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AHAJIN3 N CNHTE3 CUCTEM MACCOBOIO
OBCNY)XXUBAHUA C PASHOTUINMHBIMU 3AABKAMN
B 3AAAYAX OBECIMNEYEHUNA BE3OIMNACHOCTU OBBEKTOB

MpennoxeHo 000CHOBBLIBaTb KONMYECTBEHHbIE PeLLEHMS NMPY MPOEKTUPOBAHMUM U SKCMTyaTaLMmn CUCTEM
0e30MacHOCTV aBTOHOMHbIX OOBEKTOB Ha OCHOBE METOLOB TEOPUM MaCCOBOro obcnyXmBaHMUs. Pac-
CMOTPEHbI 334341 aHanM3a 1 CMHTe3a CUCTEM MaCCOBOrO ODCNYXMBaHMSA NpK peLleHu 3aaa4 obec-
nedveHuns 6e3onacHoOCTN 0ObEKTOB (HanprmMep, CUCTeM MPOTMBOMOXaPHOW UM NPOTUBOABAPUNHOM
3alMTbl aBTOHOMHOTIO YAaNleHHOro 06bekTa), 0COOEHHOCTLIO KOTOPbIX ABMSETCH HaNMYMe PasfinyHbIX
TWMOB 3as1BOK, TPEDYIOLLIMX PAa3HOro BpeMeHM 06CykmnBaHuns (Hanprmep, noxapHo-crnacaTesibHbIMM
NoApasaeneHnsIMN U PEMOHTHO-BOCCTaHOBUTENbHbIMN Bpuragamu). MosyyeHbl aHanUTnYeckmne Bhbi-
pakeHWsi AN BEPOATHOCTEN COCTOSHNI CUCTeM obcnykmnBanus. CchopMynmMpoBaHa 3aada aHanmsa
KaK HaxoX[eHue BEPOSTHOCTM OTKasla CUCTEMbI B MpreMe 3asBKW Kakoro-nmnbo Tvna no npuymHe 3a-
HATOCTW BCEX KaHaNoB 0OCNY>XMBaHWSA, KOr4a N3BECTHbI MHTEHCMBHOCTI MOCTYMIEHNS 3aSBOK U CKO-
POCTU UX 0BCNyXMBaHKsA. CHopMyNMpoBaHa 3alada CMHTe3a Kak HaxoxXxaeHve HeoOxoaMMOro Ymcna
KaHanoB obCnyXmBaHWS MPW 33AaHHBIX OrPaHUYEHUAX Ha BEPOSTHOCTM OTKasa B MpMeMe 3asBOK.
MpurBeneHbl NPYMepbl pacyeTa AaHHbIX XapakTepuUCTUK OAs OAHO-, ABYX- U TpexKaHanbHOM CUCTeM
MacCoBOro 0OCNyXMBaHUs C ABYMS U TpeMs TUMamm 3asiBOK.

KnioueBble c/l0Ba: noxapbl; Ype3BblualiHble CUTyaLMM; PAa3HOTUMHBIE 3a8BKM; CUCTEMbI MAcCOBOIO
obcnyxuBaHus; cucteMa H6e3onacHoCTM obbekTa.
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BeeneHune Teopust MaccoBOro 00CITyKHBAaHHS IITHPOKO ITPUME-

B nacrosiiiee BpeMs 0c00EHHO aKTyalbHBIMH CTaHO-
BATCSl BOIPOCHI oOecrieyeHuss 0e30MacHOCTH aBTO-
HOMHBIX WJIH TPYJHOAOCTYITHBIX 00BEKTOB (HAIIpUMeED,
B CEBEPHBIX paliOHAX MU B APKTHYCCKOM 30He) [1-4].
IIpn mpoeKTHPOBAaHUM W IKCIUIyaTallud CHCTEM 0e3-
OITACHOCTH 3THX 00BEKTOB HEOOXOIMMO 00OCHOBBIBATH
pelIeHus 0 UX KOJIMYECTBEHHBIM MTOKazaresim. B ka-

HACTCA MJI PEHICHUS MHOT'UX ITPUKIIAAHBIX 3aJ1a4 B pa3-
JIMYHBIX 00J1aCTIX HayKU U TEXHUKHU, B TOM YUCJIC B CU-
CTeMax IMOKapHOH M MPOMBIIIJICHHONH 0€30IacHOCTH
[5-9]. [IpakTyecknii MHTEPEC B ITUX CIydasX MPeJ-
CTaBJIAIFOT B OCHOBHOM 3a/1a4u ABYX BUJIOB — aHAJIN3 U
cuntes [6, 10, 11]. B nmepBom ciyuae, ucxoss u3 u3Be-
CTHBIX MHTEHCUBHOCTEH (YaCTOT) BOSHUKHOBEHUS TIO-

