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PE3IOME

BBeaeHuWe. Bonpocam opraH1aalum papMocBsA3u Ha Noxape, Kak BaxHOM YacTu npouecca ynpaBAeHWs NoXapHbI-
MU MOAPA3AEAEHUSAMU, YAEAAETCS 3HAUNTEAbHOE BHUMaHUE. APHGEKTUBHOCTb YPABAEHWUS Ha NoXape BO MHOrOM
3aBWCUT OT YCTOMUMBOW paboTbl CETU PAAUOCBA3U, B KOTOPOK B 3aBUCUMOCTH OT CAOXHOCTM CUTyaLIMK MOryT pabo-
TaTb Pa3AMUHbIE AOAKHOCTHbIE AMLA, YNPABAAIOLLME MPOLECCOM TyLLEHWs noxapa.

MeToabl. MoaeArpoBaHue paboTbl CETU PAAMOCBA3M OCHOBBLIBAETCA HA METOAAX TEOPHUM MaccoBOro 06CAyXMBa-
HuA. CocTaBAAeTCA NepeyeHb U3 N COCTOAHUIA, B KOTOPbIX MOXET NpebbiBaTh CETb CBA3M, 1 COOTBETCTBYHOLLMIA rpad

nepexoaoB.

C yueTom 06LLENPUHATLIX AOMYLLEHWI HAa OCHOBE rpada NepexoA0B COCTaBASETCA CUCTEMA U3 N AUdde-

PeHUMaAbHbIX YPaBHEHWI, CBA3bIBAIOLLMX BEPOATHOCTH COCTOSIHUIA M MHTEHCUBHOCTH NEPEXOAA B 3TU COCTOSIHUS.
Ha ocHOBE NOAYYEHHbIX PeLLIEHUIT OLeHWBaETCS 3GPEKTUBHOCTb PaboThl CETU PaAUOCBA3K.

PesyabTarthl. B cTathe paccmaTpuBatoTcs Tp BapuaHTa, AA KOTOPbIX ONUCaHbl BO3MOXHbIE COCTOSIHMS, MOCTPOEHbI
rpadbl U COCTaBAEHbI CUCTEMbI ypaBHEHWIH. B NepBoM BapuaHTe B CETU PAAMOCBSA3M B3aMMOAENCTBYHOT TPU AOAX-
HOCTHbIX AMLIA, BO BTOPOM — YETbIPE, B TPETHEM — TaKXe YeTblpe AOAMKHOCTHbIX AWML, HO C MHOW Mepapxueit ynpas-
AEHUA. B NepBbIX ABYX CAydasx MOAyUYeHbl aHAAUTUUYECKUE PELLIEHUS AAA BEPOATHOCTEM COCTOSIHWUM, AASI TPETLETO
npeanaraeTcs pelleHne ¢ UCNoAb30BaHUEM YNCAEHHbIX METOAOB. AASI KAXKAOTO CAyYas OnpeAeAeHbl KpUTUUECKUE

CoCToAHUA,

BAUAKOLLNE Ha yCTOVI‘-IVIBOCTb ynpaBAeHus. NoAYYEHHbIE PELLEHUS COMPOBOXAAOTCA NpUMepamu.

BbiBoAbI. [10OKa3aHa BO3MOXHOCTb MOAEAMPOBAHWUA CETU PAAMOCBA3KM Ha Moxape, Kak BaXHENLLEro aneMeHTa
ynpaBAeHUA AENCTBUAMMU NOXapHbIX I'IOApGSAeAeHMPI. PaccmoTtpeHbl Tpu BapuaHTta B3aWMOAEMCTBUA AOAKHOCTHbBIX
AUL, C UICNOAb30OBaHMEM CETU PAANOCBA3N. Pa3pa60TaHHble ANA paccMaTpuBaeMbIX CAydaeB MateMaTtuyeckme Mmo-
AEAU NO3BOAAKOT ONPEeAEAUTb BEPOATHOCTHbIE XapaKTePUCTUKU GYHKLIMOHUMPOBAHUA CETU PAAMOCBA3N U OLLEHUTb
BO3MOXHOCTb MOABAEHUA KPUTUUYECKUX PEXUMOB, BAUSAIOLLMX Ha 3QEKTUBHOCTb yNpaBAEHUA AEWCTBUSAMM MOXap-
HbIX I'IOApaSAe/\eHMVI.

KharoueBble cAoBa: papAMOCBA3b Ha Noxape; ynpaBAeHWe TyLLEHWEM Noxapa; TEOpUsa MacCoBOro 06C/\y)KVIBaHVIH;
MaTtemMaTuyeckas MOAEAb; rpad NepexoAos.
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ABSTRACT

Introduction. The organization of radio communication at the fire, as an important part of the fire units operating
management, should be given a considerable attention. The effectiveness of fire units operating management
depends largely on the steady of the radio network operation, in which, depending on the complexity of the situa-
tion, can work different officials who control the process of extinguishing the fire.
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Methods. Modelling of radio network operation is based on Queuing theory methods. A list of n States in which
the communication network and the corresponding transition graph can is compiled. Taking into account the ge-
nerally accepted assumptions on the basis of the transition graph, a system of n differential equations connect-
ing the probabilities of States and the intensity of the transition to these States is compiled. The stationary case
is considered. Based upon the obtained solutions the efficiency of the radio network is estimated.

Results. The article presents three variants for which the possible States are described, graphs are constructed
and systems of equations are composed. In the first variant, three officials interact inside the radio network,
in the second, four officials interact. In the third variant the option of interaction between four fire units operating
management with other hierarchy of management is considered. In the first two cases, analytical solutions for
the States probabilities are obtained, for the third case, a solution using numerical methods is proposed. For each
case, the critical States affecting the control stability are determined. The obtained solutions are followed by
examples.

