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AnHotamms. [losymapkoBckuii mpomecc, ONKMCHIBAIOIIMK (YHKIIMOHUPOBAHHE CHUCTEMBI OOCITYXKMBaHUS
GI/G/1/1, paccMOTpeH Kak pereHepupyrommi. ToukaMu pereHepanuy SIBISIOTCS MOMEHTHI ITOIIAJIaHUs 3asBOK B CBO-
0omHyIO cucTeMy. Y CTaHOBIEHBI (GOPMYIIBI ISl BEIYMCICHHS CIIEAYIOMNX XapaKTePUCTHK CHCTEMBI 32 IUKJI pereHepa-
I[N CPEAHUX YHCEI MOCTYMAIOIINX, OOCTY>KeHHBIX M IMTOTEPSHHBIX 3asBOK; CPEIHET0 BPEMEHHU NPEObIBaHHS CUCTEMBI B
CBOOO/IHOM COCTOSIHHMH; CPETHUX CyMMapHBIX BpPEMEH NPeObIBaHUS B CHCTEME OJHOM M NBYX 3asBOK. DUHAIBHBIE BEpO-
ATHOCTH (PM3MYECKUX COCTOSIHUM CHUCTEMBI, CPEAHUE CTALMOHAPHBIE BpeMeHa NPeObIBaHMS B COCTOSIHUSIX, B OUepe/IN U B
CHCTEME BBIPAXKEHBI B TEPMUHAX XapaKTEPUCTUK PETEHEPHUPYIOIIEro Ipolecca.
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ObIBAHUA 8 COCIMOAHUAX, CMAYUOHAPHbIE XAPAKMEPUCTIUKY CUCTHEMb]
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Abstract. The semi-Markov process describing queuing system operation is analyzed as a renewal. Its regenera-
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Beenenne. VccnenoBanusm cucteM MaccoBoro oociyxubanus (CMO) nocssiiiena oommpHas
o6ubmuorpadus. O630p pe3yabTaTOB, MOITYUYECHHBIX B 3TOW 00JaCTH, COAEPKHUTCA, HapuMmep, B [1—
6]. XapakTepuCTUKU CHCTEM OOCITY)KUBAaHUS, UCXOJHBIE MTapaMeTPbl KOTOPBIX UMEIOT SKCIIOHEHIU-
aJIbHBIE paclpeesieHus, ONPEIEIIAI0TCS B SBHOM BMJIE, KaK IIPaBUJIO, C IIOMOILBIO ammapara map-
KOBCKHX IPOLIECCOB. 3aBEPLUEHHBIE PE3YJIbTAThl IIOJYUYEHBI U IS PSAA CUCTEM, paclpeesieHus na-
pamMeTpoB KOTOPBIX UMEIOT KOHKPETHBIA BUJI (OTIMYHBIA OT SKCIOHEHIIMAIBHOI0) JINOO TOJIBKO He-
KOTOpPBIE U3 TTapaMeTPOB UMEIOT pachpeeneHus odmiero Buaa (Hanpumep, [1—3, 7—11]). dns cuc-
TEM C OOLIMMHU BXOJHBIMH MOTOKAMH M TPOU3BOJIHBIM pacIpeieieHUeM BPEMEHU OOCTY:KUBaHUS
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374 A. U. ecuanckuii

IIOMCK SIBHOTO BBIPAKEHMS JJII OCHOBHBIX XAPAKTEPUCTHUK BBI3BIBAECT ONPENEICHHBIE CIIOKHOCTH.
B sTOM cityuae cTanpioHapHble XapaKTEPUCTHKU CUCTEM HAXOAATCS MPUOIMKEHHO MO0 yCTaHABIH-
BAIOTCSl MX aCUMIITOTHYECKHE OueHKU [12—15]. Eme onuH moaxoa — HMCHOJIb30BAaHUE armapara
MOJIyMapKOBCKUX IPOLIECCOB C JTUCKPETHO-HENPEPHIBHBIM (Da30BbIM IPOCTPAHCTBOM COCTOSHUMN
[16—20]. Tak, B [20] cranmoHapHble XapakTepucTuku cucteMbl GI /G /1/1 BbIpaxatoTcsi B TEPMHU-
HaX (YHKLIMU pacupereNeHusi BpeMEeHU OOCITy>KUBaHMs, (PYHKIIMU BOCCTAHOBJICHUS M MPSIMOTO OC-
TaTOYHOI'O BPEMEHM MPOLIECCA BOCCTAHOBIJIEHUS, KOTOPBII MOPOKIAETCS BXOIALIMM IIOTOKOM 3asi-
BOK. OnucaHue cucteM OOCIYKMBaHHS B TEPMHHAX PErEHEPUPYIOIIUX MPOIECCOB BCTPEUYAETCS B
HAy4yHOH JIMTEPATYPE 3HAYUTENIBHO pexe. II0CKoNbKy MoyMapKOBCKHUN MPOLECC, MPOTEKAOIUN B
cucreMe GI/G/1/1, ABiudercs TakKe U PEreHEPUPYIOLIUM, TO IIPEACTABIIACTCS UHTEPECHBIM CTa-
LMOHAPHBIEC MOKA3aTeNM 3TOM CHCTEMBI BBIPA3UTh YEpPE3 XAPAKTEPUCTUKU PErCHEPUPYIOLIETO ITPO-
necca. JTo MO3BOJIUT YIITyOUTHCS B TOHMMAHHUE TMHAMUKH CUCTEM OOCITY>KUBAHUS IIPU Pa3IUYHBIX
MPEIOJIOKEHUSIX O BXOJIHOM IMOTOKE U Mpoliecce 00CTyKUBaHUSI.

