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Y pocibuuky 3i6paHo MaTemarumi  Monelni _Gionoriquux Ta
€KOMOT0-eKOHOMIYHHX IIPOLECIB Bil NpocTHX A0 CKNATHIUMX, ONMCAHHX
sanayamu Kot s cueremu 3sudaiinmx nudepeHIiansumx pipHsms. o

PosrnsdyTo nuTaHHs BHUKOPHCTaHHA YHCEIBHMX METOZIB i
cyqacanx EOM 1o po3s’a3yBaHHg NPHKIAHIX 3a2a', MaTEMaTHyRi Mozesti
AKAX ONMCYIOTECS 3BHYalHMMH ,uud]&pcnmfmu?mu piBHSHHAMEU. [0
KOKHOTO PO3/IiNTy MONaH0 3aBJAHHS IS CAMOCTIHHOT poGOTH.

Hna crypentis, Aki HaBYalOTEC 3a HanNpaMami:  npHKIana
MaTeMaTHKA, MATEMATHKA, A TAKOX eKojloris, Glonoris, ekoHomika, ski
UiKaBIATHLCS THTAHHAMI MATEMATHYHOTO MOJIENIOBAHHS CKJANHMX CHCTEM.
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He wMoxua ysButu co6i CyHacHy Hayky 6e3 wmMpokoro
3aCTOCYBaHHA MATEMATHYHOTO MOJENIOBAHHY. Cyts uici merononorii
MOJISTae y 3aMini BUXIZHOTO 06’ekTa Horo “o6pasom” — MaTemaTHYHOO
MOJIETO, a B MOAAIBIIOMY — V BuUBYeHHi MOZIEN 3 J0MOMOroro
obuHCIIOBaAILHIX AITOPHTMIB PEali30BaHUX y BUIIAA1 nporpam [24],
O6uncmoBansui CKCHEPUMEHTH 3 MOJAENAMH 06’ €KTin AAlOTh 3MOry,
ONMPAIOYHCH HA Cy4YaCHi wYWcembHI MeTomu | TeXHI4HI  3aco6u
inpopmaTHkn, neranbHo ] FHOOKO BHBYATH 06’ekTH 3 JOCTATHHOIO
TIOBHOTOIO , 5iXa HENIOCSKHA YHCTO TEOPETHYHIM wisgxom. I ve auBHo,
IO MEeTOMOoMNOTis  MaTeMaTHyHOro MONemoBaHHs  Oypxiugo
PO3BHBAETHCA, OXOIUIIOE BCE HOB] cthepu — Bin pO3pobku Texmiunmx
CHCTEM 1 KepyBaHHS HUMM 10 aHANI3Y CKNaxHUX MEJIHKO-Bio10rigHuX,
€KOJIOr0-eKOHOMIYHMX i COmianbHUX nporecis.

Maremaruuni mozeni Gionoriunpx Ta EKOJIOTO-EKOHOM M HHX
Upouecis mocuts cknammi. 1l PIBHSHHS  OXOINOIOTS  yHMaiO
napameTpis, ski B 6araThbox BumamKkax MOXYTb 3MIHIOBATHCS Y TIEBHHX
Mexax. ToMmy nocmimkenus Taxux MOZENeH BHMarae 3actocyBanns
HOBHMX METOZIB i HOBHX MiZXOMIB 10 HUX.

Haiinepurim 06’ ekrom matemariunof bionorii Ta exonorii Oyna
nonynsuis. e y 1202 p. Jleonapno ITizanchiuii (Dibonayui) map
YiTKE YSBIEHHS MO0 pocty nonynsuii. Binomuir Takox 3axon pocty
Hapo/loHaceneHHa  Manbtyca (] 795).  Tlouarkom CY4YacHOT
MatematiiHoi Giosiorii, sk CTBEPIUKYIOTb JCAKi BYEHi, BBaaroTs
kiury JI"Apci Tomcona “Ilpo pict i dopmy” (1917). Tuuj JOCNIAHUKH
BBKAIOTE, 110 BUTOKM MaTeMaTHYHO] HAYKH Tpo ekonoriio i Gioforio
GepyTs nouarok Bin pobir A. JoTki (1925) i B. Bonwreppa (1931), xoua
NOTICTUYHE  PiBHAHHA a0 piBHsHHS Bepxionsera olHa 3

HaHTOMUPEeHIIMX Mopeel nonynsmii — 6yno  Binome me 3a 100
POKiB,
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MaremaTyusi MOJieli  €KOHOMIKM Ta  €KOJIOTO-eKOHOMiHi
MOZe/i 3’ SBIIHCS 3HAYHO MTi3HIME. ' o .

3a piBHEM arperoBaHocTi €KOJIOTO-€KOHOMIYHI ~ Mofeni
MOJLIAOTE HA perioHanbHi Ta riobaneHi. BimMinHOIO pucoro ekonoro-
eKOHOMIYHMX MoOjeell BBaKAIOTh IXHIO KepoBaHICTb - HasBHICTh
BUIBHMX CK30TEHHHX 3MIHHMX, 3HAYEHHs] SKMX JIOCTIIHHK MOXKe
3a/1aBaTH Ha CBii po3Cya.

[Tin mo6GyROBOK MAaTEMATHYHOL Monem JOCHIIKYBAHOT CHCTEMH
pO3yMIfOTh ~ BH3HAYCHHA saJieyKHOCTEM  (PiBHSHB, CTATHCTHYHHX
XapaKTepUCTHK BXIHHX 1 BHXI1THHX BF{HH‘-IHH BE/IMUMH | TIapaMeTpiB
cucTeMM), SKi ONMCYIOTH MpoUecH i dyukionysanns. Sk s
neTepmHosaHm TaK i fuis WMOBIpPHICHOT CHCTEM MOJIENL BU3HAYAKOTh
Bi/IMOBIHO JI0 TIEBHHX, HAIEPE/l oﬁpanﬂx KpHUTEPIiB.

Po3r/istHyTi B TOCIOHMKY MOJENi MONAHO Y BUIIIAZI CHCTEMU
3pHYAiHKAX JudepeHIianbHIX PIBHAHD (C3]1P) nepmoro nopsaKy:
d_ygﬂzf(ysu:per)s

dt

-

BEKTOp  JHMHAMIYHHX  XapaKkTepHCTHK

i T
ge  y=(Nsen¥n) -
T
JOCHiKYBAHOTO TIpOLECY; U = (#4,,..4,) — BEKTOP B3AEMOJIII MPOLECY
i3 30BHIMIHIM CepEeNOBHINEM; P :( Dy pm) —BHYTpillIHI TIapameTpu

woneni; 1 =(f,.-1,) -

{ —dac.

peniniiiHi QYHKUIT apryMeHTiB y,u, p,t;

Dynxuii f=(f,,...,f,,)]r GyIyioTh BIATIOBIHO [0 NPUHIIMAIIIB
CHCTEMHOI JMHAMiK¥ 1 MaloTh NEKibKa nonaHkie, JlopatHi HiIeHH
XapakTepu3yloTh NPUPICT KOMIOHEHTH ) , Bi’€MHI — 3MEHILEHHA.

Jlns nobyaoBy piBHAHL HEOOXIIHO 3HATH IIBUAKICTE NPHUTOKY 1
Bi/ITOKY KOXKHOI i3 KOMTIOHEHT 1 TXHIO 3aNleXKHICTD Bl iIHIIMX 3MIHHUX,
3B’43KIB i3 3OBHIITHIM CEPE/IOBHUILEM, BHyTplmmx napameTpiB i Jacy.
HasHicTs y MOJETISX BEKTOPA B3AEMOJT i3 30BHIHIM CepENOBHIIEM
po6uUTE 1[i MOJENT KEPOBAHMMH.

V HaimpocTilmoMy BHNa/IKy CHCTeMY MOXHA po3riisaath Oe3

ypaxyBaHH# il BHYTpilIIHIX cTaHiB, TOOTO:

a'y(t) = il

o BigNOBiZae ommcy MO,II,SJ’I];OB&HO] CHCTEMM B TepMiHaX TiNbKH i
BXOZIB 1 BUXOMIB ( TUIY “HOPHOI CKPUHBKH).

OcobmHBicTIO Bi0JIONYHUX 1 €KOIOr0-eKOHOMIYHHX MOAeNeH €
HAasfBHICTE y HHX 3HAYHOI KilbKOCTI BHYTpIlIHIX Napamerpie p,
3allaHHA  SKWX  KOHKpeTusye Mmozens. ToMy 1nipa  mnoOynosi
MaTeMaTHYHHX MOJeJIeH AaKTyalbHUMH € TUTaHHA iHQOpPMALIHHOTO
3abe3neveHns Ta iieHTHdIKALT TapaMeTpiB.

Hageneni y nociOHMKy Mopemi OoTpMMaHi B NIPUITYINEHHI, IO
XapakTepUCTHKM  MOJIENbOBAaHMX  MOpOLECiB €  JUHAMIYHHUMH,
JIETEPMIHOBAHMMH  (CTOXAaCTHYHI UYMHHUKM HE BpaxOBYIOTBCA) |
IIPOCTOPOBO OMHOPLAHMMM Y MexKax po3rjasHyToi obnacti. Taki mogeni
Ha3HBalOTh TOYKOBMMM (JIOKQJIbHUMM) MOJCIAMH 1 3alHMCYIOTh Y
surnsaai C3/IP nepmoro nopsaaky abo y surnsiai C3/IP i3 3anizHeHHsM.

IIpocTopoBa oOmHOPIAHICTL NPUTaMaHHa MpH  JAOCIIIKEHHI
6i0XiIMIYHMX DPOLIECIB y BHINAAKY, KOJW KOHIEHTpALil pearyrouymux
PEYOBMH  WIBHIAKO BUPIBHIOIOTBCA 32  paxyHok audysii  um
nepemimnyBanfs. [lpy MopemoBaHHI PO3BMTKY NOMYJSILIN SKHBHX
OpraHi3MiB 4acTo NPHIYCKalOTh, WO Ili OPraHi3MM pIBHOMIPHO
pO3TalIOBaHI Ha TEPUTOPii, Ky PO3MIANal0OTh. Y BUMAAKY E€KOJIOTro-
€KOHOMIYHMX  TIPOLIECIB  TNpPUITYCKaiOTh  PIBHOMIPHHHM  po3nomin
BUPOOHMYMX  TOTY)KHOCTEH, NPUPOJHMX PECYpPCiB YM  BHUKMIIB
MIKIJUVIMBHX PEYOBHH HA TEPUTOPIT, AKY PO3JIs/IaoTh.

Came mporec MaTeMaTHYHOTO MOJIENTIOBaHHS TIOPOJUKYE YiTKHil
mnan i, Moro Moxksa yMoBHO pPO3OHMTH Ha TPH €Tanu: MOAETL —
ANTOPUTM — [IpOorpama.

INoci6HuK ckIalaeThes i3 ABOX PO3MLIIE.

V nepmomy po3auti 3ibpaHo MaTeMaTH4Hi MoAeNi 6i0XiMIYHHX,
€KOHOMIYHHX Ta €KOJOrO-eKOHOMIYHHX TPOLECIB BiJl NMPOCTHX 0
ciwianaux. Ilurannam noOynoBu mopeneit npuaineHo Oinblie yBaru,
NUTaHHAM SKiCHOTO aHanizy Jeno MeHIne.

VY nepmomy naparpadi po3risHyTO KiHETHKY (hepMEeHTaTUBHHX
npouecis, B OCHOBI AKOI MOKJIaIEHO MeXaHi3M peakitii.
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V npyromy naparpadi onmcaso Mone.ni_ Bsaemc?glil' gonynsuii:‘i‘
MikpoopraHizmiB. Po3riisiHyTO pi3Hi BUIM BHYTPIBUIOBOI | MDKBHIOBOI
B3aeMofii. _ .

B Tperbomy mnaparpadi HABEJICHO MaTeMaTH1Hi  Mozel
TpoLieciB, sKi BiAOYBAIOTECA B IMYHHIH CHCTEMi XHBHX OpraHisuis.

V uerseproMmy mnaparpadi posriasHyTO MoJeni CKOHOMIMHHX
npotecis. JleTalbHO ONMMcaHo crocid noﬁyagsn OIHONPOYKTOBUX
GaraTonpoAyKTOBHX AMHaMiuHuMX  MmojeneH. Haseneno Mozes
AWHAMIKK Kamitanmy Ta mozeni JleonTheBa Juis oJHOramyseBoi Ta
Bararoranry3eBoi eKOHOMIKH. :

IU’stmit  naparpad  nNpucBsiueHHH  moOymoBi  exonoro-
eKOHOMIYHWX MOjeliei, SKi CKiTanaloThes 3 ABoX 0a3oBux 6/0KiB, 10
ONMCYIOTh EKOHOMI4HI 1 eKonoriuHi TpoLiecH. PosrnsanyTo TOJIOBHI
NPUHIMITA TIOOYI0BH  OJIHOTANY3eBUX 1 6aramra.ny3&3mf eKosIoro-
€KOHOMIYHUX MOJEeNel 3 ypaxyBaHHAM 3BOPOTHHX 3B’S3KiB Mik
€KOHOMIKOIO 1 CTAHOM HaBKOJIMIIHBOTO cepenoBuiia. HaBeneHo nocuTs
Bimomy wmonens Jleontbepa-Dopia, KIHETHYHY Mozens MoHo-
Iepycanumcpkoro, raobansay Moaens Poppecrepa. . _ _

ABtOpH. TOCiOHMKA pO3yMilOTh, IO He BCI MOAeni, SAKi
3aCTOCOBYIOTH Y Tiid UM iHINIH Tamy3i, 3HaHIILIA Bi,uo6pax{eHH:.1 Y uboMy
BHOaHHI. 30BCIM HE 3raflaHo MOJiefll, Ie 3aCTOCOBYEThCS Teopis rpadis,
CTOXaCTMHHI MOjeNi Ta MNPOCTOPOBI MOAENi, IO OMHUCYIOTHCA
PIBHAHHSIMH Y YaCTHHHHMX noxi;mm_(. Bonu BUMaraioTh 3aCTOCYBaHHS
IHIIMX MaTEMaTHYHUX METO/IIB JOCHIIKEHHS. .

Marepiasn nepiioro, Apyroro i TpeTboro naiparpaqma NepLIoro
posainy ynopsakoeano K. C. IeankiB, a matepian ueTseproro Ta
n’sToro naparpadis mepimoro pozniﬂy_ - M. B. mepﬁa'mm.

PosrsuyTi y nmepmioMy po3aill MOAEN! € JIOCHTb CKIaIHWUMH,
JOCTI/DKEHHsT AKUX BHMAarae 3acTOCYBaHH: e@:ex’ml_;ﬂux HHCIIOBUX
meronis. ToMy y ApyroMy po3zili 3HauHy yBary NpHALIEHO YHCIOBHM
MeroaaMm po3e’s3yBaHHa 3agaui Kol s CSI[P.. Posrnanyro
OJTHOKPOKOBI Ta 0araToKpOKOBi METOIH Pi3HHX MOPAIKIB. Hagreneno
tabmuni  koedilieHTiB PI3HHX METONIB, KOPOTKO OIMCAHO  CXeMy
ix#poro orpumanss. Ilopano pexomeﬂglam'f“ mozo. BHOOpY KpOKy
iHTerpyBaHHs, I0YaTKOBOIO KPOKY Ta CYLJILHOT BA/a4i pesyJTLTaTiB.

V nociOHMK TIOMIIIEHO 3aBAaHHi [JI1  caMocTiitHoro
BUKOHAHHS1.

S, i

L A & ¥ ol { ¢
S SRRSO o WL AP O O G R LI\ T T dhe i i s The o e i

PO3/ILT 1
MATEMATHYHI MOJEJ JEAKNX
EKOJIOT O-EKOHOMIYHUX I MEIAKO-
BIOJIOITYHUX NPOLECIB

1.1. DepmeHTaTUBHA KiHeTUKa

Ilpaktuano Bei Ximiuni peakuii B opranizmax MPOTIKAIOTh 3
y4acTio OinKiB fK KaTani3aTopiB—pedoBuH, siki abo [OPHCKOPIOIOTh
peakuilo, abo HeobXimui mns ii NpoTikaHHA, NPOTE He BXOMATH y
KIHUEBMH  TPOAYKT  peakuii.  Bilku—karamnisaTopu  HasWBaloOTH
¢epmenmamu. DepMeHTH pearyioTh JOCHTH BHOIDKOBO 3 TNEBHUMM
CTOMyKaMH, fKi Ha3sMBAlOThL CyOGcrpatamu. DepMEHTH MOXYTh Oparn
y4acTh y peakilii sk aktuaropu abo sk imriGiropwu (pevoBuHH, 110
CIIOBLIBHIOIOTE peakitiio). Mepmenmamusnoio Kinemurow HasHBaOTHL
JOCHI/DKEHHS IIBUAKOCTeH (epMeHTaTHBHHX peakiiii i YMOB, sKi
BIUTMBAIOTE Ha HHMX (KOHUEHTpauii depmeHTiB, ixHix cyberparis,
depmeHT—CyOCeTpaTHIX KOMIUIEKCIB i MpOayKTiB peakuii sk hyHKIiN
yacy).

1.1.1. OcHoeHi npuHyunu KiHeMmu4yHo20 onucy
thepMenmamueHux npoyecie

OnHa 3 HalnpoCTImMX | BOAHOYAC OCHOBHMX (epmeHTaTHBHMX
peakuiii — peakuis, B AKili cyGcTpar He3BOpPOTHO TIEPETBOPIOETHCH Y
TIPOIYKT OJTHUM (hepMEHTOM.

Mixaenic i Menren (1913) Gasypanmu cBilt amaniz mHa
NPHITYILEHHI, 110 BinbHi hepmenTH i cyberpar criouatky YTBOPIOIOTh ¥
mporeci 3BOPOTHOI peakuii bepmenT—cybeTpaTHuit Kommieke, skuit y
CBOIO 1epry HEe3BOPOTHO PO3NANAE€ThCS, YTBOPIOKOYM 3HOBY BibHHMIA
depmenr i npoxyxr [11].
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Lfo peaxiiiro MOXKHA CXEMAaTHYHO NPEACTABHTH Y BHIVIALI JBOX

cTamii:
S+ET—SE (1.1)
SE—% 3P+ E (1.2)
abo npocto
S+E———*‘:..SE———”}-)P+E (1.3)

ne S— cyberpar; E-— dQepmenr, SE- depmenT—cyGerpaTHuit
komrekc; P — npoaykr. Ilpo & ,k_,,k, 6yne 3asnaueno nani.

Cucremy  peaxuii  (1.1), (1 .2_) iHOI1 ;
cmexiomempuunumu pigHAHHAMU aBO MeXaHI3MOM peakiii.

3akon ai€eBAX Mac CTBep/DKYE, IO IMMBHAKICTL peakuii
TIporopiiHa 10 aKTHBHHX KOHueHrpagiﬁ peareHTiB.

PosrnsHemMo He3BOPOTHY peaKiiiio:

L (1.4)
Sxio rrbsHalmm KOHIIEHTPALIIO peareHTa KBaJpaTHHMH IY>KKaMH, TO
3aKOH JIEBUX Mac CTBEPIDKYE:
A g5} an),

ne t —wac, a k >0 HasuBaloThL KOHCMAanmolo weudkocmi peaxyii (1.4)

Ha3HBaKwTh

i 3a3BH4al CTaBNATH HaJl CTPLIKOK (—> ) y PIBHAHHI peakuii.
I3 3aKOHY Hi€BMX Mac BHMIHMBAE:
d[B] d[c]
— 2 =—k|Ad||B|,——=k|A||B]|, (1.5)
a AL,

OCKIUJIBKM HIBHIKICTH peakilii MoJke BHMIPIOBATMCS MIBHUOKICTIO 3MiHM
KoHLeHTpalii Gyap—SKoro 3 KOMIIOHEHTIB peakuii. s spoporHoi
peakuii:

dlA

A+B:ﬁ'(j’ i c[ﬁ ] =~k [4][B]+k_[C]. (1.6)
TloBepuemocs mo cucremu (1.1), (1.2). Iloznaummo =zminHi

KOHLeHTpalii cybcrpaty S, depmenty E, (bepmenT—cyberparhoro

komiuiekcy SE inponykry P, Bimnosiano, Gykeamu s,e,c, p, Toui:

e SR LLLLER R ELELR o 2 B ERE T £
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g-;:—k[se+k_[c, (1.7)
%:-—k,seJr(k_l +k)c, (1.8)
%:klse-(k_[ +h)e, (1.9)
%:kzc. (1.10)

3ammmnemMo npUpoaHi moyarkori yMoBH A (1.7) — (1.10):
S(O):SU>0,e(O)zeabO,c(0)=0,p(O)=0. (1.11)
Honamo (1.8) mo (1.9) i TNPOIHTErPYEMO 3 ypaXyBaHHSM ymos (1.11),
OTPHUMAaEMO 3aKOH 30epexenns, a came:
et+c=const=g,. (1.12)

SAxwmo ¢ Binome, Tozi i3 (1.12) MokHa 3HalTH ¢ , & inTerpytoun (1.10),
BH3HAYAEMO;

p(1)=k, [e(r)dz. (1.13)

Omxe, maroun (1.12) i (1. 13), Ham e notpi6uo nea PIBHSHHS i3

- cucremu (1.7) —(1.10). Bubepemo pisnsnms (1.7) i (1.9), Bunyuumo e,

OTPHMAEMO IBA PIBHIHHA:

.gfz—iqeukv+(kis+k_,)c, (1.14)
%=kleﬂs—(kls+k_,+k2]c (1.15)

3 NO4aTKOBMMHM ymoBamu (1.11).

Hns BuBeneHHa kiHeTHuHOrO 3akoHy Mixaenica-MenTten 3
piBnsHk (1.14), (1.15) BUKOPHCTOBYIOTH TaKi MipkyBanus [11].

. i ) de
Ockinbku depmenT OPUCYTHIA Y MaTHX KiIbKOCTSX, TO = =0
[

. dc .
i, 3rimHo 3 (1.12), j;— ~0. Orxe, i3 (1.15) Moxna BHPA3sUTH ¢ uepes s,

nizcranoskoio y (1.14) OTPHUMAEMO;




f_{i:“_“r‘z‘iﬁ, (1.16)
d  s+K
e, k_,+k, ; .
¢=——, K=——-=, K —crana Mixaenica-Menrén.  (1.17)

s+K’ k,
[le i € kiHeTHYHHH 3aKOH Mixaenica-Menren, Binomuii sk
rinoresa ncesocTanionapuoro cramy. Moro mmpoko 3actocoByioTh,
BiH J100pe 30ira€TbCsi 3 EKCIePUMEHTATLHUMM JAHMMH. Onnax
TPAIUISIOTECA BUNA/KM, KOJM FiflOTe3a HE BHKOHYETBCS | OTPHUMYEMO
napajokcaiabhi pesynsraru [1,11].
Iicna inrerpysanns (1.16) i BUKOPHCTaHHS MOYATKOBOI YMOBH
5(0)=s, nnx s(z) orpumaemo Bupa3 y HesBHil dopwMi:

!
S(()—SD+Klni)=—k2€0t- (1.18)
5o

Ommak, 3a Takoro s(f), c(f) He 3a/0BONBHSETLCS TIOYATKOBA YMOBA
¢(0)=0 (3HwKYEMO NOPS/IOK CHCTEMH).

Ilepeiinemo o aHanisy noBHOi cucTemu. Yeememo 6Ge3posmipHi
BenuuuHHN Y (1.14), (1.15):

B _ ko __(k_l—lrkz)
’c—k]egt, l—klso, X“ kISO 3
= =—= g=—, 1.19
b o (1.19)
Tomi pisasnns (1.15), (1.16) MaTuMyTh BHrIS A
R S 1 (1.20)
dr
e-@i:x—(x+x)y, (1.21)
dr
x(0)=1, y(0)=0.. (1.22)

VY OinbmocTi 0iONOTIYHMX CHTYalliil BiJHOIEHHS [MOYaTKOBOI

: e
KOHIEHTpatii (hepMeHTY i cybCcTpaTy mye Majie, OTOXK € = ;9- << 1.
0

10

SR R R 00 O S o

Hoknapmu € =0, orpumaemo:

x dx Ax
s TE——— = x+yxlnx=1-2A1.
x+yx dt x+y
Tlpu LBOMY BHKOHYETHCS nepma 3 noyatkoBux ymos (1.22).
Omxe, Ha wid cranii BBakaTuMemo, mo s CIIPAaBEeJTMBOCTI TiNoTe3n

(1.23)

5 €,
TICCBAOCTANIOHAPHOTO CTaHY 3HAYEHHS —- NOBMHHO GYTH MATHM.
5o
Cucrema (1.20), (1.21) nanexurs A0 3arajJbHOTO  KIiacy
CHHI'YJIADHO 30YPEHHX CHCTEM, SIKUM TIPHCBAYEHO pobotu
A. H. Tuxonosa [26], A. B. Bacunseroi [3]. V nux gitko 3a3Ha4eHo, 110

po3e’s3zok cucremu (1.20), (1.21) npsamye 3a BenMKMX 3HAvYeHDL T JIo
po3e’a3ky (1.23).

Ockimbku e<<1, a x Ta y mawoTs nopsgnok O(1), x(t.e) i
y(re) B (1.20) i (1.21) moxma posBuHYTH y psau Teiltopa 3a
CTENEHAMH MaJioro MapameTpa € .

Po3B’a30k miykaemo y Burmsni:

x(1,8)=x, (1) +ex, (1) +¢%x, (T)+ O(E’),
y(1.€) =y, (1) +ey, (1) +&y, () + O(s’ ),
%, (0)+ex, (0)+ O(e?) =1,
Yo (0)+ey,(0) + 0(82) =9;

Higcranoska (1.24) B (1.20), (1.22) i NPUPIBHIOBAHHA WICHIB NpH

OIHAKOBMX CTENEHAX £ NA€ TaKy PEKypeHTHY MOCHiIOBHICTh PIBHSHb:
dx

d—;:__xo +(x{: +X"7")yo, Xo "(xo +7C)yo =0,

(1.24)

dx1
—L=x (Y =1)+(x, +x~2)y,
% (o =1) + (3 +x~2)y,
dy :
-d—;:x;(l—yn)—(xo-kx)y, it

Hposisiy  ananis pisusne  (1.20), (1.21) 3 mnouarkoBuMH
ymosamu (1.22), MokHa 3poGHTH BHCHOBOK, IO PO3B’A3KH 3aj1adi
PO3NaNAIOTECA HA BHYTPIIHIH i 30BHimmil [26,3] i MatoTs BUTTISI




ang x:
x(7,8) =x,(1)+ O(e). x, (t)+xInx,(r)=1-2r, (1.25)
g y:

_(+)}'.
o (1) + O(E)zﬁ{l—e = ‘}+o(£), 0<t<<l

%o (T)
%, (T)+ %
ne x,(t) Ta y,(t) — niniiini nabmwkenns GyHKuii x(t.e) Ta y(te).

Ha nommui T,y 1€ Jy’e By3bKa 10 T CMyTa, 1€ KOHLIEHTpALlisi

(hepMeHT-CY6CTPATHOrO KOMIUIEKCY 3MIHIOETCS /y’Ke IIBHIIKO.
3nebinporo y NPaKTHYHMX CUTYALIAX YHACHIJOK MalW3HU

y(te)= , (1.26)

¥, (t)+0(e)= +0(e), e<<t

£ (0(10_’3) imeume) nabmmwkenss O(1) pocrarni ans OGionorivHux

Liei. 5

1.1.2. Peakyis ¢pepmeHm-cybcmpam-iH2i6imop

' ~ H

Cucrema Mixaenica-Menten (1.1), (1.2) € nadinpocrimoro
peanbHOK hepMeHT-CyOCTpaTHOIO peaxili€to. Po;rnsﬂemo pealcu'!ro, AKa
€ TepIUM YCKJIaJHEHHSIM CHCTEMH (1.1), (1.2) i yacTo TpannseTLCs Ha
npakTui. B peakiii 6epe ydacTh ¢;ep{~16m E 3 omHuM :?,B’}IBy'}OllHl\j
eHTpoM (Ynmasio (epMeHTIB Mac NEKUIbKa TaKHX IEHTPIB), 3a AKUH
KOHKYpyioTh fBa cCyOcTpaTd; (EpMEHT YTBOPIOE OIWH 3 JIBOX
KOMIUIEKCIB, KOKEH 3 SKHMX PO3NAjaEThCs, NAlo4H OMH 3 TPOAYKTIB 1
puxiguui Gepment. Koax otHH cybcrpar SB’S!BYCTLCH 3 q:epmeHTOM, ne
o3Havae, o BiH iHzibye (T06TO MPUTHIYYE) Ppeakililo Apyroro
cybetpary 3 MM (hepMEHTOM. CxeMaTHM4YHO IIi peakuii MoxkHa
TpEACTaBUTH TaK:

LA k,
S"'E*T,—ES____’PSJ’E (1.27)
I+E——"’-—>(_TES-—L—>PI+53 (128)

ne S Ta I — mBa cyberpatd, SKi KOHKYPYKOThH 32 OJMH i TOH xe
depment, a P, Ta F; — NPOIYKTH ABOX (hepmeHT-CyOCTpaTHUX peaKiii.
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Kom nBa cybcTpaTtd KOHKYPYIOTB 3a OOMH i TOM JKe LIEHTP
¢depmenTy, TO cHcTeMy peakuiii tumy (1.27), (1.28) HazuBaioTh
HOGHICHMI0O KOHKYpPeHmHOI0. Y TaKuX peakiisx ofuH i3 cybcTparis
0OHparoTh /U1 BUMIPIOBAHHSA IIBHAKOCTI HOTO peakiil B eKCIIEPUMEHTI.
Ilpy uBLOMY TUIBKM HOro HasWBalOTh CyOCTpaToM, a ApYTHH —
inzidimopom. OnHax ueit BUbip MoXe MaTH BUpILIANbHE 3HAYEHHA TIPH
iHTeprpeTalii eKcliepuMeHTalbHUX pesynsTatie [11,15].

BpezemMo Taki no3HayeHHs:

s(1)=[S).i(t)=[1).e(t)=[E].c,(r) =[ ES].c,(t) =[EI).  (1.29)

KineTwani piBHSAHHA JUIS LMX KOHLEHTpauid y peakuisx (1.27)
Ta (1.28) MatoTh Takuil BUrIsia:

%z—-k,se+k_]c$, (1.30)
";c;' =kse~(k, +k)c,, (131)
g—;=—k3ie+k_3c” (1.32)
dc, )
— =hie=(ks+k)c, (1.33)
' g? =—klse—k3ie+(k‘1 +k2)cs +(kﬂ3 +k,)c, (1.34)

; Bimnopigui, mouatkosi ymoBu s piasHb  (1.30)—(1.34)
NOJATalOTh Yy TOMY, INO TIOYATKOBI KOHIEHTpalii (epMeHTHUX
KOMIUIEKCIB JOPIBHIOIOTh HYJIEB1, @ KOHIUEHTpallii §, I Ta € 3ajaHo:

5(0)=s,, i(0) =i, e(0)=¢,, ¢, (0)=¢,(0)=0  (1.35)
Pignsnna 36epexenHs nna GpepMeHTy € OTPHMYEMO LLISIXOM
nonasanns (1.31), (1.33) Ta (1.34), Bpaxoryrouwu (1.35):

d
E(c3+c,.+e)=0:cs+c,.+e=eﬂ. (1.36)

Sx yxe 3asznaueHo, micas Toro, sk ¢ (f)Ta ¢ (f) 3uaiineno,
KOHLIGHTpaLlii MPOIYKTiB BU3HAYAIOTH 3 IXHIX KiIHETHYHHX PiBHAHE:

et e ol e e ST e




B N o= T P e

p,(1)=k, J-c_; (), p,(t)=k, IC,- (')t
0 0
Bereaemo Ge3po3MipHi 3MiHHI 38 AONIOMOIOK0 MO3HAYEHb!
x(t)=5(t)/ sy, 2(z) =i (1) iy ¥, (7) = ¢, (1) Ve,
yi(t)=c,(1)/ e, T=hegt, e=¢,/ s, '

k,+
B=iy/s0, Y=k /K, K, =10 (137)
ks
o kath koK
YUk T ks Ky
i YOTHpHU pIBHAHHS A §,1,C,Ta ¢; HabyayTh 6€3pO3MIPHOTO BUIIIAMY:
id—x-z-x+(x+Ks—L,)y,.+xy,, (1.38)
dr
Voo - Xy, 1.39
e—=—x+(x+K,)y, -2, (1.39)
dr _ ’ ]
‘dz
—=v(z+ D +(z+K-L)y), (1.40)
T X .
Y, i(z—z, (2 +K 1.41
EE—ﬂT(z zy, —(z+K,),)- (1.41)

[ToyatkoBi ymoBM s X,y,,y,Ta zoTpumyemo i3 (1.35) 3a
gornomoroxo (1.37)

x(0)=z(0)=1, y,(0)=y,(0)=0. (1.42)
Ockinsku 0<g<<1, 3anaua (1.38)—(1.42) y MaTremaTnuHOMY TU1aHI
aHasorivyHa J0 monepeaHsol.
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1.2. MatemMaTuyHe MoaentoBaHHA GionoriyHmMx
cucrem

[Nomynauis — 1e AOBLMbHA rpyna OpraHi3MiB OZHOTO BHAIY, LIO
3aifMac TeBHMH mpocTip 1 (yHKIIOHYye gk uactuHa Gionoriuxoi
cmineHoty. Ilpoctip, y skomy mnepefyBaioTh mNomynsiii, HazsHBarOTH
apeanom.

bionorigni cninbHOTH (OPMYIOTBCH 13 AEKIABKOX HOMyJALii
GionoriyHMX BUAIB, AKi JKMBYTH y CIIIbHOMY CEpefoBMINI. 3a3BHuail
IHIMBITYYMH LMX CTILILHOT 3MaraloThes 3a ojHi i Ti % pecypeu, abo
O/iHi BHIIM JXMBYTb 3@ PAXYHOK iHIIIMX, SIKHMW BOHM Xap4yroThcs. Boun
MOXYTh B3aEMHO HajaBaTé OAMH OIHOMY mnonomory. Take ssuine
Ha3uBalOTh GopoTh6O 3a icHysanms. Kinbkicuuii xapakrtep 1BOro
ABMINA TPOABIAECTECA Y 3a]1aHOMY CEpelOBHINI Yy BHIJLIAI 3MiHM
YHCEILHOCTI 0cObMH, AKi HOPMYIOTH pi3Hi nomysuii. 3a OJHUX YMOB 1
3MIHM CKNANaroTeCs 13 (UIYKTyalidl HaBKONO cepefHiX 3Ha4eHb, 3a
HIIMX YMOB — 3BOJSTHCA [0 3HUKHEHHs a0 TIPOrpecuBHOTO
301NbILEHHS AESIKUX BHIIB.

Posmimenns ocobuH y momynsmii moxke GYTH BHIAIKOBHM,
piBHOMipHMM abo rpynosum. Haiinpocrie Bupuaty nonynsuii 3
PIBHOMIDHMM po3MillleHHsM 0coGuH y mipoctopi. ['pyniose posmilierHs
3 TIEBHOIO TEPUTOPIEX TIparHe 31eOUILINOro NOMMPUTHCH HA BCIO
TEPUTOPIIO (TIOMMPEHHS EKONOTiYHUX XBHWb). JIIs MareMaTHqHOro
OIKCY TaKOl MOMYJALIi, KpiM 3MiHHOT { (Hacy), Tpeba BpaxoByBaTH e
3a71eXKHICTh Bl KOOPIHHATH MPOCTOPY.

