formula
}"2P1(}"1 | }"2)+ [}"1P1(}"1 | }"1) - }"2P1 (}"1 | A’Z)]W(}\’l | b — 0)
}"2[1 _Po(}‘q | }"2)] + [}"1 A, - }"1Po(}"2 | }"1)+ }"2Po(}"1 | A’z)]w(}‘q |4, _0) 5

=Dy [ D]

T

wk, |1)= Wy 12y +0)=m;;

w(h, |1, +0)=

where instead of w(A| #; — 0) the value calculated on the formula
wi[wy =, |2, +0)]—wy[w —w(k, | £, +0)]- e~ A0 —w)(t=4)
Wy — W(}"l | t +0)—[w1 - W(}“l | e+ ())].e’A(WZ*Wl)(I*Ik)

w(hy [t)=

att, k=1,2,..., is used,;
4) in the interval (#, #; + Tyeuq] the probability w(,| £) can be found as
W(}\‘l | t) =T+ [W(}\‘l | L +0)_n1]'eiB(Hk) ;

5) in the interval (¢ + Tyeaq, ti+1), k= 1,2,..., the value w(L| ) can be calculated by formula used on the step 3, where instead of
w(\ ]t + 0) the value w(\| #; + Tyeaq) calculated on the step 4 is used. Then go to the step 3. The steps 3-5 are reiterated during observ-
ing time.

Simultaneously with probability calculation we estimate the flow states: if w(X| £) > w(),| £) than A (7) = &;, otherwise A (£) = A,

The results show that the bigger a;, i=1,2, the higher estimation error, and that the bigger quotient A;/A,, the better estimation.
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YIIPABJIEHUE C IPOTHO3UPOBAHUEM HEJIMHEVMHBIMHU
CTOXACTHYECKUMU CUCTEMAMMU
C MAPKOBCKUMH CKAYKAMMH ITPU OTPAHUYEHUAX

PaccmarpuBaeTcs 3agada yrpaBiIeHHs ¢ IPOrHO3UPOBAHUEM TI0 KBAJAPATHIHOMY KPHTEPHIO JUIS HEMHEHHBIX JTUCKPET-
HBIX CHCTEM CO CKauyK00Opa3HO MEHSIOMMMHUCS MapaMeTpaMu. CHHTE3HPOBAHBI CTPATETHU YIIPABICHUS TP HATMIHN
SIBHBIX OTPaHMYCHUN Ha YIIPABIAIOMNE BO3ACHCTBUA. AJTOPUTM CHHTE3a MPOTHO3UPYIOIIEH CTPATeTHH CBOAUTCS K pe-
IICHHIO TIOCIIEA0BATEIFHOCTH 3a/iad KBaAPATHIHOrO IIPOTrPaMMHUPOBAHHSI.

KiioueBble ci10Ba: HeIMHEHHBIE CTOXACTHYECKHE CHUCTEMBI; MPOrHO3MPYIOIIES YNPABICHHE; MAPKOBCKUE CKAUKU,
OrpaHWICHHS.

MogensiMyi ¢ MapKOBCKHMH CKa4KOOOpa3HBIMU IapaMeTpaMH OMKCHIBAETCS IIHMPOKHUN KJacc peaabHbBIX
cucreM [1]. B aTuX Mozensx mpenmonaraercs, 4TO CMEHa CTPYKTYpPBl CHCTEMBI OCYIIECTBIISIETCS B COOTBET-
CTBHH C 3BOJIONMEN MapKOBCKOHW IIEMU ¢ KOHEYHBIM MPOCTPAHCTBOM COCTOSIHMM. PerieHnto pa3nuuHbIX 3a1a4
yIIpaBJICHHUS W OLICHUBAHUSI JJIS1 TAKAX CUCTEM IOCBSIICHO 3HAYUTENbHOE KOJIHYecTBO padot [2—10].

D¢ eKTUBHBIM MOAXOJOM K CHHTE3Y CHUCTEM YIPABJICHHUS C OrPaHMYCHUSMH, MOJTYYUBIINM IIHPOKOE
MpU3HaHWE U MPUMEHEHHE B MPAKTUKE YNpPaBIEHUS CIOKHBIMH TEXHOJIOTMYECKHMHU IMPOLECCAMH, SBIACTCS
METO/1 YIPaBJICHHUs C IPOTHO3UPYIOLIEH Moaenbio (yIpaBleHHe CO CKONB3AIMM ropu3onTom) [11]. Ilpumene-
HUIO JAHHOT'O METOJA K YIPaBJIEHUIO AUCKPETHBIMU CUCTEMaMH C MapKOBCKHMH CKAaYKaMHM ITOCBSIICHBI pado-
1ol [3, 5]. B pabore [3] paccmaTrpuBaercs 3aada ynpaBieHHs 10 KBAAPATHYHOMY KPUTEPHUIO JTMHEHHBIMH JHC-
KpPETHBIMH CHCTEMaMH NPH «KECTKUX» ONPaHUUYEHHSX Ha YIPABIAIONINE IEpEMEHHBIE.

[IpumeHeHuIO0 MeToa YIIPABIECHHUS C MPOTrHO3UPYIOMIEH MOAEIBIO K YIPABICHUIO HENMUHEHHBIMH CTOXa-
CTUYECKUMH CHCTEMaMHM TOCBsIeHbl padotsl [12—-16]. B paborax [12, 13] paccmaTpuBaeTcs 3a7ada ymnpasiie-
HUS Ha CKOJB3SIIEM TOPU30HTE I HETHMHEHHBIX CTOXaCTUYECKUX cUCTeM Oe3 ydera orpaHudeHuil. B pabdore
[14] paccMaTpuBaeTcsl 3ajada MPOTHO3MPYIOLIETO YIPABICHHUS HEIMHEWHBIMH CHCTEMaMH, BO3MYLIEHHBIMHU
OeNbIMH ITyMaMU, IPH HAIMYHY SIBHBIX OTPAaHMYEHUH Ha YIPABIISIOIINE NTEpEeMECHHBIC.

B nacrosimeit pabote paccmatpuBaeTcs 3aada CHHTE3a CTPATErdil yNpaBiICHHsI C MPOTHO3UPOBAHUEM
JUI JUCKPETHBIX HETMHEWHBIX CUCTEM C MApKOBCKUMH cKadkamH. [loiydeHbl ypaBHEHUS CHHTE3a ONTHMAJIb-
HBIX CTpaTEeTUil YIIPABIEHUS C YUETOM <OKECTKHX» OpaHUYEHUH Ha YIpaBIISAIOIINE TIEPEMEHHEBIE.

1. ITocTanoBka 3agaun

[TycTh 00BEKT YIpaBJICHUS OMUCHIBACTCS YPaBHEHUEM

x(k+1)= Ax(k) + Blou(k + 1),k +1u(k) + f(x(k),u(k), w(k),a(k +1)), (N
rze x(k) — n-MepHBIH BeKTOp cocTosiHus, u(k) — n,~-MEpHBII BEKTOp ynpasieHus, w(k) — BEeKTOp OeNbIX IIyMOB
Pa3MEepHOCTH 71,, C HYJEBBIM CPEIHUM U CAMHUYHOW MaTpuied koBapuammu, o(k) (k= 0,1,2,..,v) — oqHOpOAHAs
JICKpETHAasT MApPKOBCKasl IIeMTb ¢ KOHEYHBIM MHOXECTBOM cOCTOstHHM {1,2,...,v}, U3BECTHOW MAaTpHIleH Imepe-
XOJHBIX BEPOSTHOCTEH

P=[P; ] (i.je{l2,..v}). P, = Plok+1) = o jouk) = ], Pl
Jj=

Y W3BECTHBIM HavaJbHBIM pacipeaeeHIeM

\4

pi=P{a(0) =i} (i =1,2,...,v), X p =1.

i=1
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[Ipeanonaraercs, 4TO COCTOSHME MAapPKOBCKOW L€ B MOMEHT BpeMEHH & ocTynHo HaOmoaeHuto. [lo-
cienoBatenbHOCTH W(k) 1 0k) He3aBUCHMBL. XapaKkTep HEeIMHEWHOW 3aBUCMOCTH B (PYHKIHH f TAKOB, YTO

M { f (x(h)u(lo),wik) ok +1)) / x (k) ok)=oL; } = 0 )
TSt TF00BIX X(k) 1
M { £ ele)ul), w(ko)cnle+ ) f T (), he), wile), k1) (e cu) =cr | = Tl ] +

43T (xT (W x(k)+u" (k)Mi[oc(k),k]u(k)), 3)
i=1

, ) , AT — T
rae r = n(nt1)/2,T", WuaM' =(Nl) N (i=Lr), T° =(DO) D" — HeOTPUIATENBHO ONPEIEICHHBIC CUM-

METPUYHBIEC MATPHIIBL.
Ha ynpasnstronye Bo3neicTBUS HAJIOKEHBI OFPaHUYEHHS BUA
Upin (k) < S(R)u(k) < vy (), 4)
rae S(k) — maTpuIla COOTBETCTBYIOIIEH Pa3MEPHOCTH.
Heobxoaumo onpenenuts 3akoH ynpasieHus: cucteMoit (1) mpu orpaHnveHusx (4) u3 ycnoBus MUHH-
MyMa KPUTEPHSI CO CKOJB3AIUM TOPU30HTOM YIPABIICHUS:

)4
J(k+p/k)y=M {z X (ki) R, (ki) (ki) +u ™ (ki )Ry (ki —Du(k+i=1/ ) x(k), o)=L } (5)
i=1

rae M{.../...} — olepaTop yCIIOBHOTO MaTeMaTHYeCKOTO OKUAAHUS; p — TOPU3OHT MPOrHO3a; k — TEKYILUI MO-
MEHT BpeMeHu; R, (k,7) 20, R, (k,i) >0 — BecoBble MATPULIBI COOTBETCTBYIOIIUX Pa3MEPHOCTEN.

2. CuHTe3 cTpaTernii MpPOrHo3MpyoIIero ynpasJeHust

Jnst pertieHus: chopMyTUPOBaHHOM 3aa4M KCIIONB3YEM METOMOIOTHIO YIIPABICHHUS C MPOTHO3UPYIOIIEH
MOJIenbI0. JIaHHBIN TTOX0/] TIO3BOJIACT TIOYUUTh CTPATETHHU YIIPABIICHHUS ¢ OOPATHOU CBS3BIO C YUETOM SBHBIX
OTpaHUYCHHN HA YMPABIIAIOIINE BO3ACHCTBHS.

Crpareruu yrnpaBJieHHs ¢ MPOTHO3MPOBAHUEM OMPEACISIOTCS MO CIASAyromeMy npaBuwiy. Ha kaxkmom
mare k MuHUMHU3NpYyeM (yHKIMOHAN (3) MO TOCIeI0BATENFHOCTH MIPOTHO3UPYOMUX yrpasinenuid u(k/k),...,
u(k+p—1/k), 3aBUCAIIMX OT COCTOSIHHSI CHCTEMBI B MOMEHT BpeMEHH k. B kadecTBe ynpaBieHHS B MOMEHT Bpe-
MeHU k O6epeM u(k) = u(k/k). Tem cambIM nonyuaeM ynpasieHHe u(k) kak GyHKIHIO cocToaHui x(k) u a(k) = oy,
T.€. yIIpaBlicHHE ¢ 00paTHOM CBSA3bI0. UTOOBI MOMYUUTh yrpaBieHue u(k + 1) Ha cliemyrolemM mare, mporenypa
MOBTOPSIETCSA JIISI CISAYIOIEro MOMeHTa k + 1 v T.1.

I{enms MapkoBa ¢ JUCKPETHBIM BPEMEHEM JIOMYCKAET CIICAYIOIIEe MPEACTABICHUE B MPOCTPAHCTBE CO-
cTosHuit [9]:

O(k +1)= PO(k)+ v(k +1), (6)
rae 0(k)=[d(a(k),1),....5(a(k),v)]", S(a(k),j) — pyrkims Kporekepa (j = L_v) ;u(k +1) — MapTUHTaI-pa3HOCTH C

XapaKTepUCTHKAMU
M {v(k+1)/0(k)} =0, (7
Clk+1)=M {u(k+1)uT (k+1)/e(k)} = diag { PO(k)} — Pdiag{0(k)} P". (8)

C yuerom (6) cucremy(1l) MOXXHO IPEACTaBUTD B CIICAYIOIIEM BHIE:
x(k+1) = Ax(k) + B[O(k + 1),k +1Ju(k) + f (x(k),u(k),w(k),0(k +1)), 9
e

BIOGK). 1= 3. 0,(K)B' (k). (10)

3meck 0,(k) (i =1,2,...,v) — KommoHeHTsI BekTopa 0(k), {B'(k)} — MHOKecTBO 3HAYeHMH MaTpuis! B[O(k),k].
Beipaxkenus (2) u (3) MOXKHO IPEACTaBUTD B BUIE
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M f (Ge(k).u (), w(k),0(k+1) /x(k).0(k)} =0,
M { fGe() ), w(k),0(k+1) £ (x(k)u k), w(k),0(k+1)) /x(k),e(k)} =T°[0(k),k]+

43T (xT (W x(k) +u™ (k)M [0(k), k]u(k)) ,
i=l
rie, ¢ yaeroM (6)—(8),
v Vv T v Vv T
TO(K),k1= X 3 (D) (k) (6" (k)PTEJILE, POGID) (k) + X 3 (DY (k)) [E,PCh-DP E[1D] (k),

s=1n=1 s=1n=1
vV Vv . T . v Vv . T .
MI[0(k), K= X (N/ (k) [67 (k) PTESILE, POGOIN] (k) + X X (N] (k) [E,PC(k—=)PTESIN] (k) ,
s=1n=1 s=1n=1
311eCh {D;) (k)},{Nl-j (k)} ( i =Lr,i =1,_V) — MHOXecTBO 3Hawennit Mmatpuiy D°(k) um N/(k) COOTBeTCTBEHHO;

E:=10,...,0,1,0,...,0].
[ycts H(k) n G(k) — GiouHble MaTPHUIIBI BUIA

Ho(k) — Hy(k) .. Hy,,(k)
fy—| @ Hi®) e () i

Hyag(k) Hyyy () o Hyy i (K)

G(k)=[Go(k) Gi(k) . G,(h)]. (12)

OJIOKH KOTOPBIX PaBHBI

H, (k)= R, (k,t)+ ¥ ¥ {(B<S)(k+t+1))T[eT () (P )T EN10(p—t-DIE, P 0(k)IB™ (k+1+1)+  (13)

s=1n=1

> (B(S)(k+t+1))T[EnPl_”+’C(k+p—l+l)(Pl_p+’ )TE;F 10(p—t=1)B™ (k+t+1)+
I=p—t

M-~

+3 (N evn)) tr{[eT(k)(P’“ ) EN10(p-1-DIE, P 'o(k)]T }N,{ (k1) +

=1

~
Il

M~

L 5 (N;' (k+t))Ttr{[EnPl_p+’C(k+ p—l+1)(P’—P+’ )T EN0(p-t-1)T/ }N,{ (k+t)} ,
I=p—

Il
—

tj

H, (=3 [(B(S)(k+t+1))T[6T(k)(P’“ )T EN10(p—t-D) AT [E, P/ 0B (k+ f+)+  (14)

s=ln=1

+ 5 (B(S)(k+t+1))T[EnPl_”+<f'C(k+p—l+l)(Pl_”” )TE;F 10(p—t-1)4~ B (k+ f+1), t> [,
I=p-f
H, ;(k)=HJ, (k)1 <[, (15)
Gk =(A™) O(p—t1+1)3[ EP*00k) BO (K +1+1), 16
() =(4) 0(p =+ DX | E P00 Bk +1+1) (16)
rac
0() = A"Q~ A+ X tr{QG-DT7 | W/ + R (k. p—i).
j=1
0(0) =R (k,p),
Ck +i) = diag | P'0(k)} — Pdiag{ P"0(k)} P"

Teopema 1. Bekrop nporsosupyrommx ynpasnenuit U(k) = [u" (k/k),...u" (k+p—1/k)]", MusuMu3upyro-

M Kputepuit (5) npu orpaHrueHUsX BUaA (4), HA KQKIOM LIare k onpenensercs U3 peleHns 3aJauu KBajapa-
TUYHOTO IPOTPaMMHUPOBAHUS C KPUTEPUEM BUIA
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Y(k+p/k)=2x" (k)G(k)U (k)+U™ (k)H (k)U (k)
IIpU OrpaHUYICHUAX

U, ()< S()U(k)<U

max (

k), (17)
rac
S(k) = diag(S(k)....,S(k + p—1)),

Unin () = 18 ()t G p 1) | U (6) =68 ().t (e p 1)

H(k) u G(k) — 61o4HbBIe MaTpHIIBI, OnpenereHable cooTHOmeHusMu (11)—(16).
OnTumansHOe YIIpaBJICHUE PABHO

u(k)=[lnu 0, . Onu]U(k), (18)

rae 1 n  — CAMHWYHAA MaTpula pa3MCEpHOCTH #,,, 0 »— KBaJpaTHas HyJICBas MaTpulia pa3MCPHOCTH 7,,.

T
)

OnrtruManbHasi CTpaTerusi MPOrHO3UPYIOIIEro ynpasieHus cucremoil (1) 0e3 ydera orpaHHueHH ompe-
nemnsiercst ypaBHeHuem (18), roe

U(k)=-H " (k)GT (k)x(k). (19)
[Ipu 5TOM onTuMansHOE 3HaYEHUE KpUTEpHS (5) onpenessieTcs BhIpaKeHUEM
J®(k+plk)y=x" (k)[Q(p)—Rl (k,0)-G(k)H ' (k)G" (k)]x(k) + (20)

£ 3 5 (D 0esn) wlt6” o) EFIQG-DLE, P00l DEn) +

i=1s=ln=1

ey Y (Df(k+t))Ttr{[EnPl_iC(k+ p-1+1)(P7) ET ]Q(i—l)}D,?(kH).

i=11l=is=1n=1

Jlokazamenscmeo. Kputepuii (5) MOXXHO 3aMucaTh CICAYIOIIHUM 00pa3oM:
S+ p Iy =M {x" (k+ DR, (e, )x( + 1)+ 1" (b /)Ry (e, 0)u(l / &) + M {x" (k+2)R, (k. 2)x(e+2)+

+u' (k+1/ k)R, (k,Du(k +1/ k) +...+ M {xT (k+p)R, (k, p)x(k+p)+
+u" (k+ p=1/k) Ry (k, p—Du(k+ p—1/k)/ x(k+ p—1),0(k+ p—1)}... /x(k+1),e(k+1)} /x(k),e(k)} .

BBenem o0o3Hauenue

iy :M{xT (k+s+D)R (ks + Dx(k+s+1)+u' (k+s/k)R,y(k,s)u(k +s/k)+
+M {xT (k+s+2)R, (k,s+2)x(k+s+2)+u" (k+s+1/ k)R, (k,s + Du(k +s+1/ k) +...
+M{xT (k+p)R,(k, p)x(k+p)+u" (k+ p=1/k)Ry (k, p-Dyu(k+ p—=1/k)/x(k+ p—1),0(k + p—l)}...

o x(k+s+1), 9(k+s+l)}/x(k+s), 9(k+s)} .
O4eBHIHO, UTO

Jios =M {xT (k+s+D)R, (k,s+1)x(k+s+1)+u' (k+s/ k)R, (k,s)u(k+s/k)+J, ., /x(k+s),9(k+s)} (21)

J(k+plk)y=J,. (22)
Paccmorpum
Jsp1=M {xT (k+p)R, (k,p)x(k+p)+uT (k+p—-1/k)R, (k,p—l)u(k+p—1/k)/x(k+p—l),9(k+p—l)}. (23)
Bripaxas x(k + p) uepes x(k + p—1) c yaerom (6) u(9), Oyaem umerpb

x(k+ p)=Ax(k+p—-1)+ i [E,PO(k+p-1)1B? (k+p)u(k+p-1)+
i=1
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+§: [Eiu(k+p)]B(i) (k+p)u(k+p-D+f(x(k+ p-D,u(k+ p-1),wk+ p—1),0(k + p)). (24)
i=1

[oncrasmsst (24) B (23) 1 B35B yCIOBHOE MaTEMAaTHUECKOE OXKHUIAHHE, TTOTYUHM:

Jespr =X (k+p- 1){ATQ(0)A+ z tr(QOYT/ YW/ }x(k +p=D+2x" (k+p-1)4"Q(0)x

J=1

s=ln=1

XX [E,POCk+p-DIBY (k + pyulk+p-1/k) + uT<k+p—1/k){ > > (BVk+p) x
s=1

<07 (k+ p )P ENIO(O)E, POk + p~DIB™ (k + p) + 3. X (BY (k+p)) [E,Clk+p)E10(0) x

s=ln=1

r v v . T . .
xB" (k+ p)+ X X 3 (N (k+p=D) tr{[0" (k+ p~1)P" E} JO(O)LE, PO+ p~D)IT” | N] (k+ p=1)+
Jj=ls=1n=1

+3 3 3 (W (k+p-) f[E,Ck+p)ETIOOT |N} (k+p—1>+R2(k,p—1>}u<k+p—1/k>+

j=ls=1n=1

vV Vv

) tr{(D‘?(k+p—1))T [07 (k+p~1)PTE J0(O) E, PO(k+p-1)D, (k+p—1)}+

s=ln=1

\2RY, T
33 tr{(D‘?<k+p—1>) [E,C(k+p)ET 10(0) D (k+p—1)},

s=ln=1

re 0(0) =R, (k, p), Clk+ p) = M {u(k+p)o” (k+ p)/0(k)}

[Ipeanonoxum ganee, 4To A1 HEKOTOPOTO g BEPHO

Jhspg =% (k+p- q){ATQ(q—l)fH > rr(Q(q—l)Tf)Wf}x(k +p—q)+2x (k+p-q)ATx  (25)
Jj=1

L=\ Aoy~ —i+l (s) . , LT .
xZ(Aq ) OG-D)X [E, P 0(k+p—q)B (k+p—l+1)u(k+p—l/k)+ Su (k+p—ilk)x
i=1 s=1 i=1

v

{ > 3 (BO (et p-i4D)) 107kt p-g)( P! ENIOG-DIE, P 0(k+ p-q)]B™ (k+ p-i+D) +

s=1n=1

Yy (B G+ p—i+1))T [E, P~ Clk+ p—1+1)( P )T ENOG-1)B™ (k+p—i+1) +

[=i s=1n=1

r v v . T . T . .
+5 £ 3 (W ep-i) el (e p-a)( P )| ETIOG-DLE, P ok -
Jj=ls=1n=1

. . q r v Vv . R T I_i I_i T T . .
XNJ(k+p-i)+ Y X ¥ 3 (N (k+p-)) tr{[EnP Clk+p=1+1)(P™) ES10G-1)T7 }x
I=i j=1s=1n=1

x N7 (k+ p—i) +R2(k,p—i)}u(k+p—i/k)+2q§ » uT(k+p—i/k){i §(3<”(k+p—i+1))Tx

i=1 m=i+1 s=1n=1

T

0" (k + p—q)( P )T EN 10~ 1) A" [E,PT" 0k + p—q)1B™ (k+ p—m+1) +
YTy (B(S) (k+ p—i+l)) [E,P"C(k+ p—l+l)(PH )T ET10G-1) A" B™ (k+ p—m+l)} x

[=m s=1n=1

xu(k+ p-m/k)+ 3 { 3 tr{(DS(kw—i))T[eT<k+p—q)(Pq"“ ) ENOG-DIE, P 6(k+ p-q)ix

i=1 [ s=1n=1

[=i s=1n=1

xDy) (k+ p—i)}+§ >3 tr{(DSO (k+ p—i))T [E, P Ck+ p—1+1)(PH )T E}10Gi-1)Dj (k+ p—l)}},
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re 0G) = A"0(i~1)A+ 3 tr(QG-1)T W7 + R(k, p—i).
Jj=1

[okaxem, uro ganHas Gopmyna BepHa u i g+1. HelictButensHo, u3 (21) cienyer, 4To

Tisp-iqeny = M{x" e+ p= @R (k, p— q)x(c+ p— q) +

1" (k+ p=(q+)/ k) Ry (k, p~(g+1)ulk+ p~(q+1)/K)+J .,y [ x(k+ p~(g+D)), 9(k+p—(61+1))}- (26)

IToncraBuMm B (26) BMecTO Jiip, €ro BeIpaxkeHue us (25), BMecTo x(k+tp—q) — ero BbIpaxkeHHE depe3
X(k+p—(g+1)), ucnone3ys (24), smecro 0(k+p—q) — ero Beipakenue uepe3 0(k+p—(g+1)), ucronwzys (6); BO3b-
MeM YCIIOBHOE MaTEMaTHYECKOEe O’KUIaHKE H, TIPE0Opa30BaB BHIPAKEHUE, TIOITYyIHM, YTO

Jisp-igeny =X (k+p—(g+ 1)){ATQ(Q)A+ > Q)T W/ }C(k +p—(g+D)+ 27
i

2kt p—(g+1)AT S (4o )T OG-1) X [E, U0k + p—(q+1) B (k + p— i+ 1) x
i=1 s=1

su(k+p— z/k)+ z u" (k+p— z/k){i i(B“)(/Hp H—l)) [0 (k+p— (q+1))(P(q+l) ’“) ET

s=1n=1

. (g+l) v v
% QUi ~DLE, P 0k + p— (g + B (k+ p—i+])+ & 3 3 (B(S) (k+ p—i+l))T><
I=i s=1n=1

I-i 3 1= \Y T 1 R » LY 3 () N
[E,P7Clk+p 1+1)(P )ES]Q(Z DB™ (k+ p l+1)+ZZZ(NS(k+p z)) x
Jj=ls=1n=1

xtr {[eT (k+ p—(g+D)(P ) ET10G - DIE, PO 0k + p— (g + )T }N,{ (k+p-i)+

qg r v v . T . AT . .
+3 Y 3 X (V] (k+p-i)) tr{[EnP“C(k+ p=1+)(P) ENQG-1T }N,{ (k+p—i)+

I=i j=1s=1n=1

=l m=i+l s=1n=1

+R, (k,p— l)}u(k+p i/k)+2 qule) l(qil)u (k+p—i/k){i i(B(S)(kﬁLp—Hl))Tx

{07 (k+ p (g +D)( P ENOG- DA™ LE, P0G+ p— (g + )]

(n) @Dy Y s . T I-m =i\ T
xBD(k+p-m+1)+ 3 zz(n (k+p—l+1)) [E, P C(k+p—l+1)(P ) Elx
I=m s=1n=1

» (g+1
xO(i ~1) A" B (k + p—m +1)}u(k+ p-m/k)+ 3
i=1

){ i i tr{(DA? (k+p—i))T><

s=1n=1

<07 (k+ p—(g+ D) PO ) ET10G - DIE, P00k + p—(q + D)D) (k + p—i)) +

S tr{(DO(k+p—z)) [E,P7'Clk+ p-1+D(P) Ef]Q(i—l)D,?(mp—l)}}.

I=i s=1n=1
®opmyna (27) coBmanaer ¢ (25), ecinu B (25) ¢ 3aMeHUTH Ha ¢+1, a 3HAYMT, COTTIACHO MPUHIUITY MaTe-

MaTH4YECKON HHAYKIuH (hopmyia (25) BepHa a5 Bcex ¢ =1, p.
U3 (25) u (22) caenyer, uro

Jp=x (k){ATQ(p DA+ 3 (O (p- 1)TJ)WJ}c(k)+2x (4TS (47 ) 0i-1) (28)

j=1 i=1

s=1n=1

xz[E PPHOUNBY (k + p—i+ Dulk+p— z/k)+zu (k+p— z/k){i i(B“)(/Hp z+1))
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<[0T (1) (PP ETI0G - DIE, PP 0B (k + p-i+ 1)+ 5 3 3 (BY (bt p-it]))
I=is=1n=1

A[E,PICk+ p—1+D)(P) ENQG-DB" (k+ p—i+)+ £ 3 3 (N (ktp-i)) }x

Jj=ls=1n=1
xr {[eT (PP ETI0G-DIE,P" oGk }N,{ (k+p-i)+

2L L Y I-i 1=\T 2Ty nrj .
+2 Y 3 Y (N (k+p-i)) tr{[EnP Clk+p-1+1)(P7) E, ]Q(z—l)T’}N,{(lmL p-i)+
I=i j=1s=1n=1
FRy (ko= (ki p-i/b)+ 25 & uT (ki pifk)| 3 §(3<~”(k+p—i+l))Tx

i=1 m=i+1 s=ln=

—
—

¥y (B(S)(k+p—i+1))T [EnPl””C(k+p—l+1)(PH)T Elx

s
[=m s=1n=1

<O~ DA™ B® (k+ p-m+D}u (k+ p—m/k)} + ¥ { Ty tr{(D‘?(kvL p-D)

i=1 [ s=1n=1

T
X

070 (P) 0GP 01Dk p-if+ S el (D p-)

I=i s=1n=l1

{[E,P7Clk+p-1+ 1)(PH )T ENOG-DD(k+ p- 1)}}.

Beipakenue (28) MOXXHO 3amucaTb B MATPUIHOM BUE
J(k+ plk)y=x"(k)A"O(p - D) Ax(k) + 2x" (k)G(K)U (k) + U™ (k)H (k)U (k), (29)

rae matpuusl H(k), G(k) umeror Bug (11)-(16).

Takum obpa3om, nMeeM 3a1a4y MUHUMH3aIuu Kputepus (29) npu orpannyenusix (17), koropasi 3KBUBa-
JICHTHA 3a/1a4€ KBaAPATUIHOTO IPOrpaMMHUPOBaHUs ¢ KputepueM (5) nmpu orpaHnueHusx (4).

OueBHIHO, YTO €I OrPaHUYEHUS Ha YIPABJISIONINE BO3ACHCTBUS OTCYTCTBYIOT, TO ONITUMANIbHBIN BEK-
TOp MPOTHO3UPYIOWMX yrpasieHnid U(k), MuHuMu3upyonmii kputepuii (29) Ha tpaekropusx cucremsl (1),
omnpenensiercss ypasHenuem (19). HerpynHo mokasath, 4To mpH 3TOM ONTUMallbHOE 3HaueHHe Kpurepus (29)
nmeer Bup (20).

3akjIoueHne

B ).IaHHOﬁ pa60Te NPpCIJIOKECH MCTOA CHUHTC3a CTpaTeFI/Iﬁ MPOrHO3UPYIOLICTO0 yHIpaBJICHUA IO KBaJpa-
TUIHOMY KPUTCPUIO JJIA HEIMHEHHBIX AUCKPETHBIX CUCTEM CO CKa‘-IKOO6paSHO MCHAIOIIMMUCA ITapaMCTpaMu.
I[aHHBIfI noaxoJ MO3BOJIACT B ABHOM BHUAC YUYCCTh OIpaHUYCHHA HA YIPABJICHUS. AJ'IFOpI/ITM CHHTC3a MPOrHo-
SI/II)YIOH_Ieﬁ CTpAaTCruv BKIIKOYACT PCIICHUC IMOCICAOBATCIBHOCTH 3aJa4 KBAaJAPAaTHYHOI'O INpOrpaMMHUpPOBAHUA.
CI/IHTGBI/IPOBHHBI CTpaTCeruu yrnpaBJICHUSA C YYCTOM SABHBIX OFpaHI/I‘-IeHI/Iﬁ Ha yHIpaBJIAOIINUC BOSHeﬁCTBHH.

JIUTEPATYPA

1. [laxwun I1.B. JIucKpeTHBIE CHCTEMBI CO CITyJaifHBIMU ITapaMeTpaMu U CTPYKTypoil. M. : @u3marnut, 1994.

2. Iaxwun I1.B., Pemunckuii /[.M. PobacTHast CTaOMIN3ays CUCTEM CIyJaifHON CTPYKTYpHI € IMEPEKITIOYaeMON CTaTHIECKOH 00paTHOM
CBSI3BIO 1O BEIXOAY // ABTOMaTuKa u Tenemexanuka. 2005. Ne 7. C. 135-147.

3. Jombposckuii B.B., Obveoxo T.FO. YnpapieHHe ¢ IPOrHO3UPOBAHIEM CHCTEMaMH ¢ MapKOBCKHMH CKadKaMH IPH OTPAHIUYCHUSIX U
MIPUMEHEHNE K ONTUMH3alUH NHBECTUIMOHHOTO MopTdens / ABromaruka u Tenemexanuka. 2011. Ne 5. C. 96-112.

4. Cmazun B.1., Ilononzyxuna E.B. CuHTE3 CIEIAIMX CUCTEM YIIPABICHUS TSI OOBEKTOB CO CITyJaiHBIMH CKA9KOOOPA3HBIMHU MapaMeTpaMy 1
MYIBTAINIMKATUBHEIME BosMyIeHmssMH // Bectrnk Tomckoro rocymapersenroro yausepeurera. 2000. Ne 271, C. 171-175.

5. Blackmore L., Bektassov A., Ono M., Williams B.C. Robust optimal predictive control of jump Markov linear systems using particles
// Lecture Notes in Computer Science. 2007. V. 4416. P. 104-117.

6. Costa O.L.V., Okimura R.T. Discrete-time mean-variance optimal control of linear systems with Markovian jumps and multiplicative
noise // International Journal of Control. 2009. V. 82, No. 2. P. 256-267.

20



7. Costa O.L.V., Oliveira A. Optimal mean-variance control for discrete-time linear systems with Markovian jumps and multiplicative
noises // Automatica. 2012. V. 48, No. 2. P. 304-315.

8. Dragan V., Morozan T. The Linear Quadratic Optimization Problems for a Class of Linear Stochastic Systems With Multiplicative
White Noise and Markovian Jumping // IEEE Transactions on Automatic Control. 2004. V. 49, No. 5. P. 665-675.

9. Elliott R.J., Aggoun L., Moore J.B. Hidden Markov Models: Estimation and Control. Berlin : Springer-Verlag, 1995.

10. Li X, Zhou X.Y. Indefinite stochastic LQ control with Markovian jumps in a finite time horizon // Communications in Information
and Systems. 2002. No. 2. P. 265-282.

11. Rawlings J. Tutorial: Model Predictive Control Technology // Proc. Amer. Control Conf. San Diego. California. June 1999. P. 662—
676.

12. Yaz E. A control scheme for a class of discrete nonlinear stochastic systems // IEEE Transactions on Automatic Control. 1987.
V. AC-32, No. 1. P. 77-80.

13. Yaz E. Robust design of Stochastic controllers for nonlinear systems // IEEE Transactions on Automatic Control. 1989. V. AC-34,
No. 3. P. 349-353.

14. Jombposckuii B.B., /lombposckuii /. B., Jlawenko E.A. YrpasieHue ¢ IPOrHO3NPOBAHUEM HEIWHEHHBIMU CTOXaCTHUECKUMH CHCTe-
MaMH pu orpaHudeHusx // Becrauk Tomckoro rocymaperserHoro ynusepeureta. 2006. Ne 18. C. 320-323.

15. Novara C., Fagiano L., Milanese M. Direct feedback control design for nonlinear systems / Automatica. 2013. V. 49. P. 849-860.

16. Mhaskar P., Nael H. El-Farra, Panagiotis D.C. Robust hybrid predictive control of nonlinear systems // Automatica. 2005. V. 41.
P. 209-217.

Jomoposeckuit Bnaoumup Banenmunoguu, i-p TexH. HayK, npogeccop. E-mail: dombrovs@ef.tsu.ru
Oo6veoko Tamvana IOpvesna, xann. puz.-mat. Hayk. E-mail: tatyana.obedko@mail.ru
Camopooosa Mapus Braoumupoena. E-mail: samorodova2l@gmail.com
Tomckuii TOCy1apCTBECHHBIA YHUBEPCUTET
INocrymuna B pemakimio 15 mas 2015 1.

Dombrovskii Viadimir V., Obyedko Tatyana Y., Samorodova Mariya V. (Tomsk State University, Russian Federation).
Model Predictive Control for Nonlinear Stochastic Systems with Markovian Jumps under Constraints.
Keywords: stochastic nonlinear systems; model predictive control; Markovian jumps, constrains.

DOI10.17223/19988605/32/2

Let the control object is described by the equation
x(k+1)= Ax(k) + Blou(k + 1),k + 1u(k) + f(x(k),u(k), wk),o(k +1)), €8
where x(k) is the n, — dimensional vector of state, u(k) is the n, — dimensional vector of control; w(k) is the n,, — dimensional vector of white
noses with zero-mean and identity covariance matrix; a(k) (k = 0,1,2...) denotes a time-invariant Markov chain taking values in a finite set of

observable states {1,2,...,v} with the known transition probability matrix P = [PIJJ (i,je{l,Z,...,v}) b= P{a(k+1)=aj |0L(k)=0t,-} ,

<

P;; =1, and the initial distribution p, = P{a(0) =i} (i =12,...,v), ;1 pi=1

Jj=1

It is assumed that the state of Markov chain is observable at time instant &, and w(k) is independent of the Markov chain a(k)
(k=0,1,2...). The function fis defined by its statistical properties as follows:

M { £ (k) (k), wik),ou(k+1) /x(k) (k)= | =0,
M { £ (o)), w(k) ek +1) f T (k) (k) wi) o+ 1)) x(k),uk)=at, | = 7L, k] +

A2 T (5T W xky " ()M Ta(k) kJuh))
i=1

. . . AT . —_ T
for all x(k), where r=n(n+1)/2; T' ,W', and M' = (C’) C' (i=Lr), T° = (DO) D° are positive semidefinite and symmetric

matrices.
The following constraints are imposed on the control variables

Unnin (k) < S(k)u(k) < Unnax (k)’ (2)
where S(k) is a matrix of corresponding dimension.

For control of system (1) we synthesize the strategies with a predictive control model. At each step k we minimize the quadratic
criterion with a receding horizon

p
J(k+p/ky=M {z x" (ki) R, (e i)x(k+i) +u" (k+i-1/k)R, (k,i—Du(k+i—1/k) /x(k),a(k):a /} ,
i=1 ’

on trajectories of system (1) over the sequence of predictive controls u(k/k),...,u(k+p—1/k), which depend on system’s state and on the
state of Markov chain at moment %, under constraints (2), where R, (k,7) = 0, R, (k,i) > O are weigh matrices of corresponding dimen-
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sions; p is a prediction horizon, & is a current moment. The synthesis of predictive control strategies is reduced to the sequence of quad-
ratic programming tasks.

9.
10

11.

12.

13.

14

15.

16.
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CPABHEHME MII- U MM-OLIEHOK JUIMTEJIBHOCTH MEPTBOT'O BPEMEHU
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Nzyaaetcst 0600IICHHBIN TOMTYCHHXPOHHBIA MOTOK COOBITHI, SBIISTFOIMIACS OHOW U3 aJICKBATHBIX MAaTEMAaTHYECKUX MO-
Jnienei mH(pOPMaIMOHHBIX OTOKOB 3asBOK B IT(POBBIX CETSIX MHTETpAILHOro obcmyxuBanus. [1oTok (pyHKIMOHHpYET B
YCIIOBHSIX HETIPOUIEBAIONIETOCS MEPTBOTO BPEMEHH, KOTAA IIHTEIFHOCTh MEPTBOTO BPEMEHN — HEM3BECTHAS! (PHKCHPO-
BaHHAs BeJIMIMHA. [IpOBOIUTCS CpaBHEHME KauecTBa MOMyJaeMbIX (110 HaOMIOAEHHSIM 32 MOMEHTaMHU HACTYIUICHHS CO-
OBITHIf ITOTOKA) OIEHOK UTUTEIFHOCTH MEPTBOrO BPEMEHH METOJOM MaKCHMaIbHOro mpasionogoous (MII-onenkn) u
METOZ0M MOMEHTOB (MM-OIeHKN).

KioueBble cioBa: 0000IICHHBIN IOMYCHHXPOHHBIM IOTOK COOBITHH; HeHpomieBaromeecs MeprBoe Bpems; MII-
oneHky; MM-oLeHKY; JUIMTEIbHOCTh MEPTBOIO BPEMEHH.

Hacrosmas ctaThs sBIseTCSl HENOCPEICTBEHHBIM MTPOAODKEHUEM HCCIIEIOBaHUH 0000IEHHOTO OTYCHH-
XPOHHOT'O TIOTOKa COOBITHH (Haiee — MOTOK), HAYaThIX B CTaThiX [1—5]. M3yyaeMelii MOTOK OTHOCHUTCS K Kaccy
JBaXK/Ibl CTOXAaCTUYECKHUX IOTOKOB COOBITHI W SIBIISIETCS OAHOW U3 aJIeKBATHBIX MAaTeMaTHYECKUX MoJeed WH-
(OpMaIMOHHBIX MOTOKOB COOOIIEHNH, ()YHKIMOHUPYIOIINX B HU(PPOBBIX CETAX MHTErPaIbHOTO OOCITYKHBAHUS
(ICHO) [6]. dBaskapl cToXacTUYECKHE MOTOKHM JETATCS HA JABa Kiacca: K MEePBOMY KIIAcCy OTHOCATCS MOTOKH,
MHTEHCUBHOCTHh KOTOPBIX €CTh HEMPEPBIBHBIA CITy4alHBIN Mpolecc; KO BTOPOMY KJIacCy OTHOCSTCA MOTOKH, UH-
TEHCUBHOCTb KOTOPBIX €CTh KYyCOYHO-TIOCTOSTHHBIM CITy4aifHBIN MpoOLecC ¢ KOHEYHBIM YMCIIOM COCTOSHHMM. Bro-
PO¥ KJIacc MMOTOKOB B HACTOSALIEE BpeMsl MPUHATO Ha3biBaTh MC-noTokamu 1160 MAP-norokamu coObrtuii. B [7]
npuBeneHa knaccudukayus MC-TIOTOKOB COOBITHH W ycTaHOBIeHa cBsi3b Mexay MC-motokamu u MAP-
norokamu coObITuil. Hanbonee nonnas nurepatypa mo uzydaembim taram MC-notokoB npuseneHa B [1, §].