IlocTanoBKa 3agaun. PaccMOTpUM OJTHOTMHEHHYIO CUCTEMY OOCITY>)KUBaHUS C OJTHUM MECTOM
st oxunanua GI/G/1/1 B knaccudpukauuu Kennanna [21]. Bpemst Mexly MOMEHTaMH MOCTYII-
JIeHUH 3a8BOK BO BXOJSIIEM B CHCTEMY PEKyppPEHTHOM IHOTOKe — city4aiiHas BenununHa (CB) B ¢

¢yukuueit pacnpenenenus (OP) G(x) = P{B < x}. Bpems obcnyxuBanus 3asBku — CB o ¢ OP
F(x)=P{a<x}. Ilpeamonaraercsi, yuto CB o u [} HeE3aBUCUMBI, YJIOBJIECTBOPSIOT YCIOBHIO

0< P{B < OL} <1, UMEIOT COOTBETCTBEHHO IUIOTHOCTH pacmpeaeneHus f(x),g(x), KOHEUHbIE Ma-

TemaThueckue oxuganus Mo, MPu nucnepcuu. [octymaromias B cBOOOJHYIO CHCTEMY 3asBKa

HauMHAEeT HEMEIJICHHO oOCiyXuBaThcsa. Ecmu nmpubop 3aHAT 00CIIy)KUBAaHHEM, & MECTO B OUEPEIH
CBOOOJHO, TO 3asBKa CTAHOBUTCS B ouepelb. B ciydae 3aHsTOro mpmbopa M OTCYTCTBUS MECTa B
ouepen 3asBKa TepsieTcs.

[IpencraBnenHas cucreMa MOXKET HAXOAUTHCS B CIEAYIOIIUX (PU3UYECKUX COCTOSHUAX: 0 —
npubop cBOOOJICH, B 04YepeIn 3asiBKA HET, | — mpubop 3aHAT 0OCITy)KUBAHHEM, B OUYE€pPEIN 3asBKU
HeT; 2 — mpubop oOCIyKUBAET 3asBKY, MECTO B ouepeau 3aHsATo. B [19, 20] dynakunonupoBanue
CHUCTEMBI OIMCAHO C IMTOMOIIBIO MOJIYMapKOBCKOTO Tporiecca &(¢) ¢ TUCKPETHO-HEPEPHIBHBIM MHO-

JKECTBOM COCTOsSTHUH. PacmmupenHoe (Ga3oBoe MPOCTPAHCTBO COCTOSIHUN CUCTEMBI C(hOPMHUPOBAHO B
pe3yabTaTe 100aBieHUS K (PU3HMUSCKUM COCTOSHHUSM HEIPEPBIBHBIX KOMIIOHCHTOB, KOTOPBIMHU CITY-
JKaT OCTATOYHBIC BpEeMEHa JCHCTBHS CIy4aiHBIX (PaKTOPOB, U3MCHSIOMNUX (DU3HUCCKHUE COCTOSHUS
[16—19]. C nmomomipio MpeAeIbHBIX TEOPEM TECOPUM IOTYMAPKOBCKUX IPOIECCOB C U3MEPUMBIM
(ha30BBIM MPOCTPAHCTBOM COCTOSIHHI HaWIeHBI (PHHATBHBIC BEPOSITHOCTH U CPETHUE CTAllMOHAPHBIC
BpEMEHA MpeObIBaHUs CUCTeMBbl B (u3mueckux cocrosHusX [20]. TlomymapkoBckuii mporiecc &(1)
SIBJIICTCS TAK)Ke U pereHepupyromuM. [{ukiamu (ieprogaMu) pereHepamuy SBISIFOTCS TPOMEKYTKH
BPEMCHH MEXTy MOMEHTaMH ITOCTYIUICHHSIMH 3asBOK B CBOOOJIHYIO CHCTEMY.

B Hacrosiei cratbe paccMaTprUBaeTCs IMOJIYMApKOBCKHM Tporiece &(¢) KaK pereHepupyromui
U OIPEJICIIAIOTCS €r0 XapaKTePUCTHKHU: CPEAHSS JUTUTCIILHOCTD [UKJIA PereHepaIlii, CPEIHHE CyM-
MapHbIC BpeMeHa NPEeObIBAHMS CUCTEMBI B (PU3MUYCCKUX COCTOSTHUSIX, CPEAHHIE YHCIIa TTOCTYITAIOIINX
1 O0OCITY)KCHHBIX 3asiBOK 3a IMKJI PEreHepaIlii; W3BECTHBIC CTAIMOHAPHBIC IMOKA3aTeNId CUCTEMBI
npeiaraeTcs [20] BbIpa3uTh B TEPMUHAX YKa3aHHBIX XapaKTEPUCTHK.

CpeaHee 4HC/10 00CTY:KeHHBIX 3asiIBOK 3a IHMKJ pereHepanuu. [Tycts N g, — uncio o6-

CJIIY’KCHHBIX 3asBOK 3a IMUKJI pCTrCHCPAlUU, T.C. 3a BpEMsA MCKIAY COCCIHUMU MOMCHTAMU IMOCTYILIC-
HUs 3a9BOK B CBO6OZ[HYIO CUCTCMY. YcraHoBUM 3aK0H pacupeCaACIICHUA 3TOH CJIy‘-I&ﬁHOﬁ BCJIIMYHHBEI.
Haunewm ¢ BCPOATHOCTU OGCJIy)KI/IBaHI/IH TOJILKO OJIHOM 3asiBKM3a IIUKII:

P(Noge =1) = P{B>a} = [ g0 F(»)dy .
0
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['padpraeckast winTroCcTpaIys TOro COOBITUS TIPEACTaBICHA Ha puc. 1, e I — oOcIy)uBaro-
i mpubop, 2 — MOTOK 3asIBOK.