Knacudikanio  tamis  B3aemodil  nomynsuii - MoxkHa
NpeCTaBUTH 3a 10NOMOTor0 Tabmuii 1.

XapakTep BIUIMBY OHOTO BH/Y Ha IHUINH 306paskeHo OHUM i3
3HAKIB:

“+7 (ctumymorouui); “— * (mpurnivyrounit); “0” (nefrpanbhmii).
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Tabauya |

Hazpa 3aemoii imm 1115
I 11

1. He#irpaniam 0 0

XapakTep Bzaemozuii

Koagna nonynsuis He BrMBae Ha
iHITY
IIpsMe npurnivenns o6ox BHis;

2. KoukypeHuiis - -

HENpAME  NPUTHIYEHHS  TPH
nedinmti pecypey
3. Amencamism - 0 Bun I  npurniuye Bug I,

BOJHOYAC ' 3aMIaliogHceL  Ges
3MIHH

4. Ilapasutusm - + ITapasuT MeHmnii 3a xasgina

5. Xuxaurso - + XuKaKk KpynHillHii 3a XepTBy

6. Komencanizm + 0 HMonynauis 1 mac BHIOY B_i}.l
A nonynauii I1

7. Ilporoko-oneparis + iz BHl“Olla ofom, ane  MOMyTH

iCHYBATH OKpeMo
8. Mytyanizm  ° + + O6os’43xk0Ba BUTOa Ana 06ox
(cumbios ) o

S

1.2.1. MoGens pocmy nonynsauir

Po3riisHEMO CMOYaTKy HAMIIPOCTIINy MOJENE POCTY AEAKOl
HOMy ALLil JKMBMX OpraHi3MiB, Sika JXMBE i30JIbOBAHO B HE3MiHHOMY
cepeioBHini, abo cmiBicHye 3 IHIODMMM BHJAMH, HE B3aEMOJIIOYM 3
HUMH. PicT momyasmil  XapaKTepu3yeThCs JBOMAa MapaMeTpaMu:
Koedinientom Hapomkysarocti b(f) i koediuiertom cmeprHocTi d (7).
Jns wHacenenHs 1i Koe(il[iEHTM  XapakTepH3YIOTh  KiJIbKICTB
HapoIpKyBaHb i KimbKicTs cMepreii Ha 1000 memkanuis. Toxi piBHsHHS
3pOCTaHHs YACETLHOCTI TOMYJIsLii MOXKHA IIOAATH Y BT

%EQ =A(D¥(), telt,,T], (2.1

Y(to) = Yo» (2.2)
ne A(t)=b(1)-d(t) - xoedinient mpupocty monymauii, y(t) -
YHCENLHICT TIOMYJIALIT Y MOMEHT 4acy f.
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B ocnoBy moneni (2.1), (2.2) noxsazeHo npocre TBepIKeHHS:
IIBHAKICTE 3MIHM YHMCENBHOCTI MOMYJALii 3 4acoM NpONOpLiiHA if

Obiy4iii YHCeBbHOCTI y(r), MOMHOXEHIH Ha CyMy KoedilieHTis
HapopkyBaHocti b(t)i cmeprocti d(1).

Iarerpyroun pisnsaang (2.1), orpumaemo:
y(1)=y,exp _ﬂ:b(t)—d(r)]dt g

e y, = y(r = to) — [10YaTKOBA YUCENBHICTD.

Y Bunanky A=const pose’ssok 3amaui (2.1) — (2.2) mae
BUTIIA

() =y, (2.3)

Po3p’saz0k (2.3) XxapakTepusye BilOMHIi EKCHNOHEHLIANEHHN 3aKOH

PO3BHMTKY BHIy, Briepiie cdopmynbopaHuii Tomacom ManbTycom y
1798 poui.

Hacnpasai xoegiuienT nprpocty A 3mimioetses 3 wacom. Ha
picT momynAuii MOYHHAIOTH AIATH JMITYIOMI YHHHWKH 30BHINIHBOIO
CepejloBUINA, SKI  CIIPUYMHIOOTE  CHOBUIBHEHHS pocTy, HOro
3MEHILEHH ], 200 [IeBHY PIBHOBATY M’k CMEPTHICTIO i HAPOLKYBaHICTIO.

Ipu l(r)zﬂ YUCENBHICTh  TOMyJIAii

nocTiiHoW0, TOGTO B LBOMY BUNAAKY y(t) =,. Onnak ug piBHOBara
MK HapODKYBAHICTIO i CMEPTHICTIO € HECTiHKON, HaBiTh He3HayHe
[OpYIIEHHS PiBHOCTI b(r):a’ (z) Aa€ 31 3POCTAHHAM MPOMDKKY Yacy
Bce Oinbuie BiIXWieHHS y(t) Bill 3HaueHHs y,. Y Bunagky A>0

(HapOIDKYBAHICTb  TIEPEBUILYE CMEPTHICTh) YMCENBHICTH TOMyIALi]
HIBUJIKO 3pOCTaE B Haci i mpsaMye n0 6GeamesxHocTi IIpH 1 —3>0, ay
BHNAjKy A <0 — "MCenbHICTh MoMy/auii cnagae i npsMye 10 Hy/s npu
1>,

3aJIHIIAETLCYH

Ilpakruyro nerko 3maiftn wmcno A(f), wo xapakrepusye

po3BUTOK BHAY. 3a wyac 7 KinbkicTh iHamBiTyymiB 36inblnyernes y
exp(AT) pas. Hexait T — wac, NpOTAIOM SKOFO UMCENBHICTE
TIOABOINIACK, TOAI:
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exp(AT)=2, A= 0,699 :

Y punajky, skimo 7 — yac, IPOTATOM AKOTO YHCENbHICTE MOIMTYJsLif
3MEHUIWIACh Y [1Ba Pa3u, TOMI:

exp(-AT)=2, A= L :

Beaxxatumemo, mo koediuieHT cmeptHocTi d mponopuiinuii
ancenbrocti  nomymsiuii  (d(1)=ay(r)),
qHCeIbHOCTI nomynauii Habyne BUrsLy:

d
J;E I @4)

Pigusinns (2.4) Ha3uBalOTH JIOTICTHYHMM PIiBHAHHAM, fKe B Gararhox
BUNAZikaX JocuTh pobpe omucye pict nmomynsuii. Ilpuw £ — oo
uncensHicTs momynauii y(7) npsamye no mexi b/a, sxy nasmsaioTh
“emKicTio ceperoprina“ [4].

TOMAI  PIBHAHHA  POCTY

1.2.2. Bzaemodis nonynsauii deox eudie, ski
3Maz2arombCsl 3a CNiNbHy DXy

Ha#inpocrima monens 0ioneHo3y — iCHYBaHHS JBOX BHAIB B
i3osboBaroMy apeani. L{i BHOM MOXYTb B3a€MOJISTH (B3acMO3aleKaTh)
3a TUnoMm: 1) KUHKypeHum 3a CIiJIbHI Pecype, 3anacH SKux oOMesxeHi;
2) OIMH BHJ € XMIKAKOM IIOJO0 APYTOro Ta iH.

BBakaTUMeMO, IO 3a HAasBHOCTI pecypciB, JOCTaTHIX IS
LUJIKOBATOrO 3aM0BOJicHHS 000X BHIIB, ICHYIOTH MOCTIHHI AOAATHI
koeillieHTH IPUPOIHOTO IPHPOCTY &;,E, .

V npuposHMX yMOBax, KOJNH I BUIM JKHBYTh Ha OOMexeHiit
TepHTOpil, pecypcH OyayTh 3MEHIIYBATUCE [IPH 3DOCTAHHI Y, Ta Y, , AKi
MO3HA4al0Th YHCENbHOCTI OCOOMH kokHOro Buay. lle 3ymoBuTH
3MEHUIEHHS 3HaYeHb KOeillieHTiB NPUPOAHOro TpHpoCTy. SKio
KIIBKICTh 1Ki, IO CIOMMBAETLCA 3a OJMHMIIIO Yacy, MoJaTH QyHKIi€o

F ( Yis yz) , fIKa N1epeTBOPIOEThLCA Y Hylb py ¥, = 0,y, =0 1 MOHOTOHHO

o

}...‘"‘-'
48 0 O O

&Y QTR U
RS R S S R FREEETTES

npamye a0 Oe3MeXHOCTI pa3’oM i3 KOXKHOIO 3MIHHOIO Vi5Y,s TO
MPUPOHO B3ATH 32 KOeDILIEHTH IpHpOCTy Bupasu [4]:

€ _TlF(ylsyz): €, -'YzF(yuyz) )
A€ Y,,Y, — MOMATHI MOCTIiHI BeNM4MHH, ki BiOBinaloTH MOTPEGi y
DKI U151 KOXKHOTO 3 JBOX BHIB.

3BiICH OTPUMYEMO CHCTEMY HMepPeHIATbHIX PiBHSHB, IO
ONHCYIOTH PO3BUTOK BH/IIB:

%:[al “NFOwY)ns
d
% 5 {Sz - TzF(Jﬁa-‘V'z)]yl‘ (23)

Omxke, MAEMO MaTeMaTHuHy 3ajady MOCHIIKEHHS PO3B’S3KiB

%,(1),», (7) uiei cucremu npu nouatkoBkx Hanwx:
55 S
Y, (t-—{D]—y,, yz(r=t0)=y§. (2.6)

3ayBakMMO, IO cHCTeMa piBHAHE (2.5) 3 HOYATKOBMMM
ymoBamu (2.6) — wne 3amaya Komi s cHcremu  3BHuaiiHuX
nudepeHIiaTbHMX PiBHSHB, 11 MOXHA PO3B'S3aTH OAHHM i3 BiJIOMHX
YHUCENbHUX METOMIB (HAPUKIIAZ, METOIOM Pynre-Kyrra).

3anumemo (2.5) y Burasmi:

dny, _ [31 HTIF(J’pyz):I’

dn
7);2— = [82 = 'YZF(ypyz)]:

OTPHUMYEMO
' ‘dln y,

2

diny
dr ~¥ dr t=¢gy, —T&,;

IHTErPYBaHHs 3 YpaXyBaHHAM yMoB (2.6) OTPHMAEMO

: [
-

i ToAi yHacIHiIoK
CIIBBIIHOIMEHHS

Z; p[(a,'yz -7,&:2)(140)].

2.7)
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3uexTyemo TPaKTHYHO MaJIOWMOBipHUM BHITA/IKOM,

KOJIH
£Y,-v%& =0 1 npumycrumo (3a HeoOXimHOCTI MiHIEMO BH/HN

g & 5
MicuaMH), IO €Y, —Y,€, >0 abo —>—% ; 3rigHo 3 (2.7) npu 1 —>
i Y2
OJIepKYEMO:
¥z
4w
¥4
Y,
Hac uikaBuTMME BUINANoK, KOJH ,y, obMexeni Bemuuunu [4,2].
Cnigpinsomenns (2.8) MOXUIMBE JIMIE 32 YMOBH, KOJIIM y, MPAMYE 10
Hyns. Omke, apyru#i BHI, y fKoro &/y Mae MeHUIE 3HAYeHHS, 3i
3pOCTAaHHAM MPOMDKKY 4acy 3HMKA€, a TNEpUIMH BUA NPOAOBKYE
iCHyBaTH.
SIKINO 3HEXTYBaTH APYTHM BHUIOM, TO Yepe3 JOCTATHLO BEITUKHIA
NPOMDKOK Yacy YHCE/IBHICTh IIEPIIOTo BULY 3a/I0BONBHAE 3aKOHY:

. %:[81_71}?(}’170)]}"13

. : w“ 1
TNIOYAHAIOYH 3 MOMEHTY 4acy f,, KOJK y, MpUiMae 3Ha4YeHHs ), .
3a3HayuMo, O IUIA MEPUIOro By HHCIO iHAMBiXyyMmiB
npsAMye 10 CKiH4eHHOI HEHYJIbOBOI MEJXKI TP { —> 0.
Bucnoeox. SIxmo 9Wcio IHAMBIIYYMIB OJJHOTO BHJY MAa€ CKiHYEHHY
MEXY, BIAMIHHY BiJl Hy/s, Apyryil BUJ 3HMKac. 3HAKAE TOH BHA, Y AKOTO

y menmie. L{uM ninrBep/KyeThes iHTYITHBHMI BUCHOBOK PO Te, IO
Y

(2.8)

3HHKA€ BH/1, 3HAYHO YYTIAMBiMMH 10 HecTadi pxi.

1.2.3. [lea eudu, 0duH i3 sikux noidae iHwWud
(mun xu>kak - xepmea)

Slkbu y cepenoBmuli, ne nepeOyBalOTh Ili BHIM, 3HAXOAMBCS
TUIBKM OJIMH i3 HMX, a Came JXKepTBa, TOAI y Hboro Oy 6m neskwuii
NpHpOIHUH KOoe(IIEHT MpUpOCcTY A,, SAKHH MH  BBaKaTHMEMO
nocTiiHuM i gopatHuM. IHIIKE BUA (XMIKAK), AKHIl XapuyeThes TiTBKH
(abo 3nebinbIoro) skepTBOIO, Y NMPUITYLIEHHI, IO BiH ICHYE i301b0BAHO,
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Ma€ TNpHpOIHHME KOe(iUieHT TpupocTy L,, SKHH BRaKATHMEMO
mocTiHMM 1 Bin'eMHMM. Slkmo Taki gBa  BHmH CHIBICHYIOTH B
06MereHOMY Cepe/IOBHILL, NEPIIHii PO3BHBATUMETHCS THM NOBUTBHIIIE,
9uM Olbme icHye IHAMBiZYyMiB apyroro BHAY, a JPYrHi — TuM
mBHIINe, YAM GararouncenbHilIAH nepuuii By, TTo3HaumuMo uepes y,

KUIBKICTh 0COOMH JKEPTBH, y,— X¥KaKa.
Koeoitientu npupocry, Bignoriaso, CTAHOBUTHMYTh:
A =ys =R+
(A, Ay 1y, 11, — HONATHI UHCHa). (2.8)
IcHytoun okpemo (koedinienty pocry A, Ay), 3miny ixHBOT
YHCEJIBHOCTI  MOXKHA  ONKMCATH  PiBHAHHAM (2.1). Posrasnemo
3aralbHilIMiA BUNAfoK. Y BHNAJKy CHIBBICHYBAHHS [MX BHIIB 3ycTpidi
MDK IHIMBUIYyMaMH DI3HMX BH/IB BILUIMBAIOTH HA YHCEILHICTH LIUX
BHJIB (KUIBKICTb LIUX 3yCTpiueil 3a oMuHHINO Yacy AOPIBHIOE @YY, , Jie
oa=const).

HucensHoOCTi MoOMynALi# V), ¥, BU3HAYAIOTHCS PIBHAHHAMMU:

dy, (t
DD O - mn O, re ], 29)
dy, (t
—;,r(—) =20+ 1,0, y, (1) -
PiBasannA (2.9) AONOBHIOIOTECS TOYATKOBUME YMOBaMH:
WE)=0, y(t) =35, (2.10)

Ile xnacuymi pisusiaHg Bomsteppa [4].
Iposenemo aesxi nocsimwkents moneni (2.9) — (2.10).
YMOBa JMHAMIYHOT PiBHOBAru (HeTPHUBiaMbHHMI CTallioHapHUi
PO3B'S30K) TAKOI CHCTEMHM Peani3yeThes Mpy
Yie =hy ly, Yo =4 /1,
YBenemMo HOBI 3MiHHI :

NEL R

ylr_‘ y2r:
Y 1uX 3MiHHUX piBHAHHS (2.9) MatOTh BUrIAN:

(2.11)
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% =M(1-2,)z,
: (2.12)
"d_;:_'lz(luzozz .

BuKmiouMMo mapaMeTp Hacy i3 CHCTEeMH PiBHAHb (2.12).
Ioainumo apyre piBHsHHA (2.12) Ha nepiie piBHAHHA (2.12) |
OTPHMAEMO:
%,
dr _ —A,2z, + 0,22
ﬁ Mz —Lz,2, ‘
dt

Iz OCTAHHLOTO  CIHIBBIJHOIIEHHS  INCAA  HeCKIamHWX
NepEeTBOPEHB OTPUMAEMO PIBHAHHS:

d Wy oy Py My Y g 08
z,dt ' dt oz odt ot

[HTEerpyi0un HOro 3a 3MiHHOKO !, IPUXOUMO JI0 PiBHSHHS:

=0.

MInz, - 7L22+7L Inz, -4,z =C = const

Ay z My
- e
e’ e

ne C —'mocTiiiHa mrerpyBaHHﬂ fKa 3aJIeKUTE BiJl MOYATKOBOI
YHCEIBHOCTI IOy AL,

Ao npoiHTErpyBaTH CHCTEMY piBHﬂHb (2.12), To nobauumo,
IO YacoBa [JWHAMiKa IOMyJAWil KOXHOTO BUAY € NepiofAuYHOI0
dyHKUi€rO yacy i HOCHTh KOJIMBHME Xapaktep (2, 4]. V upomy BHNajaKy
KOJIMBaHHSA YHCENIbHOCTI JKE€PTB BHUMEPEKYIOTh 3a (ha30l0 KOTHBaHHs
yHcebHICTh XMKaKiB. sl pI3HHX IOYaTKOBHX YHCENBHOCTEN KOXKHOTO

3 BUZIB MHOXMHA (a30BHX TPACKTOPIH (B3acMHMX 3anexHOCTEH Y, Ta

. A, A
¥,) nobiu3y NONOXKEHHs PiBHOBArM 3 KOOPJAWHATAMM (—1-‘—

abo

Ry Ky
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KOHICHTPUYHHMH 3aMKHYTUMH KPMBMMH, @ TOYKA PIBHOBATH € IXHiM
LeHTpOM. [HOI 11i 3aMKHYTI KpUBi Ha3uBalOTh exincamu Borsmeppa.

Ipu 30BHiWIHIX BrMBaxX (Hanpukiapg, 36iUtbienHi na M
YMCENBHOCTI XWKAKiB ab0 3MeHmeHHi Ha N uHCEALHOCTi KepTR)
CHCTeMa NEPEXOIHTh Y HOBHIH PEXHUM KOJIMBAHB 3 IHIIOK aMILTITYI00.
3axon nepioouunozo yuriy. OnykTyanii 1BOX BUAIB NEpioIMyHI.

IHTerpyiodu Ha NPOMDKKY [0, T] (T — nepion KonuBaHb)
piBHgHHS (2.12), onepKuMO:

0O=1In Z'( )

=0T -1 J',,Z(t)dr

‘i( )
i mfz—((—))_xzr-xg szl 0%

JU1si NOYaTKOBUX 3MIHHMX MAaTHMEMO:

g -E I}’z (f) dl — cepeaHs YMCeNbHICT NOMYISLIT XHKaKa:

=— Iyl dt — cepeaiHs YMCENBHICTb NOMYNSLIT )KEPTBH.
3akon 36epemeuua cepednix. Cepenne (npotsarom nepiony T )

YHUCJIO IHAMBIAYYMIB IBOX BHIIB HE 3a/l€XKHTh BiJl TIOYaTKOBHX YMOB 1

AOPIBHIOE YMCIIaM, LIO BIANOBINAKOTH CTaUiOHAPHOMY CTaHy s
3aanHX 3HA4eHb KOSMIICHTIB A, h 11, |L,.

1.2.4. [lea eudu npu pizHux munax e3aemodii

Po3arisiHemo cucteMy piBHAHB:

d_}:}fﬂ = Oy + 2O, 1€ (1, T], (1)
dy,
_y;(ﬂ = by + IR O, ()

ne AW, (i=1,2) — peski craai BeTMYHHM.
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3aranbHMii  iHTerpan cucTeMd piBHAHB (2.14) 3 ypaxyBaHHAM
MOYaTKOBUX YMOB:
o & i}
. " Y - N (y] ) ellzJ'l
y‘-euJ :Cyz e ’C__TJ‘_; R (2.15)
()" e

Mosxmsi, 3a B. Bonereppa [4] Taki 8 BMManKiB IS CTAMMX
k.opi=1,2):

(0, >0, A,>0, p,<0 1

R:<0, p;<0 2

p,>0, A,>0, p,>0 3

A >0, ks <0, p,=0 4.
<0, 2,>0, p,>0 5

A, <0, p,<0 6

. <0, A,>0, p,<0 7

| A, <0, p,>0 8
. 3ayBaXKMMO, 1O HE BCi Li BUMAJKN NPUHHATHI 1A eKOIIOTii.
Tun B3aeMOAil M TONYASIIsSMH, WO BiJNOBIAAIOTE CTATHM
A1, (i=1,2), nopano y Tatbi. 1.

1.2.5. Y3azansHeHi Modeni cucmemu Xuxak-xepmea

[lepeniueHi BUIIE MOJEN CHCTEMH XUICAK-JCEPMEA BIZIOMI K
pisusinas Jlotki-Bonbreppa. Henonikom Mozeni ﬁothonb'reppa € Te,
o LS MOJeNh HE BpPAaXOBYE BIUIMBY 3OBHILIHBOIO CEpeNOBUILA
(o6MexeHOCTI pecypciB) Ha picT nomyssiuii. Tomy 3ailichero yumano
crpob MoznbikyBaTH MOJICIIb.

V 30x pokax A. M. Konmoroposum 3anponoHoBaHo
ysaraibHeHy Mopenk. Hexail, sx 1 pamime, ), — KifgbkicHa

XapakTepHCTHKa JKEPTBH, y, — XMKaKa.
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MaremaTtHyHa MOIEIb Mae BHUTIIA:

%:ﬂ‘(}',)yl—p’(%)yz. te.. Tl
d
%Q:ﬂz(y‘)“ ' (2.16)

Sk Gaunmo i3 (2.16), dymuii @, (1,).V (y,) sanexats sin y,, npuuomy
Ha i QyHKUIT HAKIa#eHO fesKi oOMesKeHHs:

1. KoediuieHT nNpHPOAHOrO TNPHPOCTY IKEPTBH 0, ( »)
MOHOTOHHO CMajia€ TpW 3pOCTaHHI ),, LIO BKa3ye Ha HasBHICThH
BHYTPIBH/IOBOT KOHKYPEHIIT:

?—'c—l;b()—y'—)-(o, @,(0)>0>q, ().

I
2. KoedilieHT NpPUPOIHOro NPHPOCTY HHCENBHOCTI XHIKAKA
a, ( y,) € 3pOCTarY0I0 QYHKIIEK 1 TAKOIO, 10 3MIHIOE 3HAK i3 MiHyca
HATUTIOC Y T. ¥, = ).
3. Tpodiuna dynkmis V(y,) (iHomi  1i
DYHKIIOHATLHUM BIATYKOM) 3aJJOBOJIBHAE YMORBH:

Ha3HWBaKOThb

V(0)=0, ¥(»)>0 npu y, >0, ¥(»)<0.

ExcnepumenTH 3acBingyrors, mwo Tpodiuna dyHKUiS HaneKuTh
JI0 OJIHOTO 3 TPLOX THIIIB: @) MOHOTOHHO 3pOCTAE 3 MOBLILHO CIAAHOIO
noxinHowoo (xapakTepHa 1s GesxpebeTsux i xuxux pub); 6) niniina 3
PI3KMM OPOTOM HaCHYEHHs (XapaKTepHa Ul XWKUX (inbTpaTi);
B) S—mnoxibxa kpuBa (Takoi0 (YHKUIEI0 ONMMCYIOTH AiI0 XMIKAKiB i3
LIIECTIPSIMOBAHUM TIOILYKOM).

3a mamux s3wauedr ), Tpodiuny Qynxuiio V(y,)moxna
BBa’KaTH JIIHIKHOIO.

Cucremy pieHanb THry (2.16) npM KOHKPETHMX 3HAYEHHSIX
dyskuii o,,a, i ¥ posrasHyro Garatema aeropamu. Jleski 3 uux
¢ynxuiii nasenemo B Tabmuui 2. Tyt £ >0 — napamerp mMozeni.
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Tabruys 2
a, () V(n) o, (».5,) .ABTODH
1 2 3 4
& @, ~£, =W BoancpPa,
Jlorki
E ), Uy i (1_9'7"1) T'ayze
£ LR — Yo Tlichoy
|
£ ay, e _q 22 Xoninr
b 21
1+ahy, ¥
g b(l—e'”’) o IBnen
2 21
1
. T+a(y)hy, Sy
-0 . ay, . 1 %D lLIH'Mazy Ta
K 1+ thy, : K iHmi
& =0y oy (l—e"w‘) ‘ sl{l—e““") Meii

1.2.6. [Tlo6ydoea mamemamu4Hux modeneul
duHamiku nonynsyil Ha ocHoei 3aKkoHy dieeux mac

Po3rngHeMo TEOpPEeTHUYHI METO/M aHami3y | BUBUYEHHS CKJIaJHUX
B3acMO/Iii momy/anid. BukianeHi 3ro0oM MeTOAH MOXHA 3aCTOCYBATH
110 BUBYEHHS CKIaHUX cucteM Olonoriunux peakuii. leit metoquunuid
MiIXiJ Ma€e XiMiuHy OpiEHTaLlilO.

Hexait B i30TepMiuHil roMoreHHiH cucreMi mocriiHoro o6’emy,
o gKoi [JOJAaroTh KOMIIOHEHT By Takiil Kinkkocti, mob ioro
KOHLIEHTpALlid 3aMianack NOCTIHHOO, BIAOYBalOTHCA Taki peakiyii:

A+B—4 24,4 +4,—5 524,45 5C. (2.17)

[NpumycTumo, MO KOXKHa 3 1IHX peakuiil € eJleMeHTapHO,
To6TO KiHeTHMKa peakuiit Oe3nocepeaHs0 3B’s3aHa 3 Moro
CTeXiOMeTpIEl0.
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A+B—2 524, 4 +4,—2>24,,4,—>C. 2.17

[TpumycTiMo, MO KOXKHA 3 OMX peakiili € eJeMeHTapHOIO,
T06TO KiHeTHKa peakuiii OesmocepesnHb0  3B°s3aHa 3 jioro
CTEXIOMETPIEIO.

Ha ocHoBi 3akoHy mieBux mac (muB. m. 1.1) anga cucremu
peakuiii (2.17) piBHsHHA MaTepianbhux Oanancie nus 4,4, MoxkHa
3AMHCaTH!

da
-d—; =kab-kaa,,

2 (2.18)
e k,aa, — kia,.
Tyt a,,a,,b , BIAMOBINHO, KOHUEHTPAL] KOMIIOHEHT 4,,4,,B.
Bpaxyemo, IO 32 yMOBOK KOHLEHTpallii KOMIOHeHTa B €
nocTiiteolo i mosHayumo & = kb .
Tenep pisaanns (2.15) HabyayTh BUIIALY:

da, .. '
;tl =k q, -kzq,az,

2.19
ey (2.19)

=k,aa, —k;a,.

‘TopiHioun oTpuMaHi piBHAHHA (2.19) 3 piBRauaaMu (2.9),
6aunmo BignosigHicTs 10 Gopmi Moneni JloTki-Bonbreppa.
ChopMymoemo 3arajibHi  TEOPeMH, $Ki 3acCTOCOBYIOTH JIO
BUBYEHHS KIHETHKH CHCTEM, MiNOPAJKOBAHUX 3aKOHY JII€BUX Mac.
Hagsenemo y Tabnuui 3 Aeski rinoTteTHdHi MexaHismMM, IiBa i3
AKHX € LIKABUMH U1 O10/I0TTIHMX JOCIIZKEHb.
HynboBi CHMBOJIM MAKOTE TaKWiH 3MICT:

0— A, o3Hauae, WO KOMIOHEHT A, [OAAIOTbL A0 CHCTEMH 3

NOCTIMHON IIBUAKICTIO;

A, — 0 o3navae, mo A, 3abuparoTh i3 CHCTEMM 31 IIBUAKICTIO,
PONOPLIHHOIO HOro KOHIEHTpaLl.

Omke, cuMBon 0  BHKOPHCTOBYKOTH IUIs  TO3HAYEHHS
B3aEMO3B’ 13Ky CHCTEMM 3 HABKOJMIIHIM CEPE/IOBMILEM , IO JIA€ 3MOTY
3acTOCYBaTH MOAENI B OpMI 3aKOHY JIIEBUX MAC JI0 BIAKPHTHX CHCTEM.

27




Hepakko noOauumTy, MO TINOTETHYHME MeXaHi3Mm (3M)
exsiBanenTHHH Mozesni JloTki-BonbTeppa.

Jlamo o03HaueHHS TPHOM IUIMM MapaMeTpaM Yy MeXaHi3Mi
peakiii: 7, — YMCIO KOMIUIEKCIB Y MeXaHi3Mmi; n, — umWcino Tnis
3B’A3KIB Yy MexXaHi3mi; n, — PO3MIpPHICTE MexaHi3my. Kommiekcom
HA3MBAIOThL €JIEMEHT, 1O CTOITh Ha nodatky abo HanpHKiHUi CTPilkwy
BiAnoBigHol peaxuii. Hanpuknan, mexanism mogeni Jlorki-Bosnbreppa
(3M ) mac n, =6(4,24,4 +4,,24,,4,,0). -

Jlns BU3HAYEHHS TUINB 3B’A3KIB He Tpeba 3BepTaTH yBary Ha
HAIpsM CTPINOK; HeOOXiAHO PO3INAfaTH TiILKM KOMIUIEKCH, 3B’s3aHi
CTPINIKOIO BiANOBiNHOI peakuii. Tun 3B°A3Ky — Le pal KOMIUIEKCIB,
3B’ 93aHUX Mk co60i0 (6e3nocepeaHB0 YU OTNOCEPEAKOBAHO) TaK, IO
AOJEH KOMIUIEKC Y psAay He 3B’ SI3aHMi 3 IHINMM KOMIUIEKCOM, KMl He
HAJIEKHTh J10 LIbOTO PAMY.

JIns Mexanizmy (3M ) MaeMo Tpu THIM 3B's3Ky (1, =3 ), a

came: (4,24}, {4 + 4,24}, (4,0,
Jna KojkHOT peakiii (KOXKHOI CTPUIKHM) 3aaHOTO MeXaHi3My
BHU3HaYMMO BeKTOp peakuii. fkmo y Mexanismi Gepyts yuacts N
pi3HUX XIMIYHMX KOMIIOHEHTIB A, 4,, ... A, , TOAl KOXHHMii BekTop
peakuii matume N eneMeHTiB (Ina Mexauismy (3M) N =2). 1l
e/IeMEeHTH BU3HA4AlOThCsl TAaK: i-WH €JIeMEHT JOPIBHIOE HyJIEBi, SKIIO
A, He BincyTHi# y peakuii. fIkmio y peakuii npucyTHilt 4, , Toai i -uit
€/IeMeHT JIOPiBHIOE cTexioMeTpudHOMY Koediiientori npu A4, . Llei
KOe}Il[iEHT BBaXAIOTL BiJ'’EMHHM, SKIIO A € HA TIOYATKY CTPLIKH, i
JIOJJATHAM, SKIO CTPiTKa BKazye Ha A,.
Hanpuxian, mexasizm (3M ) Mae 3 cTpiIKy i 2 KOMITOHEHTH.,
HactynHuii Kpok mnonsrae y BW3HaueHHI Ha 6a3i 3Habigenux
BEKTOPIB peakiii KibKOCTi NiHiHHO HesanexHuX. Ile uncno HasuearoTh
po3MipHicTIO MexaHizmy 7, . Jlns mexanizsmy (3M ) n, =3.
Copmynoemo Teopemy HYJIL0BOro obmexenns [2].
[pamycTyUMoO, O U1 OKPEMOTr0 MEXaHI3My
n.—n,—n,=0.

(2.20)
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2. SIxkmo BUKOHYEThCS yMOBa (2.20), MexaHi3M cnabo 3BOpPOTHHIA
i KiHETHKa npouecy BiANOBiJAE 3aKOHY AIEBUX Mac, TO TIPH BCIX
CTEXIOMETPHYHO EKBiBANEHTHMX MOYATKOBHUX CTAaHAX (CKj1afax) iCHYe
oauH riiobansHANR ACHMIITOTHYHO CTIHKHIH cTaljionapHuid ctad. Llen
BHCHOBOK CIpaBeUTHBHI He3aJIe3KHO BiJl 3HAYEHb KOHCTAHT
HIBHIKOCTEIA.

Tabauys 3

2h) —> Ay T2 Agthy (1M)

28 (eM)

'

Azthy =— Ap

A — 5 24 GM)
A+ A —— 282
Ay —> 0

Ay —— Ay (4M)
Ayths —= Ay

NS

Agtds

F S R —— ¥ M)

e—
Athy —— Ay

N

Agtas

0 — = Ay ' (M)
Mthy —— Aty
b+ Ag '_'-’3‘5 Ayt As

A+ Ag s Ay > As
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Ilin cTexioMeTpUHHO €KBiBaJEHTHUMH JAHUMM PO3YMIIOTh Taki
AaHl, K1 MOXKHA TIEPETBOPUTH OJMH Y APYTHH IIAXOM 3MiHU Hanpsmy

OJIHIET UM HeKITEKOX CTPUTOK ¥ MEXaHi3Mi (A1 =224 )

Tenep posrissemo 3ana4uy MOAETIOBAHHS 3MIlIGHOT TIONMYIALIT 3
KOJIMBAHHAMH YHCETbHOCTI BH/IIB LUIAXOM NOCTYOBaHHS MEXaHi3My
“pea@ii‘” MDK TIOMYJIAUISMH, SKHH Halidye JAeKinbKa eleMeHTapHMX
CTadiif 3 KIHETHKON, IO BIAMOBINAce 3aKOHY Mi€BMX Mac. 3rigHo 3
TEOPEMOIO HyJILOBOrO OOMEXEHHSI, I LIbOTO MEXaHi3M MOBHHEH abo
nopyurysati ymoBy (2.20), abo ne 6yTH cnabozsopoTHuM.

Taxa curyanis npuTamaHHa MexaHi3moBi (3M ), wo 38’ a3auuii
3i cridikum konuBanHaM (Moznens Jlorki-Bonsreppa).

Ilepma wuacTMHa TEOpeMM Mae, OKpIM TOro, BaKJIMBHM
eKOJIONiYHMH HacmioKk. 3rifHO0 3 Teopemolo, AKmWO ymopa (2.20)
3aJIOBOJIHACTBCS, @ YMOBA c1ab0i 3BOPOTHOCTI HE BHKOHYETHCS, TO Y
CTalllOHAPHOMY  CTaHl  KOHLIEHTpauli  AEAKHX  KOMITOHEHTIE
JOPIBHIOBATUMYTh HyJIeBi. Y pamMKax IMHAMiKH TOMyJisiidi 1s Teopis
Jac 3MOTy BIAKDHTH MeXaHi3MH, WO 3a6e3nedyioTh BHMHpPaHHs
nioHaiMellle OTHOrO BUAY.

