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Annomayus. B paboTe IpoBeIeHO KaYeCTBEHHOE M KOJIMYECTBEHHOE HCCIIEJOBAHUE MOIENICH
B3aUMOJICMCTBUS MOMYJIALMI, COCTABIAIOIMIMX OCHOBY COBPEMEHHOW MAaT€MATHUYECKOW 3KOJIOTHH.
BpInosiHeH KaueCTBEHHBIN aHAIN3 MPOCTEUILIEH MOJIEIIH KIIACCHYECKON MOJIECIIH «XUIIHUK—KEPTBa»
Bonpereppbi—JloTkn MeTOIOM €€ MpUBEIEHUS K BHIY, COJEpXKalleMy OJUH YHPAaBIISIEMbII
napamerp. OO60CHOBaHAa HEOOXOAMMOCTH IEepexo/a OT MAIbTY3MAaHCKUX MOJENEeH K MOJENSM C
noructrudeckoi ¢pyHkueit pocra. [lokazano, 4To B JaHHOI crUcTeMe UMEETCs CTallMOHApHAs TOUYKA.
ITocTtpoena mpocredmas MOJENb C Y4YETOM IUIOTHOCTH 3acCelIeHUs TEPPUTOPUU KEPTBAMH U
(GYHKIIUU CMEPTHOCTH XMIHUKOB B 3aBUCMMOCTH OT BEJMYHMHBI MOMYJISAIUU kepTB. [Ipemioxkena
MOJEJIb CUCTEMBI XHIIHUK — HECKOJIBKO KepPTB. MoJenb alaiTHpOBaHa Ha Y4e€T B3aUMOACHCTBUSA
XUIIHUKOB C HECKOJbKMMHU BHJIAMH JKEPTB C YYETOM TOIO, YTO JKEPTBBI TAKKE OKA3bIBAIOT
naBieHue Apyr Ha apyra. [loctpoena ¢yHKIMS, KOTopas MO3BOJISET 334aTh MPeNei «HACHIILICHUS
apeaina 0co0SMH, B OCHOBY KOTOPOM MOJ0XKEH paBHOBECHBIM YPOBEHb MOMYISAINI KakK )KepTB, TaK U
XUIIHUKOB. [IpoBeeHO HCCIIEIOBaHHE HEKIACCHYECKOM MOJAEIN  «XMUIIHUK—KEPTBA» C
Tpouueckoit (yHKIUEH XWIIHUKA, 3aBUCSIIEH OT COOTHOLIEHUS IUIOTHOCTEH MOMYJISIIHA
XUITHUKOB U KEPTB.

O6ocHoBaHa 11€71€CO00PA3HOCTh HCIOJIB30BAaHUSI B KAayecTBE AHAIUTUYECKOH IU1aThOpMbl
MCCIIEIOBaHUM CHCTEMBl HIMUTALMOHHOTO MOJIeupoBanus AnyLogic, mo3BoJIsAONIEH 3a1eiICTBOBATh
BCE M3BECTHBIC KOHIENMUMU MOJAenupoBaHus. IIpoBeNeHO KOMIUIEKCHOE  HCCIIEIOBAaHUE
kiaccuueckor Mozaenu Bonbreppsi—JloTku. [locTpoens! (a3oBble MOPTPETHI CUCTEMBI C YUETOM
M3MEHEHUsl NapaMeTpoOB CUCTEMBbl M HaudaJbHbIX ycioBUil. [IpoBeneH mapamerpuueckuili aHanus
BIUSHUSA KO3(pPUIMEHTOB MOJENM Ha YHCIEHHOCTh nomynsauuid. IlpeacraBieHbl pe3yabTaThl
MOJICTTUPOBAHUSI M BBITIONHEH aHAIU3 MOJIENe C JIOTUCTUYECKOW (YHKIMEH pocTa YHCICHHOCTH
MONYJISALIMA, MOJAEIN «XUIMHUK — JIBE YKEPTBBD), MOJEIH, YUUTHIBAIOUIEH BIIMSHUE JOCTYITHOU
IUIOUIad. BBINONHEHO KOJIMYECTBEHHOE HCCIEJOBAHUE HEKIACCHYECKOH MOJEIN C Y4YETOM
BIIUSIHUS TTapaMeTPOB, UICXOAHBIX JaHHBIX M HAYaJIbHBIX YCIOBHS Ha (ha30BbIil MOPTPET CUCTEMBI.