4eCTBE TAKMX NOKA3aTeNeil MOXKET paccMaTpuBarhcs — KAPOB MM JIDYTHX YPE3BBIYAHBIX CHTYAIHH (KOTOpbIE
YHCIIO YHHBEPCAIbHBIX aBAPUIHO-HAIALOUHBIX 1 [I0-  TPEICTABISIOTCS KaK 3asBKH, MOCTYMAOmue Ha 06-
KAPHO-CIIACATEIbHBIX OPA3ICICH i1, IPUHUMAomuX ~ CIIyXKuBaHue) {A}, CKOPOCTEH UX IMKBU ALK (00CITy-
yuacTue B JIMKBH/IALMHU Ype3Bbluaiinbix cutyarmii (UC) — JKuBaHus) {}, 4ucnia n kaHanos oocnyxusanus (KO),
Pa3IMYHOrO XapakrTepa, a TaKKEe BCPOSITHOCTHO-BpPE- B Ka9€CTBC KOTOPBIX paCCMATPUBAIOTCA TAKUE PECYPCHI
MEHHBIE XapaKTEPUCTHKY uX pearupoBanus HaUC. Dt CUCTEMBbI O€30I1aCHOCTH, KaK: KOJTMYECTBO €JMHHII TeX-
peLIeHUs] MOTYT ObITh 0OOCHOBAHBI C UCIIOJB30BAHHEM  HHKH, JMYHOTO COCTABA, MATEPUAIBHBIX CPEJICTB M MECT
METO/IOB TEOPHUH MacCOBOTO 00CITY)KHBaHHSI. B OYEpe/N Ha 00CITy)KUBAHHE /1, ONIPENISIISIOTCS BEPO-
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SITHOCTH {p} COCTOSHUI CHCTEMBI MacCOBOTO 00CITy-
skuBaHusi (CMO) (KOTOpbIe MOTYT paccMaTpHBATHCS
KaK [TOKa3aTelId BO3MOKHOCTH BBIITOJTHEHUS CHCTEMO
Oe3omacHoCTH cBOMX (YHKIMIA). M3 3THX cOCTOSHUI
NPEJCTABISAIOT UHTEpeC KIIoYeBble: S, — Mpoliiem-
HBIX CHTYyalluii HE BO3HUKJIO (3asIBOK HE TOCTYITHIIO),
Bce KO cBoboausbl; S, — cBoboneH xots 0b1 onuH KO,
CIIOCOOHBIN OTpearnpoBarh Ha IpodIeMy (00CITYKUTh
3a4BKY); Sy — Bce 71 KO 3aHATbI, Ha BO3HUKIITYIO IPOO-
JIeMy HEeT BO3MOXXHOCTH OTPEarupoBarh (3asBKa IMOITy-
4aeT OTKa3 B 00CIYKUBAHUH), TAKasi CUTYAIHsI MOXKET
MPUBECTH K KaTaCTPO(YUIESCKUM MOCICACTBHAM. Bepo-
STHOCTH TAQKHUX COCTOSIHUI COOTBETCTBEHHO py, P, U
Pore- 11OCITE KOMMUECTBEHHOTO ONpPENETIeHNUs KIIode-
BBIX BEPOSITHOCTEH MOSBIISIETCSI BO3SMOXKHOCTD CIEIIaTh
BBIBOJI O TOM, HACKOJIBKO 3(P(PEKTHBHO cHCTEMa MOKET
oOecrieunTh 0€30MaCHOCTH 3AMIMIIAEMOT0 OOBEKTa.

Bo Bropom ciyuae (3agaua cuntesa CMO) no 3aaH-
HBIM JIOIIYCTHMBIM 3HAYE€HUSAM BEPOSTHOCTEH Py, p,, U
Pore ¥ M3BECTHBIM HacToTaM {A} monduparorcs Heoo-
XOAMMBIC KOJIMICCTBECHHBIC XapaKTCPUCTUKU CUCTEMBI,
takue kKak yncino KO n, unciio Mect B ouepean u/uim
ckopocTu oOciyxuBaHus {1} [5].

Pemmenne 3amay4, CBSI3aHHBIX ¢ ()YHKIIHOHHPOBAHU-
eM CMO, ojipoOHO paccMaTprBaeTCs B CIICITUATBHOM
auteparype [5, 6, 12—17]. Ans yno6cTBa chopmyaupo-
BaHBI OOIICTIPUHATHIC JOTyIeHUs. B qacTHOCTH, CUH-
Taercs [5], 9To, MOCKONIBKY MOTOK 3asBOK MPOCTEHINHIH,
BpeMsI OOCITYy)KHBaHUS TMOJYNHEHO SKCIIOHCHIHAb-
HOMY 3aKOHY, IPOLIECCHI TPHEeMa-00CITyKMBaHHs yCTa-
HOBUBIIHECs, Kax1blii KO o0ciryxuBaeT 3asBKy caMo-
CTOSATENbHO, 33/1a4a CUHTEe3a MHOroKaHaiabHOM CMO ¢
0YepenbIo MOXKET PEIIaThCs C UCTIONIF30BAHUEM HOMO-
rpamMm [6, 10], a 3amaya aHanmu3a — MO JOCTATOYHO
MPOCTHIM aHATUTUYECKUM BBIPAKEHUSIM [5, 6].

TeopeTnyeckme OCHOBbI
(nocTtaHoBKa 3apaun)

B paGore [11] paccMOTpeHBI 3ajjadyu aHAIM3a U
cuaTe3a CMO ¢ HECKOJIBKUMU THUITAMH 3asBOK, JIJIsSI 00-
CITy’)KUBAHUSI KOTOPBIX TPeOyeTcsl MPUBJICYCHUE OTHO-
ro, 1BYX, Tpex min 6onee KO. C yuetom ocoOeHHOCTEH
(DYHKIIMOHUPOBAHUSI CUCTEM 0€30TTaCHOCTH CTAHOBHUT-
Csl aKTyaJbHOH pa3paboTka MaTeMaTHYEeCKON MOMAETH
cucteMbl 6e3onacHocTd kak CMO, B KOTOPYIO MOCTY-
MAIOT 711 TOTOKOB Pa3HOPOAHBIX 3a5BOK C MHTEHCHUBHO-
CTAMH (4acTOTaMH) A, ..., A,,, OOCITy)KHBaE€MbIX YHH-
BepcanbHeMU KO co ckopocTsamu W, ..., [, COOTBET-
cTBeHHO. Hammume Takol MareMaTHYeCKOM MOJIEIH
MO3BOJISICT PEIIATh 3a1a41 aHAIN3a U CHHTE3a CUCTEMBI
6e3onacHocTr kak CMO 1715 IIMPOKOTO KpyTa yialieH-
HBIX aBTOHOMHBIX OOBEKTOB (Hampumep, B ApKTude-
CKOH 30H€), MCTIONB3Ys He3HAYNTEIBHBIC TOMYICHHS U
YIPOLIEHUS.

B nepBom citydae (3a1aua aHaan3a) o U3BECTHBIM
3HAYEHUSAM Ay, ..., Ay, U, .., 1, 1 arCITe KO 72 IpOBO-
JIUTCSI OIICHKA BEPOSATHOCTEH HanboJIee BAXKHBIX COCTO-
stHuit CMO — py, Py, U P o UTO TIO3BOIISET CHIENATH 3a-
KITIOUEHHE 0 KadecTBe PpyHKunonupoanus CMO.