Conclusion. The possibility of modeling the radio communication network at the fire, as an important element
of controlling of fire departments operating is demonstrated. Three variants of interaction between officials with
use of a radio communication network are given. The mathematical models developed for the under consideration
cases allow to estimate the probably characteristics of the radio network functioning. It allows us to assess
the possibility of the probably of critical modes appearance that affect the effectiveness of the fire units operating
management and the success his implementation.

Keywords: radio communication at the fire; manage fire-fighting; queueing theory; mathematical model; transi-
tion graph.
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BBepeHue

Bonpocam ympasnenust cuiaMu M CpeicTBaMH Ha
HOXKape U TEXHOJIIOTUSIM MOJAEPKKU YIPABICHYECKUX
peIeHuid yaenseTcs 3HaYUTeNbHOEe BHUMAHHE Kak B
Hauel ctpane [1-8], Tak u 3a pyoesxxom [9—16].

J1st TOTO YTOOBI YCTICIIHO PYKOBOJUTE TYIICHHECM
noxkapa, Heo0XoauMo 3P(HEeKTHBHO HCIIOJIB30BAThH
CpeAcTBa CBS3M, 00ECIIEUNMBAIOIINE B3aUMOJCHCTBIE
JOJDKHOCTHBIX JIHIL.

[Ipu 3TOM HEOOXOAMMO PELTUTH PsiJI 331349 110 o0ec-
MICYCHNIO HEKOTOPBIX CIIEIH(PUICCKUX XapaKTEPUCTHK
CEeTH CBSI3M, 0C000€ MECTO CPEeIN KOTOPHIX 3aHHUMAIOT
0ocmynHocms U NPONYCKHASL CNOCOOHOCHb. BrImon-
HCHHE ITUX TPeOOBAaHUH CBA3aHO HE TOJIBKO C TIPUME-
HEHUEM CPEJICTB CBSI3H, 00J1aJar0IUX HEOOXOAUMBIMU
TEeXHUYECKUMH XapaKTePUCTHKAMH, HO U C IPaBUIIb-
HOU OpraHu3anueil cBsS3U Ha MecTe TyIICHHUs HOXapa.

OhheKTUBHOCTD yIpaBlIeHuUs Ha TIOKape BO MHOTOM
3aBHUCHUT OT yCTOWYMBOM pabOTHI CETH CBSI3U, B KOTOPOIt
B 3aBUCHUMOCTH OT CJIOKHOCTH CHUTYaIlUX MOTYT HAaX0-
JIUThCSl KoManaups! 3BeHbeB (K3), pykoBomutens Ty-
menus noxkapa (PTIT), nagansank mrada (HII). pn
9TOM K&KABIH M3 YIaCTHUKOB YIPABICHUS TYIICHHEM
noxapa (a0OHEHT) JIOJKEH MMETh BO3MOXKHOCTH He-
3aMEITHTEIBHO CBA3AThCS C APYTHM A00OHEHTOM B CITy-
gae HeOOXOTUMOCTH, a BEPOSTHOCTH 3aACPIKKU (OXKH-
JAHWs, €CITH CETh CBS3M 3aHATA) NOJDKHA OBITH MUHH-
MaJIbHOU WM HE BBIXOIUTH 32 MPEAEIBI JOIYCTHMBIX
3HAYEHUHN.

Kpome Toro, ot GpyHKIIMOHHPOBAHUS CETH CBSI3H 3a-
BUCHUT HE TOJBKO YCIIEHIHOCTb BBINOJHEHUSI 00eBOI
3a7]a4y 1O TYIICHUIO MOXapa, HO U )KU3Hb CaMUX I10-
JKapHBIX, YPOBEHb 'HOEIIN KOTOPBIX JOCTaTOUHO BBICOK
HE TOJIBKO B HaNICW CTpaHe, HO U 3a pyOexom [17].

K coxalienuro, BonpocaM MOJICIUPOBAHUS CBSI3H
Ha ToXKape, SBISIONICHCS BaXKHBIM CPEACTBOM yIIpaB-
JISHUs1, TIOCBSAIIEHO HE TaK MHOTO pabor [2, 6, 18, 19].
OcTaercsi HeM3y4eHHBIM BONPOC 00 YIyUIlICHUH BBIIIIC-
YIIOMSTHYTBIX XapAKTEPUCTHK CBSI3U (1 CBA3aHHOM C 3THM
3(h(}HEKTUBHOCTH BBIMTOJHEHHUSI OOEBBIX JCHCTBHIA IO
TYIIEHHUIO TIOX)KAapa) ¢ MOMOIIBIO OPraHU3aIMOHHBIX Pe-
ureHuit. J{is atoro, mo HameMy MHEHHUIO, HEOOXOTUMO
PEIINTh KOMITJIEKC 3aJ1a4 10 ONpPE/ICICHUIO BEPOSTHO-
CTHBIX XapaKTEPUCTUK CETU CBSI3H JJISl Pa3INIHbIX Ba-
PHAHTOB €¢ OpraHu3aliKi. JITH BapUaHThI OyIyT pac-
CMOTpEHBI ¢ y4eToM TpeboBanuii boeBoro ycrasa mo-
JKapHOHM OXpaHbl, YTBEPXKIEHHOrO B OKTs0pe 2017 .
npukazom MUC Poccun u onpesensroniero mopsiiok
OpraHu3alMy TYIICHUS TTOXKAPOB M MPOBEACHUS aBa-
pUitHO-crIacaTeNbHbIX padoT. JJ1s1 TOCTHIKEHHS ITOCTaB-
JICHHOM 11eJT1 He0OXO0IMMO PEIIUTH CIICTYOIIHIE 3a1a9H:
e OIKCATh BOBMOXKHBIE, HANOOJIEE pacIIpOCTPAHCHHBIC