Abstract. The work carried out qualitative and quantitative study of the patterns of interaction
of populations that form the basis of modern mathematical ecology. A qualitative analysis of the
simplest model of the classical model of the “predator—prey” Volterra—Lotka by bringing it to a
form that contains a controlled setting. The necessity of transition from Malthusian model to model
with the logistic growth function. It is shown that in this system there is a stationary point. It builds
a simple model taking into account the population density of the territory of the victims and
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predator’s mortality functions, depending on the size of the prey population. A model of the
predator—multiple victims. The model is adapted on account of the interaction of predators with
several kinds of victims, bearing in mind that victims also put pressure on each other. Built function
that allows you to set a limit of “saturation” of the range of special, which was based on the
equilibrium level of the populations of both victims and predators. A study of non—classical model
of the “predator—prey” with trophic predator function, which depends on the ratio of the densities of
populations of predators and prey.

The expediency of using as an analytical research platform of simulation system AnyLogic,
allowing use all known modeling concepts. A comprehensive study of the classical model of
Volterra—Lotka. The phase portraits of the system taking into account the change system parameters
and initial conditions. Parametric analysis of the influence coefficient model on populations. The
results of the modeling and the analysis of models with logistic growth function of population size,
model “predator—victim two” model taking into account the effect of the available space. The
quantitative study of the non—classical model, taking into account the influence of the parameters of
initial data and initial conditions on the phase portrait of the system.

Knroueswie cnosa: MOJIEIH  MaTeMaTHYeCKOM  DKOJIOTHH, CUCTEMHO—IMHAMUYECKOE
MOJICIIUPOBAHUE.

Keywords: models of mathematical ecology, system dynamics simulation.

MareMaruueckass 53KOJIOTHSI MOJEIUPYET SKOJOTHYECKHE MPOLECChl, T. €. HU3MEHEHUs
B [IPUPOJI€, KOTOPBhIE MOTYT MPOU3OUTHU MPU U3MEHEHUM SKOJIOIMUECKHUX yciaoBUH. CTaHOBIEHHE
MaTEMaTHYeCKOM »JKOJIOTUM IO TpPaBy CBS3BIBAIOT C pPa3pabOTKOM MOJENIH COBMECTHOTO
CYILIECTBOBAHUS JBYX OMOJIOTMUECKUX BUAOB (MOMYJISALIMA) TUIA «XUIIHUK—KEPTBA», Ha3bIBAEMOU
Takke Mozensio BonbTeppbei—JloTku [1]. UMeHHO ¢ 3TUX ucclieqoBaHuii B 00JaCTH 3KOJIOTUYECKUX
npo6ieM 1 Hadaa GOpMHUPOBATHCS MaTeMaTHYEeCKas SKOJIOTHsI.

B Hacrosiiee BpeMs 1ocienoBaTeNs My UCCIIeI0OBaHUI B 00JIaCTH MaTeMaTUYECKOM 3KOJIOTUU
IIPEAJIOKEHBl MAaTEMATHYECKUE MOJEIN («XUIIHUK—KEPTBA», YYUTHIBAIOIIME B3aUMOJEHCTBUE
MONYJSAILMM HAa OTPAaHUYEHHOW TEPPUTOPUU M BIMSHUE AHTPOIIOINEHHOTO AABJICHUS; MPUHLIUIIBI
ITIOCTPOEHUsI MATEMATHYECKUX MOJENEH Ul B3aWMMOJCHCTBYIOIIMUX MOMYJISALUNNA CTalIW IPUMEHSTH
B 33/1a4ax MEAUIMHBI U COLMATbHO—3KOHOMUYECKUX UCCIEAOBaHUAX [2].

NHTepec k 3ajayaM MaTeMaTHYE€CKOM IKOJIOTHU TIEepEIIesl Ha HOBBINM 00jiee BHICOKUN YPOBEHB
akTyanbHOCTH B 60-¢ roapl XX Beka, KOTJla CTald CYIIECTBEHHBI M «3aMETHBD» JKOJOTHYECKHE
IIOCJIE/ICTBUSL  JEATEIBHOCTH YEJIOBEKA, CBA3AHHBIE C €ro TEXHOI'C€HHBIM BO3JCHCTBHEM Ha
ouocdepy.

Knaccuueckast monens Bonbrepprei—JloTku siBuiiack 0a30il 11 MOCTPOEHHUS U MPOBEIEHUS
LIMPOKOTrO CIIEKTPa UCCIEAOBAHUI HOBBIX «HEKJIACCHUECKHX)» MOJIEEH, HAPUMEp, BBIMOJIHEHHBIX
A. B. Hopunsim u M. U. Jlebenesoii [3].