3asaua CHHTE3a MpeJoiaraeT Hajauarue nadopma-
UM O BEJIUUUHAX A, ..., A, U 33JlaHUE JOIMYCTUMBIX
BEPOSITHOCTEH OCHOBHBIX COCTOSIHUH U COOTBETCTBY-
FOIIUX TPeOOBAHUN:

jion

Po 2p()

jion

nwum p, = py

Wu p,. < povd. (1)

OTK

ITpu 3TOM MOXKET OBITH ABE (hOPMYITNPOBKH 3a7a9H

CHHTE3a!

e  II0 JAHHBIM O CKOPOCTSIX OOCIIY)KUBAHHUSA [y, ..., L,
u TpeboBanusiM (1) onpenenuTh He0OXOMMOE YHCIIO
KO n;

e 1pu uszBecTHoM umcie KO n u tpeboBanusm (1)
HalTH HEOOXOIHMMBIC CKOPOCTH OOCIY>KHBaHUS

l"lla (RS} Hm

Cuctema 6e3onacHoctn kak CMO
C 3asiBKaMu OBYX TUMOB

1. Eciiz B omHOKaHansHyO (7 = 1) CMO nocrtymna-
10T 3a51BKM JABYX THIIOB, T. €. m = 2 (HallpuMep, 3asiBKU
1-ro Trma — aBapuu (0TKa3bl 000PYHIOBaHUSI), 2-TO THIIA
— TIOXaphl), TO OHA MOXKET NMpeObIBaTh B OJHOM U3
Tpex cocTosnuil: Sy, S; u S, (cMm. Tabn. 1, n=1). I'pad
nepexonoB ans takoii CMO mpexacrasieH Ha puc. 1.
IIpu panee oroBOpeHHBIX JOMYLICHUAX [5, 6] Takomy
rpagy nepexo0B COOTBETCTBYET CHCTEMA U3 TPEX JIH-
HEHMHBIX anreOpanuecKux ypaBHEHUH, IPUBEICHHAS B
rpade 2 Tabmn. 2 i n = 1. Ee pemenue, morydeHHOe B
AHAJIMTUYECKOM BUJIE, IPENICTABICHO B 3-i rpade tad. 2
U MOXKET HETIOCPEICTBEHHO HCIIOIB30BATHCS IS pe-
NICHHUS 3a/1a4d aHajm3a. B 3amaue cunTe3a ycnoswst (1)
MOTYT OBITH CBEZICHBI K BUIY:

A A oot
—1+—2Smin 1 _1; 1 _1; Porx ) (2)
Hio Mo Py P 1= pon

[pumep 1. [IpoekTupyercs oqHOKaHANbHAS (1 = 1)
CMO, B KOTOpYIO ITOCTyNACT JBa THIIA (11 = 2) 3as1BOK
C 9aCTOTaMHt A, U A,. Tpebyercs HalTH CKOPOCTH 00-
CITy)KHMBaHUS || U [L,, €CIIH 33/1aHBI IOMYCTUMbIE 3HaUe-

Puc. 1. I'pad mepexonos ogaokananbhoi (n = 1) CMO ¢ nByms
TUnaMu (m = 2) 3aBOK

Fig. 1. The transition graph of a single-channel queuing (n = 1)
system with two types (m = 2) of applications
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Ta6nuua 1. CoctosHua CMO, obcnyxmBatoLLen ABa T1na 3asBoK
Table 1. States of the queuing systems with two types of applications

; Cocrosuue {S} Sy Som
1 2 3
n= S| — nocrynuia 3asBka 1-ro tuna, oocmy:xusaercs B KO S, =S,
(puc. 1/ | S, — the 1¥ type of application was received and serviced in the service channel; S, =S
fig. 1
e S, — nmocTynuna 3asBka 2-ro Tuna, oociysxusaercs B KO Sorc =S1US,
S, — the 2" type of application was received and serviced in the service channel Seer=S1US,
n=2 | S, — mocrynuna 3asBka 1-ro Tuna, oquH KO 3anAT, Apyroi cBoboxeH s 2 s
(puc.2/ | S, — the 1 type of application was received, one service channel is busy, the other is free; n— UM
ﬁg. 2) . i=0
S, — mocTynmia 3asBKa 2-ro Tuna, oquH KO 3aHAT, Apyroi cBoboxeH 2
S, — the 2nd type of application was received, one service channel is busy, the other is free; Sy = u)Si;
=
S5 — mocTynmn 2 3asBKH 1-ro THma, 06a KO 3aHATH s
S, — received 2 applications of the 1% type, both service channels are occupied; S :U S.
OTK 1
S, — mocTynuIH 3as4BKH 1-T0 U 2-r0 THIOB, 00a KO 3aHATEI i=3
Co : . . . 5
S, — applications of the 1** and 2™ types were received, both service channels are occupied; g = U S
ref — i
S5 — mocTynun 2 3asBKH 2-T0 THMa, 06a KO 3aHATh i=3
S5 — received 2 applications of the 2nd types, both service channels are occupied
n=3 | S,— 3a1BOK He nocTynuio, sce KO cBoOOaHEI
S, — there were no requests, all channels of service are free

Tabnuua 2. BoipaxeHus ans onpefeneHns BeposTHocTen coctosHnz CMO ¢ 3asBkamMm AByx TMnos (m = 2)
Table 2. Expressions for the probabilities of the states of the queuing systems with two types (m = 2) of applications

n Cucrema ypaBHEHHH /

AHanuTHYECKOE penieHue /

1 2

3

1 0=~ +2) po+ WPy + Hapo;
0=2po— P15 0=hypy— Py

2 0=+ M) pot Pt P

0=2po— (1 A T X)) py + 21 p3 + Wy ps;
0=2,p— (K t A T X)) py + 21 py + 1y ps;
0=2p =21 p3; 0=2yp) + Xy py— (W + 1) Ps;
0=2%p, + 21, py

Pore = D1t P2 = (0 +0,) py

P1= 0Py P2 = 0Py P3 :0’50‘12P0;
2

Py =040, Py; Ps =2 0,505 py;

pOTK = 0’5((1'1 + (X’Z) pO

-1

Do =14 04 + 0y py=04pg; Pr= 0P Py=Dos

po’ =1+ 0, +a, +050] + o0, + 0,503;

i=0

C
Note. o =2A1/py, 0 =2/ — given load;Zpi =1;C=C

c
Illpumeuanune. o =A/Wy, 0 =N/l — NPUBEIEHHBIE HATPY3KH; Zpi =1;C=C} -1

m
2m

i=0
- 1.

