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CcTBeHHbIMM paboTtamu. VicciemoBaHye OCyIEeCTBISUIOCh IIOCPEICTBOM MTOCTPOEHMST TUOPYIHON
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Abstract: One of the key strategic objectives of the present day is the effective maintenance of
ecological safety of natural resources and the increase in mineral production. Operating pro-
duction facilities, especially in the mining industry, has an adverse effect on the ecological state
of adjacent areas and in the whole region. In this connection, management should possess a
tool of operational and readily interpretable evaluation of the impact exerted by industry on the
environment. This study aims to enhance ecological monitoring efficiency in mining regions
in long-term planning and production control. The study consisted in construction of a hybrid
simulation model using an agent-oriented approach with some elements of system dynamics
and discrete-event simulation. The resultant model enables dynamic assessment of atmospheric
air condition in a mining region, as well as variation of pollution rate factors during the model
run. The research results can be further on integrated in the processes of managerial decision-
making on intensification of production in the mining industry.

Key words: ecological modeling, agent-oriented approach, multi-agent modeling, geoinforma-
tion multi-agent system, atmospheric air pollution, ecological state assessment, hybrid simula-
tion model
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BBeneHue

CoBpeMeHHOe COCTOsIHME FOPHOA00bI-
BatOLLIEM OTPAC/IM NMOKa3bIBAaeT HEMPEpPbIB-
Hbl€ TEHAEHLMU POCTa KONMYECTBA HOBbIX
06BLEKTOB J06bIYM MONE3HbIX MCKOMAEMbIX
1 MacLLTaboB CyLLECTBYHOLLIMX NMPOU3BOACTB.
naBHbIM 06Pa30M AaHHbIe TEHAEHLMM CBSI-
3aHbl C U3yYeHWEM HOBbIX, bonee cosep-
LUEHHbIX TEXHOMIOMUI, MO3BONAOLLMX pa-
60TaTb B paHee HeLOCTYMHbIX PErMoHax C
CYpPOBbIMM KIMMaTUYECKUMM YCIIOBUSIMU U
“3BNeKaTb MOME3Hble UCKOMaeMble C 6onb-
LUMX FYBUH M C MEHBLUMM NMPOLEHTHbIM CO-
Jep>KaHWeM Mone3HOro KOMMoHeHTa. B 1o
)K€ Bpems BC/IeACTBMUE OTPAabOTKM TakumX
MECTOPOXAEHU BO3HMKAOT TEXHOTEHHbIE
NpOsIBNEHUS], KOTOPbIE MO GOPME U ANHAMU-
Ke CMJIbHO OT/IMYAOTCS OT BCTPeYaBLUMX-
cs paHee [1], yto TpebyeT Gonee cTpororo
noaxoja K BompocaM KoHTpons 6esonac-
HOro BefileHUs ropHbIX paboT [2]. PaspaboT-
Ka ¥ BHEApPEeHWe pasiMyHbIX poboTU3Mpo-
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BaHHbIX M NMONHOCTbIO aBTOHOMHbIX FOPHO-
TPaHCMOPTHBIX KOMMIEKCOB U cneumanu-
3MpOBaHHbIX aBTOMAaTU3MPOBAHHBIX CUCTEM
ynpaBneHus No3BONsOT obecneunTb Hem-
pepbIBHOCTb M 6e30MacHOCTb NPOU3BOACT-
BEHHbIX MPOLLECCOB B U3MEHSIIOLLIMXCS YC-
nosusx [3]. OpHako npuMeHeHWe Nopo6-
HbIX TEXHUYECKUX peLLeHUI CyLLeCTBEHHO
YBENIMYMBAET Harpy3Ky Ha 3KONOrnyeckoe
COCTOsIHME OKpY>KatoLLen cpeapl [5]. Huse-
NMPOBaHME 3TOW HarpysKu SBNSETCS KIto-
4EBOM CTpaTerMyeckom LeNblo Kak Ha ro-
CyAApCTBEHHOM YpOBHE, TaK U Ha YpOBHe
ynpaBieHUs NPeanpusTUaMU, U, B KOHEY-
HOM cyeTe, NpefonpeaensieT HeobxoaMMOoCTb
BHELPEHWS TEXHONOTMIM C UCMONb30BaHM-
€M TeXHOreHHbIX OTXOAOB B 3aMKHYTOM
npoussoacTse [6, 7].