Kpome maTemaTnyeckux mMonened M MareMaTH4eCKOTO MOJIETUPOBAHUS JI MUCCIEIOBAHMS
CIIO)KHBIX CHCTEM B HAcTOSIIEe BpeMs JOCTaTOYHO A(P(PEKTUBHO MPHUMEHSETCS WMUTALUOHHOE
MOZCJIIMPOBAHUE, IO3BOJIAIONIEE, [0 CYTH, INPOBOAUTH DKCIEPUMEHTBHI IO OIPEACICHHIO Kak
[1apaMeTpoOB, TAK M CTPYKTYpPbl MOJEIM HCCIEAYyeMON CUCTEeMBbl. VIMHUTalMOHHBIE MOJAEIH
o0ecreynBaoT BO3MOXKHOCTh NPOBEJCHUS MMapaMeTPUYECKOro aHallM3a U ONTUMU3ALUH PEIIeHU
10 BBIPAOOTKE YIPABISIOMIUX BO3JCHCTBUI C I1EJIBI0 YMEHBIICHUS TOCIEACTBUNA HM3MEHEHUN
9KOCUCTEMBI.

NMuTanMoHHOE MOIETMPOBAaHUE OCHOBAHO HA TPEX KOHLIETIIMAX

— IUCKPETHO—COOBITHITHOE MOJICIMPOBAHUE;

— areHTHOE MOJIEJINPOBAHHUE;

— CUCTEMHAasl TUHAMUKa.

B HacrosimeMm uccienoBaHuM UCIIOIb3YETCSl KOHLENINS MOJEIUPOBAHUS MTPOCTEUIINX 33124
MaTeMaTUYeCKOW SKOJIOTUM, OCHOBAaHHAs HAa CUCTEMHOW TUHAMHUKE, KOTOpas IMO3BOJIIET CTPOUTh
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JONTOCPOYHBIE CTPATETUIECKUX MOJIENIM M UMEET BBICOKUN YPOBEHb abcTpakiuu. B mpuHumne mis
WCCIIC/IOBAaHUIA B JTAHHOM IMPEIMETHON 00JacTH MOYKHO HCIIOJIb30BaTh M JPYrue KOHIICNIIHHU, a
TaKkKe Co37aBaTh KOMOMHHPOBAHHBIE MOJICTHN. B KauecTBe MporpaMMHON Cpebl IS TPOBEACHUS
HCCIIeI0BaHMUsS BBIOpAaH MaKeT MMHTAIIMOHHOTO MojenupoBanus AnyLogic (mat. odd. caiita The
AnyLogic Company: http://www.anylogic.ru/system-dynamics), MMO3BOJSIONINI ONEPUPOBATH
MOJIEJISIMU BO BCEX CYHICCTBYIOIINX KOHIICTIIIUSX MOJICITUPOBAHUSI.

1. Mamepuan u memoouxa
Uccneayem npocreiiiiine MO, TPUMEHSIEMbIE B MATEMAaTHYECKON SKOJOTUU JIJIsI OLICHKHU
BIIUSIHUSL BHYTPEHHUX MapaMeTpoB Cpeabl OOUTaHHUS W IOCIEICTBUN BHEIIHUX YIPABISIIOMINX
BO3/ICUCTBUI HA MJIOTHOCTH MOIMYJISIIIUU KUBOTHBIX.

1.1. Knaccuueckas mooenv «XuwyHuKk—oicepmea
PaccmaTpuBaeTcs 3aKphITBIN apeas, B KOTOPOM OOUTAIOT «OKEPTBBD 1 W XHUIHUKA ) .
BBogsdrcs ynpoaromue J0nyImeHus:
— KEPTBBl TUTAIOTCS TOJBKO PACTHTEIBHOW WHUIIEH, JOCTYIHOW B HEOTPAaHHMYCHHOM
KOJINYECTBE;
— XMIIHAKY TUTAIOTCS TOJIBKO )KEPTBaMH.
[TocTporM MPOCTEHIITYIO CUCTEMY B3aMMOICHCTBHSI XUIITHUKOB H KEPTB:

d
& k. x—q xy
dt ’
(1)
dy ’
o k,yx—q,y
roge X= x(t), y= y(t ) — (YHKIMKM M3MEHEHHUsS TUIOTHOCTEH ocoOeil ()KepTB M XHUIIHUKOB,

COOTBETCTBEHHO) BO BPEMEHH /.

kx s qy — MaJIbTY3HUaHCKHC ITapaMCTPhI;

q,, ky — KO3 (PHUIHUEHTH MEKBUA0BOIO B3aUMOAEHCTBHSL.