BapHAHThI B3aMMOJICHCTBUS JIOJKHOCTHBIX JIUI;

e pa3paboTaTh MaTeMaTHYECKUE MOJICITH JIJIST PACCMOT-
PCHHBIX BAPHAHTOB B3aUMOJICHCTBUS;

e COCTaBHTh YPABHCHUSI, CBSI3BIBAIOIIIE BEPOSITHOCTH
HAaXOXKJCHHS CETH CBSI3U B PA3IIMYHBIX COCTOSHHUSAX
C MHTEHCUBHOCTBIO Mepe/laBaeMbIX COOOIICHU;

e Ha OCHOBE PCLICHUsI YPABHEHUI TIOJYYHUTh BEPOSIT-
HOCTHBIC XapaKTEPUCTHKH, TO3BOJISIONIUE OPTaHH-
30BaTh PAMOHAIBEHOE UCIIONB30BAHNE CETH CBSI3U
JIOJDKHOCTHBIMH JIUI[AMU, YYACTBYIOLIMMU B TYIIIC-
HUH TOXapa.

Amnanu3 pabor [6, 18, 19] monTBepkaaet, 4To ISt
MOJICTTUPOBAHUS PaOOTHI CETH CBSI3U HA IOXKAPE C yCIIe-
XOM MOXKET OBITh UCIIOJIB30BaHA TEOPHSI MACCOBOTO 00-
ciyxusanus (TMO) [20].
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Ta6auna 1. CocTosIHUS CETH CBSI3U B COOTBETCTBUH ¢ TpadoM mepexo10B Ha puc. 1
Table 1. The status of the network connection in accordance with the transition graph in Fig. 1

{S} Cocrosiaue / [pumeuanue /

So Certb cBoGoaHa / Network is free
S HBY, <> PTII / The chief of site 1 with the officer in charge of fire extinguishing
S, HBY, <> PTII / The chief of site 2 with the officer in charge of fire extinguishing

s HBY, <> PTII, HBY, — PTII / The chief of site 1 with the officer in charge of fire
’ extinguishing, the chief of site 2 with the officer in charge of fire extinguishing

S HBY, <> PTII, HBY, — PTII / The chief of site 2 with the officer in charge of fire
N extinguishing, the chief of site 1 with the officer in charge of fire extinguishing

3anepkKa B ypaBlIeHUH,
KPUTHUYECKHUH Caydait
Control delay, critical
case

IIpumeuanne. B rabmumax u Ha pucyHKax A; <> A, — aOOHEHT A BEJIeT IIEPEroBOPHI ¢ A0OHEHTOM A, (1Ba YEPHBIX KPyiKKa
CBsI3aHBI TUHKEH); A| — A; — aOOHEHT A KAET CBA3U C aDOHEHTOM A, (OeTIbIil KPYKOK CBSI3aH JIMHUEH C YEPHBIM KPYKKOM).
Note. Symbols here and further on: A | <> A, — subscriber A| negotiate with subscriber A, (two black circles are connected by
a line); A| — A,—subscriber A is waiting for connection with subscriber A, (white circle is connected by a line with a black circle).

OCHOBHbIE NOAOXKEHUA TEOPUU
MacCcoBOro 06CI\Y)KMBaHVIH NMPUMEHUTEAbHO
K MOA€AUPOBaHUIO CeTU CBA3U

Ocuosuoit npunun TMO npuMEHHTENHEHO K MO-
JICTUPOBAHUIO PA3TUYHBIX IPOLECCOB, B YAaCTHOCTHU
yIpaBlIeHHs TYIICHHEM IIOKapa, 3aKIII0UaeTcs B cle-
nyroreM. CoCTaBisieTcsl IepeueHb U3 71 COCTOSTHUM { S,
B KOTOPBIX MOJKET IIPEOBIBAaTh CHCTEMA (B TAHHOM CITy-
4ae CeTh CBS3U), U COOTBETCTBYOLIHI Ipad IepexoIoB.
C yueroM wu3BecTHBIX nomyulenuii [20] Ha ocHOBe
rpada nepexosoB COCTaBISIETCA CUCTEMA U3 1 OOBIK-
HOBEHHBIX AU(PepeHINaTIbHBIX YPAaBHEHHINA:

dn.
T fiph 0 ), e -1, ()

e ¢ — BpeMs ¢ MOMEHTa Havdayia paboThl (B JaHHOM

ClTy4ae CETH CBSI3H);

{p} — BeposITHOCTU cOCTOSTHUM {S}, mpudeM p, +

ot p =L

{A}, {} — MHTEHCUBHOCTH MEPEXO/IOB.

Penienne cuctemMbl OOBIKHOBEHHBIX MU GEpeHITH-
AIBHBIX ypaBHEeHUH (1) ¢ y4eTOM HauaIbHBIX yCIOBUI
AHAUTHYCCKIMH WM YACICHHBIMH METOJJAMHU IT03BO-
JSeT MOIY4YUTh JUHAMHKY BeposiTHocTel {p(f)} cocTo-
SIHAH CETHU CBSI3U, CIIENIATh BEIBOIBI 00 3)(HhEKTHBHOCTH
ee paboTsl 1 chOPMYIUPOBATH HEOOXOAUMBIE PEKOMEH-
JIAIHH TI0 €€ TOBBIIICHUIO.

