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Abstract

Impulsive differential equation mainly describes the states of the system chang-
ing very rapidly in a short time or instantaneously, which has been widely used in
physics, economics, pharmacokinetics, and space technology and other fields. In re-
cent years, population dynamical system with impulsive effect has been thoroughly
studied such as releasing immature fish and harvesting mature fish in fisheries man-
agement, planting and harvesting in plant protection research and spraying pes-
ticides and releasing natural enemies in agricultural production, which are strong
evidence of human behavior impacting and controlling on the ecological environment
and show that impulsive effect has a high theoretical value and broad application
prospects in the development and management of the ecological resources.

Based on biological control and chemical control strategies on pest and consid-
ering the impact of spraying pesticides on natural enemies, firstly, a predator-prey
system with stage-structured pest and natural enemy with Beddington-DeAngelis
functional response and spraying pesticides and releasing predators at different im-
pulsive times is studied. Using the Floquet theory and Comparison theorem, suf-
ficient conditions of the globally asymptotically stable of pest-extinction periodic
solution and the permanence of the system are derived. Finally, Matlab numerical
simulations are presented to illustrate the feasibility of our theoretical results. The
results provide a theoretical guide for the pest management.

Secondly, a delayed predator-prey system with stage-structured prey and con-
tinuous harvesting on mature prey and impulsive harvesting on predator is discussed.
Applying the theory of delay differential equation and the comparison theorem of
impulsive differential equation, we obtain the sufficient conditions of the global at-
tractiveness of prey-extinction periodic solution and the permanence of the system.
Finally, numerical simulations verify the theoretical results.

As the Leslie-Gower predator-prey model is more realistic than the traditional
Lotka-Volterra predator-prey model and has rich dynamic natures, based on the
model in the third chapter, a delayed predator-prey system with stage-structured
prey and continuous harvesting on mature prey and impulsive releasing and harvest-
ing on predator at different impulsive times is studied. Employing the comparison
theorem and the theory of delay differential equation, sufficient conditions of the

global attractiveness of prey-extinction periodic solution and the permanence of
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the system are obtained. Furthermore, numerical simulations show the theoretical
results obtained.

Owing to seasonal effects of weather, temperature, food supply, mating habits
and other resource of physical environmental quantities, as an improved model of
the third chapter, a predator-prey non-autonomous system with delayed stage-
structured prey and impulsive harvesting on predator is investigated in the last
chapter. Based on the comparison theorem and non-autonomous theory of impul-
sive delay differential equations, the sufficient conditions of the global attractiveness
of predator-extinction periodic solution and the permanence of the system are ob-
tained. In addition, we prove the existence of positive periodic solution by virtue of
the Mawhin’s continuation theorem.

Key words: Predator-prey; Stage structure; Time delay; Impulsive effect;

Permanence
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BETFRIEA(0, 0, 3(t)) RERBIIK.
AV (t)=az (1) + (u+a)x2 (t). HRZK(Q2.1)TH,

/\1)\2 =

Vl(t)=(ra—b(u+a)x2(t)—;£m%)x2(t), t#m+1-1)T, nT,
Viit)=az )+ (1 -08)(p+a)z2(t), t=(n+I-1)T,
V(tt)=az, (t) + (u+a)z2(t), t=nT

B A&, RIS /D e > 0, 18

= +a) ( (—dIT)+A2)(mg(1-6) exp(—dT)+A
1= (ot )T+ S (o ) <o

HHpA, = (M+h—c(“&+a)) (1~ (1 - 6) exp(—dT)), M = G2  gomlel) gy
4t(2.1)97 4,

Y(t) 2 ~dy(t), t#m+1-17T,nT,

y(t*) =1 -0yt), t=n+I1-1T,

y(*) =y(t)+q, t=nT,
FIH 8 e M5 H2.1.47] 13,

£
c(ut+a)

y(t) 2 4(t) -

PN]

3(t)
Vr(t)S(ra+€—(u+a);my;%:c~zn_(%—)x2(t), t#£m+1—1)T, nT,
V(E)SVE), t=m+1-1)T,

V) =V (), t=nT,

By < ORIV’ (¢) < 0. T2t — oo, V (t) — 0, ATz () — 0, 22 (£) — 0.
ERHARZQNMBBRREEL R RA(2.2), &451H2.147754, REQ1)MAER
RAEFREQO, 0, J(t)RERRSIH. IEE.