(03

| o
g |
2 —

~

Puc. 1
[Ipu ompeneneHnn BEPOATHOCTEH OCTaIBHBIX COOBITHI MOHAJAOOUTCS BBIYHUCIUTH IJIOTHOCTH
PaCIpPENENCHUs. Vy (f,X) IPSMOTO OCTATOYHOrO BPEMEHHU [, IUIsl POLECCA BOCCTAHOBIICHHS, IOPO-

xaerHoro CB B: B, =1y, —¢ (puxcupyer Bpemst 1ocie MOMEHTA / [0 MOMEHTA IOCTYILICHHS

cremyroleH 3asiBKu B cuctemy) [17, 22]:

Ve (t,%) = g(t+x)+ [ g(t +x—5)hy (s)ds,
0

o0
e hy(x) = Z g*(")(x) — IUIOTHOCTb (DYHKLMH BOCCTAHOBICHUS F , (X) BXOZUILIETO MOTOKA 3asBOK.
n=1

OnpenenyimM BEpOSITHOCTh OOCITY>KUBAHUSI IBYX 3asBOK 3a LIMKIIL:

P(Nogo =2) = P{oy —Bed, B, > oy} = [ F(x)dx [ vy (6, x)dt [ £ (t+1)g(v)dy .
0 0 0
I'paduyeckas umrrocTparus ’Toro COOBITHS PEICTaBlIeHa Ha PUC. 2.

(041 A2

; T~ .

§B B B
5 — o~ T

~

Puc. 2
O6o3nauuMm y(x,y) = I;O S (t+y)v,(t,x)dt . Vicnons3ys nowsitue Taby-BepositHocTd [23], oT-

METHM BEPOSITHOCTHBIA CMBICIT QYHKIIUH Y(X, V) : 3TO TUIOTHOCTB TEPEX0/Ia CUCTEMBI U3 COCTOSHUS

,,HAUMHAET 0OCITYy>KUBAThCS 3as1BKA (10 MIOCTYIUICHUS CJICTYIOIICH 3asIBKH B CUCTEMY OCTaeTcsl Bpems ))

B OnmoKaiflliee aHaJOTHYHOE COCTOSIHKE (X — OCTaBLIeecs] BpeMsl 10 MOCTYIUIEHUS CIeAyIOoIIen 3a-

SIBKW) TIPY YCIIOBHUH, YTO MEXY STUMH COOBITUSIMU CUCTEMA HE TIOMAaeT B CBOOOTHOE COCTOSHUE.
YuureiBas, 4ToO

[1x»)dx=F(y), (1)
0

Cc moMoIbI0 GyHKIMK Y(X, y) U ee uTepaluii 3anuiem 3akoH pacupenenerus CB N g, :

P(Nose =1) =1= [ gF(3)dy =1~ [ dx [ y(x, »)g(»)dly
0 0 0
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P(Noge =2) = j F(x)dxj Y(x, Y)g(y)dy = j gF(y)dy - j F(x)dxj Y(x, )2 (y)dy =
- j dx j Y (x, ) (n)dy - j dx j 72 (%, »)g()dy ;
0

P(Noge =1) = j F(x)dxj YD )g(v)dy =
0 0

Il
S — 8

dx [ "D (x, ) g()dy = [ dx [y (x, »)g(v)dy, n =3,
0 0 0

rac
Y0 ) =702, Y200 = [ sy (s, 0)ds , ¥ () = [ v )7 (s, 9)ds

Haiinem maremarnueckoe oxuganue CB N g,

M(NO6C)EN060 =ZnP(N06c =n)=1_jdx.[7(xay)g(y)dy+
n=1 0 0

o]

@ n { dx { vV, »)g(0)dy - { dx g 7 (x,)g(y)dy | =

=1- j dxj Y, y)g(y)dy+2(m+1)j dxj Y (g (= 3 j dxj Y (6, )g(y)dy =
0 0 m=l1 0 n=2 0 0

Y (6, )g(y)dy =1+ j dx J Iy ()Y Iy (,3) = 3 7P (3, 9).

n=l

Takum 06pa30M, CpeaHee YnCJIO O6CJ'Iy>KeHHBIX 3a4BOK 3a IUKIJI perecHepalnun

O‘—-S
O'-—.S

Noge = [ (I+H,)g(x)dx, )
0

riae Hy(p(x) = j(:o hy (x,y)o(y)dy , I — eTUHUYHBII OnIepaTop.
B [20] noxa3aHo, 4TO MpHU yCIOBUH P{B <oy + ocz} =0 <1 pmelicTBUE MHTETPAIBHOTO Olepa-

1,1 o .
TOpa H, OrpaHuyeHo B mpocTpaHcTe L~ (R, ) GyHKUMIA, CyMMUPYEMBIX C BECOM Ha IPABOM MOJIYOCH.

[IpencraBum BeipaskeHue (2) B ”HOM BuE. |Jis1 3TOTO MPOMHTErPUPYEM IO IEPEMEHHON X B
npezaenax or 0 10 o0 TOXKIECTBO

Y )+ [ 7.5 by (s.)d s = hy (x.) 3)
0
U yuteM BeIpakenue (1), Torma

j h, (x, Y)F (x)dx = F (). 4)
0
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C momotnwio ToxaecTBa (4) dopmyna (2) mas BBIMUCICHUS CPETHET0 YhCia OOCTY)KCHHBIX
3as1BOK MTpeoOpasyeTcst K BUIY

Noge = j F()(I +H,)g(x)dx + j F()(I+H,)g(x)dx =1+ j Ap(I+H,)g(x)dx, (5)
0 0 0
rac
Aro(x) = [ f(x+y)o(y)dy .
0

CpenHee 4nci10 3a5IBOK, NOCTYNAIOIIKUX B CHCTeMY 32 HUKJ pereHepauuu. O603HauuM ye-
pe3 N 4ucio 3asBOK, MOCTYHAONIMX B CUCTEMY 3a ILIMKJ pereHepauuu. Beegem B paccMoTpeHue

nocnenosarenbHocTs CB {Cn, nz 1} , KOTOpBIE ONPEAEISIIOTCS CIEAYIoIMM oOpa3om: §; — ocTaB-

nieecst BpeMsi 00CTyKHBaHUS MEPBOI 3asSBKH B LIUKIIE PereHEpallid B MOMEHT pPa3MeEIICHUs B Ode-
penu cienyroiei 3asBKy (TP YCIOBUH, YTO OHA MOCTYIUIA BO BpeMs o0ciykuBanus). [LnoTHOCTH
pacnpenenenus BepostHocteil CB (; :