Hacmkoei npuknadu

llpuxnao 1. Hexaii pedoBHUHA S MEPETBOPIOETHCH Y PEYOBUHY
P 3i WBHAKICTIO, KA He 3a€XMTh Bi/l HAfABHOI KOHILEHTpalii umx
peyoBuH. Takoro Tumy peakiis (HyJIbOBOTO HOPSAKY):
: §—Lsp
MOJMJIMBA 332 YMOBH, KOJIM KiJIbKiCTh CyOCTpary HAcTiNbKM BenMKa, o
He JIMITYE NPOTIKAHHA INPOLECY 3 MaKCHMAaNbHOK LIBHAKICTIO, fKa
BU3HAYa€ThCs ~ KOHCTaHTolo  k;.  IloswaumBuiM  KOHueHTpaLii

BIINOBIIHAX PEYOBHH 5K s 1 p, AIA MOJeNi JAWHAMiKu mporecy
OTPHUMAEMO PiBHSHHS:

B_ g, 9By
dt dt

Po3B’13kM IHX PiBHAHB € NiHIAHI DYHKLIT Yacy:

TR OICEE R DS RN DS A

el i g e JC L g

s=~kit+C,, p=kt+C,,

e C'],C2 — CTaJli iHTerpyBaHHs, SKi 3HaXOAMMO 3 NOYATKOBHUX YMOB.
V BiAKpUTHX CHCTEMax MOKYTb peali3yBaTHCS TaKi BMIAJKH
Tofl, KONM KOHLEHTpalis cybcTpary MATPEMYEThCS TOCTIHHOIO |
napaMeTpUHHO 3a/1a€ NOCTIHHY HIBUKICTL NPOLECY.
Ilpuinao 2. Hexaii cyberpar S nepeTBOpPIOETHCS Y NIPOAYKT P
3i IIBMAKICTIO K, , SIKa 3a7€KMTH Bijl KOHIEHTpALii OAHOTO i3 HUX.

g BHnazky peakuii nepuoro nopaaKky

: S—4 yp
KiHETHYHI PIBHAHHA 3alIHUCYIOTh Tak:
ds dj
Dok, L=k
dt dt

IloyaTKOBi YMOBH:
5(0)=s,, p(O) =0.
Po3B’s30K TIEpIIOro pIBHAHHS, 3 YpaXyBaHHAM MOYATKOBHX
yMoB, Oyne: ' ‘
5(1) =9, exp(—k]r).
Bupa3s juisi p 3naineMo 3 yMoBM 30epeKeHHs 3aranbHoi Macu y

3aKpuTiii cuctemi (S + p =5;), 3BiCH:

p(1)=s,(1—exp(~kt)).

Hpuknao 3. Tlepma AuHaMidHa MOMENb, fAKa BIATBOpPOBaNa
nepiojMyHi KOJWBaHHA y XIMIYHHX mpouecax, 3anpornoHosaHa JloTki
(1925). Bomna mBimnosinac OGaratboM MeraboniyHuM npouecam i
npouecaM BMIIMX PiBHiB Oionorivynoi oprawisauii, siki € jJaHIOrom
MOCNINOBHUX TIEPETBOPEHb | B AKMX OJIHA 31 cTajlili IPUCKOPIOETHCA 32
PaxyHOK BUXiTHUX TPOIYKTIB 1HINOI, HANPHKIA/L:

§- 8y Rt bt gp

Hexaii cyberpar S 31 cTanolo MBHIKICTIO NEPETBOPIOETHCA Y
npoMikHui nipoaykT X (peaxuis HynboBoro nopsaaky). Ipomykr X
NIepeTBOPIOEThCS B Y, TIPH 1ILOMY IIBHAKICTL L€l cTafii nponopuikna
He TUIBKMA KOHLEHTpallii X , ane H yTBOpeHOro npoaykry Y (peaxuis




et A Sy

apyroro mnopsaaky). Ilpomykr Y  HE3BOPOTHO IIEpeTBOPIOETHCA Y
KiHLIeBMH NpoayKT P (peakiisi NepIIoro NopsaaKy).
Lieit nporec ONUCYIOTh CHCTEMOIO PiBHAH:
dx

—=k, —k,xy,
a oY

L/
dt —kzxy k‘lyD

dp :
a 1y

CraunjoHapHuii piBeHb TPOMDKHWX TpPOAYKTIE x =k, /k, Ta
y‘ =k / k.

BcraHOBHMO K MOBOAMWTHME cebe cucTemMa 3a  Maiux
BiIXHWIEHP Bil CTALIOHAPHOTO PiBHA. 3HEXTYEMO BEJIMUMHAMM JIPYTOro

ropsnxy Mamusun (AxAy), onepxyemo:
x=k /k,+e (C cosot +C,sinwr),

koky |
2k

% 1

;C,,C, — crani iHTerpyBaHHs.

ne o =(&tﬂ,‘q)2 -

YacroTa KONMBAHB () BH3HAYACTHCH yepes KOHCTaHTH
MBUIKOCTeH ycix cTafiii mpouecy, a ammmityau C,C, — 0YaTKOBMMH
yMOBaMH (KOHIEHTPALAMA).

OmKke, 3a HasSBHOCTI Y MOJETBLOBAHOMY IpOLECi MOCTiIOBHUX
rMeperBOpeHb  3BOPOTHOrO  3B™53KY, B YCIi  CHCTEMI MOXKIMBI
aBTOKOJIMBHI CTAHH.

Hespaxkaloyd Ha Te, IO PO3IVISIHYTI AMHAMIuHI Mojeni €
IPOCTUMHA 3a CTPYKTYPOIO, BOHHM BI/INOBI/IAI0TH THM
CKCTIGPMMEHTATEHAM ~ YAaCOBMM  SIEKHOCTAM, AKi  Haluacrime

CIIOCTEpIraloThes TIPH JIOCHiPKeHHI OlocucTeM pisHMX piBHIB TXHBOT
iepapxii [2].
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1.2.7. Kinemuy4Hi 3aKkoHoMipHOCMi pocmy
2nubUHHUX Kynbmyp

[Nopan i3 po3rnaHyTUMH (EPMEHTATHBHUMHE peakiiaiMi Ynmane
3HAYEHHS CHOrOAHI MAIOTh TPOMMCIOBI NMPOUECH, WO HANIYYIOTH SK
rOJIOBHY CTafilo picT i PO3MHOMKEHHS MiKpOOpraHismie, i OiocuHTe3
HUMHM NPOJIYKTIB MeTaboi3my.

Y 1momy maparpadi HaBeOeHO MOPIBHAJIBHHH ONHC JBOX
BapiaHTiB TIPOLIECIB MikpOOIONIOriYHOro CHHTE3y, B OCHOBY SKHX
NOK/IAZAeHO Ti 4YM iHIm YSBAEHHA TIpo MeXaHism sBumia. Jlyxe
IMOIIMPEHOI0 € eKCIOHEHUIAIbHA MOJIe)ib, KA CIOYaTKY He BPaxoBYE
poni cybetpary 1 5mmie  3rofloM  JIONOBHIOETBCS — 3ali@XKHICTIO
p:qo([S],[X],...), Je | — IUTOMa MWIBHAKICTH pocty. € Oarato
Mojienei, fKi i3 ¢aMoro TOYaTKy PpO3IJIAJAlOTh PIiCT TOMyNsuii K
CBOEpIZHY B3acMOMII0 KIITHH MIKpOOpraHismis i3 cyOcTpatom, wio
CIIPUMHUHIOE IXHii PICT 1 PO3MHOMKEHHS, TOOTO NIepeTBOPeHHs cybeTpaTy.
B Oiomacy. Taki Mojieni Ha3MBaOTh KIHETHYHUMH.

Haiinpocriina i3 KiHETHYHUX MoOjesieil po3risjae KITHHH |
cybcTpar fIK He3BOPOTHiI B3a€MOJIiI0YI KOMIIOHEHTH, IO 3YMOBJHOKThH
noABOEHHA BiOMacH 1 MOABY MPOIYKTIB 32 CXEMOKO:

: X +S—92X+P.

IlIBuaKiCT, TAKOTO Mpolecy TMPOMOPLIiAHA KOHLEHTpaLisM KJIITHH |
cyberpary:
ﬁzkxs. (2.21)
dt

Beenemo nosHaueHHs: x_, =X, — 5, — yMOBHA BEJHWYHHA, L0
BI/INOBIIa€ TEOPETHYHO LIIKOBUTOMY TNEpPeTBOPEHHIO cyOcrTpary y
6iomacy. Tyt Y — ekoHoMiuHM# koediuieHT pocty [15]:

dx

iz =‘xr _x()
ds

2

Y=

o i

NpHYOMY IHAEKC T HANEXHTh 10 OyIp-KOro MOMeHTY uacy y asi
aKTHBHOTO POCTY.

3B’A30K MK KOHLEHTpalielo cybcTpaTy § 1 KOHUEHTpaLiero
kit X Oyne:
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il ._.'.'..L.'-eﬂi._-.thJ.Lﬂ\j"‘ sikek:

1
S:?(Jcmt —x). (2.22)
Kinernune piBusinnd (2.21) 3 yanYBaHHHM (2.22) nabyne Burnsmy:
dx k k “
= ( X e x) = x——X .

abo

1 dx X,

7 plmax k— 2.23

x dt Y ( )

Omxe, y upoMy Bunaaky (2.23) — HaHBmOMiwa mopens @epxionbera
[15], fKa JIOMyCKae B3aEMOJII0 ABOX KIITHH OXHIi€l MOmynsuii, mo
3YMOBIIIOE BiZIMUpaHHs ojHieT 3 HUX. TobTo BiiMMpaHHs ofHiel KIITHHM
Moske BiOyBaTHCS TUIBKH YHACTIJIOK 11 B3aEMOJT 3 iHIIOM0.

[Mokaxkemo, MI0 KiHETHYHA MOJENb /A€ pesyabTaTH, IO
Bi/INOBIIAIOTH EKCIIOHEHIIANbHIA Mojeni 3 TolaBaHHAIM piBHSHHS MOHO

[15].
Tlopamo pict Giomack sK TpuCTanidiHui (epMeHTaTHBHUIM
nponec (aue. . 1.1): '

©X+ST2XS.

HacrtynHoro 3a yTBOPEeHHAM KOMILIeKCiB XS € nepeHecenHs cybcrpary
BCEpEeJMHY KJIITHHHM 1 HOro YTWiisallisd, LIO CHPHYHHIOE piCT MacH
KiitiH (Giomack) 1 Horo yTHmisanmiio, IO 3yMOBIIOE 3pOCTAHHS Mach
wiiTul (6iomacw) 1 yrBopeHHs metabonitie P :

XS—45q+P.

VHacaiok MOJaibIIOr0 PO3BHTKY KIITHH AOCAracThes (asa
JUNEHHSI, 1110 TPUBOJUTE 10 pocTy X :

n—iyd X
Ax 3a3HaveHo y [15] , 3 MOIJIAY 3aTHOCTI NPHEAHYBaTH cybeTpar n

He BiapizHseTbes Big X . 3a JOCTaTHRO BeNMKOro 06’eMy momyssiii
CXeMa MUIKOBUTO 30iraTMEThCs 3 TPUCTAMIMHOW (epMEHTATHBHOIO
peakuicio. YHaCIiIOK OO Y CTAUIOHAPHOMY CTaHi:

i |
[ ] k. +k, e

b kol s

G ; TR
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Ae X, — KOHUEHTpauis KITHH abo iXHIX aKTHBHHMX LIEHTPIB 3JaTHHX
3B’A3yBaTH CyOCTpAaT.
3a yMOBH X << §, AKa MPaKTHYHO 3aBXKJH BUKOHYETHCH, SKILIO

NOPIBHATH KUIBKICTh KJITHH 1 YHCIIO MONEKyd cybcTpary B OAMHMLI
06’eMy cepeoBMIIA:

58, (k_] +k,y)x

C (kL k) +hs
I3 yMOBH cTallioOHAPHOCT] MO [1]] OTPHMAaEMO KiHETHYHE PiBHAHHA IJiA
IIBUIKOCTI pocTy Giomacu:

dx k,xs
=k, _ 2
& =4[] kL +k,
i B R
kl
abo
L 2.24
dt x k—l +k2 . @ )

1
Omxe, TpucTajifiHa cxemMa TNPUBOIWTH A0 BHpPasiB, OTPUMAHMX Ha
OCHOBI €KCIIOHEHLIaNpHOT Moneni i jae i3sHYHMIl 3MICT KOHCTaHTaM

c k,+k
piBHAHHS MoHo, mpuaomy k, =p,.,a K, =—"—2 3a manux £k,
1

Komu  k, <<k_, K,  TICpeTBOPIOETHCA y KOHCTAHTY HeCTiHKOCTI

KOMILIEKCY, 10 IOpIBHIOE k_, /k,.
x 1 ; s .

Iloshaummo ——=p, Tomi uzu“‘;"‘ — DpIBHAHHSA, W10

di x K +8

3B’513y€ MIBHAKICTh pocTy Giomacu 3 KOHLeHTpaui€eio cyberpary.
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1.3. MaTemaTtu4Hi mogeni B imyHonorii

TonoBHOO (QyHKIIEIO IMYHHOT CHCTEMH € 3aXMCT OpraHi3My Bij
KMBHMX Til | pEYOBHH, SKI HecyTb Ha c00i O3HaKM IEeHeTHYHO
qyxopianoi indopmauii. Cepen Hux: 6akrepii, Bipycu, 6inku, kiniTHHY,
TKAHHHM, 3MiHEH] BIaCcHI KIiTMHM, y TiM uucni pakoei. Taki pedoBunu
Ha3HuBalOTh aHTureHamu. KoxkeH aHTHreH cneumdidnmii, Tob6To Mae
0coBIMBOCTI B CBOIM CTPYKTYpPi, SKi BiIpi3HSIOTH HOro Bij iHIIMX
anTurenis. Bin cnpuunHioe crenuivHy peakiiiio iMyHHOT CHCTeMH —
peaxiLiio, CripAMOBaHy TLILKH NIPOTH HBOTO, a He TIPOTH SKOrOCh 1HILOTO
anTurena. Omke, CyTh IMyHHOI BIANIOBiNi Ha MPOHWUKHEHHS EHETHYHO
Yy)KOpigHOTO Marepiany (aHTUTeHa), y Tim umci i 36ynHukis xBopobu,
monsarac 'y BupobieHHi cneuuiyHMX MarepialbHMX cyGeTparie
(MoneKyn aHTHTIN), 31aTHHX HeHTpaslisyBath abo pyiiHyBaTH aHTHIEH.
Buxonsuu 3 1boro, IiHGEKUidHe 3aXBOPIOBAHHA PO3MIANAIOTL SK
KOHQITIKT MiX nonyAniero 30yAHAKIB XBOPOOH Ta IMYHHOIO CHCTEMOKO
opraizMy. ToMy NpeiCcTaBieHi HUXYe MOJENi € MOIEIAMH IMyHHOT
BiAMOBiAI Ha mnaroreHAMi anTHreH. Ili3HaHHA MexaHi3My iMyHHOT
BIZNOBI/I @€ K04 /10 PO3YMIHHSA MPOLIECY 3aXBOPIOBAHHS i 10 METOIB
#0ro e)eKTUBHOTO JTIKYBaHHS.

Posgutox iMyHOnoOrii BinOyBa€eTbes Tak MIBHIKO, L0 3arajibHi
KOHIIEMNIi, SKi CTAHOBIATEL OCHOBY €] HAYKH, 3MIHIOIOTECH i BHOCATH
HOBi (pakTH Ta rinore3n. IIpoTe 3aranbHi 3aKOHOMIpHOCTI Bke moGpe
BuBYeHi [16,17] 1 craHOBNATE OCHOBY Ul NOOYAOBH Mozenei, gki
iMITYFOTB TOJIOBHI PHCH iIMYHHOT'O IIPOLIECY.

HadimigcTynHimMM 18 OpraHisMy € BIpYCHMH aHTHMIeH.
IloTpanuBimy B OpraHisM, BiH 3HAXOAMTH KIITHHH CBOEI TPONHOCTI Ta
YKOpiHIOETBCA B HMX. /[lani BIpyc NOYMHAEe PO3MHOKYBaTMCh Ha
KIITHHHOMY TEHETHYHOMY pECcypci, YHACHiOK LBOro IJiTHHA
BHCHAXYEThCA 1 THMHE, a BIPYCH BMXOIATH 3 KIITHHH Y MDKKIITHHHMIH
npocrip abo KpPOB 1 3HAXONATh HOBI KITHHM-MILIEHI, B SKHX
NPOAOBKYIOTh PO3BUTOK nomyJiauii. Omike, B Opranismi € 1sa BipycHHX
BOPOTH: Bipyc B KJITHHI 1 BIpyC 1103a KJIITHHOIO Y Ia3mi.
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MaremariuHi  Mozeni
IMyHHOT BiAANOBi/li HA AaHTHI'€H:
1) cybxniniuna dopma 3 o/fy»KaHHAM;
2) roctpa dopma 3 oxyKaHHAM;
3) roctpa dopma 3 neTalbHUM KiHLEM;
4) xponiuHa dopma.

1. Cybxninivna ¢hopma x60pobu NeEpeBakKHO TMPOTiKaE
CKpMTO 1 He 3B’s3aHa 3 (izionoriuauM posnaaoM oprasismy. Lle
3BAYAHMII KOHTAKT OpPraHi3My 3 BiK€ BIJOMUM aHTHTEHOM i OpraHism
BOJIOJi€ AOCTATHIMH PecypcaMd HIOA0 HOro MpUAylieHHs . Y LBOMY
BHMAJKY TOMMYNsAis BipyCiB TPHIYLIYETHCH ICHYIOUMMH PECypcamH i
AHTHTEH 3HHUIIYETHCH.

2. T'ocmpa ¢opma 3axeoprosanns. Slkmo aHTHreH, 1o
TIOTparnyB B OPraHisM, BUSABHBCS “He3HalloMuM”, TO 30inbLIyeTHCS HOro
KOHIIEHTPALLif 32 PAXYHOK PO3MHOMEHHS 1 CYTIPOBODKYETHCS MPOLIECOM
fioro po3nizHaBaHHA Ta (oOpMyBaHHS IUIa3MAaTHYHHX KJIITHH, 110
BupobsisttoTh aHTHTINA. Llel npouec nepeBaxHo GyBae noBinbHUH i 33
Lel Yac KOHUEHTpallis aHTMIeHa cArae piBHs, 110 MEPEBMUUIYE PiBEHb
dizionoriunux 3miH. Y 1IbOMY BHIaZKy BHHMKae edeKTHBHa IMyHHa
pimmosine. Ile Bunanox rocrpoi dopmu 3 oxyxanasm. Taka dopma
nporikanHs XBopobu € KaackyHOIO. BoHa  cynmpoBOMKYyEThCH
MiZBHILCHHAM TeMIepaTypy, iHTeHcH(ikalielo opraHizMy, 3HaUHHMH
cepeHiMHK MaTanoriYHUMH 3MiHAMK BPaXKEHOTO OpraHa.

3. Moxnusa 1 eocmpa ¢opma 3aXBOPIOBAHHA 3
aemanvHum Kinyem. KO IMyHHa BIONOBiAP 3 PISHHUX NPHYHH
CITI3HWJIACh HACTINLKY, M0 B OpPraHi BUHUK/IH 3HAYHi TIATOJIOTUHI 3MIHH
i BpakeHMid opraH Bike He 3a0esneuye HOpPMalBHY MI€3JaTHICTDb
oprasiB, 10 BiANOBiAawTb 3a GopmyeanHs T- i B-nimdoumuis. V
1bOMY BHMAJKy HacTynae Baxkka (opMa 3aXBOPIOBAHHS 3 MOMUIUBHM
JETATHLHUM KIHIIEM. )

4. Xponiuna popma. Bigomo, mo XpoHidni 3aXBOPHOBAHHS
€ HaMBaXXYMMM 1 NPOJAOBXKYIOTECS PpOKaMH. Y IbOMY BHIAAKY
BHCH&K/IMBa JWHAMiKa BipyciB 3 4YacoM CIPHYMHAE BCTAHOBJIECHHA
PIBHOBAaru MiDK YHMCIIOM HaPOJDKYBAHMX | THX, IO BUBOJAATHCS IMYHHOIO
CHCTEMOIO, 30yIHUKIB XBOPOOH.

CroroziHi  iMyHONOraMM HAaKOTIMYEHO 3HAYHY  KIUIBKICTh
Marepiajly CrHOCTepeXeHb 3a MpPOTIKaHHAM Ppi3HMX  1HGEKUIHHHX

NPUMYCKAIOTh TaKy KIacHdikallio
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3axpoproBanb.Ha mifcTaBi aWamisy 1BOro martepiaimy OTpHMaHO
(dyHOaMeHTaNbHI pe3yJIbTaTH, sIKi CTOCYIOTBCAH MEXaHI3MIB B3aEMOJIT
aHTUTEHIB i anTuTia. LIi pe3y/ibTaTi Jar0Th 3MOTY MiAIHTH [0 o0y x0BH
MaTeMaTHYHUX MOJIEJIeH IMyHOJOTTYHHX ITPOLIECIB. )
1.3.1. ModentoeaHHsi QUHaMiKu NpomikaHHs
iHcbekyiliHUX 3axeoproeaHb

Buknaneni mozeni JMHaMIKKA TOMYJIALIM MOXKHA 3aCTOCYBATH 110
OMMCY peakuil iIMyHHOI CHCTEMM Ha NMPOHMKHEHHS 9YKOPIAHHX TiN —
anturenie (Bipycis, Gakrepifi) y sxuBui oprasism [17]. Bsaemopis
“xBOpo6OTBOPHOro Kepena” — BipyciB um GakTepiii Ta IMyHHUX cHa
opranisMy noaibna 0 B3aeMOJIl 4aoX MOMYJSIIA 32 TUIIOM “Xudicax-
oicepmea”. Y posi JKEePTBM BHCTYTNa€ Yy )KOPUIHWH aHTHreH; y poini
XWKaka — aHTHTINA, AKi BUPOOISIOTBCH CHELIAIBHUMHW KIiTHHAMU
OpraHisMy i KUIBKICTb AKHX 3aJI€KMTH BiJl KilbKocTi anTurena. Ilin vac
BUBEICHHS aHTHIeHa 3 OpraHi3My aHTHTLIA TaKOXK I'MHYTH (Ha BiAMiHY
Bin moneni Jlorki-BonbTeppa, B SKiM micas 3ycTpiui xmwkaka i3
JKEPTBOKO XHMIKAK 3AIHINAECTHCA HKUBUM).

PosrnsHeMO MOZEb NPOTiKaHHs IHQEKIIHHOro 3aXBOPIOBaHHS,

B Ky BXOIATH nBi. HeBimomi dymxuii (), y,(7), axi ommcyiors
KOHLIEHTPAIIiI0 AHTHIeHIB T4 aHTHTL BIANOBIAHO f10 [17]:

M =4-C,
d‘ G.1)
@0 _p_c,
dt
Benuuunu A, B,C,,C, xapakTepu3yloTh roONoBHi IPOLEcH, AKi
MpOTiKAIOTh B IMYHHiM CHCTeMi opraHismy: A — PpO3MHOXeHHs
awturenip(Bipycis); B — BupoGrureo antutin; C), C, — B3aemogino

KIITHH 3 aHTUreHamMH (aHTHTUIA 3HHOIYIOTH AHTHUTEHW 1 BOJHOYAC
THHYTh caMi).

Jlns posymiHHS OCHOBHHMX 3aKOHOMIDHOCTEH peakilil iMyHHOT
CHCTEMM OpraHi3sMy Ha BTOPrHEHHS AaHTWUreHiB 3po6umo  TaKi
TIPAITYLIEHHA:

38

Py T TR e

|

Rl B gl skl

VIR I S RPN S0 RN e R R 1IN R T R 2 1 R T T e

A=ay,, B=B(»), C,=C=y,. (3.2)

OT0’K aHTHUTEHH PO3MHOXKYIOTBCS 3 MOCTIHHMM TEMMOM
0. ; BUPOOHHIITBO AHTHTLI 3aN€KHMTh Bill KOHLIEHTpALl aHTHIEeHIB;
OJ1HE aHTHTLIO 3HHUILYE OJMH BIPYC 1 4ac MOLIYKY BipycCiB aHTUTINIOM
He 3a/leKATh BiJl KOHLeHTpauii BipyciB. OCTaHHE NPUITYILEHHS
HEBipHE 32 MajgMX 3HauYeHb ), (Ha TOYAaTKy 3aXBOpiOBaHHs). Y
ubomy Bunaaky senuuyuna C, =C, =vy(y,)y,, ae mHoxHuK ()
mBuako 3pocrae Bia 0 no 1 B npoueci 3axsoprosanns. Tomy Hapani
sBakatumeMo y(y,) =1. IlapameTpn o.p Ha3uBalOTH BIPYJIEHTHICTIO

mikpoba (TeMI PO3MHOMEHHS) 1 pIBHEM IMYHHOTO 3axuCTY,
BiAMIOBIJTHO.

3 ypaxyeanusm (3.2) cucremy (3.1) zanmmemo vy

BHTJISL:
dy,(t
10 =0y = Vs
dt (33)
dy, (1) '
— =BO)-»
CucreMy piBHAHB (3.3) ZOTTIOBHIOEMO MOYATKOBUMH
YMOBaMH:
)= .
ni(t) = ¥y G.4)
Y2(t) = Yy

Mopens indexuiiinoro s3axsopiosanus (3.3)<3.4) nac
3MOTY 3a Pi3HHMX 3HauYeHb napameTpi ai B, y,q,y,, onucaru pisi

bopMK NMPOTIKAaHHA 3aXBOPIOBAHb — Bij| LITKOBHTOrO OMYKaHHS [0
cMepTeNnpHOro BHNaaky. ONHaK y paMKax CHCTEMH PiBHSAHb JPYTOro
MOpSAKY HE BHAEThCA OTPMMATH BWMAAKH  [OBIOTPHBAIMX
nepioAUYHUX NPOSBIB 3aXBOPIOBaHb (XpoHiYHI npouecu). CyTTeEBUM
HE/I0/IIKOM € BIJICYTHICTb 3ami3HeHHs y BUpOOHMIUTBI aHTHTIN. s
BpaxXyBaHHA OIMMCAHHX HENOJIKIB NOOYAOBAHO KilbKa CKIaAHILIMX
Mojenel, fKi JAeTanbHillle OMHCYIOThH PEaKiild IMyHHOI CHCTEMM
Oprafi3my Ha IPOHMKHEHHs 4yXopixHux Tin [17].
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1.3.2. Hatinpocmiwa Mamemamu4Ha Mmodenb
e iMyHonoeaii

Monens, mo onucye 60potedy Bipycis V (f), anturin F(f) ta
mwrasmMaTHannx knitue C(f) 'y JIOACEKOMY Oprawismi, 3apaxeHomy
BipycHO0 XxBopoGoto, me m(f) — Mipa 3apaxeHHs opraHa,

sanponiososado I'.I.Mapuykom (1975). M:a"rema*mqﬂa MOJENL Mac
B (36epesxeHo no3HadeHHs 3 Monorpaditi [17]):

Ll BV —yFV,
dt
a =gE(m)F({ -tV ({—1)—p(C-C*),
ar (3.5)
& =pC—(mV +p,)F,
dt
. _d_m_ =clV - W, m.
. ar
VY cucremi pigHsanb (3.5) KoeillieHTH MarOTh TakMii 3MICT:
B — xoedillieHT pO3MHOMKEHHS aHTHTE€HIB; )
v — koedilieHT, 38’ 43aHuUi 3 HMOBIPHICTIO HeHTpai3alii
aHTUTeHa aHTUTUIAMH TIPH 3YCTpii 3 HHM; A
o — KoediLieHT, o BpaxoBy€e HMOBIPHICTE 3yCTpidi aHTHIeH-
AHTHUTINO;

Lo — koediuieHT, mo fopiBHIOE 0GepHEHiH BenHunHi yacy

ol ;

JKHUTTA - [JIa3MOKIIITHH;

T — KiTBKIiCTB aHTHTIN, HeOOXIMHHUX s HelTpanizauii onHoro
AHTHTEHA; _ _

p — DIBHAKICTb BUPOOHMLUTBA aHTHTLI OJIHIEO

T1a3MOKJII THHOKO, ‘ 3

I , —KoedinieHT, obeHeHO NPONOPUIRHAH Yacy posnaxy

AHTHUTLI,
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'OIMHMIII; m -

C — CTala BeWIUHa, IHAUBIYATbHA 115 KOXHOIO
3aXBOPOBAHHS;

K, — KOeQiieHT nponopuiiHocti.

Ilepme pisusauns — ne PIBHSHHS Jlorki-Bonsteppa nns cucremn
XUDICAK-DICEpMBa;  IPYre  DIBHAHHS ONHUCye HaPOKYBAHICTL HOBHX
TUIa3MaTHYHUX  KINTHH 13 3amisHednsM  3a HacoM, CHPHUYHUHEHY
iHekuiero, 3a BiCyTHICTIO MKOT ApYTHi WieH NOpomkye piBHOBary npu
C=C*; tpere pissanus Monemoe cuures AHTHTUI IJTa3MaTHYHAMM
KriithHamu  F(1), ixHe 3MmeHmenns YHACIIOK CTapiHHs i mij vac
3B’A3YBAHHA  AHTHIEHIB 3  amTWTiNAME.
Xapaktepusye nocnabieHHs ypakeHoro o
AOMaHOK — 32 paXyHOK BipyciB.

Hexaii M — xapakrepucruxa 310p
oprana (maca abo mwioma), a M'—
3/10POBOT YaCTHHH ITOPAKEHOTO opraHa. B

Yersepre  piBHAHHS
PraHa, npu4oMy neprumi

OBOT YacTHHM BPa’KeHOro
BIJITIOBiTHa XapaKTepUCTHKA
BEZIEMO B PO3IJIsi)] BEIUUMHY:
Ml‘
m=1]-—,
Iio  BenmmumHy HasuBalOTE  BiTHOCHOIO XapaKTEpPUCTHKOIO

BpKeHH:  opraHa-mimeni.Ha inreppani (0,m") Bona JIOpiBHIOE

ACAKHH NOPOTOBHI piBens. [[is HEBpaKeHOro opraxa
m =0, a s minkoBUTO BpaxeHoro oprasa m =1,

Ha puc. 3.1 nokasano Burnsy bynxuii E(m).
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MuoxHUK o= 0,E(m), ae
1, akuo m<0,1;
E(m) =110
( ) —(-m), axyo 0,1<m<1.
9 ?
&(m) — HemepepBHa, He3pocTatroua (yHKIlA, AKA ONUCYE MOPYLISHHS
HOpMaJIbHOI poDOTH IMyHHOT CUCTEMH BHACIiI0K BPaXKEHHS opraHa.

Jo cucremu pisHsiHb (3.5) Tpeba ie A0AATH MOYATKORI YMOBH
npu { =1,. Jlns piBHAHb 13 3aNi3HEHHAM M10YaTKOBI YMOBM 3a/1al0Th Ha
iHTepBai [t0 = ta]. Buxoaguu 31 3MICTY HAUIOTO TPOLECYy, 0
MOMEHTY 3apakeHHs [, BipyciB B oprasismi He 6yno, TtobTO
V(t)=0npu t<t,, TOMy NOHaTkoBi yMOBH CTaBUMO B TOHLi /.
KonuenTpauis aHTHTI B .OpraHi3Mi Ha IHTEpBaJli 3aMi3HEHHA € CTAJIO
i nopisnioe Fy.

ToMy cTaBMMO TaKi N04YaTKOBI YMOBH:

V(IU)ZI,/U;C(EG)zcﬂ cm(ty) =m, : F(t,) =F,. (3.6)
Jlani BBaYKaTMMEMO, 1110-BCI KOHCTaHTHU piBHAHD (3.5) Herin’ eMui
BEJIMYUHU. &
Craunionapui po3s’a3kd. Cucrema piBHsaHb (3.5) mpurmyckae
CTaliOHAPHI pO3B’s3kM. J{ns IXHBOro BH3HAYEHHA TPUPIBHIOEMO BCi
MOXiHI 10 HyJIA, OTPUMYEMO CHCTEMY alreOpHUHHX PIBHAHB:

BV —yFV =0,

ab(m)F (1 =1V (t = 1) - pc(C - C*) =0,
pC —(yV +p,)F =0,

oV —p,m=0.

(3.7)

Hexaii gyrkuii ¥ 1 F' He 3anexatsb Bij uacy:
V(t—1)=V =const, F(t —1) = F = const.

42

ik da e i sl Rk ce R tn g

Toni omsuM i3 po3B’A3KiB cucTeMM piBHsHL (3.7) Gyne:
V=0 =C*,F=F*=pc—,m=0,
By
i F'—swavenns C i F g 3[I0POBOIO  OpPraHizMy

e C
(imynonoriynuii cTatyc 3n0poBoi momuaK) npu V' = 0. Konuenrpauis
anTHreHHoi nomynsuii ¥ i BpaxkeHa mMaca opraHa m JOPIBHIOIOTH
HYJIIO.

Y monorpadii [17] nokasano, o Takiii CTaH € aCHMIITOTHYHO
cTiiikeM Tipu B < yF .
PosrnsHemMo /1Ba rPAaHAYHAX BUNAJIKH:

dF
1) EZO’F(I)Z}% =0, nns Beix 720 — ue o3mavae, mo

OpraHi3M He BHPOOJISiC aHTUTLN 1aHOI crelMQiku.
Po3B’s30k nepiuoro piBHsHHS i3 (3.5):

V(t)=V,e", (3.8)
ne V, — nosa 3apakeHHs Y MOMEHT Hacy [ = 1.

dF '
2) P =0,F(t)=F - ue o3nauae, WO piBeHb iCHYIOYHX B

OpraHi3Mi aHTHTLI € OCTATHIM JUifl TOTO, MO0 3HHUIIMTH BCi aHTUTEHH,
F' €[10,15] — nopmasshuit pisens anturin, B <<yF".

Po3B’s30K nepuoro piBHAHAHA i3 (3.5) :

F() =g, (3.9)

Y nepmomy BUNAJAKy MOMyJasiiss BipyCiB €KCIOHEHIIATIBHO
3pocTac — € JEeTATbHUA BMIAJIOK, Y APYTOMY BHMAAKY — MOINYISLis
BipYCiB €KCTIOHEHLIAILHO Cranae, mo BiAmoBigae cybiiniubiit Gopmi
XBOpOOH.

Ha puc. 3.2, nojaHo nuHamiky pO3NOALTY KOHLIEHTpaLil
BipyCiB B OpraHiami y TIpaHMYHHMX BUIIQgKax. Yci iHIDI AMHAMIKH
PO3MOAiTy KOHIEHTpalil BipyciB B opraHismi BKJIagaloThcs B 061acTh
MDK IMMH IBOMA FPAHUYHUMH BHNIATKAMM.

Ha puc. 3.2,6 300paxkeno amnamiky posnoziny Bipycie B
oprasizmi NpH 3Ha49eHHi apaMeTpiB MoeJI:
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B=2,y=08, a=10%, p. =05, p,u, =0.17,

ny=8, 6=10, p, =0.12
i 3@ MOYATKOBUX YMOB!

V(r):ma,x(O,rzlt)*), axkmo t<0; C(0)=1; F(f)=1, sxmo

t<0;m0)=0.

Ha puc. 3.2,6 — pH 3HAUEHHAX NApaMeTpiB (3.10) i &= 300.
Po3p’s13kM IMyHOTOTIYHOT mopeni (3.5) nomano Ha puc. 3.3 1 puc. 3.4

[29].

