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Periodic and Asymptotic Properties of Solutions of Impulsive and
Nonautonomous Mathematical Biological Models

Abstract

The need for describing more actual natural system impels the evolution of mathematical
biological models. In recent years, the researches in mathematical biology which modeled by
normal differential equations are mainly concentrated on two branches: 1) continuous biological
dynamical systems; 2) impulsive semi-dynamical systems. The discussions of continuous
biological dynamical systems were main research direction in the past decades; autonomous
systems were modified into nonautonomous since people found the factors which affect the
systems can be various with the time or the subrogation of the four seasons. People also find
recently that continuous biological dynamical systems can not represent some natural
phenomena and control behavior of human accurately; impulsive semi-dynamical systems then
turn out to be the hotspot of mathematical biology because the relatively instantaneous behavior
mentioned above can be described well in impulsive differential equations. Our three models in
this paper which have different applicative background respectively are of these two kinds of
differential system.

Since periodicity exists in nature and human society generally, it has also existed in these
three models because of the effect of periodic environment and manual behavior. This
dissertation discussed the given impulsive or nonautonomous mathematical biological models
and studied the existence and globally asymptotic behavior of periodic solutions of these
models. Moreover, the possible complexity of impulsive differential equations is discussed
numerically by using software such as Maple or Matlab. The result of this dissertation can be
summarized as following;

Chapter two modified a state-dependent impulsive differential equations which has a
background of pest control in agriculture by adding term of density dependence to make it more
actual, and, also more difficult. The system became into the one which has not explicit solutions
by this modification. Then we researched the existence of petriodic solution of order one of this
modified model by using theories of invariant set of impulsive semi-dynamical system and
Brouwer’s fixed point. Moreover, the attraction of periodic solution of order one and positive
invariant of system has be discussed numerically.

Chapter three considered an epidemic dynamics model with nonlinear infection rate, in
which birth rate equals to death rate and the infectious individuals will get immunity naturally

i1



Abstract

after recovery but will also lose it after a period of time. We also considered the factor of
manual vaccination control. This paper analyzed the effect of continuous vaccination control
ard pulsive vaccination control of this system, and gave the reproductive number of the system
with continuous vaccination as well as the system of pulsive vaccination. Three types of pulsive
vaccinations are analyzed in this paper including proportional type, constant type and the
second type of constant vaccination. The local stability and globally asymptotic behavior of
border periodic solution (epidemic-elimination solution) of these three types of vaccination have
been researched. On the other hand if the epidemic is turn out to be endemic, we studied
numerically the influences of impulsive vaccination on the periodic oscillation of the system
which is without impulsion and found phenomenon of chaos in this case.

In chapter four, we considered two two-species nonautonomous models with stage
structire. The models of population dynamics with stage structure can be applied well in
management and usage of renewable resource. Nonautonomous system is more actual because
it assumes that all the factories which affect the advance of system can be various with the time
or the subrogation of four seasons. The first model considered in this chapter is a two-species
nonautonomous competitive model with stage structure, in which one species competes with the
mature individuals of anthor species. We studied the boundedness, permanence, existence and
globally asymptotic stability of periodic solution of this model. The second model we
considered is a two-species nonautonomous predator-prey model with stage structure and delay,
in which predator species prey on only immature individuals of prey species. We studied the
boundedness, permanence, existence of periodic solution of this model.

Key Words: State-dependent impulsive differential equations; Epidemic dynamics with
pulsive vaccination; Nonautonomous population dynamical stage-structured system;
Periodic solution; Permanence; Globally asymptotically stable
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T—E 7|5 KPEAiREquation Chapter 1 Section 1

BENLHEASREEEN N RAVMRAEROEMLTE . EEEINERPE
BREEEERN G EEEREN, LNsiPINET . FET, HEEERMER
SRS T RIEAR, B AR B AR BRI E B AR A a2 A TR
KRS ANER, UL REERRREH A E L AN LEMRESITH, Sy
WA R RHOA AR R AR . —BORR, XS e ET U R AR TIT A ER
5 A RELEN, MEEEY, EmRuiEEMHEERLNERRZMRBERES
ST, WEERESTARE —EHNSEEH AR T AT BEERRIR 47
B

(BIFEER, AMTRIFEEVINRIRAE LR AN — e Gl R RILESIFIE
R— /MO EARE R BT AR IR R, DR AR S FRERE S TR E,
BN STt IR A R, MR AR IR AR R 1 — e i k] A B 8 A AT .
BRFA PR EYFPUGIERE. 355, RIBEEIAR—FNEEHITEE, MERPE—
NEFRPRADEBRFITET . FESWTEESIHEARESERITH, H—Lm3k
RISHHEE, RS0EH —SRBESVNSTHNTER. UARERITHRERTER
ATERGENFEEREEEN, MEE -SEHME SN ZFITHN. RETAR
4 fat AR FEMES RN R BT RRREY, WLUELKERBFRITA. 8
RIX SRR RAT A & SRR R, miRAanE, PargERIE, W
T E, KAaNBEYBETR. NRAESEREHBIXHITS., NaERKENF
B, TRk A RN AT SR E — M B R AL R R T — LB fR] R Bl
BT ARESERRA T RN TR, SR NHERESE S NE SR ERA
%.

Bkt R RTEEENM S A RNER LR BN . WIS ERIK, EENE
MAFEEEN—FEEEL, ERXTENBRENERE. ks ENERILE
REBEHEREE=TTFHMRPRIATANNESE, DEEAT —THREEBHIE
[1I101[39][9][64), 7EFBit VLI ELR—PMHETENER. XEFRUBEERE
BEEEAM—, EXVHEMESREY. RN, RetteR%E. R THEYE
LM STHR[SI[7215 B T #— BRI 450 . SCHR[S81B BHIA T Rkt A RIS E IR
W, ZJE[681[65]1A0 R b T thikse &AMk o AR e i e L, FIFR[40]+ 4
A AR D R R M R AR BHE . [32][31][30)F) A Lyapunov J7 &t —
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BT REERER, [7ISIANT —# 40 BELEM Lyapunov B ECRFIFREE M.
[641[31[61[671[6618 53 T FRIHAMEF L B HAR AR S . SCHiR[881[93][86][S1 M A i
Bk sy P R IEAT TR

SER i U ba g i plch s v W B [ R L a3 ek R g U e
SR, AAKHEMNBREANACE R EE. REWl. Bkebids R8N H
DESEEEIEENEN, BB TEFSHMNKIESC, BBk FEsh /1M [12]
[52][811[76][79][80I[S13{501[911[53]. BkriMRALIEHIBIFATEISON90I[4], Rkrhisk Ml i
HFE[25], Bk LSEIE T RIBTF[38][60], LA Bkmys 3L EMBAR[460]15%. R FE &
MBEZFR R AAERIGEMGRBENEEAE R, B THEEA S Eh
ARG EN IR R EHHL R .

By H— EF kiR ah 1 RGN ST E R B — Lo A R R ATR.

§1.1 B shh 4

AP MARKP RS TR SR HREE, TEANEEHRENE L.

X L1L1[39] A—P=mf X, 7.R)h, RigXEEETR, R, BiEALHE
) MR XAxR, > X B EEREFF BHL

) FtAERxeXFx(x0)=x,

i) XFERxeX Flt,seR,, Fax(x1),s5)=n(xt+5),

BAWER=mA (X, 7. R,) B— D EHHREK.

ARBAFEX,Z.R ) ®HER (X, 7)), WRER, R, =754 X, 7R)HE
WA— BT RSE.

MEBEMxe X, () =70 EXMER 7, R, > X BRESE, Bk E
i x M. A

Cr'x)={zx(x,n|teR,}
FROiE x Y IEIE. B4

C'(x,r)={m(x,1)|0<t<r}.
MHERXBTHEM, RITEX

M*(x)=C*(x)NM —{x} F1M~(x) =G(x)NM - {x},
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e

Gy = J{Gx.n|teR,}, Gxn={y|n(y,1)=x)
ExE e R, HHTIERS. BEEMNSME) =M UM (x).

TFERNIE BBk AFEE S REHIE L.

EX 112039 MRAX. D) R—NMEHHREK, M B X \I— M EZTFH, B
I M—> X EgFEHER

) BELAxeXBME) KRR,

Gy {11GENNM=¢}ER, 81— HFHE,

MBAVR X, 7, M, 1) R— BRI S N RE.

RPN N=IM), HEBHxeX, EIx)=x",

51 L1.1[39] & (X, m, M, ) R—M Ik Eeh R, WHERK e X, FEE
Sc¥s, [#780<s, S0 HXfO0O<r <y, i=12,--, F

'6) z(x,)eM, HIIBM (xYz¢, WHEa(x,s)eM,

(i GxHNM=¢, HMEM (X)=2d, NG s)\M=g,

RAFR 5, 2 x WEBkFRTIE), EXBEO: X - R, —{0}, O(x) 2 x FFRkrFEta .

