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Hogvle no0xo0vt K usyueHur0 OUHAMUKU CYKUECCUll OCHOBAHbL HA OPUSUHATbHOU KOHUENYUU CUCHIEMHOU OUHAMUKU, KOMOPYIO
UCNONIB306aU NPU PA3PAOOMKE UMUMAUUOHHBIX MOOeNEll, OMPANCAIOUWUX OUHAMUKY RACMOULHBIX IKOcucmeM. Bpemennasn
OUHAMUKA NOYEEHHO-PACMUMETbHO20 NOKP08A ecmecmeeHHbIX nacmouwy Yépnvix 3emeny Kanwvikuu ompascaem dezpadayuonnvie
npoyeccovl, KOmopule UccieoyIomea UMUMAayUOHHIM Modenuposanuem. IIpoyeccel dezpadayuu nacmouwuy 6 cybapuonom nosce 102a
Poccuu onucvieanu o0viKnoseHHbIMU OUphepenyuanvhvimu ypasnenuamu. Ima KOHYEenyus evicmynaem 6a3o6oil 6 pazpadomke
umumayuonnovix mooenei. /Junamuxky usmenenusn d¢hexkmusnvix nokpvimuil onsa pumoueno3oe nacmouuy Yépuvix 3zemens 6
npoyecce decpadauuu RPOCIENHCUBATU OM UCXOOHBIX RACMOUUy 00 NOTHO20 ORYCMBIHUGAHUA. AHANUmMUYECKUe peuleHus 01
DA3IUYHBIX YCI06UIL CYKUECCUOHHOU OUHAMUKU NPU 0eZPadauuu eCmecmeeHHbIX NACMOUUHBIX Y200Ull RPeOCMAasaAIMCA YOOOHbIM
mecmom npu oyenKe a0eK6amHoOCmu UMUMAYUOHH020 modenuposanus. Hcxoonvie epemennsle paobl KOCMUUECKUX HAOII00eHU
3a Ihhekmuenvimu nOKpLIMUAMU PUMOUEHO308 UCRONB308ANU OJIA NAPAMEMPUZAUUU UMUMAYUOHHBIX Modeneil. Moodenu
Peanu3oeansl ¢ cucmeme uMumMayuonnozo mooenuposanus AnyLogic. Ilpoyecc pazpabomku modenu ocHo6an Ha 8U3YaAaIbHOM
NPOZPAMMUPOGAHUU C UCNOTIb306AHUEM ZpahuuecKkozo unmepgheiica nonvioeamens. Hugopmayuonnsie nomoku 6 cpeoe Any-
logic nepepacnpedensiomcsa ¢ meuenuem 6peMeHU N0 cucmeme HAKORUMENell, C6A3AHHBIX MeMHCOY COOOI OpUEHMUPOBAHHBIM
epaghom mooenu. Bvruucnumenvhulii IKCHepuUMenm, 0eMOHCMPUPYIOWUTL PE3YTbManmsl UMUMAWUN C PA3TUYHLIMU RADAMEMPAMU,
UCHONB308AIU 0151 OPUCHIMUPOBOUHOU (KAUECMEEHHOI) OUCHKU IKOCUCHEMHOU ycmouuugsocmu. Pezynoemamur ananumuyueckozo
MOOenupoBanus ¢ UCNOIb306aANHUEM 00bIKHOGEHHBIX OUPPepenyuanbHbIX ypasHeHuil u UMUMAYUOHHOE MOOEeTUPOSaANUe NOKA3AIU
6b1COKYI0 udenmuunocmo. Hccnedosanue OuHamMuKku RACMOUHBIX IKOCUCIEM C UCHOTb308AHUEM 8APUAUUOHHO20 IKCHEPUMEHMA
0eMOHCIPUPYEm 603MOMHCHOCHIL GU3YAIbHO20 (KOZHUMUEHO020) ROOOOPA NAPAMEMPO8 MOOeNU, omeeyauiell ycioeuam
CMauuoHapHocmu RACMOUWHLIX IKocucmem. Hayuenue ounamuku cykyeccuii RACMOUHBIX GUMOUHO308 PACCMAMPUBAEMBIM
Menooom OmKpPbLeaem HO8blE 803MOHCHOCIU 0TI PeUleHUs 3a0ay ONMUMATILHOZ0 UCRONb308AHUA DUOPECYPCO8 U YCHOUYUBOCIU
RACMOUWHBIX IKOCUCHEM.
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New approaches to the study of succession dynamics are based on the original concept of system dynamics, which was used in the
development of simulation models reflecting the dynamics of pasture ecosystems. The temporal dynamics of the soil and vegetation

cover of the natural pastures of the Black Lands of Kalmykia reflects the degradation processes that are studied by simulation modeling.