AKTYanbHOCTb U3y4YeHus npobiem u
MOMCKa peLLleHni B 061acT paumuoHanbHo-
ro NpVPOAONONb30BaHUS NOATBEPXKAAETCS
60/bLUIMM KONMMYECTBOM Hay4HbIX paboT



[8—10]. bonbLioe BHMMaHMe B paboTax
yOenseTcs pa3paboTke HOBbIX MeTOLOB
OMEePaTMBHOM OLLEHKM COCTOSIHUSI OKPYXKa-
fOLLeW Cpefbl C UCMO/b30BaHWEM CPeacTB
OMCTaHUMOHHOMO 30HAMPOBaHUS U BHeape-
HMS 3KONOro-pecypcocbeperaroLmx Tex-
Honorui [11, 12]. YacTb Takux pelueHumi
npegnonaraeT TpagULMOHHOE UCCNen0Ba-
HMe TO4YeYHbIX 3aMepoB Npob (No4BbI, BOAbI,
BO34yXa) C UCMOb30BaHMEM CTaLMOHap-
HbIX MYHKTOB aBTOMAaTUYECKOro KOHTPONS.
OfHako [aHHbIWM MOAXOoA, HEMb3s Ha3BaThb
COBEPLUEHHbIM BCIEACTBUE OFPaHUYEHHO-
ro obbemMa nHbopMaLmm, He pernpeseHTa-
TMBHO OMUCbIBAOLLIEN ObLLEee KOMornYe-
CKOE COCTOSIHME KPYTMHbIX PErMOHOB, TEM
bonee ons HarNLHOM MHTEPMPETaLMKN an-
HaMUKM U3MEHEHUWN TaKoro COCTOSIHUS B
onepaTMBHOM pexume. Ecnu paHee atou
MHdOpMaLMM B ropHom0ObIBalOLLEN OT-
pacnu 6b110 JOCTAaTOYHO ANS OLEHKM Ha-
AEXHOCTU KPaTKOCPOYHOro nporHosa [13],
TO B YC/IOBUSIX MOCTOSIHHOTO M3MEHEHUS
ycnosui 1 akTopoB Heobxonmma paspa-
60TKa MeTOAMKM C YYeTOM BO/bLIOro Ko-
NINYECTBa JaHHbIX U BbICTPOTEYHOCTU UX
N3MEHEHUN.

Taknm 06pa3om, FOpHOMPOMbILLINIEHHbIE
PErMOHbI OCTAOTCS MOABEPXKEHbI PUCKaM
3arpsi3HEHUS OKPY>KAtOLLEeW Cpefbl, a Ux
KOHTPOJb U NPeABOCXULLEHME BO MHOIOM
BO3/1araeTcsl Ha caMu ropHoLo6bIBaroLLMe
npeanpuatus [14]. Bcneactsue storo py-
KOBOZLCTBY NPeLnpUsSTUNA, 3aMHTEPECOBaH-
HbIX HanbobLLIMM 0OPa3oM B yBENUYEHUN
npubbinu [15], HeobxoamMMo HaxoauTb ba-
NAaHC MEXAY WHTeHCUdUKaumen fobbiy-
HbIX paboT U NepCreKkTUBOW HaNOXEHUS
WTpadHbIX CaHKLUMIA MPU HAapyLLEHWUW Mpa-
BUN B 0011aCTK 3Konoruyeckon besonac-
HocTu [16]. B HacTosiLee Bpems pa3pabo-
TaHHblE aHAJIMTUYECKME MOAENU, NMpUMe-
HsieMble B FOPHOA00bLIBAOLLEN MPOMbILL-
neHHoctu [17], He MoryT B MonHoOW Mepe
OCYLLECTBASATb KOHTPO/Ib 3arPsi3HEHUS OK-
py>atoLlen cpesbl. HeBO3MOXHOCTb 3¢-
(DEKTVMBHO OLIEHWUTb AMHAMUKY U3MEHEHUS

3KOJIOrMYECKOr0 COCTOSIHUS OKPYKatOLLIEN
cpeabl B YCNOBUSAX MHTEHCUUKALMK pa-
60T 6e3 NpoCTOro, Harns4HOrO U Jerko
WHTEpNpeTUPYEMOro MHCTPYMEHTa CyLLe-
CTBEHHbIM 0OPa30M OC/IOXKHSIET MPUHATHE
peLlleHn pYKOBOLCTBAMU KOMMAHUU U,
COOTBETCTBEHHO, MOBbLILLAET PUCKU 3arpsi3-
HeHWs OKpy>Katowen cpenbl. B cBasm ¢
3TWM LieNbto JaHHOMO UCCNef0BaHUS SBASI-
€TCS MOBbILLEHWE HaLeXHOCTU U 3ddek-
TUBHOCTW NMPOLLECCOB MOHUTOPUHIA 3KO/O0-
FMYECKOr0 COCTOSIHUSI TOPHOMPOMBILLITIEH-
HbIX PErMOHOB MOCPELCTBOM pa3paboTku
MMUTALMOHHOW MOAENM, MO3BONSIOLLEN
OCYLLECTBASATb JIErko UHTEPMpeTUPYEMbIE
LONTOCPOYHbIE MPOrHO3bI.