-1
vi)=| [ 2+ )y || [ 2()F(v)dy
0 0

-1

=| [ fG+)dy || x| v(x »)g(r)dy
0 0 0

3amerum, uto §; B [18] obo3HauaeTcs kak [oc —B]+ JI'paduueckue mTIOCTpauK peannzanuu
CB (; n {, npexncraBieHsl Ha puc. 3.

oy )
; — T~ -
S N E—

G : G,

p BB
hm:

:

~

Puc. 3
Amnanoruyso, G, — BpeMs, OCTaBLIEECs 10 OKOHYAHUS OOCITYKUBAHUS n-U 3asBKHU B LIHKIIE
pereHepanyy, B MOMEHT IIOCTAaHOBKH B OuYe€pelb 3asBKH, KOTOpasi MOCTYIUJIAa BO BpeMsl 00CITyK1Ba-
HUS n-1 3asBKU. I110THOCTD pacnpenenenus BeposiTHocTel €, :
" " o o -1
v, (0 =| [ £ Gt nde [y gy || [ax [y gy | L nz2. ()
0 0 0 0

Maremaruueckoe OXujaHue ynuciaa N 3a4BOK, MOCTYMAOIUX B CUCTEMY 3a NICPUOJ PCIrCHEC-

panuu, HaiiieM 1o ¢popMyJie MOJIHOTO MaTeMaTHYECKOro OXKHUAaHUA. YUYTeM, UTO YHCIEHHOE 3Haye-
o0

HUE WHTEerpaia jH ¢ (X)Y(x)dx paBHO cpenHEeMy 4uCIy COOBITHI (IIepBOE COOBITHE HE yUNTHIBACT-
0

cs) B pEKyppEHTHOM MOTOKe, opoxkaeHHoM CB 3, 3a citydaiiHoe BpeMsi, KOTOPOE SIBJISETCS peasiu-

3anuei CITy9aiiHOW BEJTMIHMHBI C INTIOTHOCTBIO (X) .
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Nmeem
M(N)=N = iP(Nc,GC =n)M(N /N, =n)=P(Ns, =1)+
n—1 ®©
+ZP( Nys. =n) n+sz (X)y,, (x)dx —ZnP( Nys, = n)+
m=l1 (
© n— ®© o)
+ZP( 0b¢c —I’Z)ZIH (x)\lfm(x)dx N060+ZJH (x)\um(x)dx z P(N06c =n)=
n=2 m=l () m=1 ( n=m+1

Vgt j Ho (v, (x)dxf dXI Y (x, 1)g(y)dy.
m=1(

B nocaennem HpCO6pa3OBaHI/II/I HCIIOJIB30BaHO

o0

> P(Noge =m) = [ dx [y (x,7)g(y)dy .
n=m+1 0 0

Beipaskenue (6) 1715 INIOTHOCTH pacupeneaeHus ¥, (x) IPUBOIUT K PABEHCTBY

N =Noge + [ Hy(x)dx [ f(x+0)g(0)dt + [ Hy (x)dx [ f(x+)dt [ b, (t, ) (y)dy
0 0 0 0 0
17001
N = Noge + j Hy Ay (I+H,)g(x)dx, (7)
rre
Hoo(x) = [ hy (v =x)0(y)dy .
X
YuuteiBas hopmymy (5) 1t cpeHEro Yucia 00CIy>KeHHBIX 3asiBOK, OKOHYATEIBHO TOJTydaeM

:1+T(1+Hg)2f(1+Hy)g(x)dx. (8)

3ameTtuM, uto u3 (7) BeITeKaeT dhopmyna I HaXOXKACHUS CpeaHero yucia Ny MOTepSHHBIX
3asIBOK 3a ITMKJI pEereHepaliy 1mo IpuyuHe OTCYTCTBUS MECTA B OUEPE/IN:

NH=N_N060:J‘Hggf(["'Hy)g(x)dx' ©
0

CpeaHee cyMmMapHoe BpeMsi IPedbIBAHUS B CHCTEMe JIBYX 3asiBOK 32 HIMKJI pereHepanum.
O0o03naynM uepe3 7, cymMMapHOe BpeMs NpeObIBaHKsA B CHCTEME ABYX 3aiBOK (OZHA OOCITy>KHBaeT-

Ci, BTOpasd — B oqepezm) 3a OUKII PEreHepanunu. O‘-IGBI/II[HO, 4qTo TZHBJISIGTCSI CMCCBIO CYMM ClIy-

YaliHBIX BEINYHH (,, , INIOTHOCTH PAacHpeAeIeHUs] KOTOPBIX onpeaensarorces Gpopmynoii (6), T.e.

0 n—1
Ty =Y P(Noge =m) .G, -
n=2 m=1
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Ha puc. 4 cxemarnuyecku MpOWJUIIOCTPUPOBAHO CYMMAapHOE BpeMs INpeObIBaHUS B CHUCTEME
JIBYX 3as1BOK 3a LIMKJI pEreHepanuu Ui ciydas N g, = 3.

Q, O

)

Puc. 4
[To dhopmyre moaTHOTO MAaTEMATHIECKOTO OKUIAHUSI UMEEM

_ 0 n—1 0 ©
M(T))=T2=) P(Nog. =n) D MG, =D M, > PNy, =n)=

n=2 m=1 m=1 n=m+1

= 3 M, [ dx [y (x, y)g(y)dy
m=1 0 0
YuuteiBas, 4To

[ g)F e+ y)dy [Fle+tyde [y (2, y)g(0)dy
Pi(x)=-L— , () =2— 0 , m>2,

[ dx[v(x, »)2(0)dy [ ax[ 4" (x, »)g(v)dy

0 0 0 0

o0
rae WYm(x)= J. v, (®)dt, m 21, nalinem maremaruueckue oxunanus MC,, :

X

[ g(dx[ F()at [ax[ Pyt [y (x,y)g()dy
Mglzooo — , MG, =2 —— 0 , m>2.
[ ax[y(x,)g()ay [ e [v'" (x, »)g(»)dy
0 0 0 0
CrnenoBaTenabHO,