B peanbHBIX cUTyalusx mapameTphl, 3a4af0lIie BXOJIIINN MOTOK COOBITHIA, H3BECTHBI TUOO YaCTHYHO,
100 BOOOIIE HE U3BECTHBI, TUOO (YTO eie Ooee yXyIIaeT CUTYaIliio) H3MEHSFOTCS CO BpeMeHeM. B mo00-
HBIX Clly4dasx HanOojiee palrOHAJIbHBIM SIBISETCS MPUMEHEHHE aJalTHBHBIX CHCTEM MAacCOBOI'0 OOCITY:KHBa-
HUSI, KOTOpBIE B Tpoliecce (PYHKIIMOHUPOBAHUS OLICHUBAIOT HEW3BECTHBIE MapaMeTphl TU00 COCTOSIHUS BXO.S-
HIMX TIOTOKOB COOBITUH M M3MEHSAIOT JUCLUIUIMHBI O0CITY’KUBAHHS B COOTBETCTBHH C MOMYYECHHBIMU OLICHKAMHU
[9]. BeaenctBue 3TOro BO3HUKAIOT 3a7a4u olieHKH cocTosiHuit [10, 11] u ouenku nmapamerpos [12, 13] moToka
10 HAOJIOIEHUAM 32 MOMEHTaMH HACTYIIJICHUS! COOBITHH.

OnHUM 13 HCKaKaromMX (aKTOpoB MPHU OLEHKE COCTOSIHUN M IMapaMeTpoB MOTOKA COOBITUH BBICTYMAET
MEpPTBOE BpeMs PErHCTPUPYIOMIMX MPHOOpOB [14], KOTOpoe MOpOKAACTCS 3apPErHCTPUPOBAHHBIM COOBITHEM.
Hpyrue xe coOBbITHS, HACTYIHBILNE B TEUECHHE MEPHUOJIa MEPTBOTO BPEMEHHU, HEAOCTYIHBI HaOMOAeHUIO (Te-
pstoTest). MOXXHO cUMTaTh, YTO ATOT MEPUO MPOAOIKACTCS HEKOTOpoe (PUKCHPOBAHHOE BpeMs (HerpoieBa-
roleecss MepTBoe BpeMsi). B kauectBe nmpumepa npusegeMm CSMA/CD — nmpoTokol ciiydaiiHOr0 MHOXKECTBEH-
HOT'O IOCTyMa ¢ oOHapyKeHHeM KOH(IINKTa, IIHPOKO MCIOIb3YEMOro B KOMITBIOTEPHBIX ceTsiX. B MoMmeHT pe-
ructpanun (oOHapy)XeHHs) KOH(IJIUKTa Ha BXOAE HEKOTOPOTO y3/a CETH PAacChUIACTCS CHUTHAN «3ariyLIKK»
(«mpoOKM»); B TEUCHUE BPEMEHU PACCHUTKM CUTHAJA «3ariyIlIKW» 3asSBKH, MOCTYIHUBIIKE B JAHHBIH Y3€l CETH,
MOTY4YaloT OTKa3 B 00CTYKUBAaHUH W HAMPABISIOTCSA B UCTOYHHK IMOBTOPHBIX BBI30BOB. 371€Ch BPEMS, B TEUCHUE
KOTOPOTO y3€JI CeTH 3aKPHIT IJIs1 00CITYKMBaHHSA 3aBOK, IIOCTYIAIOMIMX B HETO NOCie OOHApyKEeHHUS KOH(IIUK-
Ta, MO’KHO TPAaKTOBATh KaK MEPTBOE BpeMsl MPHOOpa, PEruCTPUPYIOMIEro KOH(IUKT B Y3JI€ CETH.

Jnst Toro 4ToOB! OLCHUTH NMOTEPU COOOIIEHUH TTOTOKA, BO3HUKAIOIMIKE U3-32 3P (eKTa MepTBOro BpeMe-
HU, HEOOXOJMMO OLIEHUTH €r0 JUIUTENBHOCTb.

23



[NomuepkHeM, 4TO 3a1a4M OLIEHKU MMapaMETPOB U AJTUTEIBHOCTH MEPTBOIO BPEMEHH paccMaTpUBAJINCh B
crathsix [15—18] B paMKax MOJYCHHXPOHHOTO MOTOKa COOBITHH, KOTOPBIN SBJISIETCS] YACTHBIM cliydaeM 0000-
LICHHOTO MOJTyCHHXPOHHOTO MOTOKa COOBITHH, N3y4aeMOro B HACTOAIICH CTaThe.

Jlig OLeHKN ATUTEIbHOCTH MEPTBOI'O BPEMEHH, KaK MPABUIIO, UCIIONB3YIOTCS J1Ba METO/Ia OLIEHUBAHUA:
METOJI MaKCUMaJIbHOTO TipaBnonoxodus [19, 20] u metox momenToB [16, 17]. Ha ocHoBanuu cpaBHeHus [21]
[0 TEM WM MHBIM KpuTepusM nomydaembix MII-onieHok 1 MM-o1eHOK Aenaercst BBIBOA O MPUMEHUMOCTH B
KOHKPETHBIX YCIOBHAX YIOMSHYTBIX METOJOB.

B nacrosieil craThe IPOU3BOAUTCS CPaBHEHHE OLEHOK JIUTEIHHOCTH MEPTBOTO BpeMEHH B 0000IICH-
HOM TIOJTyCHHXPOHHOM TIOTOKE COOBITHH, OTy4YEHHBIX METOJJOM MOMEHTOB U METOJOM MaKCHMAaJIbHOTO TpaB-
JOTI0A00usI.

1. ITocTanoBKa 3aga4uu

PaccmatpuBaercsi 0000IICHHBIH MOTYCHHXPOHHBIA TIOTOK COOBITHH, HHTEHCUBHOCTH KOTOPOTO €CTh KY-
COYHO-TIOCTOSIHHBIN CITydaiiHBIi mporuece A(f) ¢ IByMS COCTOSIHUSAMH A U A, (A > A, > 0). B Teuenue BpemeH-
HOT'O WHTEpBaa, Koraa A(f) = A;, IMEeT MECTO IMMyacCCOHOBCKHI MOTOK COOBITHI C HMHTEHCHUBHOCTBIO A;, i = 1,2.
[epexon u3 mepBoro cocTosiHUS mporiecca A(f) BO BTOPOE BO3MOXKEH TOJIBKO B MOMEHT HACTYIUICHUS COOBITHS,
MIPH ATOM TMEPEXOJ] OCYIIECTBISAETCS C BEpOITHOCTRIO p (0 < p < 1); ¢ BeposTHOCTBIO 1 — p miporiece A(f) ocTaer-
csl B TIEPBOM COCTOSIHMH. Toraa AMUTENbHOCTh MPeObIBaHuUs mpouecca A(f) B IEPBOM COCTOSIHHH €CTh CITydaid-

-phT

Hasl BeIMYMHA C SKCIIOHEHLIMANbHOH (yHKIuel pacnpenenenus Fi(t)=1-e . Ilepexox u3 BTOpOro cocro-

SIHUS Tporecca A(f) B IEpBOE MOYKET OCYIIECTBIISTHCA B MPOU3BOJILHBIA MOMEHT BpeMeHH. [Ipu 3ToM AnmuTens-
HOCTb MpeObIBaHUS Mporecca A(f) BO BTOPOM COCTOSHMH paclpenelieHa M0 HKCIOHEHIUATbHOMY 3aKOHY:

F,(1)=1—e . Ilpu nepexoze mporiecca A(f) u3 BTOPOTO COCTOSHHS B IEPBOE HHULIMUPYETCS C BEPOSITHOCTHIO

0 (0 £8 £ 1) nononautensHoe coObiTHE. [IpH 3TOM ONMOYHAS MaTpHuLa HHPUHUTE3UMAIBHBIX KO3 PHULIHEHTOB
MPUMET BHJ

D= - 0 (I-p; pM _
1-%8)a —(A,+oa) da Ay

OneMeHTaMH MaTpHUIbl D) SIBISIOTCS HHTEHCUBHOCTH MEPEXO0I0B Mpolecca A(f) U3 COCTOSHHS B COCTOS-

[Dol].

HHUC C HACTYIIJICHUCM COOBITHS. HCZ[I/IaFOHaHBHBIe SJICMCHTBI MaTPUIIbL D() — MHTCHCUBHOCTH MCPEXOA0B U3 CO-
CTOSIHUS B COCTOSHHE 0e3 HaCTYIUJICHUSA COOBITHSL. HI/IaFOHaHBHBIe OJICMCHTBI MAaTpPUIIbL D() — MHTCHCHUBHOCTHU
BbIXOJla IIporecca k(t) 13 CBOUX COCTOHHI/If/’I, B3ATBIC C IIPOTUBOIOJIOKCHHBIM 3HAKOM.

1 - |
p o p o p o
2
Tporecc A(f) t
8 L 1 8
OO6001eHHBII 0y CHHXPOHHBII IIOTOK e
. . s | .
i R i i R e i R i (rererernorens
T i T i T i T i T et

Cxema CO3JaHus HETIPOAJIEBAIOIIETOCA MEPTBOI'O BPEMEHHU

h 153 15} 14 15 e 1

Hab6rogaeMblii IOTOK COOBITHIA

Puc. 1. ®opmupoBanue HaOMIOIAEMOT0 IOTOKA COOBITHI

B cnenannbIX npeamnocbuikax A(f) — CKpBITBI MapKOBcKHi Tpotecc. [locne Kakaoro 3aperucTpupoBaH-
HOI'O B MOMCEHT BPEMEHH f; COOBITUSI HACTyMHaeT BpeMsl (PUKCHPOBAHHOHM INTENbHOCTH T (MEpTBOE BpeMsi), B
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TEUeHHe KOTOPOTo APYrHe COOBITHSI HCXOAHOTO MOTOKA HENOCTYMHBI HabmoaeHuio. CoObITHS, HACTYITUBIINE B
TEUEHHe MEPTBOI'0 BPEMEHH, HE BBI3BIBAIOT MPOJICHHS €ro nepuoja (HenpoieBatomieecss MepTBoe Bpems). 1o
OKOHYaHMHM MEPTBOI'O BPEMEHHU IEpPBOE HACTYNMHBIIEE COOBITUE CHOBA CO3AAET MEPHUOA MEPTBOIO BpEMEHHU
T v T.n. BapraHT BO3HUKAIOIIEH CUTYyalllu TOKa3aH Ha puc. 1, rae /, 2 — cocTosHUs cirydaifHoro nporecca A(f);
JOTIOTHUTENBHBIE COOBITHS, KOTOPBIE MOTYT HACTyNaTh B MOMEHT Iepexofa mporecca A(f) u3 BTOPOro COCTOsI-
HUS B IIEpBOE, TIOMEUEHB! OYKBON O; IITPUXOBKA — MEPHOABI MEPTBOI'O BpeMEHH UIuTenbHOCTU T 11, fh ... —
MOMEHTBI HaCTYIICHHS COOBITHI B HaOJII0JaeMOM TIOTOKE.

[Moguepkuem, uto ecnu & = 0, To UMeeT MECTO OOBIYHBINA MOTYCHHXHOHHBIA MOTOK coObIThi [15-18].
OTMeTuM TakKe, 4TO B COOTBETCTBUU ¢ Kiaccupukanueir MAP-motokoB coOwIThi, TpuBeneHHON B [7], 0000-
LICHHBIN MOTyCHHXPOHHBII MOTOK OTHOCUTCA K Kiaccy MAP-110TOKOB COOBITHI BTOPOTO MOPSIIKA.

[Ipouecc A(f) 1 TUIIBI COOBITHI (COOBITHS TyaCCOHOBCKHX IMOTOKOB M JIOMOJIHUTEIBHBIC COOBITHS) SIBIISIOT-
Csl IPUHIMITHATBHO HEHAOIIOaeMBbIMH, a HAOJII0aeMBIMH SIBJISIFOTCS] TOTBKO BPEMEHHBIE MOMEHTBI HACTYTIJICHUS
COOBITHI 1), t,,... HAOMIOOAEMOr0 TOTOKA. PaccMaTprBaeTcsi ycTaHOBUBILHICA (CTaMOHAPHBIN) PeXUM (YHKIM-
OHUPOBaHMS HAOIIOIAEMOI0 MTOTOKA COOBITHH, MTOITOMY MEPEXOAHBIMU MTPOLIECCAMH Ha WHTEpBaie HAOMIOACHUS
(t, 1), TOC t) — HAUaAIO HAOIFOICHMIA,  — OKOHYaHUE HaONroIeHNH, TpeHedperaeM. HeoOXommmMo B MOMEHT OKOH-
YaHusl HAOMI0ACHNH (B MOMEHT BPEMEHH ¢ ) OCYIIECTBUTH METOJIOM MaKCUMAaJIbHOTO MPABAONON00HS U METOIOM

MOMEHTOB OLIEHKY 7' ATUTENBHOCTH MEPTBOTO BPEMEHU U IPOM3BECTH CPABHEHME MOITYUEHHBIX OLEHOK.
2. MII-oneHKka JJIMTEIbHOCTH MEPTBOT0 BPeMeHH

O0603HaYNM T; = f4+1 — & (K= 1,2,...) — 3HAUEHUE JUIUTEIHLHOCTH k-T'0 MHTEPBAJa MEXIY COCETHUMU COOBI-
TUSMH HaOmogaemoro noroka (1, > 0). Tak kak paccMaTpuBaeTcs CTAllMOHAPHBIN PEXUM, TO TNIOTHOCTH BEPO-
SATHOCTEW 3HAYCHUH UINTENBHOCTH k-T0 uHTEpBaia pr(t;) = pr (1), T > 0, s mobdoro k (uHaekc T moguepKu-
BaeT, YTO IUIOTHOCTh BEPOSATHOCTEH 3aBHCUT OT JJTUTEIBHOCTH MEPTBOTO BpEMEHH). B cuily 3TOro MOMEHT #;
0e3 morepu OOLIHOCTH MOXHO IOJOKUTH PABHBIM HYJIIO HIIH, YTO TO XK€ CaMOE€, MOMEHT HACTYIUICHHS COOBITUS
Habmomaemoro noroka ectb T = 0. Toraga [4] mIoTHOCTH BEPOSITHOCTEH IPUMET BHJT

pr(0)=0, 0<<T; pr()=[= f(T) e 7 4 [(T) e +Dp)e @720,
plo+2Ay)(hy = hy —ad)[Ay + (ot phy —hy)e @77
(ot pAy)(h = Ay =) F(T)

F(T)=(0+Xy) ~[Ay = p(hy +0ad)]e P 0<T <1, 120.
B (1) dynxuus F(7) > 0 mng mo6eix 7 (0 < 7 < t). PaccmaTtpuBaercs odumii cirydai, 1.e. (A — A, — ) # 0.
[Momuepkuem, 4to (1) — oJHOMEpHAs! IUIOTHOCTH BEPOSITHOCTEH.

[yctb 11 =t — t1, T =t3 — b2, ..., Tk = tj1 — tx — TIOCIIEIOBATENBHOCTD U3MEPEHHBIX (B pe3yabTaTe HaOII0-

JIeHUs 32 TIOTOKOM B TedeHue uHTepBasia HaOmronenus (0, ¢)) 3HAUEHHH IIMTENTBHOCTEH WHTEPBAJIIOB MEXAY
(k)

f(1)= ; (1)

COCETHHMH COOBITHSAMH MOTOKA. YHOPAIOUHM BETHUMHBI Ti,..., Tx 10 BO3PACTAHHIO: Ty = T < T2 <..< T
B cuy npeanocsutok Habr0AaeMbli TOTOK 001ajaeT MapKOBCKUM CBOMCTBOM, €CIIM €r0 3BOJIIOLUIO paccMart-
pUBaTh HAYMHAS C MOMEHTA HACTYIUICHUS COOBITHS (C MOMEHTa #;, k = 1,2,...). Toraa [22] dhyHKIMS IpaBaoIo-
nobus, ¢ yuerom (1), 3anuiiercs B Buae

L(?\.i,p,OL,S,T|’E(l),...,’t(k)) =0, 0< 1, <T;

My )
L(?\.i,p,OL,S,T|T seeey T ): l_[pT(’E )’ Timin 2T.
j=1
Tax Kak 1ocTaBJIeHHAs 3a/a4a 3aKJIF0YAETCs B IOCTPOECHUH OLEHKU I JJIMTEIHHOCTH MEPTBOTO BPEMEHU
(B IPEANONOKEHUH, YTO OCTAJIbHBIE TIAPAMETPHI IIOTOKA A;, P, 0, & U3BECTHHI), TO, COINIACHO METOLY MAKCH-

MaJBHOI'O HpaB}lOHO}lO6I/I${, eé peam3anusa €CTb PCIICHUC OHTI/IMI/IBaHI/IOHHOﬁ 3aga4yn

k ' k ()~
LT 2, t ) =TT pr () = THI - /(D e ™7 +
n ~ @
LTt hy)e @0 D s ax 0<T <1, T >0,
T

min> “min

rae f{T) onpenenena B (1).
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A

3HadcHUE T, pu KOTOpOM (2) JOCTHUTACT CBOCTO riao0anbHOro MaKCuMymMma, €CTb TMH — OI€HKa MaKCH-

MaJbHOTO TPaBONON00MS JITUTETLHOCTH MEPTBOTO BPEMEHH.
B [5] aHanuTHyecku CTPOro peiieHa onTUMHU3aIMOHHAs 3a1aua (2): TpH J0BIX 3HAYECHUSIX [TapaMeTpOB

notoka A;> 0, >0 (A >2,),0<p<1,0<6<1, a>0 Mll-ouenka 7y =T, - L akuM 00pa3om, B Iporecce
HaOmoeHNs (B TEUECHUE BPEMEHHOI 0 MHTepBaa (¢, f)) HOTOKa COOBITUI BBIYUCIISIOTCS BEIUYUHBL T, kK =171,

HOCIIe Yero Haxomures T, =mint, (k=1,n) unonaraerca Ty = Ty -

3. MM-oneHKa JJIUTeTbHOCTH MEPTBOT0 BPeMeHH

B [4] noka3aHo, 4T0 00OOLIEHHBIN MOMTYCHHXPOHHBIN MOTOK COOBITHH, ()YHKIMOHUPYIOIINHA B YCIOBUSIX
MEpPTBOT'O BPEMEHHU, B OOIIEM CIllydae SIBJISETCS KOPPETUPOBAHHBIM MOTOKOM. TOJIBKO B YaCTHBIX CITydasx IO-
TOK CTAHOBUTCS PEKYPPEHTHBIM.

[ycts (#, ti+1), (t+1 > tie2) — IBA CMEKHBIX MHTEpPBaJNa B HAOIIOAaEMOM IOTOKE C COOTBETCTBYIOIIMMH
3HAYEHUSAMHY JUTUTEINBHOCTEH: Tf = fr) — i, Tprl = lir2 — lys1; UX PACIIONIOKEHUE HA BPEMEHHOM OCH, B CHITY CTallH-
OHapHOCTH TIOTOKA, MPOU3BOILHO. Torma MOXKHO TMOJIOKHUTH kK = 1 W paccMaTpuBaTh COCEIHHE WHTEPBAIIBI
(t1, 1), (t2, t3) C COOTBETCTBYIOIIMMU 3HAUYCHUSAMH JUTUTETBHOCTEH: T) =t — 11, Ta = t3 — tp; T1 > 0, 1, > 0. IIpm
3ToM T; = 0 COOTBETCTBYET MOMEHTY #; HACTYIUICHUS COOBITHs HaOII0IaeMOro moToka, T, = 0 — MOMEHTY &,
HACTYIUICHUS CIEAYIONIEro COOBITHS HaOII01aeMOro MOTOKa.

CoOTBETCTBYIOIIAsi COBMECTHAS INIOTHOCTh BEPOSTHOCTEH MPU 3TOM eCTh pr (Ty, T2), T1 = 0, 7, > 0 [4]:

pr(1,1,)=0; 0<7, <7, 0<1, <7,

pr(t.7) = pr(v)pr(ny) + e P 1(T)[1- £(D)]

Ay = p(hy+0d)
+A,

X|:}\‘le—7‘1(T1—T) _ (OL + 7\‘2)6—(“‘*7\2 Nu-T) ][KIE_XI(TZ_T) _ (OL + }\‘z)e—(a‘”\z Nty-T) ]’ T > T, T, > T,

G3)

rae A7), pr(t) onpenenenst B (1) musit =1, k=1,2.
Teoperuueckas KoBapualus 3HAYCHUN T; U T, HIMEET BU]T
2

cov(1,,7,) = [ [ 1T pr (1, 1y)d1d T, —| [tpr(V)dT
TT T

IMoacrapnsst B nocnenHtow Gopmyiy py(t,,T,) u3 (3), pry(t)us (1), HaxoauM SBHBIM BUA TeopeTude-

CKOi1 KOBapuanuu:

A — (A o (ot
cov(ty, %) = F(T)[1= ()] Oy =1y —0)? lez(‘ai ;?)3)’9 e (T @

rne f{T) onpenenena B (1).
[Tycts 3a BpeMsi HaOrOCHUS (B TEUCHHE BPEMEHHOTO MHTEpBaia (fy, f)) peaan30BajoCh # WHTEPBAJIOB

(t, tyt1) nmuTenbHOCTH T;, kK =1,n. BBenem cratucTuky

2

o~ 1 n—1 12

cov(T,Ty) =—— 2. T Tiyy _[_ > Tkj > )
n—1;5 n =1

SBIISIIOILYIOCS. OLIEHKOM TeopeThueckoi koBapuauuu (4). Toraa, corimacHO METony MOMEHTOB [22], ypaBHEHHE
MOMEHTOB, YUUTBIBAIOIIEE KOPPETHUPOBAHHOCTD MIOTOKA COOBITHIH, 3aMUILETCS B BHIE

FO[1= £T)] 0~y — ) 7‘2};(%1 ;“)i)p @I 2 oyt ). ©)
1 2

oncrasmss B (6) Beipaxerne f{T) u3 (1), BBOAS HOBYIO mepeMennyio x = e (“HPM)T

3TOM Heo0XOIUMBIe Tpeodpa3oBaHus, HaxoauM (6) B Buze
a+bx*+ex+d=0,

a=h{k(a+ry)—(o+ ph)[A (1= p)+1, ]}

" IMpoAciibIBas Mpu
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b =—{h[2k1(a+k2)—(a+pkl)(kl £ + )]+ Ay - p(hy +ad)] co};
c=(a+2){MAh+2[%, = p(hy +ad)]Cy )
d=Cyla+1,);

_ pa(hy =k, —ad)[A (1= p+ pd) —(a+21,)][A, — p(h, +0d)]

[7“1((1+7¥2)(0L+P7¥1)] '

Pemenue ypasuenwus (7) onpenenuT Tpu KOpHS X;, I = 1,2,3, KOTOpBIE, B CBOIO 04YEpPE/b, ONMPEACIAT TPH
MM -o11eHKH ATUTENHHOCTH MEPTBOI'O BPEMEHHU

T =—— nx, i=1,2,3.
o+ ph

()

ANTOpPUTM HaXOXACHUS €IUHCTBEHHOM OLIEHKHU T MM crnexyrommii [21]:

1) ans onpeneneHHOro Habopa mapamerpoB A, i = 1,2, a, p, 6, T en. BpeMeHHU OCYIIECTBIISCTCS B TEUCHUE
T,, en. BpeMeHU UMHTAIMOHHOE MOJICITUPOBAHKNE HAOIIOAAEMOTr0 MOTOKA COOBITHIA;

2) pe3yabTaToOM padOThl UMUTAIIMOHHON MOJICTTH SBJISICTCS OIEHKA TEOPETUYECKON KoBapuanuu (5), rae n
MIPUHUMACT OTHO U3 IENbIX 3HAYeHUH (1 > 2);

3) permaercs kyondeckoe ypaBHeHue (7), T.€. HAXOIATCS KOPHU X, X2, X3;

4) ecnu BCe KOPHU KOMITICKCHBIC, TO T MM = Tmin;
5) BBIIGNAIOTCS BEIICCTBEHHBIC KOPHHU, 3/16Ch BO3MOXKHBI TP CITydas:
5.1) BelecTBEHHBIH KOPEHBb OJIMH — X|, TOTIA!

a) ecu X1 <0, T0 T MM = Tonin}
~ ~(1) ~ ~ 1) AWM
0) ecmu x; > 0, 10: 6.1) TMM = Tmin, €CTA Tt > Tunin, 0.2) Taar = Tamr, €t 0 < Ty < T,

-~ ~@1)
6.3) T MM = Tmin, €t Tpips < 0;
5.2) BeleCTBEHHBIX KOPHS ABa — X1, X; (X < X;) , TOr1a:

a) ecmn X1 < x2< 0, T0 T MM = Tmin;
2 2
0) ecimu x; < 0 < x, T0: 0.1) T MM = Toin > €CTH T MM > Tmin, 0.2) Tami= T My 5 ecmu 0 < T MM < Tmin,

)
6.3) T bt = Ty €CTH TMM <0;

- ~(2) ~) (2)
B) ecut 0 < x; < xp, TO: B.1) T'Mds = Tinin » €CIIH ‘Emm< Tum < Tyym, B.2) T = TMM ecmu 0 < TMM <

~() ~ (2) ~() ~( (2)
< Tin < Tmm , B.3) Tyum = Tmlna eciu TMM<0<TmmS TMM B.4) T = (TMM+TMM)/2 eciu 0 < TMM <

(2) ~(2) ~()
< TMM<Tm1mB5) T = TMM eciu TMM<0< TMM<Tm1mB6) T = Tinin, ECTIH TMM< Tum <0;

5.3) BelIeCTBEHHBIX KOPHS TPHU — X1, X2, X3 (X1 < X, < X3), TOr/1a:
a) ecd X< X, <x3< 0, TO T MM = Tining
~ ~(3) =~ ~(3) 23
0) ecmt X< X, < 0 < Xx3, 70: 0.1) Tatst = Tnin, €CTUA T MMt > Tininy 0.2) Tt =T g, €1t 0 < Tamr < Tiin

- ~03)
0.3) T ampr = Tinin, €U Tagps < 0;

~(3) ~(2) ~(3)
B) eci X< 0 < x,< x3, TO: B.1) T = Tinin » €CTHH Tnin < Taar < Tvana B2) T = TMM ecmm 0 < TMM <

(2) 3) ~(
< Tin < TMM B.3) TMMZTmim eciu TMM<0<TminS TMM B.4) TMM=(TMM+TMM)/2 eciu 0 < TMM <

2 2 NONSIPNE)
< TMM<Tm1m B.5) T = TMM eciu TMM<0< TMM<Tm1m B.0) T = Tinin, €CTTH T gt < Tans < 0;
~(3) ~(2) ~
r) ecmu 0 < x1< x,< x3, TO: T.1) T = Tininy €CMH Tiin < Tavas < Toamr < Tyt , T.2) T = TMM ecIu
~(3) ~(2) ~1) (3) ~(2) ~1)

0 < TMM < Tmin < TMM < TMM 5 F3) TMM =  Tmin, CCIHU TMMS 0 < Tmin S TMM < TMM 5
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3) ~(2) ) ~(3)
r.4) T —(TMM+TMM)/2 ecmn 0 < TE\/1M< T§\4M< Tinin < TMM r.5) T = TMM eciu TMM< 0<

~(2) ~(3) ~(2)
< TMM < Tmin < TMM , T. 6) TMM Tmin, C€CIH TMM < TMM < 0 < Tmin < TMM , T. 7) TMM =
~@1) ~(2) A( ~(2)

= (T ~+ TMM+TMM)/3 eCJ'II/I0<TMM < Tymm < TMM<Tm1mF8) T —(TMM"‘fMM)/z ecIu TMM<0<

~(2) ~() ~(3) ~(2) ~(3)
< Toamr < Tt < Tginy T.9) T = TMM ecd Ty < Tyum <0 < TMM<Tm1m r.10) T it = Toiny €l Tags <

~(2) A0
< TMM < TMM<0<Tmm

B pe3ysIbTaTe pa60TI>I aJIropruT™Ma OCYHICCTBIACTCA OAWH U3 OIMMCAHHBLIX BAPUAHTOB, TCM CaMbIM OIIPCc-

JIMTCA eauHCcTBeHHAass MM-onenka 7 yms DIATCIBHOCTH MCPTBOI'0O BpECMCHHU.

4. Yucnennoe cpapHenne MII- u MM-oneHok

Jns monmydeHus YMCIEHHBIX Pe3yabTaToB pazpaborad anroputm Beraucienns MII- 1 MM-ouenok. Ilpo-
rpaMMa pacyera peajqn3oBaHa Ha si3bIke ImporpammupoBanusi C++ B cpene Builder 6. IlepBriit aTanm pacuera
MpeArnonaraeT IMUTAIMOHHOE MOZIETINpOBaHue (TIpH 3aJaHHBIX 3HAUEHHIX HapaMeTpoB A, i = 1,2, o, p, 6, T en.
BpEMEHH M 3aJJaHHOM BPEMEHH MOACIMPOBaHUsA 1, €. BpeMEHH) HaOM01aeMoro noToka coobiTiii. Onucanue
anropuTMa MMHTALMOHHOTO MOJETUPOBAHUS 3/1€Ch HE PUBOAUTCSA, TaK KaK HUKAKMX MPUHLIUIHAIBHBIX TPY/-
HOCTEW alTOpUTM HE COAEpPKUT. Pe3ynbTaToM paboThl MMUTALIMOHHOW MOJENH SBIISIETCS MOCIEA0BATENEHOCTD
3HAYSHUH JIUTEIBHOCTEH BPEMEHHBIX MHTEPBAIOB T, Ta,...,T, ( = 2, 3, ...). Bropoii 3tam pacuera — Hemno-
cpeactBenHoe Bbruuciienne MII- 1 MM-oueHok. Koporko onmmem BTopoi stam: 1) HaxomumTcsl OLEHKa

Ty = Tmin( Ty, =MinT,, k =1,n); 2) Beruncisercs ouexka (5); 3) pemaercs ypaBHeHue (7); 4) OCyIeCTBIs-
. A ~ ~ )
eTcsl aJrOpUTM HaXOKICHUS eJUHCTBEHHOW OLeHKH 1 my; S5) Bbruucistores Benuaudbl AT v = (Tym —T)°,

ATy =(Twmm =T )2 , rne T — NCTUHHOE 3HAY€HHE JUINTENBHOCTH MEPTBOTO BPEMEHH, 33JJaHHOE Ha MEPBOM

ATarle pacuera mpu OCYIICCTBICHUN UMUTAIIMOHHOTO MOJCITUPOBAHMUSL.

st cpaBHenus kadectBa MII- 1 MM-o1leHOK NPOBEAEH CTAaTUCTUUECKUN SKCIIEPUMEHT, COCTOSIIMNA U3
CIICAYIOIIMX ATAroB: 1) amst 3ajaHHoro Habopa mapamerpoB A, i = 1,2, o, p, 8, T e1. BpeMEHH OCYIIECTBISACTCS
MOJISTUPOBAaHKUE HAOTIOAaEMOr0 TTOTOKA COOBITHI /ISt 3a1aHHOTO 7, €l1. BpeMeHH (OTICIbHBIN j-Ii SKCIEPUMEHT,

~0) A0
j=1,2,...); 2) ocymecTBisercs pacuer oueHoK 7wz, T my JUIS j-TO SKCIEPUMEHTA; 3) BEIUMCIIAIOTCS BEIUYUHbI

~(j) A~
AT 5\1117 , AT 5\111\/1 JUTS j-T'O BKCTIEpUMeEHTa; 4) OCyIlecTBIseTCs ToBTOpeHue N pas ( j —1 N ) maros 1-3.

~(2) A~ (N)
PegynbTaToM BBIMOJIHEHHUS OMNHCAHHOTO AJITOPUTMAa SIBJISAIOTCS JBE BBIOOPKH (T MH Tyt yees Tiair ),
~1) ~2) A~ (N)
(Tspt , Tt ..., T Myt ), HA OCHOBAHUH KOTOPBIX BBIYHMCIISIFOTCS. BBIOOPOUYHBIC BAPHALIMH TTOYYEHHBIX OLIEHOK:

- ~() o ()
Py =L NYS ATS P e = (1 NYS. AT .
J=1 Jj=1

[lyrem cpaBHeHMs 3HAYEHUH BEIOOPOUYHBIX BapHallMi YCTAHABIIUBACTCS, KaKasi U3 OIICHOK MPH 3aJJaHHBIX
rapaMerpax JIydlie, KaKas XyxKe: eClIu Vi < I7MM, 0o MII-onenka nyume MM-oueHkH, ecii HAa000poT, TO
MM-orienka myqnie MIT-onenku. OTmerum, uTo 1o onpeneneHuto MII-omenka npu koHeuHbIX T, Oyaer Bce-
r/1a CMeIIeHHAas (T, > T); €e HECMEIIICHHOCTh Pealln3yeTcs TOIbKO B ACHMIITOTUYECKOM citydae npu 1, — .

Pe3ynbraThl cTaTUCTHUYECKOT'O DKCIIEPUMEHTA IpUBEACHBI B Ta0i. 1—8. B mepBoii ctpoke TabmauIl yka3aHa
JUTATETEHOCTh UMUTAIMOHHOTO MonenupoBanus 1, (1, = 10,20, ..., 50 ex. Bpemenu B tadm. 1-4; T, = 600,
700, ..., 1 000 en. Bpemenu B Tabn. 5—8). Bo BTOpO# U TpeThel CTpOKaxX TAOIUIL A KaXKIOW JITUTEILHOCTH

HUMUTAOUOHHOI'0O MOACIUPOBAHUA Tm MNPUBCACHBI YMUCJICHHBIC 3HAUCHUSA JId Vmg 4 Ve COOTBETCTBEHHO.
B qerBepToﬁ CTpOKC Ta6J'II/ILI JJIA Ka)KI[Oﬁ JUIATCIIBHOCTU MUMUTALIMOHHOI'0O MOACINPOBAHUA MPUBCACHBI YUC-

JICHHBIC 3HAYCHUS PA3HOCTU V a7 — V ar . UnclieHHBIE pe3ynbTaThl BO Beex Tabnuuax nomydeHst aust N = 100.
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Pe3yabTaThl CTATHCTHYECKOIO0 IKCIIEPUMEHTA
M=1,%=0,7,0=0,01,p=0,02,6=02, T=0,4

Tabnuma 1

T, 30 40 50 60 70
7V mt 0,02186 0,00421 0,00369 0,00314 0,00253
V it 0,02208 0,00447 0,00371 0,00314 0,00253
~ ~ 103
Vot —V wint 0,00022 0,00025 2,62960:10 0 0
Tabnuma 2
Pe3y.l'll>TaTl>l CTATUCTHYECKOI'0 3KcnepnmeHTa
M=0,72,=020=0,1p=0258=02T=1
T, 30 40 50 60 70
V vt 0,29872 0,09011 0,08394 0,07245 0,04156
V it 0,29988 0,09965 0,10131 0,07568 0,04156
Vot —V wint 0,00115 0,00953 0,01737 0,00323 0
Tabnuma 3
Pe3y.l'll>TaTl>l CTATUCTUHYECKOI'0O 3KcnepnmeHTa
M=092,=020=01p=025=02T=1
T, 30 40 50 60 70
V vt 0,47389 0,06118 0,05562 0,04330 0,04432
V it 0,4759 0,06667 0,05884 0,04336 0,04432
~ ~ 103
Vot —V wint 0,00201 0,00549 0,00322 6,38402:10 0
Tabnuma 4
Pe3y.m>TaTu CTATUCTUYECKOI'0O 3KcnepnmeHTa
M=0,7,%=030=01p=02,5=07,T=04
T, 30 40 50 60 70
V vt 0,06944 0,05062 0,01856 0,01747 0,012561
V it 0,06957 0,05288 0,01942 0,01747 0,012561
Vvt =V it 0,00012 0,00226 0,00085 0 0
Tabnuma 5
Pe3y.l'll>TaTl>l CTATUCTUHYECKOI0O 3KcnepnmeHTa
M=1,4%=0,7,0=0,01,p=0,02,5=02, T'=0,4
T, 600 700 800 900 1 000
7V mt 3,4325:107° 0,0011 0,0017 2,9796:10°° 9,229810°°
V it 2,6118:10° 2,0686:10°° 1,1477-10° 1,0959-10° 9,2298:10°°
~ ~ 106 105
Vot —V wint ~8,2068-10 -0,001 -0,0017 ~1,8837-10 0
Tabnuma 6
Pe3y.l'll>TaTl>l CTATUCTUYECKOI'0 3KcnepnmeHTa
M=0,72,=020=0,1p=0258=02T=1
T, 600 700 800 900 1 000
V vt 0,0094 0,0327 0,0116 0,0376 0,0238
V it 0,0002 0,0002 0,0001 0,0001 0,0001
Vot —V vt -0,0091 -0,0325 -0,0115 -0,0375 -0,0237
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Tabnuia 7
Pe3ysibTaThl CTATHCTUYECKOTO IKCIEPUMEHTA
AM=09,2,=02,0a=0,1,p=02,06=02,T=1

T, 600 700 800 900 1000
V s 0,01542 0,0354 0,05089 0,03118 0,06874
V s 0,00017 0,0002 0,00011 0,00013 0,0001
Voair =V it —0,01524 -0,0352 -0,05078 -0,03105 -0,0686
Tabnuma 8
PesyanaTu CTATUCTUYECKOI0 IKCIICPUMEHTA
M=07,0%=03,a=01,p=025=07T=04
T, 600 700 800 900 1000
V s 0,00093 9,5221-10°7 0,0007 0,00146 0,00481
Vv 0,00012 7,9655-10°° 0,0001 4,6246:107 5,4977-10°
v i — v " —0,00081 -1,5566-107° -0,0006 -0,0014 -0,0047

AHaiu3 NpUBEACHHBIX YUCIECHHBIX PE3YJIbTATOB MOKA3bIBAET YTO: 1) IpU MalbIX BpeMeHax HaOIroeHHs
3a notokoM (mpu mansix 7, = 30, 40, ..., 70 en. Bpemenn) MM-onenku nyqme MIT-onenok (tabmn. 1-4) mubo,

o Kpaiineil mepe, He xyxe MIl-oneHok (korzma pasHocTb Va7 —V uym paBHa 0), 4TO sBJIsIETCA BIIOJHE ecTe-

CTBCHHBIM, TaK KaK MPH MaJbIX BpeMeHaX HaONrOJeHUsS OIeHKA T 7 MOXKET OBITh JOCTATOYHO CHIIBHO CME-
IIEHHOM OTHOCUTENBHO T 2) mpu OONBINNX BpeMeHaX HaOIroAeHHs 3a MOTOKoM (mpu oonbmux 7, = 600, 700,
..., 1000 en. Bpemenu) Mll-omenku nydme MM-oreHok (Tabn. 5—8) nubo He xyxe MM-oreHok (korma pas-

HOCTb V pir —V yym paBHa (), 9TO TakxkKe SBISICTCS €CTECTBEHHBIM, TaK KaK IIPH OOJNBIIMX BPEMEHAX HaOIroIe-

HUSI CMELIEHUE OUEHKHU T pq7 OTHOCUTENBHO 7 YMEHBIIAETCA.
3akjIoueHne

PeBy.]'H:TaTI:I MPOBCACHHOI'O UCCIICAOBAHUA MH—OLICHOK n MM—OLICHOK JJIATCIIBHOCTU MCPTBOI'O BpEME-
HU T MOKa3bIBaIOT 06H_Iy10 TCHACHIMIO, YTO IIPpU MaJIbIX BPEMCHAX Ha6J'IIO,Z[eHI/I$I 3a IMOTOKOM MPCATIOYTUTCIIb-

Hee MPUMEHATh OLEeHKY T my , IpY OOJNBIINX BpeMeHaxX HaOmIroneHus — oueHKy 7 vy . ['paHuily npuMeHnMoCTH
TOW MJIM MHOM OLEHKH (TIPH 3aJaHHBIX 3HAUYCHHAX MapaMeTpoB A, I = 1,2, a, p, §) MOXKHO ONpPEAETUTh TOIBKO
YHUCIEHHO MyTeM UMHUTALlMOHHOTO MOAECTHPOBaHUS.
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We consider generalized semisynchronous flow of events, which intensity is piecewise constant stochastic process A(f) with two
states A; and A, (A; > A,) and unprolonging dead time. During the time interval when A(f) = A; , the Poisson flow of events takes place
with the intensity 4; , i = 1,2. The transition from the first state of process A(f) into the second one (from the second state into the first
one) is carried out at any moment. The sojourn time in the i-th state is exponentially distributed with the parameter o;, i = 1,2. The transi-
tion of A(¢) from the first state into the second one initiates with probability p (0 <p < 1) extra event in the second state. Also, the transi-
tion of A(¢) from the second state into the first one initiates with probability g (0 < g < 1) extra event in the second state.

The flow is functioning in conditions of unprolonging dead time (the value of dead time is fixed). We solve the problem of estima-
tion of dead time by using the likelihood function and the method of moments.
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M.I. Kusainov

RISK EFFICIENCY OF ADAPTIVE ONE-STEP PREDICTION
OF AUTOREGRESSION WITH PARAMETER DRIFT

A scalar stable autoregressive process with the dynamic parameter corrupted by additive noise is studied. The model pa-
rameters are assumed to be unknown. The truncated estimators of the parameters are used to build adaptive one-step
predictors. The associated problem is to minimize a risk function of special form, defined to account for sample size and
squared prediction error’s sample mean. A sequential procedure is introduced to achieve the minimal risk.