AHanus coBpeMeHHbIX

NoAXoA0B U UHCTPYMEHTOB

3KO0/IOrMYecKoro MOHMTOPUHTa

roOpHOMPOMbILLIEHHbIX PErMOHOB

OueBunaHO, UTO AEATENBHOCTD FOPHOLO-
ObIBaKOLLMX MPEANPUSTUIA MOXKET MPUBO-
IOMUTb K CEPbe3HbIM 3arpsi3HEHUSM BaXKHbIX
MPUPOLHbIX KOMMOHEHTOB: aTMOC(EPHOro
BO34YXa, BOAHbIX pecypcos, noysbl [18,
19]. Mpwn 3TOM OCHOBHBIM 3arps3HUTENEM
MPUPOAHBIX KOMMOHEHTOB, B 0COBEHHO-
CTU aTMoc(depHOro Bo3ayxa, BASOTCS
rOpPHOA00bIBAtOLLME NPEANPUATUS OTKpPbI-
Toro Tuna. Kak npaBunio, KOHTposb 3a no-
Ka3zaTensiMu BbIGPOCOB BPeAHbIX BELLECTB,
MONy4YaeMbIX B pe3ynbTaTe OypoB3pbIBHbIX
[20] # TpaHCMOPTHO-TEXHONOrUYECKMX
paboT [21— 23], TpyaHO OCYyLLEeCTBUM MO
MPUYMHE CIOKHOCTU MaTeMaTUYecKmx pac-
YETOB M OTCYTCTBUSI AOCTOBEPHbIX UHCT-
PYMEHTOB OMepaTUBHOIO NMOyYeHUs U 06-
paboTkun AaHHbIX [24].

LLInpoko npumeHsiemMas B Hallen cTpa-
HEe CMCTeMa 3KONOrMYeCKOro MOHUTOPUH-
ra (puc. 1) cocTosiHus npupoaHow cpenbl
MMeeT psif, HeJOoCTaTKOB, CBSA3aHHbIX C He-
06X0AMMOCTbIO MOCTOSIHHOTO MepeMelle-
HWS MepeaBMXKHbIX NMOCTOB 3abopa Mpob
BC/IELCTBME CTOXaCTUUECKUX U3MEHEHUIA
napamMeTpOB TEXHOIOrMYECKUX NPOLECCOB
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Puc. 1. O606LLeHHas cxeMa CUCTEMbI 3KOIOrMYECKOr0 MOHUTOPUHIa

Fig. 1. Generalized ecological monitoring flow-chart

(MacwTaboB TPaHCMOPTHO-TEXHOMOIUYe-
CKMX paboT, Toyek npoBedeHUs Bypo-
B3PbIBHbIX PaboT) M MPUPOLHbIX SIBNEHUM
(ckopocTb, HanpaBneHwe BeTpa U Ap.).
MUcnonbayemble ke MeToabl AUCTaHLMOH-
HOMO 30HAMPOBAHMS TAKXKE UMEIOT psf, He-
[OCTaTKOB, CBAI3aHHbIX C HEBO3MOXHOCTbIO
MOJIYYEHUS] OMepPaTUBHbIX AaHHbIX M3-3a
Masnoro KO/MMYecTBa CMYyTHWKOB, a TaKxe
CJTOXXHOCTbHO MaTeMaTUYECKUX PacyeTOB U
MHTeprpeTaL/Mm Nofy4aeMbixX Pe3yNbTaToB
NS MPUHSATUS KPaTKOCPOUHbIX U JONro-
CPOYHBIX YMpaBNEHYECKUX PELIEHUN MO
opraHusaumm npomssoacTea [25].

Mpu hopmanmzaLmm 3aaa4m BbICOKOTOY-
HOM OnepaTUBHOM OLEHKM U MPOrHO3UpO-
BaHMWS 3KOJIOTMYECKOr0 COCTOSIHUS FOPHO-
MPOMBILLIEHHOrO PErvoHa AaHHbI 0ObeKT
UCCNenoBaHUs NPeaCTaBNsSeTCs CIOKHOW U
CnaboCTpyKTypUPOBaHHOM CUCTEMOM, B KO-
TOPOV MOXXHO BblAENUTb BOMbLLIOE KoNnYe-
CTBO CTOXAaCTMYECKUX B3aUMOCBS3aHHbIX
sBneHun [26]. [lns aHanu3a cocTosiHUs no-
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LOGHbIX CNOXHbIX 0ObEKTOB, Kak NpaBuIIo,
NPUMEHSIOT OTAE/IbHble MOAX0A4bl UMUTA-
LIMOHHOIO MofennpoBaHus. B yacTHocTw,
OOHWM M3 Hanbosnee COBPEMEHHBIX U TOY-
HbIX MOAXOAOB SIBNSAETCS areHTHO-OpUeH-
TMPOBaHHOE MOJENMPOBaHME, MO3BOJISIHO-
LLee He TO/bKO A0CTaTOYHO 3hheKTUBHO
abcTparMpoBaTh MPeACTaB/EHME CNOXKHbIX
B3aMMOCBSI3ell BHYTPU CUCTEMbI, HO U UC-
Mo/Ib30BaTb OTAEJIbHbIE 3MIEMEHTbI TakMUX
KJ1aCCMYECKMX MOAXOA0B, KaK AMCKPETHO-
COBbITUHOE MOLENNPOBAHNE U CUCTEM-
Hasg AMHaMMKa 418 MX MaTeMaTMYecKoro
onucaHums.