EX 1130391 (X, 7, M, 1) B— BN ARG, xe X. T x FRERNTEX
AEFA R, D[0.9)>X HAEER®) , XEABIMRW T HFER: Hx=x,
MEM (x)=¢, WA =7,), teR,. WEM (x)=¢, MAHIFIE LLIAME
TE—NEH s e R AFBA(x.5) = eM Ba(x.0)e M, 0<tr<sy. BATHEO. 5] L
XA 0T

x(x,t), 0=t<sy,

7t ={

x;-, I=SO

KT FERT, B CERATREETE x| SR MERE. TR, BAM ()=¢, BN
AILLE R # () = (x| 1= 5g) » £25, 5=, BAFM (x)#¢, XiRBIELEEAH S,
7, Ri1EX

. z(x ,t—5y), Sg <t<sy,
7 1) =

+
Xq s I:SI,

Hex, =20 ,5) « ETIREAEFTRKGER, LEHEXNn FBM () =¢,
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ATRREHIITT X, HE M (x)) =g, n=12,. FRRIBET —4 X RHHR
BTR T {x,} , HRETFEA X, FFAE— N8 s, FBKIME x) BB 7(x7,5,) =X, » Al
SESURBAREL0,5) = D [5,1.5,) . XHERFERT L7, HIEX.

BAVER ks LA {x, } o x BB SRS
EX 1.14[39] — MR A, MRFEFEEm21 k21, XB ¢ BEPHIFEHE

m+k—1

Xy = = D s RILMIER, MRV 7, R & 5 r-F A0,
§1.2 BRI HiIENEAEE

BRORBR"MFTHE, D=R, xQ. BRUHG— k=12, r,eC[Q 0,)],
() <r(x), FAMEEMxcQF M) =0, FWr(x=0, HERLLEMI

Bloo, FRS, :t=r(x) JyHHE.
% 1B T T RIBk AP o T R ATE R
(

cAx =1, (x), t=r(x), (1.2.1)

X(tg)=xl), to 20,

dx .
Z=f(rsx)s t;trk(x)s

H¥ DR, I,:Q>R”,
SEX 1.2.1[39] Efix(ty, fp+a) =R, 1,20, >0, WMEHLWTFEM:
D x(g)=x M, x() € DIFERTBI [t5.t5 +a) BRIL,
()  x(OREERTHE), BEAXO)=f0x(0), teli.nt+a), 1=rn(x1),
Giy WmRrelp.to+a), t=nGE), W) =x(O)+ 1 (x(r) , BIEXEER ¢ 5%
BT BWR x(OBLEER, MEFES >0 FH 4 <s <8/, s=r(x(s),

RUBATRR (O R FGEQ 2.HI— MR,
B ERE.

SER 1.2.1[39] Rk

(i FiD=>RE t2n(x)(k=1.2,..) &b, BXMEEMIC.x)e D, FE—
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%2R0 Lipschitz SRMFHIRS . (EB7EC O —MRHISESR
| £ (s, »)| < £(s)
(i) XMEEM L WE f=r(x), WEE—S>0FEBMERERO<r—f <5
x-x|<8, Hrzn(x),
W B— (. %) e D, FHE—MRERAE (1.2.1) FVHEMBE [0 +a] > R”,
X8 a>0.

Tt X
SEX 1.2.2[39] B x() = x(%10, ¥0) BEGE (12.1) K— e XA 21 FIE, HRE

(1) SHE S, 1 = n () ABBRIRZIR 4, 4 <ty Mg =0, MEL (12.1) KR
xo (1) BRR AR
@ faEn, MEMEBRNe>0, 71>0, t,eR,, FES=60,7) >0{HE
Ixo—yo'<5 ﬁ@%lx(t)—xo(f)k&' SIEBE 124 M If'fk|>7? Beir, XB
x(1) = x(t,1g, %) RATE —MEXLE 2L, MARLE (1.2.1) K
i) —FAREW, WRE O P 5nER:
(i) WM, WMRMEEMs>0, n>0, feR,, FES =6E)>0F—4
T =T(i9,&,7) > 0 {F 18 |%0 — yo| < o WA F |x()~ % (0| < £ FHEREB 1 210+ T
2] > 1 BRI
vy —BUR3IK, ARAE (i) P ST 51Tk,
(v) HnAiRRERy, WR @ M di) maL
(vi) —EENEREER, R ) M Gv) L.
THEEX TR TR AN EE:
B 1.2.2[39] BE:
@ J?ﬁﬂ{fk}ﬁ;%0$to<t1<f2<“" ,}i_ﬂ‘kzm,
(i) mePC'[R,,R], Bm@) & k&g, k=12,
(i) XHh=12,-, 22t BH
m' ()< p(Om()+q(@), t=14,
{m(t;)Sdkm(rk)+bk, t=t,
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£¢pquC[R+sR]’ dk?-oﬁbk%[{%ﬁﬁ:
JUES]

m{t) < Iﬂ(fﬁ)‘quk exp(fop(s)df)i ;{{t ll,dj exp(llp(s)ds)]bk
+_[ IT 4 xexp('[p(o—)do‘)q(s)ds, 121,

A0 R B LA T Bk R IE T T RE
1) BRI H R

dx
——— t’ N 1 #1 ,k=1’2,4..
a7 ¢ (122)

Ax =1, (1), t=1,, k=12,
HFseR" 1R, fiR,xQoR", [0, QRRNTFFR R B 4K

KZENE), R, RAFRSLEE,
2) REMIH) HRBk R TR

dx

- = 3 M:

o 80 xe (12.3)
Ax=1(x), xeM,

H¥xeR? g: Q>R 1'Q>Q, McREHEEN 1.12 PHELD.
HEX 1.1.2 RS (1.22) 1 (1.23) MEKMPESI I RE. Re@) teR,)EFRE
(122) p—ME. HBkerzih{n.}, #F

O<<ry < <7y <oovy limg, =0
k—>

F

L={xreR"[x=¢()eR,},

EX 1.23[73] R4 (1.2.2) BRSO 2

()  BUERRER), MENE—e>0, >0 eR,, |h-7|>0, FES>0
8% x, € Q, x, ¢ B(d(r,),DUBP(T).0), TEX p(xy, L) <8 BEER
BNt e T (ty,xy) » B POt 19, %), L) < & BRAL, KB J* (15, %)) RT-MEHIR
KREEXIE.,

(i) HUEWSIN, MENE—4e>0, 6>04eR,, [t,-7|>8, FEAMO
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@/ o0, L) <A, HExeQ, x ¢ B@(r,)0UB@;).0 M2, +0,
teJ (tg,xg), tg+aed (ty,x,) BIH p(x(t,tg, %), L) <& HAL,

(i) PUEHLERRERT, WRYERPUEREMMPERTIH,
B 1.24]73) RE(1.22) IO REHEMBHOMER: WRMIER7>0H

fDER+, ﬁ,@lto'-fkl>7], HFEA>O, EW&EH@XDER”’ ﬁ&lx0_¢(r0)l<zﬂ#az
':%ﬁCER, XEHEEB{JP>0: ﬁﬂ}d’>’c[, ‘ff’{%t0+a'EJ+(t0,xo), E_Rﬂ’*ffﬁtzto+0',
tEJ+(r0,xO): Itﬂ_rk|>’?ﬁ

|2+ .05, %) - 90| < .
 §13 FRB NS F R Floquet JE3

X FFIRENE T- IRk 512

dx
;’}—:A(z‘)x, t#£7,,l€R, 130)
Ax=Bix, t=1,,kecZ,

BAVBRE TEIEM:

&4 13.1: A(-) e PC(R,C™™), A@+T)=A@)teR);

£ 132: B, eC™, det(E+B)+#0, 1, <71, (k€Z);

£ 133 FlEqeN{FEERB,, =8, tiy=7+T, keZ;:

EER L3.1[9] REM 131, &4 1320 &4 133857, WHE—4 (13.1) i
ARAEREER o] LA R A I T A

X =¢@®e™ (tecR) (132)
KB A REMEEM, % 4é(-) c PCYR,C™) BT FM T-FHEAM .

AR 131 HER 13.18%4 13308740 Floquet ®iER(132)FH 60 £2—A
Lyapunov FH [, tHEIEE:

@)  ¢(-)ePC'(R,C™"),

(i) ¢(r)$u"—ff—)zm HR,

i) infldetg())>0,
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SEX 131 ERE 131MEYIEAZRARME A MERE MBEX(+T)=XOM ,
(teR), A=zInM, ROFFZARYE (13.0) MET XOKEELFEE (Monodromy
matrix) , TEHNFER 14, 4, W AFRS (1.3.1) 1 Floquet 38 F (Multipliers) .