The processes of pasture degradation in the subarid belt of Southern Russia were described by ordinary differential equations. This
concept is the basic one in the development of simulation models. The dynamics of changes in effective coatings for phytocenoses of
pastures of Black Lands in the process of degradation was traced from the original pastures to complete desertification. Analytical
solutions for various conditions of succession dynamics in the degradation of natural pasture lands are a convenient test for assessing
the adequacy of simulation modeling. The initial time periods of space observations of effective coatings of phytocenoses were used
to parametrize simulation models. The models are implemented in the AnyLogic simulation system. The model development process
is based on visual programming using the graphical user interface. Information flows in the Anylogic environment are redistributed
over time through a system of storage devices interconnected by an oriented graph of the model. A computational experiment demon-
strating simulation results with different parameters was used for an indicative (qualitative) assessment of ecosystem sustainability.

The results of analytical modeling using ordinary differential equations and simulation modeling showed a high identity. The study
of the dynamics of pasture ecosystems using a variation experiment demonstrates the possibility of visual (cognitive) selection of the
parameters of the model that determines the conditions of stationarity of pasture ecosystems. Studying the dynamics of successions
of pasture phytocnoses by this method opens up new opportunities for solving problems of optimal use of biological resources and
sustainability of pasture ecosystems.
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[IpoOmemsbl oImycTRIHMBAaHUS FOro-3amana EBporeiickoit
yacti Poccun B mociieTHreE To/1bI CYIIECTBEHHO 000CTPHIINCH
B CBsI3M C M3MeHeHueM kinuMmata [1, 2, 3]. UepHble 3emiuu

Key words: simulation modeling, differential equation systems,
dynamics of succession, extreme points, biodiversity, bioresource
management.

KaJ'IMBIKI/II/I, 06J1a11a}01u1/1e YHUKaJIBHBIMUA NPOAYKTUBHBIMA
CCTCCTBCHHBIMU HaCT6I/IHIaMI/I, B TCUCHUC MHOT'HUX JICT IIO/-
BEPrajiuCb aHTPONOICHHOMY BOBHCﬁCTBHm (HPCBLIH.ICHI/IG

* paboma evinoanena ¢ pamxax I'ocyoapcmeennoeo 3adanus Ne 122020100450-9 «Paspabomra Hogot Memooorocuyu onmuMaibHo20 YnpagieHus
buopecypcamu 8 azporanouagdmax 3acyunusoi 30Hel PO ¢ ucnoav3osanuem cucmemMHo-OUHAMULECKO20 MOOCIUPOBAHUSL NOUBEHHO-2UOPOLOULECKUX
npoyeccos, KOMNIEKCHOU OYeHKU BIUAHUA KIUMAMUYECKUX USMEHEHUL U AHMPONOLEHHBIX HAZPY30K HA A2POOUOTIOUYECKULl NOMEHYUAI U J1eCOPACU-
mejibHble YCI06UAY.
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MacTOMIHOW HArpy3KH, pacmamika u 1p.). IIpodrema co-
XpaHeHHs NMoYBeHHO-pacTuTenbHbIX cucteM (ITPC) B atoit
30HE pelIaeTcsi C MPUBJICYCHHEM MAaTEeMaTHUeCKOro Mojie-
JMPOBAHUS MIPOLIECCOB UX Pa3pyILICHHs U BOCCTAHOBJICHMS,
KOTOPBIE COMPOBOXKAAIOTCS CYKIIECCHOHHBIMH CMEHaMU
¢uroneHo3os [1, 2, 3]. B codeTanun ¢ COBpeMEHHBIM TeX-
HOJIOTHYECKUM M MH(POPMALMOHHBIM MPOPBIBOM CHCTEMHAs
nuHamuka Doppecrepa [4] mpenocTaBiseT UCCIeI0BATENI0
YHUKaJIbHBIE BO3MO>KHOCTH IS TOCTPOCHMUS UMUTALIMOHHBIX
MOZeNel JUHAMUKH 9KOIOTHYECKHX MporeccoB. Mimuranu-
oHHble Mozienu ferpaganun [TPC peanu3oBaHbl ¢ IprUMeHe-
HHEM CHCTEMHOH TMHAMHUKH, KOTOPYIO B ITOCIJICIHUE TOMBI
MIMPOKO UCTIONB3YIOT B pa3/iesiax JMHAMHUYECKON IKOIOTHH.
CucreMHast JMHAMHUKA TOMOTAeT MOHSTh, KaK Pa3BUBACTCS U
9BOJIIOLIMOHHUPYET PACTUTEIILHOCTh B ECTECTBEHHBIX YCIIOBUSIX
C Yy4EeTOM KIMMaTHYECKUX M3MEHEHHH M aHTPOIIOTCHHBIX
Harpy3ok. B HaieMm ciiyuyae IMHTAIIMOHHAsI MOJIEJIb TIPENIO-
CTaBJISICT CCIIEI0BATEIIO IEHHYIO MH(POPMAIIUIO O ANHAMHUKE
macTOMIIHBIX 3K0ocucTeM. ITocie uctbITanns Ha KOHKPETHBIX
IIpUMepax OHa MOKET OKa3aThCs aJleKBaTHOM HaOIIOIeHUAM
W HA000POT, BBIIBISI «(PU3HKY» IIPOIIECCOB C IIOCTPOCHH-
€M BO3MOXKHBIX aJIbTEPHATUB.