Keywords: adaptive predictors; asymptotic risk efficiency; optimal sample size; scalar autoregression; stopping time;
truncated parameter estimators.

When studying dynamic systems, the identification problem is often a major one to consider. A system’s
model is assumed to incorporate unknown parameters, estimation of which is vital for later research. Classic
methods, such as maximum likelihood estimation, least squares fitting, etc., have known asymptotic properties.
However, infinite samples do not occur in reality and efforts are being made to achieve non-asymptotic quali-
ties of estimators. E.g., one may consider confidence regions for finite number of measurements (see [1, 2]
among others).

Another approach are methods that employ sequential analysis. Among such methods is sequential esti-
mation method (see, e.g., [3—12]), which has guaranteed accuracy by samples of random and finite, albeit un-
bounded, size. Its idea was further developed into the truncated sequential estimation method (see, e.g., [12—
15]), which utilizes samples of bounded random size.

Recently, the truncated estimation method was suggested in [16] as a modification of the truncated se-
quential estimation method. Truncated estimators were constructed for ratio type functionals and only need
samples of fixed non-random size to achieve guaranteed accuracy in the sense of the L,,-norm, m >1.

One possible use for estimated parameters is to predict future values of the modeled random process by
existing observations. In order to control both the quality of predictions and the required sample size, a loss
function dependent on the two is introduced. A risk efficiency problem arises, where the expected loss is mini-
mized by choosing a certain duration of observations. Similar problems for autoregressive processes were ex-
amined in [17] and [18], the least squares estimators and sequential estimators of unknown parameters were
used.

In this paper we consider a scalar stable AR(1) with parameter drift and construct real-time predictors
based upon the truncated estimators of the parameters. All the parameters are assumed to be unknown. A simi-
lar model was studied in [14]. Sequential approach was, for the first time, applied to it to good effect. Resulting
estimators were shown to have preassigned mean square accuracy and uniform in parameter asymptotic nor-
mality. These estimators, however, had different form than in this paper due to some parameters being known.
We solve the optimization problem associated with the loss function of a special form. The proposed procedure
is shown to be asymptotically risk efficient as the cost of prediction error tends to infinity. The simulation re-
sults confirm the result, but are not included for editorial reasons.

The scalar case without the drift was considered in [ 19], multivariate AR(1) in [20] and ARMA(1,1) in [21].

1. Problem statement

Consider the stable scalar autoregressive process satisfying the equation
X =M T8, k21, (1)
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where

Ay =A+m,, k20,
the parameter A is unknown, the condition Exg <o holds, & and n, are sequences of independent identically
distributed (i.i.d.) zero mean random variables, that are also independent of each other, with finite variances

Gé = E&lz, Gfl = Enlz. In addition, to guarantee stability of the process (1) we assume the following
A +of <l )
It is known that the optimal in the mean square sense one-step predictor is the conditional expectation of
the process with respect to its past, i.e.
P =ax,, k>1.
Therefore, one needs an estimator A « for the unknown parameter A to construct the adaptive predictors
of the form
£ =k X, k=1 3)
Write the corresponding prediction errors
& =x = F = =h)x Ly + e + &y

Let e,f denote the sample mean of squared prediction error

» 1o,
e, =—2e . “4)
n k=1
Define the loss function
L, = —e,f +n.
n

One way the parameter A(> 0) can be interpreted is being the cost of prediction error.
The corresponding risk function

A
R, = EyL, =—Eqe> +n, (5)
n
Ey denotes expectation under the distribution P, with the given parameter Oz(k,cé,ci). Define

0= {9 A+ Gi <1, Gé < oo} the process’ stability parameter region.

The main aim is to minimize the risk R, on the sample size 7.
2. Main result

To solve the stated problem we shall use the truncated estimation method introduced in [16]. This meth-
od makes it possible to obtain the ratio type estimators with guaranteed accuracy using a sample of fixed size.
According to the method, the truncated estimator of the autoregressive parameter A is based on a ratio type
estimator, the least-squares type in this case

ixi—lxl
A =E— k2], (6)
23624
i=1
and has the form
e =hx (A 2 Hy), k21, (7)

- 1k . o .
where A, = p > xl-z_1 , the notation y(B) means the indicator function of the set B and
i=1

H, =log " (k +1). ®)
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It should be noted, that according to [16], H; can be taken as any decreasing slowly changing positive
function.

A model similar to (1) was studied in [14], but variances of the noises &; and 1;, i> 1 were assumed to be
known. This information allowed construction of true sequential least-squares estimators. However, it is absent
in our case, forcing one to use estimators of the form (7).

Rewrite the formulae (3)—(5) with A « replaced by A « as follows
X = jlk—lxk—la ©)

¢ =(- ik—l WXy + Mgy Xy + &

PR )
en Z_Zeka
n k=1

A
R, =—Eee5+n. (10)
n
To minimize the risk R, we rewrite the risk function (10) using the definition of e,f
A
R, =—(0§+0310)2(+Dnj+n, (11)
n
where
2
(¢ 1 5 o, n
0)26 :%’ D, ==3 Eq (x/(:pt _xk)z +— 3 (G)zc,k—l - G;zc)a G)zc,k = Eexi-
1-(A" +0o7) k=1 n k=1

From here on C denotes those non-negative constants, the values of which are not critical.
Further we show that
D,=o0(l) as n—oo. (12)
To this end we establish the two following estimates

<C, (13)

élEe (P — %)% < Clog? 1. (14)

In order to prove (13), write the solution of x; using its definition (1) as follows
k=1 i k

j=1 Jj=1
Squaring and taking the expectation of both sides, we use independence and zero mean of &; and 1;, i> 1 to ob-
tain

2 k-1 2 i 5 ) k 5
=0 " j=1 j=1

k-1 .
i 2 2\k
=c§i§)(k2+cﬁ) + Exg(\ + ;).

Using (2) one gets
L SN Gé 2 2k 2 2 2\k-1
cég)(k +07) =m(l—(k +oy)" D=0 (I-(A"+0y) )
and thus,

ci,k ~o’ 0)2((7»2 + csfl)k_1 +Ex§(k2 + Gfl)k.

=

From (2) it follows, that

hence (13).
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To prove (14) rewrite its left-hand side
élEe (" _551()2 = élEe (ik—l _k)lef—r (15)
We establish the properties of the estimators A .
Define k, = rnax{l, [e(c’i)_2 ]l}, where [a]; denotes the integer part of a.

Lemma 1. Assume the model (1) and let for some integer m > 1 the conditions
EEM™ <o, Exg™ <o, E(h+m)*" <1 (16)
be true. Then the truncated estimators %, satisfy
(1) for 1<k<k,

Ey(h, — 1) < C; (17)
(i1) for k>k,
Ey(hy —0)" sai—ik. (18)

The proof of Lemma 1 is presented in Section 4.

Remark 1. The parameter H, can be taken as a constant H, provided that H € (0, o2). The condition 2
p 3

then guarantees H < lim A, considering
k—o0

.
limA, =

———=—— PR -as, (19)
k0 1-(* +o7)

which follows from the ergodicity of the process (x;),s, (see, e.g., [7]). Then the estimators A, would satisfy
km

for every k >1, which can be proved similarly to Theorem 2 of [16]. This, though, requires knowledge of Gé.

The Cauchy-Schwarz-Bunyakovsky inequality, (15) and (18) yield (14). The relation (12) follows direct-
ly from (13), (14).

Denote

o’ = Gé + Gici. (20)

In view of (12) we minimize the principal term of R,, analogously to [17]

A .
R ~26*> +n—>min

n

n n
to get the optimal sample size
n%=4"c (21)
and the corresponding approximate minimal risk value
R, = 2426 +0(log? 4) as A—> . (22)

Similarly to [17, 18, 20], we introduce the stopping time 7, as an estimator of n%, replacing o? in its
2

definition with an estimator G;,

T, = inf {n=4"s,}, (23)

where 7, is the initial sample size depending on A4 and specified below (see Theorem 1),

» 1 n ~
n k=1
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We formulate a theorem to prove the asymptotic equivalence of 7, and n¢ in the sense of almost sure

and mean convergences (see respectively (27), (28) below) and the optimality of the adaptive prediction proce-

dure in the sense of equivalence of R , and the modified risk
ny

| —
R, =EyLy = AE, T—ei +EyT,, (25)
4
see (29).
Theorem 1. Assume that
EE® <o, Ex)® <o, E(L+m))"° <l (26)

and n4 in (23) is such that
n, >max{ky, A" log> 4}, n, -A_I/ZW 0
with € (2/5,1/2). Let the predictors X, be defined by (9) and the risk functions defined by (5), (25). Then

for every 6 € ® and 62 >0

_—oo> 1 Pe —a.s., (27)
—= 1, (28)

———1. (29)
The proof of Theorem 1 is presented in Section 2.
3. Proofs

3.1. Proof of Lemma 1

It can be shown (see, e.g., [22], Lemma 1), that to guarantee Eex,%’” <C, k,m=>1, the following suffices
EEM™ <o, Exi™ <o, E(h+m,)"<l.
Thus, from the conditions of Lemma 1 on noise moments for 0 € ® it follows

sup Egx{™ < C. (30)
k=0

By the definition (7) of truncated estimators A «» their deviation has the form
The definitions (6) and (1) yield

k k 5
PIPTRTSE DI PRE A
}\‘k —A= i=1 i=1

B

&

2
2 X
i=1

Hence, from (31)

k k 5 2m
B lei—lai + Zlni—lxi—l] _ _
(A — )P = = XAy 2 Hy) £ XAy <Hp).

i ) 2m
2 X
i=1

From the definition of A « (see(7))and H, (8) it follows
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log" k

. k k 2m _
Ey(hy =)™ <=5 Ee[gxi_léﬁ;m_lxil] 22 Ry(By < Hy). (32)

It can be easily shown, that the sums le & and an x7, for k>1 form martingales. Thus, by the

i=1 i=1

Burkholder inequality and the Holder inequality and (30), similarly to [16], Section 5.2, we get

log” k g2l k 2 k o
2 EG[szlé—'—anl ] ng[Ee[lelé] +E€[Zlni—1xi2—1] =

k2m
C log™ k " k "1 Clog"k
k i=1 k
The first assertion (17) of Lemma 1 follows from (32) and (33).
For the second summand of (6), using the Chebyshev inequality for k >k, one has
_ _ E Z _2\2m
meJJe(Ak<Hk)scpe(Ak—o§ >G§—H,JSC%. (34)
(cy—H)™
Note that for k >k,
_ 1 < 1 ___ Gi
Jlog(k +1) \/mge(“«r)’
and hence the difference 62— H, >0.
To estimate (34) we rewrite o>
2 _ o _ oz(1-47) _
T 1= +0)) 1-AH)(A-(C +op)
2 2 2
c C:0
- é2+ 2 : =5 (6L +oy00).
1-27 (A-2)A-(A"+oy)) 1-A
Using this and the definition of the process (1), one can write A, —c> as follows
— 1 xg—x} 2Ak 2k
A, —c2= y e e SRl o TR D 3 WS S
¢ (1—x2)( PR
20y L& 5 2
+kZ:1(é _G§)+;§(ni—1xz’—l T] xz 1)+ ZG (le 1 Gx) .
Then (34), the Burkholder inequality, (30) and (13) yield
A" Ry(A, <H,)< Cklm.
Together with (33) this proves the second assertion of Lemma 1.
3.1. Proof of Theorem 1
The conditions on noise moments (26) yield for 06 € ®
sup Eex}{6 <C. (35)

k>0
Note that assuming the distribution of n); is symmetrical, the condition E(A + nl)16 <1 reduces to
MO +120(0 o7 + 4701 +1820(1 %6} + 170 ?) +8008(L' oY +1°5))) + 1287016 +0,° <1,

wherec —Enlzm,m 2.8.
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~2

Rewrite formula (24) for &; using the definition of the process (1)

» n ~ 1 n
Gi =— Z (& + Moy Xy + (A — kn)xkq)z =—2 (i;zc + T]/%—1x1§—1) +W, 4V, (36)
k=1 k=1
where
(}\‘ -\ n 2 n 2 n .
w,= ) Z V, == 2 &My Xy —— 2 (A = )X (& + M1 Xpy)-
n k=1 k=1 k=1

Analogously to [17], we show that
6% — ¢’ By —as. (37)
n—»00
Consider W,. Using the properties (18) and the Chebyshev inequality for any € >0 we get
P( A, —\|>e)< %Ee (A, -0 <Cn?log? n.
€
From the Borel-Cantelli lemma it follows that
r,—— & By —as.
n—»00
Together with (19) and (35) this yields

Wn W) 0 Pe —a.s. (38)
Similar arguments can be used to show
Vnﬁ) 0 Pe —a.s. (39)

At the same time, strong law of large numbers, (13) and the Borel-Cantelli lemma yield
1 n
;kZ:l (E_,/Z‘T + n,%_lx,%_l)w 02 Pe —a.s. (40)

Then (37) follows from the representation (36), (38)—(40).
From the definition (23) of 7, it follows that with F,-probability one 7, = as 4 — oo. Therefore, by

(11) we have 6% —o” Py-a.s. and hence

T,
T
A 47

1 F-as.

To prove (28) we introduce for any positive 4 the auxiliary sequence of numbers v, ,

a1
yA,nznzA1 , nxl.

2log A
Denote

lLara o2 2 2
My =—2 (ék FNj1Xj1 —C )
1 k=1

Observe that m, can be represented as a sum of two martingales and decaying to zero as O(n"') sequence
la o o0 1a o 5 2 la 5 > 2
m, =— 3 (E —0%) +— X (M_1Xi Gncx 1)+ — 2 6,,(0% 4 —O)-
n k=1 nk=l nk=l
By the definition of 7, and (36) we have

EfTy<n,+ X Pe[ Z(ék +nk lxk D+W, +v ]

nzny

<yt ¥ {B(n4" <o’ +2vA,n]+Pe<|vn >V an ! DBV, >y 0 | D+ Bollm, [> 7,0} (41)

nxn,

It can be shown, analogously to [19], that for n>n,,
RV, 1>V 1 2+ B W, >4,/ 2+ By m, [>7,4,) <Cy L' =4CA% log® A-n”>

and at the same time
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ng+ 2 Pe(nzA_ISGZ+2yA,nj

nn
: AI/ZG Ao L. (42)

Therefore, by assumptions on 7,
A ARV a0 D+ B, >y 4, | 2+ By, > 74,0} <
nzn,
<CA Mo A Y n<CAP log? A-nf <CAT 7 log® A—— 0. 43)
nzn,

Then from (41) — (43) it follows that

— E,T
lim =24 <1, (44)
A-w 425

Analogously it can be shown that
E,T
lim —&4
1o A%
and thus, in view of (44) the assertion (28) holds.
To prove (29) we need the following properties
BT, <N)=0(4"), R(T;>N")=0(4""), (45)
N'=[(c-¢)4"?],, N"=[(c+e)4d"*],+1, O<e<o,
which can be established similarly to (4.31) of [19].
Rewrite the left-hand side of (29) using (22) and (25)

2
RA B AEe TZeTA +E9TA

>1

= . (406)
R, 24"c+0(log’ 4)
From (28) and (46) it follows that to prove (29) it suffices to show the convergence
2, 1 >y
AE, TAGeTA —— 1 47)
To this end we show that
1 7 ' 1 > "
A"?E, T—e;AX(TA <N')———0, 4"E, T—e%Ax(TA >N")———0, (48)
4 4
/2 1 ®y ’ "
A EeT—GeTAx(N ST <SN")———1. (49)

4
All three relations are proved analogously to (4.39)—(4.41) of [19] using the definition of e,% . E.g., for (49) we
write
1 5 1 T -
A"?E, T—e%A W(N'<T,<N")= A"?E, = szl (A=hy ) X x(N'<ST,<N")+
4 4 k=

1 o A N ' "
+2A1/2Ee F 2 (aknk—lxk—l — (A = MEx o — (Mg - k)nk—1x1§—1 jX(N STy <N")+
k=

1 I ’ "
+AEy— 3 (& +mixio u(V < T, < N"). (50)
T} k=1
By the definitions of N' and N", the Cauchy-Schwarz-Bunyakovsky inequality and Lemma 1, for the first
summand one gets
T ~ N" ~
A"?E, % > =Ry ) (N ST, <N")Y<CA2Y Eg(h—F, )2 x2, <CA™ log? A———0.
TG k=1 k=1 -
For the second summand of (50) the Doob’s maximal inequality for martingales (see, e.g., [3]) and the
Cauchy-Schwarz-Bunyakovsky inequality can be used to show
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1 L 5 X ' " -
AE, szl(éknk—lxk—l — (Ao = MEexp o — (M —K)m_mf_ljx(N <T,<N"<c4™* ——0.
2 4=

Rewrite the left-hand side of the last summand of (50)

AE, Gzl(akmk G A(N'ST, <N")=
26 i

1
= A Ey——my x(N'<T, < N")+ A"*GE, ix(zv' <T,<N").
Iy ™ T,
We show that the first summand converges to 0 and the second one converges to 1. By (13) the Doob’s maxi-
mal inequality and the Cauchy-Schwarz-Bunyakovsky inequality
12

2
2, 1 , " 2 1
4 Ee%‘mTA‘X(N <T,<N")<C4 ) Eel<n<N Z(ék +MiiXi — (0% + 0307 41) <

12
< CA_UZ[ Y Eo(5; + M1 Xey (Gg + GnGx k1)) ] <ca ——0

The almost sure convergence of the second summand to 1 follows from (27), boundedness of the family
A2 Ly(N'<T,<N") and bounded convergence theorem.
Ty 4 A1
The assertion (29) follows from (48) and (49).

Summary

The problem of building optimal predictions for the values of scalar stable autoregressive process with
parameter drift is considered. The predictors are constructed on the basis of the truncated estimators, which are
shown to have prescribed mean-square accuracy on samples of fixed size. The optimal sample size is establish
both theoretically and as a stopping time defined on observational data. Asymptotic equivalence of the two is
proved in the sense of almost sure convergence and convergence in mean, as well as asymptotic equivalence of
the corresponding risk functions.
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ON THE NELSON-SIEGEL-SVENSSON NO-ARBITRAGE YIELD CURVE MODELS

It is shown that the requirement to satisfy the no-arbitrage conditions specifies the Nelson—Siegel-Svensson model in the
sense that gives for coefficients of this model the obvious economic sense: the free coefficient should be function on
term to maturity, and other coefficients should depend on the market state variables which, in turn, are selective values
of stochastic processes at time point for which the time structure is designed. It is shown that the model is the member of
family of affine yield models and is generated by two-dimensional model of a short-term interest rate for Nelson—Siegel
model or four-dimensional model of a short-term interest rate for Nelson—Siegel-Svensson model.

Keywords: term structure; yield curve; factor model; affine no-arbitrage models; Nelson—Siegel yield model.

The term structure of yield interest rates is one of the most demanded characteristics of financial assets.
At mathematical modeling of term structure are used no-arbitrage affine models as they imply possibility of
derivation of decisions in an analytical form more often. For derivation of model of term structure is usual pro-
ceed from description as the financial market state variables evolve. It is accepted more often that the market
state variables is a stochastic process of diffusion type.

Let's consider that for n-factor affine yield model it is supposed that the vector of a state variables of fi-
nancial market X(¢) = (X1, Xz, ..., X,)" follows to homogeneous for time Markov process generated by the sto-
chastic differential equation

dX(t) = WX (1)) dt + o (X (1)) dW(2) (1
with a drift n-vector p(x), (nxm)-matrix volatility c (§), and m-vector W(¢) of independent standard Wiener pro-
cesses.

In one-factor model the short-term interest rate is accepted that a market state variable 7(¢) evolves as the
stochastic process with property of returning to a stationary average 0. In this case there are three basic ap-
proaches for the description of stochastic process of the short-term interest rates, developed by the American
authors:

1) the Vasichek model [1], when the rate volatility ¢ = J2kD — the determined constant (D — a station-
ary variance of process 7 ())
dr (£) = k(0 — r () dt +J2kD dW (1); )
2) the CIR model [2], in which the rate volatility — the non-negative stochastic process proportional to a
square root of the interest rate

dr () =k (0 —r (1)) di + | 2’;’3 r(t) AW (1), 7 (0) > 0 3)

3) the Duffie-Kan model [3], in which frameworks the interest rate volatility — random, proportional to
excess of the interest rate over the bottom (unattainable) border 7

dr(t) =k (0 — r (1)) di + \/ esz

(r(1)=ring) AW (2), 7 (0)> Fin. (4)

nf

Generally speaking, the Duffie-Kan model is more general model than early two because at zero bottom
border of the interest rate it turns to CIR model, and at moving of the bottom border of the interest rate to a mi-
nus infinity (i.e. at 7,r— — ) model becomes the Vasichek model.

The term structure of yield interest rates is determined as dependence the yield interest rate (or the prices)
zero coupon bonds at some currently time # on term to maturity of this bond.
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For models (2)—(4) price of zero coupon bonds P (¢, r; T) with maturity date 7 provided that at time point
t the short-term interest rate 7(¢) has accepted value 7, i.e. » (f) = r, is calculated by the formula

Pt,r;=P@t,rt+tt)=P({ r,T)exp {4 (1)—rB (1)}, (5)

where t = T — ¢ — term to maturity, is usual is supposed that P (7, r; T) = 1 that does not limit an analysis gener-
ality. Functions 4 (t) and B () is usual are called as functions of term structure. At derivation of the formula (5)
conditions of absence of arbitrage have been considered. For such function of the price the yield to maturity (or

simply yield) y (1, 7) is affine function » and is calculated by the formula
) = —InP(t,r;T) _ rB(t)— A(1) . ©6)

T—t T

Functions 4 (t) and B (7) are calculated in an explicit analytical form though for their derivation it is nec-

essary to solve the differential equations of Riccati. Dependence y(t, #) on t also determines a term structure of
yield.

The yield to maturity y(t, 7) is an average characteristic for the time period of duration t. At the same
time the practitioners are interested in the question what will be a short-term rate of yield in the end of this pe-
riod. Such rate is named the instant forward rate f (1, 7) and it is functionally connected with yield to maturity
(1, r) by relation

l T
YRy == f(s.r)ds, f(nr)=per) 2B )
To ok

In frameworks no-arbitrage affine models the forward rate f{t, ) is calculated by the formula
—0InP(t,;T)  0B(t) 0A(r)

Jr) = = - . 8

/@ or o ®)

Usually the analytical properties of function f{t, ) turn out more simple, than properties y(t, 7). Both these

functions — yield curve y (t, ) and a forward curve f (1, ) are equally interesting for financial analysts.

It appears that depending on a market variables (for one-factorial model it is values r) the function y(t, )
can belong usually only to one of four types of curves: monotonously increasing to some final limiting value
("normal" yield curve), monotonously decreasing to some final limiting value ("inverse" yield curve), yield
curve with a maximum (a "humped" curve) and flat yield curve.

Such classification of curves proves to be true on real financial markets. At the same time real market
yield though have such functional appearance, but on size often enough strongly differ from received on the
basis of the resulted models. Therefore there are various modifications described above models, in particular it
is considered that the dimension increase, i.e. transition to two-factor, three-factor etc. models, can raise their
accuracy of the description of market yield. In a multidimensional case when the financial market variables are
determined by a vector X () which evolution is described by diffusion process (1), formulas (6) and (8) for a
yield curve and forward curve will be transformed to a form

xB(t)— A(7) =
— . o JEn=x—=-—=, ©)

provided that at point of time ¢ the vector of a variables of financial market X (f) has turned out equal to x, i.e. X

y(t,r)=

(¢) = x; in this case B (1) — the vector, and 4(t) remains scalar function.
However the dimension increases essentially increases number of parameters of models, but accuracy of
models increases poorly.

1. Nelson — Sigel — Svensson model

In this connection there was other method of improvement of model of the yield term structure, based on
a small variety of types yield curve. As their only four, there was an idea — to enter some standard functional
dependences and by them to build the combinations approximating yield curve. Nelson and Sigel [4] have of-
fered as such standard functions for designing forward curve three simple functions: o; (1) = 1, o, (1) =
= exp (—y1), a3 (t) =yt exp (—yt). Function o, (1) is intended for approximation of a long-term segment of a
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curve, function a, (t) — for approximation of a short-term segment and function a; (t) should approximate me-
dium-term of yield. Use of such approach leads to following result
S (T, 1) =By (7) + B2 exp (=y7) + B vt exp (=y7). (10)
Evidently, function f{r, r) is determined very simply, but for its final identification it is necessary to find
four parameters y > 0, 3; > 0, B, and ;. By means of relations (7), (10) it is easy to receive and function y (x, )
in a form

- " (l—eYT _ J
Y (%, 1) = Prouy (1) + B2 +Ps —e . (11)
' '

Note that the assumption about o, (t) = 1, as it will be shown later, is not be agreed to the requirement of
absence of arbitrage opportunities and therefore it is more correctly to write the first item in the right parts (10)
and (11) as Bo.(t) and Bia,,(t) where between a,,(t) and o,(t) there is a mutual relation which is determined
by equality (7):

T
1
oy (1) —;.([(xlf(s)ds .

To increase the flexibility and improve the fit models to empirical data Svensson [5] extend Nelson — Si-
gel function by adding a fourth function as (t) = 8t exp(— 87), d > 0, a second hump-shape with two additional
parameters s and 8 # y. So

f(t,r) =B+ B2 exp (—y1) + B3 yT exp (—y7) + B4 exp (—O1) + s Ot exp (—O1). (12)

So the number of parameters of model has increased by two and has reached six. In equality (12) for a
generality is entered another function oy (t) = exp (—07) but if to assume 34 = 0, Svensson representation will
turn out.

In June, 1996 in Bank for International Settlements (BIS, Basel) was accepted the agreement about that
the central banks of Europe should to represent the data in BIS for calculations zero coupon yield curve and
estimations of parameters of models. It was found out that the majority of banks of Europe is made use for
modeling of yield curve the approach of Nelson — Sigel (Italy and Finland) or its Svensson modification (Bel-
gium, Germany, Spain, Norway, France, Switzerland and Sweden) [6]. It, in particular, underlines importance
of the analysis of this approach.

Unfortunately, the approach of Nelson — Sigel — Svensson (NSS) does not give recommendations how to
determine parameters of model and in any way does not explain, whether such model is no-arbitrage. It makes
sense to modify this model on purpose to enter it in the no-arbitrage class. We will notice in the beginning that
no-arbitrage affine yields (6), (8) and (9) possess following general limit properties [7]:

lim yna (7, 7) =lim fya(t, 7) = de) =r, lim yna(T, 7) = lim f[NA(T, 7) =) o.
0 —0 T—>00 T—>00

Here it is designated B'(0) = ¢; ¥ . — the limiting long-term yield, which determined only in parameters of
model and not dependent on state variables of the market x. Since it is general properties of yields, yields of
model of Nelson — Sigel (NS) should possess by them too:

lim yNs(T, I") =1lim st(T, I") = B] + Bz, lim yNs(T, I") = lim st(T, I") = B].
0 0 T T

Thus, the sense of parameters [3; and 3, in Nelson — Sigel model is cleared up: B1 =y «, B2 =7 =V o

Comparing (10)—(12) with (9) it is possible to conclude that yields of model NSS are similar to no-
arbitrage affine yields in case of four-factor model when the market condition is described by a four-
dimensional vector X (¢) = (X; (¢), Xz (¢), X; (£), X4(?)). In this case it is possible to consider that the market state
is described by a vector (X (¢) = B2, Xz (t) = B3, Xz (¢) = P4, X4 (f) = Bs) and in the following way compare details
of these models:

dA(7)

Biay (1) & —HD 6 0) 6 BO o) B2 o) o BO (1) o B
dt dt dt dt
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It means that parameters [3,, B3, B4 and Bs are not constants, and are values of stochastic processes X (),
X5 (1), X5 (¢), X4 (2) at the point of time ¢ for which the term structure is determined. Function B0, (T) too not a
constant and a determined function of 1.

The stochastic differential equation for X (¢) = (X, (¢), Xz (¢), X5 (¢), X4 (¢)) looks like (1). In order that yield
was in frameworks of affine structure, components of the equation (1) should be specified as follows [8]:

4 4
@) = K (8- x), 6(0)0(x) =@+ w;x;, S(OME) = E+ Y npx; (13)
i=1 i=1

Here K, ¢ and o; — (4x4)-matrixes; 0,  and n,; — 4-vectors, x; — vector components of x, the vector func-
tion A (x) determines the market prices of risk. It results [3] in the ordinary differential equations for function A4
(t) and components of vector B(t) = (B1(t), Ba(t), Bi(T), B4(7)):

A(T)=(E-K0)'B(t)+B (1) ¢ B(t)/2, 4(0)=0, (14)
B/(t) = ¢;— B(t)' (n; + K)) — B(1) o, B(1)/2, B;(0)=0. (15)

In the equation for B;(t) symbol K; designates i-th column of matrix K, 1 <i < 4.

In order that the NSS model was also affine no-arbitrage model, decisions of the equations (15) B (1),
By(7), B3(1), Bs(t) should be agreed in appropriate way with functions o (1), o3 (t), o4 (T), o5 (T).

By determination of function o(t), o3(t), au(t), as(t) are either exponents or their combinations. Such
decisions of the equation (15) can be only when the equations (15) are linear. Hence, nonlinear items in the
equations (15) should be absent, i.e. ®; =0, 1 <i <4. And it means that according to representation (13) volatil-
ity matrix o(&) should not depend on market state variables x, i.e. volatilities should be the determinate con-
stants. From here also follows that function of market price of risk A (x) should be a vector consisting of con-
stants, i.e. according to representation (13) ; =0, 1 <i <4, This considerably simplifies a task of determination
of vector B(t) = (B1(1), Ba(7), Bs(1), B4(7)) as instead of the equations (15) the linear system of the differential
equations turns out

B'(t)=¢—K'B (1), B(0)=0. (16)
We define the matrix K in the form
y -y 0 0
k=0 7T 20 (17)
0 0 & -3
0 0 0 3o
Then the decision of system (16) will be the following
l1-e 7" 1-e 7" -
B, (1) = ¢ s B2 (1) = (91 + ¢2) — e, (18)

Y

-0t -0t

Bg<r)=¢31‘g  Ba(t) = (s + ¢s)

It means that no-arbitrage yield curves yna (1, 7) and fxa (7, 7) according to ratios (9) are determined by
formulas

l1-e

—(1)3’[6761.

1-e " 1-e " -
I (T, 1) =x101 +x2(¢1 + ¢2) —xo¢1e "+
1 1
1 _ —ot 1 _ —ot _ A
+ X3¢3 ¢ + X4 ((|)3 + (|)4) ¢ —X4(I)3e 8T _ (1) _
T o1 T
1-e " _ 1-e" 5 A
= (05 1+ )T e (s 0 T e =T, (19)
Faalt, ) =xib1 e Tt xadn e T 00y € Tt xads @ O+ xads @ O+ xuds ST @ O — dil{(r_) -
T
_ _ _ 5t dA
— (i1 + 0o0) €T + 01 7T € T+ (rahs + xahs) € O+ xadyy St —%. (20)
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In these expressions the function 4(t) in an explicit form is not presented, as it has a cumbersome form
though its computation by the formula (14) does not represent difficulties when functions {B,(t)} are already
determined since the formula (14) is not the equation, and for determination A(t) it is enough to integrate the
right part of equality (14).

Let's notice that limiting values of functions {B;(t)} at Tt — oo are finite quantities:

lim By (1) =d1/7, hm By(t)=(d1+ o)/, hm B3 (1) =03/9, hm B4(’E) (b3 + dg) / 0.

T—>0
It allows by means of (9) and (14) to find limiting long term yields in the explicit form
y o= lim ya (e, )= lim fua(z,r) == lim A _ () — K 0) "B (0) + B (w0) To6 B (0)/2.
T—>00 T

Let's remlnd that vector components ¢ determine the weight coefficients of influence a component of a
vector of the market states X (¢) on yield size (through a short-term rate r). If ¢35 = ¢, = 0, then components X;(¢)
and Xy(¢) do not influence on yield, and considered NSS model turns to usual NS model. The affine no-
arbitrage model in this case provides representations

For ()= =Lk gy + 3o e e 1)
__A@ l-e ™" vt
a(t, r)=- . + (191 +x2 (01 + ¢2)) - —Xpe =
_ &-I— (X1¢1 + XQd)z) 1_67YT + XQ¢1 (l_ey‘c —eyTJ . (22)
T YT YT

Comparison of representations (10) with (21) and (11) with (22) shows that no-arbitrage NS model is
usual affine no-arbitrage model, coefficients 31, B, B; of which are determined as follows

Biy (1) =~ AET) , Br=x101 + x202 = 7, B3 = X201 (23)

In contrast to determination of these coefficients by Nelson and Sigel here ;, B, and 5 are not constants:
B1,(t) = Biou,(t) — function 1, and B, and B3 — functions of variables x; = X;(f) and x, = X5(¢), the market state at
point time ¢ for which the term structure is designed, and consequently are essentially a sample of random vari-

ables. Note that by determination the coefficient 3, is equal to value of a short-term interest rate at the specified
point time ¢, B, = 7 (¥) = r. Since for obtaining the affine no-arbitrage NS models in the equation (1) the function
of drift p(x) should be linear with respect to x, and a volatility matrix o(x) — a constant (not dependent on x)
then the equation (1) generates stochastic process with normal distribution so the coefficients 3, and B in affine
no-arbitrage NS models are normally distributed random variables correlated between themselves.

Let's consider, in what the modification of NS model offered by Svensson results. In this case ¢3 = 0, ¢p4#= 0
and yield curves are determined by expressions (19) and (20). Comparison of representations (12) and (19)
gives the following interpretation of coefficients of NSS model

By (v) =- A1) s B2 =x101 + X202, B3 = X201, Ba = X303 + Xada, Bs = X403 (24)

Unlike the NS model here 3, # r, but B, + Ps=r.

Thus, the affine no-arbitrage NSS model proves to be a special case of four-dimensional affine no-
arbitrage model with a constant matrix of volatility and matrix K of coefficients of the influence, looking like
(17). Accordingly, the NS model is a special case two-dimensional affine no-arbitrage models with a constant
matrix of volatility and matrix K of coefficients of the influence, which has the form

K {Y ‘YJ. (25)
0 v

In other words, models NS and NSS are special cases of multidimensional model of Vasicek (2) if by this
to understand multidimensional model with a constant volatility matrix and linear drift. It is possible to assume
that matrixes (17) and (25) serve as signs of models NS and NSS. Then it is possible to assume that if in model
(1), (13) matrix K is specified in the form of (17) or (25) yield curve will have term structure NS or NSS.
Whether so it?

48



Let's consider for an example two-dimensional model CIR (3) with a matrix of coefficients of influence
(25). For this purpose we will set a matrix and a vector in relations (13) as follows

[ ox 0 _ 617\.1\/)6_1
G(x)—( 0 Gz\/g}k(x)—(czkz\/g}

Here it is for brevity designated o;=./2k;D;/6; , i =1, 2. It gives in expressions (13):

2 2
0 0 0 oih 0
:0’ = Gl N = N :0’ = 1 1 N = .
¢ O (0 OJ ) (0 G%] g U} ( 0 J M2 (G%}sz

The equations (14)—(15) become
A" (t1)=B (1)'K 9, 4(0)=0,
By (1)=¢1— (Mol +7) Bi (1) — o’ By (v) /2, Bi(0)=0,
By (1) = g2+ 7B1 (1) — (haci+7) Bo(1) — 02° B> (1) */2, B>(0) = 0.
In this case the equations have turned out nonlinear. The second and third equations are the equations of
Riccati. And the equation for B, (1) — the equation with constant coefficients also can be solved in the explicit

analytical form. The equation for B, (t) — the equation of Riccati with variable free coefficient and in the ex-
plicit analytical form does not be resolved.

Let's designate for brevity g = \/ (y+ clle)z + 2¢1012 . Then the solution of the equation for B (t) has a form

By (1) = 20, , (26)

2 2g
Y+ojA +g+
e% -1

that essentially differs from function B;(t) in NS model (18). The same it is possible to tell and about function
By(t) which can be found only numerically. Similar results are fair and for two-dimensional model of
Duffie—Kan (4) in which function B;(t) has form like (26), but its parameters g and o, are determined in anoth-
er way:

8ok = \/(Y +61pK M) + 20107 DK > O1, DK = /26Dy /(0 = Xy o) -
It turns out that the NS model — no-arbitrage only when in the equation (1) function of drift p(x) is linear
with regard to x, and the volatility matrix o(x) does not depend on x.

2. Latent factors

In [9] instead of the coefficients B, B2, B3 of NS model it is offered to use depending on the current time ¢
«dynamic processes» L,, S, and C,, respectively, which are interpreted as the level, the slope and the curvature
factors. According to the above analysis (see Equation (23)), these processes are in accordance with the follow-
ing state variables of the financial market

Bi :L,z—@ , o= S=0Xi(0) + 0 Xo(t) =7 (1), B3 = Ci=d1 Xo(2). (27)

T =1t

So the factor of level L, in the explicit form does not depend on current time, and depends only on term to
maturity and is not random. The slope and curvature factors {S, C,} are linear transformation of state variables

{(X1(0), X2(0)}
(St] :(4)1 ¢2](X1(1)] (28)
G 0 & \X0)

Therefore {S,, C;} — two-dimensional normal random process with the mathematical expectations

(E[St]] :(¢1E[X1(f)]+¢2E[X2(f)]] (29)

E[G ] O E[X, (0]

and the covariance matrix
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O b2 ) Qu—tp) Qp-tg) (¢ 0
S(t—1t) = . 30
(t=1) (0 ) ](Qzl(f—fo) Q) (f—fo)](% ¢1] (30)

Elements of expressions (29) and (30) are easily calculated on the basis of explicit formulas for {X; (¢),
Xa()} and for Q(f — 1).

Thus, at construction the forward curve and yield curve a problem of estimation of parameter v, and val-
ues of processes L,, S; and C,in current time arises.

As the process of state variables X(7) satisfies to the stochastic differential equation (1) with drift and vol-
atility (13) then process {S,, C;} is generated by the stochastic differential equation

(ﬁq:ﬁl¢ﬂp'ﬂ]%—@&—MQVﬁcw{% %IWIGDPWm
dc,) (0 ¢ N\O vy 0,-C, /¢ 0 ¢ Noy; ox
(dSz]:(Y —Y] (4’1 ¢2](91]_(Sz] dt+(pll Plzde(t)’ 31)
dc,) \0 v L0 ¢ \8,) (G P21 P22
(pll 912] _ (4’1 ¢2](011 c712] _ (4’1011 +¢2021  $1012 +¢2022]
P21 P22 0 ¢ \oy ox 4102 61022
This equation is linear and can be solved in an explicit form. Thus the fundamental matrix of solutions

O(¢ — 1) is the same as for process {.X (¢), Xz (¢)}. Generally speaking, explicit dependence of factors {S,, C;} on
time may be found from equality (28) if there to substitute explicit expressions of state variables {X; (¢), Xz (¢)}.

or

where

Let s — some point time, such that s <¢, and S andC - stationary averages of processes {S,, C,}, according-
ly,S =10, + ¢, 05, C = ¢:0,. Then explicit expressions for these processes will be of the form

S, _ S +7(t—5)Cy o19) (1_ef(tfs)y)§_y(t _Slef(tfs)Yf FC(Ls),
G Cy (- =IMC

where (¢, s) — the two-dimensional stochastic process determined by the relation

! (u—s) (u—s)
C(t,s)z@(t—s)j(ey —y(u—s)e’ }(Pu Plzde(u):

0 et=s) P21 P22

_ j‘((Pu +y(t—wpa) (P12 +y(E—u)p2)

] e aw ).
P21 P22

S
3. The no-arbitrage conditions for Nelson — Sigel — Svensson model

Until now, it was thought that the state variables form a two-dimensional process {X; (¢), X;(¢)}, and two-
dimensional process {S,, C;} is a process of the latent variables. Suppose now that the states variables are {S,,
C,}, which are generated by the equation (31). The relationship of these variables with zero coupon yield y,(7) is
established with help of state variables {X (¢), Xz (¢)}. In order to in the market the arbitrage opportunities are
absent it is necessary that zero coupon bond price P(¢, T, S;, C,) satisfies the equation of term structure [1]

2
IPOTY) | T SPETY) | lt{cs(x)T GPOTY) oy )P, Tx) =
ot ox 2 ox?
— 0 (t, x) To(nT 2LET0).

Ox

This expression must be solved with the boundary condition P(T, T, Sy, Cy) = 1 for all states {Sr, Cr}.
Here, for the sake of brevity we use the notation: x = {S, C}; p (x) and o (x) — accordingly a drift vector and a
volatility matrix of the equations (31); 7(f) — a short-term interest rate; the vector function A(z, x) determines the
market price of risk. As between the price of the bond and its yield there is a known relationship InP (¢, 7, S,
C)=—1y(t|S, C) then this equation is more convenient to write for yield, rather than the bond price:
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Ty(tx) 2 _—ty(tx)
OLey(x10] YL ) e+ t{c(x)T—a e G(x)}zr. (32)

ot o0x 2 axz

Substituting into this equation the function y(t|S, C) in explicit form we can find conditions for the absence
of arbitrage for Nelson—Sigel yield curve. Write down for the convenience the elements of the equation (32).

Olty(t]x)] :TdL(T) +L(’E)+S€7
foks dt

"+Cyte™,

oLz y(z| V) E[a[ry(rlS,C)] a[ryms,C)]Hl—e” 1-e" _wa

Ox oS ’ oC y Ty

(v -y §_S (P11 P2 | M
“(x)_c(x)“x)_(o v]{(ﬁj (CH (le 922](7”2]'

Here, through p;; the elements of the volatility matrix of equation (31) are denoted. As has been obtained
above to find the Nelson—Siegel yield curve it is necessary, that ¢ (x) and A (x) were constants (did not depend
on {S, C}).