Bo MHOTHX citydasix, mosarasi, 4To mpoIecchl IpH-
eMa-00CITy)KUBaHUSI BHI30BOB YCTaHOBHUBINHUECS (T. €.
d{p}/dt=0), upeobpasyem cucreMy OOBLIKHOBEHHBIX
nuddepeHnnanbHbIX ypaBHeHui (1) B cucteMy anre0-
paMYeCKUX YpaBHCHHIA:

0=7,(ps, W, 1), i €[0;n—1], 2

pelIeHne KOTOPOil MO3BOJISIET MOJIYYHUTh SIBHBIC BBIPA-
JKEHHUS JUISI BEPOSATHOCTEH COCTOSIHUIN {p}.

MoaeaupoBaHue ceTU CBA3U
C UCNOAb30BaHUEM TEOPUU MACCOBOro
ob6cay)xuBaHuna

Cayuaii nepsblii. Eciiu Ha noxape opranu3oBaHbl
JBa 6oeBbIx yuacTka (BY | u BY,), To B ceTu cBsI31 MOTyT
Haxoautbesi PTIT v HauansHuKH 000MX OOEBBIX ydacT-
xoB (HBY, u HBY,). Takast ceTb MOxeT mpeObIBaTh
B IISITU COCTOSHUSIX S;—S, (Tabmn. 1) ¢ BeposiTHOCTAMU
Po—P4 COOTBETCTBEHHO. I pad mepexonoB npeacrasiaeH
Ha puc. 1.

Cucrema ypaBHEHHH 17151 CTALIMOHAPHOIO CJly4asi B
COOTBETCTBHH C IpadoM Ha puc. | UMeeT BUA:

0= +2X)pg + 1Py +1ypos
0=%py— Ayt )Py +1opss

0="%Apg — (A + 1) Py + 1y P35 3)
0="%A,p; — 1y p3;

0=2%py —Hyp4;

4
Zpizla
i=0

rae Ay, A, — UHTEHCUBHOCTU HEOOXOIUMOCTH IIEPETO-
Bopos Mexay PTIIn HBY, /HBY, cootBeTcTBeHHO;,

Puc. 1. I'pad nmepexonoB st cetr csi3u PTII (BepXHUI KPy»KOK)
¢ HBY, (neBbiit nmoxnuit Kpysxok) u/uim HBY, (pasblii HIKHUN
KPYXKOK)

Fig. 1. The transition graph for the communication network:
the officer in charge of fire extinguishing (upper circle) contacts
the chief of site 1 (lower left circle) and/or the chief of site 2
(lower right circle)
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1, 1, — TapamMeTpsl, 0OpaTHO MPOIOPIUOHAIB-

HBIE CPETHEMY BpeMEHH nieperoBopoB Mex 1y PTII

u HBY, /HBY, cOOTBETCTBEHHO;

{p} — BeposATHOCTH cocTOSHUI {S}.

st cuctembl ypaBHEHHI (3) MOTy4eHO TOYHOE aHa-
JUTUYECKOE PEIICHUE:

z
o= Ay MY
z+x| 14+ —=[+x|1+—
My Ko
X X
)4 :Po—l§ p2:p0_2; 4
z z
_ hoxy _ Ay xy
P3 =Py nz P4 =Po n,z

e z = Ay py Ay Hy;

xp=h (A + A+ )

X =Ry (A T+ 1)

KpuTHYHBIMY ¢ TOYKH 3pEHUs yNpaBIEHUs TyIlIe-
HHEeM OyyT cocTostHus S; U S,. B nepsom ciydae PTII
Beget neperosopsl ¢ HbY |, ay HBY, B 310 Bpemst Toxe
BO3HHUKaeT HeoOX0auMOCTh cBs3U ¢ PTII, HO OH BBIHYX-
JI€H 0XMJIaTh, YTO MOKET IIPUBECTU K HEKOHTPOJIUPY-
€MOMY pa3BUTHIO cuTyaluu Ha BropoM bY. BepositHocTh
9TOTO COCTOSIHHSA p3. AHAJIOIMYHAs CUTyallls MOXKET
BO3HUKHYTH € BeposATHOCTHIO p,: PTII Benet neperoso-
peic HBY,, a HBY | BeHyxeH oxunars cBsazu ¢ PTIL.

Takum 00paszom, 00111ast BEpOSATHOCTh KPUTHIECKO-
IO COCTOSIHMS CETH CBSI3H P, MOXKET OBITh HalileHa U3
BBIPAKCHUSI

Aoy n Ay X,
U U
pr:p3+p4: 17\‘ 2 N . (5)
2 1
Z+x1(1+—]+x2(1+—j
My Ko

Ipumep 1. Ecmu A, = 1; A, = 2; n, = 30; pn, = 40, To
Po = 0,92027; p, =0,03020; p, = 0,04636; p; = 0,00201;
p4=0,00116; p,, = 0,00317.