B arposxonorun, Hapsiy ¢ HaOJIIOICHUEM, U3MEPEHHEM
1 9KCTIEPHIMEHTOM, MaTeMaTHYECKOE MOICITUPOBAHIE BBICTY-
MAeT CaMOCTOSATENBHBIM METOJJOM HAYYHOTO HCCIIEJOBAHUS
[5, 6, 7]. IMuTarioHHYIO MOJIENIE MOKHO PaCCMATPUBATh KAk
METOJI, OOBEUHSIONINI MaTeMaTHKy U 9KCIIEpPHUMEHT. -
(hEeKTUBHOCTB PE3yIbTATOB UMUTALIMOHHOTO TIPEICTABICHHS
BO3pAcTaeT ¢ YBEIWYEHHEM JOCTYNHOCTH MMHUTAIIMOHHOTO
MOJICIIMPOBAHHUS M PA3BUTHEM KOMIIBIOTEPHBIX TEXHOJIOTUH
[7]. st arpOdKOSIOTHH 3TO OCOOSHHO BaYKHO, TaK KaK 4acTo
00BEKT €€ MCCIIEOBaHUSI MOXKET OBITh HEJIOCTYIECH U3-3a
OTCYTCTBHSI JIJaHHBIX O €TO CTPOSHHH, IWHAMHKE PA3BUTHS
WU TIPOCTO, €CIU 00BEKT MPEKPATHII CBOE CYILIIECTBOBAHHE,
HarpuMmep, B pe3ysIbTaTe dKOJOTMYEeCKOW KaTacTpodsl [8,
9, 10]. Ilpenmy1iecTBO UMUTALMOHHOI'O MOJEIUPOBAHUS
3aKIIOYaeTCs B TOM, YTO HCCIIEN0BATEIb MOXKET 3KCIEpHU-
MEHTHPOBATh Ha BUPTyaJIbHOM 00pase B Buje (GpopManbHOM
MaTeMaTH4eCKOH KOHCTPYKIIUH.