= J(;(T | X)]'[H(x) —oM=S(1-e")-Cyre" -5 (1—-e™+ Cyte -
X

1 _ _ _
- ;[(9117»1 +p12h2)1=e ") + (P +ppody)(1—e " —yre )],
Asy (t|S, C) linearly depends from § and C, then

- T
oo 02 (o[ry(e| 0] ALty )]
ox? 0x ox

does not depend on these variables, and the third item in the left side of the equation (32) can be presented in a
form

102 PT) G(x)] LAl gy (a[rymx)]f:
x Ox

%tr(c(x)

X

2 2
2 -y -y -V -yt
T 1-e 1-e _ 1-e l1-e _
= (( )PuJ{ —e YT]le] {( )Plz +( —-e YT}322} .
2 YT YT YT YT

Thus, substitution in the equation (32) yield y (t|S, C), determined by expression (39), transforms this
equation to a form

O () +S —F(1-e ™)+ CTyte "+

1 _ _ _
+ ;[(Pukﬁplzkz)(l—e Y+ (parhy +pophp)(1—e T —ye )]+ (33)

2 2
_e T _eTT l1—e1° l1—e 7" ~
+l d-e )Pu+ l-e —te " py | + d-e )P12+ . P22 =r.
2 Y Y Y Y

Note that factor C has disappeared from the obtained expression, and it includes only average value C of
this factor. Equality (33) should be satisfied for any values of factors L (t) and S, In addition, note that only
two values depend on the current time ¢ in this expression: S, and 7(¢). Therefore, in order to the yield y(t |S, C),
which determined by expression (39), satisfies the equation (32) requires two conditions from which factors S,
and L(t) are uniquely determined: 1) factor S, is simply equal to a short-term interest rate

Si=r (), (34)
that will completely be agreed equalities (27), and 2) factor L(t) satisfies a following differential relation
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d[tL(7)] _
dt

1 _ _ _
—;[(Pukﬁplzkz)(l—e )+ (parhy +pphp)1—e T —ye )] - (35)

2 2
1 | | _ | | _
- e )Pu+ —te " pyy | + ( )Plz+ —te " lpy >
2 Y Y Y Y

which is substantially even is not equation with respect to t L (t) and is simply an integral from it. The calcula-
tion of integral from (35) is simple, but leads to cumbersome result and is not included here.

S(1—e™™) = Cyte -

So, conditions of absence of arbitrage in Nelson—Siegel model uniquely determine factors S, and L (1) by
means of equalities (34) and (35). Factor C, at first sight remained uncertain, but also on it there are restrictions.
We will consider them.

Let's return at first to initial model (1) for which yield is determined by relation (9) using the functions of
term structure 4 (), B; (1), B2 (1) and factors X, (¢), Xz (#). Conditions of absence of arbitration in this model are
reduced to that functions 4 (t), B; (1), B, (t) should satisfy to the equations (14)—(15) and equality ¢.X; (¢)
+ 02X5 (1) = 7 (f), in which constant weight coefficients ¢; and ¢, carry matching factors {X; (¢), X, (¢)} with a
short-term rate r(f). Factors {X;(¢), Xa(¢)} can be considered as some zero coupon yields [3], the combination of
which is the rate  (f). From relations (23) and (27) follows that S;= ¢ X; (t) + 0. Xz () = 7 (¢), C, = d1 Xz (O).
Therefore factor C, is also uniquely determined when conditions of no-arbitrage.

Let's pay attention that the Nelson—Siegel model is a special case of two-dimensional model (1), when
there drift function p (x) is affine concerning state variables (see (13)), and the volatility matrix is constant. If in
this case to set ¢; = 1, and ¢, = 0 we will receive that S;= X (¢), C;= X (¢) and it is had complete coincidence of
Nelson—Siegel model with the affine version of two-dimensional model (1).

4. The no-arbitrage conditions for the Svensson expansion

Let's consider now the no-arbitrage conditions for the Svensson expansion. As already it has been above
told, in Svensson modification the forward curve can be calculated by the formula (12), which implies the fol-
lowing form of the yield curve

P _ ., ot ot
¥ ()= Po+ Bri? +Bz(l ¢ —e“}ml ¢ +B{1 d —eﬂ. (36)
YT YT ot St

As it has been shown above, from reasons of no arbitrage coefficients 3y, B1, B2, B3, P4 cannot be con-
stants. Accordingly redesignate them: By =L (1), B1 =S, B.=C, B3 =G, B3 = H,. So

P _ ., _ ot ot
ym=L @+5 = |l ey glze gzl o) (37)
¥ YT ot 8t

We use this redesignation in representation (36) and we will substitute the obtained expression (37) in the
equation (32), in which state vector x — four-dimensional, x = (S,, C.. G,, H,)T. Function of drift

vy =y 0 0)(S-5,
0y 0 0]|C-C

X)=K(©0-x)= —_ Ty,
RO=KO=0=, o 5 _s||5-g,
0 0 0 &)\H-H,

where matrix K is determined by equality (17), and (S, C, G, H )" — a vector of stationary expectations random
coefficients (S, C,, G, H,). A volatility matrix — (4x4)-matrix with constant elements, o(x) = o, and a vector of
market prices of risk — a 4-vector with constant elements, A(x) = A.

Then the explicit form of elements of the equation (32) will have the form
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G[Ty(ﬂx)] _ d[TL(T)] +S. e+ C YT67YT+G 6761+H 6‘[6781
= t t t t >

0t dt
vt —yT -8t -0t
a[rya(;u)]:(l—iy 1-$Y - efvr,%l—; —re&], (38)
8[1):3(;|x)] ~ a[rya(;lx)] u(x) =
d[tL(7)]

= —S(1-e ") -G(1-e ) +Cyre "+ Hdte O +5,+G, .

b

- T
ot 0% (ofry(e|0]) Aw(e] )]
O ox ox

O 2 0x Ox

X

ew;m t{g (7 F G(x)} 1 o]0 GGT( Alty(r] X)]JT .

Olty(t| )]
X

Note that the vector in view of linearity y (t|x) regarding the factors S,, C,, G,, H, does not

depend on these factors. In addition, the explicit form of equation (32) is in general not contain variables C, and

H,. Thus as the equation should be carried out at any values of independent variables 1, S, C,, G, H, it breaks

up on two parts — the equations regarding the factors S; and G, and the equation regarding the function of varia-

ble t, L (t). On current time ¢ are dependent only 7(¢), S; and G,, other components of the equation (32) depend
from t. Therefore from the equation (32) it is obtained two relations, determining the no-arbitrage conditions

S+ G=r (), (39)

w =S(1-e")+G(1-e)~Cyre " —Hdte " -

(40)

L3 ICIE BN W o CIE PR i S CIE A
ox 2 ox Ox '

The vector w depends only on a variable t and parameters v, 6. It is determined by equality
X

(38). Its explicit expression in the formula (40) is not used because of bulkiness.
The relation (39) is practically a condition of absence of arbitration — the sum of factors S, and G, should
be equal to a short-term interest rate » (¢) at any point ¢.
The relation (40) actually the equation is not, as function L () is found from it by simple integration.
As to factors C, and H, to clarify their values it is necessary to address again to initial model (1), (13) in
its four-dimensional version. Then according to relations (24) it is obtained
Si=0uX1 (1) + 02X5 (1), G = 01Xa (1), G = G X3 (1) + §aXa (1), H, = 03X4 (2).

Thus one of the basic properties of yield proves to be true

Jim y (£, T, 7) = 0uX1(6) + 22 (1) + 435 (1) + 0 Xa () = 7 (0).

Strictly speaking, representation (37) does not coincide with the Svensson expansion as there is "extra"
term (with factor G,). Probably, availability of this term will improve approximation yield curve, it is a question
opened. However, it should find out, what conditions of absence of arbitrage will be without this "extra" term,
taking as an expression of the yield curve

_o 1t _,T _ ot
y@=L @+ +C,(l . —e”]#b(l < —e&] (41)
YT YT ot

in accuracy corresponding to Svensson expansion. In this case we have three factors X (¢) = (S, C,, H,). Drift
function will be such

53



y -y 0)( S-S, Y(S-C-8,+C))
L) =K®-x)=0 v 0||C-C |= nC-C)
0 0 &)\ H-H, S(H -H,)

a

Let's substitute these expressions in the equation (32) and calculate its components.

Olvy(tx)] _d[tL] ¢ v o yee T+ H, d1e
= t t t

b

ot drt
Ayl 0] _[1=e 1= - g
o0x - Y ’ Y ’ ’
a[TJ;(TIJC)]_ Ot y(z|x)] 1(x) = d[tL(v)]
T Ox drt

—S1-e ")+ Cyte " —H(1-e O (1+81)+ S, + H,(1-e 7).
It turns out that in this case the no arbitrage conditions are reduced to the following

S, +H,(1-e7%%) =7 (1), (42)
waﬂl—e“) ~Cyte "+ H(1-e % (1+81)-
T
o], 1 dAwGlol _r( dleelol) @3)
Ox 2 ox Ox ’

The relation (43) is already known, as was met earlier, but equality (42) is unusual.

From it turns out that the short-term rate depends on the term to maturity, but it of course can’t be. There-
fore, the Svensson expansion in its original form (41) (without the "extra" term) leads to unrealizable no arbi-
trage conditions.

Conclusion

Thus, the requirement of accomplishment of conditions no-arbitrage specifies model of Nelson — Sigel —
Svensson in the sense that gives to coefficients of this model the clear economic sense: the free coefficient
should be function of term to maturity t, and other coefficients should depend on market state variables
{x;} which, in turn, are sample values of stochastic processes {X;(f)} at time point ¢ for which the term struc-
ture is designed, i.e. random variables. We will notice that the description of stochastic processes {.X; (¢)} is
produced under probability measure P, i.e. taking into account risk market prices A (x). The model is the repre-
sentative of family of affine yield models and is generated by two-dimensional model of short-term interest
rates for model of Nelson — Sigel or four-dimensional model of a short-term interest rates for model of
Nelson — Sigel — Svensson. Stochastic processes {X;(¢)}, underlying NS- and NSS-models, are generated by the
linear stochastic differential equations. In this connection the market state variables {x;} have normal distribu-
tion and can accept with positive probability negative values. That is a certain lack of models NS and NSS.

Let's notice that dependence of coefficients of NS-model on current time was discussed in [9]. Commu-
nication of NS-model with affine 6e3apoutpaxusivMu the models based on three-factorial casual process at a
risk neutral Q-measure, is considered in [10]. Application affine no-arbitrage NS-models to real tasks of dy-
namics of an exchange rate of currencies is described in [11].
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INoka3zano, 9uTo TpeOOBaHNE BHIOIHEHMS YCIOBHII OCYTCTBHS apOHUTpaxa yrodHseT moxens Hemscona—Curensi—CBeHCCOHA B TOM
CMBICTIe, YTO HpHUIaeT KO UIEHTaM 3TOH MOIENH SIBHBII SKOHOMHUYECKUH CMBICI: CBOOOAHBIN KO3 (GHUIUEHT TOKeH OBITh (QYyHK-
el CpoKa JI0 TOTAIICHMS, @ OCTANbHBIE KO3()(HUIMEHTHI JOMKHBI 3aBHCETh OT HEPEMEHHBIX COCTOSIHUSI PBIHKA, KOTOPBIE, B CBOIO OYe-
penb, ABIAIOTCS BBIOOPOYHBIMH 3HAUCHUSIMU CIyJalHBIX IIPOLECCOB B MOMEHT BPEMEHH, IUISI KOTOPOrO KOHCTPYHPYETCS BpPEMEHHAs
CTPYKTYpa. 3aMeTHM, YTO ONHCAHNE CIyJaiHBIX IPOLIECCOB MPOU3BOIUTCS TP 00BEKTHBHOM BEPOSITHOCTHOHM Mepe, T.€. C YIeTOM PBI-
HOYHBIX IIeH pHcka. [Toka3aHo, 9TO cama MOJENb SBISIETCS NIPEACTaBUTENIEM ceMelcTBa ah(hMHHBIX Mozeneil JOXOMHOCTH U TTIOPOXKAa-
€TCsl IBYXMEPHOIH MOZEINBI0 KPaTKOCPOYHOM MPOIEHTHOM cTaBku A1t Mofenu Hemscona—Curenst (NS) wim 4eTsIpeXMepHOH MOZCIIBIO
KPaTKOCPOYHOM TPOICHTHOM cTaBku ais moxenn Henbcona—Curens—CeHccona (NSS). CirywaifHbie MPOIECCHI, JIeXkKAaIie B OCHOBE
NS- u NSS-mozeneii, mopokaaroTcst TMHEHHBIMU CTOXACTHISCKUMH (D epeHIanbHBIMI YPAaBHEHUSIMH, B CBA3U C Ye€M IIEpPEMCHHBIE
COCTOSIHUSL PBIHKA MMEIOT HOPMAIBHOE PACIIPEAEICHIE X MOTYT C IOJIOKUTEIFHOH BEPOSITHOCTEIO MPUHUMATE OTPUIATEIbHBIC 3HAUe-
HUS, 9TO SBJISETCS ONPEAEICHHBIM HefocTaTkoM Mozeneii NS u NSS.
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ACUMIITOTUYECKUN AHAJIN3 CACTEMBI MACCOBOI'O OBCJIYKUBAHUS
MAP/Gl/c C BBICOKOUHTEHCHUBHBIM BXO/JALIUM ITIOTOKOM

Pesynvmamul nonyyenvlt 6 pamkax uInoOaHeNUs 20CYOAPCMBEHHO20 3A0AHUSA
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[IpencraBien aHanu3 CHCTEMBI MAaCCOBOTO OOCITY)KUBAHUS C HEOTPAHIMYECHHBIM YHCIIOM IPHOOPOB, BXomamuM MAP-
TIOTOKOM M MIPOU3BOJIFHBIM PACIpeelICHHEeM BpeMeHH o0cyxuBanus. [loka3ano, 9To B yCIOBHAX pacTyIled HHTCH-
CHBHOCTH BXOZAIIETO IOTOKA CTAI[MOHAPHOE pacCIpe/e/IeHHE BEPOSTHOCTEH dYHClIa 3aiBOK B CHCTEME SBISICTCS
ACHMIITOTHUYECKH rayccoBCKHM. [ToirydeHs! mapaMeTpsl COOTBETCTBYIONIEH TayCCOBCKOH ammpokcumanun. Kpome To-
ro, MOJTydeHa alpoKCUMAIHs 0oJee BBICOKOTO (TPETHEr0) MOps/AKaA, YCTAHOBIEHBI 00IacTH MPUMEHUMOCTH 00EHX
aIIpPOKCUMALUH.

KitioueBble c10Ba: cucTeMa MaccoBOro oociykuBanus; MAP-OTOK; HEOrpaHIIEHHOE YHCIIO IPHOOPOB; ACHMIITO-
TUYECKUI aHAIU3.

CucTemMbl MaccOBOT'O OOCITY>KUBaHUS SIBJISIIOTCS aJIeKBATHBIMHA MOJEIISIMA COBPEMEHHBIX CHCTEM Iepera-
yn 1 00paboTKu MHpopMawH [ 1], conraabHO-3KOHOMUYECKUX CUCTEM [2, 3], cucTeM ympaBieHHs TPaHCIOPT-
HbIMM TOTOKaMH [4] u T.4. B Hay4yHOIl nuTeparype, Kak MpaBUIIO, UCCIEAYIOTCA CUCTEMBI C ITyaCCOHOBCKUM
BXOJAIIMM IMOTOKOM, OHAKO UMEIOTCS MCCIEN0BaHus [S5], KOTOpbIE MOKa3bIBAIOT, YTO, HAIIPUMEP, TTOTOKH CO-
00ILeHHI B COBPEMEHHBIX CEeTAX Mepead JaHHBIX He SBISIOTCA TyaCCOHOBCKUMHU, a Oosee aleKBaTHOM Moje-
JILIO0 TaKKMX MOTOKOB sIBIIsiETCS Tak Ha3biBaeMblii MAP-morok (Markovian Arrival Process) [6—8]. Takum o0pa-
30M, HCCIEIOBAaHUE MOZEIEH MacCOBOro oOCHy:XKHMBaHHs ¢ BXomammMm MAP-moTokom siBisieTcst akTyaJabHOM
HAy4YHOH MPOOIEMOH.

B macrosimed pabote mpeAcTaBieH aHaIN3 CHCTEMbl MacCOBOTO OOCTY)KHMBaHHUS ¢ BXOAIuM MAP-
MOTOKOM, HEOTPAaHMYEHHBIM YHCJIOM NMPHOOPOB M MPOU3BOJILHEIM 00CTYKMBaHHWEM, KOTOpas B HoTauuu KeH-
naina [9] obo3zHauaercs kak MAP/Gl/co. UccnenoBanre mpoBeACHO B aCHMIITOTHYECKOM YCIIOBUH PACTYIIICH
WHTCHCHUBHOCTU BXOJSIIETO MOTOKA, KOTOPOE OTHOCHTCS K KJIacCy IIMPOKO HCIONb3YEMBIX YCIoBHH «heavy
trafficy [10—12]. B pe3ynbTare monydeHa rayccoBcKasi anmpoOKCHMALUs paclpeneseHns BEeposSTHOCTEH uucia
3aBOK B CHCTEME. DTOT PE3yNbTaT COTJacyercsl C M3BECTHBIMH pe3ybTaTaMH, CBA3aHHBIMU ¢ AU y3HOHHOM
armpokcumanueit [10, 13, 14], Ho npexocTaBiser 6oiee ynooHyto dhopMmy Ui Hcionb3oBaHus. Kpome Toro,
U3TIOKEHHAasl B HACTOSILEH paboTe METOIMKA UCCIEA0BaHN MO3BOJISIET MOMYYUTh anMpoKCUMalnio 0osee BbI-
COKOTO TMOpsIIKa TOYHOCTH, KOTOpas oOecrneynBaeT AOCTaTOYHO Majyl0 MOrPEIIHOCTh U MPpH HeOOIbIIONH WH-
TEHCUBHOCTH BXOJSAIIETO NMOTOKA.

C npyrumu, OIM3KUMH MO TEMAaTUKE UCCICIOBAHUAMH B O0JIACTH aHAIM3a CUCTEM MAacCOBOT'O OOCIYKH-
BaHUSA U CITy4alHBIX IOTOKOB MOKHO O3HAaKOMHUTBCSI B paboTax [15-18].

1. ITocTanoBKAa 3aga4uu

Paccmotpum cructeMy MaccoBOro 0OCTYKMBaHHUS C HEOrPaHUYCHHBIM YHCIOM NMPHOOPOB, HA BXOA KOTO-
PO ocTynaeT BEICOKOMHTEHCHUBHBIH MAP-TI0TOK, BpeMsi 00CITyXKHBaHHS 3aBKH B CUCTEME SIBIIACTCS CIydai-
HOU BenmuunHOU c (yHkumeil pacnpenenenus B(f). Bxomsmuit MAP-notok 3aman npencrasinenuem [8] (NDy,
NDy), toe Dy u D; — kBagpaTHbie MAaTpULBI MOpsAAKa M, a CKaJISIPHBIA MYJIBTHUILTUKATOP N HCIOIB3YeTCs IS
TOr'0, YTOOBI BBIAETUTH ACUMITOTUYECKYIO COCTABIIAIONIYIO0 BBHICOKOW MHTEHCHMBHOCTH 3TOrO MOTOKa. Jlemo B
TOM, YTO MHTEHCUBHOCTH MAP-moTOKa, 3aJaHHOr0 TaKUM 00pa3oM, cocTaBiieT AN, Tlie BEIHMYMHA A ONpeae-
JIieTCsl BBIpaKEHUEM
L=0Dge. (1
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31ech e — BEeKTOp-CTOoN0 eI, COCTOALINN U3 eUHHUL, @ — BEKTOP-CTPOKA, SIEMEHTHI KOTOPOH 3a1al0T 3aKOH CTa-
LUOHAPHOTO pacnpeneNeHns BeposTHocTel nenn Mapkosa mi(f), yrnpasisitorneii MAP-moTokoM. OTOT BEKTOP
YIOBIETBOPSET CACAYIOLIEH CUCTEME YPaBHECHUM:
0(D, + D, )=0,
Oe=1.
Takum 00pa3oM, HHTEHCUBHOCTD ONMKMCAHHOTO MOTOKAa HEOrPaHMYEHHO Bo3pacTaeT npu N — co. [IoToku Takoro
polla Ha3bIBAIOT BHICOKOMHTEHCUBHBIMU [18].
O603HauNM #(f) — KOJIUYECTBO 3asiBOK (MJIM, YTO TO YK€ CaMoe, KOJIMIECTBO 3aHATHIX MPUOOPOB) B CHCTE-
Me B MOMEHT BpeMeHH ¢. CTaBUTCS 3a/1a4a HAaXOXKICHUS paclpeacieHusl BEpOsITHOCTEH mpouecca i(f) B mpous-
BOJIbHBIA MOMEHT BPEMEHH B CTAIlMOHAPHOM peXHME (PYHKIIMOHUPOBAHUS CHCTEMBI.

)

2. Merox tMHAMI4ecKOro npocenBanus. Y pasHenusi Koinmoroposa

s coctaBieHus: ypaBHeHUi KonMoropoBa, KOTOpbIE SIBISIOTCSI OCHOBHBIM MEXaHU3MOM HCCIICIOBAHUS
CIly4alfHBIX IMPOLIECCOB, HEOOXOANMO MPOBECTH TaK Ha3bIBAEMYIO MapKOBH3ALIMIO UCCIEayeMoro mpomecca i(?),
T.e. IpeoOpa3oBaTh €ro TakuM 00pa3oM, YTOOBI MOMYYEHHBIH B pe3yiapTaTe MpeoOpa3oBaHUi mporecc ObLT
MapkoBCKUM. CTaHIApTHBIM MHCTPYMEHTOM TaKOW MapKOBHM3aLHMH SBJISETCS METOJ IOMOJHUTEIBHBIX KOMIIO-
HeHT [9, 19, 20]. dns paccmaTpuBaeMoro mporiecca i(f) 3STUMHU JOMOHUTELHBIME KOMIIOHEHTaMHU OyIyT CO-
crostare m(t) uenu MapkoBa, ynpasisonied BxosmuM MAP-OoTokoM, 1 3HaYeHHs OCTATOYHOTO BPEMEHH
o0cmyXuBaHUA U KOKIOM 3asBKU, HAXOJSIIEHCs B CICTeME B MOMEHT £. Takum oOpa3oM, IoimydyaeM MHOTO-
MEpHBI MapKOBCKHI TpoLecC ¢ MEPEMEHHBIM YHCIOM KOMIIOHEHT.

[Ipsamoe uccnenoBanmue TAKOro Mpolecca He MPeCTaBIsAeTCs] BOSMOKHBIM BBHIY IEPEMEHHOTO M TIOTEH-
IUAIbHO HEOTPAaHWYEHHOTO KOJIMYECTBA €r0 KOMIIOHEHT. B CBsI3M ¢ 3TUM B HacTosmIed paboTe mpUMeEHsIeTCs
METO/ AMHAMHYECKOr0 MpocerBaHHs (MPOCEIHHOTO MOTOKa) [21], KOTOpBIK MO3BOJNSET PEUINTh YKa3aHHYIO
3agaqy. OCHOBHAs MAEs 3TOTO MOAXOHA 3aKII0Yaercss B TOM, YTOObI 3aMEHUTh MCCIIEIOBaHHE MHOTOMEPHOTO
mporecca ¢ TEepeMEHHBIM YHCIOM KOMIIOHEHT Ha HCCIeOBaHHE JABYMEPHOTO MapKOBCKOTO Mpolecca
{n(t), m(?)}, rae n(f) — cyrTAROIIUI TIPOIIECC TPOCETHHOTO MOTOKA, KOTOPBIH KOHCTPYUPYETCS CICIYIONUM 00-
pa3oM. 3adukcupyemM HEKOTOPBIH MOMEHT BpeMeHH 1. Byaem cumtath, 4TO 3asBKa, IOCTYNUBIIAsI B CHCTEMY B
MOMeHT BpemenH ¢ < T, ¢ BeposTHocThIO S(f) = 1 — B(T — t) hopMupyer coObITHE POCSSTHHOTO MOTOKA, a C Be-
positHOCTBIO 1 — S(f) 9Ta 3asiBKa He paccMatpuBaercs. Yepes n(f) 0003HAUNM YMCIIO COOBITHI POCESTHHOTO MO-
TOKa, HACTYIHUBIIMNX A0 MOMEHTa BpeMeHH f. Toraa, ecny B HadaldbHBIE MOMEHT BpeMeHH fy < T cucrema CBO-
0oxHa, oy4aeM, YTo JUII MOMEHTa BpeMeHH I MMEET MECTO PaBEHCTBO

PL(T) =k} =P{n(T) = k)}
st moObIX nenbix k> 0. Takum oOpazom, HalIs pacrpenelicHHe BepOATHOCTEH 3HaueHHWU mporecca n(f) B
MOMEHT BpEMEHHU ¢ U nonaras ¢ = 7, B CHJIy IPOU3BOJILHOCTH BhIOOpa 7' MOTYyYMM HCKOMOE CTAllMOHAPHOE pac-
MpeeneHue BeposiTHOCTEH mporecca i(%).

Hns pacnpenenenus BepositHoctedt P(n, m, £) = P{n(¢) = n, m(t) = m} 3Ha4eHUil MapKOBCKOro mporecca
{n(f), m(f)} MOXHO COCTaBUTH CIEAYIOLIYIO ciucTeMy AuddepeHransHbIX ypaBHeHuid Konmmoroposa:

M
%W -2 [P(.L0)(Dy),, + Plt)(Dy),, (1-S®)+P(r-1L)(D,),, SO ]
wis n>0, m=1,M . JAnst yacTHYHON XapaKTepUCTHYECKOH QYHKINUN
00 .
H(u,m,t)= Y e"" P(n,m,t),
n=0
rae j = V=1, ora cucrema MEpEenuIIeTCs B BUIE
M .
LS Y100, D) - S0+ D), 5004 )

[MpuBons nogobHBIe U ncnonb3ys oboznauenust D = Dy + Dy, H(u, 1) = {H(u, 1, t), ..., H(u, M, t)}, nony-

YiM MaTpuuHoe auddepeHnnanbHoe ypaBHEHHE
1 0H(u,?)

e H(OD + D, e ~1)5(0)] 3)
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C HaYaJIbHBIM YCJIOBHEM

H(u, t)) = 0. 4
Tak kak mpsAMoe perenne ypaBHeHus (3) He IpeACTaBIsAeTCS BO3MOXKHBIM, Ui pemenus 3aaaqn (3)—(4) Boc-
MOJIB3YEMCSI METOIOM aCHMIITOTHYECKOro aHanu3a [21] B ycIoBuHM pacTyuield HHTEHCHBHOCTH BXOAALIETO I0-
TOKa, T.€. Ipu N — oo,

3. ACHMIITOTHYECKHI aHAJIN3

3.1. Acumnmomuka nepeozo nopsaoKa

Beimonaum B BelpaskeHusX (3)—(4) ciaenyromme 3aMeHbl:

—=¢, u=gw, H(@u,t)=F(wte).

N
Tornaa 3anava (3)—(4) npumer BUA
6F ,t, jew
sl(+‘°') _F(w.re)D+ D, (e —1)s(0)]. )
Fi(w, ty, €) = 0. (6)
OtHocuTenpHO acumnrorudeckoro pemenus F,(w,t) = lingFl(w, t,€) STOM 3aJaul MMEET MECTO CIIEAYIOIIee
yTBEpKACHHE.
Teopema 1. AcumnroTnueckoe pemienne 3agauu (5)—(6) uMeer Bug

F,(w,t) = Oexp{jwkjS(t)dt} , @)
f
rze 0 u A onpenenstoTcst BepaxeHusmu (2) u (1) coOoTBETCTBEHHO.
/Jloxazamenscmeo BBHIIONHUM B JIBa dTama.
Ortan 1. [lonoxum B (5) € — 0, noxydum
F\(w, D = 0.
CpaBHHBasi 3TO PaBEHCTBO C NIEPBBIM ypaBHEHUEM (2), MOXKEM clenaTh BeiBOA, 4To Fi(w,f) Moxer ObITh mpen-
CTaBJIcHa B BHUJIE
F\(w, t) = 0D(w, ?), (8)
rae O,(w, f) — HekoTopas ckasipHas GpyHKUMA, B cuity (6) yaosierBopstomas yciaosuio @y (w, ) = 1.

Ortan 2. lomHOXuM (5) Ha BEKTOp €, oACTaBUM (8), TIOIENIUM pe3yabTaT Ha € U BBIIOIHUM MpeeTbHbBII
nepexon € — 0. Torma c yaerom toro, uto De = 0 u Oe = 1, monyunm auddepennuansHoe ypaBHEHHE OTHOCH-
TenbHO pyHKUnU D1(W, £)

0D, (w,1)
ot
pelIeHre KOTOPOro ¢ YU4eTOM Ha4aJbHOTO YCIOBUS AaeT

D, (w,t)= exp{jwkjS(t)dr} .

fy

=, (w,1) WAS(0),

[loncrasmnsst nanHoe Beipaskenue B (8), monydaem (7). Teopema gokazaHa.

3.2. Acumnmomuka 6mopozo nopsaoka

O603naunm yepe3 H,(u, £) MHOTOMEPHYIO (QYHKIIHIO, YIOBIETBOPSIOLIYIO BHIPAKEHUIO

H(u,t)=H, (u,t) exp{juNkjS(t)dr} . C)

fy

Ioncramsst 5To Beipaxkenue B (3)—(4), moayduM cienyromyo 3agady Komm:

1 OH, (u,t , g
Wzif(tulﬂz(u,t)wm(t)=Hz(“vf)[D+D1(ej _I)S(t)]’ (10)
Hz(u,to)=9~
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Bemonaum B (10) cnemyromme 3aMeHbI:
—=¢°, u=¢ew, H,u,t)=F,(wte). (11)

C ucnons3oBanueM 3Tux obo3Hauennii (10) mepenuiuercs B Buae

¢ w +Fy (w1,) jewAS () = F> (w,1,6)[D + Dy (7 ~1)5(1)].

Fz(W,to,S) =0.

OtHocurenbHO acumnroruueckoro pemenus F,(w,t)= lin[(l)F2 (w,t,€) 2TOH 3amauM UMEET MECTO CIIeAyIomIee
e

(12)

YTBEpXKACHUE.
Teopema 2. AcuMmntoTHueckoe pemieHue 3agauu (12) umeer Bug
F,(w,t) = Oexp{( 2) {kjS(t)dr + K_[S (r)dr}} (13)
t t

rae

Kk =2g(D; — ADe, (14)
a BEKTOP-CTPOKa g YAOBJIETBOPSAET TMHEHHOMY MaTPUYHOMY ypaBHEHHIO

gD = 6(A1 - D), (15)

3neck I — enuHuyHas Matpuna.
Jlokazamenbcmeo 3ToN TeOPEMBI BBITIOTHUM B TPH dTara.
Oran 1. B (12) BeImonHuM npeaeabHbIN niepexoa € — 0, MoIydnuM CIEAYIONIYI0 CUCTEMY YpaBHEHHUI:

F,(w,t)D =0,
{Fz (w,ty)=0.
Otcrona ¢ yuerom (2) cienyer, uro F,(w, £) MOXXHO 3amucaTh B BHJIE
Fo(w, t) = 0D,(w, 1), (16)
rrae O,(w, f) — HeKoTopas ckanspHas QpyHKUHA, yAoBIeTBOpsIomas yciaosuio O,(w, 1) = 1.
Oran 2. C yuerom (16) pynkuuro Fr(w, ¢, €) npenctaBuM B BUJE pa3ioKeHUs

F,(w,0,e) =D, (w,)[0 + g+ jewS(1)]+ O(?), (17)
rJe g — HeKOTopask BEKTOp-cTpoka, a O(e”) — BEKTOP-CTPOKA, COCTOAMAS M3 BEIMUMH MOPAAKA MAJIOCTH & H
soime. [Toxcrasum (17) u pasnoxenne € = 1 + jew +O(g”) B mepByio ctpoky (12), moayanm

0 jewAdS()=0D + 0D, - jewS(t) + gD - jewS(t) + O(e?).
Beimonuss B 3TOM paBeHCTBE NpeAeibHbIN nepexoa € — 0, morydyaeM MaTpUYHOE YpaBHEHHE OTHOCHTEIBHO
BEKTOpa g
gD =0(Al - D)),
Kotopoe cosnazaer ¢ (15).
Ortan 3. YMHOXas obe yactu ypasHeHus (12) Ha BekTop e, ucnonb3ys (17) u pasnoxkenue

el = 1+sz+(]2) +0(%), (18)

B pe3yJbTaTe HECTOXKHBIX NMpeodpa3oBaHuii ¢ yueroM obo3zHaueHus (14) momydaem cienyrouiee nudepeHun-
aNbHOE YpaBHEHUE OTHOCUTENBHO pyHKIMU D,(W, £):

%:@2( t){( w) [kS(t)+KS (f)]}

Pemenne aToro ypaBHeHus Ipu UMeEOLEeMcsl HadanbHOM ycnoBun Do(w, fy) = 1 maer BeIpakeHne

D, (w,1) —exp{( 2) |:7\4_[S(T)d’t+ K[S (T)d’t:|}

fy fy

noacrasisist koropoe B (16), momydaem (13). Teopema nokasana.
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3.3. I'ayccosckan annpoxcumayus cmayuonapuozo pacnpeoesieHus
6epossmHOCmel YUCNa 3aA80K 6 cucmeme

Beimonuus B Beipaxenuu (13) 3amensl, oopatusie K (11) u (9), monmyuum cienyromiee BhIpaKeHHE IS
JacTUUHOU XapakTepuctuueckod ¢ynkunn H(u, ) uncna coObITHH, HACTYNHMBIIMX B MPOCEIHHOM MOTOKE 10
MOMECHTA BPECMCHU .

fy fy fy

! o\ ! !
. u
H(u,t)= Oexp{]uNMS(t)dt + %{Nk]S(t)dr + NK_[SZ(T)d’C:|} )
VMHOXHM 00€ 9aCTH 3TOro PaBeHCTBa Ha €. Torja, Bo3Bpamasch K HCXOIHOMY MCCIENyeMOMY mporeccy i(?)
4uCiIa 3aSBOK B CHCTEME, MOACTaBUM ¢ = T, a B KAYECTBE HAYaJLHOrO MOMEHTA (KOra CUCTEMa CBOOOIHA) BbI-
OepeM #) = —o0, MONYYUM CIIEAYIOIIEE BEIPAKEHHE JUIS XapaKTEPUCTUUECKOM QYHKIMHU /(1) umcna 3a9BOK B CH-

CTEMC B CTAITMOHAPHOM PCIKHUME!

. \2
h(u) = exp{ JuNAb + %[Nw + NKB]}, (19)

rae b= j(l - B(t))dt ecTh cpenHee BpeMs 00cTyXuBaHus, a f = j(l - B(t))2 dt.
0 0

Takum o0pa3om, cTaMOHAPHOE pacHpeaeieHue yncia 3asaBok B cucreme MAP/GI/oo sBisiercst acummnTo-
TUYECKH TayCCOBCKUM C MAaTEMAaTHUYECKUM oxkunanueM NAb u aucnepcueii [NAb + Nkf].

3.4. Acumnmomuxa mpempezo nopaoka

[Ipumenenue rayccoBckoil anmpokcumanuu (19) mocraroyHo ynoOHO, 0HAKO, Kak OyIer Mmoka3aHo B
1. 4, JOMyCTUMAs TMOTPEIIHOCTh JocTHraercs npu oonpmmx 3HadeHus1x N (30 u Gonbiue). s MeHpmux 3Ha-
YeHUIl WHTCHCHBHOCTH BXOJIIEr0 MOTOKa MOXKHO MOJYYHTH Oojiee TOYHYIO ammpOKCHMAIWIO, HUCIONb3Ys
ACHMIITOTHKY TPETHEro MOpsAKa.

Urak, BBenem ¢pynkiuio Hj(u, f), yIOBIETBOPSIONIYIO BEIPAKEHHIO

0 )2 ¢ ¢
H, (u,1) = Hy (1,0) exp{%{wsmdr + NKJS%)drH , 0)

nonctasum (20) B (10), momyunm crexyronryro 3anady Komu:

. \2
%% + H3(u,t){ JuAS(E) + %[xsa) ; KSZ(t)]} —H, .0+ D, (e ~1)50)]

H3 (u,to) =0.

B (21) BbImOAHUM 3aMEHBI

21

—=¢, u=gw, H;u,t)=Fwtze),

MMOoJIy4umM
3 OBy (w,1,8)
ot
F3(W,t0,8) =0.

L, (w,,8)) jewhS M[ 2t = [ (e ~1)seo]
Oonte jowt S + L2 RSO) + k8P O] =Fs (oD + Dyl -1)s0)) )

O6oznaunm F;(w,t) =1imF;(w,t,€) . Torma umeer MecTo cieyromas Teopema.
g0

Teopema 3. Acumnroruueckoe pemenue F, (w,t) 3agaun (22) umeer Bug

AN t t
Fs (w,1) = eexp{%{x [S(t)dt +3k[S*(D)dr + ]S> (t)dt}} , (23)

fy fy fy

rae
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u = 6g,(D; — Al)e — 3xg, (24)
g onpenensiercs BeipakeHueM (15), a BEKTOp-cTpoKa g, YIOBJIECTBOPSET INHESHHOMY MaTPUYHOMY YPaBHEHUIO

g,D =9K§—7J1 —Dl} +Ag. (25)

/Jlokazamenscmeo 3Toli TEOpEMBI BBITTOIIHUM B TPH 3Tara.
Ortan 1. Bemonnum B (22) npenenbHblil nepexon € — 0, morydum

F3 (W,to) =0.

Otcrona ¢ yuerom (2) nemaem BoIBoj, 4TO F3(w, £) MOXKHO TIPEACTaBUTE B BUJIC
Fs(w, t) = 0D;(w, 1), (20)
rae Os(w, f) — HeKoTopas CKalsipHas QyHKIIHSL
Otan 2. Pemenne 3anaun (22) 6yaem UcKaTh B BUAC PA3TOKCHHS

F;(w,4,€) = O3 (w, t){mgl JSWS(t)+(g1+2g2)( 2) S (r)}om 27)

rze g U g — HEKOTophle BeKTop-cTpoku. [loacraBum pasznoxenus (27) u (18) B (22). Ilocne HeCHOXKHBIX Mpe-
00pa3oBaHuii IOJTy4yaeM paBEHCTBO

jewAS (1) + L (ew)® ) AS()0 + (jew)’ S (t){ 0+ kgl} -
(28)
(JSW)2 2 o2 2
= jewS(1)[6D, + g, D]+ S(2)[6D, + g, D]+ (jew) S (1)[g,D, +g,D]+ O(e?).
[TpupaBHUBas BeIpaXKE€HUs [IPU OJMHAKOBBIX CTEIEHSX €, OIy4daeM, Bo-1iepBbiX, AO=0D, + g D, orkyna cie-
nyer gD = 0(7»1 - Dl), gro coBnagaeT ¢ (15). C yueToMm 3TOro BTOphIE Ci1aracMbie JIEBOW U MpaBoi dacteil (28)
YHHYTOXKAIOTCSI, U MBI IIOJTy4aeM paBEHCTBO
§9+kg=gD1 +g,D,

OTKyJia cIenyeT BeIpaxkeHue (25).
Oran 3. YMHOXHM KakIyl0 YacTh (22) Ha e, TOrAa C WCIOIB30BaHUEM O0O3HAYCHUS
flw, t, &) = F3(w, ¢, €)e monydaem

. 2
E W N f(w,t,s){ JEWAS(1) + %[m(t) ; KSZ(t)]} = fw.t.e)Diele™ ~1)5(0),

F(w,ty,e)=1.

Iloncrasmsst cioga (27) u pa3iioxenue

e =1+ jew+

(jS;V)Z + (jSW)3 + 0(84) ,
rnojaydyacm

83%+ D, (w, t){l + ge{]sw+ (] 5 ) }S(t) + gze(]sw) S (t)H {]8W+ (J 5 ) }S(t) +— (]sw)zSz(t)} =

) N2 W3
= Dy (w, t){9+g{ jew+ (ew 2) }S(t)+g2(]8w) S (t)}l) e{ jew+ (18;”) + (186””) }S(t)+0(s4).

[locne necnoxHbIx npeodpazoBanuii ¢ yuerom (15), (25), (14) u ¢ ucnonszoBanuem obo3HadeHus (24) nory-
yaeMm nu¢depeHunaIbHoe ypaBHEHHE OTHOCUTENbHO Hen3BecTHOM pyHKumu @s(w, )
0D, (w, t)

p t){( w) [xS(t)+3KS (t)+uS3(t)]}
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peleHre KOTOPOro MpH UMEIoIeMcsl HadainbHoM ycinoBuu Os(w, ty) = 1 maer

@, (w,1) =exp ( ) MS(t)dt + 3K_[S (tdr + ujS (t)drx
6 f ) )
[loacramsst 5To BeIpakeHue B (26), momyyaeM (23). Teopema nokaszana.
Henast oOpaTHbIe 3aMEHBI M aHAJIIOTHYHO 1. 3.3 BO3BpAILasCh K XapaKTEPUCTHUYECKON (PYHKIMH YUCIa 3a-
SIBOK B CHCTEME B CTAIl[HOHAPHOM PEKUME, TOTyUHM

h(u) = exp ]uNXb+( ju)’ [NAb + N+ (6) [NAb +3Nkp + Nuy] (29)

rae y = Ojo(l - B(t))3 dt
0

K coxanenuto, monp3oBatbes anmpokcuManuer (29) e tak yno0Ho, kak rayccoBckoi (19) (anst momy-
YeHUs psda pacrpeneleHus MPUAETCs BBIMOIHUTH oOpaTHOe IpeodpazoBanne Dypbe OT ATOro BBIPa)KEHHS),
OIHAaKO, KaK OyJeT MOoKa3aHO HWXKe, BeIpaxkeHue (29) obecrneunBaeT MEHBIIYIO MOTPEIIHOCTE U OoNee IUpo-
KyI0 001acTh IPUMEHUMOCTH aCUMITOTHYECKHUX PE3YIbTATOB.