Cucrema HeNMHEHHBIX AuQQepeHInanbHbIX ypaBHeHUH (1) sBisieTcss Kiaccu4eckou
MOJIETIBIO (OKEPTBA—XUIIHUK» W IMPHUMEHSAETCS JUIsl PELIEHUS LENO0ro CIEKTpa 3aJad, CBSI3aHHBIX C
KOHKypeHuued. [lo cyTm HMMEHHO ¢ HcCleloBaHUS MOJENEH 3JIEMEHTapHBIX OHOJIOTHYECKHUX
cooOmiectB (1) Havana GopMupoBaTbCS MaTEMAaTHUECKast SKOJIOTHSL.

KauecTBeHHBIN aHAJIN3 CUCTEMBI Y100HO BBIMOIHATH, IPUBEAS €€ K BUIY [2]:

%zu—uv:u(l—v)
dv ’

%:uv—pv:v(u—p)

2)

20e U=—X;V="SY;T=—,
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9y
P =7 — napamemp.

k

X

Cucrema ypaBHeHM# (2) HMMeeT CTalHOHAPHYIO TOYKY O(L_t = p;\7=1), SIBJISIFOLIYFOCST
«1eHTpom» [4].

[Tpu ManbIX OTKIOHEHUSIX U =U +U U V=V +V NOJIY4UM:

L i (i +1) (7 +7)
& (@ +a)(7+7)-p(7+7)
Otkyna
s
dt P
av
—=u
dt

3HAUUT B OKPECTHOCTU TOUKH O(LT , \7) MIPOUCXOIUT KojeOaHue IUIOTHOCTEH MOMYJISALMNA 1o
3aKOHY:

f(t)=Asin(\/;‘t+(p)‘

OueBunHo, muddepeHMAIEHOE YpaBHEHHE IS KPUBOW Ha (Da30BOH IUIOCKOCTH (u,V)
OTIPEICITUTCS CIEAYIONUM 00pa3oM:

du

ul-v
y

U—p‘

dv

B nanHOM citydae oOIuit MHTErpajl CUCTEMBbl UMEET BUIL:

Bce (hazoBbie TpackTopun 00pa3yroT 3aMKHYTHIE TUKIHI [S] (PucyHok 1).
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Pucynoxk 1. TunoBoii (pa3oBbiif TOPTPET CHCTEMBI.

Knaccudeckas mopenb «XHIMHUK—KepTBa» (1,2) mpu Bceil ee MpocTOoTe M HEIOCTaTKaX
HOCHYXXHJIa XOpOLWIUM (YHAAMEHTOM M CTUMYJOM Ui JajJbHEHIIEro pa3BUTUS TEOPUHU
MaTeMaTU4eCKON IKOJIOTUU.

1.2. Mooenw ¢ noeucmuyeckoii pyukyuet pocma
OueBHIHO HA TUIOTHOCTH MOMYJSALUU BIUSAET HE TOJBKO POKIAEMOCTh U CMEPTHOCTh, HO U
OTPaHUYEHHOCTh TMHIIEBBIX U JPYTHX PECypCOB, TOTJA C YY4ETOM MEXKBHJIOBOTO B3aUMOJICHCTBUS
ypaBHEHHUE, ONPEALTAIONIEe CKOPOCTh U3MEHEHUS MOMYIISIINY KEPTB MPUMET BU/I:

dx X y
—=kx-pxx—-qgxy=kx|1-——=
dt X px Qx y X m l
k k
2oe Dx — napamemp; m=— ]=-x
px’ qx

JlaHHast MOZETh TIO3BOJISIET IEPEHTH OT MOJIENIM HEOTPAHHUEHHOTO POCTa TOMYJISIHH KEPTB K
MOJIEJIN C HACBIIIEHHUEM, 00YCIOBICHHBIM OTPAaHUYEHHOCTBIO PECypcoB (MUIIM) U 60pbOOI 32 HUX

MeXIy keprBaMu. Ilapamerp P, MOXHO MHTEPHPETHPOBATh KaK KOA(PPHUIMEHT B3aUMOJEHCTBHSA

BHYTpPH MOIYJISALUY.

