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O 3AO0AYHAX AHAJIN3A NN CUHTE3A CNCTEM
OBCNY)KUBAHUA 3AABOK HECKOJIbKUX TUMOB

PaccMoOTpeHbl 3a[la4m aHanm3a U CUHTE3a CMCTeM MAcCOBOro 0DCNyXMBaHWS (HampuMmep, CUcTem
NPOTUBOMOXAPHON 3aLMThl 0ObEKTa) 3asIBOK HECKOMbKIMX TUMOB, TPEOYIOLWMX NPUBIIEYeHs OAHOrO,
LBYX 1Unu Oonee kaHanos (HanpuMep, NoXapHO-CcrnacaTeNbHbIX NoApasaeneHui). MonyveHs! aHanu-
TUYeCKMe BblpaXkeHns A4S BEPOSTHOCTEN COCTOSIHUIA cncTeM obcnykmBaHms. CchopMynmMpoBaHa 3a-
[la4a aHanv3a Kak HaxoxXaeHue BEpOSTHOCTM OTKasa CUCTEMbI B MpUeMe 3asBKI Kakoro-nmbo Tvna no
NPUYMHE 3aHATOCT BCEX KaHANOB, KOrAa M3BECTHbI IHTEHCVMBHOCTM NOCTYMNNEHMS 3a9BOK 1 CKOPOCTH
nx obcnyxmBaHua. ChopMynmpoBaHa 3agada C1MHTe3a Kak HaxoXAeHne HeoOXOAMMOro YMcna KaHa-
NoB 0D0CNY>XMBaHWS MPW 3aaHHbIX OrpaHNYeHWSIX Ha BEPOSTHOCTb OTKa3a B nMpueme 3asBok. [okasa-
Ha BO3MOXHOCTb PELUEHNS 334341 CMHTE3a C MCMOMb30BaHMEM HOMOIPaMM.

KniouyeBble cnoBa: onacHas cnTYyaunsa, MOOUNbHbIE nogpasneneHnd; sKCTpeHHble CJ'Iy)K6bI; cncremMa
MaCCOBOTo O6Cﬂy>KI/IBaHl/IF|; BEepPOATHOCTb OTKa308B.
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BBepneHune

B paGore [1] paccMOTpeHbl n-KaHaJAbHBIE CHCTEMBI
MaccoBoro oociyxuBanus (CMO), npeaHa3HaYeHHbIE
JUIst paboThI ¢ 3assBKaMH Pa3IMYHBIX TUIIOB, IPHEM U
o0ciy)KMBaHUE KOTOPBIX TpeOyeT MpuBiIedeHus J100
OJTHOTO, JINOO JBYX MIIU TPEX KaHaJOB 00CITyKUBaHH
(KO). AxryanpHOCTh Tako# 3ajaun 00yCJIOBJIEeHa Ha-
JUYMEM aBTOHOMHBIX 00BEKTOB [2, 3], Ha KOTOPBIX MO-
T'YT BO3HUKAaTh OMACHBIC CUTYAIlUH (HAaIlpuUMep, MoXxa-
PBI) pa3TUYHON CIIOKHOCTH, KOT/A ISl UX JINKBHUIAITUN
TpeOyeTcsl MPUBJICUCHHUE TNO0 OHOTO TOXKapHO-CIa-
carenpHOrO ozipasaeneHus (B repmuHax CMO — ka-
Hasia 00CITy)KUBaHUs ), TMO0 OJHOBPEMEHHO JIBYX HIIH
TPEX TOAPA3ICICHIH MPH YCIOBHH, YTO YHCIO TaKUX
MIOAPA3/ICICHUI # OTPAHUYICHO. DTO OTHOCUTCS KaK K
MPOMBIIIICHHBIM TPESIIPHUATHSIM H HACEICHHBIM ITyHK-
Tam [4-9], Tak 1 K KPYITHBIM JIOPOKHBIM MarucTpajsim
1 o0bekTaM B ApkTHueckoi 30He [2, 3, 10—12].

B pamMkax oOLIepuHSTHIX JOMYIIECHHHA TCOPHU Mac-
coBoro obcnyxuBanus [13, 14] npu HaTU4YUK UHTEH-

CHBHOCTEH ITOCTYIUICHNS 3asBOK 1-T0 THIA A | (17151 00-
CITY)KHBaHHS KOTOPBIX JI0CTATOYHO puBIedb oauH KO),
2-ro Tuna A, (asa KO) u 3-ro tuna A, (tpu KO), a Taxoke
WHTCHCUBHOCTEH 00CITYyXMBaHUS 3asBOK COOTBETCT-
BEHHO [, L, U 3 B pabote [1] momydeHsl cHCTEMBI
ypaBHEHUH I BEpOSTHOCTEH cocTosiHni Takux CMO
U TIPEACTaBICHBI COOTBETCTBYIONINE UM rpadbl mepe-
XOJIOB.