4. YncneHnble pe3yJbTaThl

JeMoHcTpanuio TouHocTH annpokcumanuii (19) u (29) npoBeaem Ha KOHKPETHOM YHCICHHOM MPHUMeEpE.
[Tycts Bxopsammit MAP-nioTok 3anan npeacrasineauem (NDy, NDy), rie

-6,50 0,50 0,97 5,00 0,00 0,03
D,=| 036 -190 096, D;=|0,04 0,50 0,04].
0,19 054 -0.85 0,01 0,06 0,05

Bpems oOciykuBaHusi IMEET TaMMa-pacipe/ielieHue ¢ mapaMeTpaMu Maciiurada u ¢popmsl, papaeivu 0,5. [lpu-
MEp COCTaBJEH TaKUM 00pa3oM, 4TO MapaMmeTp A MPUONIM3HTENBHO paBeH 1, cpeqHee BpeMs OOCITYKHBaHHS
TaKKe paBHO 1, U, TAaKUM 00pa30M, HHTEHCHBHOCTh BXOJSINEIO ITOTOKA MPEBBINIACT HHTECHCUBHOCTh 00CTYXH-
BaHus B N pas.

0,5 0,15
04
0,1 1
0,3
0,2
0,05 1
0,1
0 | | 0 ; ‘
0 1 2 3 4 0 2 4 6 8 10 12 14 16
0,1
N=30
0,04
0,05
0,02
0 0 o | 3
10 20 30 40 50

Puc. 1. CpaBHEeHHE 3aKOHOB PACIIPEEICHIS BEPOITHOCTEH TS IMIIMPUIECKOTO PacIipeAeIeHHs (CINTONIHAS JIHHIA),
rayCCOBCKOH amIpOKCUMAIH (ITyHKTHPHAS JIMHUS) U allIPOKCHUMAIUH TPETHETO HOpsiIKa (TOUedHAsT JIHUS)
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Ha puc. 1 npeacrasiiens! rpaduKi 3aKOHOB pacHpeneieHus] BEpOATHOCTEH IS SMIIMPUIECKOT0 pacipe-
JIeTICHUs, COCTABJIEHHOI'O Ha OCHOBE Pe3yJIbTaTOB MMHUTALMOHHOIO MOJCIUPOBAHMUs, U paclpeneieHnui, momy-
YeHHBIX Ha ocHOBe annpokcumanuii (19) u (29). M3 rpadukoB BUAHO, YTO MPH JOCTATOYHO OONBIINX 3HAYECHHU-
ax N (N > 10) pacnipenenenne no ¢opme O1M3K0 K HOpMaJIbHOMY.

JUig 4uCIOBOM OLIEHKM TOYHOCTH alllpOKCHMalMi BocIonb3yeMmcs paccrosHueM Kommoroposa [22].
B Tabnuue npuBenensl 3HaueHus pacctosausa KonmMoroposa ans paziuyHbIX 3HaueHHH BenmnyuHbl N. Eciu B
KayecTBe JOIMyCTUMON MOTPEIIHOCTH BBIOpaTh paccrosHue Konmoroposa, pasnoe 0,03, To 13 TaONULBI BUIHO,
YTO TPEThSl ACUMITOTHKA AaeT JOCTaTOYHO TOUHYIO alpoKCHMaluio yxxe nmpu N = 10, B To Bpems Kak rayc-
COBCKasl anmpoKCHUMaIus JaeT TaKylo K€ TOUHOCTh TONbKO mpu N = 30.

Paccrosinne KoiMoropoBa Meskay SMIMPUYECKHM pacrpeaesieHHEM H aIPOKCUMALUSIMU BTOPOT 0
M TPEThero MopsaKa AJjisl pa3JuYHbIX 3HAYEHHIi HHTEHCHBHOCTH BXOISIIEr0 NOTOKa N

Paccrostane Konmoroposa
VIHTEeHCHUBHOCTB BXOJAIIET0 MOTOKa N JUISL QIITPOKCUMALIAH JUISL QIITPOKCUMALIAH
BTOPOTO MOpPSIAKaA (TayCCOBCKO¥) TPETHEro MopsIKa
0,242 0,186
5 0,099 0,048
10 0,060 0,027
30 0,029 0,013
100 0,017 0,007
3aki0uenune

B pabote mpencraBieHo uccieaoBaHle CHCTEMbI MaCCOBOT'0 OOCITYKUBaHHsI ¢ HEOTPaHUYEHHBIM YHCIIOM
npubopoB, BxoasammuM MAP-IOTOKOM ¥ IPOHU3BONBHBIM paclpenciieHneM BpeMeHu obciyxkuBanus. Vccaeno-
BaHUE BBIIIOJHEHO B aCUMITOTHYECKOM YCJIOBMH pacTylledl MHTEHCHBHOCTH BXOAAIIEro mortoka. IlokazaHo,
YTO JUISL JOCTAaTOYHO OOJNBIIMX 3HAUYEHHH mapamerpa N MHTEHCHBHOCTH BXOISIIEr0 MOTOKA CTallMOHApHOE
pacrmpenenenre BeposSTHOCTEH Yrcia 3as8BOK B CUCTEME alllIPOKCUMHUPYETCS TayCCOBCKUM (HOPMaJbHBIM) pac-
MpeAeieHrueM, mapaMeTpbl KOTOPOro MoiydeHbl B pabore. s MOBBIMIEHHS CTENEHH TOYHOCTH BBIMOJIHEH
ACHMIITOTHYECKUI aHANN3 TPETHEro MopsiaKa U MOMyYeHbl apaMeTphl alllPOKCUMAIIMU TPETHErO MOPsAKa IS
CTallMOHAPHOIO pacHpenelieHus BEpOsTHOCTEH Yuciia 3asBOK B CHCTEME.

YucnoBble MpUMEPHI MTOKA3BIBAIOT, YTO TayCCOBCKAsl allPOKCUMAIUS JaeT JOCTATOYHO Majylo MOrper-
HocTh Tipu N > 30, toe N — mapamerp, ONpeaeisionfii, BO CKOIBKO pa3 HHTEHCHBHOCTh BXOMALIEIO MOTOKA
MPEBBIIIACT HHTEHCUBHOCTh OOCITY:KHBaHUS. ANMPOKCUMALKS TPETHEro MOpsIKa paclupsieT 00JacTe IpuMe-
HUMOCTHU A0 3HauyeHud N > 10, 4TO CyIIECTBEHHO yBEIMUYMBAET TOUHOCTH MOJIYYEHHBIX pe3yabTaToB. OAHAKO
MIPH KCIIOJIb30BaHUH MOTYYEHHBIX B paboTe anmpoKCUMAMOHHBIX (GOPMYJI ClIeqyeT YYUTHIBaTh, YTO rayCCOB-
CKasl ammpoKcuManus Oojiee mMpocTa B MpUMEHEHWH. TakuMm obpazom, nipu N > 30 1enecoodpa3HO UCTIONb30-
BaTh Oosiee yAOOHYIO TayCCOBCKYIO alMpOKCUMAIHIO, a ISl MEHBIINX 3Ha4eHUH N ClienyeT BOCIONb30BAThCS
anmnpoOKCUMAaNKel TPEThero MopsIKa.

PegynbTathl MOTyT OBITH HCIOJB30BAHBI IS aHAM3a CHUCTEM MaccOBOTO OOCTY)KMBaHUSI BUAA
MAP/Gl/0, a MeToarKa ucciie1oBaHusI — AJIs1 BBIIOJHEHHS HCCIEAOBAaHUS MHOTO()a3HbIX CUCTEM H CEeTel Mac-
COBOT'O OOCITYXHBaHHS C BXOASIINM BHICOKOMHTEHCHUBHBIM M AP-110TOKOM.

JIUTEPATYPA

1. I'paues B.B., Moucees A.H., Hazapog A.A., Amnonsckuii B.3. MHoroga3Has MOZEIIb MacCOBOTO OOCITYXMBaHHUS CHCTEMBI pacIperie-
neHHoi 06paboTku maHHEIX // Jlokmager TYCYP. 2012. Ne 2(26), 4. 2. C. 248-251.

2. Mamanviyxuii M.A., Cmamxesuy C.O. HM-ceTn kak HOBBIE CTOXAaCTHUECKUE MOJEIH IIPOrHO3UPOBAHKS JOXOI0B PA3JIMIHBIX 00BEK-
toB // Bectruk I'pI'Y. Cep. 5. Oxonomuka. 2009. Ne 1. C. 107-115.

3. lapartiuuna U.P. ViccienoBaHne MaTeMaTHYECKHX MOJEIEH TPOIECCOB TOCYAAPCTBEHHOTO NMEHCHOHHOTO CTPAXOBAaHHSA : JIUC. ...
kaHz. ¢us.-mart. Hayk. Tomck : TI'Y, 2005. 148 c.

4. I'acnuxos A.B. u Op. BBenieHne B MaTeMaTHIECKOE MOJECTHPOBAHIE TPAHCIIOPTHBIX ITOTOKOB : yueb. mocodue / mox pen. A.B. 'acau-
koBa. M. : M®TH, 2010. 362 c.

63



5. Heyman D.P., Lucantoni D. Modelling multiple IP traffic streams with rate limits / IEEE/ACM Trans. on Networking. 2003. V. 11,
No. 6. P. 948-958.

6. Neuts M.F. A versatile Markovian arrival process // J. of Appl. Prob. 1979. V. 16. P. 764-779.

7. Lucantoni D.M. New results on the single server queue with a batch Markovian arrival process // Stochastic Models. 1991. V. 7.
P. 1-4e.

8. Breuer L., Baum D. An introduction to queueing theory and matrix-analytic methods. Springer, 2005. 271 p.

9. Kendall D.G. Stochastic processes occurring in the theory of queues and their analysis by the method of the imbedded Markov chains
// Ann. Math. Statist. 1953. V. 24(3). P. 338-354.

10. Whitt W. On the heavy-traffic limit theorem for GI/G/oo queues // J. Adv. Appl. Prob. 1982. V. 14. P. 171-190.

11. Kingman J.F.C. On queues in heavy traffic // J. of the Royal Statistical Society. 1962. Series B 24(2). P. 383-392.

12. Iglehart D.L., Whitt W. Multiple channel queues in heavy traffic / Adv. Appl. Prob. 1970. V. 2. P. 150-172.

13. Iglehart D.L. Limit diffusion approximations for the many server queue and the repairman problem // J. of Appl. Prob. 1965. V. 2.
P. 429-441.

14. Boposxos A.A. O mpenenbHBIX 3aKOHaX Ul IPOLECCOB OOCITYXHMBAaHMS B MHOTOKaHAIBHBIX cucTeMax // CuOupckuil MmaremaTude-
ckuit sxypHai. 1967. T. 8, Ne 5. C. 983-1004.

15. l'opbamenxo A.E., Haszapos A.A. Viccnenosanne MAP-oToka B yclnoBUsIX pacTymieil mHTeHCHBHOCTH // BectHrk Tomckoro rocy-
JTapCTBEHHOTO YHUBEPCHUTETA. Y IPaBJICHNUE, BEUUCIUTENbHAS TeXHUKa 1 nHpopMmaruka. 2008. Ne 3(4). C. 66-70.

16. Jlonyxosa C.B. UccnenoBanne MMP-1oToka acCHMIITOTHYIECKHM METOOM m-T0 nopsiaka // Bectauk ToMcKoro rocyaapcTBEHHOTO
YHUBEpCUTETa. YIIpaBJICHHE, BEIYUCINTENbHAS TeXHIKA U nHpopMmaruka. 2008. Ne 3(4). C. 71-76.

17. Hazapos A.A., Cemenosa U.A. UccnenoBanmne cucrembl MMP|Gljoo MmeTomoMm npocesaHHOro moroka // Becrauk Tomckoro rocynap-
CTBEHHOT'O YHUBEPCHUTETA. YTIPABJICHNE, BRIYUCIUTEIbHAS TeXHUKA 1 HH(popMarnka. 2011. Ne 4(17). C. 74-84.

18. Moucees A.H., Hazapoe A.A. UccnenoBanne cucremsl MaccoBoro oocmyxuBannst HIGIGljoo // Bectaux ToMckoro rocymapcTBen-
HOTO YHUBEPCHUTETA. Y IpaBICHHUE, BEUUCIUTENIbHAS TeXHIKA 1 HHpopMmatuka. 2013. Ne 2(23). C. 75-83.

19. Cox D.R. The analysis of non-Markovian stochastic processes by the inclusion of supplementary variables / Proc. Camb. Phil. Soc.
1955. V. 51. P. 433-441.

20. Henderson W. Alternative approaches to the analysis of M/G/1 and G/M/1 queue // J. Oper. Res. Soc. Japan. 1972. V. 15. P. 92-101.

21. Hazapog A.A., Mouceesa C.II. MeTox acHMITOTHYECKOTO aHAIN3a B TEOPHH MaccoBoro obcmyxmBanms. Tomck : M3n-so HTJI,
2006. 112 c.

22. Poikog B.B., Umxun B.}FO. MaremaTtn4eckasl CTaTUCTHKA W TUIAHHUPOBaHHE dKCIepuUMeHTa : y4eO. mocodme. M. : MAKC Ilpecc,
2010. 308 c.

Moucees Anexcanop Hukonaeguu, xauz. TexH. HayK, foneHT. E-mail: moiseev.tsu@gmail.com
Tomckuii ToCy1apCTBECHHBIM YHUBEPCUTET
INocrynmna B pemakmuio 20 anpens 2015 1.

Moiseev Alexander N. (Tomsk State University, Russian Federation).
Asymptotic analysis of queueing system MAP/GI/ with high-rate arrivals
Keywords: queueing system; Markovian arrival process; infinite-server system; asymptotic analysis.

DOI 10.17223/19988605/32/6

In the paper, the infinite-server queueing system with the Markovian arrival process and with the general form of service time distri-
bution is considered. The analysis is performed under the asymptotic condition of arrivals’ rate infinite growth. The high intensive Mar-
kovian arrival process is defined by representation (NDy, ND,), where N is the scalar that characterizes the high rate of arrivals. Let Dy
and D, be square matrices. A rate of the arrivals is equal to NA. Here A = 0D;e, 0 is a row vector of stationary probability distribution of
the embedded Markov chain of the MAP, e is the column vector with entries all equal to 1. The service time for each customer is a ran-
dom variable with the cumulative distribution function B(?).

The approximations of the 2™ and 3™ orders for the characteristic function of number of customers in the stationary regime are ob-
tained. The approximation of the second order is the Gaussian distribution with mean NAb and variance [NAb + Nxf]. Here

o0 o0
b= J(l - B(t))dt is the average service time, 3 = j(l - B(t))2 dt , x is defined by the expression k =2g(D, —Al)e, and the row
0 0

vector g satisfies the linear matrix equation gD = O(AI — D;), where D = D, + D; and I is the identity matrix.
The approximation of the third order is equal to

. \2 . \3
h(u) = exp] juNLb + %[Nkb + Nxp|+ %[Nkb +3NkB+ Nuylt,

o0
where j=+—-1,y=] (1 — B(t ))3 dt , u=6g,(D, — M)e — 3kg, the row vector g, satisfies the following linear matrix equation
0
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gzDzﬂ{[g—le—Dl}+kg.

The numerical analysis of the applicability of the obtained asymptotic results is also performed. It is shown that the asymptotic

approximation of the second order (Gaussian approximation) provides enough accuracy when the arrivals rate is greater than rate of the
servicing by 30 times or more (N> 30). On other hand, the third order approximation provides the similar accuracy for values N> 10.
Therefore, it is reasonable to use the obtained Gaussian approximation as a more comfortable form for usage when N > 30, and we need
take the approximation of the third order when a value of the parameter N is less than 30.
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TOYHBIE 1 ACUMIITOTUYECKHUE 3HAKOBBIE TECTBI JJISI TAPAMETPOB
HEJIUHEMHOM KBAHTWJIBHOM PEIT'PECCHUU C MAPKOBCKUMMU IIYMAMM

OIHUM W3 TIPUBJICKATEIBHBIX CBOMCTB 3HAKOBBIX CTATUCTHYCCKUX MPOIEIYpP SIBISETCS BOZMOKHOCTH CTPOUTH TOYHBIC
TECTHI TS IPOBEPKH MPOCTHIX THIIOTE3 O MapaMeTpax PErpecCHOHHBIX Monenel. B maHHO# pabore 3TOT moaxox pac-
MPOCTPAHSETCS HA CTydail HeJIMHEHHON MOJIENIU C 3aBUCUMBIMU IIyMaMU. PaccMaTpuBaeTcst MOZieNib MHOT OKBAHTHIBHOM
perpeccuy, 4To MO3BOISET COBMECTHO MPOBEPSITH TMIIOTE3bI KaK O MapaMeTpax Perpeccud, Tak U O ImapaMeTpax mac-
mraba myma.

KuroueBrble cj10Ba: 3HAKOBbIE CTAaTUCTUUYECKUE MPOLIEAYPbI; HEIMHEHHAs perpeccus; KBaHTHIIbHAs perpeccust; MapkoB-
CKUH Ipoliecc; MPOBEpKa MPOCTHIX TUIIOTE3; TOUHBIE TECTHI.

3HaKOBBIE CTATHUCTUYECKHE MPOLEAYPHI MO3BOMAIOT CTPOUTH TECTHI IS MPOBEPKH MPOCTBIX THUIIOTE3 O
napamMerpax JIMHEWHBIX MOJeNed B HemapaMeTpUIecKOd MOCTaHOBKE 3a/laud. DTO OOBSCHSETCS TEM, YTO MPH
TUIIOTE3E pacHpeesieHIe 3HaKOB HEBA30K U3BECTHO, IOATOMY TaKHE TECTHI MMO3BOMISIIOT TOUHO KOHTPOJIMPOBATH
YpOBEHb 3HAUMMOCTH. 3HAKOBbIE METO/bI CHavajla ObUTM pa3paOOoTaHbl IJisi MeIaHHOW perpeccuu [1], T.e. mis
YacTHOTO CiIy4as KBaHTHJIBHOM perpeccud, A KOTOPOW HAMHOTO paHblie ObLIM pa3BUTHI METOABI, OCHOBAaH-
HbIe HA MUHIMHM3aLIH B3BELICHHBIX MOAYJIEH HEBSA30K (CM. OCHOBOMoJaraiolyo padory [2]). B wactHocTH, Ha
OCHOBE METOJa HaMMEHBIINX MOIyjel B [3] ObUIM NpeAnoKeHbl METOABl aHANN3a CHMMETPHUYHON JBYXKBaH-
TUIBHOU perpeccun. IlozaHee ObUTH TpenIoKeHbl 3HAKOBBIE MPOLENYPHI U1l KBaHTHIBHOM perpeccud [4, 5], B
TOM YHCIIE AJI 3aBUCUMBIX ITYMOB [6].

B nmannoit pabote paccMaTpuBaercs psii 0000IIeHHI 3HAKOBOTO TOAX04a K MPOBEPKE MPOCTHIX THIOTE3
JUIA TTapaMeTpoB KBAaHTUIILHOM perpeccuu. Bo-nepBrIX, MBI paccMaTpUBaeM Cily4ail HEMMHEHHON Monenu. Bo-
BTOPBIX, pACCMAaTPUBAETCd MHOIOKBAHTHIIbHAS PErpeccus, OITOMY OT 3HAKOB HEBA30K MBI NEPEXOJUM K HH-
JUKaTopaM MX IONaJaHus B MEKKBaHTUIIBHBIE HHTEPBAJIBL, KaK 3TO Mpeiaraercs B [7]. B-Tperbux, paccMart-
pHUBAIOTCSl 3aBHCHUMBIE HAONIONEHUs, KOTAa OMIMOKH 00pa3yloT CTalMOHapHBI MapKoBCKuil mpomecc ¢ Auc-
KpPETHBIM BPEMEHEM.

PaccMoTpenne MeTooB POBEPKU MPOCTHIX THIOTE3 SBISETCSA MEPBBIM IIaroM JUIsl TOCTPOEHUS MpolLie-
Iyp OLIEHMBaHHA MapaMeTpOB HA OCHOBE MOAXO0Ja, KOTOPBIM, KaK MPUHITO CYMTATh, BIEPBBIC OBLIT HCHONB30-
BaH B cTaThe [8], a Taxke AJs MOCTPOCHHSI IPOLEAYP MPOBEPKH JIMHEWHBIX TUIIOTE3, KOTOpBIE Oojiee MHTepec-
HBI JUISI TPAaKTHUUECKUX MPHUIIOKEHUM.

1. ITocTanoBKAa 3aga4uu

PaccMoTpuM HENMUHEIHYO MOJIENb PErPECCHHU C 3aBUCHMbBIMU CTy4allHBIMHU OIIMOKaMU BHUA
ytzgt(e)+8t’ t=l,_n, (H
rie g, (0) — samaHHas mnpu KaxAOM ¢ HenpepeiBHO juddepeHimpyemas (QyHKIMS OT I1apaMeTpoB
0= (91,...,9T)' eR’. Cayuaitubie oTKIOHCHMS g, 00pasyloT cTanuoHapHbIi MapkoBckuii npouecc (r —1)-ro
nopsiaka. OxHoMepHble GyHKIMH pacrpeneneHus P{e, < x} HeM3BeCTHBI M He 00s3aTENBHO COBIAJAIOT IPU
PAa3HBIX £, HO UMECIOT HECKOJIBKO COBITAIAOIIMX KBAHTHJICH 3aJaHHBIX YPOBHEH.
IToppoOHee: mycTh KOHEUHBIH HAOOp CMEXHBIX UHTEPBATIOB C, ( u),...,C % ( u) obpasyer pazouenue R',
OpH 3TOM P{s, eCy (u)} =pe, k =1,K, Ille BEpOSTHOCTH py 3aiaHbl. [lapaMeTpbl jl ONpeleNsioT MaciTad

OJHOMCPHOI'O pacrnpeaciICHrd IIYMOB, TaK KaK BJIMAIOT HAa IMHMPUHY MCKKBAHTUIILHBIX WHTCPBAJIOB. FpaHI/ILlBI
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unTepBanos C, (u)=<ck_1 (u), C (u)> (yrioBasi ckoOka MOXKET O3HAa4yaTh JIMOO OTKPBITYIO, TUOO 3aKPBITYIO
TpaHUIly) 3aBUCAT OT HEU3BECTHBIX I1apaMETPOB | JHUHEHHO c; ( u) =a, +d k n, k=1,K-1, c, (u) =—00,

Cx (u)=+oo. I[lpu »sTOM a4y W d; 3amaHpl, a JOMYCTUMBIE HapaMeTpbl O00pa3ylOT MHOXECTBO

{u:(dk —d, ) p+(ag —ap)>0, k =z,1<_1} .

Haunbonee nHTEpECHBIME SBISIOTCS CaMble IPOCTHIE CIIyYad CUMMETPUYHOM ABYXKBAaHTUIBHOW M TPEX-
KBaHTHJILHOW pErpeccru, KOrja eIMHCTBEHHBIN MapaMmeTp | paBeH MOJIOBUHE WHTEPKBAHTUJIBHOTO pa3Maxa.
Jns 1ByXKBaHTHIBHOU perpeccun K = 3, ¢ (u) =—U, c, (u) =u, p1 = p3=p, p»= 1-2p. JInsd TpeXKBaHTUIBHOI
perpeccun K = 4, ¢ (u) =—U, ¢ (u) =0, ¢ (u) =W, p1 = ps=p, p»=p3;= (1-2p)/2. B 3Ty %e MOACTH yKIIaJIbI-
BaeTCsl OIHOKBAHTUIIBHAS PErPECCHs], IPH 3TOM MapaMerpsl L OTCYTCTBYIOT, K = 2, ¢i(n) =0, p1 = p, p»= 1-p.

Bo Bcex TPEX MOACIIAX BEPOATHOCTD p 3a/idaHa.
BBCZ{CM 0003HaUCHUS JJI1 COBMCCTHBIX BepOHTHOCTeﬁ:

PO (kyoonky) = P, €Cy (W)ont €Cy (W)}, L=L7, Ky, =LK, )
pl) ={P([)(k1,...,k,):kl,...,k, =T}, I=Lr.

U] 1 1
B uacthoctu, P ={p},.... px} = PY),...,POK)} .

HeusBecTHbIMM napaMeTpaMu sBIAIOTCA HapameTpsl 0, p 1 Habop pl") , TIPUY4eM B COCTaBe P ectn
JMHENHO 3aBUCHMBIE BeposATHOCTH. O603HaunM yepe3 Q BEKTOp, 00pa30BaHHbIA HEKOTOPBIM HAOOPOM JIMHEH-
HO HE3aBUCHUMBIX BEPOSTHOCTEH U3 COCTaBa plr).

PaccmoTpuM CTpyKTypHBIE mpeoOpa3oBaHust j,(i,...,i;) =1+le=1(i ;—DK =7 I=1,r, xoropsie ocy-

M o 1
IIECTBIAIOT Pa3BEPTKY 7-MEPHOIO HAabOpa BEpOSTHOCTEH pl) g OJIHOMEPHBII BEKTOp PY) 1o HpaBHILy
(1) _pDy: . . .o
[P, i,y =P (i) . 3meCh 1 mamee [A]; O3HaYaeT j-10 CTPOKY MATPHILbl WIIH j-W DICMCHT BEKTOpa.
C nomompto cTpykTypHOM MaTpHibl G M BekTopa D MOXKHO OCYIIECTBUTBH MEPEXO]] OT CBOOOJHBIX BEPOATHO-

crert Q P =D+ GQ . D10 npeobpa3oBaHNE MOXKET YUNTHIBATH HE TONBKO YCIOBHE HOPMHUPOBKH, 3a/IaHHBIC

OAHOMCPHBIC BCPOATHOCTH, YCJIOBUSA CTAMOHAPHOCTH, HO U CUMMCTPHIO KOHCYHOMCPHBLIX pacnpeneHeHI/Iﬁ,

ecnu 3To Heobxonumo. Kpome Toro, nanee OyaeM HCIONb30BaTh CTPyKTypHble Matpuusl F;, i =17 -1, koto-
() _ g plit)
pble 00eCIeYnBalOT NEPEXO0bl K BEPOATHOCTAM MeHblIero nopsaka P/ =EPV .
B »THx ycnoBusix, 0003HauUMB HMCTHHHBIEC MapameTphbl yepe3 v =(0,u,Q ), a TUMOTETHYECKHE Yepe3
vy =(0y,10,Qp) , chopMmynrpyeMm 3aady NPOBEPKU MPOCTOM rumnoressl H, o mapamerpax mozaenei (1) u (2)
MIPOTHUB CJIOKHOW albTEPHATHUBHI H:
H,:v=v,, H, :v#v,. 3)
B kadecTBe MpHU3HAKOB IS MOCTPOEHUS CTATHCTHUECKUX Npoueayp OyneM HCIOoNb30BaTh MHINKATOPHI

Ez(sl,...,sn) — HOMEpa HHTEpBajOB, B  KOTOpble [ONANalOT HEBA3KH ), — gt(eo), T.C.

s1=5,(00:Ho) =S(J’z _gt(BO)’H'O)’ rae s(upg) =k it ueCy(p)-

Tect nnst npoBepku runores (3) MOCTPOUM IO MPUHLHUITY MAKCUMyMa OTHOILICHHS NPABIONOA00HS, OT-
Oupast B KpUTHUECKYIO 00JIaCTh T€ MapaMeTphl, KOTOPBIE JOCTABIISAIOT HAUOOIBIIE 3HAUCHHS HOPMBI €ro rpa-
JVCHTA B THIIOTETUYECKON TOUKeE:

V,P(s]v)
P(5]vo)

3nech L(§|U,UO) = P(E|U) / P(§| 1)0) — (YHKIHS OTHOLICHUS PaBAONON00MS HHAUKATOPHBIX MPU3HAKOB.

VLG 0,0, = )

V=D,
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2. I'paguenT Npaponoxo6Mss HHANKATOPHBIX PU3HAKOB

[Tpu moucke BeIpaXkeHUH TSI TPaBOM YacTH B paBEHCTBE (4) BOCIIONB3YeMCS TIPEACTAaBICHHEM
P(sl,. S, |1)) = P(s1|1))P(s2 ‘SI,D)...P(S,,_I |s1,s2,...,sr_z,u)]_[fer(st |s,_r+1,...,sl_1 ,1)) , (5)
4To0BI MoNy4nTh pasnoxenue Teinopa P(5|v)=P(5|v,)+ VP | 1)0)(1) - 1)0) +0 (”1) - 1)0”). Hnst manHoro

pasiioxeHus TpeOdyeTcst HempepbsIBHO AuddepeHmupyeMas mapaMeTpu3alysi ceMeiicTBa KOHEYHOMEPHBIX pacipe-
nenenunii o p u Q. st mo6oii Takol mapaMeTpu3alii UMeeM

P(s1[0) = P(sy[05) + V', Ps; [og)(0 =0 ) + (][0 = v )
P(s; [s1,0) = P(s,]51,09) + V', P(s5; [s1,09 )(0 = vg) + 0(|[o = vy ), .. (6)
P(s, |s,_,+1,...,s,_1 ,0) =P(s, |s,_r+1,...,s,_1,1)0) +V P(s, |s[_,+1,...,s[_1, Vg) X
x(0=vg)+o(o-vy ), =7,
[loncrasus (6) B (5), mocie neperpynnupOBKH MOTYIUM
m 14 V' P(s, [vy) N V.,P(s, |s1,1)0) - V' P(s, [$15-+>8,_2,0p) N

P(§|Do) B P(s, |Do) P(s, |S1,1)0) T P(s,y |S1,...,sr_2,1)0)

V., P(s, |Sl—r+l 38,15 0p)

+2 (0 =vg) +0(jo =g [|).
P(s, |Sz—r+1’"~vsz—1v00)
Orcrona
v L(§|1) . )| _V,P(s |1)O) . V,P(s, |S1,1)O) . V,P(s,_; |S,,_2,...,S1,1)0) Y V., P(s, |s1,...,s,_1,1)0)
sY0 _ - t=r .
b V=Y P(s, |1)O) P(s, |s1,1)0) P(s,_; |sr_2,...,s1,1)0) P(s, |s1,...,s[_1,1)0)

HOCJ’ICZLHCC BBIPa’KCHUEC MOXKHO npeo6pa3OBaTI> TaKUM 06p330M, YTOOKI rpaguCHT OTHOUICHUA HpaBI{OHOI{O6I/I${
ObLI BBIPa>KCH 4€pPE3 COBMCCTHBIC BCPOATHOCTH IMOPSAIAKOB ¥ U 1~ —1:

VDP(s,_Hl,. s, |1)0) . VDP(s,_Hl,. S |1)0)

T Lt=r+l .
P(s,_r+1,...,s,|1)0) P(s,_r+1,...,s,_1|1)0)

nv, P(s,_,+1,...,s,_1|1))

V, L5 [v.0g)|, ., =ZL, (7)

. s

Ilepelinem k 3amade onpeneneHus IpagueHToB V. P(s,_, " ,...,s,|1)) .
—Yo

V=V,
3TOTr0 HEOOXOIMUMO MOTYYUTh MPOU3BOIHBIE MO KKAOMY M3 BXOIIIMX B U MapameTpoB. HecMoTpst Ha TO 4TO
3aJaHHBIM 3HAYEHHAM v COOTBETCTBYET LIEJ0€ MHOXKECTBO PACHpEAcICHUN Ha P(§|1)) , cIenyrolas TeopeMa
MOKAa3bIBACT, YTO AJIS MPOHM3BOJIBHOW HENMpephlBHO Iu((epeHurnpyeMoil NapaMeTpu3aluy pacipeaencHus
P(§|1)) o napamMerpam [ 1 Q BUJ rpaMEeHTOB HE 3aBUCUT OT criocoda napamerpusauun. [loaromy oHr MoryT
UCTIONB30BATHCS TS JATBHEHIINX CY>KICHHUN O JTIOKATbHBIX H3MEHEHUIX (PYHKLIMH paBaooa00us.

Teopema 1. ITycTb cymiecTByeT r-MepHasi HellpepbIBHAs INIOTHOCTb PaclpeeleH s f, (xl,...,xr) ciry4aii-

HBIX BEIUYUH E,_,, ,....§,, ¢ =r,n . Torga auas npou3BOIbHON HempepblBHO quddepennupyemoil mapamerpusa-

UHU pacrnpeaciCcHusd P(E|U) 110 mapamMeTpam L 1 Q HUMECT MECTO

VoP(sipatsrossi V), = G ol 0 impeies, ) ©
- Pr,i (C AR LML Cst Csi i )ﬁ—rﬂ' (CSFFH- )] ’ vegt—rﬂ' (90)
r=1

VoP(siputororsiot V), = DR (C s ey ) i) - o

- Pr—l,i (@

S—pe1””

e Cstfl cstfrﬂ- )ﬁ—rﬂ' (C )] : vegl—rﬂ' (90)

Str+i
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VPt Oty Qo)) = E[Pi(C oy e )il - o)
P (Cy oGy e D frmriley )|

ViP(5i-r1 Og:Ho)eessi o) 0] z[”xcvt Gy e O feraile Dy - "
P (Cy Gy e D firuite, )d]

VQP(s,_,+1(60,u0),...,s,(90,u0)|1))‘: =[G} (o) (12)

VP (S1_r1 (8951 )s-ees 511 (B0 o )|u)\vzvo =[F,G, (oo (13)

3nech f,(-) — INIOTHOCTb pacrnpeneneHus €,, P, -(C

i Sp_py1 20t

s, c k) — YCJIOBHAs BCPOATHOCTD ITOMajaHus BEKTO-

pa

g is=t—r+Lt;s#t—r+i “ B napasuieNnenumnes, 00pa30BaHHBII UHTEpBalaMu
{Csj :j=t—r+1,t;j¢t—r+i} IIPU YCIIOBUH €,_,,; =C} .

Hokazamenscmeo. 111 nokazarenscrsa (8) 0003HaUUM c, (k| uo,eo,e) =, +dy — g, (6)+g,(8y). To-

raa
Cz(Sz‘Hme()ae) Ct—r+l(st—r+l‘u0’90’e)
P(S,_ 1§, [0) = | | S (x5, x,)dx ..
Cz(Sz—l‘Hme()ae) szr+1(Sszl—l‘H()ae()ae)

W3 storo cnenyer (8). AHasmorngHo nony4aem (9).

JUis moy4eHust TpaJJueHTOB 110 TTapaMeTpaM |1 BOCHOIb3YEMCS TEM, YTO COBMECTHBIE BEPOSTHOCTH TTOJTHO-
CTBIO onpenensrorcs napamerpamu Q. [TosToMy ecnmu paccMOTpPETh MPOU3BOJBHYIO HElpepbiBHO Auddepeniu-
pyeMyIo apaMeTpHU3aIrio KOHSYHOMEPHBIX PACIPENENIEHH 0 |, TO IIPU JIFOOBIX L BBITOIHIECTCS

VP (st (0.10) s, (O0)J0) = VB =0, (14)

C npyroil CTOpoHBL,

vuP(Sl—rH (ev u)""vsz (ev u)|0)‘0=00 = P;‘l (St—r+1 (ev u)""’st (ev l“")|
-2 |: (CS‘ —r+loee st H—l)ft }"+l )d -1~ (15)

( cst—r+1 )ﬁ—rﬂ' (CSFHI- )dstfrﬂ- :|’

rae PH — 'PaUCHT I10 MapaMCTpU3alu CaMOIro paCrpCaACICHUA 0e3 yuc€Ta 3aBUCUMOCTU apryMCHTOB OT . Hac

S‘t r+i St—r+i

St—rs1?

UHTEPECYET TPaJUEHT TIPH  TUIIOTETUYECKUX  IapaMeTpax VHP(SI_H_I(GO,IJ.O),...,S[ (90’“0)|D)D=DO

=Pu'(s,_, +1(90,u0),...,s, (90,u0)|0)‘ , KOTOpBI Onmaromapsi HEpepeIBHON TU(QepeHINPYEMOCTH MapaMeT-
V=V,

puU3aluu ceMelcTBa pacnpeneieHuil papeH P, (g (B,1),es, (6, 10) 0 . ostomy u3 (14) u (15) nomy4a-
p \Pr=r+l [ t [ V=D
—ro

em (10). AraormyHO MOXHO MOIy4uTh (11) 1715 rpagrenTa npaBIoNoA00Us MEHBLIErO MOPsIIKa.
Bocnone3yemces Teneps mpon3BONBHON apaMeTpu3aliell ceMelicTBa pacnpeneneHuii mo Q:

VP (s (0:12) s, (L)) =V pl") =[G, () (16)

St r+l(e H) ------ (9 H)

Jr St—r+l>
Hac unrepecyer rpament VoP(s, . (09,10 ),--.r5, (90,u0)|1))‘v_v , KOToprﬁ coemazaer ¢ (16), MoCKoJbKY Ta-
-0

pametpu3auus HenpepbiBHO Tuddepentpyema. Orcrona nmeeM (12) u ananornyao nomydaem (13).
Teopema nokasaHa.
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3. 3HaKoBbIe TECThI

dopMabHO UCKOMBIN TECT [T IPOBEPKH TUNOTE3 (3) MOXKET UMETh BU

2
VDL(§| 1),1)0)| > const, 17)

V=V,
rae |||| — HEeKOTOpas MOAXOAIIas HopMa BekTopa, a ¢popmysbl (7)—(13) aroT BeIpaXKeHHE ISl TECTOBOM CTATH-
cruku. HerpynHo yOenutscs, 4To eciau BBIOpaTh p; =...= p, =1/ K u runorerudeckue napamerpsl Q, ompe-

JEISIIOT paBHOMEpPHOE r-MepHoe pacupeneneHue (t.e. [Q,]; =K ' u rumoresa cOCTOUT B TOM, YTO 3aBHCH-

MOCTb OTCYTCTBYET), TO TecT (17) OymeT JIokanpbHO Hanboliee MOIIHBIM IMPOTUB JIFO00H THHEHHOW OHOMEPHOM
OJTHOCTOPOHHEH aJbTePHATHBBIL, TTOCKOJIEKY 3HAMEHATENb OTHOIICHHUS ITPaBONO0 1001 P(E\uo) MpeBpaIiaercs

B KOHCTaHTY. B oCTanpHBIX CcIydasx MPUXOAUTCS OMUPATHCS Ha JIOTMYECKYI0 00OCHOBAaHHOCTH MPUHLIMIIA MaK-
CHMYyMa OTHOIIEHUS MPaBAONOI00HS.
B kauectBe anprepHaTHBHI 114 (17) MOXKHO paccMaTpUBaTh TECT BUAA

2
VPG, |

KOTOpBIH SIBJISIETCS JIOKAJIbHO HanOoIee MOIIHBIM IIPOTHB JIF000H THHEHHONH OJHOMEPHON OJHOCTOPOHHEH aJlb-
TEPHATUBBHI.

OtnocuTtensHO TecToB (17) u (18) ocTaroTcst BOIpOCkl, Ha KOTOpbIe HEOOXOAUMO AaTh OTBET. Bo-TiepBhIX, B
(8)—(11) mpuCyTCTBYIOT HEU3BECTHBIE BEIMYUHBI, KOTOPHIE TPEOYIOT 0OOCHOBAaHHOW 3aMEHBI. Bo-BTOpPBIX, HEOO-
XOIUMO yKa3aTbh, KAKUM 00pa3oM MOXKHO OIPEAENATh KPUTHIECKHE 3HAUCHHUS M KaKe HOPMBI BEKTOPA MIPU 3TOM
HCTIONB30BaTh.

Haunewm c orBeta Ha nepBbIii Boripoc. UToObI n30aBUThCS OT HEW3BECTHBIX BEIHYHMH, BXOISAIINX B COCTaB
(17), ucronp3zyemM MeTOl, aHAJIOTMYHBIA [7], — 3aMEHUM MX JOCTYIHBIMH HaM BEHMYMHAMHU. Tak, HTHOPUPYS
HeKoTopbIe () (HEKTh 3aBUCMOCTH, MOKHO 3aMEHUTh

P, (Cy  +nCy lcp) ma PUD (ko ) = S5 PO Ky g8k ek, )

geeey ity

2
> const , (1 8)

P(5|vy)-V, L5 | 1),1)0)|D=DO‘

[Tocne 3Toro HEN3BECTHBIMH OCTAHYTCS BETHUUHEI
(fz (Ck—l)_ft (Ck))/ Pr B (fz (Ck—l)dk—l -/ (Ck)dk)/ Pre>
3aM€EHa KOTOPBIX CIELUAIBHBIMU BecaMu B, (k) u B, (k) noapoOHo obcyxnaercs B [7]. Hanpumep, s K = 2

(xBantunpHas perpeccusi) Bi={-1/p, 1/(1-p)}. llpu K=3 (cummeTpu4Has ABYXKBAaHTHJIbHAs DPErpeccHsi)
By={-1,0,1}, B,= {1, 2p/(1-2p), 1}. na K = 3 (cumMeTpuuHas TpEXKBaHTWIbHAs perpeccus) By = {-4, —a,

o, A}, Bo= {4, -1,-1, A}, tne A=(1-2p)/2p, o. — anipuopHast Joraika 0 BETUINHE (ft (0) -/ (u))/f[ (u) .