Jiom

0

0,95, p" =

H

0,99 u pot

HHsI BEPOSTHOCTER p j

=0,001.
Bocrnonk3oBaBiimch BelpaxeHreM (2), mosrydaem:

0,99 1-0,001

= min (0,0526; 0,0101; 0,001) = 0,001.

KpHTHYHBIM 31€Ch SIBISETCS YCIOBUE P < Pove =

=0,001. ITomy4eHHbII1 pe3ysbTaT CBUAETENILCTBYET O HE-
00XOIMMOCTH TPEIbSIBICHHUS JOCTATOYHO JKECTKUX
TpeGOBaHMIi K CKOPOCTAM OOCITYKUBAHUS: [, W,]" >
> 1000[A,, A,]"

2. Eciiu B nByxKkaHanbHY0 (7 = 2) CMO noctymna-
IOT 3asIBKU JIBYX THIIOB (1 = 2), TO MPH YCIOBUHU, YTO
KO yHuBepcanbHbl, 0Ha MOKET ITPEOBIBATE B OJTHOM M3
HIECTH COCTOSIHUN — S;—S5 (M. Tabin. 1, n = 2). I'pad
niepexosioB it Takoit CMO mpencrasieH Ha puc. 2.
IIpu panee oroBopeHHbIX AOIyLIEHUX [5, 6] Takomy
rpady MmepexomgoB COOTBETCTBYET CHCTEMa U3 LISCTH
JTMHEHHBIX anreOpandecKuX ypaBHCHNH, TPUBEIACHHAS
it n =2 Brpade 2 Tadn. 2. Ee pemenne, noixydeHHOe
B aHAJIMTUYECKOM BHJIE, IPENICTaBIICHO B rpade 3 Tadm. 2
U MOXKET HEMOCPEACTBEHHO HCIIONIB30BATHCS AT pe-
meHwus 3a1a49u aHanu3a. B 3aiade cuaTesa yciosus (1)
MOIyT OBITH CBCJICHBI K BUIY:
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k—1+}b—2£min 2 -1-1;
Hy o My Py

1— p2" + 1= (pl")*

o , 3
Pore +\ Pore (2~ Pore)
1= o

[pumep 2. [TpoekTupyercs nByxXKaHaIbHas (n = 2)
CMO, B KOoTOpYIO ITOCTYNAET ABa THIIA (m = 2) 3as1BOK
C 4acToTaMH A H A,. TpeOyercs HaliTH cKOpocTH 00-
CITy)KHBaHHA || U [L,, €CIIH 331aHBI IOMYCTUMBIE 3HaUe-
Hus BeposTHOCTel p®" = 0,95, pp®™ = 0,99 u pio’ =
=0,001.

Bocrnonb3oBaBiiuch BeipaxeHueM (3), nosydaem:

k—l+x—2£min 1/i—l—l;
Ly Mo 0,95

1-0,99-+1-09801 0,001+ +/0,001(2~ 0,00I)J _

0,99 1-0,001
=min (0,0513; 0,526; 0,0458) = 0,0458.

KpuTn4HbIM 3/1€Ch TaKKe SABISAETCA YCIOBHE Py <
< piod =0,001. [Toy4eHHBII pe3yIbTaT CBUACTEIBCT-
BYET O HEOOXOJMMOCTH TPEbSBICHHUS CIIETYIOIINX Tpe-
OOBaHHUN K CKOPOCTAM OOCIYXHUBaHUS: [y, W,]" >
>21,83[A, A,]". Kak BuguM, 110 CPaBHEHHUIO C OIHO-
KaHAJIBEHBIM BapHAaHTOM ATH TPEOOBAHUS OTIMYAIOTCS
MEHBIIEH KECTKOCTBIO.

Cuctema 6e3onacHoctn kak CMO
C 3asiBKaMu Tpex TUMOB

1. Ecnu B onHOKaHANBHYO (2 = 1) CMO nocryma-
IOT 3asIBKH TPEX THIIOB, T. €. m = 3 (HampuMmep, 3asiBKU
I-ro Tuma — aBapuu (0TKa3bl 00OpPYHAOBaHMS), 2-TO

Puc. 2. I'pa¢ nepexomoB nByxkanaibpHo# (n = 2) CMO ¢ nBymst
TUNaMu (m = 2) 3aBOK

Fig. 2. The transition graph a two-channel queuing (n = 2) system
with two types (m = 2) of applications

Puc. 3. I'pad nepexonos ogHokanansHOit (7 = 1) CMO ¢ Tpemst
THIamMH (m = 3) 3asBOK

Fig. 3. The transition graph of a single-channel queuing (n = 1)
system with three types (m = 3) of applications

TUTIA — TOXapbl, 3-TO TUIIA — YTEYKU U3 MPOAYKTO-
MPOBOJIOB), TO OHA MOXET MPeObIBATh B OJHOM U3
YeThIpex COCTOSTHMH — Sy—5; (cMm. Tabm. 3, n=1).
I'pad mepexonor mns takoit CMO mpencraBieH Ha
puc. 3. IIpu paHee OroBOpeHHbIX JOIYyILEHUsX [5, 6]
TakoMy rpady MEepexoloB COOTBETCTBYET CHCTEMa U3
YeTHIpEX INHEHHBIX aNre0pandeckux ypaBHEHUH, TPH-
BeJeHHas Juist n = 1 B Tpade 2 Tadn. 4. Ee pemienue,
MOJTYYEeHHOE B aHAJTMTUICCKOM BHUJIE, TIPEICTABICHO B
rpade 3 Tabir. 4 ¥ MOXKET MCIIOJIb30BaThCSI JJIS peliie-
HUs 3a7a4u aHanu3a. B 3amade cunTte3a ycnoBus (1)
MOTYT OBITH CBEJICHBI K BUY, aHATIOTHIHOMY (2):

J1011
M+M+M£min[ LD S P J @)

i M2 M A S SR

IIpumep 3. [IpoexTupyercs ogHOKaHaIbHAs (1 = 1)
CMO, B KOoTOpYIO NIOCTYyNAaeT TpH TUNa (m = 3) 3as1BOK
C 4acToTaMH A, A, U A;. TpeOyercs HaliTH cKOPOCTH
00CITy>KUBAHUS |4}, L, U L3, €CIH 3aJaHbI IOIIyCTUMbIE
3HaueHus BeposTHoctei: pi™" =095, pi®™ =099 un
DPone =10,001.