Hasramax mpoexTupoBaHus U pyHKIIMOHUPOBAHHUS
CMO BO3HHKAIOT JIBE XapaKTEPHbIE 33]]a4l — aHaJIN3
u cuaTe3 [13—15]. 3amaga ananm3a CBOIUTCS K HAXOXK-
neHuro coctosuit CMO {p} (mpexie Bcero BeposT-
HOCTeH 0TKa3a B IIpHeMe 3asiBOK JJF000T0 THIIA P, 2-TO
THIA py; U 3-TO THIA pyy) IpH 3agaHHOM ducie KO n,
KOTJIa M3BECTHBI MHTEHCHBHOCTH {A} u {|}. 3ajgaua
CHHTE3a B Hambojee pacmpOCTPaHEHHOM CIIydac 3a-
KITFOYaeTCs B HAXOKACHUH MUHIMAJIEHO HEOOXOANMO-
ro yucna KO 7 mpu u3BEeCTHBIX MHTCHCUBHOCTSIX {A} 1
{|\} ¥ 3a1aHHBIX OTPAHUYCHUIX HA JOMYCTHMEIC BEpPO-
SITHOCTH OTKa30B P, Py ¥ Py B pAne ciaydae npu
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cunte3e CMO tpebyercst HalTH HeOOXOIMMbIC HHTEH-
CHBHOCTH O0OCITy)XUBaHUsI {1} (Hanpumep, CHAOUTH O~
JKapPHO-CIIAcaTelIbHbIC TTOPA3/ICICHHs CIICIUATIbHBIM
000pY/I0BaHHEM U YBEITUUHTh IITAT OPA3ISICHHUMN 15 Py’
COKpAIIICHHS BPEMEHH TYILICHUS T0XKapa) [PU U3BECT-
HbBIX 3HAUCHUSAX {A} U 71 ¥ JOMYCTHMBIX BEPOSTHOCTSIX

OTKa30B.

Cucrembl 06cnyXuBaHUs
3asBOK ABYX TUMOB

B pabore [ 1] npuBeeHbI MaTEMaTHYECKHE BBIpaKe-

H(nf2) J n+2j i
) oy

HHA B BUIC CUCTEM ypaBHCHHﬁ, CBA3BIBAIOMINX BEPOAT-

HocTH coctosiHuid {p} CMO c¢ yuciom KO n=2...7,
Ky/la TIOCTYIAIOT 3asBKH JBYX THIIOB C HHTEHCHBHO-

e 00IIMe BBIPAKCHUS Ul BEPOSTHOCTEH HE3aHSTO-
ctu Beex n KO p 1 BeposSTHOCTEN OTKa30B p . U pPyi

T4 T & M
Jj=0 i=0
j n-2j
@ :U(n/Z)ﬁLc (2)
Po izo j! (n=2j)!
1 (n/2)
& = L n _zu ﬁ + Ocn—ZU(n/Z) +
po  U(n/2)! 2 1
3
-1 i [ o i1 3
+ 72 : . + L . b}
j=0 (n=7)' (m—-j-D!

CTAMH A H A, KOTOpBIe 00cyxkuBatoTcsa B KO co cko-

POCTAMH (HHTEHCUBHOCTSIMN) |1, 1 Ll COOTBETCTBEHHO.
ABTOpaM ymasoch MoJIy4YuTh SBHbIC aHaTH4YeCKue(!)
pEILIEHUs 3TUX CUCTEM YpaBHEHMI uepe3 NpUBEACH-
A, /1, (Tabmn. 1), a Tak-

HBIE HATPY3KU Ol = A/l KO, =

Ta6nuua 1. BoipaxkeHus Ons ouUeHkn BeposiTHocTer coctosiHu CMO ¢ AByMs TUMaMuy 3asBOK

rie [{(x) — QyHKIUsS B3ATHS [EJIOT0 YUCia OT X, Ha-
npumep: [[(2)=2,1{(2,5)=2,13,5)=3ur a.
Boipaxkenust (1)-(3) MOXKHO HCTIOIB30BATH JIs1 aHA-

nu3a pabotel n-kaHanbHo CMO ganHoro Thma. s

0=2Xp +Apy = (M + Ay + 1y + 1y )Py +
+2u py + 21, ps;

0=2Xpy — (A + 215) ps + 1y pg;