—dx—kx— XX—q.x
P 2 q.xy
d

7);=kyyx_qyy

OuyeBuHO, B TAaHHOM CJTy4ae UMEETCs CTallhOHapHasi TOUKa:

q, kk,-pg,

k'™ qk

y y
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1.3. Mooenw ¢ yuemom niomnocmu 3aceieHusi meppumopuu Hcepmeamu

Hyete D =D(x,S) =% — IUIOTHOCTb 3aCEJIEHUS TEPPUTOPUM IUIOMIAJBI0 S KEpTBAMHU
X
B KOJIMYCCTBE X U f (D ) = f E — (bYHKI_[I/ISI CMCPTHOCTH XUIITHUKOB B 3aBUCUMOCTH OT BCIIMUMNHBI
MOMYJISILIUY JKEPTB, TOTJA:
dx
—=kx-Dy
dt
dy )
ZL=ky-s(D
dl y ( )
rie k., ky — MaJbTy3WaHCKHUE MapameTpbl (K0d()PUIMEHTHI pPOXKIAEMOCTH) Ul pOCTa

KOJINYECTBA KEPTB U XUILHUKOB, COOTBETCTBEHHO. OueBuaHO, uTo B Mojenu (1) koadpdunuent ¢,

1
MOYKHO MHTEPIIPETHPOBATH KaK BEJIWYMHY OOPaTHyIO K 5, T. €. g = —.

1.4. Mooenv «xuwyHuK — HeCKOIbKO JHcepmey

PaCCMOTpI/IM MOACIb BSaHMOHCﬁCTBHH XUIMHUKOB C HECKOJBKHMMU BHAAMHU XKCPTB IIPpHU

YCJIOBHH, YTO KEPTBBI TAKXKE OKa3bIBAIOT JABJICHHUC APYT Ha Apyra U YUUTHLIBACTCA «HACBIIICHUE
apcajia KaK JXCpTBaMH, TaK U XUIITHUKaAMH.

Cj;;i :kixi —g;%Y—X i a;x; —f(xi,Hi)—f—Ri;(i:l’m);
i#j=1
y . 3)
g yy+yzpjgjxj_qyy_F(y,Hy).
=

31ech BBEIICHBI CIICAYIONINE 0003HAUCHHS JIS <OKEPTBY:
X, (i =1, m) — KOJIMYECTBO 0co0ei i-ro BU/a;

k; — xo>(dummenTs! poxaaeMocTH;

{; — naBieHUEe XUIIHUKA;

d;; — K0P HUIMEHT JaBIECHUs HA OCOOH i-TO BHJIA CO CTOPOHBI 0COOEH j-TO BUIa;
R, — pedyruym ocobeii i-ro Buna;

H

; — PaBHOBECHBIIl ypOBEHb BHJOB (MakCHUMajbHas YHCIEHHOCTb, OOYCIIOBJIEHHAs
€MKOCTBIO CpeJibl);

f(x;,H;) — neyObIBaromias (GyHKIIUS TIEPBOTO apryMEHTa U HEBO3paCTAIOIIasi BTOPOTO.

Jns xumauka:
Y — YHCIO XUIIHUKOB;

k y — Koahduiment poxaaeMocTy;

4, — xK0dhDUIUEHT CMEPTHOCTH;

13
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P; — HaBieHHE Ha 0co0u j-To BHJIA;

g; — K0dpGUUMEHT YCHIICHHS NaBJICHHE TIPH BO3PACTAHUH KOJIMYECTBA JKEPTB;

H y — PaBHOBECHbIN YPOBCHB;

F(y;H,) — neyOpiBaromas (GyHKIKSA NIEPBOTO apryMEHTa U HEBO3PACTaroIas BTOPOTo.

1.5. Hexnaccuueckas mooenv «XulyHUK—#cepmeay
Uccnenyem moaens [3] ¢ Tpodudeckoit GhyHKITMEH BrIa:

cxy
1+dx
dx
—=ax—-bxy—k x
dt T
d c
b_cy .,
dt  1+dx
Tak kak lim lcxz = 2 y U ‘. k,, TO TIPH TaKOM YCIIOBHH OyIeT SKCIOHEHIMATBHBIM POCT
X—>00 _|_ x
YHCIEHHOCTHU MOMYJISIIMY XUIIHUKA.
Ouesuono T = k, Y= a—k,
c—dk b

%=a()?+5c‘)—b(x+£)(y+y)—kx(’7+’z)
dy _ c(x+ ~)(}7+)7)_k (5+7)

B pabote [3] moka3zaHo, 4To cucTemMa npeodpa3yercs K BHIY:

%=(a—b37—kx)i—bf~y

dy _ cdx k |5+ cy i
dt \d (1 +dx ) ! (1 +dx )
1 0CO00# TOYKOW CUCTEMBI SIBJISIETCS LIEHTP.