E2.2.2 HG > 1, WRK(2.1)FEER.

MERR WX(t) = (x1(2), z2(2), y(t))ARZAQL)HLVHEEMEX(0Y) > ofIfE. H
F1#2.1.4775, XERe > 0, LR KH, y(t) > §(t) — e EhBt7 5K,
y(t) > WewdD) o

= 1-(1-08) exp(—dT)
—Fﬁi%ﬁiﬁfaﬁﬁﬁ—'/‘\ﬁﬁﬁmh ﬁﬁ?ﬁt%ﬁ‘kﬂ‘h :z:l(t) + $2(t) 2 my.
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M TR L2483

(e mEM, ERms > 0MFE S /De; > 0, FH

* —dIT)+A; 1-8 —dT)+A,
0= (ra—b(u-+a)m} — 1) + (4 +a) In (AT ANl Oep(dTEAS) ) g,

HPA, = (h + T"jf_)) (1= (1 - 0) exp(—dT)). ZIBIT &K

V(t) =ar (t) + ([L + a) zy (t) .

I R4E(2.1) 7741,
V/(t) = (ra=b(u+a)o; (t) - btV 05 (1), t# (n+1- 1T, nT,

V(i) =az, ) +(1-08)(p+a)za(t), t=mn+1-1)T,
V(t)=azi (&) +(p+a)z2(t), t=nT.

ARV (1) < (b + a) my = me RREXT B K9t > OB ARIL. B, XBTA K¢ > 048
Az, (t) <ms, TR, HAK(2.1) 57,

y(t) <yt)(EE —d), t#n+1-1T, aT,
y(t*) = 1 -0)y(t), t=(n+I-1)T,
y(t*) =y(t)+q, t=nT,

I LSRRG 22,1 AT &1, B TE— 5ty > O, WAXIFIANE > 6, W) <
2(t) < H(t) + gty HP2() W RE

() =28) (52 —d), t#(n+l-1T, nT,
2t =(01-0)z(t), t=Mnm+1-1)T,

2(tY) =z2(t) +q, t=nT,

2(0%) = y(0%)

(2.5)

Ik, B

qexp((’f‘c;.—"i'd)(t—(‘ﬂﬂ)T))
34) = J  1-0-Oem((F2-a) |
z( ) - kem¥
a(1-8) exp(F2 ~d)(¢~(n+-1)T))
1-(1-6) exp(( 522 - )T)

Et, XA W > t, BF

(n-1DT<t<(n+l-1T,

) (n+1-1)T <t<nT.

Vi(t) > (ra—b(u+a)m;-el~;§ft(7"%%%— ,a) z2(t), t#(n+1-1)T, nT,

V) > 1-8)V({t), t=m+1-1DT,
V)=V (), t=nT
(2.6)

11
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AL, X Ho > 0F[FnV’ () > 0. AT, 25t — +oolit, V (t) — 400, 22 () — o0,
XEVO)BRAEERFE. BAEE—KL >0, FR/V(E) > m,.

(DYESTFAH > ¢y, V(E) > moB L, WA Em, = m). BN, ZEHRL
BUFF Ja AR B

D={(z1(t), z2(t), y(t)) € B : V (t) = az1 (t) + (1 + @) 22 (t) < ma}

Mg, St = ti;ltfl{V(t) < ma}, t*4 Kk sRERK b R B R L.
(i)t*y‘];ﬁ(yq]}é;\ %t* = (n'l + z - 1)T7 n € N1 m‘]%t € [th t*)ﬂr“j" V(t) 2 my,
V(t‘) = M. ﬁﬂlnz, ng € N, 1§18

1 €y
> ,
> ey "(M+q)

oysT + o3 (ng + 1)T >0,

mE()+ht s
T M - < 0. 4T = n,T + neT, W—EHE— St € (¢, ¢+ T, 1€
BV (t2) > mo. BN, MPTHML € (*, t*+ ], HEV({) < my, 22(2) < mj. FI8
Fi18(2.5) 7 R VIR Fth2(t*) = y(t* KR, Bt e (n-1)T, nT), m+1<n<

ny + ny + ngl,

Ko, = (ra*b(lt-%a)m;—ﬁl - ‘ME%_) z2((m+n2 = 1)T*) > 0,0, =

4
_ pAyn—(n1+1) _ q kemy B
(1—-9) (Z(nxT"') 1~(1~6)exp((i,':‘{—d)1')) exp((“F2 — d)(t — niT))