Kak u B nmpumepe 1, momydaem:

}\'714_&4_7\'73 <
By Ha M3
Smin(i—l;i— ;70’001 ):
0,95 0,99 1-0,001

=min (0,0526; 0,0101; 0,001) = 0,001.

[TomyueHHbIN pe3yNbTaT CBUAETEILCTBYET O HEOO-
XOIMMOCTH MPEABABICHHS JOCTATOYHO JKECTKUX TpPe-
OOBaHHUI K CKOPOCTSIM OOCIYKHBaHUS: [, Ly, H5]" >
> 1000 [A, Ay, As]"

2. Ecnu B nByxKaHabHYO (12 =2) CMO noctynarot
3asIBKM TPEX TUIIOB (7 = 3), TO OHA MOXET MPeObIBATh
B ogHoM u3 10 coctostauit: S;—S, (cM. Tab. 3, n = 2).
I'pad mepexonos st Takoii CMO nipencraBiicH Ha puc. 4.
IIpu panee OroBOpeHHBIX IOMYMIEHUAX [5, 6] TakoMy
rpady nepexofoB COOTBETCTBYET cucteMa u3 10 nuHei-
HBIX anrebpandecKkux ypaBHEHHU, IPUBEICHHAS B Ipa-
e 2 tabn. 4 nna n = 2. Ee penienue, nony4eHHOE B
AQHAJIUTUYECKOM BHUJIE, IPUBEICHO B rpade 3 Tadn. 4 u
MOXET HETMOCPEACTBEHHO MCIIOJIB30BATHCS AJIS Pelle-
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Ta6nuua 3. CoctosHna CMO, obcnyXmBaloLlen Tpy T1na 3asBok
Table 3. States of the queuing systems with three types of applications

S, — moctynwia 3asBka 2-ro Tura, oociyxusaercs B KO
? d
S, — the 2™ type of application was received and serviced in the service channel;

S; — mocTymuia 3asBKka 3-To Tuma, oocryxuBaercsa B KO

S5 — the 3" type of application was received and serviced in the service channel;

S, — noctynuy 2 3asBku 1-ro tuna, 06a KO 3anHsaTbl

S, — received 2 applications of the 1% type, both service channels are occupied;

S5 — mocTymun 3adBKH 1-To 1 2-ro THIoB, 06a KO 3ansTH!

S5 — applications of the 1% and 2™ types were received, both service channels are occupied;
S — HocTynuiy 3asBku 1-ro u 3-ro Tunos, 06a KO 3aHATb

S, — received applications of the 1% and 3" types, both service channels are occupied;

S, — mocTynun 2 3asBKH 2-r0 THMa, 06a KO 3aHATHI

S, — received 2 applications of the 2" type, both service channels are occupied;

Sy — HOCTYNWIN 3as1BKU 2-r0 U 3-ro TUnoB, 06a KO 3aHATb

Sy — received applications of the 2" and 3" types, both service channels are occupied;

Sy — mocTymun 2 3asBKH 3-ro THMa, 06a KO 3aHATHI

S, — received 2 applications of the 3" type, both service channels are occupied;
S|o — nocrynuiu 3 3asBku 1-ro tumna, Bce KO 3ansThI

S, — received 3 applications of the 1% type, all service channels are occupied,;

— MOCTYITHIIN SIBKH 1-T0 THIIA U 3as1BKa 2-TO THIIA, B HSTBI

Sh oc 2 3a 1-ro Tuna u 3asBKa 2-ro tuna, Bce KO 3a

S|, — received 2 applications of the 1 type and the application of the 2™ type, all service
channels are occupied;

S|, — mocrymnuia 3asBKa 1-ro tuna u 2 3asBku 2-ro tuna, sce KO 3aHATb

S|, — received application of the 1*' type and 2 applications of the 2™ type, all the service
channels are occupied;

; Cocrosiaue {S} Sy Som
n= S, — moctymmia 3asBka 1-ro Tuma, oocryxuBaercs B KO S, =S,
(puc.3/ | S, — the 1* type of application was received and serviced in the service channel, S, = So;
fig. 3) S, — moctynwia 3asBKa 2-ro Turna, oociyxusaercs B KO 3
S, — the 2" type of application was received and serviced in the service channel; Som = ,'U1Si
S; — mocTymuia 3asBKka 3-To Turma, oocryxuBaercsa B KO 3
S; — the 3 type of application was received and serviced in the service channel A ref = Ul S;
iz
n=2 | § — nocrynuia 3asBka l-ro tumna, oociayxusaercs B KO $
(puc.4/ | S, — the 1* type of application was received and serviced in the service channel; Su= iLzJOSi
fig. 4) S, — noctynuia 3asBKa 2-ro Turna, oociryxusaercs B KO 3
S, — the 2" type of application was received and serviced in the service channel; Vo = U AYH
S3 — noctynuia 3asBKa 3-ro Turna, oociryxusaercs B KO o0
S; — the 3" type of application was received and serviced in the service channel; s —Ils
S, — noctymy 2 3asBKku 1-ro tuna, 06a KO 3aHsAThI ore ,L:J4 i
S, — received 2 applications of the 1% type, both service channels are occupied; 9
S5 — HOCTYNWIN 3as1BKU 1-ro u 2-ro Tunos, 06a KO 3aHATbHI S = U S;
Ss — applications of the 1** and 2" types were received, both service channels are occupied; o
S — HOCTYNWIN 3as1BKU 1-ro u 3-ro Tunos, 06a KO 3aHATbHI
S, — received applications of the 1% and 3 types, both service channels are occupied;
S, — noctynuiy 2 3asBKY 2-ro tumna, 06a KO 3aHATb
S, — received 2 applications of the 2" type, both service channels are occupied;
Sy — HOCTYNWIN 3asBKU 2-r0 U 3-ro TUIOB, 00a KO 3aHATHI
Sy — received applications of the 2" and 3" types, both service channels are occupied;
S¢ — noctynuiy 2 3asBKy 3-ro tumna, 06a KO 3aHATb
Sy — received 2 applications of the 3" type, both service channels are occupied
n=3 | § — mocrynuia 3asBka 1-ro tumna, oocayxusaercs B KO 9
(I}I’IC- 5) /| §; — the 1* type of application was received and serviced in the service channel; Sy = iL—J()Si
1g.5 -

i)
I
-

gl

1l
=]