2. Pezynomamet u ux oo6cysicoeHue
[IpuBeneM OCHOBHBIE pPE3YNbTaThl JKCIEPUMEHTOB IO MOICIUPOBAHUIO UYHCICHHOCTH

MOMYJISIIUANA B Cpeie UMUTALIMOHHOTO MoJieupoBanus AnyLogic.

2.1. Knaccuueckas mooeinb «XUWHUK—HCEPNEA Y
Ha Pucynke 2 npejacraBieHa CHCTEMHO—IUHAMUYECKast MOJIENb B cpene AnyLogic.

14
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Pucynok 2. [IpuHImnNmanpHas cxeMa MOJIEITHPOBaHUS.

OLeHUM OCHOBHBIE pe3yJbTaTbl MOJECIUPOBAHHUS MNpPU CIEAYIOIIUX HCXOAHBIX JTaHHBIX,
npeacraBieHHbIX B Tabmune 1:

Tab6mumna 1.
NCXOIHBIE JAHHBIE J1J151 MOJEJIMPOBAHU S
X k}’ qx qy xO y 0
0,1 0,0001 0,001 0,05 500 50

OueBHIHO, B JTaHHOM ciay4ae X =500;y =100.

Ha Pucynke 3 npencrasiieH ¢pa30BbIil IOPTPET MOJIEIUPYEMON CUCTEMBI, 8 TAKKE BPEMEHHOM
rpaduK W3MEHEHUs YUCIEHHOCTH MNONY/SIUMHA KepTB M XMIMHMKOB. llepemeleHue To4ek IO
($ha30Boil TPACKTOPUHU TPOUCXOAUT ITPOTUB YACOBOU CTPEIKH.

Pucynox 3. OcHOBHEIE pe3yIbTaThl MOACITUPOBAHUS KJIACCUIECKOW CHCTEMEL.

B nanHOM cityyae 10Jisl YMCIACHHOCTH XHMITHUKOB B CTAIlMOHAPHOM PEXHME, OYCBHIHO, OyIeT
paBHa:

<

N —

X+y

H3MeHeHune 3TOro mokas3areis Bo BPCMCHU IMPCACTABIICHO HA PI/ICYHKC 4,
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I
o al 100 150 20C
= AonA xHWHHKOE — (ZTaUHOHAPHOE 3HAYEHHE

Pucynoxk 4. J1o1s XUIITHUKOB B 00IIEM YHCIIe )KHBOTHBIX.

Dddexr yBenuueHHs YHciIa XHWITHUKOB MPHUBOAUT K IEPEXOJy Ha BHEIIHIOW OpOUTY Ha
¢bazoBoii nuarpamme (Pucynox 5).

# s Yucno mepTe = F (UMcna XHIHMEDE)
2,000 s ;
- 1 * - 1
< -
1,500 4---g----—- R SEEEEE SRR L EEEEEEEEEE,
L] 1 I m
L] 1 1
L] 1 1 -
L] 1 -
1,000 4--F---gFF 71— " —----- moo s s S oo
1 0 *
| L]
| -
500 1 -§-- m-po-o-oe- i--
| [
0 . IIIIII+......
0 100 200 300

Pucynok 5. BiusiHue yBenuueHus 4nciia XUITHUKOB.

Ha Pucynke 6 BHIHO, YTO B JaHHOW CHUTyallMd IIOCIIE YyBEJIMYEHHs YHClIa 0coOed B
HOMYJSAUN XHUIIHUKOB CHUCTEMA IEPEXOJUT Ha HOBBIM YCTAaHOBUBLIMHCA PEXHUM C OOJBIIUM
3HaYEHHUEM IIOTHOCTH 0CO0€el 000UX BHUIOB.

Pucynok 6. [lepexon Ha HOBBIH PEKUM TPU YBETHUEHUH YUCIIA XUITHUKOB.

BosmoxHocTn cpeasl AnylLogic TO3BOJIAIOT HPOU3BOIUTH HE TOJIBKO WMHTALMOHHBIE
HKCHEPUMEHTBI, HO M OCYHIECTBIATh MApaMETPUUECKUI aHaIM3 U ONTHUMM3ALMIO PEIICHUs II0
3aaHHol 1eneBoi GpyHkiuu. Ha Pucynke 7 npencrasieH ¢pparMeHT UTOTOBOTO OTYETa O BIMSHUU

kod(dullMeHTa MPUPOCTa KEPTB HA TIIOTHOCTh UX MOMYISIUN X = x(kx, t) .
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Pucynok 7. Bnusinue ko3¢ dunyeHTa npupocta Ha YUCIIO KEPTB.