4 +2(t), (n-1)T<t<L(n+1-1)T,
— n—n +Y q Ec'_"i — —
(1= 0y (suT") = gt ) exal(5 - e - mT)
| +2(t), (n+1-1)T <t<nT

FRI () - 2] < (M +q)exp (452 - a) (¢ - mT)) < er. AT, ZmiT + (ng-
DT <t <t + T, y(t) <z(f) <2 + gy TR

V() > (ra—b(p+a)m;—£1—;3%‘ruvm%— ’.,) T2 ((m +np = 1)TH) =01 >0,

V(' +T") > V(" + noT)exp (onsT). 2.7
Kt € [t*, t* +n TN,

V() > (ra—b(y+a)M—ﬁ%“ﬂ)x2(t) >aV(t), t£n+l-1)T,
V) 2 (1-6)V (D), t=m+1-1)T

(2.8)
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RAL. B
V(' +nT) >V (t)exp(o2(nz +1)T) > 0. (2.9)

#(2.7)f(2.9) 83 %
V({r+T) >V (t")exp(o1n3T + a2 (na + 1) T) > my,

RREFEM. WEEL € (t*, t* +T7), FBV(,) > my.
4 = inf {V () > ma}, Wt € (¢, DB, V(1) < mpBV (f) = m,. #t €
(t+®@-1)T, t*+n'T), ' € N, ' <ny+ng, X‘,T(Q.S)E(t‘, f)iﬂﬁ}, <1

V(2) V() (1= 8)" exp (o2 (n' — 1) T)exp (o2 (t — (£* + (0’ — 1) T)))
my (1= 6)" exp (oon'T)
my (1 - 6)m+na exp (02 (n2 + 17,3) T)

my (1 —8)"* ™ exp (02 (1 +n2 +n3)T) :=m'.

BV (t)>m', te (t, T). ALRER, %t >, V(e)>m'.

(i) HIERKIP AR, %t # (n+1—-1)T, n € NiF, V() > my, t € [t1, t*)
BV @#)=m, #&t* € (nj+1-1)T, (0 +1)T), n} € N, %4t € (t*, (n} +1) T]8,
V ) KBER P 8.

(lia) HFV (t) < ma, t € (¢, (ny+ 1) T), WHFHEL € [(my + 1) T, (m+1+1)T],
BV (ty) > my. HEWBERBR(—).

®t = inf {V(£) 2 ma}, WV (t) < ma, t € (¢, YAV () = my. Ht €
(t*, D), REBKIEL. 4t € (M +) T+ (ny— 1T, (W, +)T+myT], njy €
N, nj < ng +ns, 3R (2.8)7E (¢, t) LB, W

V IV IV IV

V() 2 ma(1=-8)"exp(op(n+1)T)
> my(1—8)"*exp(oy(1+n2+n3)T) =m'.

HV () >m, te (¢, 1). R LRER, 4t >t V(¢) >m'.

(iib) Bt € (¢*, (0 +1)T), FBV (t) > my. At = inf {V (t) > ms}, MV (¢)
<my, te€(t, DAV () =ma. ¥t e (t, DI, R(2.8)BLL, XX (2.8)E(t, T) L
By E

V({t) = V(t)exp(o2(t —t7)) 2> myexp(o2T)
> mgoexp(os (1 +ny+n3)T) >m.
HAREEF i) S EAIR, Bt > M, V() > m'. &%my = I, Wz, (¢) +
T2 (t) > my, t >t
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JURRA RK R3O Al - RO R0 7

Sia51H2.1.30 5, B4 KA, my < 24(8) + 22(t) < Mymg < y(t) < M. H

SE N2 11040, RS (2.1) B4k b 47, iFEE.

_ o (uta)R — _c Iy [ (aexp(=AT)+A1)(mq(1-6) exp(~dT)+ A1)
29(T) = T - 55, R = 3 In (B o ati=0) el a7 A1) lL)*

Ay =h(1—(1-8)exp(—dTl)). B, g(0) = —00 <0, g(T) = +oc (T — +0),
Hg"(T) > 0. Bty (T) = 0 M AR Timax = LE28 . diy 52 82,2, 10152 52.2.27]
BT HEL.