YERE 1.32: WLUEBIRZ (1.3.1) 54 8 P E5E VAR 7 M R AR

FERE 1.33: ATLUAER (1.3.1) BHE—MERERE X0 AR,

M =Xt +T)X (1)
HERAESENE, MEXO0)Y=FE, WRAIITLIEM =X(T).

SEE 1.3209] MELME 130, &4 132844 13365, U] 7SRk
£ Q.30 £:

() BEm, LEMMFTE (3.0 BET 4G =L nmRRSR e <1, #

B|#y| =1 ROBREASAERR 1, AR 15
() WAk, MEAMNLFE (13.0) WRT AU =L D HE| <1
(i) AREEH, MR =10 {8]u]>1

§1.4 —RAFTRERETHIE SN E R

£ X 141[17] LambertW B ¥ W:[-1.0)>R ¥ ¥ & %6 & K

fiyoyed =x IRBAE, WROOARNTI, BIENL WOAEFEZ, EHLE
W(0,x)=-1, H—AHZRATEA WELY), WELx)<-1 (AE 141) .
BAVRAESZ B Y LambertW FE T 54
W(x)eV ) =5,

EHFEIL
x(1+ W(x)) Wi{x) = W(x),

EEx=0Hx#—, FRAKBRIDT,
11_133) W(0,x)=0,
xlirg_ W(—1,x)=—c0,

FE£XT LambertW pREHIAES B CHE[17].
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Ale o — .

B 1.4.1

§1.5 A MBI —LE TR

Brouwer 58 EH:

SEE 1.5.1Brouwer)[29] £E — MR FHFE R ALEIIH 8 5 NESMITEE
LEH—ANTRENE.

THEBRXTUNTH—BERZ RS AR

() =F(,x,), (1.5.1)

KB x(f)eR", F(x) BRxC"[—r,0] LMsEasi®, F(.x)%F ¢ Ro-BHN,
B EXTFr ERRH Lpschiz & 4. % £ &8 0eC’[-,0] , @
x(1,0,0) = x(x (1,0,®),x, (.0,) -, x,(£,0,®)) B HFF(LS. DRI BB YA x, = D IR
EH 1.5.2[100) WMRFEIERIEL m MM £15:
m<1iﬂzlfxi(:,o,¢)sli?ﬂpx,.(r,o,cp)<M, Vi=1,2,n
SHEZER @ e C) [-r,0], MFEZL (1.5.1) WH @ -FHRE.
SEH 1.53[13) R0, +0] FRIER RS £ TH B[O +o] L —BuksE, WH
lim f(1)=0,

{—»a0
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FE HRREA PR T

§2.1 EME T RARRIRET

& RAER TR ARV P RIEFHEH N AMENE XA, e e 4
AFIAEARI A F BRI EE ], XAt R A A EFE SR SETT T
TREIME S, fFER—EHERIEST, A RFEMLERGIRENEHERYE
MIEEHE, (BHERETF SR LR RURER KBNATIYA, BINERR SR
FIERHADS— LRGSR G A BT AN E RRRH, AR BEEBTARNE
HISEHE, RUSET APRAIENR2)[87], XHR6IDHIRE T —Fgfk b
{hpyE sk, WEEANS—MTEREYSE, MRATERRE Bel
fieE MM B FA— EHNEEA TSR, 2R EHEAGE, BRERE
BB S b 222G ST R P AL IS B R B TO 2 AN TG, W FEE T EWREET T
BRI [ 18][24][56][26] -

ZRENEEHOIEEMEDEFINE SRS, ANBETHZEEFRRAE
(Integrated pest management or [IPM) {5 EoR IS L 8 — ML DA M, BIMgfLsE
Bl S R SR, FIRAMEEINAEMERUREEHEEAHTR, #F
REHAELSFREAKFELUT. PMARKNGSE, & HE£[62][63], Bartlett T 1956
FLE[151ZF IR Y TS Yi7E (Integrated pest control) , Stern Z7E[77]R4E T # — 2511
H, EEEEBIBESIREILHFAANRLER (Total systems approach) [45].

IPM #ELR A —F R - FE O FESES, £ TENFX
[44][42][43]. A TEB—BRIFEARRE IPM, —eE P A HE RIS ERITERF
EREET . REREBREAMLE TSR (ER—FRET A, XFBREITH
BE T ERBEBRRHEENNESHE . RENIREUNS 2557 00T 184 2 e 1R,
MEBERRMER, MAFHMNHEXIT —E2fFENNER, PHRNOBEREM
AR XM BRIIERZ A F{E (Economic Threshold or ET) [77]{44]{421{43].
ET AR, FBEESCER[OTE sSeHpR AR BIE A A2 (1.2.3) HRATEGEER
REES, HIE T TFRERKERE B Bk A RR KA IPM SRES

il



BE FRRENERERE RS R

(% = x(a—-by)
y=ylex -d)}
<i;:;px} N~ .1.1)
x(07) = x5 <x, W(07) =5,

RE x REFANETE, y RIAENEE, 1 EEFERE R#a b, o, d p, g
MWAHER. BARKNRSTRENBERERESH TRIFEAKERE, BHEHEIRIER
RXHRSKBRIBK IR TR E I A fE R B B . IR R M v AR
MASRNFENSTCRAT —ENEE. BhTHRSE (2.1.1) #UFKtE, ERETRETLL
K, REaILAEHATMRES TR, FIRAE. BONBHTRE 2.1.1) M—
AR AR et U AN AR S .

R (2.1.1) EHRRKAr R Z RIS REN R TERE B2 AR E
#§#& Lotka-Volterra #R8 . FHHATNRREEFFHEEREM, MEFHELZS R
BATIEBBE MR KEERE, SMEERNEXIEERETHENE,
MENRKEEHSTHREBEZEEHIRE. XEFS BRI EHRRIHRA,
WEIEER Q1.1 SCHENERA R ZEIRES B AR EEHNRE, UEREAFERE
R RMEPriEM. B TH R RSP RS F RN E B IR IR AR PR,
BEH—wrEE, BEEREFHNERPMEFHHLAM, SutfEriHREm .

% =x(a —rx—by)} <,

y=Wex—d)

Ax=—px} N~ (2.1.2)

Ay=gq

x(07) = x5 <x, W(0") =g,
4 212 RAEREFRMIER, TERSE 2.1.1) PHEREENT - EEHIZ
M, XA R FERMEKER AR AR REN AT, FLE99HFRArE
TR BT INEERRE (2.1.2) FIFIRPEARMEN, XERMNRE 212)
HITFeT 8L H M. 5 Poincaré-Bendixson M EE 341008 %, BAVKEF BMS H1E
bL4: R ¥R A Brouwer A5 FUEEERIB RS (2.1.2) W —APRBEFEENSRE, HR
FEERAR T ETHR R R 5.
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KIEH | KEFEEFALR 3

§2.2 FEEEKMNS HIEM — BB FEEEE

AN EEH R — AR ARk 7712

%= P(x,y)

s ng
y=Q(x,y)} )
Ax:l](xsy)

Ay =1,(x,y)
HbxyeR?, P Q I, LEMR?ZIR BBRES, A cR2EMIRASE, BANDESE
PATF L :

& 221 P(x, y) M OC, y) TER2ET x y HaE,

FH 222 M cRPE—FHE L) MLGE Y ER2EXT x y WEHERE.
ME—mSxeM, B 1EXI:R? >R W0T:

28" =(x",y)eR?,

Q2.1
} (x,y)e M,

st=x+L(x,p), ¥y =y+L(x,y),
RER N=IMTEFRMHF 222 METR THER?> PR —FALKHEFLN—85, AsH
THRZE 22.1) #EEL 112 PHEHD RIBAEBNNM =¢, ZHRL Q2.1
RE— MR NRE. TECBERHRE Q2.1) FEREX 114 ZXHH—

SRR 41 .
EE 221 MRARS 22.1) WAEFMF 221 FFH 222, FAFEE—ITHERHE

FEFAXE D « R? # 2 T 5 &AM

() D®EZA, DEURODH=EME: L, L MLAR,

() L =DNME—F&BE, BRTERSIEFNRSE 22.1) E—FHPEHE,

() L, cIM)R—%%&E, WEl(l)cL,,

v) ML UL FREHRENERSZ 22.1) HEESHARIR D AL,

MR D P FE—TREE (22.1) BIB—AEE (A 221 .

R EHARMNEFHES—AERL LRSS HRINEAES 221) RHBHHE
B LA, Bl CYHSONL 2¢, XECH(S) RN S HERIERE.

R LR, WHEREFIBC(S) cin(D), X8 int(D)FRKE D
FIRE. TRIEERIMN e -REEQCH(S) MMEZEQCT(S)) c D, FihEEata
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8 F FRIGEAARSHEBR R TR

QCH(S) PERE (22.1) #I&A. HIRIE Poincaré-Bendixson SEHE[34], @ -iRkIRE
QCH(S) BR—FH, ER-HBRRENVAN L0878, X5FBELAHPRE
D RBEENF EARETSHTE,

AL, BATET LB MRER L, FHS S BEFIRSE 22.1) BRI RETELR B
LS 5238, BN, XEMLSHEE D HREFANEE, TEb -7~
BASHEBRREZINER L Liis. EAFBXARBENHIEB A TR HK, TN
RERH AL, RIFTE REs N RENERERIMBEASBEXANM KB —EEFF A,
XA S EEY LML TE.