—_
o

SOTK = USl

=10

19
Sy = U Si
i=10
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Okownyanme tabn. 3 / End of Table 3

Cocrosiaue {S} S Sorx

S|z — noctynuiau 3asBku 1, 2 u 3-ro Tunos, Bce KO 3aHATbI

S,; — received applications of the 1%, 2" and 3" types, all service channels are occupied;
S|4 — MOCTYIIIM 2 3asiBKH 1-ro THIa U 3asBka 3-ro Tuna, Bce KO 3aHsTh

S|4 — received 2 applications of the 1*' type and the application of the 3™ type, all service
channels are occupied;

S|s — nocTynunm 2 3asgBKU 3-ro TMNa ¥ 3asBKa 1-ro Tuna, Bce KO 3anATHI

S5 — received 2 applications of the 31 type and the application of the 1*' type, all service
channels are occupied;

S6 — noctynuiau 3 3asgBku 2-ro Tina, Bce KO 3ansThI

S, — received 3 applications of the 2" type, all service channels are occupied;

S|7 — MOCTYIIIN 2 3asIBKH 2-T0 THIIA U 3asBKa 3-ro Tuna, Bce KO 3aHsTh

S|, — received 2 applications of the 2™ type and the application of the 3™ type, all service
channels are occupied;

Sg — MOCTYIHIIU 3as1BKa 2-ro THIa U 2 3asBKU 3-ro Tuna, Bce KO 3anaTe

S,s — received application of the 2™ type and 2 applications of the 3™ type, all the service
channels are occupied;

S19 — nocrynuiau 3 3asgBku 3-ro Tina, Bce KO 3ansThI

Sy — received 3 applications of the 3™ type, all service channels are occupied

n>4 | S,— 3adBoK He mocTymaino, Bce KO cBoO0IHEI
S, — there were no requests, all channels of service are free

Puc. 4. 'pad mepexonoB AByXKaHaIb-
HoOil (n=2) CMO c Tpems TuUllaMHU
(m = 3) 3as1BOK

Fig. 4. The transition graph a two-
channel queuing (n = 2) system with
three types (m = 3) of applications

HUSI 3a/1a9 aHaim3a. B 3amade cuHTes3a ycmoBms (1)  anreOpandecKux ypaBHCHUH, IPUBEICHHAS U /1 = 3

MOTYT OBITh CBEJICHBI K BHILY, aHAJIOTHIHOMY (3): B rpade 2 Tadn. 4. Ee pemienue, MoIy4eHHOE B aHAIH-
o THUYECKOM BHJIE, IIPENICTaBICHO B Tpade 3 Tadi. 4 u Mo-
ML 22 0™ <min 2 _ 1 -1 JKET HETIOCPEACTBEHHO HCIIOIB30BAThCS LIS PCLICHUS
Jomn o
Hio M2 Hs Dy 3ama4yn aHanu3a. B 3agade cuaTe3a HeoOXOMUMO HATH

IIPUBCACHHBIC HAI'PY3KH O, O, U O

OTK
1= i 1= (p2")? | pa i plor (2 - paor) GUYECKHX ypaBHEHHIL:

-3
Py - pi

U3 pEILeHUus Ky-

J1011

a3+3a3+6a0—6( ! —1}:0; (6)
Py

3. Eciu B TpexkananpHyto (n = 3) CMO nocryna-

0T 3asIBKU TpeX TUIOB (m = 3), To rpu yciaoBuu, uro KO o

YHUBEPCAJIbHBI, OHA MOXKET IPeObIBaTh B OHOM n3 20 (p‘*] ai - 3(1%1 -6a,—-6=0; (7)
cocrossHUM — S;—S,¢ (cM. Tabn. 3, n = 3). I'pad nepe- 1-pi"

xonoB ans Takoii CMO mnpencrasien Ha puc. 5. lpu

paHee OrOBOPEHHBIX AOMYLIEHUX [ 5, 6] Takomy rpady ( nlon - 1) ol —3al, —6a,, —6=0. ®)
MEpPEXOJI0B COOTBETCTBYET cucTema U3 20 JIMHENHBIX Porx
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Tabnuua 4. BoipaxeHus Ans onpefeneHus BeposTHocTen coctoaHnin CMO ¢ 3asBkamm Tpex Tinos (m = 3)
Table 4. Expressions for the probabilities of the states of the queuing systems with three types (m = 3) of applications

n Cuctema ypaBHCHUH /

AHaJIUTHYECKOE pelIeHue /

1 2

3

11 0==py (A + Ryt 25) Ty py + 1o py + 15 P35

0=21py— i p1; 0=Apy—apy; 0=A3p)— 135

21 0==po(hy + 2y +A3) T Wy Py + Ly Py T W3 P35

0=2%1po— (14 + Ay + Ay + A3) py + 21 py + Wy Ps + 13 P6s
0=2,p9— (K + Ay T Ay +A3) Py + 14y Ps + 21, p7 + 13 pg;
0=23p0— (13 + Ay T Ay +A3) p3 + 1y Po T o pg + 215 po;
0=2p =2 pg; 0=2ypy— (1 + 1) ps T A o
0=23p A p3— (W T 13) pe; 0=2Aypy =2, p7;
0=232F Xy p3— (1 + 143) pg; 0= Aaps — 21309

310==py(M + A+ X3) + 1y py + Py + 3 P3;

0=23p5 T Xypo—(1y +213) Prg; 0=A3p9—

3U3P19

-1 .
po =l+o,+a,+as; p=
P3=03P05 Py =Po> Porx =

Oy P> P2~ 0 Pos
(o +a, +az) py
pol =1+ 0, + 0, + 05 +05(al + 0l +ad)+

+0,0, + 0405 + 0055
P = 0‘1P0: P2 = 0, Po, P3 = 03P

P4=0 50‘1 Po> Ps = A0 Po; Pe = 0‘10‘3170’
p7=0 50‘2170a Dy = 0,03P0; Py =0 50‘31707
Pu=Do(1 + oy + o, + 0y);