Nmuranmonnas MoJielib OTpaXkaeT CBOMCTBA OpUTHHAIIA
(0OBeKTa), yUnTHIBas €T0 CTPYKTYPY U B3aUMOJICHCTBHUE C
OKpYXXCHHEM, ONHCHIBACT JUHAMMKY (PYHKIMOHUPOBAHUS
1 9BOJIIONMIO B TPOCTPAHCTBE U BpeMeHu. CyKieccun, Kak
IpUMep TaKKX Mporeccos, B nactonuaeix [1PC anexBaTHO
OIUCHIBAIOT OOBIKHOBEHHBIE An(PepeHIInaIbHbIC ypaBHe-
uus (OJ1Y) Ha sa3p1ke cuctemuoit aunamuku [4]. Crnenyer
OTMETHUTb, YTO OOBEKTHI UMHUTAIIMU B arPOAKOJIOTUH MOTYT
OBITH BeCbMa Pa3IMYHBIMU IO CBOCH IPHPO/Ie (OMOTHYECKH-
MH U a0MOTHUYECKUMH, TTPOCTPAHCTBEHHO-TIPOTSKEHHBIMH
1 JIOKJIbHBIMH, TOYBEHHBIMH, PACTUTEILHBIMH, JICCHBIMHU,
CTEITHBIMH | JIp.). DIEMEHTHI arpo3KOCHCTEM B3anMOJECH-
CTBYIOT MEXy 000 MO rOPU30HTANIN U BEPTUKAIN pa3-
JMYHBIX MEPapXUUYECKUX ypOBHEW ux opranuzanuu. OHH,
KaK IPaBHJI0, BEICTYNAIOT aJeKBAaTHBIMH U U3MEHSIOTCS BO
BPEMEHM U MPOCTPAaHCTBE. ATPOIKOCHCTEMBI B IIPOIIECCE
9BOJIIOIMH TIEPECTPANBAIOTCS, MPOSIBISS B CBETE OOMICH
TEOPUH CHCTEM SMEPPKEHTHOCTD M CHHEPTeTHYECKYTO CaMo-
opranmsaruio [6, 11, 12].

Llenp uccnenoBanus — pa3padoTaTh UMHTAMOHHYIO
MOJIETIb JIETPaallid MOYBEHHO-PACTUTENILHBIX CHCTEM Ha
nacTOMIIAX, TOIBEPKEHHBIX AHTPOIIOTEHHOMY BIMSHUIO H
N3MEHEHUIO KIIMMAaTHYECKHUX YCIIOBHUI.

Metoauka. Bo3sM0OXHOCTH UMUTAIIMOHHON MOJEIIH Jie-
rpaganuu [TPC ¢ ncnonp3oBaHWEM UMHUTAITMOHHOW CPEIIbI
Anylogic 8.0 nemoHcTpHpyroTCs Ha TpuMepe UEPHBIX 3eMeltb
Kanmpiknn. [TakeT IMUTAIIMOHHOTO MOJIEITMPOBAHUST (PUPMBI
XJ Technologies AnyLogic nmeet ynoOHbIN nHTEpdEiic
C OpPUTHHAJBHOM peanu3anueil cucteMHol auHamuku [4]:
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B HavaJie co31a€Tcst MOZIETh, a 3aTeM (WM MapajuIebHO) Ha-
CTpaMBaeTCsl TPE3EHTAINS — HaTJIsITHbINA MOKa3 pe3ysbTara ee
paboTHI B rpauecKOM PeXXIME ¢ THHAMUKOW BO BPEMEHH.
[Iporpamma mO3BOJISIET CO3/1aBaTh MOJEIHN U MPE3CHTALINH,
MIPE/IOCTaBIIsIE Pa3padOTYMKy TOTOBBIC OJIOKHM B BHJIE Tpa-
(DPMYECKUX IJIEMECHTOB, B KOTOPBIX CKPHITA BBIYHACIUTEIbHASL
9acTh MOJICTIF, MAaCCHBOB ISl TpaMIECKUX TOCTPOCHUHN 1
ontuMu3aiyi. [laker umeeT psii NpeaBapUTEIbHO HACTpa-
MBACMBIX IA0I0HOB, TOMOTAFOIINX 3HAYUTEIFHO YCKOPUTH
peanm3ariro MoaeH. BakHOH 0COOEHHOCTHIO BBICTYTIACT TO
00CTOSITENBCTBO, YTO AITOPUTMBI pa3padaThIBAEMOI MOJICITH
Y BEIYUCIICHUI peaTi30BaHbl Ha sI3bIKE Java. DTo MO3BOJISIEeT
n30eXKaTh OMMOOK BBEIYUCIHTEIFHOTO XapakTepa, yCKopss
OTJIAJKy MOJAETH. BupTyanbHbIif anroput™ MamvH Java oT-
CIIe)KHBACT W MPEIOTBPAIIACT COOM OT MOJOOHBIX OIIHOOK.
VMHATanMOHHBIE MOJEIH CYKIIECCHOHHBIX MPOIIECCOB B
nactonmHbXx [TPC ObuIM COCTaBIIEHBI C UCIIOIBL30BAHHEM
AHAJIMTUYECKOro MojiesiupoBanust [12].