TERMNE - ABEREYR S L >L, ¥8—4~Sel,, f(H=I1S)el,, &
5t ECHERE L FIN S HERIRG (22.1) MBERKZE S,

BT RBANCERS 2L, LRESN, RHEY, BINEEHENEERN S el;,
RSN EER >0, BES >0, BS e B(S),HNL i, B /(S e B(/(So)€), B(S;.6)
FIRSo KILA S R 2R TS

WS HEL 22.1) NS HEKMES L (05 A, HiRmMS, FEL A, A
B f(So)=I1(Sy) - B OBRET1:M > NEE, FUNEERENe>0FESH>0, 4
S" e B(S;.8)NLE, # F(S)=1(S") e B(f(S)),¢).

WHE MR actby+e=0, NFITF MEAEHLKN:

A, E2ax+by=C,

BSEBAMGTE, HRMISES, LE5RE 22.1) S, BHRR _TEH

Ax, V) IBRENRHFEANE, BITE:

di dA
—{ >0, y =
dr |s; a dr

<0,
S

RR—r, RAVBE G| >0, BH 9L =ai+by=aP(x,y) +bO(x, ) £ RPFHXTF x
My #i, FULEES, >0, 6,<6, A4S eBS,.6) M, 2 >0, wHms
B(S,,5,) B, FisHIsEapis WTEAT B L A(x, ¥) = C MR — M3 A —.
BIESBRL LS, BRI BIEEAS S, , S e, S, ey, S),8; € B(S,,6,)
SRIGBATAEEETE B(Sy, 5,) BT AERIWUAN S 4, 4, B, B: AFBER—%
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REE T AP

St S B b, ENIARITE S, BB, A 0B, tER— K458 S; BB £, TAT4 B
TS, MBI, AR AEFITESK A Y)=C A—£ 8L E, B B, A FITEEE
Ax,y) =C R —%&H# E.

BB AA « BB, AFB AL, 4,1 B, 2 BEISEEMIR A MR
B, BRI PATAR AR T KIS AT, 12N o0d B B4, - RN, HIE
EARBEROTERAVI LUE S 04 B By 4, < B(S;,8,) - #ad BB 4, FEEHNRL
FATERIKE A, y) = C RIBEHEAHE BT s, S5, SEELAENE
— A BRHohB B4, RIOTE, S, REHANS, FUFES>0, &<6,, #8
B(S;,85) © o4 BBy 4, .

B A(t,t,S0) RAILA So RS (2.2.1) BN, 7(t0.10,50) =Sy, Sy =7(T,15,50) »
MESHAERIS c Ly, 45 22(T,1,S). HRABMS RS YHENESPERTL, STATHE
REWNS; >0, FHES>0, F15%4S e B(S).ONL B, HS e B(S,.8), M AT —&
HERF o4 B B A, B, BR7(1,,S) WEER LM, BRSNS cohB B4, Fill
BHIS ) e B(f(So)e), B L, RNBHERTRY S RESMN. BHASEE 1517
SERM FEEL, EUEREE, THEAIZ) SRS ALY — . |

B 221:. BEREE
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F_F FRIREARSEEIT RS TR

R 221 LHEBRTHRKED BRHBRERSE 22.1) BH—PMA%EHE,

BATE I EE &M, BT ER.
TH 222 WMBERES (22.01) HELM 221 FEM 222, FAFE-PERER

EREAXE D « R T I 4A:

) DEE#HA, DHIFR KD, (D-D)NM=¢

V) L=0DNM R—%#£EB, BRTERANIELRTNRSE 221) E£—FHEHE

1, BFIL)<cD,

(vii) MED-L FRAHERRS (22.1) MEEESHEANRE D KRS,

MEREE D ALEE—NRE Q2.1) KM—Bise.

I8 HARNTUASER 2204 MRRFETEREM (L) iSRS
RESRE L ME. THERMIFERRX N SAAAER L .

BEF—ASelly)), M S HEBPL 05,0 5L AT L WA,
7(0,5,0)=S , BATUEBHUIRIFLE <0 [FB ~(0,5,0) €D, WMETKR, WS KHEEHE
AEAERE D A, FF Poincaré-Bendixson FHE[34], HATATLUERXEXE D 7~
TEMEFE. TRAA S BRI 70,8, 0 EXE D 4 A48T, HPos —8aME
BRAREREY, XN SE4FE. FIUMNIL) LR EHROPEA T RESLRE L #3Z
F L i A

THEMNEX MBS/ EBEH IL)->IL), 84 Sel(ly),
F&=I1SYe (L), HAS EHEEL MM S HRIRLE (22.1) MK A.
FREER 22 1RSI LR E F RiE4y), BRI R e nliEH
FEH. N

§2.3 ;AR AP ASIRHRK M S IR RRRYEIRATE
FHEERE 2.1.2) fH—BUENEEESRE, KPR b, ¢, 4 p,
g Fr A (2.1.1) F—RFEIER.

B — R
%4 2301 a-rx >0,

d
%ﬂ: 23.2 X >‘£ ;
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KEBTREFLPHIRT

M 233 p<l;

RERR BRE 2.1.2) WiEARLE, B THERH4AYE R, SBMNRER?
PR, HISCER[OS)RTATtnSRAERY (2.1.2) WA, WIZELME 231444 2325557/
B T AEM—HNESRESNIIRERNIEFE A, FTURE (2.1.2) ME & EVHENHRE
ALEEZFH RRMIB GWAERXAEF#E L, EANELHE RS,

BATBIAW T LB RS:

{izx(a—by), -
y=y(ex—d), e
n
i=x(a—rx1—by),
: 2.3.2
{j'=y(cx—d), (232)

RATEY, R4 212, Q3.1) B 232) HH—NEFEL RIS FZH: O(x)"),
O(x ) RO, (x" 33 ) Fbx" =9, y' =Syl =af, )=S0 A 230

AL 2320080 FRATIETLIBE: 0<yy <y <.
HTHEBRSE 23.1) F1 (232), BRIVREZTLLE B ENRMEAEMATE TR
—RFIARH Bor A RA I T
l Vix,y)2by+ex—alny—-dinx+¥ =,

Vz(x,y)éby+cx—a11ny—dh1x+V2° =C,,

Hera=a-rx, Vlo=aln%+d]n§—a—d , Vzozallng—+dln§—al—d, =0,

C; 20, Wi(x,y) AV;(x.y) BREENR.
SIM 231 WREM 23VRMAM 232 B, MERRRIN{x)Ix<2h, R

% (2.1.2) FIFTFERERE B A e SIS R EA BB IR V) (x, ) = G PRV A LR, 1T
BAh o F R REKVNG=C RN E AL, X

R2 NfCe )1 € <x <o} RRIHIR, EISLE B AL OU AR B, (v, ) = € o

FAF4 LR, T ek P B A M IR AT iR IR V2 (%, ) = C, R &P sk .
iEH: BABBERE (2.1.2) BHEGV (L ) RV (x,») k5



FE FREEFRRERMRT RS

ﬁﬁué0<x<dﬂj’,_‘~>0 éx:— EH‘, <0 J:‘i0<x<dﬂ“'f —<0 é’{ S <x<x
o, D250, BMRASBEGEPNLI. B
SIE 232 MBLM 231 BT, BHx>0Mx =2, WESx = x B Mk

Vi(x,9) = C fiV (%, y) = Cy R AME—— 4 EIZRARYD, 05020 (xR (1, 93) -
UEB: MR (X)) =CRURT VRS

40505
& b I N\e=x—d)
MERHy=y =5, x2 20, T =087, BRRHELx =1 SHMLKY () =C,

bt 5 (o, 1) BPE— I — R REBARED,  (x,0)) IR 2SS
R, BATATN TRV, (x5, 0) = C, Bk T y KB

a__x ﬂ_b]
dy cx—-d\y ’
MERYy=y, =2, x=S0, F=08, SHEEL AHHNERY=x SRR

WV, (x, ) = Cy W03t 5 Oy, v5 ) BIME— B — 4 BIERARY), $150(x,)5) . W
31 233 MBx>0, x=%, WHAMLKN(x.)) =C PiLE (x0) WELES

x== ET‘W)‘—T\ XP Ry Jétﬁﬁﬁi']%
b & = — _E o
—E W(O,“‘Ee ] ﬂ] b W( 1, ae ]9

e

a=-1-=4 i(l ]ndj+lny;+£lnx.
a a

W BEEAR(L,y), MGy M( L, y) TRV (5 ) = C SRR — il
—%_tr :.F‘Eﬁ=
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KER TR L83

by;+cx—alnyr—dlnx=by+d—alny—dln£,
c
B
* d *
by—alny=5by, +ex—d+din——-alny ~dlnx,
¢
d