B HaleM noHMMaHuM rmbpuaHoe MMu-
TaLMOHHOE MOAENMPOBaHME BNSETCA NoJ-
XOOALWMM MHCTPYMEHTOM A/151 OLEHKU U
MPOrHO3MPOBAHUS SKOMOrMYECKOrO COCTOSI-
HMS MPOMBILLJIEHHOTO PermMoHa, TakK Kak
no3BosisieT Hanbonee 3chbekTUBHO mUccne-
[l0BaTb CTPYKTYPY MJIOX0 NoajatoLLencs
thopManuzaLmm CUCTEMbI, YTOObI MOHSITH ee
noBeieHWe 1 NPOBEPUTb ANMHAMUKY MU3Me-



HEHWW MPY Pa3NNYHbIX CLEHapUSX 1, Npu
HeobxoAMMOCTU, ONTUMMU3MPOBATb OTAE/b-
Hble NMoKasaTesu.

®Mopmanusauus 3agauu

3KOJIOrMYeCcKoro MOHMTOPUHTa

MonbiTka dopManusauum NPUYNHHO-
CNeACTBEHHbIX CBA3EM AMHAMUKM 3KOOMU-
YeCKOro COCTOSIHWUS pernoHa no COBOKYM-
HOCTU BCEX MOKa3aTenen AesTenbHOCTU
ropHOA06bIBAOLLMX NPesNpUITUIA Npea-
CTaBNSIETCS BECbMA TPYLOEMKOW U CIIOXHOM
3apaven. B pamkax HacTosiLen paboTbl e-
NaeTcs akLEHT Ha OAHOM U3 Hanboree Baxk-
HbIX 3KOIOrMYECKUX acreKTOB OTKPbITOM
pa3paboTKy MeCTOPOXAEHUW — MNepenade
B aTMocdepy BpeHbIX BELLECTB, MPOU3BO-
OMMbIX BO BPeMs BypOB3pbIBHbIX U TPaHC-
MOPTHO-TEXHONOrUYECKUX PaboT.

Mpepnaraemas Moaenb OLEHKM 3KOMO-
FMYECKOro COCTOSIHUSI FOPHOMPOMBILLIIEH-
HOro pernoHa onucbiBaeT B3aMMOCBS3b
TaKMX KJOYEBbIX COCTABMSIHOLLMX, KaK areH-
TOB-3arpsi3HUTeNen (NpesnpuUsSTUIA OTKPbI-
TOM [00bIYK), areHTOB OKPYXKatOLLEN Cpe-
Obl (OTLENbHBIX FEOCTPYKTYPHbIX EAUHWL,
PErMOHA) U COCTOSIHWUIM areHTOB, UCMOSb-
3yeMbIX A/ UHTErpupoBaHHOW OLLEHKMU
3KOIOrMYECKOrO COCTOSIHUS OKpPYXKatoLLeit
cpenpbl. CoCTosIHME areHTOB-3ar psi3HUTENEeN
onpenensieTcs B BUAE KOAUYECTBEHHOM
OLIEHKM NMPOM3BOAUMbIX BbIOPOCOB Bpes-
HbIX BELLECTB B aTMocdepy B TakT Mo-
[aNbHOrO BPEMEHM, a COCTOSIHWE areHToB
OKpY>KatoLLLen cpefbl onpeaenseTcs no na-
pameTpaM rnepeHoca Mbiav OT areHToB-3a-
rpsisHuTenen. Takum 06pa3oM, ropHOMpo-
MbILLIEHHDbIV PETVMOH NPeCTaBASeTCs Kak
reoMHhopMaLLMOHHas My/IbTUAreHTHasi CUc-
TeMa, BOCMPOM3BOASALLAS JUHAMUKY 3KO-
NOrMYEeCKOro COCTOSIHUA B COOTBETCTBUU
C WHTEHCUBHOCTbIO AeATeNbHOCTU Mpes-
npuatuin. [lng onpeneneHvs nepsoHavasb-
HOM CTPYKTYpPbl MyNbTUAareHTOHON cucTe-
Mbl NpeanaraeTcs 30HasbHOE pa3fesneHue
TEPPUTOPUM pervoHa, Kak rmokasaHo Ha
puc. 2.

Puc. 2. PazneneHue TeppUTopumu ropHOMNPOMbILLIIEH-
HOro peruoHa Ha 3KO/Iorn4eckue 30Hbl: 3o0Ha 1 —
TeppUTOpUS NMPEeanpUaTUS; 30Ha 2 — TeppuTopus,
npuneraroLLas K NpeanpusTUIO U NOABEPXKEHHas 3a-
rpA3HEHUIO; 30Ha 3 — TeppuUTOPUS permoHa

Fig. 2. Ecological zoning of mining region area: zone
1—area of industrial plant; zone 2— adjacent area ex-
posed to pollution; zone 3 — area of region