3aMeTI/IM, YTO MOXO0XKUC «PA3YMHBIC)» 3aMCHBI YaCTO BCTPCUAOTCA IMIPU KOHCTPYUPOBAHUUN HEIIAPAMECTPH-
YCCKUX Mpoucayp. B PAaHTrOBOM aHAJIM3C MOJYYCHHBIC IMOXO0XUM 06p330M B€Ca paHroB HA3bIBAIOT MCTKAMH

(scores). BaskHBIMM CBONCTBAMU METOK SIBIISFOTCS MX HYJIEBBIE CPEHUE Y 4 | B, (k)p =0, >K.B, (k)p; =0
¥ HyJIeBasi KoBapuauus Y o B, (k)B, (k)p, =0.
B pesynbrare 3amen u3 (17) u (18) momygaem TecThl BUIa
||§n(§ | 1)0)||2 > const, (19)
[P 09) &, |vo)| > const, (20)
rae &, (s |vy) — BeKTOpHasl CTATHCTHKA, KOTOpPast ABJISIETCS MOAU(HIIPOBAHHBIM U HOPMHPOBAHHBIM I'PaIUEHTOM

OTHOILICHUSA HpaB)_'LOHO)_IO6I/I$I " 3a1aCTCs BBIPAXKCHUAMU
- -1/2 —
&n (S | U) =n Z?:r 1}":1 I/Vt,l' (S | U) s
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Vo2 (OR) (0)

(r)
W, (5|v) = R 7" () , 1)

(Gl 65 0s o) (1-5 ) [Fra1G)) L 5 s )
t,r -1
| PO (s, (0)seens 5, (V) PO (s, 41 (0),nss, (V) |

R (0) =By (5 (1) (0)=(1-8,,.) (1=, )15 (0)

i)y PO (51 (0),008, () PY (51, (0)
£(0)= P (51 (0).msy () |

3aMeTI/IM, 4YTO TECT (20), JaXKC€ IIOCJIC 3aMCHbl HCHM3BCCTHBIX BCIMYHMH BCCaAMH, OCTACTCA JIOKAJIBHO

HanboJiee MOIIHBIM TPOTHB JIMHEHHBIX OJHOCTOPOHHUX OJHOMEPHBIX albTepHaTHB, eciu [Q,]; =K ", HO mpu

AOMOJHUTCIBHOM YCIIOBUHU, YTO 3TH AJIbTCPHATHUBBI OTJINYAIOTCA OT TUIIOTE3bI TOJIBKO 10 MapaMeTpam 6, TOJIb-
KO IO |1 WJIH TOJBKO IIO Q O,Z[HaKO HUMUTAUOHHBIC SKCIICPUMCHTHBI IMOKAa3bIBAIOT, YTO MOBCACHUC 3TOI0 TCCTAa

NpHU albTEPHATUBAX HE BCEraa YAOBJIETBOPHUTENbHO. Kpome TOro, BOSHHKAIOT TPYJHOCTH C IOWCKOM €ro
ACHMIITOTHYECKUX KPUTHUECKUX 3HaueHnH. [1o3ToMy Ass Mcroabp30BaHUs MBI pekoMeHayeM TecT (19)
[lepeiinem K OTBETY Ha BTOPOM M3 MOCTaBIECHHBIX BBIIIE BOMPOCOB — O BBIOOPE KPUTHUECKUX 3HAYECHUH U
CrIoco00B ONpeAeIeHns HOPMBI BEKTOPHBIX CTaTUCTHUK. Kak M i ciiydasi He3aBUCHMBIX HaOmoneHuit [1, 7],
Uit ipoBepkH Tumnores (3) MoxxkHO moctpouth TecThl BuAa (19) u (20) ¢ TOUHBIM ypOBHEM 3HAYMMOCTH, IO-

_ 2 _ _ 2
CKOIIbKY TIPH THUTIOTE3€ PACIIPENICICHUE CTAaTUCTUK ||§n (s |1)0)|| u ||P(s |vy)-E,(5 |V )|| COBIIJIa€T C pacIpese-

N _ 2 _ _ 2 N

JICHUEM CITy4alHbIX BEIWYHH ||§n (n|1)0)|| u ||P(n|1)0)-§n (n|1)0)|| COOTBETCTBEHHO, TJIE CIIy4aillHbId BEKTOp
m= (nl,...,nn)' COCTaBJICH M3 IOCIEA0BATENBHOCTH CIIy4alHBIX BEIHYHMH, 00pa3yIOMIMX CTaluoHapHBIM Map-
KOBCKHI mpouecc (r —1)-ro mpsaka ¢ KOHEYHBIM YHMCIOM COCTOSHUM (1), € {1,2,. K }) W U3BECTHBIMH KOHEY-

HOMEpPHBIMU BEPOSTHOCTSIMU P(kl,...,kr|1)0). B pesynbrate nporeHTHbIE TOYKU PACOPEACICHUS] CTATUCTUKU
tecToB (19) u (20) MOXXHO OIIPENENUTE ¢ JTF000I TOYHOCTHIO, HCTIONB3Ys MeToa MonTe-Kapno. 3amerum, 4to B
BbluMciIeHuu &, (1 |v,) HE y4acTBYIOT apaMeTphl |, , apaMeTphl 0, UCIOIb3YIOTCSA TONBKO MPH BHIYUCIEHUH

IPaJUCHTOB Vg, (90) B (21), a mapamerpsl Q, BIUSIOT TOJIbKO Ha BEIUYUHBI BEPOSTHOCTEU P(r), P(H),

P(r,i)’ P(rfl,i) )
HpI/I OoNIBIINX O0BEMax Ha6J'IIO,Z[eHI/If/'I n JIydia€ BOCIIOJB30BaTbCA aCUMIITOTUYCCKUMH KPUTUYCCKUMU

3HaueHusIMH. [t Tecta (19) MX MOXXHO BBIYMCIISITE HA OCHOBE ACHMIITOTUYECKON HOPMaJbHOCTH pacipeeeHus
cratuctuku &, (s |v,) npu runorese. Mcnomns3yem Uit 3Toro o0o0mmenue Teopemsl 7.7.9 u3 [9] Ha cirydaii nocne-

JIOBAaTEIILHOCTU CITyYaHBIX BEKTOPOB, KOTOPOE JIETKO MOIY4UTh, IpUMEHss Teopemy 7.7.7 u3 [9].
Jlemma 1. Ilycth uncnoBas nocneILOBaTenLHOCTL{a, 2> 1} Y TIOCJIEIOBATENILHOCTh CITYyYailHBIX BEKTO-
poB {zl i 1} YIOBJICTBOPSIOT CICIYFOIINM YCIOBHSIM:

1. CymectByer nenoe yucino m>0 Takoe, 4ro A MOOBIX 7 U f,...,t, (0<t <...<f,) COBOKYyIHOCTH

CIyYaWHBIX BEIUYHH {Z; ,....Z; } U {Z|,.sZ; _y15Z; pme1»---) B3AUMHO HE3ABHCHMBL,
2. Mz, =0,t=12,...

248
|| M Juist Hekotoporo M u 86 >0, t=1,2,....

3. M"zl

4. |a,| <L nns Beex ¢ 1 HeKoTOporo L>0.

5. CymectByer npezenpHas MaTpula - = lim 7' 42?:12?:1 alaSlezjY .
T—o

Torna ciayvaitnsiit BekTop 7 -2 > a,z, cxomures 1o pacnpeneneHuto k N(0,X).

Teopema 2. [TycTs BeimonHsercs runoresa (3) u clueayromue yCiaoBus:
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1. ||Veg, (9)" <L juis Bcex ¢ v HeKoToporo L > 0.

2. CymectByer npeaenbHas MaTpuna V' = lim V,, rae V, = Mg, (5 | D)ﬁ‘n (5 |v).
n—»o0

3. PO (kysesk, )20 ipH BCEX Kysonnik,

Torpa cnywaiinsiii Bektop &,(5|v) cxomurcs mo pacnpenenenuto k N(0,V), a ciydaiiHas BenuunHa
Cﬁ = ﬁ'n (5] D)Vn_lﬁn (5 |v) cxomuTCs MO pacnpeeTIeHIIO K X? ,Tne g =dimv.

Jokazamenscmeo. Ecnu B nemme 1 nonoxuts a,z, =2 W,,. (s |vy), m = 2r, TO 10Ka3aTEIbCTBO
CBOJMTCS K NIPOBEPKE PABHOMEPHOM (110 f) OrPaHUYEHHOCTH 3JIEMEHTOB BEKTOpa (21), a Takke NpoBepKe CBOM-

ctBa ME (5 |v)=0. [ocnennee cpasy cieayer u3 Toro, uro .4 B(k)p, =0, Y& B,(k)p, =0, ecnu npu-

MEHHUTh 3TH PAaBEHCTBA K BBIYHCIIEHUIO MRI(;’I) (v), le{1,2}, B mepBoM u BTOpoM Onoke BekTopa (21). s

Tperbero  Omoka  BOmpoc  cBOAMTCS K mpoBepke  paBeHctBa Dy [Gl; 4 k) =0 u

2k LB G}k, k) = 0. MBI IDOBEPSUIN OTH YCIOBHS YUCICHHO B GONIBIIOM KOIMYECTBE YACTHBIX CIIy-

yaeB npu r €{2,...,.5}, K €{2,3,4}, npu BBIOJHEHUH YCIOBUI LEHTPAILHOW CUMMETPHU A-MEPHBIX BEPOST-
HocTel U k € {2,...,r} 0e3 HHX.

Teopema nokaszaHa.
Takum 06pa3om, Aj1si OrpaHHUUYEHHBIX CXOSIINXCS TIAHOB B aCHMITOTHYECKOM TECTE€ MOXKHO HCHONb30-

BaTb CTATUCTUKY Ci =E, (E\DO)Vn_lﬁn (5|vy) ¢ KpUTHYECKUMHU 3HAUECHHUSAMH paclpeielleHus XU-KBaapar. Jls
3JIEMEHTOB MaTpUIBl V, MOXKHO IOIYYHTh AHAIUTUYECKHE BBIPAKEHWS, OJHAKO MBI HE NPUBOAUM HX B CHILY
rpomMo3axkoctd. OTMETHM TOIBKO, YTO MaTpHULa ¥, 3aBHCUT OT mapaMerpoB 0 u Q, HO He OT |, a JUlsl JINHEHHOH

MOJIETTU PErPECCUU OCTAETCS 3aBUCUMOCTD TOJIBKO OT Q.
3akjIoueHne

B nanHoi#t pabote momy4eHbl TOYHBIE U ACHMITOTUYECKHUE 3HAKOBBIE TECTHI I MPOBEPKH MPOCTOH TH-
noressl (3) H,:v=v, 0 napaMmerpax MOJAEIN MHOIOKBaHTUIBHOH perpeccuut (1) ¢ MapkoBckuMu ommbkamu
(1) mopsinka r—1. PaccMoTpensl HanOosiee HHTEPECHBIE CITydal OAHO-, IBYX- U TPEXKBAaHTHIIBLHOM perpeccuu.

B Teopeme 1 mokazaHo, 9YTO HECMOTpSI Ha HEMapaMETPUUECKYIO TTOCTAHOBKY 33/1a4M, MOKHO IOJyYUTh

BBIPpAXKCHHUA JId I'paJUCHTA HpaB)IOHO)IO6I/I$I 3HAKOBLIX ITPHU3HAKOB VP(§| 1)), BUJ KOTOPOro HE 3aBUCUT OT

crocoba mapamMeTpu3aliy pacipeeseHus P(§| V) . O10T (hakT mo3BossAeT MoayunTh TeCThl (19) u (20), ocHO-
BaHHbIE HA BEKTOPHOI crathcTHKe &, (5 |v)), cM. (21). DTH TECTHI ABIAIOTCA JIOKAIBHO Haubo01ee MOLUIHBIMU
MPOTHUB JINHEWHBIX OJHOCTOPOHHUX OIHOMEPHBIX ANbTEPHATUB MPH YCIOBUU PABHOMEPHOI'O F-MEPHOTO pac-
MpeAeIeHus Ipolecca 3HaKOBBIX PU3HAKOB.

B pabote paccMoTpeHBl BONPOC O BHIYUCICHHH KPUTHYECKHUX 3HAUYECHHH, 0OecreurBaOUINX 3aJaHHbINA
YPOBEHb 3HAYUMOCTH C JIFO00H TOYHOCTBIO IIPY KOHEYHBIX BBIOOPKAX, a TAK)KE KPUTUYECKUE 3HAYEHUS, OCHO-
BaHHBIC HAa aCHMITOTHYECKOM pacIpelesieHHH TECTOBOW CTATUCTHKH (TeopeMa 2) IS OrpaHUYEeHHBIX CXOJs-
HIMXCS TUIaHOB. B pe3ynbpTaTe pekoMeH1yeTcsl TECT, UHTEPIPETUPYEMBbIi KaK TeCT, HIOCTPOEHHBIH 110 MPUHLUITY
MaKCHUMaJIBHOTO OTHOLIEHUS IIPaBAONON00MS, ¢ KPUTUUECKON 00IacThIO BUAA

2y = 1y =
Cn :én (S | UO)I/n &n (S | UO) > const ’
rae V,=V,(0,Q)=MEg, (5 | U)é'n (5 |v), s KOTOPOro aCUMIITOTHYECKOE Paclpe/ie]IeHHe TECTOBONH CTATUCTHKHI

SIBJIICTCS pacrpeieicHUEeM XU-KBAPaT U HE 3aBUCUT OT THITOTE3bI.
TMosy4eHHBIH TECT MPEACTABISCT MHTEPEC KaK OCHOBA JJISl OI[CHUBAHUS MApaMeTPOB U 0 MPUHIUITY
MaKCHMaJbHOT'O aCHMITTOTHYECKOT0 p-3HaueHMsI (CM. OCHOBOITOIAraroIryto padory [8]), T.e.

. 2
v, =argmin, G, (v).
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3aMeTI/IM, YTO Ha MPAKTHUKE, 0COOEHHO JJIA JIMHEHHBIX MO):[CJ'ICﬁ, NpCACTAaBIIACT MHTCPCC MPOBEPKA I'UIIO0-

te3 Buna H, :[0]; =[6,];, xorna ocranbHbie mapaMeTphl SBISIOTCA MEWIAKOMMMH. Takue THIOTE3bI MOKHO

Jj»
paccMaTpuBaTh Kak JIMHEWHBIE U MNPUMCHATL JJII UX HNPOBCPKU ABYXITAIIHBIC NPOLCAYPHI. ToT noaxona I1o-
npoOHO onucad B [1, 7] npUMEHUTENBHO K 3HAKOBBIM MPOLIEAYPaM.
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Sign-based statistical procedures are known to be more robust to outliers than least squares and ability to control precise significance
level for finite samples when testing simple hypothesis. In this paper, the sign-based approach is extended to the case of non-linear model
with dependent noise. The model of multi-quantile regression is considering, which allows to test hypotheses both on the parameters of the

regression y, = g, (9) +¢,, t =1,n, and the parameters of the noise €, , which forms a stationary Markov process of order (—1). Accord-
ing to that, the signs of observations are calculated with respect to a set of quantiles (at specified levels) of one-dimensional distribution
of .

The quantiles depend on the unknown parameter p. For example, in a symmetric two-quantile regression, the quantiles (—) and p
correspond to levels of p and 1-p, where p is given, and p is unknown. For the three-quantile regression, the quantiles (—), 0, p corre-
spond to levels of p, 1/2 and 1-p. In both cases, the parameter p is a scale parameter of noise.

According to the sign-based approach, the residuals are substituting with indicators of their belonging to the interquantile intervals

s = (Sl,...,sn ) , where s, takes a finite number of values. The unknown parameters in this scheme are v = (0',1t',Q")', where the

vector Q contains linearly independent r-dimensional joint probabilities of the states of generated by process of indicators {St} . Since
the problem is considering in a nonparametric setting, then each fixed value of parameters p and Q corresponds to a class of finite-
dimensional distributions of the initial process €,. However, we can show that for any continuous parameterization of finite-
dimensional distributions, all the derivatives of the likelihood of indicators P(s | v) are expressed in the same way. In the problem of
testing a simple hypothesis /) : V= vy, it gives the opportunity to build a test based on the principle of maximal likelihood ratio.

In this paper, we consider the problem of calculating the critical values to provide the desired significance level with any accuracy
for finite samples, as well as the critical values based on the asymptotic distribution of the test statistic.

The obtained tests can be used as a basis for estimating the parameters L by the principle of maximal p-values, as well as for the
development of tests for linear hypothesis.
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M.A. Tapanuk, I'./l. Konanuna

AHAJIN3 ITPOIECCA KOHTPOJISAA KAYECTBA OKA3AHUA
MEJUIIMHCKOM MIOMOIIA B PAMKAX ITPOT'PAMMBbBI
OBA3ATEJIBHOI'O MEJUIIMHCKOI'O CTPAXOBAHUA

PaccmarpuBaercs 3agada BBIBICHUS POOJIEM U BBIPAOOTKH 3()(hEeKTUBHBIX pEIIeHHt IS MEIUIIMHCKAX OpTaHM3aIIi
Ha 9Tare KOHTPOJIS OTIETHOW MEIUITIHCKON JOKYMEHTAUH C LEJIBI0 IPOTHO3MPOBAHNUS ITOTYICHHUS ICHEKHBIX CPE/ICTB
TI0 IIporpaMMe 00s13aTeTFHOI0 MEIUIUHCKOro crpaxoBanus. [Ipencrasiena ¢opManbHas MOAENb MPoIecca «KOHTPOIh
00BEMOB, CPOKOB, KauecTBa M YCIOBHH IPEXOCTABICHUS MEAWUIMHCKON MOMOIIY MEIUIHCKUME OPTaHU3ALMSIMID) C
MIPUMEHEHUEM CPEJICTB allllapaTa CHCTEMHOro aHam3a. JleKOMIO3MPOBaHHEIE MTOATIPOLECCH IIPEICTaBIICHBI C IPUMEHE-
HHUEM JHarpaMM II0CIeA0BaTeIbHOCTH. Ha OCHOBaHMY BBISBICHHBIX NMPOOJIEM CAETIaH BEIBOZX O HEOOXOAUMOCTH pa3pa-
OOTKM MHTEJUICKTyaIbHOH MH(OPMAIIMOHHONH CHCTEMBI, CIOCOOHOM IPOBOIWUTH OLEHKY MCTOPHI OONE3HH Ha MpeAMET
MIOYIEHUsS JICHEXKHBIX CPEICTB 3a OKa3aHHbIE MEAWIMHCKHE YCIyru. B KkadecTBe Merona JIOTHYECKOTO BBIBOAA
MIPEIOXKEHO UCIOIB30BaTh HEUETKYIO JIOTHKY U aHAJIN3 MIPEIeICHTOB.

Ki1ioueBble c10Ba: CHCTEMHBIH aHaIN3; HHTEIUICKTyaIbHbIC HH(OPMAIIOHHBIE CHCTEMBI; 00s3aTeIbHOe MEANUIIMHCKOEe
CTpaxOBaHUE; HeUETKasl JIOTHKA; AaHAJN3 MPEIIeACHTOB.

[Ipumenenue nHGOOPMALIMOHHBIX CPENCTB aHAIN3a OM3HEC-TIPOL[ECCOB BO MHOT'OM CIIOCOOCTBYET HX 00b-
EKTUBHOMY IPECTABICHUIO U MOHMMAaHNI0. Takol aHanu3 ABISETCA HE3aMEHUMBIM MPH MPOESKTUPOBAHUU aB-
TOMATH3UPOBAHHBIX MPOTPAMMHBIX CPEICTB, KOTOPBIE MO3BOIMIHA OBl MOBBICHTH 3(PEKTUBHOCTh (DYHKIIMOHU-
POBaHMSI UCCIIENYEMOro npolecca. B HacTosmmeM necnenoBaHNY JAaHHBIM OAXOA MPUMEHEH K CHCTEME MEIH-
LIUHCKOTo cTpaxoBaHus. OCOOCHHOCTHIO POCCUICKON MOMUTUKY B 00JIACTH COLMAIBHOIO CTPaXOBAHHUS SBIISIET-
csl cucTeMa KOHTPAreHTOB, COCTOSIIAs M3 TEPPUTOPUANBHBIX (OHIOB 005A3aTENFHOI0 MEAUIIMHCKOTO CTPaxo-
Banusi (OMC), OCHOBHOTO KOHTpOJIMpYIoIero oprana — ¢gpeaepansaoro ¢onaa (dd) OMC, MequuUHCKUX Op-
raauzanuii (MO), npenocTaBIsIONMX METUIIMHCKAE YCIYTH HacelIeHuIo B paMkax nporpaMmmel OMC, a Taxoke
CTPaxoBBIX MeOUUMHCKUX opranm3auuii (CMO), mpou3BoAsmmx omiaty meauuuHckux ycayr MO. B cBoro
ouepens MO noapasaenstorest Ha pornoaepxkareneii (MO-poHmonepKaTENN), KOTOPhIE UMEIOT MPUKPEIICH-
HBIX MAIUEHTOB, a Tarke ucnonHuteneid (MO-ucnonautenu). MO-HCIOTHATENN OKa3bIBAIOT BHEIIHUE MEIU-
LIWHCKHE YCIYTH ManueHTaMm 1o HampasieHuio (¢popma 057/Y-04) ot ¢onmonepxkarens. s momyuenus ne-
HEKHBIX CPEICTB 32 OKa3aHHbIE MEAMLUHCKUE yciyrd no nporpamme OMC kak MO-ponzonepxarens, Tak 1
MO-ucnonauTensb o0s3aHbl exeMecsyHo npenoctaBisiTh CMO HeoOXOAUMYIO OTYETHYIO TOKYMEHTALHIo —
peecTp cueToB, coAep KalIuid NepCOHNPUINPOBAHHBIE CBEACHUS O MPOJICUECHHBIX OONBHBIX U 00 OKa3aHHOM MM
MeanIUHCKoN momomy. 1o okoHyannu HeoOxoauMbIX poBepok CMO IpoHU3BOAMT OIUTATY 338 OKa3aHHBIE Me-
IUIHWHCKHUE YCIYTH U3 cpeacTs Oomkera porga OMC. OpHako CymiecTBYIOT TaKke U (GaKTOphI, BIHSIONINE Ha
pasmep AeHeKHBIX BITUIAT. Cpenn Takux (akTopoB Hanbosee BaXXHYIO POJIb UTPAET IIepeueHb OCHOBAHUM IS
OTKa3a B OIUIaTe MEIUIMHCKOM IMOMOIIU 0 pe3ylbTaTaM KOHTPOJISA 00bEMOB, CPOKOB, KAa4eCTBa M YCIIOBHM
npenocTaBieHnss MeauuuHcKol nmomomy mo OMC [1]. Takum obOpaszom, anst MO, KoTopble SBISIFOTCS ydacT-
HuKamu nporpaMMmsl OMC, Bonpoc Nody4YeHHs AEHEKHBIX CPENCTB 32 IPEAOCTaBIEHHbIE MEIULIUHCKUE YCITY-
T'H UMeeT 0co0bIii mpropuTeT. B HacTosmIel craThbe MpeAcTaBiIeH aHajiu3 Mpolecca KOHTPOIst 00BEeMOB, Cpo-
KOB, Ka4ecTBa M yCIOBHMH MPENOCTaBICHN METUIIMHCKON ToMoIH, npoBoauMbiii CMO, Ha pumMepe peecTpa
cueroB MO-ucnonsuTens.

[Ipu permenun 3amay aHaian3a OM3HEC-TIPOLIECCOB HanOONIee TOAXOIAINM HHCTPYMEHTApHEM SIBIISIETCS
anmapaT CUCTEMHOro aHanu3a [2, 3], mpeAcTaBIAIOMNN LENTy0 CHCTEMY METOIOB UCCIIeoBaHuA. Tak, B HacCTO-
seit padore mpumensiercss merogonorus IDEFO [4] — oqHa M3 caMbIX M3BECTHBIX U IIMPOKOUCIIOIB3YEMBIX
Meroponoruii moaenupoBanus [2]. [Ipumenss faHHYIO METOIOIOTHIO, OBUIH MTOCTPOESHBI MOAIENH HUCCIIEAYEMO-
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ro OM3HEC-IpoIecca B BUJIE HEPAPXUICCKUX JTUArPaMM C ONPENCICHHBIME BXOAHBIMHU M BBIXOJHBIMU MapaMeT-
pamu, a TakXKe CyITHOCTH YIPaBJICHUS M HMCIIOJHEHUS rmporiecca. [lomydyeHHbIe Ha 3Tane MeKOMITO3UIIUN TOJI-
MPOIECCH OBUTH TIPENCTaBICHBI C HCIoNb3oBaHueM UML-muarpamMM, a MMEHHO auarpaMM JesSTEIbHOCTH
(activity diagram) [5]. Takoe mpeacTaBieHue MTO3BOJIIET OOJNICE NETaTbHO MOKa3aTh MOCIE0BATEILHOCTh BBI-
MOJTHSAEMBIX B ITOATIPOIECCE NSHCTBHIA, a TAKKE YIECTh JOTMUECKUE KOMITOHECHTHI.

Jiis Goree MeTanpHOro OMMCAHUS MPOIECcca SKCIEPTU3hI KaUeCTBa MEAUIIMHCKOM ITOMOIIM U BBISBICHUS
B 3TOM MPOIIECCE TEPCOHU(DHUIIMPOBAHHBIX U HEUSTKUX DKCIICPTHHIX 3HAHWM ObUTH BHIOpaHbl 10 ciydaeB seue-
HUS JUTsI HE3aBUCUMOMW OIICHKH JBYMS JKCIIEpTaMu. BbUTH BBISBICHBI U 33JI0KyMEHTUPOBAHBI Pa3HOTIACHS
MEXKIy dKcriepraMu. Taxke ObUT MPOU3BEeH pacdeT Kanmbl KodHa [6] 1S OleHKH YPOBHS Pa3HOTJIACHI.

1. OcHOBHBIE IMarpaMMBbI AHAJIN3A MPolecca KOHTPOJISI Ka4ecTBa
OKa3aHHWs MeANIMHCKOI MOMOIIM B paMKax nporpaMmmbl OMC

PesynpraToM aHanmm3a McciuemyeMoro OM3Hec-Ipoliecca BIseTcs ero (opMaabHOE OMMCAHUE C MPUME-
HEHUEM JharpamMm JesaTeNbHOCTH, a Takxke aquarpamm IDEFO B TepmuHax ecTecTBeHHOrO si3bika. Mcmonb3oBa-
HUE IUarpamM JesITENbHOCTH MO3BOISIET JEKOMIIO3UPOBATh MOANPOLIECCH], BHIABICHHBIC HA 3TAIe MOCTPOCHUS
moaeneit B Hotartuu IDEF0, TeM cambIM MOBBICUTH TOYHOCTh MX ONMUCaHMs. HayalbHBIM MyHKTOM HCCIEI0Ba-
HUS TIpoIlecca «KOHTPOJIE 00beMa, CPOKOB KAa4yeCcTBA W YCIOBUU MPENOCTABICHUS METUITMHCKOW MOMOIIH
MEIMIUHCKUMHU OpraHuzauusiMm» [7] cramo moctpoeHue ypoBHS AQ auarpammer IDEFO (puc. 1), uto
MTO3BOJIMIIO OTIPENICITUTh BXOIHBIC, BRIXOIHEIC TApAMETPhI TPOIIecca, a TakkKe 0003HAYUTh €r0 UCTIOTHUTEICH 1
3JIEMEHTHI, OTBEYAIOIIUE 32 YIIPABJICHHUE.

“ TIpnkas Ne230 Cra"paprel
& emepan bHBIIT o
®DOOMC or 1 mexabps  MeIHIMHCKON
3akoH 326
2010r. TIOMOIITH
AKT MeTHKO-3KOHOMH4YECKOT0
Peecipcueron KoHTpons 00BeMOEB, CPOKOB, Ka4ecTBa M YCIIOBHIL > >
v : P i N ¥ AKT MeIHKO-3KOHOMHYECKOH
o TIpe IOCTABIEHEA Me MHITHHCKOH ITOMOTITH 3KCIIEe PTH3BL
Hctopmu GonesHei »
> METHIMECKHMH OpTaHHZAITHAMH AKT 3KCIIepIN3pI Ka9ecTBa
i MEIHIMHCKOH ITOMOIIH

| |

Bpau-skcrepr co  AKKPeIHTOBAHHEIH

iy 60 Bpad-3KCIepT co
cTpaxoBoit cTazkeM paGOTEI IO D pr
= CIIELHANBLHOCTH He  CTaskeM paloThl IO
i ATy 5 CIIEIHATBHOCTH He
MeHee 5 et
OpTaHH2AITHH

smeHee 10 meT

Puc. 1. Yposens A0 mporiecca KOHTPOIIS 00bEMOB, CPOKOB, KaUeCTBA M YCIIOBHH
MIPEXOCTABICHIUS MEIUIIMHCKON IIOMOIIY MEIUIIMHCKAMHY OpTaHN3alisIMU

BxoaHpiMH mapaMerpaMu mporecca SIBISIOTCS peecTp c4eToB, Gopmupyemblii MO-ucTionTHUTENEM A1
MOJTy4eHHs JeHEKHBIX CPElCTB 3a yKa3aHHbIC MEAWIMHCKHE YCIYTH, a TAKXKe YacThb UCTOpUI OonesHeil mo
CllydassM OKa3aHWs MEIMLMHCKOM MOMOIIM, KOPPEIMPYIOIUX C JaHHBIMU MOJAaHHOro peecTpa. B kadecTBe
BBIXO/IHBIX TapaMETPOB ONpPENENIEHbl aKThl MEINKO-DKOHOMHUYECKOIO KOHTPOJS, MEINKO-3KOHOMHYECKOH
9KCTIEPTU3bI, a TAKXKE JKCIEPTH3bl KayecTBAa MEOUIIMHCKOW MOMOIIM. AKTBI (OPMHUPYIOTCA 1O OKOHYAHHIO
MPOBEJCHNUS Ka)KJIOrO0 W3 3TAllOB MCCIEAYEMOro Ipollecca. YTpPaBICHHEM SBISIOTCS TaKHE HOPMAaTHUBHBIE
JOKyMeHTHI, kKak Denepanbubiii 3akoH Ne 326 «O0 00s13aTEN,HOM MEIUIMHCKOM CTpaxoBaHUU» [7], mpukas
Ne 230 @D OMC ot 01 gekadps 2010 r., a Takke deaepadbHbIC U PETHOHATIBHBIC CTAHAAPTHI MEAULIMHCKON
noMomy. Peanuzanmio mpoiecca 00eCHeunBaIOT CIEAYIOIINE JIMLA: CHEHUATUCT CTPaXxOBOH MEIUIIMHCKOMN
OpraHU3allyi, Bpa4-3KCIEPT CO CTa)keM padOoThl IO CHENHATBHOCTH HE MEHEee 5 JIeT M aKKpEAUTOBaHHBINA Bpay-
9KCIEPT CO CTa)KeM PabOoTHI 10 ClIeHaIbHOCTH He MeHee 10 ser.
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IIpoBoas nexomno3unuto ypoBHsA A0 mccieqyeMoro Ipouecca MOCPENCBOM IEPEX0[a M IOCTPOECHUS
ypoBHA Al, MBI TOTYYHMM CIEIYIOIIYIO IUArpaMMy, IPEIACTAaBICHHYIO Ha pUC. 2.

DeepatbHbIIH IIpukas Ne230
3axon Ne 326 ®®OMC ot 1 fexadps Cranpaprsr
2010T. MEIHITHCKOH TOMOITH
Yy
Peectp W -
CTATOR € THMKO-3KOHOMHYecKHit
KOHTPOIE
1
F Y
AKT MeIHKO-3KOHOMITHeCKOIO KOHTPONS
h 4
Hetoprm M
Gomezmeit CIUKO-DKOHOMUYCCKasA
» JKCIIEpTHU3a —
2
' 3
AKT MeTHKO-3KOHOMHHYECKOf! IKCIIePTH3EI AKT
3KCTIePTH3HI
yYyyv Ka4cCTBa
SKcIepIH3a Kadecrea | MCAMIHHCKON
2. TIOMOITH
MEIHIIHCKO TOMOIIH
—>
3
AKKpeIUTOBAHHEIH
CIenuamicT Bpad-3kcrept co o
N i Bpad-3KCIepT CO
CTpaxoBoil cTazxeM paboThI 110
& cTasxeM paloTEI IO
MeIHITHHCKOH CIIeMHaIbHOCTH HE e HOC T He
MeHee 5 JIeT
ORTARSTS AL MeHee 10 meT

Puc. 2. Yposens Al mporiecca KOHTPOIIS 00bEMOB, CPOKOB, KaUeCTBA M YCIOBUH IPEIOCTaBICHUS
MEIUIUHCKOH TOMOIIY MEIUINHCKIMI OPTaHU3AIHIMH

OcHOBHOI HCCIIeAyeMBIH MPOLIECC COCTOUT U3 TPEX MOINPOLIECCOB: MEANKO-IKOHOMUYECKHH KOHTPOIIb,
MEANKO-I)KOHOMHYECKasl SKCIEPTH3a, SKCIEepTH3a KadecTBa MEIMLIMHCKON nomou. Bee moanpomnecchl sABis-
FOTCS TIOCIIE0BATENbHBIMY, a BEIXOHBIE JAHHBIE — BXOAHBIMU AJIS MOCIEAYIOLIETO MpoLecca.

[lpn peanuzammu mpolecca «KOHTPOJS o00beMa, CPOKOB KauecTBa M YCIOBUH MPEAOCTaBICHUS
MEAMIMHCKON OMOIIY MEIUIIMHCKUMHU OpPTaHU3alUsIMIY CIIEPBA BBIMOJIHACTCA ATall MEAUKO-3KOHOMUYECKOTO
kouTpong (MOK), cocrosimuii U3 4eTbpex uTepanuii, mpeacTaBIeHHBIX Ha puc. 3.

JlaHHBIN 3Tall OCYILECTBISETCS IPH OMOILM aBTOMAaTH3MPOBaHHOTrO porpaMmHoro obecneueHus (I10)
O]l KOHTPOJIEM CIIEMANCTa CTPaXOBOM MEAMIIMHCKON OpraHM3aliy B cooTBeTcTBHH C [8, 9]. AnroputMm I10
MPOBOAUT MPOBEPKY chopMupoBaHHOr0o MO OTYETHOTO peecTpa CUETOB MO CIEAYIOIINM MMO3HIHAM:

e [IpoBepka Ha 00sI3aTENBHOCTD 3aTIOIHEHHS MOJICH.

¢ [IpoBepka Ha COOTBETCTBHE CIPABOYHHUKAM.

e [IoBepka Ha COOTBETCTBHE C STAJIOHHBIMU TaOIUI[AMU.

e [IpoBepka ¢ nmomorpro cocTaBHBIX SQL 3ampocos.

Hanuune HecoOTBETCTBUH SIBIIIETCS IPEANOCHUIKOW 0OOCHOBAaHHOTO OTKAa3a B CTONPOLICHTHOH BHITIATE
neHexHbIx cpeactB MO mo Tekymemy peectpy. B pesynbrate gopmMupyercss akT MEIUKO-3KOHOMUYECKOTO
KOHTpOJIS, B KOTOPOM OTpa)KEHbl HalllcHHBbIE HapyLIEHHU] M 3aMeuyaHus, a caM peecTp Bo3Bpauaercs B MO.
Oran MOK mpoBoauTCs M0 TEKYIIEMY PEeecTpy 10 TeX mop, moka MO He mpenocTaBUT Ha MPOBEPKY peecTp 0e3
HapywmeHu#. [ nanpHeHero sramna MeIuKO-35KOHOMUYecKor skcnepTusbl (MOJ) orbupaercst yacTb UCTO-
puil GonesHH, ¢ KOTOPBIMU paboTaeT 3KCIEpT CTPaxoBOW opraHu3auuu. JnarpamMma JesTENbHOCTH AaHHOTO
JTamna MpeacTaBieHa Ha puc. 4.

Ha nanHOM 3Tame sKCmepT OocymIecTBISIET MPOBEPKY O0ToOpaHHBIX Y MO uctopuii OoNe3HH Ha HAIW4HE
nedexkToB oopMIeHUST METUIIMHCKON AoKyMeHTauuu. Cpeqy TakuX HapyIIeHHH Hambolee 4acTo OTCYTCTBUE
JCTa Ha3HauYCHUH, TEMIIepaTypHOro JIncTa, (atooporpaduu. OTCyTCTBHE JaHHBIX JOKYMEHTOB IPH IIAHOBON
TOCHHUTAIN3aLUH TAlEHTA SIBJIAETCS] HApYLIEHUEM.
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IIpoeepka Ha

00A2aTeNBHOCTE 3aTIOMHEe HHA

mone
IIpoBepKa Ha COOTBETCTBHE
He zanomHeHsr SanoHeH CIPaBOYHHKAM
ITposepka Ha COOTBETCTBHE C
He cooTBeTCIBYET OOTBETCBYET
3TAMTOHHEIMH TaGIHIIAMH
Y
OGOCHOBAHHLIH OTKA3 B | He COOTEETCBYET
100 mporeHTHOH COOTBETCTBYET
BBILIATE [EHEKHEIX e
-
cpercTs ¢ COOTBETCTBYET
IIpoBepKa ¢ IOMOIIBID
cocTaBHBIX SQL 3ampocos
CoOTBeTICTBYET

‘;( @ OpMHpPOBaHHE AKTA W

Y

O00CHOBaHHEIH
OTKAa3 B BEIILTATE

kMe}lHKO—BKOHOM‘H‘iGCKOm | - .

KOHTPOMIA

Puc. 3. Z[HarpaMMa JCATCIIBHOCTH dTalla MPOBCACHUA MEIUKO-DKOHOMUYCCKOTI'O KOHTPOJIA

IIpoBepka HATHYIHA
IedeKkToR odopMIeHHA
MePBHYHOH Me IUITHHCKOH
OOKYMEHTALIHH B MO e \

TIpoBepka HATHYHA
HapyIIeHHi B 0dOopMIEHHH
H IpeIbABIeHHH Ha OILIATY

CYETOB H PEECTPOB CIETOB

~——IIpHCYTCTIBYIOT OTCYyICTBYIOT———

OCHEAHBIX CPENCTE \\ /

B COOTBETCTBHH C
1.8 mpHrKaza Ne230
or 01.12.2010

TIpHCYTCTBYIOT:

OTCcyTICTBYIOT

—__

( & OpMHpPOBAHHE aKTa W

—-L MEOHKO-3KO0HO MIHeCKOH ) - .

SKCIIEPTHSEL

Puc. 4. [lnarpamMmMa nesTeIpHOCTH dTarna MPOBEICHUS MeIUKO-3KOHOMUIECKOH IKCIEPTU3BI



Taxoke dKCIepT OCYIISCTBISET MPOBEPKY Ha HAIMYKME HAPYIICHUH B OpOpMIICHUH W MPEIbSIBICHUN Ha
OIJIaTy CYETOB M PEECTPOB cUeTOB. [Ipy BEISIBICHWM HapyIICHUH ClieAyeT 00OCHOBaHHBINA OTKa3 B BBITLIATE JIC-
HEXHBIX CPEJICTB Ha CYMMY, YCTaHOBJIEHHYIO B I1. § mpukaza @O OMC Ne 230 ot 01.12.2010 r. ITo oxoHuaHum"
stana MDD cocTaBisieTcss COOTBETCTBYIONINI aKT, a UCTOPUHU OOJIE3HH TEePEIat0OTCs aKKPSIUTOBAHHOMY Bpady-
AKCIIEPTY CO CTaKeM paboTHI MO CHEeNUAIbHOCTH He MeHee 10 JIeT IuTst IpOBEACHUS SKCIIEPTU3hI KaYeCcTBa Me-
JTUITMHCKOI TToMonu (puc. 5).