Crienyer UMeTh B BUJLY, UTO TIPH [, = L, = Ll CyIlIe-
CTBYET YaCTHOE PEIlICHHE CUCTEMbI ypaBHEeHUH (3):

po=(1+ay+0n+2000) ;
P1= 0 Po;
P2 = 0z Po;
P3 = Ppa= 0 02 Po,
e o), 0., — MPHUBECHHBIEC HATPY3KY;
oy =M/ 0y = A/ 1
Ipumep 2. Ecmn A, =1; A, =2; u; =pn, =35, 10
o, =0,02857; a,, = 0,05714; p, = 0,91829; p, = 0,02624;
P> =0,05247; p; = p, = 0,00150; p,, = 0,0030.
Cayuaii BTopoii. Eciu Ha nojxape opraHH30BaHbI
TpUu 0O0EBBIX y4acCTKa, TO B CETH CBA3U MOT'YT HaAXOAUTh-
cs PTII n maganpHuKK G0eBBIX yyacTkoB — HBY),

(6)

Ta6aumna 2. CocTOSIHUS CETH CBSI3U B COOTBETCTBUU € TpadoM Mepexo10B Ha puc. 2

Table 2. The status of the network connection in accordance with the transition graph in Fig. 2

{S} Cocrosnue / Tlpumeuanue /
Sy Certb cBoGOHA / Network is free
S, HBY, <> PTII / The chief of site 1 with the officer in charge of fire extinguishing
S, HBY, <> PTII / The chief of site 2 with the officer in charge of fire extinguishing
S5 HBY, <> PTII / The chief of site 3 with the officer in charge of fire extinguishing
Sy HBY, <> PTII, HBY, — PTII / The chief of site 1 with the officer in charge of fire | S;—S,
extinguishing, the chief of site 2 with the officer in charge of fire extinguishing 3aepkKa B YIPABICHHH
S HBY, <> PTII, HBY,; — PTII / The chief of site 1 with the officer in charge of fire | Control delay
extinguishing, the chief of site 3 with the officer in charge of fire extinguishing
Ss HBY, <> PTII, HBY, —> PTII / The chief of site 2 with the officer in charge of fire
extinguishing, the chief of site 1 with the officer in charge of fire extinguishing
A\ HBY, <> PTII, HBY, — PTII / The chief of site 2 with the officer in charge of fire
extinguishing, the chief of site 3 with the officer in charge of fire extinguishing
Sy HBY; <> PTII, HBY, — PTII / The chief of site 3 with the officer in charge of fire
extinguishing, the chief of site 1 with the officer in charge of fire extinguishing
Sy HBY,; <> PTII, HBY, — PTII / The chief of site 3 with the officer in charge of fire
extinguishing, the chief of site 2 with the officer in charge of fire extinguishing
Sho HBY, < PTII, HBY, — PTII, HBY,; — PTII / The chief of site | with the officer | §,4—S;,
in charge of fire extinguishing, the chief of site 2 with the officer in charge of fire Kputiueckuii cydait
extinguishing, the chief of site 3 with the officer in charge of fire extinguishing Critical case
Sh HBY, <> PTII, HBY, — PTIIL, HBY; — PTII / The chief of site 2 with the officer
in charge of fire extinguishing, the chief of site 1 with the officer in charge of fire
extinguishing, the chief of site 3 with the officer in charge of fire extinguishing
Sia HBY, < PTII, HBY, — PTIL, HBY, — PTII / The chief of site 3 with the officer
in charge of fire extinguishing, the chief of site 1 with the officer in charge of fire
extinguishing, the chief of site 2 with the officer in charge of fire extinguishing
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Cucrema ypaBHEHHH /IJIsl CTAIIMOHAPHOTO CITydasi B
COOTBETCTBHH C TpadoM Ha puc. 2 OyieT UMETh BU/I:

0=—(1+rt2A3) pot ipr+ap+ usps;
0=2Lipo— (Aot A3+ ) p1 + waps + U3 ps;
0="2Xpo— (M + A3+ o) po + Wi pa + 3 po;
0=2X3p0— (M1 + Ay + W3) p3 + i ps + papr;
0=22p1— A3+ ) pa+ L3 pio;

0=23p1— Az + ) ps + Lo purs

0=A1p2— A3+ o) ps + M3 pi2; (N
0=2X3p2— (M1 + W2) p7+ Wi pro;

0=2Xps— 2+ p3) ps+ papu;

0="22 p3— (A1 + 13) po + Wi pio;

0=2X3ps+ aps— 21 pro;

Puc. 2. 'pad nepexo 108 st cetr cBsizu PTTT (BepXHMIA KPYIKOK) 0="2A3ps + A p7— 212 p11;
¢ HBY, (neBbii HmxHu kpyxok), HBY, (cpennuii HmKHHI 0= ps + A1 po— 213 p12;
KkpyxoKk) 1 HBY; (mpaBblit HIKHUI KPYIKOK) 12

Fig. 2. The transition graph for the communication network: Z pi =1

the officer in charge of fire extinguishing (upper circle) contacts i=0

the chief of site 1 (lower left circle), the chief of site 2 (lower

¢ ) _ ! : : Tae A, Ay, Ay — MHTEHCHBHOCTH HEOOXOJMMOCTH TIepe-
middle circle) and the chief of site 3 (lower right circle)

rosopos mexay PTIT u HBY,/HBY,/HBY; coot-

BETCTBEHHO;

HBY, n HBY ;. Takas ceTb MOXeT UMeTh 13 cocTosIHUI L, Ly, L3 — TIAPAMETPBI, 0OPATHO MPOTIOPIHOHAITE-
So—S,, (Tabm. 2) ¢ BEpOSATHOCTSIMU COOTBETCTBEHHO HBIE CPETHEMY BPEMEHHU neperoBopoB Mexay PTII
Po—D1- I'padh mepexonos nmpeacTaBiceH Ha puc. 2. u HBY ,/HBY,/HBY 5 cOOTBETCTBEHHO.