Herpanaruro [TPC u3ydanu o JaHHBIM JUCTaHIIMOHHOTO
3oHaupoBanus 3emin ([[33) B Buzme TpeHnaa (BpEMEHHOTO
psna) rromaned macTOWINHBIX (PUTOLEHO30B YETHIPEX
KJ1accoB omycTeiHUBaHHS (S1 — cmabocOuThIe 371aKOBO-
MIPYTHAKOBO-OEIIOTONBIHHBIE NacTOMIa, S2 — YMEPEHHO |
CHIIBHOCOUTHIC 31aKOBO-OCIIOTIONIBIHHBIE W THIPCOBEIE, S3
— CWIILHOCOHTHIE mmacTouna u S4 — pa3outsie mecku). [Ipu-
YHHBI JICTPa/Ialiy, TPUBOJISIIIE K HAOII0AaeMbIM KPUBBIM
TpeHa, 00CyXIeHbI B padoTax [12, 13, 14], B KOTOPBIX BEI-
SIBTICHBI Pa3IUYUsl TUHAMHUKH CYKIIECCHI B 3aBUCHMOCTH OT
CXeMBblI CBsi3ell B oprpade Mojieni, 0OHapy KeHa 4yBCTBUTEb-
HOCTh CYKIIECCHOHHBIX TIPOIIECCOB K ITACTOUIITHOM HAarpy3Ke.
HccnenoBannas B 3ToM KOHTeKcTe yctoiunBocTh [IPC n
MOJTy4EHHBbIE Pe3yIbTaThl CTUMYIHPOBAIN HCHOIb30BaHNE
MMHUTAIIOHHOTO MOJCIHPOBAHUS B CBETE PCIICHUS IMPaK-
TUYECKHUX 3a/1a4.

YcroitunBocth I[TPC kak criocoOHOCTH cOXpaHsITh OHO-
Maccy BCIICACTBIE CAMOBOCCTAHOBIICHHS (UTO BEChMa BasKHO
JUTS PeIICHHUS 3aa9 ONTUMAIBHOTO MPHPOIAOTIOIB30BAHIS)
obecrieyrBaeT CTalMOHApHOE (YHKIIMOHUPOBAHUE arpo-
naggmadroB B meoM. Cucrema OJ1Y, ucrons3oBaHHas B
MIPEABIIYINX HCCIeNoBaHusX [12, 14], ©MeeT «KeCTKyIo»
KOHCTPYKIIHIO, HE MO3BOJISIONIYI0 U3MEHSATh MapaMeTphl
MoOJIeN U3-3a JImHeHocTH. Kpome Toro, B ee pamkax He
YYUTHIBAIH B IBHOM BH/IC BIUSHNE YHCICHHOCTH CKOTA.

[TpeBblieHre MaCTOMIHONW HArpy3KH MPUBOJMT K Jie-
rpajaliiyl MacTOUIIHONW YKOCHUCTEMBI, KOPEHHBIM 00pa3oM
M3MEHSSI €CTECTBEHHOE Pa3BUTHE (DPUTOIEHO30B, KOTOPHIE
HaXoJATCS B TUHAMUYECKOM PABHOBECUH C OKpY’Karomiein
cpenoit (omocdepoit). BlanmmoneicTBUS MEXKITy dJIEMEHTa-
MH OHMOJIOTHYECKHX CHCTEM B IPOIECCE IBOIIONHUU PETy-
JUPYIOTCS 3aKOHaMHU OHMOTEO0IIeH03a, 00eCIIeYHBAIOIIETO
CTallMOHAPHOCTH (YCTOMYMBOCTE) arposkocuctem [10, 15].
OTH 3KOIOr0-OMOOTHYECKIE KOHIICTIIIH BBICTYIAIOT 0a-
30l UMHTALMOHHOTO MOJEIUPOBAHUS MPU UX U3YUCHUH.
Konremnus cucTeMHOH TWHAMUKH, KaK OTMEYCHO paHee,
CITY>KUT METOJI0JIOTMYECKON OCHOBOM MMUTALIMOHHOI'O MOJIE-
JIMPOBAHUS C Y4E€TOM OAJIaHCOBBIX COOTHOIICHUH 1 3aKOHOB
coxpaneHus. He MeHee BaKHYIO POJIb HTPAFOT SKCICPTHBIC
3HAHMSA, YIACTBYIONINE TIPH (HOPMATIH3ALINH 33aUH.