IIpoBepka Hanuuus
ne(eKTOB MEAUITUHCKON
TIOMOIIY / HApyIISHIH
P OKa3aHUHU
MEIUIMHCKON MOMOIIU

R

O00CHOBAHHELT
OTKA3 B BEITIIATE
e HeKHBIX CPEICTE
B COOTBETCTEHH C
1.8 mpHKasa Ne230
or 01.12.2010

-

——TIpHCYTCTEYIOT

OTCYTICTEYIOT

Y

( @ OpMUpOBAHIE AKTA w
-;k 3KCTIEPTH3bI KA4eCTBA ) . @

MeIHMITHHCKOH TOMOITH

Puc. 5. JluarpaMma JesTENBHOCTH 3Tama MIPOBEICHUS SKCIEPTU3bl KAYECTBA MEAUIUHCKON IIOMOIIU

Tabnuia 1
AHAJIU3 3TanoB MPOBEPKH HCCJIENYeMOoro mpouecca

JTan npoBepKH

Yci0BHE N0BEPKU

HUcnoanureanb

[IpoBepka Ha 00s3aTENBHOCTD 3aIIOTHEHUS MTOJICH

3aroHeHs! / He 3aI0IHEHEI

Iporpamma (Crrermanuct CMO)

[IpoBepka Ha COOTBETCTBHE CIIPABOYHHKAM

COOTBETCTBYET / HE COOTBETCTBYET

Iporpamma (Crrermanuct CMO)

[IpoBepka Ha COOTBETCTBUE ITATIOHHBIM TaOIHIIAM

COOTBETCTBYET / HE COOTBETCTBYET

Iporpamma (Crrermanuct CMO)

ITpoBepka ¢ nomormibio coctaBHEIX SQL 3ampocos

COOTBETCTBYET / HE COOTBETCTBYET

Iporpamma (Crrermanuct CMO)

IpoBepka Ha Hamuwe nedekToB oopMIICHNS IEPBUIHOM

HapYyLICHUH TP OKAa3aHUM MEAUIUHCKON IOMOILIU

[TpucyTcTBYIOT / OTCYTCTBYIOT Bpau-sxcnepr CMO
JIOKyMCHTAINN PHCYTCTBYIO YICTByIo P P
IIpoBepka Ha HanUuue Ha eHUi B ohopMiIcHUN
poBep pYIT bop [TpucyTcTBYIOT / OTCYTCTBYIOT Bpau-sxcnepr CMO
1 TIPEJCTaBICHUN HA OIUIATY CUETOB U PEECTPOB CUCTOB
ITpoBepka Ha HamM4He Ae()EKTOB MEAUIIMHCKOM ITOMOIIH / .
[TpucyTcTBYIOT / OTCYTCTBYIOT AKKpeIUTOBaHHBIN BPad-dKCIIEPT

Bpaq—SKcnepT Ha JaHHOM 3TallC OCYIICCTBIIACT IMPOBCPKY HCTOpI/Iﬁ 00JIe3HH HA HAJIUYHE Z[e(l)eKTOB MCEC-
I[HLIHHCKOP’I IIOMOIIH, a TAKXEC HapymeHHﬁ IIpu OKa3aHUH MeZ{HHHHCKOﬁ oMo, pykoBOJACTBYCH (bez[epam)—
HBIMHU U PCTUOHAJIBHBIMU CTaHAapTaMU MCI[HLIHHCKOP’I IIoMonM, a TaKXK€ JIUYHBIM OIIBITOM. TaK, Harpumep,
OTCYTCTBHUC JIMCTa Ha3HAYCHHH U TEMIICPATYPHOT' O JIUCTA IIPU IUIAHOBOH rocrnurTaiu3ali NnmanucHTa ABJIACTCA
HCBBIIIOJIHCHHU CM H606X0)_II/IMI>IX J'Ie‘-Ie6H0—I[I/IaI‘HOCTI/I‘-IeCKI/IX MepOHpI/ISITI/If/’I, HC TMOBJJMUABIINX Ha 3J0POBLC.
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Taxoke, OCHOBBIBasICH HA JIMYHOM OIIbITE Bpaya-dKCIepTa, NAIOTCsl KOMMEHTapUH U MOSCHEHHS N0 BBISBIICHHBIM
HapymeHusiM. 3adUKCHPOBaHHBIC HAPYIICHUS OTPaXKaIOTCA B aKTE SKCIIEPTU3BI KauecTBa MEIUIMHCKOM MTOMOIIIH,
a cymma Beltu1aTel MO yMmeHbInaercs B cooTBercTBuM ¢ 1. 8 [pukaza Ne 230 @O OMC ot 01.12.2010 .

AXTyaJabHOCTh NPOTHO3UPOBAHUS ONpENENseT aKTyaJbHOCTh pa3pabOTKu MH(OPMALMOHHON CHUCTEMBI,
CIIOCOOHOM peaan30BaTh aJTOPUTM OLIGHKH UCTOpHH GonesHn MO-HCHONHUTENSI HAa MPEAMET MOMyYeHHs Je-
HEKHBIX CPEJICTB 32 OKa3aHHBIC MEIUIIMHCKUE YCIYTH B pamMkax nporpamMmmbel OMC, npuHHMast 32 OCHOBY MPO-
1ecc KOHTpONIs o0BbEMOB, CPOKOB, KauecTBa M YCIOBHH NpEAOCTaBICHUS MeAuUUHCKOW momourn. [TpoBoas
aHaJIN3 UCTIONHUTENEH (CM. TaOl. 1) Ha Ka)XI0M dTare UcciaeIyeMoro Mpoecca, MOKHO CAENaTh BBIBOJ O BIU-
STHUW YeJIOBEUECKOro (pakTopa Ha TpexX OCHOBHBIX UTEPAIIHAX.

2. IlpumeHenne nHAeKca kannbl Kosna s pacuéra ko3 punmeHTa corjiacOBaHHOCTH
Meskay ABYMsA Bpadamu-d3kcnepramu CMO

Hanuuaue yenoBeueckoro (akropa mpy MpOBEIECHUN KOHTPOMS, a TAKXKE CIIOKHOCTH (POPMAILHOTO OITH-
CaHMs UCCIENYEMOl MPEeIMETHON 00JIaCTH SBISACTCS MPEANOCHUIKON BOSHUKHOBEHUSI HEUETKOCTH U HEOIIpesie-
JeHHOCTH. J[ns1 Oosiee TOYHOrO OINpeNeNeHUs HAIMYHs HEONPENICICHHOCTH BOCIONB3YEMCS WHICKCOM KAIlITbl
Koana [6], koTOpBIii 0003HAYaET MEPY COTIACOBAHHOCTHU JABYX OIICHIIMKOB, KIaCCU(DHUIUPYIONIHMX # 00BEKTOB

1o s kaTeropusaM. MHIEKC pacCUMTHIBACTCS TI0 CIICAYIONIEH Gopmyie:
__ Pr(a)-Pr(e)

1
1-Pr(e) ’ ( )
Yio1 i
rae Pr(a) = ==— — naOmiomaeMasi cOrlIacOBaHHOCTb MEXAy dkcrepramMu A u b, kmaccupunmpyrommmu
Z?=1nimi . o
n 06’I)CKTOB I10 § KaTCropusiam; Pr(e) = - 2 oXxXuaacMast BEpOATHOCTD CIIy4YarnHOU COTJIAaCOBAHHOCTHU. Ecmu
n

k> 0,75, To cormacoBaHHOCTh cunTaercs Boicokol, eciau 0,4 <k < 0,75 — To xoporei, nHade — moxoil. B ka-
YeCTBE MpUMeEpa MPHUBEIEM BapUaHT AKCIEPTU3bI JBYX Bpadyel-dKCIEPTOB JECATH HCTOpUi OonesHu. Kaxmbrii
M3 DKCIEPTOB MPOBEN 3KCIEPTHU3Y KauyecTBa MEAMIIMHCKOM MOMOINM CICAYIOUIMX KIMHWYECKUX CHTYAIlHid,
MPEJCTABJICHHBIX B Ta0M. 2.

Tabnuma 2
Onucanne KIMHUYECKUX CUTYaMIi U JeiicTBUI MeJUIUHCKOI0 MepCcoHaJIa

Jlnarno3 / KJIMHU4ecKas CUTyauust JeicTBUA MeIUIMHCKOr0 MEePCOHAJIA
ATepockiepo3 apTepuil HIKHIX KOHEUHOCTEH.
XpoHuyeckasl apTepuallbHas HeIOCTaTOYHOCTh

HIDKHUX KOHEUHOCTEH

Br10 mpoBeieHo uccnenoBanie MaleHTa Jomuieporpaduei,
a BBIIIOJIHEHA OCTEONapalys

[NaTonorust HIDKHUX KOHEYHOCTEH [NanmeHT OBLT HAaNpaBIIEH HA MEMKO-CONUATIBHYIO SKCIIEPTU3Y
[NanmeHT OBUT rOCTIUTANN3NPOBAH O HANIPABJICHUIO U3 MOMUKINHUKA O3
HeoOxoauMoro Habopa aHanu30B. B ycnoBusx craruonapa ObuT IpoBeeH

TIOJTHEIM HEOOXOMMBIH TIepeueHb uccienoBaHnid. [manoBas oneparus mpo-

IIJIa CTEIIHO, MAIEHT BHIIHCAH
Brin npon3Benen 3abop ananm3a kposH. [lanmenT ObuT HaTpaBIeH
Ha JaJbHEHIINe KOHCYIBTAIUH CIEIHAINCTOB
[NanmenTy Ha3HAYEHO KOHCEPBATUBHOE JICUCHUE O€3 IIPOBEICHIUS
a30¢aroracrporyonenockormu (I 1C)

[NocTynuBmeMy SKCTpEHHOMY MTAIMEHTY He OBUIO POBEICHO CPOYHOE OIle-

paTHBHOE BMEIIATENECTBO. [larenT ObUT IIOMEIIEeH B CTAI[OHAD

[InanoBas onepanys X0JIeHUCTIKTOMUU

Tpombodmedbur

KpOBOTe‘IeHI/Ie KCITYTOYHO-KUIIICYHOI'O TPaKTa

OcCTpBIif KaJTbKYIEC3HBIH XOIEIICTHT

Kucra nepenHeli moBepXHOCTH IIEH

JedexT nepenneit rpyaHON CTEHKH [NarmenTs! OBUTH 00CIEIOBAHBI B YCIOBHSIX CTAIlIOHAPA,  TAKXKE YCIICIITHO
INoctyaeBoii GuOPO3 IEBOI MOTOIHON >KEIIE3BI IIPOOIEPUPOBAHBI U BBIIIHCAHbI

HeiiponaTys npaBoro IjedeBoro CIUICTCHUs

[Ipu mpoBeneHnH SKCIEPTU3BI CHEHUANINCTaM HEOOXOAUMO CAeNaTh 3aKIoueHHe M0 KaXI0oH KIMHUYe-
CKOW CHUTyallMM Ha MpenMeT Ha3HaueHHs YMEHBIICHUS CyMMBI BBITUIATH PH OOHAPYKEHUH HapylIeHUi au0o
HENpHUMEHEHMs SKOHOMUYECKNX caHKIKUN K MO M 1aTh peKOMEHallK Ha BBITUIATY MOJTHON AEHEXKHON CyMMBI.
Bbasuc pacxoxaeHuil MHEHHI 3KCHEPTOB MO KIMHUYECKUM CHUTYallHs 3aKIH0YaeTcsl B TOM, YTO CIIELUAIMCTHI
PYKOBOZACTBYIOTCSI HE TOJIBKO CTaHAAPTaMH OKa3aHHS MEIWLMHCKOM MOMOIIM, HO ¥ JIMYHBIM ONBITOM. Pa3bsc-
HEHHS HKCTIEpPTOB A U b 110 KITMHUYECKUM CUTYalMsM MIpeACTaBIeHbl B Ta0I. 3.
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Tabnuia 3
Pa3bsicHeHMs1 IKCTIEPTOB MO KIHMHHYECKHM CUTYallUsIM

Ne curyanun

Pa3bsicHeHusl IKCNEepTOB

Jkcnept A: B ucropuu 6one3nu (1b) 0TCyTCTBYIOT MEpOIPHUSITHS HETIPEPHIBHOM KOHCEPBATHUBHOM Tepaniy (COCYIUCTOH Tepa-
II1H), HATMIHEe KOTOPOH HEOOXOAMMO IPH TaHHOM JIHarHo3e.

BbIBO: HEBHITIOHEHNE HEOOXOANMBIX JICUEOHO-THATHOCTHIESCKUX Meponpustuii (JI/JIM), He MOBNHSABIINX HA 3I0POBEE.
Pe3yabTaT: yMEeHBIICHNE CYMMBI OIUIATHI 10 JAHHOMY CITYYaio

Ikcnept B: 0TCYTCTBYIOT MEpONPUATHS HEIPEPHIBHON KOHCEPBATHBHOM TEpaINiy, HAININE KOTOPOi He0OX0aIMO
IIPY JTaHHOM JuarHose. Pe3ynbratsl gommieporpaduu HOCAT (HOPMAaIBHEIH XapaxTep.
BbiBon: HeBbITIONHEHHE He00X0MMMBIX JI/IM, He TOBIMSABIIMX HA 3710pOBBE. Pe3yJIbTaT: yMECHBIIICHHE CyMMBI OIUIATHI 110 TAHHOMY CITYdar0

Oxcnept A: B Ub orcyTcTBYeT 3aKimoUeHIe aHTHOXHpypra. BeiBo: HeBbImomHeHNe HeoOXomuMbIx JIJIM, He MOBMMSBIINX Ha 370POBEE.
Pe3ysibTaT: yMEHBIICHUE CYMMBI OILIATHI IO JAHHOMY CIIy4alo

Jkcnept B: mpy quarHo3e MaToxoruy HIKHUX KOHEYHOCTEH ¢ EWCTBUSIMU MEANIIMHCKUX CHEIUATIICTOB COTIACeH.
BoiBoa: cornacue skcnepra. Pe3ysbTar: BEIILIATa IOJHOM JEHEKHOW CyMMBI 10 JAHHOMY CIIy4aro

JKcHepT A: HECMOTPS Ha HapYIICHHS IIAHOBOH FOCIIUTANIN3AINH, TAKTHKA MEAUIIMHCKOI oMoy BepHa. [lanuenT Haxomumcs
B OTJAJICHHOM paiioHe, ACHCTBUSA MEAUIUHCKOrO IEPCOHANIa ONpaBIaHbl.
BeiBoa: cornacue skcnepTa. Pe3ysabTar: BhIILIATa IOJHOM JEHEKHOW CyMMBI 10 JAHHOMY CIIy4aro

Jkcnept B: oTcyTcTBHE NPOBENCHHBIX B OIUKIMHIKE HUCCICIOBAaHUHM O3HaYaeT HAPYIICHUE MOPSAKA TIAHOBOM TOCTIUTAIN3AINN
nanuenTa. BeiBoa: HeBbImoNMHEHNE HE0OX0AUMBIX JIJIM, He MOBNMSBIIMX Ha 370pOBhe. Pe3yIbTaT: yMEHBIICHNE CYMMBI OILIATHI
110 JAHHOMY CIIy4aro

JKcnepT A: pu AUArHo3e TpoMOoQIeOuT HeoOX0AUMO YAbTpa3BykoBoe uccnenoanue (Y 3U), koropoe He ObLUTO OKa3aHO.
[Mpraunoii sBistercs orcyrcrBue mpubdopa Y3 u cienmanmucra.

BriBoa: HeBbITIONMHEHNE HEOOX0AUMBIX JI/IM, He MOBIMSBIINX HA 3M0POBBE, KOTOPHIE OBLIN 00OCHOBAHEI OTCYTCTBHEM
obopynoBanusl. Pe3ysIbTaT: BBIIIIATa NOTHOH AEHEKHON CYMMBI IO JAHHOMY CITyJaio

Ikcnept B: B Ub orcyrcrBytor pesynsratel Y3U.
BbiBoa: HeBBITIONMHEHNE HEOOXOMMBIX JIJIM, He MOBIHMABIINX HA 310pOBhE. Pe3ysIibTaT: yMEHBIICHHE CYMMEI OIUIATHI IO JaHHO-
My CIIy4aro

Okcnept A: B Ub met pesynsraroB OI'JIC, 9T0 He MO3BOSLET ONPEETIUTH BEPHYIO TAKTUKY JICUCHUSL.
BbiBon: HeBbITIONHEHHE HE00X0MMMBIX JI/IM, He TOBIMSABIINX HA 37I0POBBE. Pe3yJIbTaT: yMECHBIIICHHE CyMMBI OIUIATHI 110 TAHHOMY CITYdar0

Ikcnept B: orcyrcrByror pesynsrarst DI /IC.
BoiBon: HeBbITIONTHEHNE He00X0MMMBIX JIJIM, He TOBIMSABIIMX HA 37I0POBBE. Pe3yJIbTaT: yMECHBIIICHHE CyMMBI OIUIATHI 110 TAHHOMY CITydai0

JKCcHepT A: TIOMEIICHHOMY B CTAaI[FIOHAp MAIMeHTY ObLIA OKa3aHa KOHCEPBATHUBHAS IOMOIIIb, TI03BOJIMBIIAS KYIIUPOBATH MPOIIECC.
[Ipu3Haku 0CTPOro AECTPYKTUBHOIO XOICLIUCTUTA OTCYTCTBYIOT.
BeiBoa: cornacue sxcnepTa. Pe3ysbTar: BhIILIATa IOJHOM JEHEKHONW CyMMBI 10 JAHHOMY CIIy4ar0

Oxcnept b: B mpoBeneHn SKCTPEHHOT0 ONEPaTUBHOTO BMEIIIATENHCTBA He ObIIO HE0OXOAMMOCTH. B pe3ynbTraTe KOHCepBaTUBHOM
Tepariy HaOII0JaeTCsl YMEHBIICHHE B pa3Mepe JKEITIHOr O IMy3bIpsl, OTCYTCTBHE CIIOMCTOCTH CTCHKH, a TAKXKE IPUBE/ICHIE JICHKOIIUTOB
B HOpMY. BeIBO/: coryacue skcnepra. Pe3yibTar: BplIUIaTa MONHON ACHEKHON CyMMBI 10 JAHHOMY CIIy4alo

JKcHepT A: OTCYTCTBYET 00s13aTebHast (hrrooporpadus.
BbiBoa: HeBBITIOMHEHNE HEOOXOAMMEIX JIJIM, He MOBIHMABIINX HA 310pOBhE. Pe3ysibTaT: yMEHBIICHHE CYMMEI OIUIATHI IO JaHHO-
My CIIydaro

Ikcnept b: vHer Qmrooporpaduu, 4To 1T TTAHOBOH TOCTIMTAIN3AINH SBISCTCS 003aTEIBHBIM.
BbiBoa: HeBBITIONMHEHNE HEOOX0MMBIX JIJIM, HEe OBIHMABIINX HA 310pOBhE. Pe3ysibTaT: yMEHBIICHHE CYMMEI OIUIATHI IO JaHHO-
My CIIy4aro

JKcHepT A: OTCYTCTBHE JINCTA HA3HAYCHHH, TAKXKE TEMIIEPATypHOTO JIHCTA.
BriBoa: nedext opopMIIeHISI MEUIITHCKOH JOKYMEHTAINH, IPEIATCTBYIONHMH dKCepTh3e. Pe3ybTaT: yMEHbBIICHHE CyMMbI
OILIATHI 10 JAHHOMY CI1Y4al0

Jkcnept B: Her nmucTa HA3HAUCHUH, a TAKXKE TEMITEPaTypHOTO JIUCTA.
BriBoa: nedext opopMIIeHISI MEUIITHCKON JOKYMEHTAINH, IPEIATCTBYIONMH SKCepTr3e. Pe3ybTaT: yMEHbIICHHE CyMMbI
OILIATHI 10 JAHHOMY CI1Y4al0

JKcnepT A: OTCYTCTBHE 00s13aTeNbHOM (rrooporpadum.
BbiBoa: HeBBIIONMHEHNE HEOOX0MMBIX JIJIM, He MOBIHMABIINX HA 310pOBhE. Pe3ysibTaT: yMEHBIICHHE CYMMEI OIUIATHI IO JaHHO-
My CIIy4aro

Ikcnept B: Her 06s3aTenbHOM (urooporpadum.
BbiBon: HebITIONHEHHE He00X0MMMBIX JIJIM, He TOBIMSABIIMX HA 3710pOBBE. Pe3yJIbTaT: YMECHBIIICHHE CyMMBI OIUIATHI TT0 TAHHOMY CITY4ai0
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JKcHepT A: OTCYTCTBHE JIMCTA HA3HAYCHHH, a TAaKKe TEMIIEPATYPHOTO JIUCTA.
BriBoa: nedext opopMIIeHISI MEUIITHCKON JOKYMEHTAINH, IPEIATCTBYIONMH SKCepTh3e. Pe3ybTaT: yMEHBIICHHE CyMMbI
OILIATHI 110 JAHHOMY CITyqaro

Jkcnept B: Her nmucTa HA3HAUCHUH, a TAKXKE TEMITEPaTypPHOTO JIUCTA.
BoiBoa: nedext opopMIIeHISI MEUIITHCKOH JOKYMEHTAINH, IPEIATCTBYIONHMH dKCIepTh3e. Pe3ybTaT: yMEHBIICHHE CyMMbI
OILIATHI 10 JAHHOMY CI1Y4al0
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Taxum 06p330M, MHEHHE 000MX OKCIICPTOB COBIIAJIO 110 7 HUCTOpUAM 60J'I63HI/I, 10 KOTOPbIM H606XOI[I/IMO
MMPpUMCHHUTD (bHHaHCOBBIe CaHKIUHM B BUAC YMCHBIICHUSA CYMMBI OILIATHI. CpeZ[I/I KIIMHUYCCKUX CJIy4acB, I10 KO-
TOPBIM MOXXHO ITPOU3BOAUTD BBITIJIATY B IMOJHOM 06’LCMC, 00a OKCIICpTa CONUINCH JIUIIb B OJHOM Cliy4dac. Pac-
XOXACHUA 3KCIICPTOB BO3HHUKIIUM B CllydasaX 2—4. Tlomectum IMOJIYy4YCHHBIC PE3YJIbTAThI B Ta0II. 4, B KOTOpOfI
0003HAYUM «+» YMCHBIICHUEC CYMMBI BBIIUJIATHI, T.C. HAJIMIUC CaHKL[I/If/’I, a «» — UX OTCYTCTBHEC, T.C. BBIIJIATY B

MOJTHOM 00BeMe.
Tabnuma 4
O01ue pe3yabTaThl OLIEHOK IKCIEPTOB

Okcnept b
+ —_
JKcnepT A + 6 1
- 2 1

B sToM npumepe napamerp cornacoBanHoctd Pr(a) = 0,7. Dkcnept A onpenenui 7 KIMHUYECKUX CITydacB,
MO0 KOTOPHIM HEOOXOMMO YMEHBIIUTHh KOHEYHYIO CYMMY BBITUIATHL, a 10 3 ciydasM u3 10 — ocyIiecTBUTh MOJ-
HyI0 BBIIIATy. TakuMm 00pa3oM, €ro peIIeHHs paclpeleluiuch B MPOUeHTHOM cooTHomeHnn 70 u 30%.
B 8 0100peHHbIX ciydasx, A1 KOTOPBIX HEOOXOIUMbI SKOHOMUYECKHE CaHKIMH, ONpeaeicHHbIe dKCnepToM b,
BCEro 2 cilydyasl 3aciy»XMBalOT BBIIJIATHI TOJTHOM CTOMMOCTH AEHEXHBIX cpencTts. Utor skcnepra b: 80 u 20%.
Oskupmaemasi BEpOSITHOCTD CITy4aifHOM corsacoBaHHocTH Pr(e) = 0,62, koa¢dduuument kanmsl KosHa &k = 0,21.

JlaHHbIl MOKa3aTedb 00OCHOBBIBACT HU3KYIO COTJIACOBAHHOCTH MEXIY JBYMS DKCIIEPTaMH B BBIILCTIPH-
BEICHHOM TIpUMEpPE U JAOTOTHUTEIBHO MOATBEPKAACT HATMUUE HEOPEIEICHHOCTH.

CraenoBaTenbHO, BOSHUKAET HEOOXOAUMOCTD HCIIOIB30BaHUS COOTBETCTBYIOIINX MaTeMaTHUECKUX arra-
PaToB B aIrOpUTME MPOEKTHpyeMol cucTeMbl. D deKkTUBHAS peanu3anus JOCTOBEPHOI0 JOTHYECKOTO BBIBOA
B TaKHX YCIIOBHAX MOXKET OBITh pealn3oBaHa ¢ MPUMEHEHHEM HedeTKou soruku [10], koTopas akTHMBHO Mpu-
MEHSIETCS B CO3/IaHUU CPECTB MCKYCCTBEHHOIO MHTEJUIEKTA JUIs pelleHUs KINHUYecKuX 3aaad [11-16]. Jlan-
Hasl TEXHOJIOTHSI TMO3BOJIMT HE TOJBKO JOCTATOYHO TOYHO (POPMAaM30BaTh KaK MEIUIMHCKUE 3HAHUS DKCIIEp-
TOB, TaK M BXOJIHBIC JaHHBIE IJIs1 paOOThl CUCTEMBI, HO U ONMPEIEIUTh COOTBETCTBYIOIINE BEPOSTHOCTHBIE KO-
3¢ UIHMEHTHl JTOTHYecKoro BbIBoAa. OJHAKO, TOMHMO peanu3auud 3(G(EKTHBHOTO JOTMYECKOro BHIBOAA B
YCIIOBUSIX HEONpeNeeHHOCTH, HEOOXOIUMO TaKXKe YUHTHIBATH paHee HaKOIUICHHBIH ombIT. OIHON W3 TaKHX
TEXHOJIOTUi sBisiercs case-based reasoning (cbr) [17-21]. Hcnons3oBanue JaHHOH TEXHOIOTHH B COBOKYITHO-
CTH C HEYETKOHM JIOTMKON MOKET MO3BOJINTH 0OJIee TOUHO OCYIIECTBIATH MPOrHO3UPOBAHUE UCTOPHNA O0JIe3HU
Ha TpeIMeT BBITUIATHI JEHEKHBIX CPEICTB. TakuM 00pa3oM, MOSBISETCS HEOOX0AUMOCTh (P OpMHUPOBaHUs Oa3bl
MPELEICHTOB Pe3yAbTHPYIOMINX MapaMeTpOB CHCTEMBI P COOTBETCTBYIOUIMX BXOJHBIX AaHHBIX. ABTOMATHU-
3alus TIOMOMHEHHS Takoi 0a3bl 00ECHEeUuT peanu3alrio mpolecca caMoo0y4aeMocTH cucTeMsl. bonee Toro,
aHanmn3 0a3bl MPELeIeHTOB MOXET OBITh MCIOIB30BaH ISl AUHAMHYECKOro (pOpMUPOBaHMs KO3(PQPHUINEHTOB,
MPUMEHSIEMBIX Ha 3Talle HEYETKOr'o JIOTMYECKOro BBIBOJA, YTO MO3BOJHUT CAENaTh CHCTeMy Ooiee alanTHpo-
BaHHOM M NOBBICUTH €€ 3(pPEeKTUBHOCTS.

3akjIoueHne

[IpencraBieHHOEe B HACTOSLICH CTaThe UCCIEAOBAaHHE MpoLecca «KOHTPOIsl 00beMa, CPOKOB KadecTBa U
YCIIOBHUI MPENOCTaBICHU METUIIMHCKOW TTOMOIIY MEAUIMHCKUMHU OpTaHU3alusaIMI» ¢ IPUMEHEHUEM METO0B
amnmapara CHCTEMHOI'O aHaJli3a MO3BOJISIET CHIENIaTh BBIBOJBI O HEOOXOJUMOCTH Pealn3allui HHTEIEKTYaIbHON
nHpopmanmonHoi cucremsl (MUC) ouenku ucropuii 007€3HN Ha MPEAMET MOMYUYCHHUs ICHEKHBIX CPEACTB 3a
OKa3aHHBIE MEAMLUHCKHE YyCIyrd B pamkax mporpamMbl OMC. HeoOXxoauMocTh MPHHATHS PELICHHH B
YCIIOBUSIX HEOIPENeNIeHHOCTH, OOOCHOBAaHHAs HAJIMYMEM BIHSIHHSA 4elIoBedecKkoro (axropa, oOycioBiauBaeT
WCTIOJIb30BaHNE HEYETKOM JIOTKM B KayecTBE METOJa JIOTMYECKOro BhIBoAa Oynyromied cucrembl. Hapsmy c
npuMeHeHneM 3(pPEeKTHBHOrO JIOTHYeCKOro BHIBOJA UCIIOJIB30BAHHE OIBITa HA OCHOBE MPELEACHTOB MTO3BOIUT
3¢ ($EeKTHBHO MOBBICUTH KaY€CTBO BHIBOJA AJIsl IPUHATHS yIIPaBJICHUECKUX pereHni. Peannszanus taxoit UUC,
cozepkaiieii B CBOEH OCHOBE KOMOWHHUPOBAHHBIM METOJ, IMO3BOJIMT IPOU3BOAUTH OLIEHKY BEPOSTHOCTH
MOTYYEHHS ICHEXHBIX CPEACTB 10 (POPMHUPOBAHUS peecTpa CUETOB.
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The relevance of the presented paper deals with the necessity of determining problems and effective solutions for medical organiza-
tions on the stage of medical documentation reports control purposely for forecasting the average of financial resources that can be ob-
tained in the scope of compulsory health insurance program.

The aim of the study. For the purpose of further issues definition to present formal model of the analyzed process using a set of sys-
tem analysis methods.

The methods. System analysis methods, especially IDEF0O diagrams and activity diagrams; for estimation of medical expert’s agree-
ment Cohen’s kappa was used.

The results. Based on the specification documents and expert’s experience the spread description on the process «the control of vol-
ume, duration, quality and conditions of medical service assignment by medical organizations» provided by medical insurance organiza-
tion is presented. Input and output parameters, elements of process management were determined. As a result of decomposition, subpro-
cesses were presented within activity diagrams.

&3



Conclusions. The obtained results allows to conclude that there is a set of problems which appear when medical organizations send

reports for getting financial resources for clinical service realization in the scope of compulsory health insurance program. On the
grounds of determined problems, we can conclude that it is necessary to develop an intellectual information system for estimating clini-
cal records concerning getting financial resources for clinical service. In respect that human factor influences on the main stages of the
analyzed process, we propose to use fuzzy logic as an inference engine. The self-learning function of the system will provide case-based
reasoning.
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ABTOMATU3UPOBAHHAS CUCTEMA YYETA U KOHTPOJIA
IOCTAHOBJIEHUM YUYEHOI'O COBETA BY3A

PaccmarpuBaroTcs aBTOMaTH3HUPOBAHHAS CHCTEMA ydeTa M KOHTPOJS JOKYMEHT0000pOTa, CBI3aHHOTO C TIOCTaHOBJICHUSIMU
VYdenoro coBera By3a, Ha mpumepe Tomckoro rocymapcrseHroro yausepeurera (TI'Y); mpobiemsl tokymeHTo000poTa,
CBA3aHHOI'O C IOCTaHOBICHUAMHU YueHoro copera TI'Y. IlpoaHanu3supoBaHbl OCHOBHBIC 33/1a4d aBTOMAaTHU3allUuM, pella-
eMble JaHHOW CHCTEMOH, 1 HabOp MPeNoCTaBIIeMBIX BO3MOXKHOCTeH. Taoke paccMoTpeHa 0000IMIeHHas! CTPYKTYpHO-
(YHKIMOHANBHASL CXeMa M IIPUBE/ICH CTEK TEXHOJIIOTHI pean3amiiL.

Ki1104eBble ¢/10Ba: 2IEKTPOHHBINA JOKyMEHTOOOOPOT; CHCTEMA KOHTPOJS; Y YEeHBIH COBET; CTEK TEXHOIOTHH.

Cuctembl 3JIeKTPOHHOTO JoKkyMeHToobopora (CO/]) dhopMUpyIOT HOBOE TIOKOJIEHHE CUCTEM aBTOMATH-
3anuu npeanpusatuil. Cpeny OCHOBHBIX (DYHKLUH CPEICTB ANEKTPOHHOI'0 JOKYMEHTO000pOTa BBLACIAIOT [1]:

® COIVIACOBAHUE U YTBEPKICHHUE TOKYMEHTOB;

® KOHTPOJIb UCTIONTHEHUS JOKYMEHTOB U NOPYUYEHUII;

® JJIEKTPOHHBIN apXUB JOKYMEHTOB H T.1.

[TocTosiHHast paboTa ¢ MokymMeHTamu BeAErcss U B TOMCKOM ToCyNapCTBEHHOM YHHBEPCUTETE, U BECO-
MYIO 4acTh B 9TOH paboTe 3aHMMaIOT 3acefanus YueHoro cosera (Y C), KOTOpbIE MPOXOAAT C OmpeneneHHON
MIEPUOANYHOCTBIO. Pe3ynbTaToOM SIBISIETCS CIIMCOK MTOCTAHOBIIEHUH, B3ATHIX Ha KOHTPOib. CekperapeM YUeHo-
ro COBETa CO3JAETCA TEKCTOBBIM JOKYMEHT, COJEpIKAIllMi MepedeHb 3TUX NocTaHoBieHui. Iloapasnenenus
YHUBEPCUTETA JOJDKHBI BBIMOJHUTH MocTaBieHHble YC 3aaud M NPEACTaBUTh COOTBETCTBYIOIIMN OTYET.
C TedeHueM BpEeMEHU MPOUCXOANUT HakorieHue Oanka mocranoieHuit YC (ITYC) u oT4eToB moapa3iencHuid,
YTO YCIIOKHSET paboTy MO OTCIEKMBAHHUIO UCIIONHEHHS pemeHnil. Kpome Toro, kak cexperaplo, Tak M Moapas-
JeTICHUSIM TPeOyeTCsl BBITIOJIHATH ONMHAKOBYI0 MOHOTOHHYIO paboTy IO 3alOIHEHHIO BPYYHYIO U TIPOCMOTPY
JIECATKOB JOKYMEHTOB, OU€Hb IMMOX0KHUX APYT Ha JpyTa.

OueBHieH BBIBOJI O HEOCTAaTKaxX opraHu3anuyu npouecca padots ¢ ITYC. Bputo npuHATO pemenue o co-
30aHUM CIICHUATU3UPOBAHHON CHCTEMBI AIEKTPOHHOTO JOKYMEHTO00O0pOTA.

JlaHHas cucteMa BBITIONHACT CIEAYIoMmUe QYHKINHA aBTOMATH3aLUH:

1) pasoByto peructpanuio [IYC, T.e. uckIOYeHHE HEOOXOAMMOCTH MHOIOKPAaTHOTO KOMHPOBaHHS WU
pacrneyaTKy IOCTaHOBJICHHH;

2) XpaHeHHe BCeX MOCTAHOBIICHUH B €MHON 0ase, 4TO MO3BOJSET N30EKATh MOTEpH OyMar MM BO3HHK-
HOBEHHS TyOJINKATOB;

3) mocTym K cCHCTEME C JII0OOr0 KOMITbIOTEpa, MMEIOIIEro MoJKiItoYeHrne K HTepHeTy, YTO 3HAUYUTEIBHO
MOBBILIAET ONEPATHBHOCTS;

4) BO3MOXHOCTh TPUKPEIUIEHHUS K pacchllaeMbIM MOApa3AeieHUsIM 3a1adaM BCIIOMOTaTeNbHBIX HHPOP-
MalMOHHBIX (ailyioB, 4TO M30aBIgET OT HEOOXOAUMOCTH MepeAayl KUl OymMar Wil caMOCTOSITEIbHOTO TIOMCKa
MOJPa3eTICHUSMHU COOTBETCTBYIOLINX TOKYMEHTOB U (OPM;

5) BHYTPUCUCTEMHBI OOMEH COOOLICHUSMH AJISl YIIPOIICHUS! KOMMYHHUKALUY, HeOOXOANMON IS pelie-
HUS BO3HUKAIOLINX BOIIPOCOB;

6) BO3SMOXKHOCTh apXWBUPOBaHHA Kak nmoctaHoBieHnid YC, Tak W 3a7ay, MOCTaBJICHHBIX Iepes Moapas-
JeNEHUSIMH;

7) IPOCTYIO0 CHCTEMY KOHTPOJISl MCIIOMHEHNUs, TTO3BOJISIONIYI0 Oe30TiarareibHo U 3 (eKTHBHO B3auMO-
JeCTBOBATh MOAPA3IETCHUAM;
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8) cBOEBpEMEHHOE HAIIOMUHAHKNE O HEBBHIMMOJHEHHBIX 3aJ[a4yax, CPOK CIAYM KOTOPBIX YK€ MPOIIEN, YTO
YMEHBIIIAET BO3MOXKHBIHN yIIepO OT MOMOOHBIX CHTYAIIHIA;

9) Mpo3pavyHOCTh ACATENBHOCTH, OTHOCAIICHCS K UCHONHEHUIo perieHnit YC, U Kak pe3yiapTaT — BO3-
MOXKHOCTh Kaue€CTBEHHOT'O aHAIN3a YTON JNESITEbHOCTH AJIS MTOMCKA Y3KUX MECT.

Amnanu3s oreuectBeHHBIX CO/] [2, 3] moka3bIBaeT, 4TO HapsIAy C BHICOKOM CTOMMOCTBIO OHHM HE PELIAloT B
KOMIIJIEKCE BCEX MEPEUYUCICHHBIX 3anad. [loaToMy, 1O MHEHHIO aBTOpOB, IpenajaraeMas B CTaTbe CHUCTEMa
MPEACTABISACT ONMPECICHHYIO MPAKTUUECKYIO IEHHOCTD.

2. KonuenrtyajbHasi MOJIeJIb CHCTEMbI

B cucreme onpenenens! 4eTbIpe THIIA OIB30BATEIEH:

e Cekperaps;

¢ KonTponupyrommii;

o JICIIOIHHTCID;

® AIMUHHUCTPATOP.

Huxe nepedricieHs! BO3MOYKHOCTH, IIPEAOCTABIAEMBIE CUCTEMOM pa3TMYHBIM THIIAM I1OJIb30BaTENEH.

Jnsa Cekperapst YdeHOro coBera:

® YHU(UIMPOBAHHBIC MEXaHM3Mbl HAKOIJICHUS U XpaHEHHUs Bceld MHpopMay o pemeHusx Y C;

® Ha/IGKHOE XpaHEHHNE U TapaHTHs, YTO HyKHas HH()OpMAaNs HUKOTJa He IOTepseTCs;

® ¢IMHBIE CPENCTBA KOHTPOJS UCIONHEHUS pemeHuit YC, HHTErpUpOBAaHHbIE CO CPEACTBAMHU KaleHaap-
HOro muaHupoBaHus. OTCyTCTBHE HEOOXOAUMOCTH OTCIEKHBATh CBOEBPEMEHHOCTh HCIOMHEHUS 3aJaHus, CH-
cTeMa MpeaoCcTaBIIsieT BCI0 He0OXOANMYI0 HH(OPMALIUIO;

® [ICHTPaJIM30BaHHBIC MEXaHU3MBI TOMCKa HH(OPMALIIH;

® BO3MOYKHOCTb OTCJIEKUBATh MPOIECCH] BEINOIHEHN pemennil Y C B moxpasaenenuax TI'Y.

s Kontponupytotiero (Kak mpaBuiio, IPOPEKTOpa):

® [TOJITBEP’KJCHHE BBINIOJIHEHUS 3aa4H;

e nobaBieHue HaiioB K 3a1a4am;

® B ClIy4ae HEYAOBIETBOPUTENBHBIX PE3yIbTATOB CHATHE CTAaTyCa BBITOTHEHMS.

Jns UcnionauTens:

e 001IME CpeacTBa AOCTYIIA;

® yHU(UIMPOBAHHBIN HHTEepdelic, HeT HeOOXOOUMOCTH B AOMOIHUTENBHOM 00y4eHUHN TpelncTaBUTENeiH
MOZIpa3/cICHUT;

® TIOJTHAs MOJ/ICPKKa UHTEPHET-IO0CTYIa, OJIb30BATEIb MOKET paboTaTh ¢ JII0OOro KOMIBIOTEPa B CETH
WnrepHner;

Jnga AnMuHHCTpartopa:

e ciuHas HHPPACTPYKTypa yIpaBIcHHUS;

e He TpeOyeTcs BpeMEeH! Ha MHCTAJUIALUIO U OOHOBIIGHHE KIIMEHTCKUX MPHIIOKECHUH;

® Be0-10CTYI KO BCceM (PYHKIHSIM CUCTEMBI;

e ¢[IMHAsI CUCTEMA PasTpaHUUEHMS MTpaB IOCTYIIA.

OcHoBHOI Habop TpeOOBaHMI K CHCTeMe MPEACTaBICH Ha auarpaMmme npeueneHToB [4] (puc. 1), a ac-
MIEKTHI B3aUMOJIEWCTBUSA PA3INYHBIX KaTErOprii MOJIb30BaTeNE C CUCTEMOI — Ha puC. 2.

TepMmuH «3amada» B cucteMe 0003Ha4aeT 00beM padoT, KOTOPBIH JOMKHO BBHIMOMHHUTH MOApa3/eicHre
o peanuzauuu pemenus YC.

3. ApXUTeKTypa CHCTEMBI

ApXHUTEKTypa CUCTEMBI H300pakeHa Ha pHC. 3.

«KonTtponp nocrynay. JlaHHbIH MOIYIb ONpeAessieT Ha0Op MOTHOMOYHM AJs1 KOHKPETHOT'O MOJIb30BaTe-
JIS1 ¥ IPEAOCTABIISIET (PYHKIMOHAI AJIsl aBTOPH3ALNU B CUCTEME.

«ba3oBeIil GYHKIIMOHA — MOLYJIb, COAEPIKALIMNA BCIO OCHOBHYIO JIOTUKY PaOOTBI CUCTEMBI, TIO3BOJISIET
OCYLIECTBIIATH BCEBO3MOKHBIE MAHUMYIALUHN C JaHHBIMHU MOJApa3ieNeHnid, 3a1a4 u otueTroB. Habop Bo3mMoxk-
HOCTEW 3aBHCHUT OT THIIA 3aPETUCTPUPOBAHHOIO ITOJIE30BATEIS.
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87



CHCTEMA

E PaboTa c dalinamm E 0b6rMeH CoobUWEHHMAMMK E baza AaHHBIX
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MNMonszoearens 1 MNMonszosarens M

Puc. 3. O600menHas CTpyKTYpHO-() yHKIIMOHAIBHASL CXeMa

«Pabota ¢ daitnamm» — MOAYIb, TTO3BOJISIOIINI COXPAaHATH NPUKPEIUICHHBIE K 3a1a4aM (aiiiibl Ha cepBe-
PE U OCYIIECTBIIATH YIPABICHUE UMHU.

«O0MeH coOOIIEHUSIMI» — MOIYJb KOMMYHUKALUH, MPEAOCTABIISIOMINI ONb30BaTENAM BO3MOXHOCTD
00MEHUBATHCS COOOILICHUSAMHU.

«baza qaHHBIX» — XpaHWIKIIE, coAepKallee BCIO HH(OPMAIIUIO CHCTEMBI.