T2= T g(x)dxof F(f)dt + i deof F(t)dtof YD (x, )8 ()dy =
0 m=2 () x 0

X

a0 a0 _ a0 a0 _ a0

= [ g()dx[ F(tyde+ [ dx[ F(e)dt [ by (x,y)g(y)dy
0 X 0 X 0

OKOH‘I&TGJ’ILHO MoJIiydacM BBIPpAKCHUC IJId OHNPCHACICHHUA CPCAHCTO CYMMApPHOI0 BPEMCHU
HpC6LIBaHI/I${ ABYX 3a4BOK B CUCTEMC 3a HUKJI pCreHepalnun

Ty = T(l +H,) g(x)dxof F(r)dt. (10)
0 X

Cpennee cymmapHoe BpeMsi MpeObIBaHUSI OJJHOH 3asiBKM B CHCTeMe 32 HHMKJI pereHepa-
nuu. Ilycte 7] — cymmapHOe Bpems npeObIBaHMs OAHOW 3asBKH B CHCTeMeE (3asBKa OOCITy>KHBaeT-

Cs, MECTO B OdYepenu CBOOOJIHO) 3a IMKJI pereHepaiuu. PaccMoTpum mocnenoBaTenbHOCTh CB
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380 A. U. ecuanckuii

{n,,» m=1}. CB n,, paBHa BeluuuHe nepBoro nepeckoka cymmsel CB o +a, +...+a,, nocuaeno-
BaTesbHOCTEI0 CB 3, M3 pekyppeHTHOro BXOJSILEro MOTOKA 3asBOK IPH YCIOBHH, YTO MPH 00CITY-
KMBAaHUH M-I 3a9BKH B LUKJIE pETEHEPALMN MECTO B ouepenu 3aHATo. ['paduueckne mwumocTpaym
peanu3anuy CirydaiiHbIX BEJIMUUH 1|, U 1), IPEICTaBIECHbI HA PUC. 5.

oy ) o3

e~ T~ T~
1 - Y .

By B, B, B, Bs
N — "
Th nz
Puc. 5

[InotHOCTB pacnpenenenus BepostHocteil @, (x) CB n,, ompenensercs Gpopmynoi

-1
¢, (x) = {f Y, y)g(y)dy} {f dx [y (x, y)g(y)dy} :
0 0 0
Ecmm Ny =1, 10 T;=04,0,<B;. B caysae N, =2 mumeem 73=0;+a,,
n—2
By <oy, a,<m; .Ecmm Ny, =n,n=3,10 T} =B + an +a,, B <a, a, <n,_;. CymmapHoe
m=l1

BpeMsi IPeObIBaHUSA OJHOM 3asBKU B CUCTEME 3a LIUKJ pereHepanuu s cirydas N g, =3 IpOoHILIo-

CTPUPOBAHO Ha puC. 6.

o ) )

Puc. 6
Cpe):LHee 3HAYCHUC Ti Haﬁ)leM 10 (bopMyne IIOJITHOI'O MaTE€MAaTHUYCCKOT'O O KUJAHUS:

M(T)=T1 = P(N,s, =)M (a./ o <P)+P(Nyg. = )[MPB/B<o)+M(al/a<n)]+

0 n—2
+Y P(Nyg, =ﬂ)[M(B/B<0t)+ > M, /0, <0t)+M(0t/0t<nn—1)}=
n=3

m=l1

= P(Nogo =DM (@ ot < B)+ M(B/B< ) S P(Nyge =)+

n=2
© 0 n—2
+ZP(N06C = I’Z)M(O(/O( < nn—1)+ ZP(NO6C = H)ZM(nm /nm < OL)-
n=2 n=3 m=1

[anee yuyremM COOTHOLIEHHUS

0

-1
P(Noge =)= [ gWIF )y, M(e/ o<B) = { J xf(x)E(X)dx} { | g(x)F(x)dx} :
0 0

0
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0

j xg(x)F(x)dx

M@B/B<a)=—— , Y P(Nyse =n)=1=P(Nyg, =1) :1—T g(x)F(x)dx;
1- [ g(x)F (x)dx n=2 0
0

0

ij (x)dx j @, (t)dt
P(NOGC=7’l)M(O(/O(<T]n_1)=P(N06C=n)(30 X

| f(x)dx]o @, (1)dt
0 X

o]

[ yax|a[y" D@ gy
=P(N06c=n)0 o r_0

o]

= [ (o [ dt]o Y0 y)g () ;

[F@a[v" P »gmdy  ° x 0
0 0

0 n—-2 o) 0
D P(Noge =m) > MM,y I My <o) =D MMy /My <) Y P(Nyge =1) =
n=3

m=1 m=1 n=m+2

= > M@, I, <o) [de [y (2, y)g(v)dy =
m=l1 0 0

— 8

0

XF(x)@,, (x)dx_ .

[F@ydt [y @&, )g(dy =3 [xFGdx [ v (x, y)g(0)dy .
Fx)g,()dx © "o °

m=1

S — 8 e

CrnenoBaTenabHO,

o]

1 = [ ()G(x)dx+] xg(x)?(x)dﬁi [ [ de [y (e, 3)g(3)dy+
0

0 n=20 ¥ 0
o0
+2

m=1

S —8

xF(x)dx [y (x, )g(n)dy = [ F(x)G(x)dx+ [ xf (x)dx [ de [ b (¢, y)g(v)dy+
0 0 0 x 0

+ [ xF () [ by (x, ) g(0)dy = [ F()G(x)dx+ [ F(x)elx [ de [ by (¢, y)g(v)dy =
0 0 0 0 x 0

8

= j g(x)dx j F(t)dt + j dx j h, (x,)g(»)dy j F(t)dt = j (I +H,)g(x)dx j F(t)dt .
0 0 0 0 0 0 0
Takum oOpaszom,

o0 X
T = [(I+H,)g(x)dx| F(t)dt . (11)
0 0
TCHCpL MOKEM OIPECACIINTL CPCAHEC BPEMA 3aHATOCTU an60pa 34 HUKJI percHCpalun

T1+T> =Muj(1+Hy)g(x)dx=MaN06c. (12)
0
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Cpennee BpeMsi npeObIBaHUSA CUCTEMbI B CBOOOIHOM COCTOSIHUM 32 IUKJI pereHepamum.
ITycts 7, — BpeMs mpeObIBaHUS CUCTEMBI B CBOOOIHOM COCTOSIHUM 32 LIUKJI pereHepanuu. I'eomer-

pudeckast WLTIOCTpAIlKs 3TOr0 BpeMEHH IMpejcTaBieHa Ha puc. 7. [ToTHOCTh pacnpeneneHus Bepo-
satHocreit yTorl CB

1) = [ £($)g(s+x)ds+ [ )y [ hy(s+x,9) [ (s)ds,
0 0 0
MU B oriepatopHoi popme [(x) = A, (I +H,)g(x),rae A,p(x) = J.f(y —-x)o(y)dy .

oy ) o)

—
)i .