0=xps — (A + Xy + 31y) pg + 41 Py + WaPros

0 =2Ap3+Apy — (A + 11y + 20) p7 + 31y Py

0=2Xps + Mps — (2p, + 1) pg;

0=2Mps —(4p; +2)py + Suypyys

0=2Xp + Mpy — (1y + 31y pros

0=2Npy —5Sp Py

Homep
n CI/ICTCMa ypaBHeHHﬁ AHaﬂI/ITI/I‘ICCKOC peHIeHI/IC pl/ICyHKa
B[1]
210==(M +Rr)py + 1P+ Hopos -1 2 af 1
0= hipo = +)py + 2w P = ZOT + 01 Py = Py 2= Py
0 =App — U2p !
0=2xp —2u,p; P3 = 0,507 po; Porc=p2+ 3= (0 + 0507) py;
pu=pitpi=(oy + o, + 0=50°1)P0
3 ==+ X)po + 1P+ P -1 3 oy 2
0 Mpo— (M + Ay + 1) py + 20,05 +uppy | P00 T g(;l_ ZZ !’ Pr=%Pos P2~ %P>
0=2Xpy — (M + 1) Py + 1y Pas /
0="2p — (A +2u)p3 + 31, D55 p; = 0,5(111’0’ Py~ 0P, Ps = OL1P0 6;
0=2%p — (1 + 1) ps + Mpo; Do =Pstps = (00, + OL13/6)]70;
0="2p; —3pps pu=pt oty =lo,(1+ o)+ 0502 + ol /6] p,
470==-(M +A)py + 1P + Hypos g 2 3
0="21py — (M + ko + 1) P + 20, p3 + Hapg; | PO —§ il + 0‘22* + 7,171 QPos P2 = GaPos
0 ="2pg = (M + Ry + 1) Py + Wy Py + 2UyPs; -0 -0 /6
0="2p — (0 + Ay +20)p3 + 3y pg + Wypps | P37 a50‘1P0aP4—0°10‘2P09 ps = 0,503 pg; ps=0t; po/6;
0=2p + Mpy — (o + 1y + )Py + 204 p75 | 7 = 075(1120‘2}70; Py = 0‘?1’0/24;
0 ="hypy =21,y ps; oc% (xlz ocf
0="np; - (3H1 + M) ps + 41 pg; Por =Ps TP Pg= +a, 1 | Pos
_ 2 24
8— ;zpa 411?4 (Mg + 2py) pys . i . )
= MPe — TH1Ps _ a a
: ! pPu=PitPstps= {22 (al 21] ?1 + Zjl}p
510==A +2X)py + 1Py + 1y R o 3 { oc L ay . 4
0=2py— (A + Ay + 1Py + 203 + popy; | PO _§_. M zo ! g‘o_. - %o
0="2p0 = (A + Ay + Uy) Py + 1y Py + 21,55 _ ~ 05 = 0502 pi-
0= 7\’1pl = (7\‘1 4L }\,2 4L 2H1)p3 4L 3H1p6 + Wy p7s Pr= %Py P3 = a’l Pos P4 = 00, Pg; Ps = U000, Py

Ps = (1.13[)0/6, p7; = 035(1'10“21705 Pg = 0,5(110‘%1’0;
Py = O‘?Po/z“; P = afo‘zpo/6; P = 0‘15170/120;

B (a3 ol a5
Por =P8 T P10 TP11 = = i Gy = 6 120 Pos

Pu=pPitpstprtpy=
2 2 3 4 5
o a o a
{72“*“1““2[71*6—5} r " 120

o
120 | Po

24"
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OkoHyanme tabn. 1

0=2%pg = (M + Ay + W) Py + 1Py + 214, D55
0="2p — A+ Ay +2u)ps + 3, pg + 1ypys | P17

0=2Xpy = (A + Ay + 25) ps + 1y pg + 31, Po;