YV nepmomy BurajKy (KoedilieHT ypaxeHHs O = 10) maemo
ninkoente omyxanus V(f) < 107, y npyromy (xoedillieHT ypaxeHHs
o =300) — nepioauuHi cranaxy XBopobH, CpUYMHEHi nocnabneHusm

opranizmy; (1) csrae 3Ha4eHb OIM3BKHX 10 OZIMHHILL.
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Puc.3.2. lyHamika KOHUEHTpaLii Bipycis

10 15 20 25 30 35 40 45 S0 55 60
Puc. 3.3. Po3p’a3ku iMyHonoTi4HOT Mozeni Mapayka
(rocrpa dopma xBopobH 3 OTyKAHHAM)
1 A R et e TR B R

10 15 20 25 30 35 40 45 SO S5 60

Puc. 3.4. Po3s’a3x# iMmyHoOriuHOT Mozeni Mapayka
(xponiuna opma)
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1.3.3. Bnnue memMnepamypHOI peakuyii op2aHiamMy Ha
duHamiKy 3axeoproeaHHs

PoGora [17] BpaxoBye e iHWI YAHHWKH “Ha nepebir
indexuiiiHoi XxBOpoOHM, HampWKIaj TeMnepaTypy Tina. Sk Bigomo,
MiJIBUIIEHHA TEMIIEPATYPH € MIlIHOIO 3aXHCHOIO PEaKLicio OpraHi3mMy B
HopoTsbi 3 BipycHuM abo GaxTepianbHMM 3a XBOpIOBaHHsM. Maibke Bci
Bipycu i Gakrepii mijlaioThCs AEMPECYIOUOMY BIUIMBY IMiABMINECHHS
Temnepa-Typy. OJHOYACHO 3 TIBHINEHHAM TEMIIEPaTypH Tijlla 3pocTae
aKTHBHICTh IMYHHOTO Tpouecy. MareMaTHUHa MOJENb 3 ypaXyBaHHAM
TeMIepaTypHOI peakiii opraHisMy HabyBae TakOro BUIJIAMY:

dv
BTV —yFV,
= BT —vy

%nggmuv—mw+ﬂ—%w—mx

dF i )
*&":PC—(WV*H;)F, -

dm

—=cV —-p_m,

="

% — K VF(1— 0,V F) — py (T = T).

(3.11)

OcranHe pIBHAHHA OIMMCYe 3MiHY TeMIEpaTypd Tiadac
indekuiiiHoro  3axsoproBaHHs .CTHMYJIOIOYHM  CHTHAIOM IS
HiABHINEHH Temrieparypd € 30UIblIeHHS KoHUeHTpauii VF -
KOMIUIEKCIB Hajl NedaKolo seandrnoo (VF )' ;

TloyaTKOBUM 3Ha4YEHHAM JUIS LBOrO DIiBHAHHA MOpH [ =[;, €
PiBHICTS: ' '

| T(t,)=T" =366 3.12)

[MouaTkoBi YMOBH JUISl NEPIIMX YOTHPLOX (QyHKIIH CTaBAATE Y

Buraaai (3.7).
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Oynkuiio (7 ), B(7T ) obupatorses y BUrISAL:
a(T) = o[l + b(T - THI;
B(T)=B, /1 +a(T -T7)],
ne gy, P, - koodilieHT cTHMyAUil IMYHHOI CHCTEMH Ta TeMl

PO3MHOXKEHHSI BipyciB 3a HOpManbHOi TemmepaTtypH; a,b —poparthi
KOHCTaHTH;

0, axuo VF <(VF)';
.=
" |const >0, sxwo VF=(VF) ,

(VF)* — TIOpPOTOBe 3HAYEHHS.
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1.4. Mogeni eKOHOMIYHOT AUHaMiKu

YV  mpoMy miIpO3AUTI  NOAAHO NpPHKJIAJM  3aCTOCYBaHHS
3puyaitHux audepeHialbHuX PIBHAHE JUIS MOJIETIOBAHHSA JTHHAMIKH
eKOHOMIUHMX mponeciB. Mozxeni noOyAOBaHO 3 MPUITYIIEHHAM IIOJIO
HeoOMEXKEHOCTI TPYHOBHX 1 NPUPOAHMX pecypciB. ¥ nm. 1.4.1-1.4.3
NOCHTh  JETAIbHO ONUcaHO  (YHKIIOHYBaHHA  OIHOMPOAYKTOBOT
(opnoramyszeBoi) BHpoOHMUOI eKOHOMIUHOI cucTemu. PosrisHyTO
B3a€MO3B 430K 1 B32eMO7Ii10 Ga30BMX MAaKPQEKOHOMIYHHMX INOKA3HMKIB 3
ypaxyBaHHAM pi3HMX npunymens. Y mn. 1.4.4-1.4.6 posrsHyTo
¢ynKuionyBaHHs 6aratonpomaykToBoi (6araToramys3eBoi) eKOHOMIYHOI
cucteMu. Matepian 0azyeTbcs Ha MOHATTAX 1 MPUTTYLIEHHSX, ONUCAHUX
ym 1.4.1.

1.4.1. OOHonpodykmoea QuHaMi4YHa MaKkpOeKOHOMIYHa
moderb

OnHOMPONYKTOBI ~ MOJENI  MOB’A3yI0Th Mk  cofowo
HaWBAKIIMBIII, MaKPOEKOHOMIYHI MOKa3HWKM, Taki $K BaloOBHMH
NPOJYKT, KIHLEBHH MNpPOMYKT, KaliTalbHi BKIANCHHS, CHOXKHUBaHHS,
TpyJaoBi pecypcd Ta iH. OAHONPOXYKTOBI Mojeni BHpoGHMUTBA i
po3noAiMy TPOAYKUil 3a3BM4aii 3aCTOCOBYIOTH Ul MOJETIOBaHHS
PO3BUTKY €KOHOMIKH Ha Makpo- | Me30pIBHAX (PiBEHb KpaiHM 1 periony,
Bianosiauo) [7, 14, 20, 21]. ;

Ha puc. 4.1 monaHo cxemy B3a€MO3B’A3KiB rojloBHHX OJIOKIB,
siKi BioOpaXkaroTh BHPOOHMIITBO 1 MEPEPO3MIO/IIT PeCypCiB, y 3aMKHEHIH
exkoHoMiuHiil cucTeMi. EKCIIOpTHO-IMNIOPTHI onepatiii Ta CTBOpEHHS
3arnaciB He BpaxoBaHoO.

PesysbTaToM BUPOOHUUOT JiANBHOCTI B £ -My Nepiojii € BanoBHit
npopykt X(f), axuii y 6noui P, npeacraBieHo CyMOK BHPOGHHYOrO
crioxkuBanHa W (1) (KinmbKicTh BUPOOIEHOr0 NPOIYKTY, SIKHH MOBTOPHO

Gepe yuacTh y BHPOOHHMIITBI CaMOro MPOAYKTY) i KiHUEBOTO MPOAYKTY
Y(t):

XO)=W@)+¥(1). (4.1)
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Puc. 4.1. Cxema B33€MO3B’513K1B HARBAKTHBIUIHX MAKPOEKOHOMIYHHX

MOKA3HHKIB JUIS OHONPOAYKTOBOI MaKpOeKOHOMIuHOT Mozeni,
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Kinnepuit nmpomykr Y(Z) B Gmoui P, posnopinserscs Ha
iHBecTHii (KamiTaneHi BKJIaneHHs) I(r) y' BupobHuuy cdepy Ta
HerupobHuue cnokusanng C(f) :

Y(O)=1()+C(®). . (4.2)

InsecTuuii y OGnowi F, nominmiorh Ha  amopTH3auliii
BigpaxysaHHs V(7) i Ha UKMCTI KamiTalbHi BKJIAJICHHS B PO3IIMPEHHS
BupobHuiTea. Hexail K(f) — BapTicTh OCHOBHMX BUPOGHMYNX OH/IIB B

t-My nepiomi. 3a paxyHOK KaliTaIbHMX BKJIAJEHb 3/iHCHIOETHCS
BBEJIEHHA B Ji}0 HOBHX OCHOBHHX BHPOOHHMuMX (OHIIB (HapouryBaHHS
kanitany). Q@opmanizalisi B3aEMO3B’A3KY MDK IHBECTHULIAMH |
BBEJICHHAM Y 110 OCHOBHMX BHPOOHMYMX (DOHIIB YCKNAIHIOETHCS THM,
10 OCBOEHHSA IHBECTHIii BiIOYBAaeThCS MOETANHO 3 TMEBHUM JIArOM
(zanizHeHHM). _

YV  HalinpocTiliOMy BHIAJKy INpPHITYCKalOTh, IO YacTHHA
IHBECTHLIIH, BRIAJEHHX Y PO3LIMPEHHS BMUPOOHMUTBA B f-My mepiofi,
[UIKOBUTO BUTPAYAETHCA HA NMPHUPICT OCHOBHMX BUPOOHUUYMX (OHAIB Y
soMy K mepiogi. Posmonin iHBecTHUil y LBOMY BUITaZKy 3aMHCYIOTH Y
BUIJISILL o .

I(!)zd—K+V(!). (4.3)
_ dt

Ha mMakpoekOoHOMIYHOMY piBHI HAMBaYKIWBIIIMMH YMHHHKAMH
BUpOOHMITBA € OCHOBHI BHpOOHWYI Qoumm K (kamitan) i 3anismi y
BHPOOHHUTBI TpYNOBi pecypcd L (3atpartd mpaiii). Y Us0My BHMamKy
BEJIMYMHY BaloOBOr0 MpOAYKTY X  BH3Ha4alOTh ABO(AKTOPHOIO
BrApobHuuoIo dyHkuiero F(K,L,1):

0<X(0)<F(K,L1). (4.4)

BupobHuya (QyHKLIS XapaKTepH3ye TpPaHH4Hi MOMKITHBOCTI
BUPOOHHLITBA 3aJ1€XKHO BiJl HAsSBHOrO KamiTaysy K 1 3anisHux TpynoBHX
pecypcie L. 3anexHicte BHpoOHWYOI yHKIiT Bil uyacy mae 3mory
JeTajibHIllle BPaxOBYBAaTH BJOCKOHAICHHS 3 4aCOM BHpPOOHMITBA Mif
BIUIABOM  DI3HMX  UYMHHHKIB  (HAayKOBO-TEXHi9HOTO  Tmporpecy,
BIOCKOHAJIEHHA OpraHizaliHHHUX 3aX0/iB TOLIO).
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ITonanHs y BUIAAI HEPIBHOCTI B3a€EMO3B’ 3Ky MiXK KUIBKICTIO
BApoOIeHOl mNpoaykuii Ta KamiTaloM 1 TPYAOBHMH pecypcamu
3acBiAYye, MO0 BUPOOHWYI MOTYXKHOCTI Y HBOMY Nepioji MOXKYTh OyTH
YaCTKORO 3a/IITHUMH Y BUPOOHWIITBI (YaCTKOBO 3aBAHTAKEHUMM ).

Y GaraTbox HOCHIHKEHHAX BUPOOHHYY (yHKLIIO 00uparoTh
HeoKnacu4Hoto [7, 14, 21]. Bona € rnamkoro, BBIrHyTOI, MOHOTOHHO-
3pOCTAKOYOI0 BIJJHOCHO CBOIX apryMeHTiB, NOJATHOIO NpPH HONATHHX
3HA4YeHHAX aprymeHtiB K Ta L 1 PIBHOIO HYIIO TIPH HYJIbOBOMY
3Ha4eHHi ogHoro 3 pecypecis K aGo L. BupoOuuui dyHkuil 3azsuuai
06HparoTh OIHOPITHUMH.

OnmHOpIOHICTE CTemeHs n O3Ha4ae, WO Uil OyIb-1Koro

A>0,K>0,L>0 copasepnuBa piBHicTh (v BHHAamKy n=1 MaeMo
JiHIHHY OIHOPIJHICTS):
FOAK,AL.t)=)"F(K,L,t). (4.5)

Y MaxkpoeKkOHOMIYHOMY aHali3i HaiJacTilie 3acTOCOBYIOTh
MyJTbTUILTIKaTHBHY QyHKUilo (dynkiito Kobba-Jlyrnaca) i dyHkuio 3
noctiitHoI0 enactHynicTio 3amiHk pecypeiB (CES-dynknito, dynkuito
Conoy).

Junamiuna ¢ynkuis  Kob6a-llyrmaca B y3araasHeHOMY
BUIIAJKY Ma€ BHIJISIL
F(K,L,t)=v()K@®O* L(1)*", (4.6)

ne (1), o(t), B(r) — napamerpu mogeni. [lapamerpu o, B Ha3uBaOTH
koedillieHTaMH  eacTHIHOCTI BHITYCKY BaJOBOIO NPOXYKTY IO
KamiTamy 1 TpymoBux pecypcie, BimmosigHo. Ilim enactvunicTio
BUpOOHMYOI (YHKII] 32 NEBHAM YHHHUKOM PO3YMIIOTH BiJHOUIEHHS
BiTHOCHOT'O NPHPOCTY BHPOOHH4YOI (PyHKLIT A0 BIAHOCHOrO MPHPOCTY
YMHHUKA BHPOOHHMIITBA:

OF 0K OF oL

a=—:—, B=—:—.

F K F L
3anexHicTe napamMeTpiB v, o, B BupobHMYOI QYHKIIT BiJ yacy
Ja€ 3MOTy BpaXOBYBaTH BJIOCKOHANGHHA 3 YacOM pi3HHX YHWHHWKIB
BUpOOHMLITBA IIiA BIUIMBOM HAayKOBO-TexHiyHoro mporpecy (HTII).
Ipumyctumo, mo 3aagku HTII pupobHuuTBO 3pOCcTae 3 mocTiiHUM
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TEMIIOM p, aje He 3MIHIOETbCS BiJHOCHA €(EKTHBHICTH OKPEMHX
auHHukie BupoGHuuTea (Brume HTIL e wnelitpaneuum). V usomy
BHIIQJIKy BupobHHay dynkiiro Kob6a-/lyrnaca 3anumemo y suraszi:
o p
F(K,Lt)=v.e” K1) L(t), 4.7)

Ie V,, o, B — mapameTpu Mozeni, AKi He 3aexarh Bij yacy, v = ve” £
SAxuro He spaxopysatu BiiMBy HTIIL, To napamerpu v, a, B €
noctifinumu. YV 1150My BHNAJIKY HicTaeMo, cTatyHy (ynknito Ko66a-
JHyrnaca:
F(K,L,t)=VvK()*L(1)". (4.8)
Crenine onnopinsocti dynkuii Ko66a-/lyriaca BusHauaeThes cymoro
napamerpie o +p. [ craruunoi  Qyskuii  (4.8), 3a3Buuaii,
NpHiMaloTh JIHIWHY omHOpiaHicTh: o+ =1 (mocrifina Bigmaua
pecypcis). [iis auHamigHOl yHKUIT THNOBOIO € yMoBa a+[f>1, ska
BigoOpakae ~ OWHaMiKy  3pOCTaHHi  e(eKTHBHOCTI
BHPOOHHMLITBA,

Junamiyna Bupobnuua ¢ynkuis Conoy B ysaraibHeHOMY
BUMAJIKY Mac BT

F(K,L1) =D a()K (1) +B)L(t) ™" ]—mmrom ;

YUHHHUKIB

ne v, o, B, p, ® — napaMeTpx MOZeni, AKi 3anexats Bin yacy. Sk i ana
¢ynxuii Ko66a-/lyriaca, neski (abo Bci) mapamerpn dynkuii Conoy
MOXHa BMOMpaTH MOCTIHHHMH. Y UBOMY BUNAJAKY MOXXHA OTPHMATH
Bupobunuy dysxkuilo Conoy 3 HeHTpanbuumM BrimeoM HTII i crarruny
¢ynxkuio Conoy.

SIKIo BpaxoBYBaTH TilbKM OJIMH i3 YHHHHKIE BHPOOHMIITBA, TO
OTpHUMYIOTh  OfHOGAKTOPHI  BHpOOHM4I  Qynxuii. Opnodakropwi
BUpoOHIAYi QyHKIT MOKHA OTPUMATH i3 IBOGAKTOPHUX Y NPHUITyIIEHH]
HE3MIHHOCTI 33 YacOM OJIHOTO i3 YMHHMKIB BUpoOHHLTRA. [TpumycTumo,
10 YKCENIbHICTh TPYIOBUX PecypciB L i iXHili BiTHOCHWMI BruiMe B Ha
BUPOGHUIITBO € TOCTIHHUME MPOTATOM PO3rIIsAMyBaHOro nepiomy. Toni
dynkuis Ko66a-/lyrnaca (4.6) maTume BUrIsz;

F(K,L1) =k, (KO, ky()=v()I’. (4.9)
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Hpu o(r)=1 i sincyrnocri HTII otpumyemo Haiinpocrinmy JHiHY
BAIEKHICTE MK MaKCHMAJIBHUM BHITYCKOM BaJIOBOTO HNPOIYKTYy i
BUPOOHHYMMH (OHIAMMU:

F(K,Lt)=k,K(1), (4.10)

me k,=const>0 —
BUPOOHHMIITBA.

ITapamerpn BupoOGnmumx ¢yHkuili ninGupaoThes i3 YMOB
HafKkpaioi (B ToMy uM iHWIOMY po3yMiHHI) BimmopigmocTi hyHkuii
AOCTIDKYBAHOMY — TIpONleCy BMpOGHMNTBA Ha INACTABI  JaHMX
CIIOCTEPEKEHD.

CniseinHomenns (4.1)~(4.4) noB’s3yioTh Mk co6ol0 3
AOMNOMOTrOi0 3-X PpIBHSHb i OAHi€i HepiBHOCTI 3MmiHy B waci 8-mu
MaKpOEKOHOMIYHMX  MOKasHMKiB: X, W, Y, LC KV, L. s
AOCIUDKEHHA [MHAMIKH UMX TOKA3HMKIB T4 ONHO3HAYHOIO TXHBLOIO
BH3HAYEHHS, HEOOXIJHO 3aaTH e KiNbKa A0AaTKOBHX CIIiBBIHOLIEHE,
Ki MTOB’ A3YIOTh 1 IOKA3HUKH.

B eKOHOMIYHHX NOCTIIKEHHSX 9acTo BBKAIOTh, 10 KiJIBKICTh
TPYAOBHX pecypciB L (fKi CTAHOBJISATH TEBHY YacTHHY HaceJieHHs )

3MIHIOETBCS B Yaci (K i KiNBKICTE HaceleHHs) 3 NOCTIHMM TeMIom
E>0:

KamniTanbHUi Koe(illieHT  OCHOBHOTO

L(t) = L' ™), (4.11)
ne L(f,) =L, — KiTeKiCTh TPYJOBHX PECYpCiB y MOYATKOBHI MOMEHT
dacy fy. Axmo £=0, To KinbKiCTb TPYIOBUX PeCypeiB HE 3MIHIOEThCH
3 4acom.

BupoGnuui satpaty W sanexats Bin kinbkocti BUpobeHol
npofykuii X , saxisHoro kanitany K idacy f:

W(t) = A(X (1), K(1),1) . (4.12)

Y OarathoX BUIAZKaX CNpaBE/TMBMM € TPHIYUIEHHS MO0

NpOMOpLiAHOT  3anexHOCTI MK 3aTpatamm W Ta 06 ’eMom
BUpOOHUITRAa X :

W(t) = A(NX(1), (4.13)
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e A(t) — KOe(ILIEHT MPAMUX 3aTpaT Npoaykuii X Ha BUpoGHUITBO
OJIMHHMII LI€T X MPOIYKILii.

Amoprusauiiini  BigpaxyBaHHs V' 3a3BHMuail  nponopuiitui
BEJIMYMHI OCHOBHMX BHpOOHMYMX oHAiR K : .

V() =wnOK(@), ’ (4.14)

ne p(7) —koediuieHT amopTH3aLii (HopMa amopTU3anii).

Hexalt  3ajano  piBeHb  3aBaHTaXEHOCTI  BUPOOHHUMX
noryxnocreir 0< p(r)<1. Toni kinbkicts BHpoGnEeHOT mnpomykii
NoB’s3aHa i3 BUpoOHUYOI0 (QYHKIIEIO0 TAKMM CITiBBIJHOILEHHSM:

X(t)= p()F(K,L,t). (4.15)

Ipunyctumo, mo imBectuiii /(7) € TNEBHOW YaCTHHOMO
Kinnesoro npoaykry Y(¢) [7, 13, 14, 21]:

, 1{)=s()¥ (1), (4.16)
ne s(1)>0 — HOpMa HaKOIWYEHHs KamiTaly. 3HalouM HOpMy
HaKONHYEHHA KamiTany s, 3i cniesigHomens (4.2), (4.16) 3Haxomumo
BETHYHHY CTIOKHBAHHS K [1€BHY YaCTHHY KiHIIEBOIO NPOIYKTY:

' tC)=s (Y (), (4.17)

e s (f)=1-s(t) — dyHKuis, fKa € HOPMOW CHOKHUBAHHS
(xapakrepusye BenuumHy crnoxusadHs C(f) SK NEBHy CKIaJoBY
YacTHHY KiHIIEBOTO NMpoaykty Y(2)).

Pienb cnosxusauns C(7) , a6o TouHilIe piBEHb CIIOXKHBaHHS Ha
nymy Hacenenus C(H))=C(t)/L(f), € omHMM 3 TOJIOBHHX
MaKPOEKOHOMI4HHX [OKa3HWKIB PiBHA €KOHOMIYHOTO PO3BUTKY KpaiHH.
MeTta pO3BHTKY €KOHOMIKM KpaiHH IOJAra€ B JOCATHEHHI 3amaHoro
PiBHS CHOXMBaHHS, SIKWM 3MIHIOETBCA (3a3BMuYail 3pocrac) y waci.
DyHKIiO, KA XapaKTEepU3ye DPIBEHb CTIOXMBAHHA, MOXHA 3a1aTH Y
BUTJIAI:

Ct)=c,e""™ +c (t+1,), (4.18)

Ae ¢, ¢, | — 3ajaHi napametpu moxeni. Ilepumit nopanok y (4.18)
xapakrepusye 0a30Bui piBeHb CHOXHBAHHSH, SKWHl 3MIHIOETBCS 3
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noctiikuM  TemMrnoM 1 (¢, 6a30BUH piBeHb CMOMKHBAHHA Y

MIOYATKOBMI MOMEHT dacy f,). Jlpyruii J1o01aHOK XapaKTepH3ye
BIAXWIEHHS BEIWYMHM CIIOXKMBaHHN Bij 0OazoBoro piBHs y Oik
amenmenns (¢, <0) abo 36ineimenns (¢, > 0).

V 1BpOMYy BUMAJKY BEJIWYMHY IHBECTHII BH3HAYAIOTH 13
cniBBimHOmEHHs (4.2) AK PISHAIIO MDK BEJIMYHMHOIO KIHIEBOTO
NPOIYKTY | HEBHPOOHWYMM CHOKMBaHHAM. IHIIMM criocobom 3ajiaHHs
BEJTHYMHM CIOXKMBAHHS € 33J1aHHS1 HOPMH CITIOJKMBAHHSA S, 1 BU3HAYEHHA
BEJIMYMHU CNOKUBaHHA 3rigHo 3 (4.17). Tonl HopMma HakONHYEHHS
KariTamry CTaHOBUThL § =1—3s,_. _

Vuacnigok o6’emnanHs chiBigHomens (4.1)—(4.3), (4.11),
(4.13)—(4.16)  nicranemMo TaKy JAMHaMi4yHy OJHOTIPOAYKTOBY
MaKpOeKOHOMIYHY MOJE/b:

X(H=AOX () +Y(1),
Y =In)+C(),

dK ;
I(@)=—+/K.0)-K(),

X (@) =pOF(K,L1), (4.19)
1(t) =s()Y (1) ,
L) = Lnet(-'~ﬁ:) .
3ayBakumo, 1110 1pyu nodbynosi mozeni (4.19) sanaerbcs Hopma
HaKONMWYEHHs Kanitamy s 3rigHo 3 (4.16).
Jlns gucenpHoro aHamizy mozen (4.19) neobxinHo 3anath
napameTpu mojei A, W, p, S, &, AKi B y3araJbHeHOMY BHNAIKY (Kpim
£ ) € byHKUISMHA Bijl Yacy, Ta JONOBHUTH ii OYAaTKOBOIO YMOBOIO:

K(t,) = K. : (4.20)

3a pi3HUX YACTKOBHX MPHITYHIEHb MO0 3aJIEXKHOCTI (PyHKILIH
A W p,s, F, L, C Bia cRoix aprymenTis i3 Mozeni (4.19) moxna

ojepkaTH KilbKa TPOCTINMX Mojienell, $Ki BUKOPHUCTAHO TMpH
JTOCITi [PKEHHSIX MaKpOeKOHOMIYHMX mpoueci [7, 14, 20, 21].
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1.4.2. HeoknacuyHa modesib pocmy

Bupasumo puHaMiKy TPHPOCTY KamiTamy depes BHpoGHMuy
¢ynkuito. Ha ocHoBi nepuioro i 4eteeproro piBHsHb mozeni (4.19)
3HAXOIMMO  BEIMYMHY KiHIEBOrO TIPOMYKTY, BHUPAKEHY uepes3
BUPOOHMYY (DYHKIIIHO:

Y()=(1-40) p(OF(K,L,). (4.21)

3 ypaxysanusm (4.21) 3 ppyroro piBHsHHA Mozaeni (4.19) smaxomumo
BEJIMUMHY iHBECTHILIMH:

1(1)=(1-A@®)) p(OF (K, L,1) - C(1). (4.22)

IMicna mincranosky (4.22) B Tpete piBHAHHEA (4.19) nicranemo pisHsHES
JIWHAMIKH HPUPOCTY KaniTary:

df,(f) (1- A(D) p(F (K, L))~ w()K (1) - C(1). (4.23)

Sxmo BBaKaTH, IO BeNWYWHA IHBECTHLIM € IIEBHOK YacTMHON
KIHLIEBOrO NMPOMYKTY, TO piBHSHHA (4.23) 3 ypaxysanusm (4.16), (4.17)
MaTHMe BUTTIAN: .

df;(’) s@)(1- A(r))p(r)F(KLr) WNK(1). (4.24)

Jlane piBHAHHS JOMOBHIOOTH MTOYaTKOBOIO YMOBOIO (4.20).
Hexa#i supoOHH4A cbym_cuix € JiHIHHOIO  OJHOPITHOIO
dyHKUICIO;
FAK,LL,7) = AF(K,L,1). (4.25)

ITpuBenemo mMozens (4.19) 10 HOPMOBAHOTO BHITISIAY, i€ BCi BEINYHHH
HOPMOBaHI B pO3paxyHKy Ha OJIHOTO MpaliBHWKa. BBememo Taki
MO3HAYECHHA:

x(f)=X(f)/ L(t) — Benu4MHaA BHITYIIEHOT BaJIOBOT MPOAYKI|i, sika

Npunajgae Ha OJHOro npauiBHmca (mpomyxTuBHiCTE npami);

¥(t) =Y (t)/ L(t) — BenuumHa KiHIIEBOI NPOAYKIIii, IKA PUIIAgac HA

OJIHOTO TIpaLiBHHKA;

c(t)=C(t)/ L(¥) — ob’eM CIIOKMBAHHA Ha OJJHOrO MpaIiBHUKA |

i(¢) = I(t)/ L(t) — 06’emM iHBECTHIII} Ha OHOrO MpalliBHUKA |
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k(t)=K(7)/ L(f) — BenmuuMHa Karitajly Ha OJHOrO MpaiiBHMKa
(xanitano- a6o GOHAOMICTKICTE).
Hoxnasimy B (4.25) A =L"', Bupasumo Bemuumny x(7) depes

BUPOOHUTY (yHKILiO:

(,)_i@ p(f)%F(K,L,I)=p(I)F(%,1,I)=p(r)f(k,t), (4.26)

K ;
e f(k,!)=F(-E,1,r) — HOpMOBaHa BupoOHMuYA QYHKIIA, sKa

XapaKTepu3ye NPONYKTHBHICTh npaiti K (byHKLi0
Kariranoo3bpoenocti. 3 BnacTMBOCTEW  BHpPOOHMHYOT  QyHKUIT
F sunnuBae, mo:

Jik.1)> 0, £k,0) <0 V> 0; lim £/(k,1)=oo, lim f;(k,1) = 0.

[MopinvBiuM NOYIEHHO MeEpili Tpu piBHSHHAA Moneni (4.19) Ha KijnbkicTh
TPYIOBHX PECYPCiB L, OTPUMYEMO TaKi HOPMOBaHI PIBHSAHHS:

x(1) = A(t)x(t)+ y(1), (4.27)
y(t) =i(t) +e(1), (4.28)

(- LK

i(t)= — + W(2)k(2). (4.29)

BupasuMo MIBMAKICTL 3MIHM KamiTaly 4epe3 IIBHMAKICTH 3MiHH
KariTaJoMicTKOCTi:

dK d(kL) dk k—
d dt dr dt
Bpaxosyroun cnissifnomenns (4.11), ske xapaxktepusye 3MiHy B uaci
TPYJOBUX PecypciB, OTPUMYEMO:
dK dk
d o dr

3 ypaxyBaHHSM OCTAHHBOI'O CHIiBBIAHOIIEHHS piBHsHHA (4.29)
3anUIIeMo y BUTS I

i(1) =

L+EEL,

5"% + (1) +E) k(). (4.30)
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Ynacninok nigcranoeku (4.26), (4.28), (4.30) B (4.27) OTPUMYEMO :

p) f(k(2),1) = A() p(2) f (k(2),1) + 5‘% + () + §) k(1) +c(0).
3Bigcu: i
dk
—;I’Q = (1= A() p(0) f (k(2), 1) — (11(2) + E ) k(£) — (1) (431)

_ PiBusinna (4.31) Ha3sMBalOTH OCHOBHHM JaudepeHLianLHUM
PIBHAHHAM HEOKJIACHYHOI Teopii ekoHOmiuHOro pocty [7, 14, 21]. B
y3aranbHeHOMY — BWmaaky — piBHSHHA  (4.31) €  Henimiitaum.
YHiBEpCaTbHOr0 METOY iHTErpYBaHHA TAKOTO DIiBHSHHS He icHye.
Tomy nns iioro posp’si3yBanHs HeOOXiAHO BHKOPHCTOBYBATH 4HCIIOBI
Metonu. PiBHsiHHS (4.31) JONOBHIOETHCS BIATIOBIMHOIO MOYATKOBOIO
YMOBOO, sika BUTUTHBaE 3 (4.20):

K

k(tu):km ko 22:)1 (432)

-

Ae k, — BeJMYAHA KANITATOMICTKOCTI B MOYaTKOBHiT MOMEHT uacy -2

Hxmo 3ajaty BEJIHHHHY IHBECTHIIIH K [I€BHY YacTKy KiHLEBOro
nponykty, To piBHsAHHs (4.31) Habyne BUrAALy:

dk(
_Ed(zﬁ=.s(t)(l—A(t))P(!)f(k(f)a’)“(“(‘)+5)k(’)'

1.4.3. 'OdHonpodykmoea QuHamMiyHa Modens
Jleonmbeea

B Taxy monens orpumyrots 3 mozeni (4.19) 3a Takux npunyieHs:
L * byHxuil 4, g, s P € nocTiHHAMM;
* BupoOHM4Yy Qynkuito obwparoTs y Burmaai (4.10) i BHpoGHMu
MOTY>KHOCT] LIJIKOBHTO 3aBaHTaXeHi, p(f)=1.
' 3a takux nmpunymenb i3 (4.10), (4.15) smaxomumo BEJIMMHAHY
Kanitany sk JiHiHHY GyHKIi0 BAIOBOrO MPOIYKTY:
X(¢
K()= _() 2
kx

(4.33)
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Topi mpHpicT KamiTany € HPONOPIiHHMM 10 HPUPOCTY BajlioBOro
NPOIYKTY:
dk 1 dX
— = (4.34)
dt k, di
[Ticnis MiACTAHOBKHM APYIoro i TPeThOro piBHsHHA Mozeni (4.19)
y mepuie piBHSHHA Ta BpaxyBaHHS BHINE3rajJaHuX TNpPUNYLIEHb i
criiseigHOIEHs (4.33), (4.34) oTpuMyeMO piBHSHHSA TWHAMIKA BANOBOIO

MPOIYKTY:

- dX
X(r)=A¥(r)+(:X(r)+B—C}—+C(I), (4.35)
1
vl 1 . .
ge A, G=—, B=—= — mnapamMerpu Mogeni, sAKi Ha3WBaiOTh
ky k,
koedillicHTaMH  TIPAMHX  3aTpaT, AaMOPTH3ALIMHHUX  BiapaxyBaHs,
KamiTaJIOMiCTKOCTI TIPUPOCTiB BUpOOHULITBA (npupoineHol
hoHaOMICTKOCTI), BiJIMOBIAHO. Mogens (4.35) Ha3HBAIOTH

OIHOTIPOIYKTOBOKO TMHAMIYHOIO Moziesunio JleonTnera [13, 20].
Jlns OJIHO3HAYHOrO 3HAXODKEHHA pO3B A3KY piBHAHHS (4.35)
JIOTTOBHIOIOTH IOYATKOBOIO YMOBOKO:

X} =%, (4.36)

-Isoni mepmmit 1 QpyTHH AOJAHKM y MpaBil HacTHHI PIBHAHHS
(4.35) o6’ ennytoTh. ¥ 1IbOMY BHNAAKy MOIENb JIEOHTbEBA 3alUCYIOTh Y
BHTJIAAIL

X(r):AX(r)ﬁB%+C(r), (4.37)
ne napametrp A € cymoro napamerpiB 4 i G pisuanng (4.35). fx i B
(4.35) napamerp A4 HasuBarOTh KoediuicHTOM MpsMHUX 3aTpart. Ilpore B
OCTAHHBOMY BHINAAKy [0 HBOTO 3aUMCASIOTH SIK  3aTpaTW Ha
BUPOOHMITBO, TaK i 3aTpaTH Ha BiAHOBJIEHHS BUOYTTS Ta PEMOHT
OCHOBHMX BUPOOHWYMX (DOHAIB.
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1.4.4. JunamidyHa Mmodenib po3eumky 6azamozany3seeoi
eKOHOMIKU

ExoHoMi4Ha cucTeMa KpaiHH (perioHy) € JOCHTh CKIanHOIO. 1i
chopmoBano 3 OaraTbOX, NOB’A3aHMX MDK c00OK0, ramysed, ski
BUPOO/SIOTH PpI3HI TOBapHM 1 HaNalOTh Pi3HI NOCHYrH. 3 MeToro
MOJEMIOBaHHS  (PYHKI[IOHYBaHHs  OaraToramxy3eBoi  eKOHOMIKH
pospobneHo  kinbka  OGararoramysesux  (BararonpomykToBux)
eKoHoMiynmMx Mopened [5-7, 12-14, 18-21]. YV usomy mnyukTi
po3risHeMO MOJEeNi, AKi OMUCYIOTh JAMHAMIKY FOJOBHHX €KOHOMIYHMX
Noka3sHUKIB Oararoramy3eBoi eKoHOMi4yHOI cuctemH. Jlani Mopeni e
Je3arperyBaHHsM OIHOMPOIYKTOBOI MaKpOEKOHOMIYHOT Mozieni (4.19) i
Oa3yroTbes Ha MaTepiani 1. 1.4.1.

Po3rigHeMO €KOHOMIYHY CHCTEMY, SK4 CKIajacTecs 3 n
ramyseit. BraxxatumeMo, 1o ramgysi € B3a€EMHO HE3aNleKHHMH: KOXKHA
ramy3s BUpOO/IAE €IUHHN MPOXYKT i KOKEH NMPOIAYKT BUPOOAACTbCS
€IMHOIO Taimy3310. Takox He BPaXxOBYBaTHMEMO EKCTIOPTHO-IMIIOPTHHUX
omepauliif i CTBOPeHHs BUPOOHHYMX 3anaciB.