Bca reouHbopMaLMOHHas MynbTUareHT-
Has cucTemMa obnafaeT TakMMU NapameTpa-
MM, KaK 0bLas nnoLlaab permoHa, Maccvs
KOOPAMHAT, ONWCbHIBAOLWUN eANHUYHbIE
y4acTKu (TOYKM) 3TOM NAOLWAaM U nonaga-
HME B HWUX FOPHOLOObLIBAOLLMX MPeanpus-
TUM OTKpbITOro TUNa. [ns Kaxaon Touku
KOOPAMHAT BBOAUTCS MapaMeTp OLEHKM
3KONOrMYECKOro COCTOSIHMS B MOMEHT Bpe-
MEHW B BWIE OTHOCUTE/IbHOW KOHLEHTpa-
UMM BpenHbIX BellecTs B Bo3anyxe. [lanee
reoMH$opMaLMOHHas cMcTemMa MpeacTas-
ngetcsa B BuAe MypoBa npocTpaHCTBa Kak
cpefia MynbTUareHTHOro B3aMMOZENCTBYS.
AreHTaMu cUCTeMbI BbICTYNatOT eLUHUY-
Hble Y4acTKu naowaam (npu aKcnepumeH-
TaJlbHOM MOAENUPOBaHUM C MacluTabom
B 1 KM?), KOTOpbIE B3aMMOAENCTBYIOT ApYr
C LpYyrom nocpencTBOM Mepefayv Bpesn-
HbIX BELLEeCTB B aTMoCdepe.

Ha ocHoBaHWM MCXxo[HOrO MaccuBa
KOOpPAMHAT OnpenenseTcs CTpyKTypa (pac-
MOJIOXKEHWE) HaYasIbHOM MOMYNSLMKN areH-
TOB B MPOCTPAHCTBE, NPELCTaBNAOLLEE CO-
60W YCNIOBHO CTaTUYECKYHO YaCTb CUCTEMBI.
OuHamuka cuctembl hopmynupyetcs ye-
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Puc. 3. MypoBa mogenb coceactsa
Fig. 3. Murovian space model of neighborhood

pe3 U3MEHEHWE COCTOSIHUM areHTOB (3KoNo-
FMYECKYHO OLEHKY) Npu nepenaye obbema
BpeAHbIX BELLECTB M BblpaXaeTcs KaTero-
pUaNbHbIMU NMPU3HAKAMM: KHE 3arps3HEHY,
«MOABEPXKEH 3arPSIZHEHMIO» U K3arPSISHEHY.
B HauanbHOM nonynsuMu areHToB BblOu-
paeTCs UYMUCIO «3arpssHsowmx» (B 3aBu-
CMMOCTM OT PACMOIOXKEHUS U MJOLLAAM
rOpHOA06bIBAOLLMX NPennpusTun), KoTo-
pble BOCMPOM3BOAAT B KaXKAbl TakT MO-
[aNbHOro BPEMEHW HEKOTOPbIM 06beM Bpes-
HbIX BELWECTB M PacnpoCTPaHSOT ero Ha
cocenen.

MocTpoeHue

MMUTALUOHHOM Mopenu

Mcxopa 13 ycnoBui HeobxoamMocCTm
MHTEHCUbUKALMM AOBLIYHBIX PaboT, B Ka-
YyecTBe eAMHMLLbI MOAENbHOro BPEMEHM t
BblbpaH Mecsl, 06ycnaBAMBaOWMI Kak
CBOWCTBA CaMMX TEXHOOMMYECKMX NpoLec-
COB, TaK M BO3MOXXHOCTb OMepaTUBHOMO
[ONrOCPOYHOro NporHosupoBaHus. Konu-
yecTBo areHToB N B HayanbHOM Mmonyns-
LM ONpenensieTcs B COOTBETCTBUM C 3aHM-
MaeMoMn perMoHoM reorpacuyeckomn nio-
Wwaapto S, roe [ — Monynsums areHToB:

N(i) = S. 1)

Mcxons us KonuyecTsa n' U 3aHUMae-
MbIX MJOWaAen s Kapbepos, OMpeaeum
KOJIMYECTBO 3arpsA3HAOLLMX areHTOoB [ :

P=3s (). 2)
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CTOUT OTMETUTDL, YTO S M N MOTYT BbITb
33aHbl KaK B BUAe CTaTUYeCKMX NnapameT-
pOB, TaK U B BUAE AMHAMMYECKM HaCcTpa-
MBaeMbIX, C LESIbI0 UCCNeNOBaHUS BO3AEN-
CTBWSI Ha PErMOH BCIEACTBUE YBENUYEHUS
WM COKpalLeHMs MacwTaboB [o6bIUU.
B npepnnaraemon mogenu areHTbl pacno-
JIOXEHbI B BYMEPHOM AMCKPETHOM MPOCT-
paHCTBe, NPeacTaBnstoLLErO U3 cebs Mac-
CUB siueeK (CrpynnMpoBaHHbIX KOOPAMHAT
x, y). CocenHuve areHTbl onpeaenstoTcs
cornacHo mogenu Mypa (puc. 3).