LB B
m
2

Puc. 7
Haiinem BeipaxkeHue 11st GyHKIMN Z(x) =1-L(x),rae L(x) — ¢dynxuus pacnpenenerus CB 7 :

L()= [ A1+ H)g(tdt = [ f(5)G(s +x)ds + [ g()dy [ f($)ds | hy(z,p)z =
x 0 0 0

S+x

= [ £()G(s+x)ds + [ g()dy [ b (z,y)F(z=x)dz = [ £(5)G(s +x)ds +
0 0 b 0

+[ g)dy[ by (x+t,y)F ()t .
0 0
Teneps BerunciuM MaremaTuueckoe oxunanue CB 7 :

M(Ty)=To = [ g(x)dx[ F(e)dt+[ F(e)dt [ ds[ (s, 7)g(y)dy =
0 0 0 t 0

= ].)g(x)dxjﬁ F(t)dt +Oj3 dx]? h,(x, y)g(y)dyjE F(t)dt .
0 0 0 0 0

Takum oOpaszom,
0 X

To = [(I+H,)g(x)dx| F(t)dt. (13)
0 0
Cpe):[Hee BpeMA HpC6LIBaHI/I$I CHUCTCEMBI B CBO60,Z[HOM COCTOSAAHUH MOXXHO BBIPA3UTh UYCPE3
CpCaAHEC YN CJIO MMOCTYIMUBIINX U O6CJ'Iy)KCHHBIX 3as4BOK 3a [IUKJI pETCHCPALIUN:

To= j(1+HY)g(x)dx]£F(t)dt = '[(I+Hy)g(x)xdx— J. (I+Hy)g(x)dxj|£f(t)dt =
0 0 0 0 0
= MB+ [ (H,g(x))xdx—T1 = MB+ [ g(y)dy [ xh, (x,y)dx—T1. (14)
0 0 0
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Janee mpeobpa3yemM HHTErpas I xhy (x, y)dx . Jlnst 5TOoro yMHOXUM 00¢ 4acTu TOXACCTBA (3)

0
Ha X W MOYIEHHO IPOUMHTETPUPYEM €ro MO ITOM mepeMeHHou B mpenenax oT 0 go oo. [IpuHumas

BO BHUMaHHe, uto M, = MP(1+ H, (1)) —¢ [22], umeem
[xvCe,y)d x =MBF(y)+ MB[ H(t)f(t+y)dt - [F(t)dt,
0 0 y

o0

Ixhy(x,y)dx:MBF(y)+M[3]9Hg(t)f(t+y)dt—]?]?(t)dt+
0 0 y

+MB Tf(s)hy(s,y)dﬁThy(s,y)dsTHg(t)f(Hs)dt —Thy(s,y)dsoff(t)dt_
0 0 0 0 <

Torna

o0

[ gy [ xh, (x, y)de = MB[ (I + Hy) Ay (I + H,)g(x)dx - [ (I + H,)g(x)dx | F(t)dt =
0 0 0 0 b
:MB[N—I]—?z.
Bosspamascs k (14), nonydaem
TO:MBN—ﬂ—Tz:MBN—MaNo@. (15)
Cpe}_]HHﬂ JJIATEJIBbHOCTh HMHUKJIA pPEereHepamnuu. OHpeIIeJ’IPIB CpCAHUC CYMMApHBIC BpPECMCHA
Hpe6BIBaHI/I$I CHUCTEMBbI B BO3MOXHBIX (bI/ISI/I‘-IeCKI/IX COCTOAHUAX CHUCTCMBI 3a ILUKII PEreHepaluu,
HalJIeM CPEIHIO0 TTUTEIHHOCTD UK T:

T=Ty+T1+To= j (I +H.)g(x)dx j F(t)dt + j (I +H.)g(x)dx j F(t)dt +
0 X 0 0

+MBN — Mo Noge = Maj(1+Hy)g(x)dx+M[3N—Maﬁo6c =MBN.
0

Takum oOpa3om, cpelHss JUIMTEIbLHOCTh IIUKJIA pereHepaly paBHa MPOU3BEICHHUIO CpEaHEeH
JUIUTEILHOCTH MHTEpBaia MEX/y MOCTYIJICHUSIMU 3asBOK B CUCTEMY Ha CpeJHee YHUCIIO MOCTYIako-
HIMX 3asBOK 3a IIMKII:

T=MBN. (16)
@DuHaAIbHbIE BEPOATHOCTH COCTOSIHMI cucTteMbl. B [20] monydens! ciemyronme Gopmysl
JUISL BBIYMCIIEHHS (DUHATIBHBIX BEPOSATHOCTEH p; MPEOBIBAHUS CUCTEMBI B (PU3MYECKUX COCTOSHHAX

i=0,1,2 u puHanBHON BEPOSATHOCTU p; + p, TOTO, YTO MPHOOP 3aHAT OOCITYKUBAHUEM:

j (I+H,) g(x)dxij(t)dt
_ 0 0 .
Po= 0 0 X ’
Mo, j (I +H.)g(x)dx + j (I +H.)g(x)dx j F(t)dt
0 0 0