0=2Xps + Mps—(Ay + 20, + 1y) pg + 21 Pros

0= Xypig + 2101 — (M + o +4 1) s + SRy prss
0= Xop + 21010 — (215 +31y) Pyes

0=2%py- (7L +6p) pi7 + Ty Pros
0=2p14+ 1P15 (Ko +5Hy) prgs

0="2%p17 = THi P1o

Howmep
n Cucrema ypaBHEHUI AHanuTHYECKOE pereHne puUCyHKa
B [1]
6|0= —(M T X)py + WP+ UoDss IR 0‘{ o 0‘% S 5
0=2 1Po M+ g+ 1) p + 20, p3 + 1ypys | PO 22074_“22:;? 720 il ,p] HPo;
i i= i=
0="2p0 = (M + Ay + W) Py + 1Py + 21, D55
0="np — (A + Ay +20)p3 + 31, pg + Lopys | P27 %P P3 = 0,507 po; ps=0402p0; ps = 0,503 py;
0 :27¥2P1 + 7}]’2 — M+ Aty )Pyt Ps = 0‘1[)0/6, P = 0,50110‘2170, Py = 0,5(110‘2170,
M H1p7 PRLEICE Py = 0‘31’0/@ P = afp0/24; pPu = 0‘13(12170/6§
0="2Aypy =My + Ay + 215) ps + 1y Py + 31,095 _ 22 /4, _ 5 /120_
0=xp3—(A + ko +30)pg+41, P19 + MaPy1s P12—0°120(2Po » Pi3 —09150 >
0=2p3+Mpy — (A + Xy + 1y + 20y)py + Pa = 0‘10‘2170/24§ Pis = 0‘1170/6!§
+30 P+ 22U Pys _ _
0 =Aypy + Aps—(Ay + 20, + 1)) pg + 20, prg; | Poe =Po P12t Pia TP1s =
0= kzps — 31, Pg; _ %3 0‘22 th 0‘? 6
Tl T, oo, Pos
0=2ps—(h+ry+4u)pg + Sy P13 HHoPras 6 2 2 24 6'
0—;2P6+7;:P7 (7(V1+H2+3H)1)Pn +4p P Mo 5 )
0= 2P7 + Mpg = (21, + 21 pro; ot et tp. = %2 %2 o
= =2+ 2 o, + — |+
0=2po—(A+51) pi3 + 6p pys; Pum Pt Py TP TP L 6 2 “ 2
0="%Apo + Moy — (Ko + 40Py o o o o
0="2%p3—6ups o [t A e N
6 24 5! !
7 =—(A + A)po + 1Py + HaDys -1 i G 6

7 i [ 3 i 3 1 i
S %4 AT W A ol ¥
0 Mpo = (M + dg + )P+ 20 p3 + Hopy; | D0 —§ il ““; T Z RPNt

0=2p +Mpy = (M + Ay + 1y + )Py + ps = 0,503 p; pe=a P0/6, p7 = 0,500, py;
+ 21, p7 + 21, P53 Py = 055(*10‘5170? P9:0‘3PO/6; P = afp0/24;
3 . 2.2 . _ 3 .
0=2py—(A + Ay + 31 ps +41, Pp + Mapyps | P11 T a1a2p0/6, P2 —a1a2p0/4, P13 _a1a2p0/6:

0=2Ap3+Mpy — (A + Ay + 1y +21) py + Pia
3P+ 20, P D7

0=2%ps — (M +315) py + 1 Py3s Porx =P13 T P16 TP1g T P19 =
0=Mps—(A+ry+4p,)pg + Sy pia 1, s o; a%a’ q5 q7
0=2ps+ M p;—(A+2Ay +py+3p0)pyy + Sl t 5T +0, 755 Pos

! 6 > 6 T4t

+‘;LH1P15 ;: 2“21&6’ )

0 ="Ap7+Mpg— (A + 20, +211) ppp + 31y Pigs ol
0=2Apy — 1 P35 Pu=P1 TPyt Pt Pis TP = ?2(1 +oy)+
0=Mpo—Ay+Ay + 50 pra + 61y P17 + 1o pigs

+

Oy Pos P =0 Pys P3 = 050‘1170, Py = 00, Po;

= OHSPO/S!; P15:0‘;“12Po/242 pl6:(’“13a§p0/12;
= 0‘16170/6!2 P18=0‘150‘2P0/5!§ P9 = 0‘17[70/7!§

aifar, b}, for, o), o ol
2127 6 27247 51T e T gn | Po

pelIeHus 3a/la4 CHHTEe3a Lelecoo0pa3sHo MOCTPOUTh
HOMOTPaMMBbI C JINHUSIMHA PaBHBIX 3HAUCHUI 7 B KO-
opanHarax (o, o.,). 9To, B CBOIO O4epelb, TPeOyeT Mmo-
JTy4eHUS 3aBUCUMOCTEH o, = f(0L;, #1), KOTOPBIE B X0O/1€
HCCIIEI0BaHUI OBIIN HaMEHBI B BUJIE ITOJIMHOMOB:

1 (n/2)
> Agob =0, )

k=0

e {A} — ko3 dunmeHTHI, 3aBUCSIINE OT IPUBEICH-
HOM Harpy3ku a,, yuciia KO n u BepostHoCTEH OT-
Ka3a B IPHEME 3asIBKH.

B tabn. 2 npuBeeHbI BBIpaXKEHUS 715l BETUUUH {A }

U MIOPSIZIKA OTIPE/ICIICHUS IPUBEICHHOI HATPY3KU OL,.