——b-y+lny——-1—--—--+ (lﬂ—lni)+lnyl'+ilnx,=a,
a a c a

FIILRLLL e HRRATRAI 1]
bty b

e a =__e ?
o a

By LambertW BRI E40:

y=_ﬂw[0’_éea], ﬁ%! y=_ﬂw[_1,___éea]’
b - a b

a
y RN -2 e T LambertW BBIE SRR, BIEHRE-2e7 > -1, TAFHR
RATTLUMN T ~In T > 1, RESHAEEHRIEL ZRRI TR T B4 y 247,
54t th LambertW &30 PR LABE:

a b . a b *

-——W Os__ . ] -——W —1,——‘ & )

twlo-Ze ol -2wa-lels),
ZIEEUEE. W

g1 234 WE x>0, x¢£: T3 R 3 V2 (x, ) = C, i AL (x, ;) T AR A 5
x=—1‘?ﬁ;’~i X Ry BER0 AR

_Awlo_Les _4 )

o-2) o o 20)

Hrp

ﬂ——(d by2 cx)+1ny2+£lnx———ln£

a a ¢
M%lﬂ&‘]ﬁ%'—ﬁ%lﬂ 2.3.3284L,
S[E 235 WRxX>04E, y<y BE®, WHSx=x, 5HAMBE

Vi) =C st {2, o ) BB AMEAE TR AL, JRIEH Cxonhy (30)) F (0. By 5)) 355
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FoF FREENRSEBRKTRS TE

Bh{y) <h(y), WEH:
[im h(¥y) =0, im hy(yg) =+

Yp—0" Y20

T B O, ) F( L, 30 | EEER ML (x,3) = C ISR — 4 £, AT
by, +Vd—a‘lny0 —d1n£=bh+cx0 —alnh-dinx,,
C

Bfl:
—£h+lnh=—£}-y0—£+£x0+lny6+£h1£—ilnxo,
a a a a a ¢ a

PR LL e A SERIFEI1S:

_s he‘;h = _ée? ,

a a

Hrh
¢ b d d_d d
=L -2y —Z+Inyy +=In=-Einx,,
¥ axo ayo a " Yo a [ a %

% yy > ORf, 7 =%, Ll y, RB/MIMEE - e’ >~ LambertW REHEK,
W FEXT h BOTRRAE M

b b
h{(¥yo)= “%W(O,—;e”) » M= —%W(—l,———e"J ,

a
7M1 LambertW B3N FRRAEE:
Jm m()=0, M () =+om

FI5IEE 2.3.5 F4l, BIIE:
BIE 2.3.6 MBx>085%E, y,<y, BRBAD, MHELZLx=x, 5H %K

Vo(x, )= Co it (L, 0 ) HUBHARAARAE F I, B2 (hor00)) I (or Ia (30))

XB A (v) <m(y) . MIEH:
Jm G0 =0, B0 ()=t

Yp—0F

EE 230 MRHM 231, F4F 232 MEMF 233 BOL, FHe>5-50-p)x,
HWAMBRE (212) ER: HH— AR, WX — AR RE—.
T HERRIMSRL 212) WARY, THAKFENSx = 2R arc-by=0, &
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KIEHE L CHE e

&SN PE_ MHEER? A MAK

S 2R N{(x,y)|cx—d >0,a—rx—by <0},

S, 2R3 N{(x,y)lex—d <0, a-rx—by <0},

S 2RIN{(x,y)|cx—d <0,a-rx—by >0},

S; 2RIN{(x, 1) cx—d >0,a—rx-by >0},

XES, (i~1,2,3.4) TEH&M 2.3.1 F&M 232 F#HA LS.

BAVRES B HMERERAHER, R% 21.2) BIMS, b5 RS
HANKIS, , KB, S FRIARRENSEHEHARKIS, , I S; i R I
BEHHENR RS, , BB S, B R HIBLE U EEEIZ]S, .

HAEBRRL (2.1.2) AR —ARPE D (2.0 F 2y (25,0) 0 200, ¥5) 25 (%, 53)
RIXFAMRROBK S, AR, BATR ) > ve, TRRBITTL b LR RIS
Wiz Mz, —HEKBAD b, EEE 4 Z®,0, D=5}, B2 =1G),
23 =1(z), WMz Fz; BEONEBEINL 2 Mz, BREERES, B S 485, XER
GHERETE, WATEEHEM—ANR. B

Ly > 90, MR (5)) = C Fd & Dy(x, ys) MBS 5 HK x = L X FH
. HRTE R y - y; FITMIBEERATEN Dy (2,52 ), RIS I 234 RATAT LAV E

d, d

yzé—ﬂW[O,—iexp( (d- by2—cx1)+h1y2+ilnx]—-————ln—D
4 4 ¢

0<y, <¥3 <) »
HD, MIEF MKV (x,y) =C FRE &g F, W EEARSER T LMY SH

fox =2 ATFWK, BHAEAL y=y] LIWAN D, =(L.5,). KB 5, BEHTLL
L

» é-gw(-l,—gyze_sy’}yf,
X 9, SHKH RS p, ¢ T

FIARIK Vi (x, ) = Gy BRI A Dy (2,0, ) oM TE B x = & B0 M — R B
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B F FARBARE R D

i, B5IE 232 BROIRGEVIAN E(xg,p), Bfx THRWTHFENH: BN E

D, EEF—FNx ) =C FHIfLR, HE

by, +cxz —alny —dInx; =by, +d—aln y, —dlng,
C

Ep
c b, . a - a
—EXEanE -—-E(y1 —yz)—1+g(lny2—lny])+]n?,
T RS

d [ b * a * d
Xg = A;W[O,—;exp(-;(yl —J’z)—l“'E(an’z "lﬂ}’1)+]ﬂ:)] ,

£ LambertW BEEEHEL, WTFEMHAEFSR—EBHRL:

1

c b a » d
“EGXP(E(}'& —}'2)—1+E(ln}’z —Iny, )+ln:)>—; ,

HAEA AT E A

RASWEXNAEXL I P SN ERER FHERL, FHRRIET X M7FE

v <x (1-p) <L B, BRIV (x.y) = C it Dy IR AT B > = (1- )%

LEFHARA, BATSHKPEES y =y EHER D ((1-p)5.33), BAIEE » REE
&y, T3z EHSIER 23.5 BATAHEH
a_ Bl _b
¥y = bW[ 1, ae ],
Hep
a

c b d d d
=2(1- -2y, - L i mZ_Zni- ,
a( p)x 272 +iny, + P (( P)xl)

B HERL WA-2e">-1, MEAFERBRATTUREERA Y (1-p)>x: %

HrEd.
THRISHANRE (2.12) HN—RARENEECE.

SERE 232 WREH 230, £ 232, 4 2335857, FHETEHNOFMHEE
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NIEHE T AT L ¥#Arib 3

Xp <X (1-p)<§,

q9>)3,
RRGE (2.1.2) ER] pE—NE—HBH— AR,

Y. ROEME—MEEN—AERNER. & DR D, BSENERE L,
Rx(1-p)>xp, HEATERTTLAE XS D; .

FAERIWER G x = 2 B Ds (L,55), W20 <ys <y;. THARATTLIEHLE
/M ps A TR 5 Homar: |

8) MRV, (5, ) = Cy WRIBIE Ds M S B x = (1- p) 5 B FHIA, B LAM

I RA D, =(xl(1"P)>.V4)=
b) HEEERV () =C Fid D; HEMEXR x=x X FHA, BT HHZAN

Dy =(x1,Jf6):

0 & DD, HERRIN|(xy)|x> L,y <37} o & DA D, Z 1AV (x,3) = C, WM
%E, DD, HEER:N{(x2) x>,y <y} b5 Dy 7 Dy 2V (x,) =C, IR,
D,D, 5 DD, %% |

&) & D,0; HEBREN{(x.9)|x <2} ch 5 D, 70 Dy 2 [8)V;(x,3) = C) AR,
D,D; XX REN{(xy)| x> 2} ot & Dy #1 Ds Z I Va(5,0) =C, MR E, DD, 55
D,D, TR

&) Yi>Yr+q»
Bk, a), b), WLIHTFIE 235 M5[3E 23.6 HEHEBF|. H5H 23.5 ys B
BRBANEB <y, XEHBVEN=C 1 V(xy)=C, iy i £ 7 K 2
BN{(x.0)| x> 2,y <3} s, FOULE o G, BERIHY O &
AR, B, XFBRIMRELSE LA (%, 20), BAMERE D,D, HHTBRE:
by+cx—alny-dinx=C, D,D, IHBR: by+cx-almy—-dinx=C), FrARITH:



BT FoaBEsIRERMIk e T

{by0+cx0—alnyo ~dlnx, =C?,
By, +cxy—ayIny, —dInx, =CJ,
AT

rxIny, =C; -Cps (23.3)
BRANEEFL ys > 08, HCJ >+, TC)MEE, by > 08, yy >+,
(X AETRE, A COAEMEE, »oB LR, BTl ys T4/ InHE, aTLMEQR IR
37, iXEEd) WRRATLARSLT .