Sk 1 y BUNagKy OJHONPOIYKTOBOI EKOHOMIKH, IOJamo
MaTeMaTH4Hy Mojieib 6araTONpOAyKTOBOI EKOHOMIKM y  BHIIIs,
ananorigsomy (4.19);,

X(O)=W@)+Y (1), (4.38)
W(r)= AX,K,DX, -(4.39)
Y(O=I'(0+C@, (4.40)
dK
§=I(!)—M(IJ-K(2‘), (4.41)
X(@0)=p0)FK L), (4.42)
I'(t)=s@Y (@), (4.43)

L= L™, L) =00, 027, i=1L.n

-l (s,‘“,...,sf”)r ; isf"" 1.

f=1

(4.44)

Ilpote, Ha BigMidy Bix moneni (4.19), y moneni (4.38)—(4.44)
yci 3MiHHI | KOHCTAHTH € BEKTOPHMMH i MaTPUUHHMHM BEIMYHHAMM.
OnuimeMo feTaTbHIme 11l 3MIHHI 1 KOHCTAHTH:
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X (@) =(X,@),....X, (r))r — BEKTOP BaJIOBOTO MPOAYKTY;
W)= (W1 (9),. ..Wﬂ(r))r — BEKTOD BHPOOHHYOTO CHOKWBAHHA
NPOMBKHOTO MPOAYKTY;

YD =Tk (t))T — BEKTOP KiHLIEBOTO MMPOIYKTY;

I'(r):(!,‘(z),...,l;(t))T — BEKTOp IHBECTHIMH, AKi BiANAIOTH OJHI
rary3i BUpoOHMIITBA B 1HIII ramysi;

10=(L{),....,I,(6) -  mextop  imectumi,  sxi
MEepPepOo3NONLUIAIOTLCA MUK Iraimy3siM1i BUPOOHMIITRA;

)= (CI {5444 C, (r))T — BEKTOp HEBHPOOHHYOTO CHIOKMBAHHS,

K(t)=(K,(1),....K, ()| — BeKTOp OCHOBHHX BUPOGHIIHX hOHAIR
(kamitany);

F(K,Lt)=(F(K,,L;,0),.... E,(K,, L,,1)) — Bexrop BupoGHMuMX
byHKLIH;

F(K,L,t),i=1,.,n — BupoOHM4a OyHKUis i-0i ramysi; npu
BuOOpI BHpOOHMUMX (yHKUIA KOXHOT i3 ramyseidt y dQopmi
MyabTHILIIKaTHBHOT  QyHkuii Kob66a-Iyrnaca (4.8) neobxinHo
3a7aTH *BEKTOPH MNapametpiB v=(v,,..,v,), a=(o,,..,0,)",

B = (B]"“:Bn )T ;

L(r)QZL,(r) — KiNBKiCTb TPYAOBHX peCypciB, 3aliiHUX Y

i=]
BUPOOHHUTBI; L, — TpyAOBI pecypcH, 3alisHi B 7 -iif ramysi ;
W w0 IO
5 =8 055, BEKTOp, KOMITOHEHTH SKOTO XapaKTepH3yIOTh

YaCTKM TPYNOBMX PpeECypCiB, 3aMifiHMX Y BIANOBITHMX Tamy3sx
BUPOOHUIITBA;
L, — kinpKicTb TPYAOBHX PECYPCIB y MIOYATKOBHI MOMEHT Uacy 1/, ;

A(X,K,:):M(X,K,:)], i,j=1..,n — marpuus koedimicHTiB

npamux 3sarpat; A, (X,K.), i,j=1,..,n — koediuieHT npamux
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3aTpaT MPOAYKTY i-Oi raiy3i Ha BUPOOHHMITBO OJMHHLI BaJOBOIO
TIPOIYKTY Jj—Oi ramysi;
u(t) = diag (Nr 4 ey L (r)) — MaTpHUId KoedillieHTIB aMOpTH3aLii;
p(t) = dfag( p(0),..., pn(r))r — MATpHLM piBHA 3FaBAHTAXKEHOCTI
BUPOOHHYHX MOTYXHOCTEH;
s(1) = diag (5,(t),-.., S, (r))r — Marpuus HOPMM HAKOTIMYEHHs
OCHOBHOTO Kamnitamy.

Koxxua 13 BeauH X;.,WI.,Y‘.,I,.,I‘.',KI.,p,.,s;.,E, AKI HaJeXxaThb 10

i-of ramysi (i=1l,..,n), Ma€ TOH camuii €KOHOMIYHHH 3MICT, WO I
BiZNOBiHI BEJIMYMHU B OJHONPOAYKTOBIH Moaeni (aus. . 1.4.1).

Jlns onmosHayHoro ofvucneHHs po3s’ssky moxens (4.38)-

(4.44) nONOBHIOIOTE NOYATKOBUMH YMOBaMH!

K(,) =K, ,

ne KU':(KGI,___,KON)T — BEKTOp OCHOBHHX BHpOOHMUMX (OHJIB

(xamiraity) B OYATKOBHH MOMEHT Hacy 7, .

3ynmUAMMOCH Ha JEAKAX XapakTepHUX pHCaX EeKOHOMIYHOI

mozieni GararoramyseBoi ekoHOMiku (4.38)—(4.44), sxi BiOPI3HAOTE il
BiZl OJHOMPOIYKTOBOT mozeni (4.19).

L

TlepeyciM yacTHHA IPOAYKTY KOXKHOI i3 ray3edl BUTpa4acThes Ha
BUPOOHMYE CHOXKMBAHHA AK CaMOi ramysi, Tak 1 IHIIMX ragysei.
YacTka ILOTO NPOAYKTY BH3HauyaeTbCs piBHaAHHAM (4.39). Ilicns
niacranoeky (4.39) B (4.38) orpuMaEMO pIBHAHHS:
X()=AX,K,0H)X +Y (1), (4.45)

ke Binobpakae PO3MOMALN KiHIEBOTO NPOAYKTY Ha BMPOOHHYE i
HEBHPOOHHYE CIOKHUBAHHS.
[IpuITycTHMO, MO €NeMeHTH A4, Matpull A € MnocTiiHAMH

(He 3anmexkarTh Bifl yacy ! 1 BEMYMHM BAJOBOTO MPOAYKTY X Ta
BenMuMHM Kamitany K ). B pesyngrati jgicTaHeMo TpammMiiiHy
€KOHOMIKO-MaTeMaTHYHy MOJens Mikramyseporo Oanancy s
nepiogy 1:

X=AX+Y. (4.46)
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3 MeTOoI0 CIpOINEHHs 3alKMcy B MOJENi MDKramy3eBoro GamaHcy
sanexHicTe X,Y Bin t omymeHo. YV ckaaspHOMY BMIVIAAI MOXETh
MiKramy3esoro Oamancy Habyne

BUIIANY Takoi CHCTEMHM
anre6pugHUX PIBHAHB:
X, =) 4X, +Y;, i=1,..n. (4.47)

J=1

Mixranysesi Marepianbhi Oanancu (i IxHi MaremaTHuHi
Mozeni) po3pobisiioTe Mg Bilo6pakeHHs CHCTeMM MaTepiaibHO-
PEYOBHX 3B’A3KIB NPOLECY BiITBOPEHHS CyCHUILHOTO MPOXYKTY.
Bonn € HeOOXigZHMM  IHCTPYMEHTOM TNpH  IU1aHyBaHHi
30aJ1aHCOBAHOIO PO3BUTKY BCiX ramyseil eKOHOMiku. 3ayRaumo,
WO MDKramyseBi MarepiaibHi GanaHcH MOXYTb po3pobisTichk B
PI3HMX OIMHHMISX BHUMIPIOBAHHA — HaTypaibHUX ((isHUHMX),
IiHOBHMX, Tpyaoeux [7, 12, 14, 18, 20]. Taki 6anasch aouinsHO
pO3riIANaTH AK CKJAJOBY 4YacTHHY Y3arallbHeHHX OaJaHCOBHX
nobyaoB, MO OXOIUIIOIOTH OMHOYACHO i MaTepiaibHO-peyoBi
B32€MO3B’A3KH, 1 B3a€MO3B’A3KM 3 yPaXyBaHHAM CYCHiIbHHX 3aTpar.

Ilpu 3amanomy 3Ha4yeHHi BalOBOrO MPOAYKTY X HEBAXKKO
3HAWTH BEJHUMHY KiHLIEBOTO NpOAyKTY Y :

Y=(E-A)X,

e E-— omyHuuHA iaroHalbHa MaTpHIIA.

Posp’szaBimm  cuctemy (4.48) BimHocHo X, orpumaemo
3HAYEHHS BEKTOPA KiHLEBOTO MPORYKTY:

X=(E-4)'Y. (4.49)

Po3p’a30k piBHAHHA (4.49) naBaTHMe 3MOTY BM3HAYHMTH KilIbKICTh
BAJIOBOTO NPOAYKTY X , IKY HEOOXiZIHO BUITyCTHTH, 1106 OTpUMATH
farkaHy BETHYMHY KiHLIEBOTO MPOIYKTY Y .

Marpuus Koe}ilieHTIB NpPAMMX 3aTpaT HANEKHTh O KIacy
HEBiJ €MHMX MaTpuub. [Ipore koedinienTn MaTpuili A He MOXKYTh
NpUHMaTH NOBibHI 10aTHI 3HAYEHHS, OCKIIBKY BermuunHu X i ¥
3a CBOIM EKOHOMIYHHMM 3MICTOM € HeBia’eMHMMHU. ToMy B Momensx
MDKramy3eBoro 6anaHcy BHKOPHCTOBYIOTh TaK 3BaHi IPOLYKTHBHI
marpuui [12, 14, 21]. Marpumo 4 Ha3HBaIOTH TPOYKTHBHOLO,
KO iCHYe Takud Bektop x20, mo (E-A)x=y>0. [

(4.48)
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NpPOAYKTUBHOCTI MaTpulli A4 HeoOXimHo 1 mocraTtHbo, 106
BHKOHYBAJIaCh 0JIHA 3 TAKHX YMOB!

1. Vci romoeni MiHOpH MaTpHLi (E—A) JIOaTHI Ta MeHLIi
omuHuLi. 3okpeMa, rojoeHui MiHop 0<det(E—A)<].
3pifcH BUILUIHBAE iCHYBaHHA 00EPHEHOT MATpHLII.

2. Vci BracHi 3Ha4eHHS MaTpulli A 3a MOmyJeM MeHIri
OJIMHHILI.

3. Marpmus (E-4)" 20.

JlocTaTHBOIO YMOBOIO NPOAYKTUBHOCTI MaTpuili 4 € Taka yMOBa:

Y B Py s R (4.50)
i=1

Bukonanus ymopu (4.50) rapaHTtye Takox iCHyBaHHA oOepHeHOT
Marputi (E — A)™
Kinuesuii nponykr, 3rizHo 3 (4.40), po3anogingeTscs Ha iHBECTHLIT
I'(f) y pO3BHTOK i BIIHOBIEHHS BHPOGHMYMX MOTYKHOCTEH i
HepupoOHMye cnoxuBanHa C(r). Ilpw mpomy inBecTHuii i -of
ramy3i I, (f) po3nmoaiIIOTLCS SK HA IHBECTHILT B 7 -y rany3b, Tak i
Ha iHBecTHL|T B iHII ramy3i:

=1Lt +...+ L), i=1..,n. - (4.51)
BignosinHo, BenMUUHY iHBECTHUIN /, B i -y rasysb choOpMOBaHO K

3 iHBecTHI# i -0f raiysi /), TaK i 3 inBecTuwiii i » K1 HA/IXOJATh

3 iHImEX ranysed j, j=1...m, j#i:
LO=L)+...+1(1). (4.52)
OueBnHO, MO KOO HEMAe 30BHIMIHIX iHBECTHILIH, TO:
ZI = Z} ). (4.53)
i=1
1,(1)

Hexaii D'(1)=[d;()], d;(:)=r(t), 0<d, (<1, iyj=1,un —

MaTpHUIs CTPYKTYPHHX KOe(iIi€HTIB OCHOBHUX BHPOOHMYMX
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(cTpykTypHa IHBECTHIIIH ),

Ydn=1,i=1,..,
=

dornis

MaTpHIs

n. Enement d, (1) xapaxrepusye wactumy

IHBECTHIIiH, 5Ky i-a raiysp CIpPAMOBYe Ha PO3BHTOK j-O1
ramys3i. Tomi cnmiBBizHOmenns (4.51) Moxua mnoxatw y
BUTJISIIL

L‘(z):Zd,;(r)f,‘(z), folah (4.54)
J=l
3HaKuu MaTpHILIO D‘(r), MOJXKHA 3alWcaTé y MaTpuuHiii dopmi

criBBigHoWeHHs (4.52) Mk Besmumnamu 1(7) Ta I'(1):

I(0)=(D"(0)) I'(1). (4.55)

Beakatumemo, o ICHy€ obepHeHa MaTpHIA

T Ll I .
D(r)=[(D (r))} =[d,0], ij=l..n. D)~ crpyxrypua
Matpuilsl  pOHIOCTBOPIOIOYMX 3aTpaT. EnemeHt d;(1) nokasye

BEJIMYMHY IHBECTHLIM 7 -0 rasTy3i Ha OJMHHLIO [PUPOCTY OCHOBHHX
BUPOOHMYMX (POHAIB j-0f ranysi (matomi satpatu i-of ranysi na
posmupeHHs GOHAIB j-oi ramysi). Po3s’s3aBmm piBHAHHS (4.55)
mozo /' (f) , MaTuMeMo NiuiiiHy 3anexHicTs I'(t) sin I1(1):

I'()=D@t)-I(1). (4.56)

3ayBaxuMO: SAKINO 7-a Tamy3b CHPAMOBYE IHBECTHLIT TLIBKH y
PO3BHUTOK 1 BITHOBNEHHS CBOIX BJIACHHX OCHOBHHX BHPOOHHUYHX
donpis, To I, =1, i=1,.,n. V usomy Bunaaxy matpuui D', D e

RiaroHaTbHUMH OIMHHYHUMU MaTpuisimMe, D' = D = E.

Pisusnns (4.44) onmcye 3MiHy BeiX Tpy1oBux PeCypCiB, 3aisHUX V
PI3HHX ramy3sx BUpOOHMUTBA. OYeBMIHO, 11O CyMapha KiIbKIiCTh
TPYOBHX PECYPCiB € OOMEXKEHOIO 3arajbHOI0 KUIbKICTIO HASBHHX
TPYAOBHX PECYpCiB y kpaiHi (perioni):
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iL,.(z) < L(t). (4.57)

i=1
3poOuBIIM pi3HI TPHUITYIIEHHA CTOCOBHO 3aJleKHOCTI MDK
BenMyuHaMH A, w, p, s, F, L, C' Bix cBOiX aprymentis i3 Mogesni
(4.38)—(4.44), moxHa OTpUMaTH pi3Hi. Bepcil AMHAMIYHMX Mopeneid
po3BHTKY baratoraryseBoi ekonomiku [7, 13, 14, 20, 21].

1.4.5. PieHsiHHsi QuHamiKku npupocmy Kanimany
e modeni 6azamozaiy3eeol eKOHOMIKU

Bupasumo, sk y BHNAAKY OQHOTIPOAYKTOBOI MOJEINI, AMHAMIKY
NpHpOCTy Kamitamy depe3 BupoOmmui ¢yukuii. 3 piBnsunas (4.38) 3
ypaxyBauusam (4.39), (4.42) 3sHaxonuMoO KiHLEBMH mnpomykr Y,
BUpaXeHUH yepe3 BUPoOHUYY (yHKUiO:

Y(1)=(E - A1) p()F(K,L,1). (4.58)

IMicas migcranoeku (4.58) B Ganancose pisHsHHs (4.40) orpumyeMo
BEKTOp iHBecTiuii /@ .
I'(0)=(E - 40)) p()YF (K, L,1)~ C(0). (4.59)

3 (4.55), (4.59) 3uax6aMMO BeMHHMHY iHBeCTHIH [, fki OTPUMYIOTh
OIHi ramy3i 3 IHIIMX rajxy3e:

I(t)=(D'@)) ((E - AW) p(O)F (K, L,1)~C(1)). (4.60)

ITizcraBuBiyn cniBBiHOmeHHs (4.60) B (4.41), orpumyemMo
TaKy CHCTeMYy 3BHUaHHHMX JudepeHLialbHUX piBHAHb, SKi ONHMCYIOTH
JIHHAMIKY [IPUPOCTY KamiTamy:

9K (D) (E - A®) pO)F (K, L)~

dt
—u(0)- K@) —(D"(0)" C(1).

SAxuo BpaxyearH, MO IHBECTHULI] [’ € meBHO YacTKO0
KiHIEBOro MNpOAYKTY (3a0OBOMBHAIOTH CHiBBigHOWEHHA (4.43)), ToO
piBHsHHA (4.61) B 1bOMY BHIIAJIKy MaTUME BHITIAI:

dK

o (D' (1) s()(E - A(D)) p()F (K, L))~ (1) K(£).  (4.62)

(4.61)
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Cucrema pisusne  (4.61) (abo (4.62)) HOTMOBHIOETHCS
TTOYATKOBOK) YMOBOIO:

K(t,) = K, (4.63)

1 cniBBigHomennsmu (4.44), (4.57) m1a 3HAXOKEHHS TPYNOBHX
pecypciB L,(1), i =1,...,n, 3a0iSHAX y Pi3HHX ragy3sx.

1.4.6. fluHamiyHa modenb Mmixzanyseeo2o 6anaHcy

Posrnsnemo nunamiuHy Monens Mixramysesoro Ganancy, sy
OTPUMYIOTH 3 Mojeni (4.38)—(4.44) 3a Takux npunymeHs (aHaNOri9HHUX
3pobneHUM 1pH MoGYJOBI OQHONMPOMYKTOBOI JHHAMIYHOI Mojeni
Jleontrera (4.35)):

a) KoeillieHTH MaTpHIlb A4 i [ NPOTATOM PO3TISHYTOTO Tepiofy
€ NOCTIHHHMH,

6) BHpoOHMYI TNOTYXKHOCTI KOXHOI 13 ramy3eil € LUIKOBHTO
3apaHTakeHumu: p(1)=FE, E — piaroHansHa MaTpHus
PO3MIpPHOCTI n :

B) BUpPOOHUWYA QYHKIIS KOKHOT i3 ramy3ell BAGHpacThCs y BUrIA]

(4.10):
F(K,LD)=kyK(0), i=1n, (4.64)
. ne E,.X =const - KanitanbHuit Koe(iuieHT i -0f ramysi.
CrispigHomenns (4.64) moxsa nomaté y MaTpUYHOMY
BUIJIS:
F(K,Lt)=k,K(1), (4.65)

ne ky =diag(k,y,...,k, ) — niaronansHa MaTpHLs KamiTATEHHX
BKJIaZIEHE OCHOBHOTO BUPOOHHIITBA.

iy
r) icHye o6epHeHa MaTpuLs D(t)z[(D'(t))TJ , AKa Jac 3Mory

BUpasuTy inBecTHuii 1 (7) uepes I(f) srigno 3 (4.56).

Bpaxosyroun 3pobneni npunyienss, 3i CiBBigHOmEHb (4.42),
(4.65) Bunuupac:
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v, KX

K(t) =k, X(1), g

3 piBusuus (4.41) 3 ypaxyBaHHsM (4.66) 3HaXOAMMO BEKTOp
inBecTniit I(1):

(4.66)

i1 71 dX
1(0) = e X0+ Ky = .

[licns MiACTaHOBKM OCTaHHBOTO CHiBBifHOWEHHS B (4.56),
i * 2
OTPUMYEMO BeKTOp iHBeCTHIiH [ (), BHpaXeHHH uYepes BeTUUMHY
BaJIOBOIO NPOIYKTY:

i - dX
I'(f) = Dpk; X (t) + Dk; — (4.67)

IlincTaBuBmy cmiBBigHOmEHHa  (4.39), (4.4Q), 4.67) y
anancose piBHsAHHA (4.38), OTPUMAEMO PIBHSHHA JMHAMIKM BaJOBOTO
HpOIYKTY:

dx(1)

4.68

X(0)=AX@0)+G-X(1)+B—=+C(), (4.68)
e G= Dpkw;‘ = [Qu.], r‘,_,;' =1,.,n — wMarpuud  KoeQilicHTIB
avopmmsauiifix  Binpaxysaws; B =Dk} :[B;J:I: Lj=le.n  —

maTpuns KoedillieHTiB KaniTaToMiCTKOCTI npupc_oc'rin Bﬂpo§HHuTsa.

PipusiHHs  (4.68) Ha3MBalOTh [MHAMIYHOI MIKTaTy3eBOO
monento B.Jleontsesa [12]. Lo MOZIENTh 3aITPOOHOBAHO Ha MOYATKY
50-x pokiB aMEpHKAHCHKHM €KOHOMICTOM B.J'IeoHTLel?.HM. 3ay1}a)1<HM0,
mo pisnsuHs (4.68) oTpumani B.H?OHTBCBPFM Ao HIIHM mﬁzxxoﬂom
SIK Pe3yJIbTaT POSBATKY CTATHYHOI MOZENi MDKramysesoro aﬂal;ﬁi
(4.46). Mopenb MiKrary3eBoro Ga.rlchy_ Ta ii AMACKpeTHi aHaj
BHKOPHCTORYBAJIH NPOTATOM Gara'rt:gx POKIB JUIsl ILIaHyBAHHS po:;.:;pr?;y
eKOHOMiK 6araTsox KpaiH i CBi’I‘Ol-?.Ol eKOHOMIKH 3araiom [7,12, 13, 18-
21]. BukopucranHio auHamigHOi Moxeni (4.68) nepe/lye BU3HAuCHHS
koedinientis  marpus A4, G, B Ha  OCHOBi  y3arajibHeHHs
WaTHCTl;:;:ﬁ;?%@)epBHHiMbHe pieHsHHA (4.68) HONOBHIOETHCH
[OYaTKOBOK YMOBOIO:
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X (1) = Xy, (4.69)
ae X, =Xy, X,,)"
MOMEHT 4acy {, .

— BEKTOp BAJOBOr0 NPOAYKTY B NMOYATKOBHii

Hunamigny MDKramyseBy momens JleoHThera (4.68) wacto
3alHCYIOTh y NEINO CKOPOYEHOMY BHIVIS:

X(0)=AX(t)+ B%;(Q+C(t) . (4.70)

Y pisusiani (4.70) matpuus 4 e cym
(4.68). Marpumo 4 B (4.70)
KOe(illieHTIB npsmMux 3aTpar. Onnak,
KoedinieuTn Matpuui A4
BiZIHOBNIEHHA BUGYTTS Ta pem

Ol0 MaTtpuub A+ G piBHSAHHA
TaKOX HA3UBAIOTH MATPHIIEIO
Ha BiZIMIHY Bin Mozeni (4.68),
B (4.70) wmictare Takok 3aTpaTH Ha
OHT OCHOBHMX BHPOOHHYMX OH/IIB.
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1.5. Exonoro—ekoHoOMi4Hi mogeni

PosrsuyTi y migposaini 1.4 mMomeni eKOHOMIYHOI IMHAMIKM
noGya0BaHO Ha NIPUITYINEHH] PO HEOOMEXKEHICTh IPHPOIHHUX PeCypCiB,
3afisHuX y BupoOnuursi. lle npunymenHs € npuiiHgTHe 32 YMOBH
NOPIBHAHO cabKOTO B3aE€MOBIUIMBY €KOHOMIKM 1 JOBKILIS OJMH Ha
omuoro. CrorofHi Le MNPHUIYINEHHS HE Y3rOMKYETHCH 3 PealbHOK
aifichicTio. ExoHOMIUHA AiS/IbHICTE 3yMOBIIIOE BUCHAXKEHHS PHPO/IHUX
pecypcis, 3a0pyAHEeHHS JOBKLLIA LIKIJUIMBUMH BUKMJIAMH BUPOOHHMIITBA
i NpOAyKTaMH JKHUTTENISAIBHOCTI JOJTHHH. Bonxouac BiﬂﬁyBiliE.TI;CS[
3BOPOTHHM BIUIMB CTaHy JOBKULIA 1 MpPHUPOJHHX PpeCcypciB Ha
€KOHOMIYHY JisNBHICTD i 3A0POB’A HACENEHHA. YHACTIIOK 3aroCTPEeHHs
MATAHHSA B3a€MOil CYCTINIBCTBA 1 JOBKULIS MpoOJieMaM MOEmOBaHHS
€KOJIOr0-EKOHOMIYHMX TIpPOLIECiB OCTaHHIMH AECATHPIUISIMHU
NPHCBAYEHO YUMAIO JOCHiUKEHb [6, 8_—10, 12, %3, 16,2225 D7 28:
30]. . Mporpamy Jiii mpo mepexi CyCHUIBCTBA Ha CTAIMM
(CaMOBIITBOPIOBANGHIH) PO3BUTOK €KOHOMIKH, SKHH 3a6e3net_m'rb
30anaHcoBaHiCTh TPUPOAOKOPHCTYBAHHA Ta MOMUIMBOCTEHM JOBKLIIA
npuiiesro B 1992 p. B Pio-ne-Xanelipo Ha 3ycrpiui kepiBHHKIB
HinbmocTi kpain cBiTy 3 npobieM MmiaHeTH 3emiis.

'V upoMy MyHKTI NpUBEAEHO JieKinbka Moxened, sKi
BiOOpa)kaloTH roJOBHI  IIAXOAM 10  MOJEMIOBAaHHSA  €KOJIOro-
eKOHOMIYHOI B3aemopii. B mpumyiieHni npocTopoBoi OXHOpIAHOCTI
pO3MJyBaHUX XapaKTEPHCTHK EKOHOMIKH i noskiw Moneni
chopmynsoBato sx C3/IP B noenHanHi 3 anreOpHYHHMH PIBHAHHAMH i
HepisHocTsMu, Y 1. 1.5.1-1.5.3 IOCHTH A€TaNbHO OMACAHO nc'oﬁynony
arperopaHyx IWHAMIYHUX €KOJIOro-eKOHOMIYHMX Mmopenei. V 1. 1.5.4
arperoBaHy eKOJOro-eKOHOMiYHY MOJeJIb Y3arajlbHEHO Ha BHMMAamoK
Bararoramy3esoi ekoHoMikH. Y 1. 1.5.5 Ha OCHOBI MozieJTi MiXKrany3eBoi
€KOJIOrO-eKOHOMIYHOT ~ B3a€MOJIli  OTPMMAHO  €KOJIOrO-eKOHOMIYuHY
MOZIENb BHUITYCKY NPOMYKIil 3 JOMOMOTOI0 Pi3HMX TEXHOJOTIYHUX
npouecis. Y mm. 1.5.6-1.5.8 xoporko ommcaHo Bigomi Mojaeni
JleontseBa-®opaa, MoHo-lepycalMMCBKOro Ta rinobanbHy Mopens
@oppectepa. 3ayBa)KMMO, LIO EKOJIOro-€KOHOMIYHI Mojeni MicTATh
BEJIMKY KUILKICTH TapamerpiB, fKi BH3HAYAIOTBCS LITAXOM oﬁpoﬁmj
3HAYHOI KUIBKOCTI JaHUX CNIOCTEPEKEHb ClEliaNicTaMH PI3HUX rary3ei
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(exoHomicTamu, Giomoramm, exomoramm i im.). Otxe, ekonoro-
EKOHOMIYHI MOZEJIi HOCATh MiKIMCUMILTIHAPHHIT Xapaxrep.

1.5.1. AzpezoeaHa QuHaMiyHa eKon020-eKOHOMIYHA
moders

Posrismemo  omHonpoaykTosy MaKpOEKOHOMIYHY  MOJIelb
PO3BHTKY E€KOHOMIKH 3 YPaxyBaHHSM BIUIHBY MNPHPOIHMX pecypcis.
Hexali R — pmesxuii ckanspHuii nokasHuk, skuii XapakTepusye CTaH
NPUPOJIHIX PecypCiB (HA3HBATHMEMO HOro y3araibHEHUM NPUPOHAM
pecypcom). Braxatumemo, mo pecypc OQHOpIIHO po3mojineHui Ha
POSTIAHYTIH  Teputopii.  BigHoBnenns  mpmpoaHoro pecypcey
BiAOYBA€TbCA IUIAXOM CTBOPEHHS CHCLHANBHUX BiIHOBITIOBANbHUX
NOTYXKHOCTEH (OYMCHUX CIIOpYII, 3aroBigHHX 30H Towmo). INoripments
SIKOCTI | 3MEHIIEHHS KiJIBKOCT] PeCypCy 3yMOBITIOE 36iMbIICHHS 3aTpar y
BUPOOHMYii cdepi. Bpaxysanus Brmimey npupogmux pecypcie B
OJTHOTIPO/IYKTOBI# €KOJIOr0-eKOHOMIYHill  Mojeni 3ailcHIOETbCs 3a
TaKOIO CXEMOIO:

— BBOJATH JIONATKOBI DIBHAHHA, S$Ki- OMHCYIOThb JIAJBHICTH
y3arajlbHeHo! BiIHOBJTIOBAIBHOI ranysi;
—  BBOJATH PIBHSHHS, K€ ONHCYE IMHAMIKY TIPHPOIHHX pecypciB

R;

—~ KoedillieHTH piBHSHB BBAXKAKOTH 3AICKHUMH Bil CTaHy
' IPUPOJAHMX pecypcie R.

Y 1[pOMy BHNAOKYy EKOHOMIKY KpaiHu pPO3TNsAaloTE 9K
mporaiysesy. PesynbraToM aismbHOCTI mepoi (OcHOBHOT) ranysi €
BHUPOOHHIITBO BalioBOTO Mpomykry X (muB. m. 1.4.1). Pesynbratom
ALATBHOCTI APYTOT Tailysi € NPOBENCHHS BiIHOBTIOBATBHIX 3aXOiB, AKi
BU3HAYAIOTHCA BEJIMUMHOIO (BAPTICTIO) BiHOBIMIOBANBHHX 3aTparT X R
B cuy crenudiki AisTbHOCTI BiHOBMOBANBHOI Tary3i po3riisHeMO
neTanbHile no6y0BYy arperoBaHol eKonoro-eKoHOMIYHOT MOJiei.

Banouii npomykr X B r-My mepioni posnominseTses Ha
BUpOOHHMYE CTIOKMBAHHS B OCHOBHiH ramysi W, Ta KiHUEBHH NPOMyKT

Ys
X(0) =W, () +Y(1). (5.1)
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BupoGHuuye CrnokMBaHHS Y BiAHOBIIOBAJIbHIM rajiy3i po3risgaroTs sk

iHBECTHLIT OCHOBHOI raTy3i y BiAHOBIIOBAJIBHY ramysb (TOMY NOHNAHOK,

AKHI XapaKTepu3ye BUpOOHHYE CIIOXKHBaHHSA, He BKIOYeHO B (5.1)).
Kinuesuii nmpoayKT posmoAlIseTbes Ha iHBectuuii I(¢) B

OCHOBHy Ta BiaHOBmOBaNbHI ramysi (/,(t) Ta I,(7), BianosigHo) i
kinuese crioxxuanua C(7)

Y(t)=1(t)+C(1), (5.2)

I(t) =T, () + 1p(7) - (5.3)

IMpumyckaemo, mo insecTuuii /,, I, NUIKOBUTO OCBOIOIOTHCS

y t-My mepioai. IX mnoainsioTe Ha YMCTI KaniTalOBKJIAaJCHHA Ha

PO3IIMPEHHA BHPOOHMYMX MOTYXKHOCTEH (OCHOBHOTO Kamitamy) K, ,
K, BianopigHux ramyseil Ta aMopTH3aliiHi BiipaXyBauHs V, , V, :

dK (1)

fx(f)=——dt +Vx (1), (5.4)
< IR(I)=M+VR(I). (5.5)

: dt
BenumuuHy =~ BaloBOrO  MPOAYKTY X 1 Benw4yMHy

BiHOBMIOBANEHUX pobit ' X, gk i B m. 1.4.1, xapaxrepusyiors
BUpoOHWYI DyHKIT F, Ta Fj !

0< X(1)< Fy(Ky, Ly, Ro1), (5.6)
0< X ()< Fo(Kps Lps Ro1), (5.7)
L.(6)+ Ly () < (1), (5.8)

ne L,, L, — KUTBKIiCTb TPYIOBHMX PECYPCiB, 3alifHHX Yy OCHOBHIH i
BIIHOBMIOBANBHIN ramy3sx, BiANOBIAHO; L — 3arajnbHa KilbKicTh
Tpymosux pecypeis. Ha BinMiny Bia niaposainy 1.4 supobHugi dynkuii
3aJIeKaTh BiJ IPUPOJHOro pecypey R.

Junamiky pecypcy R 3 ypaxyBaHHAM  e(eKTiB
CAaMOBIIHOBJIEHHS, CHOXUBAHHS (BHPOOHMYOro i HEBHMPOGHMYOro) i
MMOBIPHOTO BIATBOPEHHS MOJAMO Y BUTJIA:
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B = G RR) =0, (X RD=0, (L, R)~ O, (X, Ro) -

-
-0, U, RO- O, (L RO+ 0y (X4, R1),

ne R' — nokasmuk He3bypeHoro craHy NPUPOJIHUX pecypciB (Tig
He30ypeHuM CTaHOM pecypey pPO3yMIIOTh CTaH pecypey 3a BiJCYTHOCTI
Woro  ekcruTyaratiil); Q-X, Q,_\., Qx,,a Q,R —  byHKWii, ki
XapaKTepU3yIOTh BILTUB Ha NPUPOIHI PECYPCH BUPOOHHUYOT HisjIbHOCTI i
pO3IMpEHHs  BMPOOHMYMX  NOTYKHOCTEH y  BupoGHuuiil i
BiJIHOBIOBANIHUX Taly3sX, Bimnosinmo; O,

(5.9

— BIUIMB MOOYTOBOL
MISUTBHOCTI HACENIEHHA HA CTaH MPHUPOJHOTO pecypey; (), — (yHKuis,
AKa XapakTepu3ye 3/aTHICTh pecypcis JO  CaMOBiJHOBIEHHS
(mabmwkensss R no R'); Q;.R — (yHKuin, sKa XapakTepusye BILIUB
Bi/{HOBITFOBA/TLHHMX TaiTy3eH Ha IIPUPOIHI pecypcu.

Ha  Bigminy  Bin  BHpoOHMYOI  ramysi  misabHIiCTH
BIZIHOBJIIOBAIBHOI TIay3i CHpAMOBaHa BHKIIOYHO HA BiHOBJIEHHS
pecypey R (ue BinobGpaxae octanmii mopanok y (5.9)). Tomy Ha X,

AKa BH3Ha4YacTbCs BHpoOHMYOI ¢yHkuiero (5.7), He 3amUCYIOThCH
PIBHSHHS, aHAIOTIYHI THM, SIKi 3alKCaHO IS BAJOBOrO MPOMYKTY

- (piensHHA (5.1) — (5.4)).

Exonoro-ekonomiuna mozens (5.1)5.9), sika onucye auHamiky
149 ysiaiit X', Xy W ¥, Co 1 Ty Lg Vi Voo Bl Lina R '€
AOCHTH  y3arajibHerow. JUis O1HO3HAYHOrO TXHBLOrO BH3HAYEHHS

AOMOBHMMO IO  MOJAENb JONATKOBHMH (HEO  CIPOIIEHHMM)
CMiBBIAHOMEHHAMM, aHanorigHuMu (4.12) — (4.16):

Wy(t)= Ay (R,DX,

Vi@ =1y (RDK, (1),

VR(‘) = “‘R(R’t)KR('{) 3

X(t) = px(f)Fx(KxeLXsRsI) 5

Xp (1) = pr(OFp(Ky, Ly, R 1),

I(t) =s(Ky, K, ROY (@), 5= Sy 85,
Iy (@) =5,Y (1), Ip(1)=5:Y(2),

(5.10)
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L(R.D) = L™, O0y+ st D <1,

L ()=5PL{), Ly(t)=sLL{).
IMapamerpu Wy, Ky, Py Pys Sy> Sp MAKOTh TOH camMuid  3MicT, O i B
n. 1.4.1; s}“, si.” XapakTepH3ylOTh YacTKy prﬂ,OB;-IX pecypcis,
3aiAHAX Y BHpOGl—IfI‘]iﬁ 3 Biﬂl}omrgsaﬂlimni E‘aﬂymx.