2.2. Moodens ¢ nocucmuueckotl pynkyuet pocma
Peanuszyem B AnylLogic Monenb ¢ JOTUCTHYECKOW (YHKIMEH pocTa 4Yuciia KepTB IO
MCXO/HBIM JaHHBIM, TIpeAcTaBiIeHHbIM B Tabmuie 2.

Tab6muma 2.
MCXOJHBIE JAHHBIE J1J151 MOJIEJIMPOBAHIS
X ky qx qy p X xO y 0
0,1 0,0001 0,001 0,05 0,001 500 50

B nannom ciydae ¢aszoas kpuBas (PucyHok 8) mmeer Buj cnupaiu, 3aKkpyduBarouieics mo
4acoOBOM CTpeNKe OT MCXOJHOM TOYKM K CTallMOHAPHOU 0(500; 95); Kose0aHUs IUIOTHOCTH

MOMYJISIIMM 3aTyXaroT.

Pucynok 8. ®a30Bblif OPTPET CHCTEMBI X BPEMEHHOH TpaduK.

2.3. Modens ¢ yuemom niomHocmu 3aceieHus meppumopul Hcepmeamu
PaccmotpuMm mpocreiinnyro peanuzanuio B cpene AnyLogic Moaenu ¢ yd4eToM IIJIOTHOCTH
JKEPTB CO CIEAYIONUMHU UCXOAHBIMH JIaHHBIMHU, TIPE/ICTaBICHHBIMU B Ta0muie 3.

Tabimna 3.
JAHHBIE JIJISI PEAJIN3 ATV MOJIEJIN
kx k y S X0 Yo
1,25 0,25 10 600 17

OyHKIUS CMEPTHOCTH XHUIIHUKOB B 3aBHCHMOCTH OT IUIOTHOCTH KEPTB 3ajiaHa TaOJIMYHO
(Tabnwuma 4).
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Tabimna 4.

TABJIMYHBIE JAHHBIE JUJIA @YHKIIMW CMEPTHOCTU XUITHUKOB
D 0 10 20 30 40 50 60 70 80 90 100

f(D) 0,5 0,45 0,4 0,35 0,3 0,25 0,2 0,15 0,1 0,05 0,005

B AnyLogic mnpenycMOTpeHBl pa3iIu4HbIE BapUAaHTbl HHTEPIIOJIMPOBAHMS, HAIPUMED,
C IOMOIIBIO CIJIAHHOB, @ €CJIM apryMEHT BBIXOAMT 3a IPaHULbl 3aJJaHHOTO JUaIla30HA, TO MOYKHO
UCII0JIb30BaTh IKCTPAIOJIALHIO.

Ha Pucynke 9 npencrasiieHa NpUHLIMIIMATIbHASL CXEMa MOJEIIH.

Pucynok 9. I'paduueckoe npeacraBieHne UIMUTALMOHHON MOJIEIH.

Bpemennbie rpaduku M3MEHEHUsS YHCICHHOCTH MOMYJSIUNA U (Da30BBI MOPTPET CHUCTEMBI
n3o0paxxens! Ha Pucynke 10.

Pucynok 10. OcHoBHBIE TOKa3aTeNN (PYHKIMOHUPOBAHHS CUCTEMBI.

MOXHO NpPOBOJUTH MAapaMETPUYECKUH aHAJIN3 W ONTUMHU3ALUOHHBIE JKCIIEPUMEHTHI JUIS
obecrieueHns TpeOyeMbIX ypoBHEH BenmuunH nomyisiuidi. Ha Pucynke 11 mpuBeneHsl pe3ynbTaThl
JKCIIEPUMEHTA 110 YBEJIUYCHUIO JOCTYIHOM IIIOLIAAU MIPOKUBAHUSA — CUCTEMA BBIILIA HA HOBYIO
opOuUTY (TPAEKTOPHIO).
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Pucynoxk 11. Baustare OCTYITHOM TUTOIIAH TIPOKUBAHUSL.

VBenn4yeHne uuciia JKEepPTB IPUBOAUT K IEPEBOAY CUCTEMbI Ha BHYTPEHHIOIO OpOUTY
(Pucynox 12).

Pucynok 12. BapeupoBanue yucia xepTs.