T(I +H,) g(x)dxjff(t)dt
0 0

P =

b

Mo j (I +H,)g(x)dx + j (I +H,)g(x)dx j F(t)dt
0 0 0
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o]

j (I +H,)g(x)dx j F(t)dt
0 X

Py = © 0 X ?
Mo, j (I +H.,)g(x)dx + j (I +H.)g(x)dx j F(t)dt
0 0 0
Mo j (I +H.)g(x)dx
ptpy= . 0 — - )
Mo j (I +H,)g(x)dx + j (I +H,)g(x)dx j F(t)dt
0 0 0

B TepMuHax pereHepupyroliero mnpoiecca 3T yTBEPXKICHUS UMEIOT CIeIyoIyo GopMyu-
POBKY: (pMHaJIbHbIE BEPOSITHOCTU (PU3MUECKUX COCTOSIHMM CHCTEMBbI PaBHbI OTHOIICHHUIO CPEIHHX
CYMMapHbIX BpeMeH MpeObIBaHUS CUCTEMbl B COOTBETCTBYIOIINX (DU3HMUECKUX COCTOSIHHUSX 32 LUK
pereHepaimu K CpeHei ero mpoJoKUTEIbHOCTH:

To T T Mo N o6e
==, ==, ==, + - 17
Po==s PL=—s P2 =0 Lt T (17)

CpeaHue cTalMOHAPHBbIE BpeMeHa NMPe0bIBAHUS CUCTEMbI B MOJMHOKECTBAX COCTOSTHUIA.
O0o3nauuM uepes T'(E;) cpeqHHE CTALMOHApHBIE BpeMeHa NMPeObIBaHHUA CUCTEMBI B (DM3MYECKHX

coctostausX [ =0,1,2. B [20] ycraHOBNIEHHI clieyromiye GopMyJIbL:
o0 X

T(E,) = j (I +H,)g(x)dx j F(t)dt
0 0

o0 o0

-1
T(E) = { j (I +H,)g(x)dx j F(t)dt H j (I+H,) g(x)dx} :
0

0 0

-1
T(E,) = { j (I +H,)g(x)dx j f(t)dt“ j Hyg(x)dx} ,
0 X 0

T(E,VE,) =M0LT(I+HY)g(x)dx.
0

[Tony4yeHHBIC BBIpOKEHHS I CTAllMOHAPHBIX BPEMEH NMPEOBIBAHUS CHCTEMBI B COCTOSTHHUSX
UMEIOT CIIEIYIONIYI0 HHTEPIIPETALNIO B TEPMHUHAX XapaKTEPUCTUK PEreHEPHPYIOLIETO Mpoliecca:

T N ~ T
T(Ey)=To=MBN-Ma Nosc, T(E)) -1
00c¢
(18)
T2 _
T(Ez):_—’ T(E,VE))=Ma N ose.
Noge —1

3Hast ¢puHaANbHBIE BEPOSTHOCTH U CPEIHUE CTAallMOHAPHBbIE BpeMeHa MpeObIBaHUS CUCTEMbI B
cocTosiHUSAX | ¥ 2, MOKHO HalTH B YCTAHOBUBILEMCS PEKHUME OTHOCUTEIbHYIO IPOMYCKHYIO CIO-

COOHOCTB cUCTeMBI 1— p,, cpeliHee BpeMsl ¢, NPEObIBAHUS 3asBKH B OUYEPEAM M CpEIHEE BpeMs i
npeObIBaHMs 3asBKH B CUCTEME:

1=py=1-T2[T] s 1o = py T2 Nose 1] 5 ts =(po+ p)Ma+ pTa[ Nose ~1] . (19)
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Yacruble caydan CMO. Beinuinem cTalliOHAPHBIE XapaKTEPUCTUKU YaCTHBIX ciiydaeB CMO
GI/G/1/1, KOTOpbIE SABISIIOTCS CIEACTBUAMH MOTYYEHHBIX (HOPMYIL.

Cucmema M /M /1/1. IHTEHCUBHOCTb BXOJAIIETO IIyaCCOHOBCKOI'O IOTOKA 3asiBOK paBHA b ,
a Bpems OoOCIyXKMBaHHS 3asiBOK MMEET IOKa3aTelbHOE pachpeiesieHue ¢ mnapamerpoMm a. Torma

v(x,y) =be
dopmynax (2) u (8)—(19) npuBOIAT K U3BECTHBIM COOTHOLICHUSIM:
po=0=-p)1=p)", pr=ppy. P2 =P’y
Note =l+p, Nu :pz, N:1+p+p2;
To=b"', T1=b"'p, T2=b"'p>, T=b"'1+p+p?);
T(E)=b"', T(E)=(a+b)", T(Ey)=a™', T(E;UEy) =a" (1+p);

- pll- i p+2p” 1-p b
to ts . - .
b 1-p° b 1-p° a

Cucmema M /G/1/1. llycTh WMHTEHCHBHOCTH IPOCTEHIIET0 BXOIAILIEIO paBHAa b, T.e.
g(x)=be™, torma  y(x,y)=be "F(y), h(x,y)=b(1-d)'F(y)e™, e d=Pla>p}=

~hxmay hy(x,¥) =ba '(a+b)e™ ™ ¥ . TIpeobpasoBaHusi UHTErPAIBHBIX BBIPAKCHHH B

=b I F(x)e_bxdx <1. IIpeoOpazoBanus Beipaxenuii B (2) u (8)—(15) npuBoOAT K CIEAYIONINM pac-
0
YEeTHBIM (hOopMyIaM:

To=b"'Ti=d[b(-d)]", T2 =[bMa-d|[b(-d)] . T=b" +(1-d) 'Ma;
N=1+b(1-d) ‘Mo, Nosc=(1-d)", Nu=0BMo-d)1-d)".

Buipaxxenus (17)—(19)nnsa onpeneneHus CTallMOHAPHBIX XapAKTEPUCTUK CHUCTEMBI NMPUHH-

MAFOT BU/I
1-d d bMo—d bMa.