MogenupoBanue, IpOBEIEHHOE C UCIOJIb30BaHU-
€M BBIpaXXEHHUI TabI. 2, MO3BOIMIO HOCTPOUTH HOMO-
rpaMMsl 1714 py, = 0,1 % n py; = 0,5 % (puc. 1), koto-
pbIe MOYKHO UCTIOIB30BATH JIJISl pEIICHHUS 3a]1a4 CHHTE3a
CMO. Craenyer oOpaTuTh BHUMAaHUE Ha TO, YTO ISl HE-
YETHBIX 3HAUCHUH /1 TIPUBEICHHAS Harpy3Ka O, MOXKET
BO3PACTaTh PH YBEIUUCHUH O;. ITO OOBACHACTCS TEM,
YTO MpH OOJIBIIOM OTHOCHTEILHOM YHCIIC “‘/IBOMHBIX 3a-
SIBOK” BCErga MOXET 0CTaBaThLCA CBOOOMHBIM XOTS ObI
onuH KO (ogHO mozapasencHue).

Ipumep 1. M3BecTHO, 9TO /U151 00BEKTA IPUBEICH-
Hasl Harpy3Kka Io 3asBKaM, TPEOYIOIINUM MPHUBIICUCHUS
oxnoro KO, a,; = 0,1, nByx KO — a, = 0,04. Tpebyercs
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Tabnuua 2. KoadduuveHTsl ypasHeHns (4) Ans HaxOXAEHWS NPUBeOEHHOW Harpy3ku o,

OrtKa3 B 00CITy>KHBaHUHU BBI30BA

ay | Lo (n = 4)1 = ponE, 412
4 alyl72/(n - 2)' _pOTKZI‘l—Z

[Z, 40 -pp)—-Z,4]/2
Z,(0-ppP-Z%,4

n {4} Ilopsanox HaxoxaeHus o,
JE0GOTO ¢ BEPOSTHOCTBIO P ZBOIHOTO C BEPOSTHOCTBIO Py

23 a | o= penZ, s Z, (1 -py) oy =-ay/q
o aln/” = PoncZan L(-pp-2,,

45 1 @ | (0~ poZ, )2 %, 4(1-pn)/2 Pt
@ al(1=2)! = ponZ, %ol =p) =2, 4 o 24,
dy | ai/nl=ponZ, (1 -pn) - %,

6;7 ay | (0= ponE, 6)/6 %, s(1=pp/6 YucieHHOE peleHue

KyOHUYEeCKOro ypaBHEHUS
C HAXOJK/ICHUEM IIPHEMIIC-
MOT0 KOPHS O,

g Otf/n - pomzn zn(l _pII) - z“n—2
. 4 oc;’_zj B . 2, 0 (1= pp) = Z, 54 Q6nme BBIPAXKEHHUS,
—(n—Zj)! Porc%n-2j ! j=0, ..., qn/?2)
m>0ai
IIpumeuanne. X, (= ZT'I’ o=1; X,<=0.
i=0 "
lga, . o B -
|‘ = =3 m =3
] ! = n=4 = n=4
1 N -n=5 = n=35
= n=06 = n=06
n=7 = =7
-3
4
-3 -2 -1 0 Igay
Puc. 1. 3aBucumoctsb o, = f(0t;) IPH Pa3IUYHBIX 3HAYCHHUSX 71
- pon(.uon = 07001; ——— — Porkjon — 03005
o —4 *
pelInTh 3a7a9y CHHTE3a — HAWTH MHHAMAJIBHO HEOO- 4 3 ) 0 lga,

xomumoe urciio KO 7, 4ToObI BEpOSITHOCTh O0TKA3a B IIPH-
eMe 1 00CTyKUBAaHHUH JIFO0O0M 3asIBKH P,  TAKKE BE-
POSITHOCTH OTKa3a B IIpreMe U 00CITy)KUBAaHUH 3asIBKH,
TpeOyromeit mpusiedeHus cpasy apyx KO py,, He mpe-
Bermana 0,001 (wm 0,1 %).

VYuaureiBas, uro lgo, =—1, Iga, =—1,398, u Boc-
TIOJTF30BABIINCH HOMOTpaMMaMHU Ha puC. 1 ¥ 2, HAXOauM,
410 ycnoBusM p. < 0,1 % u p; < 0,1 % ynosnerso-
pseT Tonbko naTuKaHanbHas (n = 5) CMO. Ilpu stom
YCIOBHIO P < 0,1 % ynoBieTBopsuia Obl 1 4eThIpeX-
kaHaibHags CMO.