B npepcTtaBneHHon Huxe dopmyne
k — konu4yecTBO B3pbIBOB, MPOBOAUMBIX
npwv B,o6bIYe MOME3HbIX MCKOMaeMbIX B e4u-
HWLLY MOAANbHOIO BPEMEHW, y, — CpeaHee
3HauyeHMe 0bbeMa BpeaHbIX BELLECTB, MO-
CTynawoLwmx B aTMocdepy npu nposese-
HWM OQHOrO B3pbiBa. TaK Kak MpoOLEeCcChl
[06bIYM MONE3HbIX UCKOMAeMbIX He CTa-
LIMOHAPHbI B paMKax 3KCMepuMEHTa, k 3a-
[AeTCs CNyYyanHbIM 06pa3oM Ha UHTepBa-
ne ot 0 8o 2 co cpeaHUM 3HayeHMeM B 2.
3HaueHWe nNapameTpa y, ONpeaeneHo Kak
CYMMapHbIM BbIOPOC 3arpssHSAOLWMX Be-
LLEeCTB BO BPEMS B3pbiBa M BapbupyeTcs
cnyyanHbiM 0bpa3om B AuanasoHe oT 1
[0 2 T B eAMHULY MOZA/IbHOrO BPEMEHM.
O6beM 3arpasHsOWMX BELLECTB, MOCTY-
natowuin B atMocdepy npu nposeLeHUn
B3pbIBHbIX PaboT v, B €aMHMLY MOAANbHO-
ro BpeMeHMU t, MPeACTaBEH B CNEAYIOLLEM
BUE:

v,=k*y,. (3)

AHanornyHbiM 06pasoM 3amaeTcst 06b-
€M 3arpsisHSIOLLMX BELLECTB, NOCTynato-
WX B aTMOCdepHbIM BO3LYX B npoLecce
(DYHKLMOHUPOBaHWS 0OGBEKTOB FOPHOTpPaH-
CMOPTHOrO KOMNIEKCA V,:

2= Yy “)

roe j — KOMMYECTBO eAMHUL, TEXHUKM;
Y, — CPeLHEe KONMYECTBO 3ar A3HSIOLLMX
BELLECTB, BblbpacbiBaeMoe eAMHULEN TeX-
HUKM 3a Mecsal,

3HaueHu1e napaMeTpa y, 33AaeTCs B Ana-
nasoHe ot 1,5 0o 3 T B eaMHULY Moganb-



Horo BpemeHu. HeobxonuMmo oTMeTUTb,
YTO KOIMYECTBO eAUHML, TEXHUKU SBNSIET-
S LieNeBbIM HaCTPanBaEMbIM NMapaMeTpoM
B YCJIOBMSIX MHTEHCUbUKALMKU paboT, HO B
paMKax 3KCMepUMEHTaNbHOrO MOLENMPO-
BaHMS TaKXXe 3a[aeTcs CayvanuHbIM obpa-
30M Ha mnHTepsane ot 0 go 50, uTo MoxeT
ObITb 0OYCNOBNEHO MNIAHOBbLIM W aBapuii-
HbIM PEMOHTOM TEXHWKM, a TaKXKe ApYru-
MW TEXHONOTrMYECKMMU MPOCTOSIMU.

Takum obpasom, 3HadveHus y,, y, 3a-
[,aBaauCh B BUAE Cly4alHOW NepeMeHHOM
C MOMOLLIO TPeyrofibHoM yHKLUUKM pac-
npeneneHus BEpOSTHOCTEMN.

[ns oueHkn npupocta 0b6bLEMOB Bpea-
HbIX BELLECTB B eMHMLY MOAAIbHOIO Bpe-
MeHW, MPOU3BOAMMbIX OAHWM TOPHOLO-
ObIBatOLLMM MPEANPUSTMEM, UCTMOMb30BaHa
cnepytowas dopmyna:

dv ./dt=v +v,=k*y +j*y. (5)

Torpa Kak Ans KaKAoro oTAenbHOro

areHTa-3arpsi3HUTENs MpUPOCT 3arpsizHe-
HWSI, COOTBETCTBEHHO, UMEN BUA:

dv ZV1+V2 Zk*71+jY2
v 3 -3 )

dt i {
HononHutenbHo B 06LLYy0 Moaenb Gbin
BKJ/ItOUYeH (hakTop HanMuus BeTpa, OKasbl-
BalOLLMM BK/IMHEHME Ha YpPOBEHb 3arpss-
HEHHOCTM aTMocdepHOro Bosayxa (MmeeT-
CS B BUAY pacCceBaHMWe BpelHbIX BELLECTB
B atMocdepe). OfHako Npu aKCnepuMeH-
Ta/bHOM MOAE/IMPOBaHMM pacyeT MpoBo-
auncs ana Havbonee HebnaronpuATHbLIX
(Bns paccenBaHMs MpuMecei) NMOrOAHbIX
YC/IOBWI, TO eCTb Ans 6e3BeTpeHHOW no-
rozbl. [Mpv 3ToM GbIT yUTEH NONPaBOYHbI
6e3pa3MepHbIv KOIPULMEHT @, paBHbIN
0,2, 0bycnaBnmBatoLLMI OCaXKAEHNE KpyT-
HOZAMCMNEPCHOM Mbl/IN B HEMOABMXXHOM BO3-
nyxe. KoapduumeHT MoxeT 3a1aBaTbCs B
3aBMCMMOCTM OT MNpenenbHO JOMyCKaeMon
KOHLIEHTpaLMM NpuUMecen B aTMOChEePHOM
Bo3ayxe. [Ins onvcaHusa npouecca nepe-
[la4M COCTOSIHWS MEXKy areHTaMm MUCrosb-
30BaHO (PaKTUYECKOe pacCTosHUE KaXA0ro