®ynxuii Oy, O, , Oy, O, O, Oy, HOCHTL HACTO JIHIAHO

3asie’kaTh BiJl BiNOBiAHOr0 YAHHKAKA BUPOOHHULITBA!
O (X, R1) = 0, (RX (),
0, (I, R0) =0, (RN, (1),
Oy, (X, R0 =0y (ROX, (D),
0, (1, R,1) =0, (RN (2),
0,(L,R,1) = O,(ROI(1),
0y, (X R0 = 0y (ROX, (),
ne 0,00, O, — koediieHTH, K XapaKTepH3yIOTh MOTipIIEHHS

CTaHy TIPUPOJHUMX PecypCiB YHACHiAOK BHPOGHMITBA i HAPOLLYBaHHS
BHPOOHMYMX MOTYXKHOCTEH y BIAMOBIMHMX ramyssx; (O, — koediuienr,

(5.11)

AKHH XapakTepusye BIUIMB CIOXHBaHHA 1 1oOyToBOi AisutbHOCTI Ha

NIPHPO/IHI PecypCH; Q;,ﬂ — Koe(illieHT, AKHH XapaKTepH3ye NMOKpaIeHHs
CTaHy TIPUPOAHHX PECypCiB 3aBAAKM IIiANLHOCTI BIJHOBIIOBAIBHOT
raysi.

CaMOBIIHOBJIEHHS pecypciB 'y JIeSKMX BHMMAJKax MOXKHA
3aMMCcaTy TaKOK JIIHIMHOO 3aJIeXHICTIO:

Or(R.R') = 0p(0)(R - R(1)), (5.12)

ne Qg (r) — koedilicHT CaMOBiIHOBIICHHS pecypcy.

HasBHicTh mnOKa3HMKa CTaHy TPHPOJHHUX pecypcie Ry
BIJIMOBIAHMX MapaMeTpax MOJei MiAKPECIoe TXHIO 3aeXHICTh Bin R.
3anexHicTh MapaMeTpiB MOJeNi Bijl 4acy ¢ BimoOpakae 3MiHy 3 yacom
BiMOBIMHMX mapamerTpiB (HanpukiIaj, TMiJ BIUIMBOM HAYKOBO-
TEXHIYHOTO MPOrpecy).
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IMicns migcranosku (5.2), (5.3) y pisnsuns (5.1) i BanYBaHHﬁ
sanesxHocter (5.10)+5.12) exonoro-exonomiuna Mozennb (5.1) - (5.9
MaTHMe BHIIIA/:

X=Xy, (5.13)
Y=I+C, I=l;+1,, (5.14)
dK ,
Ls d: +p,K,, (5.15)
dK
L = dt’* + 1Ky (5.16)
dR -
d—=QR(R ~R) -0, X-0, I, -
t : ) (5.17)
_QXNXR_QJRIR_QLL"FQ;{RXR
X= Pl Xy=p,F,, - (5.18)
I=sY, I, =8,Y, I,=5,Y, s=5,+5,, (5.19)
Ly =8P'L, Li=sL. s+ <1, (5.20)
L(t) = L™, (5.21)

V  pieasanax  (5.13)+5.21) onymeno mis CHIPOIICHHS  3alHCy
3QIEKHICTh BUIIOBIAHUX NapaMeTpis i dhyukuiii Bin R Ta 7.

HAna aucensHoro mocnmimkenns mogeni (5.13)+5.21) neobxiamo
3aJaTu:

*  (yHKuii i napaMeTpH, SKi BXOAATH y BianoBiani PiBHSHHS:
AXD p’X’ p’}n QR! QX! Q«’,r’ QXR’ Q,rna Q,p
Oeis Pis Bis S5 8589, B L ,
* 3HadyeHHs Qynkuid K, ,K,, R y no4atkoBuii MOMeHT uacy:
KX(tﬂ):KXm KR(to)zKRg: R(ro):Ro- (522)
_ ArperoBaHa = €KOJIOrO-€KOHOMIYHA  MOJE/h (5.13)H5.21)
MIiCTHTE TPH Ganancosi pisusaHHs (5.13)~5.14), TPY AUdepeHIaibHi
piBHAHHA (5.15)+5.17) i mecsars chiBBigHOmEHB (5.18)«5.21), sxi

MOB’A3yI0Th MK CODOI0 pi3Hi MapameTpy mozesni. 3aranom Taka MOZENH
€ sapadeio Komi mis cucremu wenimilnux mmdepenujansrmx i
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anreOpuunuX piBHAHB. [i PO3B’A3yBaHHS MONUMBE (KpIM HaCTKOBHX
BHIIAJIKiB) TUTLKH 3 IOTIOMOT0I0 YMCIIOBUX METO/IIE.

1.5.2. PieHsiHHs1 QuHamiku kanimany i pecypcie

ITic1a BiANOBIXHMX NEePEeTBOPEHD PIBHAHD MOJENI (5.13)(5.21)
oTpumyeMo (asanoriyHo o nm. 1.4.2, 1.4.5) piBusHHS auHAaMiku
KaniTajy B OCHOBHIH i BiIHOBMIOBANBHIM ramy3sx Ta piBHSHHA
AMHAMIKH pecypcy, BUpaXkeHi depe3 BiAMOBIAHI BUPOOHUHI (yHKUT:

dK, Y]

a =8y (1= 4y ) Py Fy —py Ky, (5.23)
%:Sﬂ (1-4y) PxFy —peKy, (5.24)
dR . .
E=QR(R ~R)— Oy, Prfy _QLL"'QX,,PRFR = (5.25)
~[0x + 0y, 5, (1- 4, )+ 0, 5, (1- 4, )| pxFy.
Piprsnns  (5.23)5.25) nONOBHIOIOTBCS  3aJaHHAM  BHPOGHHYMX

dynkuiii F,, Fj, piBusausmu (5.20), (5.21), sxi XapaKTepU3yIoTh

JMHaMIKy Ta PO3MOAL] TPYNOBUX PECYPCiB, i MOYATKOBUMH yMOBAMMU
(5.22). Banumemo pieHsHAsA (5.23)(5.25) yepes HOPMOBaHI TIOKa3HHUKH

(axym. 1.4.1).
Hexaii:

X y . K p :
x=——,y=—,iy=-* k,=—% — pignosino npomyxTHe-

LX X LX LX
HICTb Mpami, KUIBKICTH KiHLEBOTO INpPOAYKTY Ha OHOro
OpailiBHUKA,  IHBECTHMIii HAa  OJHOTO TpaliiBHUKa Ta
oHI0036pOEHICTL B OCHOBHIN ramysi;

) K ; ; ; .
Xy = E&, iy =%, ky =—£ — Binmoinno npoxykTuBHicTs npavi, 1
LR LR LR

IHBECTHLIi Ha ONHOTO TIpaliBHMKAa Ta (OHI0036pOEHiCTE y
. BiIHOBIOBAJIBHIMN ramysi; o
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R . R
c:-—,rzz,r =? — BCIMYHMHA CIOXMBaHHA Ha OJHOIO
NpailiBHAKA, KLIBKICTH TPUPOIHOTO  pecypey  (30ypeHoro i

He30ypeHoro), Mo NpUNAaiac Ha OHOro TIpalliBHHKA.

. Beaxcatumemo, wmwo  BupoGHWui byskuii e ninidiauMy

OJIHOPIIHUMH  (DyHKLIAMH 3  NOKasHMKaMu OJTHOPIIHOCTI,  fKi
JIOPIiBHIOIOTE OJTHHHIL:

FX(DLXKX,AXLXJ):;’LXFX(KX,LX,I), (5.26)

FoA Ky Ay Lyyt) = ApFo(Kp,Loot),

Howmasmu B (5.26), (5.27) A, = Ly, Ay = L7, orpumyemo:

(5.27)

X Ky L
x:L_':PXFX(f_’JH’r)=pXFX(kX11’I):prx(kx,r)’
¥ x Ly
X K, L
Xp ‘-:L—R :pRFR(E-&’L_R’t) = Pafi(kg,1,0) = Pr/Sr(kp,1),
R R TR '

ne  fy,fr — HOpMOBaHi BUPOGHHMui dyHknii, ski xapakrepusyiors
NPOAYKTHUBHICTE Npali B OCHOBHIi i BiZHOBMOBANLH rajmyssax sk
(ynkuii Bignosinaux tdonnoo3bpoeHoCTEl.

- Beaxarumemo, mo napamerpu s, s, gxi XapaKTepH3yIoTh
HACTKy TPYAOBMX PecypeiB, 3aiAHAX y BUPOOHMYIi i BiJIHOBJTIOBAITBHI i
Talyssix, He 3anexaTh BiX 9acy f. 3 ypaXyBaHHSAM BBeJICHHX BETHUHH
piBagHEs (5.23)(5.25) yHachinok BI/INOBITHMX TIEPETBOpEHS HaOymyTh
BUTJIAY:

dk
_j:SX (I_Ax)Pxfx "(H,r +E.»)k9(a (5.28)
dk s
i, (1~Ax)pg£xjﬁ—(uﬁ +E&)ky, (5.29)
dr ‘ i
‘C; =0h(r ‘r)"gr—-g;“QxﬁprR -0, +S}?L)QXRprR -
- (5.30)

—SSYL)[QX +Q;‘\-"'x (]‘Ax)"‘QxR +QIRSR (] _AX):rprX'
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Cucrema piBHsiHb (5.28)~(5.30) nONOBHIOETBCS TOYAaTKOBHMH
YMOBaMH, sIKi BUTUTMBAIOTS 3 (5.22):

ky(to) =kyos kp(ty)=kpo, ¥(1,) =1,
oK g Ko R (53D

0
@y * RGOy ¥ T
sy Ly Sz Ly L,

1.5.3. EKosi020-eKOHOMIiYHa MoOesib 3 ypaxyeaHHsIM
3abpyOHeHHs

I'0NIOBHOIO XapaKTEPUCTUKOIO CTaHy MOBKIUIIA B PO3IIISAYBAHKUX
MaKpOMOJIE/ISX € y3aralbHEeHHH IPHPOAHHH pecypc R. 3anexHo Bif
METH HOCTI/DKeHHS B MAaKpPOMOJEIIX BHOHPAIOTE Pi3HI NOKA3HMKH, SKi
XapaKTepH3ylOTh y3arajlbHEHHWH NPUPOJHMH pecypc. SIkmo pecypcom
BUOpaHO 3amac KOPHCHOTO pecypcy (HampMkiaj, 3anac KOPHCHHX
KOMAJIMH, 3aMacu JEPeBHHH), TO MOro 3MEHINEHHS HeraTHBHO BILIMBAE

HAa PO3BHUTOK €KOHOMikHM. B mpoMy BHNajuky, 3aseuuail, R<R' i
Gyskuii Op, Oy, O, , Oy 9> Oy Q}R € MONATHUMHU. SIKLIO K mix
pecypcoMm po3ymiTH 00°eM ysarajibHeHOro 3abpyjiHeHHs, TO HOro
3MEHIIEHHs € JOUUIBHAM. YHAacHiIoK BXIHBOCTI BIUIHBY 3a0py/AHEHHS
Ha CTdH JOBKUDIA I 370pOB’s HaceneHHa npobiaemam mnobynosu
Mozieeli eKOJIoro-eKOHOMIUHOI B3aeMOIiT 3 ypaXyBaHHAM 3a0pyaHeHHs
npuaULOTE 3HauHy yeary [8, 9, 12, 13, 16, 22, 25, 27, 28, 30]. V
BHNAAKY, KoM R € YysaranpHeHHMM 3a0pyJHEHHSM, WOro 4acro
nosHavators uepes Z. Toui Z>Z" (Z' - BenuumHa y3araJpHEHOrO
3a0pyaHeHHs 3a BiACyTHOCTI BUPOOHMIITBA, y GarareoX HOCIIIKEHHAX

noknanaiots Z' =0) i dymxuii Op, Oy, O, 5 Oy, O,, 01, Oy, €
Bim’emunmu. Bpipmm dynkuii D, =-Q,..,D; =-Q) , piBHsHus
JAHAaMIK¥ 3a0py/IHEeHHA 3alUCYIOTh Y BUTJISL

% =D, X+D, I, +D, X, +D, I, + D, L-D;, X,-D,Z . (532)

SIKIO HONATKOBO TNIPUITYCTHTH, 10 3HEIUKOIKEeHHS 3a0pyaHeHHs,
po3mupenHs BUPOOHMIITBa i1 mMOOYTOBAa JMisIbHICTE HACeNCHHA HE
NPUBOIATE 710 3a0pyIHEHHs JOBKULIS YW BOHO € Habararo MeHIIHUM
nopiBHAHO i3 3abpyJHEHHAM JIOBKIJUIA OCHOBHMM BHPOGQHMLITBOM
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(D, = sz = DZ =D;=0), TO piBHAHHA AuMHAMIKH 3abpyaHeHHs
(5.32) nabyne Burnsmy:
dz

E:DXX—D;zXZ -D,Z, (5.33)

ne D, — 4acTka BHpoOHMYOro 3abpyHeHHs Bij 3aranbHOro 06’eMy
BATIOBOTO MPOAYKTY; D) — KUIBKiCTh OJMHMUb 3a0pyAHeHHs, AKi

SHHIIYKOTLECA OJIMHHIIEKD KaHiTaJIy, BKJIAZIEHOrO B OYHCHI 3aX01H, DZ =

koeilieHT acuMinaLii (MPUPOIHOTO 3MEHIIEeHHS 3a0py AHEHH ).
Sxmo niacTaBUTH BianoBiAHI BUpoOHMUi dyukuii B (5.33), TO
PiBHAHHS MHaMiKy 3a0pyaHeHs Habyne BUrIsiLy:

dZ .
E =DypyFy - Dy,p,F, -D,Z, (5.34)
ne Fy, F, — Bupobuuui GyHKNii OCHOBHOI Ta OYMCHOI ramyseif,

Py»> Pz — PiB€Hb IXHbOI 3aBaHTaKEHOCTI.
Y HOpMOBaHHX MoxasHuKax piBHAHHA (5.33) MaTtume BUrIa;

dz ‘
E: xprx'szpzfz_Dzz_'E.rza (5.35)
ne z= 7 = mmoMa memvea 3abpynHeHb (KLUIBKICTH YMOBHOTO

3abpy/HioBaYa, SKWH NpUIIAJiA€ HAa OJHOTO MpaliBHUKA; k, -

(onaomicTKicTs oumucHOT ramysi (e avamorom k;); f, = f,(k,,t) —
BUPOOHMYA (PYHKIIA OYKMCHOI ramysi; & — TeMI NPHPOCTY TPYAOBHX
pecypciB, SKuH BBaXKAlOTL OIHAKOBHM IS OCHOBHOI Ta OYMCHOI
raigy3et.

Bubupatour pisHi CNiBBiAHOMIEHHS iHBECTHLIM s,, s, Y
BUPOGHMYY i BiHOBIIOBaibHY Tamysi, pi3Hi piBHi 3aBaHTaKeHOCT
BUPOOHMLITBA Py, Py, MOXKHA OTPHMaTH pi3Hi Bapiantd (cueHapii)
PO3BHTKY €KOJIOro-ekoHoMiuHoi cuctemu. Lli cuenapii Bigpisusiorscs
OfMH BiJl OJHOrO piBHEM CHOXKHBaHHA Ta 00CAraMm BUPOOGHMLITBA
KIHLIEBOrO MPOAYKTY, a TaKOXX CTAHOM [PHPOAHHMX PECYpCiB.
Haliripiism cueHapieM pO3BHTKY €KOJOrO-eKOHOMIYHOI CHMCTEMH €
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TaKMM, 3riHO 3 SKHM HEMac JXOJHUX IHBECTHUIH y BiIHOBIIOBAILHY
ranyss, s, =0 (y upomy Bunanky I, =K, =X, =0).

Mopens (5.13)5.21) MoxHa pPO3MMPUTH [ OKPEMOro
BpaxXyBaHHs #K CTaHy NPUPOJHMX pecypcis, Tak i 3abpynHeHHs
NOBKiIAA. Y IbOMY BHIAJIKy €KOJIOrO-eKOHOMIYHA MOJEeNTbh MaTHMe
BUTJIS;

X=4,X+Y,

Y=I+C,I=1,+I,+1, I=sY,

Iy =&+“XKXS

dt

dK
I=""4+p kK,,
T Hetip

dK
IR:Tf+PRK2s

dR .
Lt}I_ =QR(‘R _R)_QXX“.Q;_YIX _QXHXR—QIRIR -

“QzXz_Q;zIz "‘QLL'*'Q;«FXR
%Z—:DXX+D,‘,IX +szXz +D,XIZ +

! : 4

+ Dx,,XR + D:,,fn +DLL-—D;,ZXZ =D,z
« X =pyFy, Xg=ppFp, X; =p,F3,

I,=s.Y, In=5.Y, 1, =8,Y, 5y +5,+5, =5,

L, =sPL, Lo=8'L, Li=35"L,

B 4 5O 4 6B <1, L(t) = L.

, (5.36)

Koeoiuientu Q,, O; XapakTepHsyioTh NOTIpIIEHHs CTaHY NPUPOIHHX
pecypciB (3MEHIIEHHs TPHPOJHUX PECYPCIB) YHACHIIOK 3HELIKOKEHHS
3abpyjuroBadiB i HAapOIIyBaHHA KamiTamy B OYHMCHIH ramysi.
Koedimicut Dy , D;  XapakTepusyloTb BeIuuuHy 3abpynHeHHs,
noB’s3aHy 3 po6OTaMM IO BIJIHOBJIEHHIO TNPUPOAHOrO pecypey i
HAPOL[YBAHHAM KaIliTaly y BiIHOBIIOBAIbHIM ramysi.
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Mopens (5.36) NONOBHIOIOTE MOYATKOBUMHM YMOBaAMH:
Ky (1)) =Kyo, Kp(ty) =Ky,

. (5.37)
K,(t)=K;,, R(t,)=R,, Z(1,) = R,
1.5.4. Mixxzany3eei OuHaMi4yHi eK0s1020-eKOHOMIYHI
modeni

PospaxyHku, sKki 0a3yloTeCs Ha arperoBaHHX €KOJIOro-
€KOHOMIYHMX MOJeNsIX, JatoTh 3MOTy OUIHWTH JIMIIE Yy3arajibHeHi
NOKa3HWKH JMHAMIKM €KOHOMIKHM 1 NPHPOIHHMX pecypciB, Taki,
HampHKJIaJi, 1K TEMIT POCTY CYKYITHOrO BaJIOBOTO HPOAYKTY, OCHOBHHX
BUpPOOHHYMX (OHIIB, CHOXHBaHHA, Y3araJbHEHOTO MPUPOIHOIO
pecypcy Ta cykymHoro 3abpynsenHs. CTOCOBHO XapaKTepPHCTHK
TIpPUPOJHOTO CEpeloBHIlla 3ayBakKMMO, INO BBeieHwd y n. 1.5.1
y3arajbHEHHH NpPHPOAHUH pecypc € IHTerpaibHHM TOKa3HHKOM.
Heranbhimi  mexaHi3Mu  QyHKIIOHYBaHHS  €KOHOMiKM Ta 11
B32€EMO3B’SI3KM 3 MPHUPOJHMM CEPEIOBUINEM, B3a€MHUN BIUIME Pi3HHX
BHUIIB NPHUPONHUX PECYpPCiB OJHH Ha OMHOro TMoTpebyroTh BUILIEHH:A
XapakTePUCTHK IS OKPEMMX Taly3ed €KOHOMIKH 1 BH/IB MPHUPOAHUX
pecypcis.

JIoLIbHO BPaxoOBYBaTH TAaKOXK TEPUTOPIaibHY JIOKATi3alliro
00’ekTiB €KOHOMIKH 1 pecypciB. B ekoHOMIYHIH CKIanoBiii yHacnigok
IbOr0 HeoOXigHO BifOOpa3sMTH TPaHCNOPTHI 3aTpaTH, NOB’A3aHi 3
MOCTaBKAMM TIPOMYKIlii OJHMX Trajy3eil B iHII, SKi B MakpoOMOZEssx
3aknajgeHi B koediunienTd npaMHX 3aTpar. Y pecypcHiil HacTHHI
HeoOXiZHO BpaxoByBaTH NPHPOIHI NEpeMIlleHHs pecypciB — BOJIH,
TIOBITPSAHMX Mac, TBapuH i T. A. [leramizauicto arperosannx mMonenei €
noOynoBa MDKrady3eBHX 1 PETiOHAIBHHX €KOJIOro-eKOHOMIYHMX
mopeneii [6, 8,9, 12, 14, 22].

PosrnsHemo Moznens po3BHTKY Oaratoramy3eBoi eKOHOMIKH 3
ypaxyBaHHSM B3a€MOBIUIMBY PI3HMX BHJIiB NPHpOIHMX pecypcis. Hexaii

' 5 4 ..
R(r):(Rl(z),...,Rm(z)) — JIeKHH BEKTODHMH TIOKa3zHWK, SKWH
XapakTepusye CTaH NPHPOAHMX pecypciB m BHAIB. Bakaemo, mo
pecypcH OJHOPIAHO PO3MOALIEHI HAa po3riamyBaHiil Teputopii. Hexait
eKOHOMIUHAa CHCTeMa CKIAaJacThecsi 3 n  raays3eil  OCHOBHOFO
BUpOOHMLTBA 1 m BIAHOBMIOBAIbHMX ramyzed. Sk 1 B n. 1.4.2,
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BAIKATUMEMO, [0 BCI ramy3i € B3laeMoHe3aleskHHMH. KojkHa OcHOBHA
rajy3p BUpOOJs€ €IHHMH TPOAYKT I KOKEH IPOXYKT BHPOOIAECTHCS
€IMHOI0 ramy33i0. KojkHa BiIHOBTIOBANBHA TATy3b BiHOBIIOE €NHHUI
npupoiHuit pecype (abo 3HUILYE €qUHUEA 3a0pyTHHK) 1 KOJKEH OKpeMui
npupoaHuii  pecypc  (okpemuit  3a0pyaHHMK) BiJHOBIIOETHCH
(3HMLIYETBCA) €OUHOI0 Tramy33to. Takok He BpaxOBYBaTHMEMO
€KCTIOPTHO-IMITOPTHHX OTiepaLlif 1 CTBOpeHHA BHPOOHHYMX 3anacis.

INonamo muMHAMIYHY €KOJIOTrO-€KOHOMIYHY MOJIe/lb Y BUITISI,
anasoriudomy (5.13)+5.21): : :

X=A,X+Y, (5.38)
Y=I'+C, I'=I,+1,, (5.39)
dK
IX:TIX-}‘“X‘KX’ (540)
dK
I =2 R g 5.41
R P Bpfp ( )
dR .
P EE =0 R - R) -0, X =0, Iy -
gt X ol ; (5.42)
—QXR“XR -0, 1 '_QLL+QXRXR
X'=p,Fyy X, =pFy, (5.43)
I'=s¥, L, =8:¥, L=8Y, 8=8, 48, - (5.44)

n
Ly=Y Ly Ly=sPL, 055 <1, i=1L...m,
i=l

L= Ly Ly =s2L; 0S5, €, j=1,.m,

j=l

S0 = (52,0sD) s 5 = (s, s @Y, FsP 4350 <1,
i=l

i=]

(5.45)
L(1) = L™ ™. (5.46)
L. =D)L, (5.47)
L=(DY L. (5.48)
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V piBasaHHAX (5.38)«(5.48) omymeHo 3 MeTOI CHpOLIEHHS 3armcy
3aNIeKHICTh BIAMOBINHUX napameTpis i yHkuii Bix R ta ¢. Onnak, na
BiaMminy Big momeni (5.13)+(5.21), y moneni (5.38)«5.48) yci 3minHi i
KOHCTAaHTM €  BEKTOPHUMHM |  MaTpUYHMMH  BEJHYHMHAMH.
Cnisgignowenns (5.47), (5.48) ananoriuni cnissignomensio (4.55).
Bonu BKa3zyloThb Ha pO3NOAUI IHBECTHLIH, BiATIOBIHO, /IS OCHOBHMX
ramysedl (i ramysi iHBECTYIOTb B OCHOBHI raly3i Ta OTPHUMYIOTH
IHBECTHLIIT 3 OCHOBHHX rajy3eii) i BITHOBMOBANbLHHUX ranmy3eii (1 ramysi
OTPUMYIOTh IHBECTHIIT 3 OCHOBHMX Tally3ei i He IHBECTYIOTh JKOIHHX
ramyseit). Bexropu X,Y,I},IX,C,KX,FX PO3MIpHOCTI 1 i MaTpuui

Ay Dy Iy, PysSy POMIPHOCTI 71 XN XapaKTepU3yIOTh OCHOBHI Tamysi
pupobHMuTBa. IxHili 3MicT moscHeno y m. 14.4.
Sp =diag (s, S,z )T chopmoBaHa 3 KOMINOHEHT, KOKHa 3 SKHX
XapaKTepHu3ye HaKONWYEHHS KalliTasly Yy BIATIOBIAHINA BIIHOBIIOBAIBLHIHN
rajgysi. Matpuns s € CymMOX MaTpuilb S, Ta §, i 3a3Ha4ac CymMapHy
YacTKy IHBECTHLIH OCHOBHMX rayy3eil B OCHOBHi | Bi/IHOBJIIOBaJibHI
ramysi. Bekropu sy, sy’ ckmanaroTecs 3 KOMNOHEHT,  SKi

XapaKTepU3yIOTh HacTKU TPYAOBHUX pecypciB, 3aJiSHHX B OCHOBHHMX i
BiTHOBTIOBAILHUX Tanys3sax. Bemwawnn Ly, i=1,...,n, LJ,.R, J=1...m

Marpuus

3a7al0Th KUIBKICTH TPYJOBHX pecypciB, 3afisHMX B [-ii OCHOBHii
ramyzi 1 j-iii BiHOBMIOBaNBHIA ranysi, BiAMOBIAHO.
* - AT
L ={Lrsials)
XapakTepusye IHBECTHLIl, #Ki BignoBigHa ramyss
BHPOOHMIITBA CIIPSAMOBYE Y BITHOBJIIOBaJIbHI TAITY3i.
L r
XR"(XIRW':XmR) ]

Bexrop

CKINafacTbCa 3 KOMIIOHEHT, KOXHa 3 AKHX

OCHOBHOTI'O

BexTopu I, :(Ilka-"SImR)T=

K, =(Kp>sK,p) s Fp=(F s F, ) posmiprocti m i marpuui

My =diag(Wypsesbpg) s Pr =diag(PigsesP,p) POMIPHOCTI mXm
XapaKTepH3yIOTh BiHOBIIOBAIBHI rany3i. 3MIiCT KOMITOHEHT KOXKHOTIO i3
MepeNiyeHuX  BEKTOPIB |  MaTpuub, #AKi Hanexarh A0  i-0i
BIIHOBMIOBANLHOI  ramy3i, mnoscHeno y n. 1.5.1. Marpuug
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D;(t)=[d;ﬁ(t)], i=1,..,n,j=1,..,m € CIPYKTYPHOI MAaTPHIEIO

: o SN W) : "

inBectHuiii. Enement dyR(t)_—-—I—,i}Y BKa3sye, IKY YacTKy iHBeCTHLIH
i -

i-a OCHOBH@ raiy3b CIPSMOBYE HAa PO3BHTOK j-Oi BifIHOBIIFOBAIBHOI

ramysi (I;R(r)

KOMXHOTIo

— BenWuMHA IMX iHBeCTHHii), 0<d, <1. Enemenrn

» *
psika Dy, Dy
BJIACTHBICTIO:

MaTpHIh BOJIOAIIOTh  HACTYNHOIO

Ydy+ddp=1i=1.n
j=t J=1
OnuiuemMo AeTabHiIle
NPYMPOIHI pecypeu:
R =(R,..R)

BEIMUUHM, #AKI XapaKTepus3yTh

— BEKTOpP MOKAa3HWUKIB CTaHy He30ypeHux

m

PecypeiB;
0r=[QpRR) ) isj=lam  ~
_BITHOBJIEHHS 1 B33EMOBIUTHBY -IIPHPOIHUX pecypciB; eneMeHT
Q.. Xapakrepusye TpPUPOJHE BIJHOBIEHHS [-T0 pecypcy;
enement Q. (i # Jj) XapakTepH3y€ BIUIMB i-I0 pecypcy Ha
NPHPOAHY 3MiHY j-TO pecypcy;
Oy =[QM]’ i=1,.,m,j=1,.,n — MATPHLd NUTOMHX PECYPCHHUX

Matpuns  KoedillieHTiB

3aTpaT; ejleMeHT (), XapaKTepH3ye 3aTPaTH i-To pecypcy Ha
OJIMHHIIO BHIYLIEHOT IPOAYKIIT j -0 ramysi;

QJ’_\- =[Q§i!‘\.:|) 'i:]-:"'amsjz 1,...,n -
($OHAOYTBOPIOIOYHX PECYPCHHX 3aTpaT OCHOBHHX TIaly3eH;
enemeHT (), ~ XapaKTepH3ye 3aTpaTH i-T0 pecypcy Ha

OJIMHMULIFO KATIITAIOBKIIAJIeHb Y J -TY OCHOBHY Iajly3kb;

MaTpHlisa NMHTOMHX

Gy, = [Q m]= i,j=1,..,m — MaTpHLs MTOMHX PECYPCHHX 3aTPaT;

enement (),  XapaKTepWsye 3aTpaTH [-TO pecypcy Ha

By == Y T S T A O T TR T

T W To ] W

O[MHHMINO BiAHOBIIOBATEHMX poOOIT j-0i BiIHOBMOBANBLHOI
ramysi;
0, =[Gy, J bi=Luom - nuTOMIX  ponoyT-

BOPIOIOYMX PECYPCHMX 3aTpPaT BIAHOBITIOBAIBHUX TIajly3ei;
eneMeHT (),  XapaKTepusye 3aTpaTH i-ro pecypcy Ha

OIMHMINIO KaNiTaJlOBKIA/IeHb Y j-Ty BiJHOBIIOBATLHY TaTy3h;

MaTpHIls

T %
0, =(0,;s-+0,;) — BEKTOp IMTOMHX BILTHBIB Ha pecypcy 3 Goky
HACEJIEHHS;

Q;,R :[Q;XR], i,j=1...m — wMarpuus e(eKTHBHOCTI THTOMHX
3aTpar BiJHOB/IOBAJILHMX ramy3eif Ha BiTHOBIEHHS MPUPOIHUX
pecypcis; emement Q) XapakTepusye
BiJIHOBJIOBAJIHOT T'aJTy3i Ha OJIMHULO MOKPALIEHHs CTaHy j -ro
IIPHPOJIHOTO PECYPCY.

Pipasuns Momeni (5.38)5.48) monoBHIOIOTECH TIOYATKOBMMH
YMOBaMH: '

3aTpatd  i-01

Ky (t)= Koo Kp(ty)= Kro» R(1,)=R,, (5.49)

76 Kyo=(KurorsKuro) + Kao= (KugopenKno) s By=(Rupes Roo)
— 3HAYEHHS BiANOBIHMX BEKTOP-PYHKIUiN y NOYaTkOBHMI MOMEHT Hacy
.

KomnonenTy pecypey R MOXKYTh XapakTepu3yBaTH K 3anacH i
AKICTb TPHUPOIHMX PecypciB, TaK 1| BeNMYMHY pi3HOMaHITHMX
3abpyHens. 3aeXHOo Bijl 3MICTY MoKasHuka R, i=1,..,m BianoBiaHi

enementd Matpuls Oy, Oy, O, , Oy, O, 5 0;, O MoxkyTs GyTH 5K
JONATHUMH, Tak 1 Bij’eMHMMHM Ta Hynbosumu. Hanpuknan, sxmo R
XapakTepu3sye 3a0pyHEeHHs JOBKULIA Pi3HUMY BUIaMu 3a0pyIHIOBAYIB,
TO BiJNIOBiJHI €JIEMEHTH BUILE3TaJaHHX MaTpHLL OyAyTh Bil' €eMHHMH.
3ayBaykMMO, IO SKIIO YaCTHHY KOMIIOHEHT BEKTOpa NpPMPOIHUX
pecypciB R, AKi XapakTepusyioTh 3a0pyaHeHHs, MO3HAa4MTH Z, TO
moaens (5.38)—(5.48) moxna Mommdikyatu mo surnsmy (5.36), ne
BHOKpPEMJICHO TIPUPOJIHI pecypcH 1 3a0pyaHeHHs.
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1.5.5. Exonozo-ekoHOMi4Ha Modenb eupobHUYymMea
_ npodykuii 3 00NoOMOo200 Pi3HUX MEXHOJIO2iYHUX
| npoyecie 3 ypaxyeaHHAM 3a6pyOHeHHs
; PO3risiHEMO €KOJIOT0-€KOHOMIYHY MOJIE/Ib BHITYCKY IIEBHOT'O
' BHJLY NPOJTYKILT 3 IOTIOMOrO0 7 PI3HMX TEXHOJIOTiH, SIKi BIAPIZHAIOTHCS
OJlHa BiJl OAHOI K EKOHOMIYHOI0 €(EKTHBHICTIO, TAK i BEIMYMHOIO
3abpynuenns [28, 30]. YV mpoMy BUMaJKy pi3Hi BHOAM TEXHOMOrIYHMX
NpolieciB MOJKHA PO3TJIANATH AK BHITYCK TIPOJYKINT PI3SHUMH TaTy3sMu.
Taky mopmens Mo)kHa oTpuMaTd 3 Mogaemi (5.38)—(5.48) 3a Takux
| NPHITYINEHD:
' * SKINO raysi BHIYCKAiOTh OJHAKOBY MPOAYKIIO, TO MATPHI
| A,  xoedilieHTIB NpAMHUX  MaTepialbHHX  3aTpaT €
niaronansuolo, Ay =diag(4 y,...4,) ; xoediuient Ay
XapakTepH3ye TpAMi MaTepiasibHi 3aTpaTy ranysi, sKa 3aificHoe
| BHITyCK MPOJYKLIT MO 7 -1i TEXHOJIOTI Ha OIMHULIIO BUITYINEHO]
| NpomyKili{ 3a3HAYEHOIO TaTy33i0;
' e KOXHa Tamy3b iHBeCTye camy cebe Ta BKJajae KomTH B
Gopots0y i3 3abpyAHEHHSAM i HE IIPOBOAMTE XKOMAHUX IHBECTHILM
. - B IHIO ramysi;,
| ® BHIIYCK NPOAYKHii MO KOXHiA TeXHONorii Ta 06’eM O4HMCHHX
. 3aXOJIiB IIPONOPLIHHI KaniTary BiOIoBiAHOT ramysi;
; : e BuUpoOHMYI ranysi 3aOpyIHIOIOTH JOBKUUIS OIHHUM BHIOM
b 3abpynHioBada (m =1); TOAi iHBECTHLIIi B OYMCHY raimy3b piBHi

E' CyMi iHBECTHILIIH, AKi KOXKHa 13 raiy3ei CIpAMOBYe Ha 3aX0/1H 3
' 6opoTH6H i3 3a6pyHEHHSM;
®  3HEIUKODKEHHS 3a0pylHEHHS, pO3MIMpPEeHHs BHUPOOHUWITBA |
- no6yToBa JisIbHICTD HACENEHHS CIIPUYMHSAIOTH 3HAYHO MEHIIe
b7 3a6py/IHEHHs OBKULIA MOPIBHAHO 3 OCHOBHUM BUPOOHHITBOM
(ananori4yni npumymeHHs 3podneno B m. 1.5.3).
3 ypaxyBaHHSAM TakuX IpPHIYIIEHb pIBHAHHA Mmogeni (5.38)-
(5.48) MaTUMYTB BUIILA]; :

X=A4,X+Y, Ay =diag(4y,...4,),
Y=I,+I,+C,
I =5 ¥, I, =¥,
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I =k ds =184 Ls,
dK
dt"' =Tp—1y Ky, (5.50)
dK
drz =1; —p,K,

% =DyX-Dy X-D,Z,

X =p,Fy, X, =p,Fy, Fy =k Ky, Fy =k, K, k, =diag(k,;,... k).