«CYB/[l» (cucrema ynpaBieHus: 6a3aMy JaHHBIMH) — MOAYJIb, 00ECTICYMBAIONINH MOTHOLEHHOE B3aMO-
JeliCTBHE CHCTEMBI (BCeX ee MoIyJiel) ¢ 6a30i TaHHBIX.

C cucreMoii MOT'YyT OTHOBPEMEHHO paboTaTh MHOXKECTBO IOJIb30BATENEH, MOMyYas K Heil JOCTyN ¢ JIo-
00ro KOMIBIOTEpa, UMEIOIEro MOAKIIoUeHHe K MIHTepHeTY, HCIonb3ys KakohH-TnO0 MHTEpHET-0003peBaTeNb
(6bpayzep) (Mozilla Firefox, Opera, Google Chrome, Internet Explorer u 1.11.). Iy Hayana paboTbl HEOOXOIH-
MO IIPOCTO B aJJPECHOM CTPOKE yKa3aTh UM caiiTa, Ha KOTOPOM PacIioiioKeHa CHCTEMA.

Jns peanu3anui CHCTEMBI, YAOBIETBOPSIONMIEH TOCTaBICHHBIM TPEOOBAaHUSIM, OBbLI BBIOpAH SI3bIK IPO-
rpammupoBanust PHP, a nHcTpyMeHTanbHO# OCHOBOM npuiioskeHus — Yii pperMBopK [5].

XpaHeHHe JaHHBIX MpeAroyaraeTcs mocpeacTraM 6a3pl JaHHbIX nof ymnpasieanem CYBJ MySQL, no-
CKOJIbKY Takol croco0 siBIsieTcss Haubosee HaJeXHbIM U YIOOHBIM IIpU paboTe ¢ nH(pOpMaLre CTpyKTYpUpo-
BaHHOT'O TUTIA.

st oToOpaskeHus rpaduuecKux HHTEpEHcoB HCIOIb3YeTCs CBS3Ka TEXHOIOTHIL:

o CSS — xackaaHbIe TaOIMIIBI CTUIICH [6];

e HTML — runepTeKCTOBBIH S3BIK pa3METKH;

e JavaScript — CKpUNTOBBIH S3bIK TPOrPAMMHUPOBAHUS;

o oubmmoreka JQuery [7].

Haunbonee npenmourutensHbiM BeO-cepBepom siBisiercsi Apache HTTP-cepsep, x0T He MCKIIIOYAIOTCS
BO3MOKHOCTH UCIOJIb30BAHMS U MHBIX HHCTPYMEHTOB.
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3akjrouenne

Pa3pa60TaHa 1 HAXOOUTCA B CTaauH OIILITHOM OKCIUTyaTalluu CUCTEMaA 3JICKTPOHHOI'O Z[OKYMCHT0060p0-
Ta, UMCroIIas CICAYIOINC (bYHKL[I/IOHaHLHLIC BO3MOXKHOCTH .

l.CBeZ[eHI/Ie BCEX IIOCTAHOBJICHHI YUYCHOro COBETa B CANHYIO 633y JaHHBIX U €€ IOIIOJIHEHHE MOCIE
KaXJ101ro 3accaaHus.

2. q)OpMHpOBaHI/IC noapasacIICHUAMA YHUBCPCUTCTA OTUCTOB IO BBINMTOJTHCHHBIM ITOCTAHOBJICHUSAM.

3. KOHTpOJ'II: Hanm 06H_II/IM COCTOAHHUEM CHCTCMBEI.

4, KOHTpOHB nmoapa3aciIiCHUuAMU, UMCIOIIIMMHA HA TO ITOJIHOMOYHM S, 3a OTUCTHOCTHIO APYIUX oApa3-
Z[eHCHI/Iﬁ I10 OMPCACICHHBIM 3aJavdaM.

5. BO3MOXXHOCTH BEIHECCHHUS BEIIIOJHEHHEIX U MOATBCPXKJACHHLBIX 3a/la4 B apXUB.

6. Ucmnonn3oBanue pexKruMa aAMUHHUCTPATOPA, ITO3BOJIAOIICTO MAHUITYJIUPOBATh KaK MOAPa3aACIICHUA-
MH, TaK U JaHHBIMH 3aJa4.
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There is a permanent work with documents in Tomsk State University. A sizable part in making this work is brought in by meeting
of the Scientific Council (SC), which takes place with certain periodicity. A result is a list of the decisions taken on control. The secre-
tary of the SC creates a text document, containing the list of these decisions. Subdivisions of University must execute task and present a
corresponding report. In time, there is the accumulation of bank of decisions and reports of subdivisions, that complicate work on watch-
ing execution of decisions. In addition, both a secretary and subdivisions require to execute identical monotonous work on the hand
filling and viewing dozens of documents very alike on each other.

A conclusion is obvious about the serious lack of organization efficiency of work with the SC decisions. So, it was decided to create
the dedicated system electronic circulation of documents.

This system solves the next problems on automation:

1. one-time registration of the SC regulations, exception of necessity of frequent printing-down and unsealing of decisions;

2. storage of all decisions in a single base that allows to avoid loss papers or origin of doublets;

3. access to the system from any computer with an internet connection, which greatly improves the efficiency;

4. possibility of attaching to the tasks, sent to subdivisions, of auxiliary informative files, that releases from the necessity of trans-
mission of stacks of papers or independent search subdivisions of corresponding documents and forms;

5. intrasystem exchange by reports for simplification of communication needed to address emerging issues;

6. possibility of archiving both decisions of the SC and tasks put before subdivisions;

7. simple monitoring system allowing without delay and effectively to communicate to subdivisions;

8. timely reminder about unfulfilled tasks, term of handing over of which passed already, that diminished a possible damage from
similar situations;

9. transparency of all activity related to execution of the SC decisions, and as a result is possibility qualitatively to analyze this activ-
ity for the search of bottlenecks.
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KOHIENIHUSA YHU®UIIUPOBAHHOM MOJIEJIN CIIEHAPHS
BAPUAHTA UCITIOJIb3OBAHUA J1JIA ®PUKCAIIUN
® YHKIIMOHAJIbHBIX TPEBOBAHUI K TIPOTPAMMHOMY ITPOJAYKTY

Pazpaborana yHu(UIMpOBaHHAS MOAENH CIEHApHs BapHaHTa WCIOIb30BAHUS, IONCPKUBAIONIAS PA3IMIHBIC €T0
IpeAcTaBiIeHus. Peann3oBaHO YIPOIIEHHE ONHOBPEMCHHOH MMOANEPKKH HECKONBKHX Pa3IHYIHBIX  CIIOCOOOB
TIPE/ICTaBICHNs CLICHAPHS BapHaHTa HCIOJIB30BaHUS, HAIIPHIMEP TEKCTOBBIX U Tpaduueckux. [Ipemioxena coOcTBeHHAS
rpadpudeckas HoTamust Mozenu. IIocTpoeH MpOTOTHII HMHCTpyMEHTa Il paboTBl ¢ MOIENBIO, IMOAIEPKHBAIOIIIN
JIBYCTOpOHHEe Ipeobpa3oBaHue B TEKCTOBYI0 HoTarwmio R.J. Wirfs-Brock.

Ki1ioueBble c/10Ba: 005eKTHO-OPHEHTHPOBAHHBIM MOIXO; YIIPaBJICHNE TPeOOBAaHUSIMH; BAPHAHT UCIIONB30BAHMUS; CIIe-
Hapuii BapraHTa UCIIONB30BAHMS; creludrKkanys BapuanTa ucrons3osanus; UML.

[Ipennoxennas MBapom Sxo6conom (Ivar Jacobson) B koHIe 90-X TOZOB MPONILIOrO BeKa KOHLEMIIUS
omnpezeneHns TpeOOBaHUM K IPOrpaMMHBIM CHCTEMaM B BUE BAPHAHTOB MCIIONB30BaHus [1] Ha ceromHsIIHMMA
JIeHb SIBJIACTCSI OCHOBOM pabouero moroka OnpeAenceHus: TpeOoBaHNWH B OONBLIIMHCTBE MPOLECCOB Pa3padOTKH
MPOrpaMMHOI0 OOECTIeYeHus, B OCHOBE KOTOPBIX JIGKHUT O0BEKTHO-OpHEHTHPOBaHHAsA mapanurma. CoriacHo
cranfapTy yHupuuupoBanHoro si3pika MozaenupoBaHus (UML) BapumaHT HCHONB30BaHUS — crelu(UKaIMs
MHOJKECTBA JIEHCTBUM, BBIIOIHIAEMBIX CHCTEMON, NMEIOIIEr0 3HaYUMBIN pe3yapTaT JUIsl OAHOTO MM HECKOJIb-
KHX akTepoB (M0b30BaTeNel Wiu Apyrux cucreM) [2]. C moMoIIbpi0 MOAETH BapUAaHTOB UCIOIB30BAHUS B CO-
BpPEMEHHBIX IpoIeccax pa3pabdOTKu (QUKCHUPYIOTCS [BE Ba)KHEHWIIHME COCTABIIAIONIME MOACIH TPeOOBaHWA:
CTPYKTypHas (B BUIC IMarpaMM BapHaHTOB HCIIOJIb30BaHU) M AWHAMHUYECKas (B BUAE crenrn(UKauii cieHa-
pHEB BapHaHTOB MCIIOIB30BAHUS).

K coxanenuio, OpueHTHPOBaHHBII MpeXe BCero Ha pa3paboTKy rpaduueckux Mopenci apTedakTos
nporpaMMHubix cucteM UML mpemaraer ajisl onmucaHusi CLEHApHEB BapHAHTOB MCIONB30BaHMA (popmar rpa-
(pUYeCKHX TUarpaMM COCTOSHUH M MPAaKTUYECKH HE PaccMaTpUBaeT WHCTPYMEHTHI AJsl pabOThl C TEKCTOBBIMH
cequpuKayusIMU CLEHAPUEB BapPHAaHTOB MCMOIb30BaHMsL. OTCYTCTBUE MPUHATOrO, YAOOHOTO AJsl BCEX y4acT-
HUKOB Ipoliecca pa3pabOTKH M 3aWHTEPECOBAHHBIX CTOPOH CTaHIapTa onucaHus (YHKIHOHAJIBHBIX TpeOoBa-
HUH MPUBOINUT K IIUPOKOMY pa3Ho0Opa3mnio GopMaToB TEKCTOBBIX crenudukanuii, Hampumep, B [4] paccmat-
pHUBaeTCs OPSIOK COPOKa Pa3IMYHBIX CIIOCOOOB OMMCAHMS CLIEHAPUEB BapUAHTOB MCHONb30BaHus. HecMmoTps
Ha OONBLIOE YMCIO MpeaaraeMbix (OpMaToB, pa3HOOOpa3HbIE MPEACTABICHUS BapHAHTOB HMCIIOIb30BAHUS
MOXHO pa30OHTh Ha JBa MPUHIUIHAAIEHO PAa3IMYHBIX BUA!

1. TekcToBOE MpENCTaBIEHNE — ONUCHIBAIOT MOCIEA0BATEIBHOCTh AEUCTBUN Ha €CTECTBEHHOM SI3BIKE, C
TOW WJTU MHOM CTENEHBIO (hopMalin3Ma.

2. 'paduueckoe npencraBieHrne — ONUCHIBAIOT MOCIEA0BATENLHOCTD ISMCTBUN MPH MOMOIIH THATPaMM,
KaK [IPaBUJIO, UMEIOLINX (POPMATBbHYIO MOJEb.

Heobxoaumo otMeTHTh emie TOT (akT, YTo pa3iuyuHbIe YYaCTHUKHU Ipolecca pa3paboTKu, 3alelCTBO-
BaHHBIE B paboTe C BapHaHTaMH HCIIOJIb30BaHUS, OYEHb YACTO MPEANOYHTAIOT MPUMEHATh pazHbie (OPMBI
MpeAcTaBieHNs (PYHKIMOHAIBHBIX TPEOOBAaHMH. 3aKa3dMKH MPEANIOYHTAIOT TEKCTOBBIC OMMCAHWS Ha ecTe-
CTBEHHOM SfI3bIKE, TOCKOJBKY AJISl IPUMEHEHUsI TuarpaMM HeoOXOIMMO 3HaHHWE MOJIENU U Tpaduyeckoil HoTa-
uuy, Oosiee TOro, HaTMYKME TAKOTO TEKCTOBOTO MPEICTABICHHS SBISETCSI OMHUM M3 JOCTOMHCTB MOAXOJa, OC-
HOBAaHHOTO Ha NPUMCHEHHHM BapHaHTOB HCIONb30BaHUSA. C Opyroil cTOPOHBI, pa3paOOTUYMKK MPEANOYUTAIOT
rpaduueckue MpeAcTaBICHUS B BUJE AUArpaMM, TOCKOJIBbKY Takhe MpecTaBiIeHUsT UMEIOT (GOpMabHYIO MO-
JeTib, KOTOpast MOXKET MCIOIb30BATHCS ISl NAaNbHEHIINX peoOpa3oBaHuid B Ipyrue Heo0OXoauMbIe apTedaKThl
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nporecca pazpaboTku. B pesynabprare B OONBIIMX MPOEKTaX CO CIOKHOH CTPYKTYpOH MOJENH BapHaHTOB HC-
MOJIB30BAHUS, KOrJa OHH HEOOXOAMMBI B Pa3IMUHbIX opMaTax, Hy*KHO BpyYHYIO CO3aBaTh BCE HEOOXOIMMBIE
MPEACTABICHUS U BIOCJICACTBUH BBHINOIHATH CHHXPOHHU3ALUIO W3MEHEeHUH. [ OonbIINX MporpaMMHBIX CHU-
CTEM KaK caMo TaKoe Mpeodpa3oBaHue, TaK U MOJAEPKKa Pa3INYHbIX IPEACTaBICHUN BapHaHTOB HUCIIOJIb30Ba-
HUS B aKTyaJbHOM COCTOSTHUH BEAYT K JOCTaTOYHO CEPHE3HBIM MU3JCPIKKAM.

Jns pereHust TaHHOH MpoOIeMbl B HACTOSILIEH padoTe mpeanaraercsi MpUMEHITh pa3paboTaHHYIO YHH-
(UIMPOBAaHHYIO MOJENb BapHAaHTOB MCIONB30BAHNUS, KOTOPas MOAJIEPKHUBAET pa3IHuHbIC CIIOCOOBI IpPEACTaB-
neHus. B kayecTBe mpuMepa MoaaepKUBaeMBbIX MPEACTABICHUH B HacToALIeld paboTe paccMaTpUBAIOTCS qHa-
rpammbl gestenbHoctd UML  (Activity Diagram) [2], TekcToBble crielU(UKannu, KOTOphIe pa3paborain
A. Cockburn [3] W ABYXKONOHOYHBIM TaONMWYHBIA (OpPMAT TEKCTOBBIX cHeUU(UKALMKN, pa3paOoTaHHBIN
R. Wirfs-Brock [5].

1. IlpeacraBiieHus cieHapueB BAPHAHTA HCIOJIb30BAHUA

s knaccuyKanuy pa3IrMyHbIX OMPEICICHU BAPUAaHTOB UCIIONB30BAHUS MOXHO MMPUMEHSTh CIIEIYIO-
mue Kputepun, npeaiaraembie Alistair Cockburn B [3]:

1. Henb: sBRsieTcs T HENbIO cOOp MOIH30BATEIHCKIUX UCTOPHM HITH OITUCAHUE TPEOOBaHUM.

2. ComepsKuMOe: SIBJISIETCS JIM COECPKUMOE BapuaHTa HCIOIb30BaHUS COTJIACOBAHHBIM MM OHO MOXET
OBITh IPOTUBOPEUHUBBIM. ECITH COtep:KNUMOE COTIIaCOBAaHHO, TO SBJSETCS JIM OHO TIPU 3TOM (POPMAITEHBIM.

3. MHOXECTBEHHOCTD: SIBJISICTCS JTU BAPHAHT UCIOIH30BAHUS MPEICTABICHUEM OJHOIO WJIM MHOXKECTBA
CLICHapUEB.

4. Ctpykrypa: oOpa3yer JI1 MHOXKECTBO BapUaHTOB HCIONb30BaHUs (popManbHyIO (WK momydopmaltb-
HYIO) CTPYKTYpY.

U Axo6con [1], u KobepH [3] onpenenstoT BapuaHT UCIIOIB30BaHUS COTJIACHO NAHHOW KiacCHU(DUKAIUN
Kak TpeOoBaHKeE, UMEIOLIEE COTIACOBAHHOE COMEPKIMOE, MPEACTABISIONIEEe MHOXKECTBO CLIEHApUEB M 00pasy-
fol1ee MoyQpOpMatbHYIO CTPYKTYPY.

Jiis mpencTaBieHus CTPYKTYphI BapHaHTa ucnoiab3oBaHus KobepH [1] mpeamoxun MoeNb «Ioa0caThix
oprok» (puc. 1). «PemMenb Oprok» — 11eh BapHaHTa HCIIOIB30BAHUS, KOTOpas «IepKUT» Bee cieHapuu. «llomo-
CBhD» — MH/IMBHUIyalIbHBIC CIICHAPHH, XapaKTEPU3YEMbIC YCIIOBUEM MX HACTYIUICHUS U Pe3yIbTaToM. MHOXECTBO
«[Tomocy» pasneneHo Ha ABE TPYIIII: JOCTUTAIONIUE IENH U HE JocTuraroniue mneimu. OCHOBHBIM CIICHAPHEM B
JAHHOH MOJIENTU SIBISETCS HanOosiee MPOCTOH, B KOTOPOM BCE MPOMEKYTOYHBIE M JOCTUTArOTCs. Bce
OCTaJIBHBIC CIICHAPUU SBISIOTCS ANBTCPHATUBHBIMUA. ATTbTCPHATHBHBIC CIICHAPUH JETATCS Ha BOCCTaHABIMBAC-
MbIe (€CITU OJ{HA WJIM HECKOJIBKO MPOMEKYTOUYHBIX IIeJicH He OBUTH JOCTUTHYTHI, HO UTOrOBas LENb ObLIa JI0-
CTHTHYTA) ¥ HEeyJauHbIe (MTOrOBas Iellb He ObLIa JOCTUTHYTA).

Uenb X - ycnosue
gX - uens

cO fcOfclyf... f.. INC2 ) . S -ycnex
gl fglfg2 F F - Heymaua
SSJFESF F

82f¢g3 3

SfS F

/ Yenex / Heyaada

Puc. 1. Mognens «1omocaTbIx Oprox»

Kak yxe ynmomMuHanoch BhIlle, B Ipolecce pa3paboTKy MPOrpaMMHOT0 0OecrieueHHs BapUaHThl HCIIOb-
30BaHMS IPUMEHSIOTCS (MOTYT MCHONB30BaThes) I (PUKCUPOBaHUS PYHKIHMOHAIBHBIX TpeOOBaHWHN K pa3pa-
OaTpIBaeMOMY MPOAYKTY. YacTo mpu 3TOM UX HEOOXOOMMO MPEACTaBIATh 3aKa34uKy (MJIM WHBIM 3aHHTEPECO-
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BaHHBIM JIMIIaM, HE 3aHUMAIOIINMCS HANPSAMYIO pa3pabOTKOW), KOTOPBI MOXKET HE 3HaTh CIEHUaTN3UpPOBaH-
HbeIX HoTanmi (Hampumep, UML). B Takom ciiydyae enMHCTBEHHBIM CHOCOOOM MpEACTAaBIECHHUS BapHaHTa HC-
MOJIB30BAHUS JUIA 3aKa3yMKa SBJSIETCS TEKCTOBOE ONMMCAHUE Ha €CTECTBEHHOM S3BIKE, Ul MPUMEHEHHS KOTO-
poro He Tpebyercsl 3HaHU CTIeUaTN3UPOBaHHBIX HOTAIUH.

C mpyroil cTopoHBI, HA OCHOBaHUH BapHaHTOB HCIIOJIb30BaHUS MPOUCXOT AajJbHEHIINE STalbl pazpa-
OOTKH IPOrpaMMHOro obecnedeHns (aHauu3, MPOSKTHPOBAaHUE, TECTUPOBaHMs ). B TakoM ciydae 11 BO3MOXK-
HOCTH aBTOMaTH3HPOBaHHON 0OpaOOTKM BapHaHTOB UCIIONB30BaHMs HeoOxoanma (opmasibHasi MOAENb, KOTO-
pasi, Kak IpaBWJIO, OTCYTCTBYET y TEKCTOBBIX MPEACTaBICHHH, HO IPUCYTCTBYET Y rpaduyecKux.

Takum 00pazoM, Mpu HEOOXOAMMOCTH IPUMEHEHHSI PA3MYHBIX MPEACTaBICHUH BapuaHTa HCIIOIb30Ba-
HUS BO3MOXHBI CJIEIYIOLINE BAPHAHTHI:

1. BapuaHT ncnonb30BaHus CIENUPHULIUPYETCS] B Pa3jInYHBIX €ro MPEACTAaBICHUAX BPYyYHYIO. B Takom
ciydae crenuduraropy BU HeoOxoammo mpoaensiBate (aKTHUECKH OAHY M Ty K€ paloTy (crenudpuKaimio
oxHoro u Toro xe BU) Heckonbko pa3. B ciiyuae HeoOX0AUMOCTH BHECEHHSI M3MEHEHHH B BApUAHT HCIONb30-
BaHUS TaKWe U3MEHEHHS JOIKHBI OBITh OTPa’KEHBI BO BCEX €ro MPEACTAaBICHUSAX, YTO TAKXKeE T00ABIISET JOMOI-
HUTEIBHYIO pa0OTy U MOJKET SIBIIITHCA MPUYNHON BO3HUKHOBEHUS OIMIMOOK (M3-32 PACXOXACHUNA MEXKIY Mpel-
CTaBJICHUSIMHU ).

2. BapuanT ucnons3oBaHusl crneuuuIUpyercs B OJHOM NpeacTaBieHuH. [locie 3Toro, ¢ moMombio
CTIEUAIN3UPOBAHHBIX HHCTPYMEHTOB, BBITIONHACTCS €T0 MPeoOpa3oBaHue (B TOM YHCIIE H aBTOMAaTHYECKOE) B
HeoOXoauMble MpeAcTaBicHUsIX. [Ipu BHeCeHHH M3MEHEHUI OHM BHOCATCS B MEPBUYHOE MPEACTABICHUE, YTO
OrpaHMYMBAET BO3MOXKHOCTD CIIeHU(UKATOPa BAPUAHTOB MCIONb30BaHHUS PEAAKTUPOBATH IIPOU3BOIHBIC MIPE-
CTaBJieHUs (II0ciIe MOBTOPHOTO MpeoOpa3oBaHusi OyoyT TEpSTHCS M3MEHEHHS MPOM3BOJHBIX NMPEACTaBICHHMA
BapHaHTOB MCIIOJb30BAHNUS, H3MECHEHHUS B IPOU3BOJHBIX MIPEACTaBICHIIX BAPUAHTOB HCIIOIB30BaHUS HE OyAyT
OTpaXkeHBI B IEPBUYHOM). Takas MOJeNb pean30BaH, HanpuMmep, B Visual Paradigm [6].

3. Pemenue, KOTOpoe mpeiaraercs B HACTOSIIEH padoTe: co3aHue YHU(UIIUPOBAHHON MOJECIN BapHu-
aHTOB HCIOJNb30BaHMsl, KOTOpas MoAnepKuBaia Obl HeoOXoauMble (OpMaThl IPEACTaBICHUS BapUaHTOB HC-
MOJIb30BAHUS U HE OTpaHUYMBANA pElaKTHPOBAaHUE BapHaHTa HCIOIb30BAaHHUS OTHON MOnENbIo (puc. 2).

Aduarpamma
[eATeNbHOCTH
F 3
TeKcToBad v [uarpamma
cneundmKaLma P
KobepHa \ YHUUMLIMpOBaHHaA / nocnesoBaTe/IbHoCTH
Mogenb
[BYXKONMOHOYHbIN Ouarpamma
dopmar COCTOAHMA

Puc. 2. [lepexon Mex Iy NpeACTaBICHUSIMH C IOMOIIBIO YHH(UINPOBAHHON MOIEIH
2. [IpencraBieHus ciieHapHeB BAPHAHTA MCIOJIb30BaHHS

CymiecTByeT A0CTaTOYHO MHOTO CIIOCOOOB MpEACTaBICHHs BapHaHTOB Mcroib3oBanud [4]. B kauectse
npuMepa B TaHHOK paboTe OyAyT pacCMOTPEHBI TPU U3 HUX.
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2.1. Juazpammol desmenvrnocmu UML

OnHuM 13 crnocoboB rpauuecKoro MpencTaBieHNs BapHAHTOB WCIIOIB30BAHMS SBISIOTCS AUArpaMMbI
nesrensHocTH UML. JlaHHBIH BUA TuarpaMM MO3BOJISIET ONPEACTHTH MTOBEJCHUE C MTOMOIIBIO MOCIEe0BATENb-
HOT'O HCIIOJTHEHHUS TIOBEACHHH Ooee HU3KOro ypoBHs. VcronHeHue CleayIomero 1eicTBUs MOXKET HAaUNHATHCS
B pe3yJbTaTe HACTYIJICHUS OJHOI'O M3 CIEAYIOIIMX COOBITHUH: 3aBepIICHHE MCIOIHEHUS MPEABIAYILEro Aek-
cTBHA (TIOTOKH yNpaBiIeHUs), MOSIBIICHHE HEOOXOAUMBIX JaHHBIX (IOTOKM NAaHHBIX), HACTYIIJICHUE OIpeieNicH-
HOT'O COOBITHS (TIOTOKH YIPaBJICHUS).

2.2. Texcmosan cneyugpurkayusa A. Kobepnua

Cornacho [1] TekcroBasi crenu(uUKaIus BapHaHTOB WUCIIONB30BAHMS COCTOUT W3 00Iel nHpopManuu:
Ha3BaHHS BapHaHTa KCIOJIb30BaHUsS, KOHTEKCTa MCIOIB30BaHUs, 001acTH JACHCTBUS, YPOBHS II€]TH, OCHOBHBIX
aKTEpOB, MPEAYCIOBUS, TPUTTEPA, MUHUMAIBHBIX TapaHTUI U YCICIIHOIO MOCTYCIOBHUSL.

Kpowme obeit napopMaIuu 0 BapuaHTe UCIOIL30BaHUS, OIMMCHIBAIOTCS €r0 OCHOBHOM CIIeHapuil U pac-
mupeHus Kk Hemy. OCHOBHOUW CIIGHApHil MPENCTaBIsIeT COO0H MOCIe0BaTeNbHOCTh JSHCTBUM, TIPH YCICITHOM
BBITIOJIHEHUH KOTOPBIX TOCTUTaeTCs LleJbh BapUaHTa UCIOIb30BaHUS. PaclupeHuss OCHOBHOIO CLEHAPHUS OIMH-
CBIBAIOT JICHCTBUS MPH BOSHUKHOBEHUH MCKIIOYUTEIBHBIX CUTYalHi (IEHCTBUS, HE IPEITyCMOTPEHHBIC OCHOB-
HBIM CIICHApUEM, OIMOKY, BHEITHUE COOBITHS).

OCHOBHO¥ clieHapuii OMKUCHIBAETCS B BUIC IPOHYMEPOBAHHON MOCIEA0BATEILHOCTH 1IAr0B:

<"HOMep mara>. <aeicreue>

Pacmmpenuss mpuBS3BIBAIOTCS K OMPEEIICHHBIM IIaraM OCHOBHOT'O CIICHApHs (B TOM YHCIE KO BCEMY
CIICHApUIO) M OMKCHIBAIOTCS B BUJIC IIPOHYMEPOBAaHHOMN TOCIIEIOBATEIBHOCTH AT OB:

<HOMEp mIara + UACHTU(UKATOP PACIIMPEHUS>. <yCIOBHE>: <IEHCTBUE WIIU BIIOXKCHHBIN BapUaHT HC-
IIOJIb30BaHUS>

2.3. /lsyxkononounwtii popmam P. Bupghc-bpok

B [5] Pebekkoit Bupde-bpok 6b110 npennokeHo opopMIiaTs ClieHapuy BapHaHTa WCIONb30BaHHUS B BUAC
QMajora MeKAy OCHOBHBIM aKTEPOM W CHCTEMOM (He MpeArojaraercs y4acTie B OJHOM BapHaHTE HCIONb30-
BaHUs Ooniee ABYX akTepoB). CueHapuii 3anucbiBaeTca B (hopMe TaOIHIIbI, COCTOALIEH U3 ABYX KOJOHOK: ACH-
CTBHS OCHOBHOTO aKTepa M JEHCTBHSI CUCTEMBI.

3. OcHoBa yHH (HUIMPOBAHHON MOAeIH

B pesynbprare aHanM3a pasaMUHBIX NPEACTABICHUN BapUAHTOB MCIOJIB30BaHHS ObUTH BBIACICHBI CIETy-
IOIUE OCOOEHHOCTH:

1. BapnaHT ncnonabp30BaHMs HMEET MHOKECTBO CLIEHAPHEB, 3aBEPIIAIOIINXCS YCIEIIHO UITN HEYIaqHO.

2. Kaxxnip1ii Takoil crieHapuid mpencTaBisieT co00i mocaenoBaTeIbHOCTD JEHCTBHI.

3. Kaxxnoe neiicTBUE NCIONHSCTCS ONPEaeNIeHHBIM aKTepoM (HaIllpuMep, MOJIb30BaTelIeM, CUCTEMON ).

4. MHOXXECTBO TaKHX CLIEHAPHEB MOXKET OBITh OECKOHEUHO (13-3a BO3MOXXHOCTH 00pa30BaHUsI HUKIOB) U
B pe3yJbTaTe HEMPUMEHUMO B YHCTOM BHJIE Ha MpakTuke. s pemienus naHHOH mpoOieMbl BBIAECTHM OCHOB-
HOW CLEHapHil BapuaHTa HCIOJb30BaHUs (CLEHapHil, Bce NEHCTBUS KOTOPOTrO YCIEIIHO BBHIMOMHSIOTCA), a
OCTaJIbHOE MHO)KECTBO CLICHAPUEB ONPENENHUM Uepe3 paCIIUPEHHs K OTAEIbHBIM JIECTBUSIM OCHOBHOIO CIIEHA-
pus (B TOM 4HCIIe Yepe3 paclIupeHns: KO MHOXKECTBY ACHCTBUI U, BO3SMOXKHO, KO BCEMY CLIEHApPUIO).

4. Ilpenyaraemasi MojieJib ClleHAPHUS
[Ipeanaraemast Mozenb IpeAcTaBIsieT coOol pacmpenue Kk mogenn UML (Bepcunm 2.4.1, cranmapTu3zo-

BanHOi [SO) [2]. Monens ocHoBaHa Ha makerax Classes::Kernel 1 CommonBehaviors::BasicBehaviors. Ha
puc. 3 oka3aHa JuarpaMMa akeToB MpeaiaracMoi MOJICIH.
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Scenarios::
Kernel

«merge»

«merge»

Scenarios:: Scenarios::
Partitions Nodes
«merge»
Scenarios::
EventTypes

Puc. 3. JlnarpaMmMa rmaxkeToB IpeIaraéMoi MOZeIN

Mogenb cOCTOUT U3 CACAYIOMINX MaKEeTOB!

1. Scenarios::Kernel conepuT sapo MOEnH, ONpenemsionee 0a30Bble PIEMEHThI CIICHAPHUS M MOTOKH
yIIpaBJICHHS IS IEPEX0Aa MEKAY dJIEMEHTaMHU.

2. Scenarios::Nodes COmep>KUT KOHKPETHBIC 3JIEMEHTHI ClieHapus (Hampumep, ASHcTBUSA, 00padOTINKU
COOBITHH U T.11.).

3. Scenarios::Partitions comepHT pa3aensl, UCTIOIb3yEeMbIE ISl TPYIITUPOBKH 3JIEMEHTOB CLICHAPHSL.

4. Scenarios::EventTypes cogep>XUT THITBI COOBITHH.

Paccmotpum kaxkaplid maket 6osee mogpoOHO.

4.1. Ilakem Scenarios::Kernel

UML::
CommonBehaviors::
BasicBehaviors::

UML::Classes::
Kernel::
NamedElement

DirectedRelationship

UML::Classes::Kernel::

Behavior
+target  +input +constraint [ UML::Classes::
~ Kernel::
+scenario +node 1 0.1 Constraint
1 r ScenarioNode ScenarioFlow
+source +output +flow
Scenario 1 * *

+scenario
1

Puc. 4. lnarpamma kiacco makera Scenarios::Kernel

[Taker Scenario::Kernel npencrasisier coboii sapo ynuunupoBanHoi Moaenu (puc. 4). B Hem onpene-
JISIIOTCSL CLIEHApUil BapHaHTa MCIIOIb30BAaHUS, DIIEMEHTHI CLIEHAPHUS U MOTOKH YIIPABIICHHS, UCIIOIb3yEMbIE IS
nepexona MeX.Iy JIEMEHTaMH CLEHAPHSL.

Omnwucanue K1accoB Makera:

1. Scenario npeacTrasiser co0ol clieHapuil BapHaHTa UCTIOJIIb30BaHMSL.
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2. ScenarioNode npencrasinsier cOOOH 3JIEMEHT CLEHApHs BapuaHTa UCTIONb30BaHUS.

3. ScenarioFlow npenacTaBiisier HanpaBJIEHHBIH TOTOK YIpaBJICHH, TepeJaroIiil UCTIONMHEHNUE OT OJHO-
'O DJIEMEHTA CIieHapus Apyromy. [IoTOK MOKET HMETh aCCOLIMMPOBAHHOE C HUM YCIIOBHE, B TAKOM CIydae Ie-
penayda yrmpaBJeHHUs BBITIOIHACTCS, TOJILKO €CIIM YCIOBHUE BBITOTHSETCS.

4.2. Ilaxem Scenarios::Nodes

+node Scenarlo.s.: : UML::UseCases::
" Kernel:: Actor
ScenarioNode

A +actor| 1

+event +type +action

Decision Event I o1 EventType Action T

A | A

EventTrigger EventHandler

&

InvokeAction

1 \|#behavior

EndTrigger Intﬁ::z::g:\te UML::CommonBehaviors::

BasicBehaviors::Behavior
1 |+scenario

Scenarios::
. +start tevent
Kernel:: StartHandler Boundary
: 1 Handler *

Scenario

Puc. 5. lnarpamma knaccoB nmakera Scenarios::Nodes

ITaker Scenarios::Nodes COmEpPKUT pa3NHyHBIE 3JEMEHTHI cLeHapusi YHUGUIHMPOBAHHOH Monenu
(puc. 5). B Hem onpenensioTcst AeUCTBUS CLEHAPHS, TPUTTEPhl M 00pabOTINKN COOBITUH H T.J.

Omnucanue K1accoB Makera:

1. Scenario — knacc crieHapus pacIiupeH Ui CBSI3U ¢ 00pa0OTYMKOM Hadasia cueHapHsl.

2. Action mpeAcTaBIIsieT ASHCTBUE B CLICHAPHU.

3. InvokeAction npencraBnsier AelCTBUE CLEHAPHS, SBISIONICECS BBI30BOM JAPYIOro MmoBeneHus (B TOM
qrcie, BO3MOXKHO, U CLICHAPHS).

4. Decision mpencraBisier 3JIEMEHT CLEeHapHsl, KOTOPBIA BBHIOWpAeT OOMH W3 MCXOASALIMX MOTOKOB IS
MPOAOIKEHUS McnonHeHus. s onpeneneHns IOTOKa, 110 KOTOpOMY MEepeaacTcsl YIpaBJIeHUE, UCTIONb3YIOTCS
YCIIOBHS TIOTOKOB.

5. Event — aOcTpakTHBII Kllacc, IPEACTaBIAIONIMNA COOBITHE B CLIEHAPUH: DJIEMEHTHI, BBI3BIBAIOIINE CO-
OBITHS, U DJIEMEHTHI, 00pabaThIBAIOIIE COOBITHSI.

6. EventType — abctpakthslii kiace EventType, npenctasiisier THII COOBITHA.

7. EventTrigger — abctpaktHbiii kinace EventTrigger, mpeacraBisier Tpurrep coOBITHSI — 3JIEMEHT, MPH
UCTIOIHEHUH KOTOPOT'0 MPOUCXOAUT ONpeeIeHHOE COObITHE.

8. EndTrigger — knacc EndTrigger, npencrasisier 3aBepiuatomiuii crieHapuit snemenT. [lpu nenonnennn
JTaHHOTO DJIEMEHTa CleHapuil 3aBepmaercs. Ecny ¢ 3aBepIuaiomyM 3JIEMEHTOM acCOLMUPOBAH TUI COOBITHS,
TO MPOUCXOAAT BBI30B JAHHOTO COOBITHS M Nepeada ero B CLICHApHi, BHI3BABIINI JaHHBIA CLICHAPUH.

9. EventHandler — xnacc EventHandler, npencrasmnsier abcTpakTHbIM 00paOOTUYUK COOBITHSI.
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10. StartHandler — knacc StartHandler, mpencrasiser o0paboTUMK Hayana cueHapusi — 3JEMEHT CIeHa-
pHsl, C KOTOPOTrO HAYMHAETCS €ro UCTIONHEHUE. Y ClieHapusi MOXKET OBITh TOJIBKO OJJMH 00pa0dOTUYMK Havdaa.

11. IntermediateHandler — knmacc IntermediateHandler, mpeacraBnser mpoMexyTOUHBINH 00pabOTUYHK CO-
OBITHAL.

12. BoundaryHandler — kmacc BoundaryHandler, npeacraBisieT mpoMexXyTOUHBIH 00pabOTYHK cOOBITHS,
KOTOpBIN 00pabaThIBaeT COOBITHS B CBS3aHHOM C HUM JICHCTBHHU CLICHAPHUS.

3akiIoueHne

B pesynbrare Obuta paspaboraHa yHU(UIMPOBAHHAs MOAETH BapUaHTOB HCIONB30BaHUS, MMEIOIIAs
COOCTBEHHYIO rpah)uIecKyr0 HOTAIHIO.

Ha ocHoBe npemnokeHHO# Mozenu pa3pabdoTaH IPOTOTUIT HHCTPYMEHTA Ui paOOTHI CO CLICHAPUSIMH Ba-
pHaHTa UCIIONIB30BaHUs B MPEIJIOKEHHOW Mozenu. Peannzanus noanep kuBaeT npeodpa3oBaHue CIEHAPUEB U3
TekcToBoi Hotauuu Pebekku Bupde-bpok (R. J. Wirfs-Brock) B rpaduueckyio HOTaluIo NpeiioxKeHHOH MO-
Jeny ¥ HaoOopoT. B nanmpHelieM miiaHUpyeTcs aHANIU3 BO3MOXKHOCTH TPACCHPOBKM BAapUAHTOB HCIIOIB30Ba-
HUS B MPEUIOKEHHON Mojenn B apTeaKThl JAIbHEHIIMX 3TAlOB Mpolecca pa3pabOTKH, HApHUMEp MOJAECNIb
aHaJn3a ¥ MOJENb TECTUPOBAHHUA.
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Use case is a specification of actions sequence executed by system for achieving a significant result for any or all ac-
tors. The use cases model is used for capturing both structural and behavioral parts of product's functional requirements in
current developing processes.

Unified Modelling Language offers several graphical representations of use cases scenarios, such as activity diagrams,
rather than textual formats. Nevertheless, there are many different textual formats used for use cases scenarios specifica-
tions, e.g. Wirfs-Brock's two-column table style and Cockburn style. Different stakeholders may prefer a different specifi-
cation format, e.g. customer may prefer textual formats, while developers may prefer graphical formats. In addition, use
cases can be used for subsequent development stages (e.g. analysis, design, testing). For use cases to be automatically
traced into these stages they must be formally defined. Such definition is usually possible in the graphical representation
but not in textual.

When several formats are required, following approaches can be applied:

1. Use case should be created manually in every required formats and every change should be to be synchronized be-
tween used formats to keep requirements specifications up to date. Such synchronization is time consuming and error-
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prone process due to the human factor. To simplify this process, the development of the unified use cases model that will
support different formats of use cases scenarios is proposed.

2. Use case is specified in a single format. Then transformation into required formats is performed by special tools.
Any changes in the use case are made in the primary format of use case thus limiting an ability to edit derived formats
(subsequent transformation will cause a loss of derived formats edits and these edits will not affect primary format).

3. An approach proposed in this paper is to create the unified use case model that will support different formats of use
cases scenarios and not restricting scenario editing to one of them.

There are the following use cases features:

1. Use case has multiple scenarios that can either succeed or fail.

2. Each scenario is described by actions sequence.

3. Each action is executed by a specific actor.

4. A set of these scenarios can be infinite due to loops and cannot be applied. To make scenarios more useful, a main
success scenario can be selected and other scenarios can be defined as extensions to specific actions of a main success sce-
nario.

The model proposed in this paper is an extension of UML 2.4.1 (formally published as ISO/IEC 19505-1 and ISO/IEC
19505-2). It is based on the following packages: Classes::Kernel and CommonBehaviors::BasicBehaviors and consists of
the following:

1. Scenarios::Kernel package that contains the unified model kernel. In this package use case scenarios, scenario nodes
and flows are defined.

2. Scenarios::Nodes package that contains specific scenario nodes, such as scenario actions, triggers, handlers, deci-
sions, etc.

3. Scenarios::Partitions package that defines partitions used for scenario nodes grouping.

4. Scenarios::EventTypes package that define events types, e.g. generic errors, system events, user events, time events,
etc.

As a result, the unified use case model that has its own graphical notation is developed. In addition, prototype of a tool
that supports editing use cases in the developed model and transformation between Wirfs-Brock's textual format and mod-
el's graphical notation is implemented.
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