Por = 0,50, + 01, + 03)°pg

-1 2
po =l+oy+o,+os+ 0,50 +o,+oy) +

0=2po— (1 + AT Ay +A3) Py + 20 Py + 1y ps + 13 Pg; + (0 + 0, + 0y )3/6-

0 B Mapo— (Mt A+ 2 T A3) py+ py ps + 21, pr + M3 Ps; PL= 0P 2= 00 Py = 0P
0="23pg— (13 + Ay + Ay +A3) Py + 1y pg + Ko Pg + 2145 Po; p _05a Poi Ps = 00 Po; P = 010 P
0=2%p; =y T2+ X+ A3) s+ 31 1o+ Py T M3 P14 4 “o, S(xl 0 Ps alocz 0> 6 _01503 ”
0=2p1 + A py— (W T Ay Ay + R3) ps + 20 pyy + 21 piy T s i3 P 2P0 Ps =% 3p0, pg. S0t5 po;
0=2%3p; + A p3s— (W3 T Ay T Ay + R3) Po + o P13+ 21 Pra + 213 P55 Pro =0 p0/6 P =05aa, py;

0=2p, = Quy+ 2y + Ay + A3) 7+ 1y pra + 3 P16 T 3 P17 P =0 50‘1(12170’ P13 = 00, (13170’
0=23py+ Aypy—(My + 13+ Ay + 2+ A3) P+ upis + 21,017+ 213 Pigs | Pra =0,505003 i prs =0,50 03 o
0=23p3 = 2ps + A+ Ayt A3) pot W pis + Mo Pig T 3M3 D103 P16 :0‘3170/6; P17 =0,50303 py;
0=2ps=3W1P105 0=Xyps+ Ry ps— 21y + 1) iy Pis = 0,500,503 Po; Pro :agpo/é;
0=Rapsthapr—( + 20) i Pu=poll+ay+ay+as+0,5(0; + 0+ 03)’];
0=2A3ps+ hypst A pg— (W + 1y + 13) pot 1y i35 Do = po (o + 0+ a3)/6
0=23p4+ X pe— 1y +13) Pras 0= X3p6 + A po— (W) + 2145) pis; ome  FORTL =2 03

0=2%p7;-3Wpis; 0=R3p7+ Xy ps— (21, + 13) pr73

i=0

Mpumeuanne. o =A/Wy, 0=/t O3 = X;/p3—an/IBez{eHHmeHarpy3KH sz—l c=Cy, -1

i=0

Note. a;=A/u, or=X% /W, az=2A;/u; — given load; Zp, =1, C=Cy, - 1.

Yenosus (1) MOTYT OBITH CBEACHBI K BULLY:

A A A
2Ly 22478 <min (0o Oy Olgre)s 9
Ly Ko M3

e (x0:3\/2+0,531 ++B7 + 8B, +20 +
+§/2+o,531— B} +8B, +20 —1;
OLH:Bl(1+i/319§+332+1+192 9B2 + 108, +3 +
2

+3\/3322+332 +1-B,+/9B% +10B, +3J;
amzl[H 3\/3332 +3B; +1+B;19B2 +10B,+3 +
B3
+3\/3B32+3B3 +1-B3+/9B% +10B, +3j.

[pumep 4. [Ipoextupyercs TpexkaHanbHas (n = 3)
CMO, B KOoTOpYIO TIOCTYyMAaeT Tpu TN (m = 3) 3as1BOK
€ yacToTaMu A, A, U A5. Tpebyercst HaliTu ckopocTn

OOCITYKUBAHUSA W, Wy U M3, ECIIU 33/1AHBI JOITY CTUMbIE
3HaueHus BepoaTHocTed p™ =095, pi°" =0,99 u
Pore = 0,001
Haxomum: B, =
TOJTyYaeMm:

Mo A (0,051; 0,455; 0,194) = 0,051.
By Moy M3
OT0 CBUJIETENBCTBYET O KPUTUYHOCTH YCIIOBHS Py >
> pé“’n = 0,95 1 HEOOXOAMMOCTH NPEIBABIEHHUS TPEOO-
BaHUH K CKOPOCTSM OOCTYKHUBAaHHS: [W;, Wy, H3] >
>19,6[1, Ay, As]".

0,3158; B,=99; B, =999. U3 (6)~(9)

Pe3synbTathl U UX 06CyXXaeHUe

0O06001ast TOTy4YeHHBIC PE3YyNBTaThl, /IS JAHHOTO
trra CMO MOXHO BBIBECTH CIIEAYIOIINE YHUBEPCAITb-
HBIC BBIPAKCHUS:

-1

n 1 m i
Po = 1+zi'(2a]) ; (10)
i=1 2\ j=1
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Puc. 5. I'pad nepexonos Tpexkananbroi (7 = 3) CMO ¢ tpems tunamu (m = 3) 3a1BOK

Fig. 5. The transition graph a three-channel queuing (n = 3) system with three types (m = 3) of applications

n—1 m i
1
Pu = Po 1+Zi—' Z(xj ; (11)
i=1 "\ j=
Nz p m n
Porx = z Pk :7(: z a_/ . (12)
k=N, o

D70 n03BOJIsIET CPOPMYIUPOBATH CIEAYIOUIYIO Teo-
pemy: 115 n-kaHajabHoii CMO 0e3 ouepeau npu cTaH-
JapPTHBIX J0NMYyIIEHUAX (IIPOIECCh PpHUeMa-00CITyKH-
BaHUs 3as1BOK YCTAHOBUBIINUECS, IIOTOKU 3asiBOK MIPO-
cTeiime, BpeMeHa 00CITyKMBaHHUS 3asIBOK KayK/I0T0 THTIA
IMO{YMHEHBI DKCIIOHECHIIUAJIbHBIM 3aKOHAM: (p(tj) = ;%
x exp (— W, ), kaxpiii KO oGeiykuBaeT 3asiBKy camo-
CTOSITEJIHHO), B KOTOPYIO NMOCTYAIOT 3asiBKH 711 TUTIOB
€ YACTOTAMH Ay, ..., A,,, 00CIY:KHBaEMbI€ CO CKOPO-
CTSAMH U4, ..., i, COOTBETCTBEHHO, BEPOATHOCTH He-
3aHATOCTH KaHaJIa 00CIy;KMBAHUs, 0TKA3a B IpueMe
3asiBKM U NpueMe 3asiBKH K HeMeJJIeHHOMY 00c.1y-
JKMBAHMIO MOTYT ObITh Hal{leHbI 110 BBIPAKEHUAM
COOTBETCTBEHHO:

n i \7!
Po = (1 + Z} Oi'cj ;
i

(13)

i!