2.4. «Mooenb xuwHux — 08e Jcepmaenl »
Hccnenyem Monenb «XUITHUK — HECKOJIBKO YKEPTBY» JJIsl HATJISIIHOCTH B3sIB JIBa BUIA KEPTB
(3) c yueTrom uX JaBiieHUs APYT Ha APyra U HACHIIICHUS apealia KepTBaMU U XUIITHUKAMU

dx k x?
7; =kx, —q,%y —a,x,x, — 111111

dx, k,x;
L —lkx,—q,xX,V—a,xx, ——=2 ,
i 2Ky TG XY — Ay XX, H,

dy k,y’
0 k,y+pxgy+px,gy-q,y—4 [y{y

T. €. QYHKIINY HACBIICHHUSI PEACTABIICHBI B BHJIE:
2
= kyy .
H

y

k.x?
f(xi’Hi):%(i:Lz);F(y’Hy)

Ha Pucynke 13 npuBeaeHa npUHIMIHAIBHAS CXeMa MOJICITH.
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Pucynoxk 13. Cxema MoJesu XUIHUK — ABE KEPTBHI.

Ha Pucynke 14. mpuBeneHbl BpPEMEHHBIE 3aBUCUMOCTH YHCJICHHOCTH MOMYJISIUNA >KEPTB
(BBIOENICHBI 3€NIEHBIM I[BETOM) M XHMINHUKOB. CHUCTeMa U3 HAyalbHOT'O COCTOSHHUS MEPEXOAUT B
PEXKUM C MOCTOSTHHBIMU TJIOTHOCTSIMH.

a00

400

200

—xl =10y —xZ

Pucynoxk 14. I'paduk nepexoqHoro mnpoiecca.
2.5. Heknaccuueckas mMooenb «XUWHUK—IHCEPMBA»

Hccnenyem Heknaccnueckyro monens [3]. Ha Pucynke 15 npencrasnena cucrema ypaBHEHUN
MOJIEJIN U €€ IIPUHIUIINANBHAS cXeMa B cpene AnyLogic.
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Pucynoxk 15. Hexmaccudeckast MOJIeIb M UCXOIHBIE TAHHBIE JIJIST MOACITUPOBAHUS.

[Tpu BBEIOpAaHHBIX MCXOTHBIX JAHHBIX CTAIMOHAPHOW TOYKOH OyJIeT TOYKa C KOOpAWHATAMU
y=2;x=0,5.

Tunuunslil BUI (a3oBbIX HOPTPETOB (C LEHTPOM) MpescTaBieH Ha Pucynke 16.

Ha Pucynke 16 cneBa mpencraBiieHbl aBe (ha3oBbie TpaekTopuu. OnHa — MpH BBIOPAHHBIX
MCXO/IHBIX JAHHBIX U HaYaJIbHBIX YCJIOBUSX, BTOpas — MOCJIE YBEJIMYEHUS YKcia kepTB. BinusHue,
HampumMmep, yBenudeHus kodgduurenta ¢ 3 10 4 npeAcTaBiIeHo Ha pucyHke ciupaBa. OueBUIHO, B
JaHHOM ciydae y =2;x <0,5.

se oy =F{x)

Pucynoxk 16. ®a3oBbie TOPTPETHI CUCTEMBL.

3. Bvi6oowbl

[IpoBeneHHOE KauyeCTBEHHOE M KOJIMYECTBEHHOE MCCIEIOBAHUE MPOCTEUIINX Mojaenen
MaTeMaTU4eCKOU SKOJIOTUU TO3BOJIAET CBSI3aTh BOCIMHO MAaTEMAaTUUECKUM aHAIMTUYECKHUH amnmapar
HCCIEAOBAHUI M BO3MOXHOCTH COBPEMEHHBIX HACOJOTHMM WMHUTALUOHHOTO MOJEIMPOBAHMS.
[IpakTrueckoii 6a30¥l Ay MPOBENCHUS MOJCTUPOBAHUS SIBUJIICS METOJ CUCTEMHON JTWHAMUKH,
MO3BOJISIIOIIUNA CTPOUTH CTPATETHYECKHUE HMHUTAIIMOHHBIE MOJETH HEOOXOAMMBIE Ml TPUHATHS
YOPaBICHUYECKUX PEIICHUH B OOJACTH COKpAIICHHS W HWCKIIOYEHHS BO3MOXHBIX HETATHBHBIX
BO3JIEHCTBUI HA SKOCUCTEMY.

Pa3paboTka MOXET CIy>)KUTh OCHOBOW JUISI MICCIIEIOBaHUs OO0Jiee CIOXKHBIX CHUCTEM, a TaKKe
JUUIST ICTIOJIB30BAHUS IPUHITUIIOB ar€HTHOTO 1 KOMOWMHUPOBAHHOTO MOJICIIUPOBAHUS OMOCUCTEM.
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