Wcxonnoii nudopmarient st COCTaBICHUsT HUMHUTAIIN-
OHHOHM MOJeNu CIyXWiK JaHHble J[33 B BHIIE MOBTOPHBIX
CHUMKOB, oTpaxaromux Tpeua [TPC [15, 16, 17]. Beraucnu-
TEJIbHBIN 3KCIEPUMEHT, IeMOHCTpUpYtolmii noseaeHue [TPC
Ha BpeMeHHBbIX uHTepBasax 10...100 ner, mo3BoJsieT «pasbl-
rpaTh» UX B PEKUME TPE3CHTAINH 33 CEKYH/IBI MOACTBHOTO
KOMITBIOTEPHOTO BpeMeHu. Bu3yanuzariys B MHTEpaKTUBHOM
peKuMe MaéT BO3MOKHOCTh KOTHUTHBHO HAIIPABISTH KOM-
MBIOTEPHBIA YKCIIEPUMEHT B HY>KHOM HAIpaBICHUH, CITO-
COOCTBYsI OBICTPOMY JOCTIIKEHHEO LIETA MOJICITUPOBAHHS.
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Monens, mpeactapieHa oprpadom (puc. 1), Ha KOTopom
paspyuenue [PC (cTpenku BpaBo) COMPOBOKAAETCS BOC-
CTaHOBJICHUEM (cTpelKku BIeBo). CoxpaHeHHe (PUTOIICHO3a
B CXEMe MOJIeIMpyeTCsi NeTNEN (Iyra ¢ OIMHAKOBBIMH HMH-
nekcamu). CooTBeTCTBYIOIIAs cucTeMa U hepeHIHaTbHBIX
YpaBHEHUI UMEET BUJI:
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ds;
T = 0,

j=1

j=1..4 (1)

rae S, - mIomaab i-ro GpuToIeHo3a, a,- Ko:-)cbcbmumeHTbI,
xapaKTepmsyfomMe MHTEHCUBHOCTH HCPEXOHOB MeXTY i-M
" j-M GUTOLIEHO3aMI.
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Puc. 1. Opuenmuposannslii 2pagh cyKyeccuoHHbIX nepexooos
na nacmouwyax Yepnoix semens Kanmvikuu: S, — nnowaou
z[mmoueuowe, @, — UHMEHCUGHOCMb cylcueccuu npu
nepexooe us3 i-20 6 j-e cocmosnnue (I<j — paspywienue i>j
— eoccmanognenue) [15] (unoekcot na oyzax 0603nauensvt
uugpamu: a, — aij.

ITepBoe ypaBHenue cucremsl (1) dS, /dt=-a,,S, +a,,S,
CUCTEMHOM JMHAMUKH OITUCHIBAET B3aMMOJICHCTBHE MEWKTY
nepBbIM S| (CI1ab0CONTBIE 311aKOBO-NPYTHAKOBO-0€I0I0-
JILTHHBIE naCT6mua) 1 BTOPBIM S, (YMEPEHHO ¥ CHIILHOCOH-
TBIE 3JJAKOBO-0EJIOTIOJILIHHBIC U TLIpCOBLIe) ¢uroneHo3amMu:
C MHTEHCHBHOCTBIO ¢, GUTOLEHO3 S, «OCBOOOKIAET»
MIPOEKTHBHOE HOKpBITI/Ie (3Hak y a, OTpI/II_IaTCHBHBII/I) ¢bu-
ToLEeH03y S,. B cBoto ouepens S, Bo3BpamaeT 4acTh CBOETO
HpOCTpaHCTBa (uTonEeHO3Y B S C MHTEHCHBHOCTBIO @,
(3HaK TMOJIOKUTEITLHBIN). Bemuunnbt S/ W3MEpSIOTCS B ot
HOCHUTENBHBIX eanHunax. OnycThIHUBaHHE O3HAYaeT, 4To
paspylieHue nporekaer ¢ ko3dduuuenrom nerpaganuu
a@,, a BOCCTaHOBJICHHE — ¢ Kod(puumentom a,, bonee pas-
HOOOpPa3HBIMU BapHaHTAMH CyKIleCCI/IOHHI)IX nepexozlms
001a1at0T PUTONEHO3HI S, ¥ S, HMEIONINE CTENEHb MHIIMH-
JICHIIUN Ha rpacbe MO,Z[eHI/I, paBHy}o 4yeTeIpéM. DUTOIIEHO3
S, 1o xyram (a,, M a,,) pa3pyliaeTcs, BOCCTaHaBINBAsACH 110
z[yraM (a,n a, I[II/I(i)(i)epeHL[I/IaJ'ILHBIC ypaBHEHUs 171 S,
(CI/IHBHOC TS HaCT6I/IH.Ia) u S, (pa3OUTHIE TIECKM) cHCTeMBI
(1) xoHCTpYyUpYIOTCS AHATOTHHO.