#iL2.2.3 UT < Tnaxlth, REE(2.1)095 UKL AR, 0, §(t)) RERFHEEE
;3T > Toaxf, REE(2.1) AT

§2.3 HEEN

HERZERD)HP, 4T =05, 1 =05, ¢=50,0 =06, § =015 r =
38, u=10 a=18 b=03, ¢c=37 m=14, h=05, k=08, d=0.1, ¥
HX, = (30, 25, 15), t#HHWEGC = 0.9384 < 1, KB EH2.2.100 &4 2, N
REQ.1)MF R KA AHMLERYLREE, HEERBLEL(a). 3T =01, ¢=
5.0, 6 =0.6, 8 = 0.15, ERKKIWFA LI, G = 0.9358 < 1, BRZ(2.1) M EHERL
Bl1(b). ¥T =0.1, ¢ = 1.0, § = 0.04, 6 = 0.01, XK{XIEFR £r, G = 0.9309 < 1,
RY(2.1) MBEER R E1(c).

FERZEQR1)T, 4T =30, 1 =05, q=1.0, 6 = 0.04, 6 = 001, r =
38 p=10,a=18 b=03, c¢=37 m=14, h=05 k=08, d=0.1, ¥
fH X, = (30, 25, 15), HHG = 1.0274 > 1, W22 260 K MK 2, WAL (2.1) £
RS EAF M, HEBERBULE2(a). 4T = 6.0, ¢=1.0, § =0.04, § = 0.015, LK%
#EF BB, G = 0.1327 > 1, R4E(2.1)MEEBERURE2(b). 4T =6.0,g=3.0, § =
0.4, 0 =0.1, HAEIER LI, G = 1.0052 > 1, R4(2.1)EAEER N E2(c). &
AHEERURIL, 4T > 150, Tibkket g, oMo, RE(2.1)HRERFEA
Zedio)
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1

g=E —LEEMBRSHTKAERFBRFNEEHR-R
BRGSO

§3.1 MHWAIMTARBEXRIIE
SCRR(L7VFIT T BT B MR W - R B R

( 7} (t) = aza (t) — 121 (t) — e ™2y (t — 71),
5 () = ae™ ™2y (t — 1) — Pzi () - ;‘;ﬁ(’é% — Eyzo (t),
— Z: -
Ly () =y (~d- ey () + mplst ) — B (), (3.1)
1) =1 () 20, z2(t) =2 (t) 20, —max(r, 72) <t <0,

L y(®) =) =0, ~<t<0

s e R B CIR AR, 2, 24 (8) , 72 () 2 BIRRSh4E B 1B BUEE B B AELE (Y
FBERE, y ORTEHREENOMBER; o, 1, B, ¢, d, e, f, m, E1, B3, 1, 72
RIEEY; of e REMIBAER, rRrERENETE; SRRBREREN
BRI, dRTHEEWRTE; By, E2HRRAAE S E R &# 1 ERE,;
T Ry 53 T PR 8] R B i

KIESCHR(17), Fae™™ > By B.5 (f —d— B2)’—(ae™™ — Ey) (f —d - Bp) <
0, MELE D) RARAERTFEA: B (310, 720, 0), B (25, 33, ¥*), HPrp =

a—ae~ "1 _ae"TM—B .4 _ a—ae~™ & . _ my'ley*+d+Ea) & _ ~B4+VB2—4AC
- Zog, To0 = B ;xl =T —xz, Z2 = f—d—Ez—ey* y = 24 )

HA = emf+ %, B = e(ae™ —Ey) + fm(d+ ) - 25 (f—d~By), C =
= (f-d= B~ (ae™ = B) (f —d - Bi).

TESHSCER[17]P RLES.1) B LA ®:

()Fae N < By, WAL (3.1)F P4 E, (0, 0, 0)R2RAT IR M;

(i)#d + By > f, WRSK(3.1) T K E, (zr0, T2, 0)RERHLEIEEH;

({)F (M < n < nzxin {My, Ma}; (2)f — £(1+nae™™) > el > ep,
B(l—-mnae™™) >2——nﬁ%;ﬂl; B)L(-B+L£-f+e)> 132 fme > 0; (4)ae™™
(2riae™™ + frizy — 1) + a= ae™™ (Rryzy + 1) + (R - f) 20 — o = O,
W % 55(3.1) 8 S B (3, 3, y*) RERMIEIER.