*

Puc. 4. lNaHenb HaCTpoek MOAENY U BU3Yann3aLmMM pe3ybTaToB MporoHa
Fig. 4. Board of model setting and run outcome visualization
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Puc. 5. Busyanuzauus nporoHa mogenv B MypoBom npocTpaHcTBe

Fig. 5. Visualization of model run in Murovian space

areHTa OT areHTOB-3arps3HUTENEN, KOTOPOE
OrMpeaensieTcs Yepes B3BELLEHHYHD CyMMY
pa3HUL, KOOPAMHAT:

Z\/(x[ —x.) = (y:~v.)
[=-1 _ . ()
L
OueHKa 3KONOMMYECKOTrO COCTOSHMS
Ka>Xgoro areHTa ei paCCt-IVITbIBanaCb no

cnepytowen hopmyne:

ei(t)ze[(t—1)+% 1-di o, (8)

i

npuv 3TOM BBEAEHDbI CNeayrOLIME KaTeropu-
aJibHble OLeHKMN:

>1— areHT 3arpsa3HeH

e(t):

=1- noaBep>eH 3arpsisHeHUto
<1- He 3arpsasHeH

MHTerpanbHas oLeHKa 3KONOrnYecko-
ro COCTOSIHUS pervoHa onpeneneHa yepes
B3BELUEHHYHO CYMMY COCTOSIHUI KaXKA0ro
yyacTka pervoHa (areHTa):

L
Zei
1 .

L

E= )
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MporpamMMHas peanusaums NpenioXeH-
HOW MOZENU U 3KCMepuUMeHTasbHble QyHK-
LIMOHaTbHbIE MPOrOHbI 1S OLEHKM ee pabo-
TOCMOCOBHOCTM OCYLLECTBASNINCD B CPELE
AnyLogic. Ha puc. 4 npogeMoHcTpupoBa-
Hbl OTAE/bHbIE NO/Ib30BaTeNbCKNE UHCTPY-
MeHTbl AMHAaMUYECKOW HaCTPOMKM Mnapa-
mMeTpoB Mopaenwu (beryHku) u Bulyanusa-
LMK pe3ynbTaToB MPOroHa Moaenu.

B uensx BO3MOXHOCTU AMHAMMUYECKO-
ro BHECEHMS U3MEHEeHUN B XOA MoAenu-
poBaHus (YC/I0BHOIO YNpaBsitOLLErO BO3-
LEeVCTBUS) BO BPEMS BbIMOJHEHWUSI MOLENM
[LOCTYMHO YMCNEHHOe BapbMpOBaHUe Ta-
KMX MapaMeTpoB, Kak KONMYeCTBO 3arpss-
HSIOLLMX areHTOB, KOJNIMYEeCTBO MpPOM3BO-
OMMbIX B3PbIBOB M €AMHUL, AOOLIYHON U
TPaHCMOPTHOM TexHWKU. JdunHamMuka us-
MeHEeHMs KONMYeCTBa He3arpsi3HeHHbIX U
3arpsi3HEHHbIX Y4acTKOB pervoHa (co-
CTOSIHUI areHToB) chopMMpoBaHa B BULE
[MarpamMmbl NMOTOKOB M Hakonutenen. Ha
puc. 5 npoaeMoOHCTpMpOBaH TECTOBbIN
MPOroH MOAENU C Bu3yanusauuen npen-
CTaBneHusi reouHGOPMaLMOHHOM MYNbTH-
areHTHOM cpeppbl B NpocTpaHcTBe Mypa.

O6cyxaeHue pe3ynbTaToB
B xope akcnepuMeHTanbHOro Mogenu-
POBaHMWS OMpPefesieHo, YTO NPeLIOXKEHHas!