Cucrema (1) ¢ MareMaTHuecKoil TOYKH 3pEHUs Tpef-
CTaBIsIET COO0M KIaccruecKyro 3a1aqy Komm ¢ HagaapHBIMI
YCIIOBHAMH B BUJIE HCXOIHBIX MIoMaeH S mo gannbiv J[33.
Koaddrumentet ¢ onpenensm Ha Hpe,I[BapI/ITeJ'ILHOM JTarne.
BbII0 yCTaHOBIEHO, YTO U3MEHEHHMs IUIOUIAZICH C pa3HOU
CTEINeHH JIErpajjallii BO BpeMeHH pasiiuyunbl. Kpusbie S, (1) n
S,(£) IBMEHSIOTCSA MOHOTOHHO, G€3 IKCTPEMYMOB: I/ICXOZ[HLI@
naCT6mua 9KCTMIOHEHIINAIIPHO YMEHBIIAIOTCS, a IIIOIAAb
Pa3OHTHIX TECKOB BO3PACTAET I10 JIOTUCTUUECKOMY 3aKOHY C
BBIXOJIOM Ha «1u1atox. s S, u S, kKapTHHA HHast — 00€ KPUBBIE
¢ akcTpeMymamu. [lnomanp S B HAYAJIE [TABHO BO3PACTAECT,
JIOCTUTast HEKOTOPOTO MAKCHMA/TBHOTO 3HAYCHHS yepes 20+5
JIET OT HavaJIa IerpaIaliii, a 3aTeM CIaJIaeT, IPUOIKAsCh K
HyJIeBOH oTMeTKe K 50-My Toy HAOMIOACHUH. AHAIOTHIHO
BEJIET ce0s S, ¢ BKCTpeManbHO# Toukoi 30+5 et [12, 14].

PesyabTaThl u o0cy:xaenue. ViMuranronHoe mojie-
nupoBaHue B cpene AnyLogic ocymiecTBisanm mo paHee
YHOMSIHYTOM cXeMe (CM. puC. 1) ¥ yTOUHSITH B BEIYMCIUTEIb-

HOM JKCIIEpUMEHTE. B pe3ynpraTe NMUTAIIIOHHBIE MOJEITH
TIPEJICTABIISUTH COOOM IPOEKTHI CHCTEMHON TMHAMUKH B BUJIE
cucrembsl OJ1Y (1). I[lepexons! Mexay cCOCTOSTHUAME (UTO-
LIEHO30B MOJICTTMPOBAJIH C HCIIOJIb30BaHUEM HAKOITUTEINEH,
npezcTaBistronmmu codoii perenus OY (1). Hakomurens,
KaK 3JIeMEHT OMOJIMOTEKH CUCTEMHON ANHAMUKH, COACPKUT
HE00XO0IUMYI0 HH(POPMAIIHIO O HAYaJIbHOM COCTOSTHHN 00b-
eKTa ¢ mpaBoi YacTbio AuddepeHInalbHOro ypaBHEeHuSI.
[TapameTprl UM yKka3bIBatoTCs B OKHE CBOICTB COOTBETCTBY-
IOLIEro yIeMeHTa nMuTaru. [loce nepeHoca 3 namuTpel
WHCTPYMEHTOB ¥ J10OABJIEHUS] HEOOXOAMMBIX DIIEMEHTOB
CHCTEMHOH IMHAMHUKH Ha TJIaBHYIO [TaHeITh 3aITyCKaeTCsI Ipe-
3enTanyst. [Iponecc uMuTany JeMOHCTPUPYET U3MEHEHHUE
COIepyKaHMsl HAKOTIUTEIEH B PeXKNME MOJICITEHOTO BPEMEHH.