Puc. 3. I'pad nepexonos ws cetu cesizu PTII (Bepxuuii kpyxok), HIII (cpenuuii kpyxok), HBY | (neBbiii HykHuit kpysxok) u HBY,
(paBblil HIKHUH KPY>KOK)

Fig. 3. The transition graph for the communication network: the officer in charge of fire extinguishing (upper circle) contacts the chief of
headquarter (middle circle), the chief of site 1 (lower left circle), the chief of site 2 (lower right circle)
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Ta6auma 3. CocTOSIHUS CETH CBSI3U B COOTBETCTBUU € TpadoM mepexo/10B Ha puc. 3
Table 3. The status of the network connection in accordance with the transition graph in Fig. 3

Status Note

Sy | Cets cBOGOIHa / Network is free

S, | HBY, <> PTII / The chief of site 1 with the officer in charge of fire extinguishing

S, | HBY, <> HIII / The chief of site 1 with the chief of headquarter

S; | HI <> PTII / The chief of headquarter with the officer in charge of fire extinguishing
S, | HBY, <> HIII / The chief of site 2 with the chief of headquarter

Ss | HBY, <> PTII / The chief of site 2 with the officer in charge of fire extinguishing

S¢ | HBY, <> PTIL HII <> HBY, / The chief of site 1 with the officer in charge of fire extinguishing,
the chief of headquarter with the chief of site 2

S, | HBY, <> PTIL, HIll <> HBY, / The chief of site 2 with the officer in charge of fire extinguishing,
the chief of headquarter with the chief of site 1

S; | HBY, <> PTII, HBY, —> PTII / The chief of site 1 with the officer in charge of fire extinguishing, | Sg—S,;

the chief of site 2 with the officer in charge of fire extinguishing Bazepkka
Sy | HBY, <> PTIL, HIII — PTII / The chief of site | with the officer in charge of fire extinguishing, | B yIpaBICHHH
the chief of headquarter with the officer in charge of fire extinguishing Control delay

Sio | HBY, <> HIII, PTII — HIII / The chief of site | with the chief of headquarter, the officer in
charge of fire extinguishing with the chief of headquarter

Sy | HBY, <> HIL, HBY, — HII / The chief of site 1 with the chief of headquarter, the chief of site
2 with the chief of headquarter

S;, | HBY, <> HIIL PTIT — HBY, / The chief of site 1 with the chief of headquarter, the officer in
charge of fire extinguishing with the chief of site 1

S;3 | HII«> PTIL, HBY, — HII / The chief of headquarter with the officer in charge of fire extin-
guishing, the chief of site 1 with the chief of headquarter

S14 | HII <> PTII, HBY, — PTII / The chief of headquarter with the officer in charge of fire extin-
guishing, the chief of site 1 with the officer in charge of fire extinguishing

S5 | HIlI«> PTII, HBY, — PTII / The chief of headquarter with the officer in charge of fire extin-
guishing, the chief of site 2 with the officer in charge of fire extinguishing

S | HILI«> PTIL, HBY, — HIII / The chief of headquarter with the officer in charge of fire extin-
guishing, the chief of site 2 with the chief of headquarter

S); | HBY, <> HIIL PTIT — HBY, / The chief of site 2 with the chief of headquarter, the officer in
charge of fire extinguishing with the chief of site 2

Sis | HBY, <> HIII, HBY, — HIII / The chief of site 2 with the chief of headquarter, the chief of site
1 with the chief of headquarter

S1o | HBY, <> HIL, PTII — HII / The chief of site 2 with the chief of headquarter, the officer in
charge of fire extinguishing with the chief of headquarter

Sy | HBY, <> PTIL, HIII — PTII / The chief of site 2 with the officer in charge of fire extinguishing,
the chief of headquarter with the officer in charge of fire extinguishing

S,1 | HBY, > PTII, HBY, — PTII / The chief of site 2 with the officer in charge of fire extinguishing,
the chief of site 1 with the officer in charge of fire extinguishing

S,, | HBY, <> PTIIL, HIII — PTII, HBY, — PTII / The chief of site 1 with the officer in charge of 85,—83
fire extinguishing, the chief of headquarter with the officer in charge of fire extinguishing,
the chief of site 2 with the officer in charge of fire extinguishing

Sy; | HBY, <> HIIL, PTIT — HII, HBY, — HIII / The chief of site 1 with the chief of headquarter,
the officer in charge of fire extinguishing with the chief of headquarter, the chief of site 2 with
the chief of headquarter

Sy, | HBY, <> HIIIL, PTII — HBY,, HBY, — HIII / The chief of site 1 with the chief of headquarter,
the officer in charge of fire extinguishing with the chief of site 1, the chief of site 2 with

the chief of headquarter

S,s | HIlI«> PTII, HBY, — PTII, HBY, — HIII / The chief of headquarter with the officer in
charge of fire extinguishing, the chief of site 1 with the officer in charge of fire extinguishing,
the chief of site 2 with the chief of headquarter

Sye | HII <> PTIL, HBY, — HIIL, HBY, — HIII / The chief of headquarter with the officer in charge
of fire extinguishing, the chief of site 1 with the chief of headquarter, the chief of site 2 with
the chief of headquarter

Kpuruueckuii
ciayvait

Critical case
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Oxonuanue maon. 3 | End Table 3

{S} Cocrostaue /

Tlpumeuanue /

with the officer in charge of fire extinguishing

the chief of site 2

the chief of headquarter

S,; | HII > PTIL, HBY, — HIII, HBY, — PTII / The chief of headquarter with the officer in
charge of fire extinguishing, the chief of site 1 with the chief of headquarter, the chief of site 2

S,s | HBY, <> HIII, HBY, — HIII, PTII — HBY, / The chief of site 2 with the chief of headquarter,
the chief of site 1 with the chief of headquarter, the officer in charge of fire extinguishing with

Sy | HBY, <> HIII, HBY, — HII, PTIT — HIII / The chief of site 2 with the chief of headquarter,
the chief of site 1 with the chief of headquarter, the officer in charge of fire extinguishing with