Ipumep 2. TpeOyeTcs pemuTs 3384y aHAIN3a —
HaWTH BEPOSTHOCTH OTKA30B B OOCITYKUBAHUU P, U Py

Puc. 2. 3aBucumocts 0, = f(0;) Ipu 0OCITYKMBaHUH 3a5BOK,
TpeOYIONX MPUBJICUYCHHUS JBYX KaHAJIOB OOCIY)KHBAHUS, MIPU
PAa3IMYHbIX 3HAYEHHUAX 1 U P non> PABHOM 0,001 ( ); 0,002
(———; 0,005 (=== -); 0,010 (~ - -)

npua,; =0,1, o, = 0,04 u pasmrunom yucie KO n u npo-
BEPUTb TEM CaMbIM MPaBWJIBHOCTH PEIICHUs 3aJa4uu
CUHTE3a, pACCMOTPEHHOM B IipumMepe 1.

C HCMoNIb30BaHUEM AHAJIUTUYECKUX BBIPAKEHU,
MPUBEEHHBIX B TAa0J. 1, CTAHOBUTCS BO3MOXKHBIM pac-
CUMTaTb BEPOATHOCTH {P..., Pi» Poy = S(o; = 0,1;
o, = 0,04; n) (tabn. 3). Kak cneayer u3 nomydeHHbIX
3HAUEHUI BEPOATHOCTEH, IEHCTBUTENBHO, YCIOBHS

m ISSN 0869-7493 MOXAPOB3PbIBOBE3OMACHOCTb 2017 TOM 26 Ne 3
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Tabnuua 3. BepoATHOCTW COCTORHUI P, P U Py NPY pa3-
nM4yHoM 4mcne KO

Ioka- 3HaveHue moKa3arens, %, Ipu n

3atenb| o 3 4 5 6 7
Pomc | 3,930 | 0,363 | 0,087 | 0,008 |Oxoso 0| Oxoso 0
P 12,664 | 4,278 | 0,450 | 0,095 | 0,001 | 0,001
Do 87,336 | 87,020 | 86,944 | 86,937 | 86,936 | 86,936

Porc < 0,1 % 1 p;<0,1 % BeIIONHAIOTCA 1pU 1 = 5.
IIpu 5TOM BEpOATHOCTH TOTO, YTO HAa OOBEKTE HE OyzIeT
BO3HHMKAaTh CUTyalUH, TPEOYIOLIMX HIPUBICUCHUS I10-
JKapHO-cracareIbHbIX Hoapasaenenuii (T. €. Bce KO He-
3aHATHI), JOCTATOYHO BbICOKa — Ooiee 86 %.

CucrtemMbl obcny>XuBaHUs
3asIBOK Tpex TUMoB

B pabote [1] npuBeneHs! Takke MaTeMaTUICCKHE
BBIPAKCHUS B BUJIC CUCTEM YPaBHEHUH, CBI3BIBAIOIINX

BeposiTHOCTH cocTosiHui {p} CMO c¢ guciom KO
n=3...5, KyJla OCTYIalOT 3asiBKH TPEX THUIIOB C WMH-
TEHCUBHOCTSIMHU A, A, U A3, KOTOpBIE 00CTYKUBAIOTCS
B KO co ckopocTsiMu (MHTEHCUBHOCTSIMU) L), [y U s
COOTBETCTBEHHO.

B Ta6m. 4 mpuBeeHB! ypaBHEHNS, COOTBETCTBYIOIIIE
rpadam nepexooB Ha puc. 7-9 [1] u sIBHbIC aHATUTH-
YEeCKHE PELICHUs Al OLICHKU BEPOATHOCTEH coCTos-
wuid {p} nanHoit CMO. JlaHHBIC BBIpOKEHUS TaKKe
MOT'YT HCIIOB30BaTHCS IS PCIICHUS 3339 aHAJIH3a 1
CHHTE3a.

Kak n panee, 3aga4a aHamu3a pemacTcs HaXoxX/e-
HUEM BeposTHOCTel cocTossHuit CMO {p} npu u3Becr-
HBIX 3HAYCHMAX INPHUBEICHHBIX HAarpy30K o; = A, /M,
(i=1, ..., 3)nuucne KO n. [Ipu 3ToOM Hanbomnee Bax-
HBIM PE3yNbTaTOM SIBIISICTCS HAXOXKJCHHUE BEPOSTHO-
CTel OTKa30B P, Py ¥ pyp- 38]1a49a CHHTE3a MOJKET pe-
IIATHCS TAKXKE IyTEM HAXOKJICHUSI MUHIMAIBHO HE00-
xoznumoro uucia KO 7 npu u3BECTHBIX PUBEIEHHBIX