= =, = + —_
PO iema PV T 1 —d b P2 Pt Py

1-d +bMo. 1-d+bMoa.’
T(Ey)=b"", T(E)=b"'d, T(E))=d 'Mo-b"", T(E,UE,)=(1-d) 'Ma;
to =[bMa—-d][b(1-d+bMw)] ", s = [26Ma—d|[b(1—d +bM )]
Cucmema GI /M /1/1. IlycTb BpeMs 0OCITy>KUBaHUs 3asBOK paclpeaesieH0 SKCIOHEHIIUATBHO
c mapametpom a,T.e. f(x)=ae “ . Torma y(x,y)=P(x)-O(y), rae
o4
~( )

3nech cumBoioM  g(a) 0603Haquo npeoOpa3oBanue Jlamumaca rtwioTHOCTH — g(X):

P(x) =" j g(s)e™ds , O(y) =

o0
g(a)= j g(x)e”**d x . Slnpo uuTerpanbHOTO OMepaTopa H, OMpeseNseTcs KaK
0

by () = POIO(Y 4= j 0P()dr=—E10

~&(a)’
[IpeobpazoBanus BeIpakeHUM B (2) U (8)—(19) MPUBOIAT K CICAYIONTUM yYTBEPIKICHUSIM:
~ ~ 2
Vol @ g e g 1 (@)
1-g1-g(a) I-¢ 1-q1-2g(a)
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To=MB 1+L& _1 1_,_@ Ti _l TH = 1 8@ f:MBjLM_B&-
I-q1-g(a)) a\ 1-q) a’ al-g(a)’ l-q1-g(a)’
(-g+8@)(1-8@) _ (1-¢)(1-2(a) _ &(1-2&@)

aMB(l-g+q&@) ' aMB(l-q+qg@) " aMB(l-g+q&(a)’
l-g+qgla) 1-g+g(a) 1 l1-¢q

, T(E)=—,T(E)= — 5
(—g)i-2@)  a(i=g) " 7 T @)
Lo (=g)(-2@) . 1 (1-¢-8@)(1-&@)

2 ~ > iS T 2 ~ '
a~MB(1-q+q&(a)) a a"MB(l-g+qg(a))

YucieHnsplii mpumep. B Tabnuiie npuBeeHbl YUCICHHBIE PE3yabTaThl pacuyeTa XapaKTepu-
CTUK OJTHOJIMHEHHOM CUCTEMBbI OOCITY>KUBAHUS C OJHUM MECTOM JIJISl O>KUJIAHUS 71l Pa3JIUYHbIX 3a-
KOHOB BXOJHBIX MapaMeTpOB CHUCTEMBI MPHU YCIOBUHU, UYTO CPEIHHE BpEeMEHA MEXIYy 3asBKaMH BO
BXOJIAIIEM TIOTOKE U CpeJHHE BpeMeHa OOCIY>KMBAaHUS OJMHAKOBBIE NJISi BCEX 3aKOHOB U PaBHBI
MB=0,067 4, Mo =0,200 4 coorBercTBeHHO. CHMBOJIOM £, 0003Ha4€H 3aKOH DpJlaHra BTOPOro

T(Ey)=MB

IOpsI KA.
IIpenenvHas Kon cucrembl
xapakrepuctuka | E,/E,/1/1 | E,/M/1/1 | M/E,/1/1 | M/M/1/1

Nose 6,724 4,519 6,250 4,000

N. 13,924 9,744 13,500 9,000

N 20,648 14,263 19,750 13,000

T,u 1,377 0,951 1,317 0,867

Ti,u 0,323 0,200 0,350 0,200
T>,u 1,022 0,704 0,900 0,600
To,u 0,032 0,047 0,067 0,067

§2 0,023 0,050 0,051 0,077

14 0,235 0,210 0,266 0,231

D, 0,742 0,740 0,684 0,692

D+ D, 0,977 0,950 0,949 0,923
1-p, 0,258 0,260 0,316 0,308
T(E,),u 0,032 0,047 0,067 0,067
T(E),u 0,048 0,044 0,056 0,050
T(E,),u 0,178 0,200 0,171 0,200
to,d 0,042 0,042 0,046 0,046

ts, 4 0,093 0,094 0,109 0,108

3akarovenue. [TomyMapKOBCKHI TTPOIIECC, ONMUCHIBAOIINN (YHKITMOHUPOBAHUE CUCTEMBI 00-
cnyxuBanus GI/G/1/1, pacCMOTPEH KaK pEreHEpUPYIOIIN, TOUKaMU PEreHePALMM KOTOPOro SB-
JISIOTCS. MOMEHTHI MOMAAaHUs 3a5BOK B CBOOOJHYIO CHCTEMY. Y CTaHOBIEHBI (DOPMYIIBI JIJIsl BHIYHC-
JICHUSI CPEHEr0 YHCla MOCTYMAIOUINX, OOCITY)KEHHBIX U TMOTEPSHHBIX 3afBOK, a TAK)KE CpPEIHUE
CyMMapHbI€ BpeMeHa MpeObIBaHUS B CUCTEME OJHOW U JIBYX 3asBOK 3a IIUKJ pereHepanuu. OuHamb-
HBIE BEPOSITHOCTU (PU3MUYECKUX COCTOSIHHIM CUCTEMBI U CPEIHUE CTAllMOHAPHBIE BpeMeHa MmpeObIBa-
HUS B 3TUX COCTOSIHUSIX, B OYEPEIU U B CUCTEME BBIPAKEHBI B TEPMUHAX XAPAKTEPUCTUK PEreHEPH-
pyrotiero nporecca. Kak crnefcTBue moiydeHHBIX YTBEPXKIEHUHM, BBIBECHBI (DOPMYIIBI ISl BHIYHC-
JICHUS] CTAllMOHAPHBIX XapaKTEPUCTUK OJHOIMHEWHON CHUCTEMBI OOCIY>KHBAaHHUS C OJHUM MECTOM
JUIS1 O’KUJIaHUS B CITy4ae YaCTHBIX 3aKOHOB PACIPEACIICHUS BXOIHBIX MTAPAMETPOB CUCTEMBI.
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