XRERARE T —NXIR, ©RBIDD, « WD,D,  &E DD, « D,Ds « DD,
F2EBt Dy Dy B 3 A 0 Bl O 4R

Bi5, EXqe>y;, HARIMBIAER,

Ys tq> )3,
BRENER y, > y; +9 . RATATLAMELRE DD, i S BIL Rk P IS S E L B DD,
i, ., RAWBEXARRE AT 22.1 RS, UMM RE Q12) 7
LE—AH—APRE, BHEE 1TaX M — ARt Ag—y, wE 231, 1

y o D

D1
I %
' : TDS ‘\ ? '.Dsi
L X (1-p)x, dic T X

E 231 eHE-R

EE 233 MR 2.3.1. &4 232, &4 2338532, HHELH:
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REE T RFEEEFR

x(1-p)<xg,

MFRLE (2.1.2) 78 R FIFEEN — M.

i
~ o
S T \(\ !
-7
W | 2 \
e ‘ D' T D.‘
' S v 2 T
: m—}amg ! ‘ﬂ .
o D, :Dg
&Ic :'t1

& 232 ERER
R NER 233 WIEARBFRMNME, %x(1-p)<xgnf, HHLiKk
Va(x,3) = C, it D, IR S B4 x = (1 - p) » FARZE, FRLARIVAER GRS D, . D,
N Dy LA RAVF BRI
BRI D, =((1-p)m.07), D =(2.37 ), b D, HFHIMBIKY (x,3) = C,

it Dy WIS I E S x = 2 AL, y, <y, BB 233 A

ﬂz-l—M+£(l—]ﬂd]+my;+£]n((1—p)xl),
a

C
r
Yy <Yy:

SR, Va(xn3)=C, i D) WS S ES x =x T TFH A, RINCEEZy=y, TH
R AH D = (0 ), IR 23.6 BATTLIBE
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B8 FhNMERRESREITES T

113

J’], _ﬂw[o’_ﬂé—exp(ixl —iy:‘! —£+}ny5 +ih‘l-‘-{~i]nx1]J .

b a aq " q a aq ¢ q

S 233 REID,, Ds, DgWEERERL, BATFTLUERS D,/ (- p)x, ¥4) »
DS &, y)+ Dy G, i) BB INE 232 MMEBEE DD, D3 D,D; DG

FATREA MR V2 (x, ) = C, shiflid D} gtk 5E L x = (1- ) T AL
& Dy =(x(1-p).»), ASIE 23.650T LIRS Dy HIMET v5 RBAMER v +9> V)
Ry, +q <y, RETRAL, ST4NMLATERER D, D] it bkt /5 208 7E 4 B D, D) 1, HZEXKH
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B SR A R E UM AR TREMARNT —EHNAR&EE, ME_REH
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WRALRBHMER (i=1,23) /T 1 B, BRRKEHNRE.
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B (a+pB)e™ -1+ p)e? 1)

Jlim RIT)=0, xtF
N, el@+ AT _
B e+ P e —n]
oy =min{p, Ng(l-e™")}, FiEH lim (D) =0,
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FUE FIRREE BRI BRI %

§4.1 BrERGEHHRBIIT4R

EMBREM ARSI 2/, E— PREFRMNEREA 12— TBEH
B—Yrfh, EEXAART, BATERR LA T X MR R A A BIFE T AR
HAFBGE AR A B ER BT . IRER, XHARFEEFHR. BIEERA
RHBREHEN RS, AWNESIYE, EfNHEAIPETCEZH &R A aHr
B, B BT R ME. BB . iR AR IR AL dr i EL,
Bindig. ERRTRETEENER, BN EEFNUMHEAFRIKNEAEWER: I
B (ERAETHD) « $h CEREED | 8E CEERED fasil CEHERED .

XL AR A A B — N B P ERE E ARSI BT, i re
1EEERERS B R, BT B B R K TIEE, RAFMNN, FUERMES, &
XHAE AT, USRS FERRY RBE) . —SaRENSTESESRIAAER
BHEES, MREITRERA BN,

h T AR R IX IR S, U E R R NFETE SN E S BRI R RAT A
2R, MAESNTERME — M E, SN EEARREFFNBRIABNEBREE,
BAERYER, HILTR., £FE T BB T AEFRENE B HREE
K. MTBESHERER A EE AP, m(14][33]{351[371[41][82][85], {E&H
M Aiello F1 Freedman[2]F 1990 FiRHE L AR BERT#IFALRIMN BERLZ |5, BTERES
KR4 FFAEF MBI R. /5 Aiello F1 Freedman 5[1]) X %1 3CHR[2] 7 RIAE RS HAT
B, Freedman S8R7E (23] PRI Wy BB BT, HANROOIELIR N —FEL il
I BRI E. 2 ERERIREEARIAN T G A 16][19][36](83], TR
[891741[7518F5T T By B G5 L BUAE RS B SR BT UR I B BE AR F BTV o SCER[4 7130 JLEE
FrER & ERIERTIRE T — M REHES.

U X EEA PR ERS Y, DR NENRERENAESRAMNBWEER
RIEFEARLZR . EFL EXMEENHRREAFEN, BRARATERESZRBAERE
HLHMEFTRARBEMENZRL. LA THRNHE R, TR
BREBRBELEN, TENEFENFARNNEMN BRABERETHA
[92){54]. {BA X3 BB BREHERNAREREARAE, XEE_FHRT—H
AR EEESHAE H R B A HER, BE=THR T — N IR B R
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KIEE LB P

B IR A,
§4.2 3EE, TR R B A REL

4.2.1 {ERIRYEET

SCHR[ 19 PR 2 S R HAE A,
%(0) = @x,, (6) = yx,(£) — Qx, (1) — nxF (1),
{fc,,, () = Qux, (1) — O, (1) — B (1),
R BRI R HIERL, x, FTKBEMBERE, x, RTNERBTE, B
TR 5545 B35 % Lotka-Volterra 454255, T E FoAI 1B B 2K BB A BT 25 4L,
i), MIESHERIIN T
% (1) =—a) ()2 (1) + b ()x, (1),
%200 = @y (D%, (1) — By (D%, (1) - (%3 () = B(Ox, (%3 (6, (422)
%3(8) = x3(Y(d () —e(D)x;(8) — Lo (x5 (1)),
E X, (1) F1 %, () HBIRTFE—MBRERRENSHREMEER, &0 BRE-A
FBEE, THE—MHEOREMESSER. o) BRE— I HEEMEAR
EAMEHAL T E BRFETILE, a,() RRBHNEMERINEN D REMERIBRE,
bi(0) RIRBAEANEETSEMEIHAERE, by() FRE—MRBHREMMER BRI
£, c(OBTRENMENEESLT, d) FRBE-NHBRONBEEEKE, o) RREZ
AHBOERHARE. 5O AB—MEREME B AR ST AN B S0
BRERS, A0 AESIHBYB—MMBEREMEES AN B S NEHRL 5
ERES a), b1, BO), (=L 2),cl) o), e(r) HRELEHRL.
SEX 421 MBHEA—NERK D cintR),, #BE—/ 4.22) B EVHENR
(e (. %, (1), %3 ()) MEBEGHENFEEER S, D iy, MRITKRRS (422) REAER
. -
KT LEH g@), 1e[0,4w), BATBEXL:

g i{gup){g(t)}, gh2 inf e}

FIH _i:ﬁE‘J‘ERﬁff]&%ﬁ‘&ﬂﬁtﬁﬂﬁ@ﬁu?ﬂﬁﬁiﬁ:

(42.1)



FUE PRSI GRNBRESHWREFE

U WU pU U U U
;nii;({a,- b7, B¢ ,d e }<+oo,
=1,

nﬁn{af,b,fr‘,,BiL,cL,dL,eL} >0,
i=1,2

422 FAME

BIE 42.1 R} ={(x,%.%)|x >0,i=1,2,3} RR% (4.22) — A FRFEE.
E#: # ((@),x0.x0) B @22) — 1%, EAFENYIEY0)>0,
x(0)>0, x(0)>0, HFEE (4.2.2) BITFE:

hszo'
%szo'

viL
()= x3(0)ej:(d{u)-e(u)x3(u)—ﬂz (), ()i

FiLRS G SR R, 3|28, W
SIE 422 TEEM, > 00=1,2,3), B K, ={(x.%,.5)|0<x <M,i=12,3} B%
& (422) H—MNEATE, MASE—A 4.22) MAR FVHENEIER&H N XPMX