Ta6nuua 4. BoipaxkeHus Ans oLeHKKN BeposiTHocTelr coctosiHu CMO ¢ TpeMs TMnamu 3asBOK

0=2A3py + hypy — (B3 + 1y) Pg;

0=2py — (A + Xy +301) pg + 41 Pp3 + By Pras
0=2Xypy + Mps — (hy + 1y + 209) pro + 31 Pras
0=2Xyps + Mps — 21y + 1) piys

0=2X3py + Mpy — (13 + 20 pra;

0=2%py — (A +4p)pi3 + SKypyss

0 =2p9 + Apio — (12 + 3K Pras

0="2%p3 = 5Hpis

Homep
n Cucrema ypaBHEHHIA AHaTUTHYECKHE PELICHHUS pHUCYHKa
B [1]

310==(A+Ay+Rry)py+1p + 10 + 13055 -1 _ 7

0="2py = (A + Ry + 1) Py + 201 Py + 1o P55 Po = ZO “22 % P b

0="2,p0 = (M + 1) py + 14 Ps5 ' 2 .,

0 =2X3p) —U3p3; P2 =0aP0; P3=03 0 Py = 0,50 po;

0=2xp = (A + 21y) ps + 31 Pgs Ps = 00, Do Pg = PoOLq /6; Do =P3 TDs T Pgs

0="2p + Mipy = (M2 + )P Pu=Porc t P2+ P4 Pui=Put Py

0="2py =3P
410==(M + Xy +X3)py + 4Py + 1Py + 13P3; =i S i 8

0=2Npy—(M +hy+ A3+ 1)) Py + 21 Py + 1o Ps + 13 D Po _§ azz ] = +a3z !

0=2p9 = (M + Ay + W) Py + 1y Ps + 214,075

0= 7\,3p0 = (7\,1 4L “3)173 + Wy Pes P1= 04 Py P2 = 0aPos P3 = O3Pp; Py _05a1p0a

0=Mp — (A + Ay + 20)) py + 31y pg + 1y po; Ps =040, pg; P = 03Py, P7 = 0»50‘2170:

0=2p +Mpy — (M + 1y + 1) ps + 21y po; Ps = Do /6, By = O,5oclcx2p0;

0=2%;3p + Aps — (03 + 1) Pes B 4/24_ . o

0="2nyp, —2u,p5; Do = PoO1 /245 Pore = D6 T P77 Py T Pios

0="npy —(h +3p)pg + 41, pip; Pu=Pornc TP3 TPt P8 Pm=PutPrt Py

0 =2%yps + Mps — (20) + Hy) po;

0=2%pg —4npp
500==(A + Xy +A3)py + K p; + Hapy + U3D35 -1 i i 0‘% . i 9

0=2po—(A+2Ay+As+u)p+ 20 py+Hops +H3P7 Po _§ ! +a220 i 7§TI+

0 =2pg = (M + Ay + A3+ 1,y) Py + 1 Ps+ 21, P + 13 Pss

0="23p0 = (A + Ry + U3)p3 + 1y Py + Uy g +a32~7: + 0,0y Py = 0Dy

0=2p —(Ay+Ay+ A3+ 20 py+ 30 Pg + 1y P10 + 3PS i=0 '

0 =Mopi + Ay py = (A + Ry + 1y + 1) ps + 21 Pro + 21, Py D> =0,D0; P3= 03P P4 = 0,507 py;

0=2Xpy = (M + 2)) g + 1y P15 — 05 )

0= 7\,3p1 + }\‘lp:; — ()\‘1 + u3 + ul)p7 + 2u1p12; p5 _O“IQ’ZPO: p6 = Y (x2p05 p7_a](’“3p09

DPs = 0,030, Py = Poa?/@ P = 0750‘120‘2170?
1= 0,50t10t§po; P = 0,50L120t3p0;
4 . 3 .
Pz = P0a1/24: Py = p0a1a2/6,
Pis = poaf/lzo;
Porc =Ps TP11 TP12 T P1atPiss
P =Pon TPs T P7 P10 T P13
Pm=Putp3tpstpy
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Tabnuua 5. BepoATHOCTN COCTOAHUIA Py, Py, Py U Po NPU
pasnunyHom Yncne KO

3HaveHue MoKa3aTels IpH 7
IToka3zaTenb
3 4 5
Porc 0,0097 0,0015 0,00035
Pu 0,0486 0,0111 0,00182
P 0,1351 0,0500 0,01146
Po 0,8649 0,8637 0,86350

Harpyskax o, O.,, O3 ¥ 3aJJaHHBIX TPeOOBAaHMAX K BEPO-
ATHOCTSIM OTKa30B P .., Py U Py B oTmane ot ciryqas
CMO c 1Byms TUTIaMU 3asIBOK, PACCMOTPEHHOTO B TIpe-
IBIIYIIEM pa3lielie, KOraa IPUMEHSUIICH HOMOTPaMMBbI
(cm. puc. 1 u2),3ana4a cunreza CMO ¢ TpeMs Tunamu
3as1BOK MOXKET pelaTbcs Iy TeM 11o100pa He0OX0IuMo-
ro uuciaa KO n.