Sy | HBY, <> PTII, HBY, — PTII, HIII — PTII / The chief of site 2 with the officer in charge of
fire extinguishing, the chief of site 1 with the officer in charge of fire extinguishing, the chief
of headquarter with the officer in charge of fire extinguishing

S-S0
Kpurnueckuii
ciayyait
Critical case

OueBuiHO, COCTOSIHUA S,—Sg COOTBETCTBYIOT TOMY,
410 X0Ts 061 0uH 13 HBY He MmoxeT cBsi3arbes ¢ PTII,
a 9TO MOXKET MPEJICTABIATh HEKOTOPYIO TIPOOIeMy P
yIpaBJIeHUH TylleHneM noxapa. CoctosHus S-S, sB-
JISTIOTCSI KpUTHUECKUMU, TakK Kak cpa3y n18a HBY ne mo-
ryT cBsa3arbed ¢ PTIL BeposTHOCTh BOSHUKHOBEHUS Ta-
KO CUTyauuu

Pxp =P10 T pu t pia. (8)

Kak u B ipenpiyiemM ciydae, CyliecTBYeT 4aCTHOE

peleHne CUCTEMBI YPaBHEHUH (4) TIPH [ = [, = Ly = L

p0=[1 +o;toytoszt
+2(0000 + oo + 0as) + 600005]

P1= O Pos
P2 = 02 po;
P3 = 03 po; 9

P4= Pe = Q1 02 Po;
P5 = Pg = 01 03 Po;
P7= P9 = 0203 Po;
Pio=Ppu = P12 =20 0z 03 Py,
e o, O, Oy — IPHUBEACHHbBIC HATPY3KH; O = A,/LL;
oy = Ao/l 03 = As/p

Cayuaii Tperuii. Eciiu B ceTu cBsi3u HaxonsTcs
PTII, HIII, HGY |, u HBY,, TO Takas c€Th MOKET UMETh
31 cocrostane — S-Sy, (Tabm. 3). I'pad nepexomos
MIPE/ICTaBIICH Ha pHC. 3.

Cucrema ypaBHEHMH, CBA3BIBAIOIIAsl BEPOATHOCTH
COCTOSIHUM CETH M MHTEHCUBHOCTH MEPEX0/I0B, IS CTa-
LIMOHAPHOTO CTy4ast B COOTBETCTBUU € rpad)oM Ha puc. 3
HMeEeT BUJIL:
0:—(7\,1,1 +}L1p+)bm1 +}\'1m+7\'pm+}\‘mp+7\'m2+;\'2m+

+ Ap2 + Aap) Po T Hp1p1 + KunP2 T HpwP3 T HuoPa + Hpops;
0= (kpl + le)Po - (7\'2p + }\'mp + Mp1 + }\4m2 + }\'Zm)pl +

T MuoPe T HunP12 T HpuP1a T Upop21s
0= (7\,1“1 + klm)po — O\'pl + kpm + }\,2111 + 7\.'32 +

Tt Hw) P2t Mpop7 T HpwP13 T uopis;
0= Apw * Aup) Po — Mip + A + Aop + Ay + ppm) p3 +

T Up1po T unpro + HuaPio + UpaP2o;

0= (M2 + Aaw) po — ip + Apt + At + Az + A +
+ Huw2) P4 T Up1Ps T HuiPii T HpuDies

0=Cp2+A2p) po— (Mip + A + U2 + At + M) ps +
T M7 T Hp1ps + MpwP1s + HuoP17;

0= (Row + Au2) p1 + Mip + A1) pa— (K2 + Hp1) ps +
+ HUupog T UpuwPos;

0= (hp2 + Ap) P2+ (Mt + A1) P5s — (Bt + Hp2) p7 +
+ HpwP27 T Hunp2s;

0="22pp1 — up + Hp1) Ps;

0= Aupp1 — (Aap T Wp1) po + (1 = p) Kp2 P3o;

0= Apwp2 — (Aow + Hurt) 1o + (1 = p) Bz P2o;

0= Rowp2 — pt + Apm + Hat) P11+ 0,5Upw P26;

0="2p1 P2 — R + M) P12;

0="2X1up3 — Mo + Hpw) P13 T PHua P29;

0=Ripp3 — (haw + Upw) P14 + P2 P30; (10)

0= "2 p3 = (Miw + Hpw) P15 + Pp1 223

0 =22up3 — M + Hpw) P16 T PHui P23;

0=2Xp2p4 — M + Hu2) P17

0=21upa — p2 + Apw + ) P13 + 0,5 Pog;

0= Apwps— Aiw + W) 1o + (1 = p) fut p23;

0= hupps — (Mip + Up2) P20 + (1 = p) Lp1 p22;

0="RXipps — (hup + Up2) 213

0= Aup s + Aop Po — Hp1 P22

0="22up10 T Apw P11 — Mt P23

0=2pp1 P11 T Aow P12 — M1 P24;

0 =22 P14 — Hpu P2s;

0=22up13 T AMwPis — HpuP26;

0="Aiupis— Hpw P275

0=Awp17 + Ap2 P18 — Hu2 P2g;

0= RpwP18 T AMw P19 — Mu P29;

0 =Xip P20 + Aup P21 — Hp2 D305

30

z pi = ls

i=0

rae {A}, {LL} — mapaMeTpsl NepPeroBOpoB, NPUBEICH-
HbIC B Ta0. 4.
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Taﬁjmua 4. IHTCHCUBHOCTH HeO6XOZ[I/IMOCTI/I CBA3HU U IIEPETOBOPOB MEXKAY NOJLDKHOCTHBIMU JIMAMU Ha I1OXKape