Ha cxeme mmuTanmoHHoW Momeau st cucteMbl (1),
n300pakeHHON B BUJE rpada (cMm. puc. 1), Hakomurenu S,
S, S, 1S, — mIomaam COOTBETCTBYOIIMX (bnToueHo3OB
l'fapaMeTpLI (a, ) coniepxkat nHpopManuo 00 HHTEHCUBHO-
CTAX CyKIECCHOHHBIX MEPEXOI0B U PACTIONOKEHEI BHYTPH
COOTBETCTBYIOIINX CBsi3el (puc. 2a). Pe3ynbrarel nmMuTa-
LIMOHHON MOJEJH, NPEJCTaBICHHbIE B BHJIE BPEMEHHOTO
rpaduka (puc. 2b), BEICTYAIOT BU3yaJIbHON (KOTHUTHBHOI )
WIITIOCTpPAIMEH IPOIECcCOB Jerpaialiy NacTONIIHON KO-
cucremsl, npu npuommkennn [TPC k katactpoduueckomy
COCTOSIHMIO, KOTJJa €CTECTBEHHbBIC MACTOMIIA TPAKTHUECKU
YHUUTOKEHBI (S)), @ UX MECTO 3aHUMAIOT Pa3OMThIE TIECKH
(S,)- lomoOHas nMHaMuKa MccienoBana OKCIICPHMEHTAIb-
HO C UCTOJIb30BaHneM MapKOBCKHUX Iienei B paborax [16,
17, 18]. Cienyer OTMETHTbh, YTO OOBEIMHEHNE HETPEPHIB-
HBIX M JIUCKPETHBIX (JOpPMaIM3MOB IPH MOAEIMPOBAHUH
CYKIIECCUOHHBIX SIBICHHH OTKPBIBACT HOBBIE, MOKA €I
HE PacKpBIThIE BO3MOXXHOCTH METOJOB MaTEeMaTHYECKOTO
MO/JICTIMPOBAHHMS B 3TOI 001aCTH.
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b)

Puc. 2. Cmpyxkmypa ouazpammol (a) u pezynvmamnut
UMUMAUUOHH020 Modenuposanus (b) cykueccuonnvix
nepexo00e ons nacmouwnou I[IPC
(S, — nnowaou pumouenoszos).

BeiBoawbl. [Taker AnyLogic ciryuT ya00HBIM HHCTpY-
MEHTOM, 3HAYNTEIBHO YCKOPSIOIUM Pa3padOTKy ANHAMH-
YeCKUX MOjesie B AuHaMu4eckon skosioruu. [Iporpamma
MO3BOJISIET OBICTPO pazpadaThIBaTh MOJIENU TIOCPEIICTBOM
00beIMHEHNS 1 HACTPOMKH FOTOBBIX 3JIEMEHTOB CHCTEMHOM
JUHAMUKH, MIPEACTABIASA PE3YJIbTaThl MOJAEIUPOBAHHS B
ynobHom Buae. AnyLogic nmpu HeoOxoaumocTH NaéT Hc-
CJIC/IOBATEII0 BO3MOXKHOCTD pa3padaThiBaTh COOCTBEHHbIC
KJ1acChl 00BbEKTHO-OPUEHTHPOBAHHOTO PO PAMMHUPOBAHHSI.

[TpuBenénnas B pabore UMHUTAIIMOHHASI MOJEIb BBICTY-
MaeT aHaJIOrOM MaTeMaTHIECKOW MOZIENH, Ha 0a3e CHCTEMBI
OOBIKHOBEHHBIX MU (EepeHINATBHBIX YPaBHECHUH B MPH-
OJIVKEHNH MTOCTOSTHHBIX KOA((UIIEHTOB.
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