B
HERR: % (q@,x0.x0) £ (422) f—ME, EAFENYHME«X0)>0,

%(0)>0, x%(0)>0.
I (42.2) KRIBATR, RAMEE
{x, <—alx (t)+bY x, (1),
%, <85 X (1) = by xy (1)~ c X (@),
RITARE B —albl >0 iR, ENSHEEENETEFETRNER (FLE,
WRIRME S oY BY —albl <O BRI « RAHEM TESREFEM, 1M,
zﬁ[aé’bf’ —afbé] ,

L
a a;c

M, >



g N e ST

an]U -—aLbL
M 2 1 2 ,
Rl A b B K

U L Lag2
by, < Mt My
4 a,
T BARE M, FiEH, XPMERESEN.
AR LA E 3

=M, < —al M +bVM, <0,
x, <M,

:'cﬂ;}:;ﬁ: <alM,-byM,~c"M; <0,
BT R ATT LU R 7E X, - %, P _EIMRAIERHE 0<x(0) <M, f10<x,(0)SM,, 0
(0, %, () W Hg AR A BTERCIR {(31, %) [ 0 < ;y < M, 0 < xp M},

0 RAHE (4 (0), %, (0)) # {(x1,%;) | 0 < x) S M, 0<x, S My}, MBAMEITiTiE, &
1158 X:

R ={(x,xy) | 1 > My, Myx; 2 Mix,,%, > 0},

Ry ={(x1,%,) | X3 > My, Myx, < Myxy, %, > 0}
#

g(t) = max {M,x, (1), Mxy ()},

TREAIA:

)= {szl @, @x@NeR
Mx, (), (). x(0)eR,’

FERIS AT o) ZERIR FIR, ISR
g0z <M, [8 %0 -alx®)]

= szl(f)[%blu —a{‘:l
I

<0,
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g0, <M[aix -0~ B0
g'%[angxz(f)‘bezxz(f)‘CLszg(f)J
M,
M, 1% L L2
<0,

FRY (q@).x(tNeRUR, B, g BiFARL, MRVHEHRZE (x(0),x,(0)eRUR,,
NE g0>0, BATH:

(t)I,q—g(O)[ zblu—al:l —a; <0,

I

20y, s%[agm ~biM, —ctM} |=-a; <0,

BARNTATLME H g() ERBLR UR, shi 4 S5
Dg*(H<-a <0,
KEa=min{m,a) . KHHL O.nO)eRUR, B, g) BURNF o HERES
B FRMATE ¢>0 {#82 r>r B, g0 <MM,, 8 x0)<M,, x,@) <M,
B (422) BIB=AHETSE,
(O < x(dY ety (1)
PAERNTATLER M, M, > %, TRY 6O <M; B x() <M, FHM 150
B, MR (0> M;, x3(0) £U—AMEE B, WA {578 50 <M,

XBUER >4 RR3L,
ZLt, AFEYMEN (422) B (q(),x0),%(1) BEEBENFEFRAERXE

Ky . W

EH 421 MRRE 4.22) HE:

asbt >a’bY +a” gY M, 4.2.3)
0

dt > g M,, (4.2.4)

TR E—ANER S K ={(0q,%,%) |m <x,<M,i=1,2,3}e R} 18 K, BR%
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(4.2.2) H9—PIEAZE, MEE—MRBIEVHEN (4.2.2) B (X 1),x(0),x;(0) B&
A K, ZBM, >00=123)7E5|H 422 P2 Xit, m >00=12,3).

i & (5@.x0)x50) & 422 B—ME, CAEFEHVHEX0)>0,
00)>0, x0)>0, FHERFESIH 422 BIIFAHBRESFEN 120 F
(0 (1), x, (1), ;N e Ky, Ky ZFIHE 422 R e g SGIRY.

B1 (422) BORTREAS AR AI/8E);

Xy 2 —ay x,(6)+ b x, (¢),

{5‘2 2 ay x (1) — (85 + B M3)x, (6) -V x3(r),
4

X = agb —ay'by —af B M, ,

cUaF

&M 4.2.3) &0 x>0, TRRBITATLGEE » M m,, {#8.

*
O<my <x,,

vl

(6 + B’ M 32’”2 +cVm; <my < blL’L?:z ,

. a2 al

TREATATLAHEH-:

.X.T, xn=m > 0, xz Xy=ny > 0,

Xy 2my Xy

BAEIR ()2 my, x(0)zmy, W (), x (1) € {(x, ) | m <x, S M,,i=12} s4fi
HH 0 BRAL.

WRYMERHL @@ 2m, x0)2my, B 0<x(0)<m, HF 0<x,(0)<m,,
MZEAMEITitie, &’

R 2 {(x1: %) | moxy S myxy, 0 <y <my}

Ry 2{(x),x;) | myxy < myx, 0 < x; < m},
n

g(0) = min {myx, (1), mx, (1)} ,
TFRAH:
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(t) = {mth (f)s (x] (r): X5 (t)) € Rl’
£ myx; (), (xl(t)s X3 e R?.s

g0, 2m[-ax(O)+8x,0)]

L v
-

>0,
20, zm[ain0O-@Y + B M)x0)-50)]

m
2 2, ) aymy — (85 + B Myymy — U} |

my
>0,

FR g ERUR, FRIRIEE. MRAEVHE 20)>0, RITH

g0, 2 g(O)[bf =2 —qf } =a >0,
i

é"(f)l& 2 g"EO) [aiml -7 + B Mym, —CU’”.%] =2;,>0,
2

&) TR UR, LIt - SRR
D'g)za>0,
a =min{e,a,},
XU g() R UR, EUTNMET o MBS, BARKSH g0)>mm, R, #
BT x,(5)>my F my () > my AGBEERT
FRE (422) MESAFRE, RAIVEE.
%3 2 (0] @ - B My - x )],
BAERA N F 4 MUm; «
d' - M,

eU

B4 (4.24) FIAEXFERTE R SRR, Tt 3t T AR BAI LR A BiE 3
WR 30 2my, W x;@2m WNFAEK 0 KL, REFNR x50 <m;, MFLE
>0, {8 x)zm METE/R > KL

0<m3<
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F, BANERT R @2QBME—MRAEVHEMR (q0),x0,x3(0) FEHE

HENAEEEREK . B
MR (422) BEEE 421 PHEME, ML RERFALTHN.

4.2.3 BRI TR IER AR E

R R SR R A R R BB [ L B RSO 1) ¢ IS, TIERAREEER
FEE ST 2 AR, BEIHA RT3k B8 S5 IR R G MR,
EMERATEMRR ), b0, B, (=1,2),c0), @) e() R o -FRRL, HATHR
45 (422) R—Ao-FPRE, RITEITE DRI EERSHETEE.

SEER 422 NP o-BAERLE 1.22) HELHE 423). 424) H

U
a
ot >

my

>4 -p7,

et >,
WAL (4.22) F— AN RFINERENE @ -FR.

EH: RIEEE 421, RA—RHE, B0, X)) e R BRS 422) HEER—A
B, WE m<x)sM =123, HEF X,=0,20.x0), Xt X0y =Xy, m; F
M, I RERERE 421 MW d B R, RAITHIE RS,
A: 4X, = X(0,0,Xy), AEHE 4.2.1 W5, 44K B E AL, BRERATE 151
5 A BEK FELE ARG E, XIS FEMNERS (4.22) B— A
B, BATEA: X0 =(x).x50).x50).

A EAATF Lyapunov %L

4.2.5)

3
Vie)=Ix() mx;(t)l +len x;(f)—1In x:(t) , 120,
=2

ERF:
V{0) <+,

F
V{z0, tz0.

BAMET V) W EH S
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FINE FIREIR LR R REEh F

DV —af q@)-x 0|~ -4 - p)n®-%0)
| ~(¢" - )| ) - x|+ Do),

e

a, () ﬁ(—r—)-—x—l('gjl, Xz(f)zx;(f):

D) = | X2(t) x5 ()

a{¥) ;—i%%—;—;i%} X, (1) < x, (1)

BAVMERITE, WR @) Zx@), M

B(ey sfzé—g[xl GEENG] Sa—;(fl[x,(t)——xr ®];

MR x,(0) <x3(2), W

m

B(ys :8 [ 0-20]s 250 -x0],
B s
- aU *
Y OEENNGEENG R
My

T&:
U

DV < —(a;’- —;—2]|x1 QESAG EICELRY S NGEENG)
2

~(e* —ﬂ,U)lx3(t)—x_; (0'

3
3 |x0-x @)
i=l
< 0,
iy B—AMEH. 3 ERFARSTHE:

yin-vi=-r £ i]x,- O -x; (r)|dr ,

i=l

1A

B
.E'Zi]:l-""i(f)-JC,-.(.!‘)Iaﬁ‘SLS2 < 400,

70



R T RFELEArigsr

Btk Yo [ -x 0] [0.4], BH O @) RERE, FilsOFL @O H
RERE, FRY L |60 -5 @) E[0,+] LR—Hikge, HEEE 153 BRIV
lim 377 [x0-x @] =0, 38 x" () REBIEREN. B

{—»+-a0

424 FIFEET

XE A — B RS

(%)= —(9.05+0.05sin£)x,(r)+ (8.05—0.05cos )x, (1),

i = (2.05-0.05sin)x,(r) —(0.105 +0.005 cos /)x, (¢)

3 —(6.05-0.05sin2)x3 (£) ~ (1.05 +0.05 cos £)x, (1)x; (¢),

H(O= x(O(3.05-0.05sin/) - (21.05+0.05cost)x; (r)

k —(5.05-0.055in£)x,(?)].