Table 4. The intensity of the need for communication and negotiations between the officials at a fire units operating management

TlapameTtp, 0OpaTHBII BpeMeHH
HHTEeHCHBHOCTD HEOOXOAUMOCTH CBA3H TIEPErOBOPOB MEXKIY
L {m}
Apw | PTII ¢ HIII no mammmatuse PTIT / Communication of the officer in charge | p,, | PTITn HII / The officer in
of fire extinguishing with the chief of headquarter at the initiative of the of- charge of fire extinguishing and
ficer in charge of fire extinguishing the chief of headquarter
Ayp | PTII ¢ HII mo manumatuse HIL / Communication of the officer in charge Ky | PTIIm HBY, / The officer in
of fire extinguishing with the chief of headquarter at the initiative of the charge of fire extinguishing and
chief of headquarter the chief of site 1
Ly | PTII ¢ HBY, no nanumarnse PTII / Communication of the officer in charge Uy | PTIu HBY,/ The officer in
of fire extinguishing with the chief of site 1 at the initiative of the officer in charge of fire extinguishing and
charge of fire extinguishing the chief of site 2
Aip | PTII ¢ HBY, no unumuatuse HBY; / Communication of the officer in Wy | HII u HBY, / The chief of he-
charge of fire extinguishing with the chief of site 1 at the initiative of the adquarter and the chief of site 1
chief of site 1
Ay | PTI ¢ HBY, no unmmmaruse PTIT / Communication of the officer in charge || p,, | HIIu HBY, / The chief of he-
of fire extinguishing with the chief of site 2 at the initiative of the officer in adquarter and the chief of site 2
charge of fire extinguishing
Ay, | PTI ¢ HBY, no urmimaruse HBY, / Communication of the officer in charge p | BeposTHOCTh IpHOpUTETA CBSI-
of fire extinguishing with the chief of site 2 at the initiative of the chief of site 2 3u PTII / The probability of
Ay | HUI ¢ HBY, no manmuaruse HII / Communication of the chief of head- communication priority cififice
- . RS o e T head of the officer in charge of
quarter with the chief of site 1 at the initiative of the chief of headquarter L
fire extinguishing
My | HUI ¢ HBY, o uanmuaruse HBY, / Communication of the chief of head-
quarter with the chief of site 1 at the initiative of the chief of site 1
Ayo | HUI ¢ HBY, 1o manmuaruse HIII / Communication of the chief of head-
quarter with the chief of site 2 at the initiative of the chief of headquarter
Aoy | HIII ¢ HBY, no uanmmatuse HBY, / Communication of the chief of head-
quarter with the chief of site 2 at the initiative of the chief of site 2

Pemenne cuctembl JIMHEWHBIX ajreOpandecKux
ypaBHeHUH (7) BO3MOXXHO TOJIBKO YHCIIEHHBIMU METO-
namu. Kak cnenyer u3 tadi. 3 u rpada Ha puc. 3, Kpu-
TUYHBIMH JUIsl YCTOMYMBOCTH YIIPaBJIEHUS HAa TAaKOM
nokape OynyT COCTOAHUS S,,—S30, BEPOSITHOCTD YETO

30
P = D, Piv (11)
i=22
BbiBOADI

Takum oOpazom, B paboTe nokazaHa BO3MOKHOCTh
MOJIEJIUPOBAHUS BaXKHEHILIETO 3JIEMEHTa YIpaBJICHUS
JIeHCTBUSMHU MOKAPHBIX MTOJIPa3eIC€HUI — CETU CBA3HU
Ha TIO)Kape ¢ UCTOJIb30BaHUEM TEOPHH MacCOBOT0 00-
CIy’KuBaHUs. B kauecTBe mpuMepoB pacCMOTPEHBI He-
CKOJIKO BAPMAHTOB CETEH CBSA3H, B KOTOPBIX PYKOBOJIN-

TEJNb TYIICHHS OKapa B3aUMOICHCTBYET ¢ HAaYaIbHH-
KaMu OOCBBIX YYACTKOB M HauaJIbHUKOM InTada. Pa3pa-
OOTaHHBIC /ISl pACCMATPUBAEMBIX CITyYaeB MaTeMaTH-
YECKHE MOJIENHU MTO3BOJISIIOT OMPEACTHTh BEPOSTHOCT-
HBIC XapaKTePUCTUKU (PYHKIIMOHUPOBAHHUS CETH CBSI3U
U OIICHUTH BO3BMOYKHOCTD ITOSIBIICHHSI KPUTHYCCKHX Pe-
JKMOB YIIPABJICHUsI, KOTJIa y a00HCHTOB CETH BO3HHKA-
€T DKCTPCHHASI HEOOXOMUMOCTh CBSI3aThCS C IPYTUMHU
y4aCTHUKaMH, KOTOpPbIE, B CBOKO OY€pe/lb, YKE BEAyT
HEPEroBOphI ¢ a0OHEHTAMU CETH.

B nanpHeiiem npencrasisieTcs Meaecoo0pasHbIM
paccMoOTpeTh U APYrue BapUaHThl OpraHU3alluy CBA3U
Ha MmoXape, MOJIYIYUTb YUCJICHHBIC 3HAUYCHUSA BCPOAT-
HOCTEH COCTOSTHUH ceTH B C(HOpMYIHPOBATEH TPEIIIO-
JKCHUS 1T0 00ECTIEUCHUIO YCTOWIMBOCTH CBSI3H, B TOM
YHCIIE C YIETOM HAJCKHOCTH TEXHHUSCKUX CPENICTB.
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