TTapametpu E,.X, =Yg, (4.10),

KamiTaTbHUMH  Koe(illieHTaMH OCHOBHOrO BHpOOHHLTBA 110

aHaJIOr1YHO HasHBaKOTLCHA

i-i s
texHosorii. Ilapamerp k, € kamitTaneHuM KOe(iLIEHTOM OYHCHOI
ramysi.

Y pieasaaax (5.50) Benuuwna R mnosHaueHa uepes Z,
OCKIJIbKM MM  PO3IIIAZAEMO BeTWYMHY 3a0pymHeHHs. OCKiJIbKH rajiysi
BUITYCKalOTh OJHAKOBY TMpPOAYKLlO, TO KUIBKICTE 1OrO BHAY
NpoayKili, Aka iZe Ha HEBHPOOHWYE CMOXHBAHHSA, NOPIBHIOE CyMI
NPOAYKIIT, NPH3HAYEHOT A1 HEBUPOOHHUYOrO CIIOXKHBAHHSA, BUPOOJIEHOT

PI3HHMH rajy3sMH 3 JOTIOMOIOI0 Pi3HUX TEXHOJIOTIYHHX MPOLECIB:

C =+, 4,

Taka mopens nae 3Mory npoaHasiisyBaTH AMHAMIKY BHITYCKY
NEBHOrO TIPOAYKTY | JuHaMiKy 3a0pyaHEHHS 3al0eXHO  Bia
3aBaHTAKEHOCTI BiAMOBIOHMX raiysedl 3 Pi3HMMH TEXHOJOINIYHHMH
npolecaMH — €KOHOMIYHO e(eKTHMBHIIIMX (MEHII 3aTpaTHHX), MPOTe
Oinbmn 3a0pyAHIOOYMX, 1 MEHLI EeKOHOMIYHO edeKTHBHMX (6uTbin
RaTPaTHHUX), OJJHAK MEHLI 3a0py/IHIOIOUHMX.

Pigusuns (5.50) AONOBHIOKOTHCA BIANOBIAHWMH IOYaTKOBMMH
YMOBaMHu:

Ky (t) =Ky K (1) =K, Z(2,) =Z;. (5.51)
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1.5.6. JQunamiyHa moOesib Jleonmbseea-®opda

Jlunamiuna exonoro-ekoHoMiuHa Mogenk Jleontnera-Dopna
y3arajipHIOE JMHAMIYHY MOZENbs MiKramysesoro Oanangy JleoHThera
(4.70), omacany B m. 1.4.6 [12, 13]. Ilpu upomy ramysi eKOHOMIKH
po3GMBaIOTECS HA JBI TPYNM: Tamy3i MarepiajbHOro BHpPOOGHMLTBA
(ocHOBHe BAPOOHMITBO) 1 raiysi, IO YTHJI3YIOTh IIKiJJIMBI BiIXOAH
(monomikae  BHpOOHHUTBO).  PiBHaHHA

OUHAMIYHOT  €KOJIOro-
EKOHOMIHOI B3aEMO/II] 3aNMCYIOTh Y BATJIAMI:
dX(1) dX, (1)
X)=4,X()+A4,X,(t)+B —L+B,—2 L C®),
(0= 4,X()+ 4,X, () + B = N,

X, ()= 4, X (1) + A, X, (£) - Z(1),
ne X()=(X,(),....X, (1)) — BexTop BanOBOrO NPOJYKTY OCHOBHOI'O

BUpOOHMITBA (7 — KUIBKICTB ramy3eif OCHOBHOTO BHPOOHHMIITBA);
X,=(X,,...X,,) — Bektop 06’eMiB BUpOGHHMUTBA Tramyseil i3
3HeIIKO/pKeHHs  3abpynmiopayiB  (BekTop  06’eMiB  3HMIIEHHX

3abpy/HIOBaviB; m — KUIBKICTh rajly3ed MONOMIKHOrO BHPOOHHUTBA);
C(t)=(C,(1),..,C,(£))" — BexTOop cnOXKMBaHHS TPOAYKIHi ramysei
ocHoBHOro BupobuuuTBa; Z(1)=(Z,(1),...Z, (£))" — Bextop 06’emis He
SHUIIEHMX  3a0pyHIOBAYIB; A&, = [A;.’ J, i,j=l.,n - wmarpuus
koediLieHTIB PAMUX MaTEpialbHUX 3aTPaT HA BUPOOHULTBO MPOYKILT

OCHOBHHX ramy3el (CIOAH 3a4HCIIFOIOTH TAKOXK 3aTPATH HA BiJIHOBJIEHHA
BUOYTTA 1 KamiTalbHHH PEMOHT OCHOBHMX BMpPOOHMYMX (OH/IB

" 20 12 . .
OCHOBHOrO BupoOHMIITBa); A, T[Ag ], i=1..,n,j=1,..,m — matpaus
Koedil[ieHTIB ~ NPSAMHAX  MaTepialbHAX  3aTpaT Ha  3HUINEHHA
3a0pyanioBadiB (CIOAM 3a4MCIIOIOTh TAKOXK 3aTPAaTH Ha BiJHOBJIEHHS

BHOYTTA 1 KamiTalbHulM PEMOHT OCHOBHHMX BHpPOOHMYMX (OHIIB
AOTIOMDKHOTO BHPOOHHIITBA - OYHCHMX criopyn);

4, =[A;‘], i=1l,.,m,j=1.,n — Marpuua koediuicHriz BHUIyCKY

3a6pyaHIOBaYiB OCHOBHUM BHPOOHHMIITBOM; 4, =[A;EJ, L= Laam —

mMaTpuis  Koe(illieHTIB  BHITYCKY  3a0pyaHIOBavYiE  [JONOMIKHUM
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pupobHULITBOM; B, =[B;], i,j=l..,n — M™arpuus koedilieHTIB
KaIliTanoMicTKOCTi TIPUPOCTIB
B, =[B;], i=l.,n,j=1..m =

KamiTallOMICTKOCTI  TMPUPOCTIB  AOTMOMDKHOTO  BupoOHMuTBa. Bci
©JIEMEHTH BBEJICHMX O PO3IJISIY MATpHLb BBAXKAEMO HEBil'EMHMMH i
BCi 11 3MIHHI € HeBiJ EMHHUMH.

PiBHsHHa (5.52) NONOBHIOIOTHCS BIANOBIAHMMH MOYaTKOBHMM
YMOBaMH:

OCHOBHOTIO
MaTpHLIA

BUPOOHUIITRA,
KoedilieHTIB

X(t) =Xy X,(1,)=X,. (5.53)

1.5.7. KinemuyHa modens MoHo-lepycanumcbko20

Jia Haibineim arperoBaHOro ONMHCY HWHAMIYHOT B3acMOMii
CYCIIUILCTBA 1 IPUPOAY MOKHA 3aCTOCOBYBATH Taky mMonens [13, 25]:

s 3 = +(D5
" m(y,z)x —ux
al‘ 2y _ D_ i}
= ap(y,2)x—u(y —y)+h, y<y, (5.54)

ﬁ=(Ot-l)iu(y,z)x—nrx—v,

dt
1€ X — KOHIeHTpauis KOpHcHOI mpoaykuii; )° — KOHUeHTpanis
NPHPOJHUX pecypciB (CHPOBHHH);, y — KOHLEHTPALIA 3aJIMIIKOBHX
pecypciB (HEBMKOPHCTAHOI CHPOBMHM), z — KOHILIEHTpaLlii BiAXOMIiB
(3abpyaHeHb); o — TeXHOJOTiYHMH Koe(diuieHT, oo=const>1; u — i
IHTEHCHBHICTb TeXHOJIOTIYHOrO MPOLECY; V — MBHUAKICTh HAXXOHKEHHS
HEeHUTpaizyloyoro KOHTpareHTa (I BHYTPIIIHBOTO TEXHOJIOTI4HOro
OUMINEHHS); ® — IIBUAKICTD HAJXOIPKeHHS 30aradeHol npoaykuii; A —
HIBHKICTh HAJXOJDKEHHA pecypcy-3amiHHMKA; p(y,z) — MOHOTOHHO-
3pocTaroya o y Ta MOHOTOHHO-CIA/HA 10 z yHKIis.

3anexHo B Buxy QyHKIil P gicraemo pisHi BapianTH Mozeni

(5.54). Y Bunanky, xony | BHOHPAKOTE Y BHITIALI
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o VK,
n(x,z) = —"5" ’
(ky + y)(kz +2z)
ne W, k,, k. — ponatHi KOHCTaHTH, piBHAHHA (5.54) HasuBaroTh

KIHETHYHOIO MOJIesLTI0 MoHO-lepycaTuMeBKoro.

Ilpusenena cuctema AudepeHIiaTbHEX PIBHAHL HE MAE HKOJHOT
Oionoriunoi cnenudiky i TOMy YCHIITHO MOXEe BUKOPUCTOBYBATHCE 715
MOJIEIIIOBaHHA Oyb-KOrO HENEPEPBHOTO TEXHOIOTIYHOIO MPOLIECY, IO
CYNPOBO/PKYETBCH HAJXO/DKEHHAM CHPOBHHH i BiITOKOM NpOAyKTiB
nepepobku. DyHKIIOHATBHA 3aN€XHICTh |U(Y,2Z) Oa€ 3MOTY HETaIbHO
BUPa3sWTM  HeNiHiWHI  ocobnuBocTi  mponecie  BUpoGHHULTBA,
BHKOPHCTAHHSI PecypCiB 1 yTBOpeHHA 3abpyaHeHb. Came ToMy o
KIHETHYHY  MOJENb  JIOUUIBHO  3aCTOCOBYBATH 3  METOIO
BHCOKOArperoBaHOrO MOJIENIOBAHHS PO3BHUTKY €KOJOrO-eKOHOMIYHMX
cHcTeM. 3ayBaXKMMO, 11O 1H0 MOJIE/b PO3pobIeHO 1 BUKOPHCTAaHO s
ONMCY TPOLECY pOCTy Mikpooprasismis x (Oiomack) 3amexHo Bin
HAa/IXOJUKEHHS JKMBUIILHOrO CybcTpaTy y Ta YTBOpPEHHs NpOYKTIB
XKUTTEAIUILHOCTI MIKpPOOpPTaHi3MiB.

PiBusHas Mozeni (5.54) [OMOBHIOWOTHLCS — BiATOBiAHMMM
TOYATKOBUMH YMOBAMHU: N

x(1y) = % ()= Vo 2(t,) = z,. (5.55)

1.5.8. Modernb ceimoeoi dunamiku Poppecmepa

Monens ®oppecTepa onucye B3aEMOZIIO JIIOAMHM | HPHUPOIM Ha
raobansHoMy (cBitoBomy) pismi [10, 27]. V moneni ®oppectepa im0
B32EMOJIII0 ONKMCAHO I'ATPMA AM(EPEHLIATEHUMH PIBHAHHAMH IHIONO
st byHKuil, sxi 3anexats Big yacy: P — HaceieHHs 3emni; V —
Kanitan (ocHoBHI QoHmm); § — 4YaCTka KamiTamy B arpapHOMY CeKTOpi
€KOHOMIKH BIJI IXHBOI 3aranbHoi BenuauHu V' ; R — npupoani pecypeu;
Z — BenvuuHa 3a6pynaHenns. [lonaemMo piBHSAHHS CBITOBOT JHHAMIKK B
mMomudbikawii aBropis pobotu [10]:

o yite e pb b=l i

L R R

e e T e

dp
— = T(CsByB,B.B, ~C,D,,D,D,D,),
L LT

dt z

ds _(1+U,)S,S,-S

- - ,

j ;/U 6-16)
L —PR, +—2X

dl G
4 =Pz, L YUy i

dt L, €

Mssz(l-S—URQUz)%,

ae Uy, U, — vactku xanitany V , ski CHPAMOBAHO, BiAMOBIAHO, Ha
BIAHOBJIEHHA pecypcy i 60poTsby i3 3abpyanennam; Ug — napamerp,
AKMH XapaKTepH3ye KamiTalOBKIANEHHS, 1O HAAXOMATH Y cilbchbke
rocnozpapetso; Cy, Cp, C,,, Cp, Gy, C;, Ty, T, — napaMetpu mopeni;
By, By, By, B;, Dy, Dy, Dy, Dy, Ry, S, Sos Tys Viys Z, — dymuii,

- AKi BU3HAYAIOTBCS HA OCHOBI eMITIDHYHMX [aHMX | 3ajaloThes 3

moriomororo  tabyup. PiBeHP MarepiambHOrO KMTTH HaceleHHs
BH3HAYAETLCA BENMYMHOIO M. YV pobori @oppectepa [27] Benuunnau

Ug, Uy, Ug moknanamice pisBHAMHA HyTio.
PiBnsuHa  momem  (5.56)

MOYaTKOBMMH YMOBaMH:
Plto) =Ry, V(t)) =Vo, S(te) = Sy, R(t) = Ry, Z(t) = Z,. (5.57)

Po6ora ®oppecrepa crana nepuioro poboroto, ska mana
MMOY4aTOK  YCBIIOMJICHHIO  CYCHiTBCTBOM npo0JieMM  BHCHaXKEHHS

HAOIIOBHEHO  BIAMOBIAHHMM

PecypciB Ta ekosoriuHoi piHosaru. Ilposenenwii B pamkax mopeni
(5.56)~5.57) amaniz saceimume [27], mo npu 30€peskeHHi CyqacHMX
TEHJCHIIH PO3BHTKY Nepioj pocTy HaceneHHs, KariTuty i piBHSA JKUTTS
CYNPOBO/UKYBATUMETBCSA KaTaCTPO(OIO, sKa BUPAKATHMETHCS Y Crai
NPOMMCIIOBOrO  BUpDOOHMUTBA | IIBMAKOMY 3MEHIIEHHI KLILKOCT
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l

! 0OMEXEHICTIO 3eMHHX pecypciB, 0OMEKEHICTIO CLTbCHKOrOCNOAapChKUX
!  Yrigb i HEBNMHHO 3POCTAIOYMMM TEMIIAMH CTIOKHBAHHSA HACENeHHS,
Sl KUIbKicTh sikoro 36umbmiyerses. Ilo6 3anobirru kartactpodi, asrop
e poGotu [27] nmponoHye BHPOBAaIKEHHS LIOI HU3KH OGMEXKYBabHUX __
g KOMIUIEKCHUX 3aXOJiB, sKi TONATalOTh y crabinizauii uucensHOCTI f Mae HYTbOBY KOHLEHTPALLitO.

[ HaceleHHs i 06°eMy MPOMHCIIOBOTO KarliTally, 3MeHIIEHHI CIIOXKUBAHHS ! Crani peakwii MaioTh Taki 3HaueHus: k =0,1; k,=10;
pecypciB  (KimbKiCTB SKMX IIOCTIHHO 3MEHIIYETBCS) 1 BEJIUYUHM 1t L 103 L 1. b o E——— T
3abpynsenns. Ilepexin o Takoro crady “rmoGanbHoi pisHoBaru” R =107 I =107 =13 5 225,35 B=105 k=1 =15
BB)KAETBCA €IMHMM criocobom 3anobiranus karacrpodu. Beepenns y
monens Qoppectepa kepyrounx Bemwyun Uy, U,, Ug pano smory B

I pamkax wuiei mopmeni creepmkyeatd [10], mo umsxom ckepypanHs MaTeMaTHUHy MOJIEIb:

YacTKM KamiTaimy Yy BifHOBMIOBANBHI Taiysi katacTpody MoxHa i dy 5
{8 - 2
s BIBEPHYTH. ' —=ax-bx" -cxy, —=ey——,
il dt dt x
OcTaHHifi JOJaHOK JpYroro piBHAHHS BpAaxOBYE BiJHOLICHHS
YHUCEIBHOCTI MOMYJIALIT XIWKaKa i JKEepTBH.

eTamy;
6) mpoiHTerpyBatd oOTpuMaHy cucremy 3JIP omHuM i3 uMcenbHUX
i METOJIiB NPH TAKHX MOYaTKOBMX AaHux [C,H ]L_O =1; pewrTa pe4oBuH

3asaanns 2. Pienanna Jlecni
Hns onmecy cucteMu xuoicak-gcepmea Jlecni 3anponoHyBsas TaKy

i  1.6. 3aBAaHHA ANA CaMOCTINHOT po6oTH

l : a) noOymy#Tte rpadiku 3anexHocTi ¥ BT x npu ud =0, b =0;
. ];; . 3aBpanns 1. Mamemamuyne M0o0eNI06aGHHA CKNIAOHUX PeaKyill 5 . _ ) dl ) dt

1 - Po3kianaHns eTaHy BinGyBaeThca 3a JIEB’ATh eIEMEHTAPHHMX 6) 3ajaiite neskl I0/IaTHI 3HAYeHHs napameTpiB a,b,c,t, f 1 nobynyii-
Al cTamiii; ¥ Te rpadiky NOBEMIHKK CUCTEMM 3 YaCOM, KOJIY II0YATKOBI YMOBM BiJi-

LA 1) CH,—%>»CH,+CH,; MIHHI BiJl piIBHOBaKHHX.
9y CH,+CH,—%>C,H, +CH,;
| 3) C,H,—“>C,H,+H;

3apnanns 3. 3adava npo AUMiHb ma osec, wo pocmyms ¢ ymoeax
KOHKypenyii '

S i e

4 CH, +H b yC.H, + H,; Hex_am nojie  3aCIAHO  OJHOYACHO ~ SUMEHEM 1 BiBCOM,
o KonkypeHuis MDK pOCIMHAMM  XapaKTepu3yeTbCs  ““BiHOCHMM
5) CH,+C,H.—“»C,H,; . s ; y
3 HC, 1 g3 MpOCTOPOM”, HEOOXIIHMM /U1 HOPMAIBHOIO PO3BHTKY KOPEHEBOi
6) CH,+ H—% 5CH,: ] cucteMd Ta JsiMctd. Tomy B Mozeni HeoOXifmHO BpaxoByBaTH
7 CH,+H—tsH,+C,H,; | BHy'I‘plm}}i!LOB?lIOBy i M!H{BH,D.(?By I{OH-KypeHI.lll.
i . exail x, 1 Xx, — BIJIHOCHI OCTOpH JJISl SIYMEHIO 1 BiBCa,
8) CH,+C,H,—4>C,H, +C,H,; B e e T

BiAMOBiNHO. PiBHAHHA PO3BHTKY MoCiBy 3amamo pisHsHHAMM JIOTKi-

9) H+H—2H,; ' Boneteppa:
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Otpumary i npoaHaitisyBati auciosuii PO3B’S30K CHCTEMM

Pe3yibTATH GMCENBHOTO IHTErpyBaHHS CHCTeMH PpiBHiHb (6.1) Ha piBHsHb (6.3) Ha npomikky (0,40] npu nouaTKOBHX yMOBax
npoea);fmcky (0,40] i3 3ajaHMMK TOYATKOBMMH AAHUMH MU JiHiAHIA Ta
‘ i
KBaJpaTHuHIH iHTEpNONALii eKCTePUMEHTAIbHHX JaHuX 300pasuty

r
'. i
; i e wraciuna monens Kepmaka-Maukenapixa (1927).
| dx, =G, (l = xo)x,, i Otpumarn umCnoBMIT Po3R’s30k  cucTeMu piBHAHB (6.2) Ha
| dt (6.1) npomixkky (0,20] npu noyatkoBux ymopax:
%y Gy (=%, — %)% . 7%(0)=5, »,(0)=0.1, y,(0) =0,
| ) . .
dt . . . 1 Yci KOMIIOHEHTH [BUKOCTEH BBAKATH PIBHUMH OJIMHMLL:
ne G,,G, — BimHOCHI KOeQillieHTH pOCTy Ul BIBCA I e Y T a=f=y=58=1,
b | ] 1
KOHKYPEHILT. o . i T i Pesynbrati nonaru y Burnszi rpagikis. .
Ii xoebimieTH € QYHKUSIMU qa?;; _neil:)a;?;%ﬂﬂﬂ? 2.VexiazHena Mogens, Skimo NpHITYCTHTH, 110 HabyThi iMyHiTeT yepes
N 3 0, H ° ;i s os
Koe(iLieHTIB, BUSHAYCHHX EKCTICPUMCHTATLH JICSKHI HaC T, BTPAYEHO, HACEJICHHS 3HOBY CTAC CHIPUHHATIHBUM 10
KinbkicTs ni6 BigHOCHa IBUAKICTE POCTY BiHocHa mBHAKICTE 34XBOPIOBAHHA, 2 TaKOX BBECTH Iue iHKyGauiiimmii mepion T,, TOMI
1Bk ; ]
sinca, G, pocry samenio, G i 3aMICTh (2) OTPHMYETHCS MOJIETD:
0 0.4286 g:}gg b 31 () =-o, ()3 (1= 7) + 1, (1),
il 0.1071 : A4 ; _
| 174 0.0441 0.0634 i Y2 (’} =By, (r)yz (I_Tz)'_')’yz (l)a (6.3)
! 0.0431 |
t 21 S 0.0242 ' ¥ (1) =87, (1) - Wt ~1,).
i : ig 20,0036 0.0511 g Mogens (6.3) € cucremoro 3BHuaitnmx AudepeHLianbHuX
' ! o -0.0065 0.0491 5 PIBHAHB 13 3aMi3HEHHsM.
il
|

¥,(0)=5. y,(0)=0.1, y,(0)=0 opy  t<0.
Vi KOMITOHEHTH IIBHAKOCTEH BRAKATH PIBHUMM OMHHULI:

i
i :
= | rpadigHo. a=B=y=8=A=p=1.
.:‘ | ‘_;: .n = e
¢ | S L SR — . i 3naueHns uapameTPm T, =10, T, =1l _ N
Al o % .t — YacTKa CIIPHIHATTS YaCTHHOIO HACEJICHHA 3apaykeHHs, B Pesynerati JOCIIIUKeHE nonats y BMrIAAi rpadikis. Mertoau
L 1. Hexait y, ( ) ) . . — PO3B’A3yBaHHs PiBHAHD i3 3aMi3HEHHAM MOJAHO B [7].
it ,(t) — wipa 3apaxenHs, s (f) — mipa weficnpuitnarrs qa‘c‘;'mmf :
Sl HacenenHs (Hanpuiiaz, BApoOneHuit imymiter). Yucno mozei, ski  3amnamms 5. Oouonpodykmosa maxpoexonomivna modens iz
Ll sapaxaioThes, mporopuibse Bemwami (1), (¢). Shkmo 3adanum croxcusannam _
i oLy P i APAKEHHX, Posrnanemo OMHONPOAYKTOBY ~MAaKpPOEKOHOMIUHY  MOAEIb
H icTh uMcna HeCTIpHHHATIMBHX MPONOPLIMHA YMCITY 3ap > ;
! i i LIBHAKICT & oadll i i . (4.19). Bupobuuirreo Banosoro NIPOIYKTY BHP&KAETHCS BHPOOHHYOO
E,“ i TO MaTeMaTH4Ha MOZIeJIb €Il - ] - Oynxuieio, sxy BuGHparoTs y dopmi Gynxuii Kob66a-Iyrnaca (4.8).
b » (‘)Z_“yl(r)h(t)’ ; ! Benwanny cnoxwusanns BuGMpaiots y purmsni (4.18). Bupobuuui
I 3, (1) =By, () v, (1) =12 (1), (6.2) : OTYXHOCTI LLTKOBUTO 3aBaHTaMeHi.

| i 1. 3anmcarn pienanus ogHonpomykTOBOT Mogeni (4.19).
I v, (1) =8y, (1) i P pony (4.19)
|
1
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2. Bxiaui gani mogeni BU6paTH TakuMK (nani HaBeneni B ymoBHuMX
OIMHHIIAX):
A=0,4; p=0,1; v=2,0; ¢, =1,15; ¢ =0
L, =100; £=0,01; K, =200; t, =0; L.=35.
Bukonatu yucnoBi pociimieHHs MOJIeNi, 3MIHIOOYH 3HAYEHHS
NapameTpiB MOJIeNi y TAKMX MeKax:
a) 1 y mexax [0,01; 0,05] 3 kpokom 0,01;
0) o y mexax [0,2; 0,4] 3 kpokom 0,05.

3. 3a sxux 3HaYeHb mnapamerpis M, 0 BEIHYHHA OCHOBHHX
BHPOOHMYNX (OHIIB HATPHKIHLI JOCITimKYBaHOrO nepioxy €
Haiibinbmoo. ITobymyBaru rpadiku sanexHocti B gaci dyHKLi#H
K(t), X(t), C(2) nns uporo Habopy napamMeTpis.

3aBpanns 6. Odnonpodyxkmosa MAKPOEKOHOMINNA Modens i3
3a0an010 HOPMOIO HAKONUYEHHA Kanimany _
Posrnspemo  omHONpoykTOBY MaKpOeKOHOMIYHY  Mozens
(4.19). Bupobuuurso BanoBoro TIPOIYKTY BHP@XKAETLCA BUPOGHHIOO
¢yHkuiero, sxy BHOHpaemo -y dopmi ~byHkil Koﬁﬁ&l{wnaca (4.8):
Bennuuny  inBectumiii Buﬁnpaemg y Burimaal (4.16). BupoGuuui
MOTYKHOCTI LITKOBHTO 3aBAHTAXKEH.
1. 3anucarty piBHSHHS OZHONPOAYKTOBOT MOaEJT] (4.19).
2. Bxinmi nani Mozeni Bubpatu Takumu:
A=0,4; p=0,1; v=2,0;
| L,=100; £=0,01; K, =200, =0; =5
Brkonatn umcnioBi gocnimkerns mozeni, sminorouu 3HaYEHH
TIapaMeTpiB MOJENI Y TAKMX MeKax:
a) s y mexax [0,1; 0,5] 3 kpokom 0,1;
6) a y mexax [0,2; 0,4] 3 kpokom 0,05.

3. 3a sKkMX 3HaYeHb. NapaMeTPiB §, 0. BeJIHYMHA CHOKHBaHHA
HAaNpHUKiHLI  JOC/Ii/PKyBaHOTO nepi_ony € H‘aﬁﬁim,mom.
Ilobynysatn rpadikm zanexsgocri B yaci
K(t), X(1), C(t) anst uporo nabopy napameTpis.

bynxuik

3aspanus 7. Jeonpodykmosa MAKPOEKOHOMIHA MOOens i3 3adanumu
ineéecmuyiamu i eupobruvLMy Pymuruianuy gopmi Kob6a-Ayznaca

Posrnsuemo CKOHOMIYHY CHCTeMy, sika CKIIaIa€ThCs 3 NABOX
rpyn rajyseii. Ilepma rpyna rajgysed BUpoOnse 3acobu BHPOOHHIITRA,
Apyra — HpelIMETH CHOKHBaHHA. Baiosuii TPOAYKT nepmoi ramysi
BHKOPHCTOBYETbCS Ha BUPOGHUYE CMOXKHMBAHHS Ta IHBecTHLii B raiysi
nepiioi i apyroi rpyn. Banopuii TPORYKT Apyrof ramysi Butpagaerhcs
Ha BHPOGHWYE CHOXMBAHHS rainyseii mepwoi i ppyroi TPYIl, Ha
IHBECTHIT B raiysi apyroi TPYIH Ta Ha KiHIeBe cnoxkuBanus. Baiosuii
TIPOZKT KOKHOI IPyNH Taity3eit BUpaskkacThes BUPOOHUYOIO (yHKIicr0,
AKY BHOMpaIoTs y hopmi dymimiii Ko66a-/lyrnaca (4.8).

1. 3anmcaru MaTEMaTHYHY MOJE/b Takoi eKOHOMIYHO] CHCTEMM Y
BHTI71 (4.38)-(4.44) npu n=2.

2. Hexaii 3nauenns xoedinicHis BIIMOBITHIX MaTpULb Mogeni e
TaKUMH:

.4 0,2 " ' o 1
a2 ;D=d'.' dl‘;p= o,

0,3 0,1 dyy 0 1

s 0 10,06 0 ]

o s R o0 og)

1,6 0,4 0,6 1800
V= 5 = = B: 2 KU: 3
_ 2,0 0,5 0,5 900

L,=60; £=0,01, 1, = 0; 1, =5.
- - - - L] * - a
Busnaunty snavenns Koeqiuientis d, ,.d;, dy, s, Ana uiei
MOJIEJTI.
3. BwukoHaTH 4McnOBi DOCITUDKEHHS MOJEJT, 3MIHIOKOYH 3HAYEHHA
NapameTpiB MOAEN y TAKHX Meskax:
a) d;, y mexax [0,3; 0, 7] 3 xpokom 0,1;
6) 5, y mexax [0,1; 0,5] 3 kpokom 0,1;
B) 5 y Mexax [0,3; 0,7] 3 Kpokom 0, 1.
Ilpu 3mini ogHoro is MapaMeTpiB B a)~B) 3HAYeHHs iHIIHX
napameTpis BUGUpaTh nocepeuyi HepPeNiYeHHX NPOMIKKIB.
4. 3a AKOro 3HayeHHs mapamerpis diy, s,, s penwanna
CHIOXKHBAHHA € HalbLTbmI00? JIs nboro 3HaYeHHs napameTpis




[ i txa & BRI S 1 b 2
iz oL gl trg v Eh i by =2 w5t
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ol noGynysaT rpadiku 3sminu B 9aci Benvuun X, X,, K, K,

{i! KariTany § 3a[acThCsl PiBEHb CMOXHBaHHA KiHLEBOTO MPOMYKTY Ha

Il nocinipkenHs nobymosaHoi Mopeni, 3a myHkram 1; 2; 3.a; 3.B;

% 1
vl 3a
CNOXKHBaHHA € - HalOuTbo0? JIIs 1BOTrO 3HAYeHHs napameTpis

a1l TAKAMU:

C.

3asnaunnsn 8. Jeonpodykmoea MaKpoeKOHOMINHA MoOend i3 3a0anum
CHOMCUGANHAM

Posrnspaerses AK 1 B 3aBNaHHI 7 €KOHOMIYHA CHMCTeMa, sfKa
| CKNIAJaeThCss 3 [BOX Trpyn ramysed. OnHak, Ha BiIMIHY Bin
" TOTIEPEIHLOTO  3aBJaHHsA, 3aMiCTh MAaTpHili HOPMH HAKOIWYEHHA

e L e v e T

O/IHOTO TpalliBHAKa y BHUIIAAI chipigHomenHs (4.18). Buxonatn !

' 3aBanHHs 7, 3aJaBIIM Taki 3Ha4YeHHs mnapamerpis y dymxuii
CIIOKMBaHHA Apyroi ramysi: c,, =4,0; n,=0,01; ¢, =0. 3Hagenns ¢
HeoOXiqHUX IHITMX MapaMeTpiB BHOpaTH TAKUMH, K y 3aBnanHi 7. Sk y i
EOMY BHITA[KYy BH3HAYAOTh HOPMY HAKOMHYEHHS Kamitamy y Apyrid :
ranysi i mapamerpy y QyHKIIT CTIOKHWBaHHS NEPUIOT rany3i?

AKOro 3HayeHHs napametpie d,,, s{ penuumma

noGyaysatu rpadiku 3milu B Yaci Benuuma X, X,, K|, K,, C.

3apaanns 9. EK0/1020-eKOHOMIYHA MOOEb 8UPOOHULMEA RPOOYKUIL 3
00HOMO2010 060X PIZHUX MEXHONOZIMHUX MPOUECIE 3 YPAXYBAHHAM i
IHeecmuuiil 8 OUUCHY 2A/1Y3b ;
Hexaii B perioHi BHWIIyCKarOTh NEBHHH BHI MPOOYKUii 3 |

JOTMOMOrOI0 JIBOX PI3HMX TEXHONIOTiH, sAKi BiAPI3HAIOTBCA OJHA Bin
! OMIHOT K EKOHOMIYHOK e(EeKTHBHICTIO, TaK i BEJIMYHHOI 3a0pyHEHHS §
JOBKiJIIA. - ]
1. 3anucatH eKOJIOro-eKOHOMiuHy Mmozaems (5.50) posrismysanoi
CHCTEMH.

3nauenHs KoedilieHTiB BiMOBIIHUX MaTpHIL Monesni BuOpaTH

L[4 0 g _[es 0
*“lo 0717 * o o5/

lL-LLJ-—«E‘l'!!\. B R Bl N

0,08 0 sy 0
] » 8z = 5

= ;s
B=lo 008 T 0 sy, 0

k; =0,5; n,=0,8;
Dy =[0,75 0,251 § D =0,5% D, =0;5;

Kyo=[2:2] s Kyo=1; Z,=1; 4, =0;1,=5.
Bupobrudi noTy)HOCTI LUTKOBATO 3aBAHTAaKEH].
2. BHKOHATH YMCJIOBI JOCHTIIKEHHS MOJEN, 3MIHIOIOYH 3HAYSHHA
napameTpiB MOJIeNii Y TaKMX Me)Kax:
a) s, y mexax [0,3; 0,7] 3 kpokom 0,1;
6) s, y mexax [0,3; 0,7] 3 kpokom 0,1;
B) A, y Mexax [0,2; 0,6] 3 kpokom 0,1;
r) A, y mexax [0,3; 0,7] 3 kpokom 0,1.
IIpu 3MmiHI OfHOro i3 mapameTpiB B a)—T) 3HAYeHHd IHIIMX
napameTpis BUOHpaTH MOCEPEUHI ITepesIiYeHHX NPOMDKKIB.
3. 3a skoro 3HauyeHHs mapaMerpiB S, S,, A,, A, BEJIHYHHA
CNOXKMBaHHA € Hakbinbwow? Jlna bOro 3HaYeHHA napaMeTpis
~ nobyaysatu rpadiku 3minu 3a wacom Bemmuue X, X,, K,

Kips K7, Z;C.
4. 3a sKoro 3HayeHHs NapameTpis S,, S,, A,, h,, BeAMYHHA

3abpyaHeHHs € Haimenmow? [Iis bOro 3HaYeHHs NnapamMmeTpis
nobymyBary rpadiku 3MiHu B uaci BenmumH X, X,, K

X2
KZX’ KlsziZ!Z?C' i

3asnanns 10. Exonozo-ekonomiuna mooenv 6upobHuymea npooykuii
3 00NOMO2010 060X Pi3HUX MEXHONOZIYHUX npoyecie be3 ypaxyeaHHA
iHgecmuniil ¢ oHUCHY 2a1y3b

Hexali B perioni 3pilCHIOETECS BHITYCK II€BHOTO BHIY
MPOIYKIii 3 AONOMOTOI0 JBOX Pi3HMX TEXHOJIOTiH, siKi BiIpi3HAIOTLCS
oIHa BiJl OAHOI SK EKOHOMIYHOIO e(EeKTHBHICTIO, TaK i BETHYMHOIO
3abpyadenns noBkuULns, IHBecTHUil B OYMINEHHA [OBKiNAS Bif
3a0pyIHEHHS He MPOBOATHCS.