n—1 (Xi
Py =P0(1+ ZC]; (14)
i=1

pomz(po/n!)ag‘s (15)
m }\’j

e 0. — 06lIas PHBeeHHas HArPy3Ka; OLp = ) m
j=15]

Jloxa3aTeJibCTBO TeopeMbl Juist m = | (3asBKU 01~
HOTO THIIa) 3aKIFOYACTCS B TOM OUYEBUIHOM (haKTe, 4TO
BoIpaxenus (10)—(12) mpuBoaarcs kK 00LIen3BECTHOMY
BUY [5] Ui CTAaHAAPTHBIX OJJHO- 1 MHOTOKaHaJIbHBIX
CMO c otkazamu. st m = 2 (3as1BKH IBYX THIIOB) JJOKa-
3aTeIbCTBO MPEACTABICHO B TabI. 2, 1yt m = 3 (3a1BKU
Tpex ThInoB) — B Tabu. 4. [ToqoGHBIM 00pa3om mosy4e-
HBI JIOKa3aTeIbCTBA U IJ1S 1 > 4, HO BBHJLY TPOMO3/IKO-
CTH BBIPAKEHHUH OHH 3/I€Ch HE MIPUBOISITCS.

3agava ananm3za paccmarpuBaemoit CMO moxer pe-
HIATHCSl HEMOCPE/ICTBEHHBIM BBIYUCIIEHUEM 10 BbIpa-
aeHusAM (11)—(12) BeposiTHOCTEH py, py; U P oy TIPH U3-
BECTHBIX YaCTOTAX MOCTYIUICHHS 3asIBOK A, ..., A,,, CKO-
POCTAX UX 00CIyKHBaHHUA L, ..., W, 1 aucie KO n.

3ajada cUHTE3a, KaK MOKa3aHO BBIIIE, CBOIUTCS K
TOMY, 4TO IO 3aJaHHBIM JIONTYCTUMBIM 3HAYCHUSIM Be-

posTHOCTe# py°", pi™" ¥ por M M3BECTHBIM YacTOTaM

Als <. vy A, TOTOUPAIOTCS HEOOXOTUMBIE 3HAYCHHS YHCIIA
KO n n/umu ckopocteii 00CTy)KUBAHU Wi, ..., L,
BbiBOAbI

Takum 00pa3om, MOTyYEHbI MAaTEMaTHYECKUE MO-
JIeJIU U151 CUCTeM 0e30MacHOCTH 00BEKTOB Ha OCHOBE
n-xaHaiabHbIX CMO, B KOTOpBIE TTOCTYIIAIOT POCTEH-
IITME ITOTOKU Pa3HOTHUITHBIX 3asBOK. J[aHHBIE MaTeMaTu-
YECKUE MOJICNIM MOTYT OBITh UCTIOJIB30BaHBI JIJIS pellie-
HUSA 3a7a4 aHanau3a u cuHTe3a tTakux CMO.

[TomydeHHbI€ pe3yabTaThl aKTyalIbHBI TIPH PACCMOT-
pEHUU CUCTEM 0E30MaCHOCTH aBTOHOMHBIX 00BEKTOB
(Hampumep, B CEBEpPHBIX paiioHaX MM APKTHUECKOI
30HE), I7Ie MOTYT BOSHHUKATh PA3IMYHbIC TUITBI YPE3BbI-
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JalHBIX CUTYyaINi (OTKa3bI 000PYIOBAHMS, aBAPHUH, TIO-  TOPBIX CO3JAIOTCS YHUBEPCATBHBIC aBApHIHO-HATAT0Y-
JKapbl, YTEUKN SJHEPTOHOCUTENCH ), [UTSI yCTPAHEHHUSI KO-  HBIC U ITOYKapHO-CIIacaTeIbHBIC OPHUTa k.
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ABSTRACT

It was proposed to substantiate quantitative solutions in the design and operation of safety systems of
autonomous objects on the basis of methods of the theory of queuing systems.

The article deals with the problems of analysis and synthesis of the queuing systems when solving
the problems of ensuring the safety of objects (for example, fire-fighting or emergency protection
systems of an autonomous remote object), which feature is the availability of different types of appli-
cations that require different maintenance time (for example, fire and rescue units or repair and
recovery teams).

While solving problems of analysis the probability p of finding the system in key states deter-
mines. S, — there were no problematic situations, all the service channels are free; S, — at least one
service channel is available, capable of responding to the problem (service request); S, — all n
service channels are busy, there is no possibility to react to the problem that has arisen (the application
receives a denial of service).

While solving the synthesis problem, the necessary quantitative characteristics of the system, such
as the number of service channels n, the number of queues and the speed of service {A}, are selected
from the given permissible values of probabilities p, p, and p,,,and known frequencies {u}.

Step by step systems are considered with applications of two types — one-channel and two-
channel applications and a system with applications of three types — one-channel, two-channel and
three-channel applications.

Graphs and equations describing the states of the system and analytical solutions for finding
the probabilities of the ground states are given for each of the considered types of systems.

Universal expressions are obtained for finding the probabilities of key states for an n-channel
queuing system without a queue under standard assumptions for m type applications. The justification
of the obtained expressions is given.

Examples of characteristics calculation for one-channel, two-channel and three-channel queuing
systems with two and three types of applications are given. In particular, the probability of finding
a system in a state when no applications are received ( p,) is calculated, when the requests arrive and
one service channel (p,) is left and when all the service channels are occupied (p,y)-

Examples of solving problems of analysis and synthesis are given for each of the considered types
of systems.

The article clearly demonstrates the possibility of applying the above methods to the problems of
creating integrated security systems for remote autonomous objects, in particular, located in the Far
North and in the Arctic zone.

This work is a logical continuation of the article Tarantsev A. A., Kholostov A. L., Ishchenko A. D.,
Potapenko V. V. Problems of analysis and synthesis of application service systems of several types.
Pozharovzryvobezopasnost / Fire and Explosion Safety, 2017, vol. 26, no. 3, pp. 31-38.

Keywords: fires; emergency; diverse application; queuing system; security system of the object.
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