XA 27 -FHRGHREER 422 PR, FREE S REnERE A
(RE 4.2.1) , HEHBEFFALTH.
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0.0788

0.0798

0.0794 |
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BIUE BB R R R

§4.3 EBATHRRIBTREFHH LR B S HAR R

4.3.1 REIREST

ARG LI R G IIER (42.1) 542818 Lotka-Volterra P A BB &S
RE&EER. FERFTR—SHASMEASE2EaEMNETRSIEME. TIRED
FEBIFOBETEES, BB RRBELE/N, BTRIRIIE N T &ratia.

() = —a (%) + H(Ox (- B(Ox(O)x; (1),

% (£) = ay ()%, (£) — By ()%, (6) — e()x5 (O), @3

X3 () = %3 (D) [-d(0) — e(t)x3 (D ]+ B ()% (¢ — T)x3 (1 1),

) =¢1)>0,-7<¢<0,i=1,2,3
o x #x, R EEMBROSENFRREMIN T ERNE, » X BaMEEER
¥E, SUSEMNBENSIEMOIRE. o0 T B M m B EMEEILE
HERTFETMLE, a,() RREDFEMEBIIELH REMERHE, b)) BRREN
B HEMEN AR, b)) RRREMBENRENEN BRETE, (OFRTFHEDS
FMBEERIAT, d) RTEHEEMBNAEEKR, o) BrHaSFHENEEEY
¥, B0 A EEMNEHERTEMBONEMAEEE, () TRH SRS
BEREAEE, T8 BHEARE, CAHeHERRRELINET 2 E A4k
WM, FTEERE a@), 5@, K@), (=1,2), ) db), e() FRZELERH, r>0.

KT E—FH T LR g0, e(0,+0), BITEN:

gV 2 sup {g(n}, g“2 inf {g(n}.
[0,+90) [0,+w0)

FIA EERIE RIS R T AR

U v U u U
r.nlag{aflsbi sls’i N 9d € }<+GJ’
i=l,

i=1,2 £em

min{afr‘ b-‘",ﬁ,."‘,c"‘,d[‘,el‘} >0

432 FALETRE

I 431 R} ={(q,x, %)% >0,i=12,3} RRH (43.1) W—MERTERE,
PEH: 87 (q(),x0).x0) £ @3.1) f—MEEFL 4.3.1) P HEIME.
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KNEE UCFE L2

R (q().x,(0,x3(0)) ARXNFEH >0 HEEM, MALEE >0, F8x0)=0,
B®x()=0, ®x¢)=0, & I =;§5{r | % (1) = 08xy (1) = 083 (1) =0}, £,>0, B
RN =FF itie:

i) x()=0, xi(t) 20, re[-1,4], =123

EXMER FRATA:

% 25 O-aO)- O], 1e[0.6],
FrEL:

x (1) Z x,(0) exp’: E(—a,(u) -5 (u)x3(u))a'u] ., 1e[0,4],
T£
x(f5) 2 ¢,(0) expl: £(—a1 (u)— By {u)x; (u)) du] >0,

TR SRR T & .
iy (6)=0, %20, te[-1.4], =123
KT H-—-FER, HAITATEE:
%y 2 x,(0[-b, () —c()x, ()], t<[0,14],
FIFER
%3 (1) > #, (Oyexp[ [, (1) - (D%, (1)]] > 0,
FEFE.
i) x3(4)=0, x,(N=20, te[-1,4], =123
MBILFEILALAL, FBARE (4.3.1) HE=ADHRRHE:
13(0) 2 xy () [-d (@)~ e()x, ()],
SEiEMFERALL, —HRTLLRECPE.
gr LR, X=FEREATREML, FRTE. |
FIE 4.3.2[75] FE T EHTE:
i =ax(t—7)=bx(t)—cx’(1),
a,b,c,t>0,x(t)>0,-t<r<0), FHi1H.
@ R 2>b, W UM x(r)=(a-b)/c,
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(i) R a<b, WHEMx®)=0,

5 433 LM, >0(=123), FHE—IHEVELO=640. 40 >0,
~rSr<0, 123 WAL @3 MESHEERLEAFEFHAERR
Ko={(%,%2.%3)} |0 < x;, < M,i =1,2,3} o,

WEB: M (43.1) B HIRRATE .

{fl <-alx )+ x,(0),

% <a % ()b x, (1) -t x5 (1),

BAMEXBRiTSal bl —albl >0 fiEw, XREETMEEPHEFL (FEL,
abY —albl <0 BTEI TGRS | BATREM, R M, 75

M, >i(agblu;fi%2b} )

at ayc

Ul L1l

M >“2bl —a by
2 L.L
a’c

T BE &K

%Mz <M < by M, _,{_](_.LM% ,
Gy a

o] AR TEIX TR R £ 3R .
FERA A

i L U
x1|;,2—SAA{}2 <-afM,+b'M, <0,

Eyfnsis <af My~ by My ~c"M; <0,
S BAIATLIMTETE 5 - % FHE EMRVERE 0<q0) <M FM0<x,(0)=M,, I
(50, % (1)) DI ABBAER R (x1,3%,) |0 <3 M, 0<x) <M, }.

WRAHE (x,(0), %, (00 & {(x1,%,) |0 < x < M, 0<x, <M, }, MBAUEITFiTiE, &

I1%E X+
Rl ={(x!,x2) |x] > M],szl 2M1X2,X2 > 0} N

R, ={(x],x2) |x2 > My, Myx, <M x,,x >0}
F
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g(t) = max {M,x, (), M1x, (1)} ,
FTRERBNTE:

2(t) = {M 2% (1), (x (), %, (1)) e R,

Mxy(5), (1), %,(1)eR, '
TEERNG AT o) EXER TR, PHFEL:

g0, <M [B'%0-ax©]

< My (1) {%bﬁ —af}

1
<0,

g0, <M n-bixn0-H0)]
M
SF;[angxz(f) —szszz(f)"CLszg(f)]
M
< Vixz @[ &M, -y M, -0
<0,
FRY x),xNeRUR, B, g HiAML, WRYHERZ (x(0),x,(0)e R UR,,
ME g0)>0, RITE:

: M.
£, < g(O){ﬁ Y - a{] =-a <0,

. 0
(), < %—)[agf M, —bEM, —c" M} |=—a, <0,
2

AR LMETHE g() ERBER UR, hi#) 533
Dg* ()< —-a <0,
KB o=min{a,a,}. XHEEYE HO.x00)eRUR, B, g HLURNTa f#E S
W, FRURFE >0 HEBY > W, gO)<MM,, HE) () <M, x,()<M,.
IR LIRS, BATARE—BrERRE X, () <M, (1=1,2) 3 FFE R = —7 ZRARSL.
B (43.1) BHE=THEERNE
%3(0) € BY Myxy (2 = 7) = x3(0)(d* + e x5(0))
07 M, >dY (BRATAZEE p7 M, <d" MRS XFERESHERN&4EEDS
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HERT) » AR TR M,
piM —d”

M, >
3
el

RIESIE 432 x() < My ERARST. EHZE. B
BERITME—NREIR K = {(x,%.0) [m <x, <M,,i=123}e R}, HbM £
Bl 4330FTE UK, my BRI RN
&

; a4 b] - al bZU/B]UM 3
c (ar1 + ﬂIUM 1)

’

mR
asbl >al b+l pi M, 4.3.2)
MIZRATRT AR 50 my (S5 E
O<m, <x; ’
EiL
by my +c¥m? <  blm,
ar a’ +pVM,;°

RIEFEHY m; {515
ﬂszt —dv

£

Bim >dY (43.3)
RRATEY, my SRR S EE.

EHE 4301 WRERS (43.]) HELAMH @432 M @3.3), WE—MEFEHE 4.3.1)
T OE IE W E KB EE B X F ANHFEERERK B
K ={(x,%,%3) | m; <x, < M,,i=1,23} e R} o, 1XB M, RBI138 433FiE LM, m%
BB LR VA .

HFE: W X =x (0, %), x5(0) £ 4.3.1) B—MEEi%RA TVENRE, RiE
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