IIpumep 3. 3BecTHO, 4TO J1J151 00bEKTA IPUBEICH-
Has Harpyska o 3asiBKaM, TpeOyIOLIUM NpUBJICUEHHS
onnoro KO, o, =0,1, onnoBpemenno aByx KO —

a, = 0,04, onHoBpemeHHO Tpex KO — a3 = 0,007. Tpe-
OyeTcsl peIIuTh 3aJ1ady aHAIN3a — HAUTH BEPOSITHOCTH
OTKAa30B P, Ppp B Py B IPHEME 325 BOK COOTBETCTBYIO-
IUX THUTIOB TIpH pazimaHoM yucie KO n.

C HCHoNb30BaHHEM AaHATUTHYCCKUX BBIPAKCHH,
MIPUBEACHHBIX B Ta0J. 4, CTAHOBUTCSI BOBMOKHBIM pac-
CUMTATh BEPOATHOCTH {P ., Pir> Prm Poy =J (o = 0,1;
o, =0,04; o3 = 0,007; n) (Tadm. 5).

BbiBOAbI

TakuMm 06pa3om, TOTydeHBI AaHATUTHYECKUE BBIPaA-
JKCHHUA U HOMOTpaMMBbI JIs pEIICHUA 3a/la4 aHajIn3a U
cunte3a CMO ¢ pa3HOTUITHBIMHU 3asiBKaMH, TpeOyro-
NIMMH MCITOJIB30BaHUS TUOO OJTHOTO KaHaJ1a 00CITyKH-
BaHUsI, THOO OJHOTO WM OTHOBPEMEHHO JBYX KaHa-
JIOB, JTUOO OJTHOTO, IBYX MITH TPEX KaHAIOB 00CITYKHBa-
Hus. Permenne yka3zaHHBIX 3a7ad SBJSICTCS BasKHBIM
NPUMEHHUTENIFHO K aBTOHOMHBIM 00BEKTaM, Ha KOTO-
PBIX MOTYT BO3HHKATh PA3IMYHOTO POJA OITACHBIC CH-
TyaluH, TPeOyIOIIUe TPUBICUYCHUSI, B YACTHOCTH, I10-
JKAPHO-CIIACATEIbHBIX MOIPA3ICICHUN.
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ABSTRACT

The problems of analysis and synthesis of the response system to emergency situations in difficult
cases are shown here. The response system is considered as a queuing system of applications of
several types requiring the use of one, two or more channels (for example mobile fire-rescue units,
ambulance brigades, police and medical care). The relevance of this problem is caused by the presence
of autonomous objects in an environment where the number of mobile emergency response units of
the system is limited.

The analysis problem is formulated as finding the probability of system failure in the reception
of applications (of the 1% type p;, the 2" type pyand 3" type Py for a given number of service channels
n, when the intensities {A} and {u} are known, which are the parameters of exponential distribution
laws. The synthesis problem is formulated as finding the required number of service channels n under
certain intensities {A} and {p} and set limits on allowable probability of failure p—py;.

Analytical expressions for the probabilities of system states through the given loads are obtained
for the two types of applications of the service system a; = A,/ and a, = A,/ 1,, presented in table
form. The general expressions for the probability of unoccupied n channels are also obtained — p, and
failure probability — p, and py;, which can be used for analysis of n-channel queuing system of this
type. The nomogram with lines of equal values of » in the coordinates is encouraged to use to solve
the problem of synthesis of these systems (., a,). For this purpose the dependences o, = f(a;, 7) are
obtained, and they are found in the form of polynomials, whose coefficients depend on the given
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load a,, the number of service channels # and the probability of failure in the admission of an appli-
cation. Formula to determine these coefficients and to determine the given load o, is obtained. It was
found that the two types of applications service system for odd values of n at least one service channel
may always remain free.

Analytical solutions for the evaluation of the probability of states of this queuing system are
obtained for the application service system of three types.

The examples show the possibility of solving problems of analysis and synthesis of queuing
systems with heterogeneous applications using nomograms. This study is a logical continuation of the
previously published article “Modeling of sufficiency of the mobile emergency units in case of situa-
tions of high complexity.

Keywords: danger situations; mobile units; emergency services; queuing system; probability of failure.
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