1. 3anmcaru €KOJI0F0-EKOHOMiuHY
PO3IJIAAYBaHOT CHCTEMH. g
3navenHs koedili€HTIB BIAMOBIAHNUX MAaTPULL Mo/ieni BMOpaTH

MoJienb (5.50)

TaKHMH:

L[4 0] o _[05 o.pupw 0
o 071 1o 05”0 p,l

0,08 0 se O
o o :
M=o 008 ™70 sy,

D

=[0,75; 0,25] ; D, =0,5; Kyo=[2:2]; Z,=1; £,=0; ¢, =5.

2. BukoHaTH 4MCIOBl HOCJIDKEHHS MOJENi,
3HAYEHHS NapaMeTpPiB MOJIEJi Y TAKHX MEXaX:
a) p, ymexax [0,6; 1] 3 xpokom 0,1;

3MIHIOIOYH

6) p,, vy mexax [0,6; 1] 3 kpoxom 0,1;

B) 8, yMexax [0,3; 0,7] 3 kpokom 0,1;

r) s,, y-mexax [0,3;0,7] 3 kpokom 0,1.

Ilpu 3mini ogHOro i3 mapaMeTpiB B a)~T) 3HAYCHHA IHINMX

napameTpiB BUOMpAaTH OCEPEANHI NepeniyeHnX NPOMIXKKIB.
3a sAKOro 3HAUEHHA NAPAMETPIB Py. Py, Sy, Siy
BEJIMYMHA CIIOXKMBAHHA € HalOuibmowo? Jlns aasoro
3HAaYEHHs NapameTpiB nodyyBaTu rpadiky 3MiHHM 3a yacom
ennuuH X, X,, Ky, Ky, Z,_C.

4. Tlpu sKOMy 3HaueHHI MAPaMETPIB Dy, Doy, Sy, Sy
BenMuuHa 3a0pyaHeHHs € Hajimenmoro? Jina  pworo
3HAUEHHs MapaMeTpiB nmoOymyeaTH rpadiku 3MiHM B 4aci
semmann X, X,, K.y, Ky, Z,C.
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PO3/ILI 2
YUCEJIbHI METOIU JOCLKEHHSI
MATEMATHYHUX MO/JIEJIEMN

2.1. 3apayva Kowi ansa 3BuyanHux aucepeHuiansHUX
PiBHAHbL | cucTeM

3anava Kounl g 3BHuYadnoro jauQepeHitiaibHoro piBHAHNS
Nepworo Mopaaky rossrae y 3HaxojpkeHHi  (ynkuii  p(¢), sxa

3a/10BOJIBHSE HA MPOMDKKY (f,,7,] piBHANHIO

y(0=f,), (1.1)

a B TOULli f, — 1OYATKOBI yMOBI
Y(ty) = Yo- (1.2)
Y (1.1) f(t,y) - napana (yuxuis  aprymeris  f, y.

[punycrimo, mo yukuis f(¢,y) HenepeppHa i 3a/10BOILHIC YMOBY
Jlinumng 3a y, Tobro:

‘f(f»}ﬁ —f(lu .Vz ))l = L‘J"; _yg E]
ne L - jacaxa pogarHa crana. Y o uboMmy BHnanky sajaua Kowmi mae
EIIMHUI POIR’A30K HA TTPOMDKKY [ru,f(,]. Skwo y(1) = [y, ()., v, (D],
Yo =Wiase Vol s SOV =1/ ¥)s (0, )] — BekTopHi dynKuii,

to 3agaya (1.1)1.2) e sapavero Kowri s wopmansuoi cuctemu
3BUYaitHUX JMdepeHilialibHUX PIBHSIHE NEPIIOTO MOPAKY:

WO = [2558,)
........... Je(ly.t,] (1.3)
V0= 1, Y10 7,) '
Pille) = Pion Pl Y= Mo ane Bl V= F 5 (1.4)
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3anava Kowi juis andepeHitiaibHOro piBHAHHS 71 — TOPAJIKY:
Y= (67,9 5 tE(t,] (1.5)
Y(ty) = Yoo y.("n):.V(I}v---'y("_”(,o)"_‘yr{:n_” . (1.6)
HUISXOM BBEAEHHS J0AATKOBMX (yHKIIH 3BonMTHCA /10 3ajzadi Kouii
(1.3)1.4).
y,'(r):yz(t)
¥, (1) =y, (1)
S eswnmawa ,  tell,t] (1.7)
Yur () =y,(0)
Y= Fo (6 Y50 3,)
1) = Yos V2ts) = Yors Vo () = 15" 252, () =" . (1.8)
Tyt y poni Bekrtopa HeBiJOMHX (GyHKUIN BHCTYNalOTh (yHKUis Ta 1
noxiani 1o #-1 nopsky:
S OR DISA 8 L S S
Tomy nagani mu posragnatumemo sanauy Kowi (1.1)—(1.2),
‘BB@KAIOUM, 1O Y, Yy, f MOXKyTh OyrM SK ckansipHumu, TaK |

pexTOpHMMHM  Benumuunamu. Onwucani  Hwxue Metoau  6e3  3min
nepenocsTbes Ha 3amayi (1.3)(1.4), (1.7)-(1.8).

2.2. 3aranbHa cXxema YucenbHUX MeToaiB
. po3B’sa3yBaHHA 3agayi Kowi

Orpumaryn Tounuit (ananiTuunnii) po3s’asok 3amayui (1.1)-(1.2)
BNAETHCA JOCHTH piako. ToMy juis po3s’s3yBanus rnocrasneHoi 3anadi
BUKOPUCTOBYIOTH 4ucioBi Metoau. [lpu upomy 3amicts  (ynkuii
y(t), t€(lys1] OTPUMYEMO MOCHIMOBHICTb TOUOK loy iy oy s oo 3
3HAYCHHAMH HAOJIMIKEHOTO PO3B’A3KY Vg, Vis oo s Vis - Y HHX.

JIna 3uaxo/ukeHHs PO3B'A3KY B TOYKAX {>!, OTPUMYCMO TaKy

y ()= f(t.p), @2.1)
)=y (2.2)

sajavy Korui:
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[Tpoinrerpysasmm  pisusanns (2.1) 1 Bukopucrasim (2.2), MoxHa
OTPHMATH 3HAUCHHS UIYKAHOTO PO3B 3Ky B TOUW [ =/ + h,:

V)= + [y 2.3)
[Ticna saminm ¢ =1 +ah, cuisBianowenus (2.3) uabyne surasy:

I
..l:(ri-ll ) = yr' + hi' _[f('r: k u‘hr 3 y('( + U'h.- ))('{a x (24)

Bukopucratu jns obuncienns interpana (2.4) kpagpatuuni
dopmMynH 3 HHCAOM BY3/iB MOHAA OAWHMILO OC3NOCEPeAHBO  HE
BAACTHCA, TOMY HIO 3HAYCHHS QYHKUIT } Ha [IPOMDKKY iHTerpysanis

ueigome. Opun 13 cnocobis  obuncnenns  interpana  (2.4)
sanporionysani Pynre 1 Kyrra. [iginrerpassua dynkuis £ (x, y)
3aMIHIOCTLCA  JIEAKOI0  HAOMDKEHOI0  (PYHKUICIO, 110 3amekHTh Bif
3HAUCHHA PO3R’A3KY Y, BTOYNI [, 1 IGAKMX N0JATKOBUX rapameTpis. L1
napaMeTpn miAOMPAIOTLCS 3 YyMOBM PiBHOCTI KoedilicnTiB pozknanis
HaBJIKEHOTO 1 TOUNOTO po3B’s3KiB y psan Teiinopa 3a crenensmu f »
OKONI TOUKI f, J10 NeBHoro nopsaky [1.2.4 |.

Y pesynbTati OTPHMYEMO CEPil0 OHOKPOKOBHX METOMIB, AKi
HazuBaoTh merogamu Pyure-Kyrra (PK).

3a inworo nigxoay niginterpansha dynkiis 8 (2.3) ato B (2.4)
moke  Oyrn  uabmokenow, wanpuknan., inrepnossauidinm  abo
excTpanonsuiinum nonisomom Helotona, 1o Oyyerihes 3a Toukamu
Lystist st OTpuMyeMo  cepito  6araTtokpokoBux sBuux  abo
HEABHUX  (SKWO i noOynoBu  iHTEPRoOnsuiiiHoro  noniHoma
BUKOPHUCTORYETHCA 3HaYeHHs hyHKIITy Tou /,,, ) METO/LIB.

3HauHy 4aCcTHHY MCTOAIB Po3n’s3ysanus 3agadi Kowi moiua
CXEMATHYHO NOAAaTH Y BHI'Hﬂ,U,i:

Vet =PViegs Yiegriros Vi Pispsoos YVour I (2.5)
ne Qyukiis @ BuzHayac obuMcimoBambily cxemy airoputmy. YV
sunanky ¢ =0;/=0,1 uucnosuit Merop HazusaloTh u()uoxpoxbsu.u.
[Tpu g =1 1 (abo) / > 0 maemo baeanoxpoxosuit meton. OHOKPOKORI |

105




GaraToKpOKOBi METOAM Ha3MBaloTh Agnumu tipn [ =0, 1 neasnumu npu
]=1. V punaaky, konu [>1, 0araTokpokoBi METOAW Ha3UBAIOThH
METO/IAMM 13 3abicannsam enepeo.

2.3. Knacudikauis metoais Pynre-Kytra. lNopspaok
MeToay

IMonamo cxemy (2.5) oTpumaHnms po3s’a3Ky 3anadi (2.1)(2.2) B
Touni t,,, y surnsi [4,7]:

Vin =¥+ Y Pk 3.1)
=l
k= fU+ah,y,+h ) Bk, j=1..s5, (3.2)
r=1

b= i) — ;ilcHl uKcna.
ne a;,B,,p, (J,r l,...,8) — nict
Osznauennn 1. Meron (3.1)+3.2) Ha3MBaIOTL S-CMAQIUNUM
(emanium) memooom Pynze-Kymma [7]. 11l MeTONL € ONHOKPOKOBHM.
Skuo g, =0 1ipu j<r, orpumyemo senuit meton Pyure-Kyrra

(SIPK). Sxwo S, =0 npu j<r i xoua 6 omun 3 koediuientis B, #0,

OTPUMYEMO oiazonansno-nesgnuti meron Pynre-Kytra (JIHPK). {‘]Kmo,
! KpiM 1pOro, BCi JliaroHasIbHi KoedinienTn oanakosi, A, =y (=1,....5),

TO METOJl Ha3WBAOTh QOHOKPANMHO-0IAz0NaIbHO-HEABHUM METOJIOM
Pynre-Kyrra (OJJHPK). B ycix iHIIMX BMNaJKax OTPUMYEMO HeABHI
meton Pynre-Kyrra (HPK). ‘

Koedinient meronis PK 10CHTH 3pyyHO NOAABATH Y BHIIIAAI

rabnuup 1-3 [7].
Tabauys |

HPK
@, By Bn - B
@, B By« By

a, By Ba - B

P p?. bk p.c

Tabauya 2
JHPK
(xl ﬁlr
{11 ﬂ bl ﬂ n

@, Bo Bo - B
P P e Py

Tabauya 3
JIPK

a, P 2
a, Ba By o B
LTI 5 U 2

3aznaunmo, mo koediuientn wmeronis PK  3agoronbHsioTs
YMOBaMm:

a,=YP,, j=l..55 Y p=1 (2.16)
r=1 =1 :
O3zuavennsn 2. Meron Pynre-Kyrra (3.1)~(3.2) mae nopsanok p,
AKILO JUTA JIOCTATHBLO TIajIkuX 3a1a4 (2.1)-(2.2):
|y, + B) =yl <CH™,  C -const. 2.17)

Bennuuna Ch”'' xapakrepusye nokanbhy noxu6ky meromy PK
y TouLi {

Ha I-My KpOLLi.

141
Koedimientn  a B, p, s— cranilinoro merony PK p-ro
NOPANKY MO HAa OTPHMATH Tak.
a) po3knajlacMo wykaHud poss’sasox  y(f) sapawi (2.1)(2.2) B pan
Teiimopa 3a crenewsmMu . B okoni  touku  {,  (HMOXiaHi
AN K_( e ¥
Y, s {=0,1,2..,p Bu3HayalOTL WAXoM  jdepeniitoBanis
BUXIJIHOT'O PIBHSHHS);
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6) posknanaemo koedinientn &, j=1,2,....s B paau Telnopa B okoi
TOYKH (f,-ey.) )

B) MIZCTaBISEMO po3kian a) B piBuauHA (2.1), a poswraau 6) B (3.1) i
NpUPIBHIOEMO  KOoe(iiCHTH 3 OJHAKOBMMHM ~ CTENEHSAMH
h, 1=0,l,..,p | ONIHAKOBUMH BUPA3AMH IPU YACTKOBUX MOXIJHUX.

VHacnijlok OTpuMyemMo aareOpuyHi piBHAHHA JUIS 3HAXO/DKEHHS
koedinientis a,,p,.p,[1,2,7].

Teopernuno npotiec a) — B) oOUHCICHHS KOSPILIEHTIB METOAIB

PK ¢ pocuths mpoctuM. Ha mnpakTuii Bxke mpu s=4 npuxoiuMo Jio

cknaguux 1 rpomizakux Qopmyn. [lpoctime Moxna oTpumatH

BIIMOBIAHI CNIBBIAHOMWEHHA U1s 004YMCIEHHA HEBIOMHUX KOoedILIEHTIB
3 BukopucTanuam rpadis [7 |.

2.4, AiBHi metoau PyHre-KyTtTa

Y upbOMY MYHKTI HAaBEACMO CHCTEMH PIBHAHB JUIS OTPHUMAaHHS
koedimientis Meronis PK  pisuux nopsakis, a Takoxk Tabmuui
koediiieHTiB nHaity>kusanimmx SJAPK. -

2.4.1. O0Ho- i deocmadilHi Memodu PyHze-Kymma

[Tpu s =1 orpumyemo oxHocTaaiiHuit meron PK:
. Yin =Y+ S, ). (4.1)
Lle#i meron Bisomuid sk Meroa Eidinepa i mae nepumii nopsaok
tounocti. Y Tabnuui 4 HaseseHo koediuientu meroay Eiinepa.
Meronn Elinepa € anajorom 3acTrocyBaHHf KBaJpaTypHOI
(dopmynu NBUX NPSIMOKYTHHKIB 10 o0uMcieHHs iHTerpaia (2.4).
[pu s =2 obyucmosansHa cxema Metony PK Taka:
Vi =Y +h(pk, + pyk,),
k.’ =f(f;,}’.a)5fn (42)
ky = [t + oy, + h;lekr )-
[pupiBHiOlouM  KoedillieHTH pO3KJIafiB  TOYHOTO | HabinmKeHOro
pO3B’SI3KiB B OKOJIi TOUKH #, 3 OJIHAKOBUMH cTenenamu /i, [=0,1,2 i
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BILOBIJIMUMHU  TTOXITHAMH, OTPHMYEMO CHCTEMY TPLOX PIBHSHBL JUIs
BU3HAYCIHIHA YOTHPbOX HEBIIOMUX KoeillienTin:

Pt p, =1
Py, =1/2 (4.3)
PPy =1/2.

Ilpunycrusiin, — wanpukiam, 10 Bsi=; B<a 1, OTPUMYEMO

OZIHOMAPAMETPUYITY MHOXHHY PO3B SI3KIB:

]
0y 2B, = Bim— Pl
2 21 P u I T

3asnaunmo, o npu skonHoMy BMOOpI mapamerpa « He BAAcTHCS
. - - . = 3 .
AOCATTH PIBHOCTI KOCPIWIEHTIB NpH /i’ B po3kianax HabIMKEHOIO i

TOYHOTO po3B’a3kiB 3a1a4i (2.1)-(2.2). lle o3mavae, uio meron (4.2) mac
JIPYIiid OpSJIOK TOYHOCTI.

Y tabamusx 5-6 naseneHo koedinieHTH ABOX HaifyKUBaHilIHX
metosis PK apyroro nopsjaxy.

Tabauys 5
Meton PK apyroro nopsjiky
(u=112, 52, p=2).

Tabauys 4
Mecron Einepa (s=1, p=1).

¢ |

B |
SIS

Tabruysn 6
Meton PK npyroro nopsky
Y nockonanenuii meton Eittepa-Komi
(v=1, s=2, p=2).
0
I I

—
B | =
b | =
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Ipu w=1/2 wmeron PK ¢ ananorom dQopmyin cepennix
MPAMOKYTHHKIB 110 obuucnenns interpana (2.4). Ipu =1, signosinno,
niviitna kombinanis B (4. 2) e ananorom Qopmynu Tpaneuii npw
obumcnenni inrerpasa (2. 4).

2.4.2. TpucmadiuHi memodu PyHnze-Kymma

Hns obuncnenns koedillieHTiB TpucTamiinoro meroay PK
OTPUMYEMO TaKy CHCTEMY PiBHAHB [4,7]:
P+ py+p=1
P20y + pyoy =172

4.4
P00+ pyas =1/3 i
piPs0, =176 .
[l cucTeMa JIONOBHIOETHCA JIBOMA I0aTKOBUMYU yMoBamH (3.3):
o, =Py, 03 =Py + By, (4.5)

[IpuitnsBum, mo o, =u, o, =v i3 (4.4)-(4.5), orpumyemo
ABONAPAMETPHUYHY MHOXKHHY PO3B’A3KIB:
: v(v—u) 2-3v
0y = Uy 0y =V, Bu:m~ P2 = ) _
(4.6)

2-3u
=1-p, - ps, By :U-J*Blzs ﬁzl =a,.

6v(v—u)’ i
3navenns koedinieHTis (4. 6) yTBOop1oloTh HabIp TpUCTaIHHUX METOIB
PK nopsanxy

Y rabmuusx 7, 8 HaBeaeHO 3HayeHHs  Koe(illieHTIB
Haiyxusaninx Merogis PK rtpersoro nopsaaky [4,7]. KoediuicntiP
tabmuui 7 yrBopiototh Metosn PK, skuit € anamorom TpHTOUKOBOT
kBajgpatyproi gopmynu Cimricona npu obuucnenni interpana (2. 4).

P
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Tabruys 7 Tabawys S
Meto,1 PK npyroro nopsijixky Meron PK sipyroro nopsijiky
(=172, v=1, s=3, p=3). (w=103,v=2[3, 53, p=3).

0 0
! ! | [
2 2 3 3
2
1 1 2 2 4 2
14 1 3 3
6 6 6 I
143
4 4

2.4.3. Yomupucmadiluxi memodu PyHze-Kymma

Cucrema PIBHAHB JUts obuucneHHs KoeiienTin
vyorupuctaniiinux APK verseproro nopanxky mae surnsu [7]:
'pl 2R S T I
P05 + Py + p, =1/2

2 2 2

P.a; + pya, + pay =113

pzai + p_,a'; F pgx; =1/4
< .
PGP, + pa(fua, + faa)=1/8
1’3/832 # pqﬁa: = [J2(5 _az)
pdﬁﬂ = p](l -~(13)
py(l—-a,)=0

Po3s’azanns  cucrtemMu (4.7) € CKIAJHINIMM  TOPIBHAHO 3
nonepeaAHiMH - BUMAAKaMH. 3a3HauuMo JIMINE, [0 pPO3B A3KH 1€l

CHCTEMH € JIBONAPAMETPUUHOK MHOXUHO0I0. Hailykupaniiumu ¢
meronu PK 3 HaGopamu koediuicHTiB, HaBeaeHUMH B Tabnuisx 9, 10,

(4.7)
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Tabauys 9 Tabauys 10
Knacuunuit metos PK INpasuno 3/8 PK
(54, p=) (5=4, p=8)
0 0
111 i I
2 2 3 3
1 0 l ?. __]_ I
2 2 3 3
1 1091 1 l-1 1
1221 303 1
6666 38 8 8

Knacnunuit meron PK BHKOpHCTOBYIOTH uacTimie, a npasuio
3/8 mae Ginplny TOUHICTH pO3B’A3yBanHs 3aaa4i Kowi mono 3suuaiinux
qudepeHIianbHUX PiBHAHB | CHCTEM. ' '

Knacuunmit  meton PK  moxna  BBaxatu  aHamorom
ksajparypuoi dopmymn Cimncona. Meron PK, koediuientn skoro
HaBezieHo B Tabiauui 10, € aHAIOroM YOTUPUTOUKOBOT KBajpaTypHOT
popmynu “Tprox BocbMHX.

2.4.4. Memodu PyHze-Kymma euwux nopsiokie

B SIPK, ski po3risHyTO BHILE, MOPAAOK P METOMY | YHCIIO
cragiii s Oynu onnakoBumu (s = pnpu p=1234). [Tobyaysatn s -
cTaji¥Hi METO/IM, IS AKHX MOPAJ0K METO/ly BMILMH BiJl YMcia ctajiii
(p>s), He Bmaerbes. [locrae nutanHa: 4u MoxkHa noOynysaTH s-
cTamiiiHl METOH MOPAAKY p =5, Ui akuX p=s 7 BoHo 3anuinanocs
Hepupiwienum ao 1963 p. HaiiGinemnit Bknag y pocnimkenHs uiei
npobnemu BHic byruep [7,8]. Cdopmynioemo pesynbrath  ioro
AOCHIKEHDb Y BUIJISI HIDKUSHABEICHUX TCOpeM.

Teopema 1. Tlpu p =5 wue icuyc apuux’ meroais PK nopsaaky p 3
YUACIIOM CTaflikl s = p .
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[Tpu p =5,6 Bpanocs nobyaysaru APK 3 ynucinom cramiid s=p+1.
Y tabnuuax 11, 12, 13 naseseHo koedillieHTH JBOX METOIB I ATOIO
MOPSAJIKY Ta OJIHOTO 3 METOAIB OCTOIO TIOPS/IKY.
Tabnuysa 11
Ilectucraniiinuii meto PK nopsiaky 5
(Kyrra, 1901; Hiopcrpem, 1925; s=6, p=5).

0
1 1
3 3
2 4 6
5 25 25
1 1 3 15
2 4 4
3 6 90 50
PO TR TR TR Y |
5|6 % 1008
B3 T 3% 75
2 5 135 81 135
192 192 192 192

Tabauys 12
Iecrucraniiumii meron ennbepra nopaaky S

(5=6, p=5).

0

I i

4 4

3 3 9

8 32 3

12 1932 7200 7296

13 2197 2197 2197
489 3680 845

1 216 513 4104

1 8, 34 189 1

5 27 2565 4104 40
16 , 6656 28561 9 2
35 12825 56430 S0 S5

13



Tabnuys 13
Cemucraniiinuii meton bByruepa nopaaky 6

(s=7, p=6).
0
] 1
2 2
2 2 4
3 9 9
1 7 2 I
3 % 9 12
5 3555 35 15
6 144 36 48 8
1 I i r 1
6 360 36 8 2 10
41 22 43 118 32 80
I 260 13 156 39 195 39°
13 1 4 4 13
00 0 @0 40 5 3 200

Teopema 2. [Ipn p>T7He icHye aBuux meronis PK mopsaaky p, ski
MaloTh § = p + 1 crauiio.
Teopema 3. Ilpu p>8ue icuye auux meronis PK nopsaaky p, ski
MaloTh § = p + 2 cTajil. _

HaiBuiuii nopsanok, nocaruyTuit uis seHo nodynosanux SAPK,
nopieaoe 10 ( p=10). Bnepme Takuit 18-craniiinuit meron (s=18)

nobynosano B 1975 p. Bin ysiiimos no xuurm pexopais I'inneca. V
1978 p. nobynosano 17-craninuii meton PK JIECATOTO MOPSAKY.

[Toganbiue MiJIBUIICHHA TIOPAJIKY METOJIB HE Mac cer:cy. Ixus
CKJIAJIHICTh 3pOCTac WIBMJULE, HDK IO EKCITOHEHTI, a caMi METoaM
CTAIOTh BENMYE3HUMHU MOHCTpamu [7].
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2.5. HesiBHi meToamn Pyure-Kyrra

Jors nessuux meroain Pynre-Kyrra koediuicHtu &, ne Mok
ObuHC/IIOBATH NOCITINOBHO, AK Y BUIAJIKY ABHHX MCTOAIB. V ubomy
Bhnmasky s obumcnenns k ,j=1,..s OTpUmMyemMo cucremy pisnslhin
(3.2). Hexaii (2.1)42.2) € 3amauero Koui JUIL CHCTEMH  pIBHSIIL
nopaaxy n. Toni y sunanky JIHPK maemo nociifoBHicTs cuerem (3.2)
PO3MIPHOCTI 7 19 BU3HAYCHHS Ky, nani ans k, i T. . Jlns noswicrio
HEABHUX METO/IB OTPUMYEMO cHCTeMyY (5x 1) HeniHiiHuX piBHSATIL 3
(§X17) HEBIIOMUMM, SKi TOBHUHHI PO3B s3yBaTHCL O/1II0YacHO. Buiikae

MMTaHNA: 3a AKHX yMOB cucTema (3.2) mae poss’s3ok? Bianosims a
HLOTO JIa€ HWKUEHABCEHA TeopeMma.

Teopema. Hexaii f — nenepepsiia (ynkuis, ska saposonmbHse ymoni
Jhimumns 3 noctiiioio Ly nesikomy okonti nouarkonmx ymon. Skuo

- I : ;
BHKOHYEThCH HCPIBHICTb Boe=ee ——. TO ICHYC C/IHHHH pPo3B S30K

L max I B
: ;U .

cuctemn (3.2). Slkuo f(r,y) P pasin HENepepBHO-/IHdicperniiioatia

ynkuis, sei k, sk dynukuii A Gymyrs P PpasiB  Hemepepriio-
nudepenuiiiosaui [7].
Jlis orpumanns pos3s’s3ky cucremu (3.2) Moxkia BUKOPHUCTATH

OJIHH 3 BIIOMUX iTEpaLifHUX METO/iB (MeTon npocrof i1 epauii, meroj
Hetotona).

Bubip  koedinienrin &P Br=lsy @mnx  HPE

3MUHCHIOEThCS TaK camo, sk sy SIPK (n.3, nd). Ilpore 3uauna
KinbKiCTh LMX Koe(ilienTis aac 3mory focsrty PIBHOCTI B PO3KIIajax
TOYHOrO 1 HAbIMIKEHOTO PO3B’s3kiB 3anaui Komi MPH BUILHMX CTENCHSN
h, nopisusio 3 SIPK. Y sunanky s-crapiiinoro SIPK s KOKHOIO 3

piBisub (2.1) maemo [(.¢2+3.¢);"2—-!_] napamerpis (aus. Tabn. 3).
Ob6pasun ixX sianosigHuM crniocobom. orpumyemo meroan PK nopsiiky
p(p<s, nms. n. 24). Y BHNAKy s-craaiifnioro HPK maemo s
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kokHOro 3 pishaub (2.1) (s° +2s) Binbnux napamerpis. Lle jiae 3mory Tabuyn 17
no6ynysatu HPK nopsaky p=2s. llle oamicio kommnencauielo 3a ‘bopmyna JloGarTo nopsaky 6
pose’s3anns cucremn (3.2) s HPK ¢ te, wo Boum, sk i HesBHI ) (s=4, p=6)
6araToKpOKOBI METO/IH, MAIOTh MEPEBaryt MPH PO3B’I3yBaHHI HKOPCTKHX _ 0 0 0 0
nudepenuiabHUX piBHAHD [5,6,7]. ’ ; 5_—ﬁ 5__+__J._S_ | 15-745
Y Ttabnuusx 14-19 nopano 3navenns KoeditieHTis  Juis 10 ) 60 t 60
nexinbkox HPK pizHux nopskis. 5445 5-J5 154745 |
Tabruys 14 Tubauys 15 1 : r)_ i3 SFLE 0
. ) 12 12
Meroa Xammepa XOoJulHrcyopra dopmyna Jlobarro nopsaky 4 : : -
(s=2, p=4) (s=3, p=4) = s 2
1 3 11 B 0 0 0 0 : 12 12 12
2 8 * & 2 l ]— l 0 Tabauyn 18
! + {?'- . + ﬁ ! 2 4 Meton Ene nopsiiky 4
2 6 4 6 4 ! 01 0 (5=3, p=4)
1 ! 121 0 0 0 0
2 2 6 3 6 I _ 1 I
2 |23
2 1
' Tabruys 16 | 6 3 6
Meron Kynimana-bytuepa nopsjiky 6 (s=3, p=6) o2
1 Ji5 5 2 18 5 15 6 3 6
2 10 36 9 15 36 30 .
I 5 Ji5 2 5 J15 Tabnuys 19
2 36 24 9 36 24 Meron Ene nopsiky 5
1 15 s Jis 2 15 s _ (s=3, p=5)
270 3% 0 9" s 3% d-o | 8876 296-1696 -243V6
. 3 . 10 360 1800 225
13 3 T 446 | 296+169V6  88+7V6  -2-3V6
10 1800 360 225
&i@ 16 +6 ]
| 36 36 9
16-6 16+ 6 1
36 36 9

He 17




2.6. Ouinka noxubku metoaiB PyHre-KyTtra

Ipu Bukopucranni uucnosux meroanis PK orpumyemo samictn

) 3B’ % WKEHI 3HauYeHHS
TOYHHMX 73HAYEHbL IIYKAHOTO PO3B A3KY HOTO Habn

Vys Vasooes Viaeee Y TOUKAX 05,0000l ... TIOXHOKA y BH3HAUEHHI TOUHOTO
p(;;-afﬁwy ‘3anc>sm"r|, Bi/l MOXMOKHM AHCKpeTH3auii ifoxnﬁmii oﬁqulcilen‘b
(noxubkn 3aokpyriens). IToxnOka JWcKpeTH3ati xapai{repmyf.rb‘fiﬂ
pnacTusocTsimMu camoro meroay. Jns meroais PK moxna BHJ_!IJIMIIri
nokanbHy noxubky i riobanbuy (na!{onwwuy) noxnﬁacy.- ”0){}«16!{‘1
obuMciieHb 3AIEKHTH Bil PO3PSAHOI ciTkM MauvHu. Hajani mu 11 ne
¢ MeMO. )
pm”mm;’::::inmncmo zapauy Komi (2.1)+(2.2) y Touwi (¢,,y,). Hexaii
y(t, + h) — TOUHMIT PO3B’A30K PIBHAHHS (2.-]) npu l]()lla.'l'f{(‘lliii:l )’Mﬂh'.!
(2.2), a y, — nabmwkenuil po3s’s30K y IIH xe .‘I‘O‘Illl, OTpUMaHMii
merosom PK. Toai nokanbha noxubka Ha i-my Kpolll XapakTepH3ycThCH

PI3HHIEIO MDK TOYHUM 1 HaOIKCHUM 3HAUCHHAMMU:
lle, (B =1y, + B) =y (6.1)

Jlna oninku Benuuunu ¢, (/) CKOpPUCTAEMOCH 1I PO3KIIA/IOM

i T i XIIHI TOYHOrO |
pan Teiinopa B OKOJNI TOYKM [, 1 TUM, IO TOXI/IHI

HAGMKEHOr0 PO3B’A3KIB /10 TOPAJKY P BKJIIOYHO 30iracrhes T(J_[;I'i.
cxemy 1nobynosu METO/1IB PK, m. ‘2..3)‘ .._0 10
(0)=e'(0)=...=e"”(0)=0. Skumo Bei uacTkoBi NoOXiaHi PyHKUIT [ /10
e = = - — 3

nopsaxky p BKmouno obmexewi, To ouinky (6.1) Moxna nomatu y

BHIJIAL i
e, ()| <Ch™. (6.2)

Touniwa oninka noxubku (6.1) Mae BUrIIsL:

Gef0,1]

1 & i 1
I Il tre1 = ; k_(_; ((}'IJ)H
" maxly [+ 0h)|+ p,|max ik ;
el ™ § o N2l e o, |
(6.3)
BauumMo, MO OLiHKa JokanbHOT moxubku (6.2) 3biraetbes 3
osnavennsm nopsaky meroay PK (nus. ( 3.5)). . '
['nobansua noxubxa (noxubka po3p’a3Ky) € HOPMOIO PIZHMIL

MK TOYHHM | HaBIMKEHNM 3HaueHHaMU po3s’s3ky 3anaui Komi (1.1)-
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(1.2) y Touni ¢,,. Bowa ckmajaernes 3 nokansioi noxubku (6.
AOTYHIEHOT Ha [-My Kpoui npu po3B’ssypanni 3anayi (2.1.)-42.2).
nepexeceHol noxXubku B obuucHenti nMoYaTkoRoi YMOBH (2
f; . O¥eBUANO, MO 3HAYEHHS y, B TOuWi f
YMOBOIO 3as1a4i (2.1)~(2.2), ne ¢ Tounum.
["nobanbHy ouinky noxubkn nonamo Y BHIJIsIL:
lef| <c,h",
ne h — MakcHManbHa JORKHHA Kpoky, h=maxh; (
I

2) y ot
,» KA CIIYIye nouaTkop(

f

(6.
Co—const,

3anexuth B Gynkuii  f i i wactkosux noximnmx ma TPON K}
[{D"(ﬁ]'

I'nobanbua ouinka noxubu (6.4) ¢ Bennunnolo MOPSAKY p
36iraeTbes 3 MOpSAKOM MeTo Y.
2.7. NpakTU4Ha ouiHKa NOXUBKH i BUGIp
AOBXUHU KPOKY

Hexaii y Touui £, orpumano sanawy Kowni (2.1)-(2.2). 31
BUOpatH Kpok /K, mo6 nokanbhia noxuGka AMCKpCTH3aUIT Ha 1w
KPOILI 1e NepeBrLLyBana 3a/aHoi BEHIHIH eps 7 Ouesnato, 1mo kpos
MOBHHEH OYTH HACTIIBKM MaiuMm, 1106 CMiBBIHOLIEHHS (6.2)-(6.3
Oyno meunmnm Bin eps . Boanouac Kpok /i nosunen 6yt joct
BEJIMKHM, 11106 3an106irTh BUKOHAHHIO 3aiiBUX 0G4HCCHE,

Ouinkn noxubku, nHapeneHi y n. 2.5, we npuparni s
MPAKTUYHOTO BUKOPHCTAHHA Y 3B’A3KY 3 TMM, IO BOHH BHMAalaiofli
00uMCNIeHNs Ta OUINKH YaCTKOBHX THOXiHHX BMCOKOI'0
F'onosna nepesara meronis PK nonsrac came B TOMY, 1110 BOHH e
BAMAraloTh 00YHCACHIIA LIMX TOXI/HNX. Tomy mnst npaktnanior o
noxuOkn i BHGOPY  JOBMKHHM KPOKY  CKOpHCTaEMOCH
eKcTpanonauii no Piuapacony.

Kopueryrouncens metogom PK P ~T0 nopapky ans sapaui (2.1)

(2.2), pobumo 1Ba KpoKkH KOBKHHOK h, xoxen i onun KpOK

dTHB(

HOPA/KY .
11€€10

JIOBXKHITOR)

2h. B pesynbrari y HEPIIOMY  BHNAJIKY  OTPUMAEMO  3HAYCIHIIs
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