KOHLIENTYya/lbHast Mogenb paboTocnocobHa
“ oTBEYaeT LensMm uccneposanus. OnHako
Mosly4YeHHble pe3ynbTaTbl, O4EBUAHO, HE
OTPaXkarT BCH C/IOKHOCTb AVHAMUKM 3KO-
NOTUYECKOTO COCTOSIHWSI PErMOHa BBUAY
OTCYTCTBUS B MOLENW peasibHbIX hakTuye-
CKUX JaHHbIX O AesTeNbHOCTU FOPHOMPO-
MbILLIEHHbIX NPELNPUSTUN, @ TAKXKE TaKMUX
napamMeTpoB, Kak TBEPAOCTb U KPEnocTb
pa3pabaTbiBaeMbIX MOpof, Ka4eCTBEHHbIE
XapaKTepUCTUKM [06bIBAEMOro NMoe3Ho-
ro MCKOMaeMoro, COCTaB MCMOb3yeMbIX
B3pbIBYATbIX BELLECTB, CMNOCOD M cxema
B3pbIBaHMWS, XapakTEPUCTUKU OYUCTHOMO
060pynoBaHuUs, UCMONb3yeMOro Npu npo-
BEAEHUM CreLuanbHbIX MEPONPUSTUN, He-
MOCPEACTBEHHO HarpaBneHHbIX Ha NpefoT-
BpalleHWe 3arpsisHeHUs aTMocdepHoro
BO34yXa. Tak)Ke MOXXHO OTMETUTb, YTO AN
bonee TOYHOrO OMMUCAHUS pacrnpocTpaHe-
HWS 3arpsi3HEHUI B aTMOChEPHOM BO34yXe
HeobX0AMMO yUUTbIBATb reorpaduyeckme u
KIMMaTM4eCckue 0COBEHHOCTU perMoHa —
penbed MECTHOCTU M TEMMEPATYPHYHO CTpa-
TubUKaumto atMocdepbl.

B uenom e, nonyyeHHas reovHdop-
MaLMOHHast MyNbTUAreHTHas MoZiesb OLEeH-
KM 3KOMIOTMYECKOro COCTOSIHUSI FOPHO-
MPOMbILLJIEHHOrO PervoHa nokasana CBO
(DYHKLLMOHAbHYO MPUIrOAHOCTb, OHa BrOJ-
He HarnggHa M 3HauuTeNbHO obneryaet
BOCMPUATME MONYYEHHbIX B pe3ynibTaTe
MOZLENMPOBAHUS JaHHbIX U, MPU CYLLECT-
BEHHbIX JOpPaboTKaX, MOXeT ObITb MHTEr-
PUPOBaHa B NPOLLECChl YNpaBaeHUs Npous-
BOZLCTBOM /15 MPOrHO3MpPOBaHuWs Nocnes-
CTBUW UHTEHCUUKALUK paboT.

3akoueHue

B pamkax npoBefieHHOro MCCNen0BaHus
ObLIM NONyYeHbl CiefyroLLMe pe3ynbTaThl:

CITMCOK JIMTEPATYPbI

MpoBeaeH aHaNM3 KPUTUYECKM BayKHbIX
MapamMeTpOB MOHUTOPUHIA SKOJOrNYECKO-
r0 COCTOSIHMSI FOPHOMPOMBbILLIEHHbIX pe-
FMOHOB, B XOA€ KOTOPOro oTobpaHbl Takme
napameTpbl, KOTOpble, C OAHOM CTOPOHBI,
0Ka3blBalOT Hambosbllee BO3OENCTBME Ha
COCTOSIHME OKPY>KatoLLer cpefpl, a C Apy-
rov, MOryT BbITb NpPeAcTaBNEHbl K BUAY,
NpUrogHOMYy AN NPOBEAEHUS UMUTALM-
OHHOrO0 MOLE/IMPOBAHMUS, a TaKXKe JIerko
MHTEPMNPETUPYEMbI C TOYKM 3PEHMUSI MpPO-
LLeCCOB YMNpaBieHUS FOPHOA00bLIBAOLLMMM
NpeanpuUsaTUAMKU OTKPbLITOrO TUMA.

PaspaboTaHa rubpuaHas MMUTaLMOH-
Has MaTeMaTMyeckas Momesib 3Kosormye-
CKOrO COCTOSIHMSI TOPHOMPOMbILLIEHHOTO
pernoHa, BK/toYatoLLas B cebs oTAeNbHble
Nnoaxombl M MpUKNaLHblE UHCTPYMEHTbI
TakMX METOAOB, KaK CUCTEMHAs AMHAMUKa,
JANCKPETHO-COBBLITUMHOE M MYNbTUAreHT-
HOE MOAENNPOBAHMS.

OcyuwecTeneHa nporpaMMHas peanu-
3aLMa NpeaoXXeHHOW Mofenu, Nno3Bons-
tolllas AMHAMMYeCKn HacTpauBaTb Mapa-
MeTpbl B XOAe MTEpaTUBHbIX MPOroOHOB,
a TaKkXKe NMpenoCTaBNstoLLas JIerko UHTep-
NpeTupyeMyto BM3yanusaumio pesysbTa-
TOB [/19 OMepaTUBHOIO MPOrHO3MpPOBaHUA
3KO/IOrMYECKOro COCTOSIHWSI perMoHa npu
NPUHSATAM PELLIEHMI MO YNpaBeHUIo Npes-
NPUATMEM B YaCTU MHTEHCUPUKALMKM Npo-
M3BOACTBEHHbIX paboT.
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