RE(G)RBRALIEZELRER. Rfl, REFHFZEWMR AR EH
ZIMCER SR DA R R R Bl 3R 0, AN ZETR BN U R IR R T AR B S A A B
B R, BT, A SIS REL RN R EN, TRk 7 henE
HaHh R N A A SN,

TFEFFF KRR & R4 (3.1) M w, Bk FIRE RANB AT hin
? RERFEEFIOITRTEHLRE? B EHy OFRURFERE, ()N
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= MEE T KWL A 83

, By () BIKRAREZ MR WA E ETRES.1), HAMTRARE

(2, (t) = amy (t) — r21 () — 0e™™2, (E— 7)),

) (t) = ae™™zy (t — 1) — B (t) — <28 _ B 1, (2), t # nT,

my(t)+z2(t)
¥ () =y () (b—ey(t) + %) ’
z (tY) =z, (t),
z2 (1Y) = 12 (), t=nT,
| vyt =(1-9y(@®),

(3.2)
K, b > 0RRHBENWKE; ¢ 0<q < )RR EMRIKIPBIRE, n € N,
NAERBEES, KXSHNEYEXFRLKB.1). REQS.2)MHHEHHR

(Soh ¥2, ¢) € C+ =C ([—Tl» 0] ’ Ri) y P1 (O) > Oa P2 (0) > O’ "/’(O) > 01 (33)

Ky, @2, vHE[—n, 0| LERIERH FELRH

2R, =[0, +00), R} = {(z1, 2, y) € R*: 21, 72, y € Ry} = (f1, fo, f3)
RARRAB2)FIH=ZATENER. ZRHEQB2)MEX = (z1(t), z2(t), y(@): Ry —
RS #E(nT, (n+1)T), n € NLESEWH. BR, FRRBEHERIET REB2)BHL
JRfFEERE A — .

FEEERAQB)NTRA
{y’ W=y®)O-ey®), t#naT, 34)
y(t)=Q1-quy(), t=nT

B — i A BT SKAE(3.4)7] 18,
= by (nT™)
VO = G ey T oxp (~b (e~ nT)) F ey (AT’

B _ b(1 —gq)y(nT?)
v+ DT)=F ( (vT") = = T oxp (~8T) ey (T)°

HF (y*) = y @EIFA TS Ay = Ofly* = KooenllD) (T8 5| 24(3.4) A
N

te(nT, (n+1)T], ‘

o~y b(1 — g — exp (-bT))
H() =0, 7()= (1 —q—exp (=bT)) + eqexp (b (t — nT))’

N 8F(y(nTt)) 8%(1—q) exp(—bT) i
BEAT AR 3077 = Gas et Ha-escemy 719 > 1~ o (=07), 1

OF (y (nT™) 1—-¢

) _
By () e = ooy < b
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JUERA KB K- RIER AT

B &7 (t) = OR R EPBLIREM. Fg <1 —exp (-bT), W)
OF (y (nT™)) | = exp (—bT) <
dy T+ PTI™ T g
G () = SimrenCiy e seweTy) P TS R 1.
THUERA I ARy ¢) &2 REHaiaEr.
SR (3.4)1EZ By = 1)z, MBB|—DNEHEEF Rk 2

{ Z(t)=e—bz(t), t#nT, (35)
z(tt) = 52(8), t=nT.

Bk, y (t) =y (t, w)BRRLKGAMBYHMN K2 (t) = 2(t, 20)RELK(35) 1. 2

w(t, s)= H 1_1_

s<nT<t

RARBLHIF K R Cauchy 5iRE, Wz (8) = w (¢, 0) z (0)+e f; w(t, s)dsRRZ(3.5)
iR, BARLKB4)HBE—BE LR, ﬁ?UR%ﬁ‘ﬁA@w |z (t) - Z(t)| = 0. LFRE,

—exp (b (t—5))

l2(t) - Z(®)] = w(20)|2(0)—Z(0)|

1 1 "
= ] prgembe-as (2 ew-m)
HrPg < 1—exp (—bT). MHEH |2 (t) —Z ()| — 0, t — +oo. BB,
WO =701 =| 5~ 55| = gz 0 €=+
HmAR T e

EE3.1.1 9d¢* = 1 —exp (—bT).

(ke > ¢*, ARG(3.4) T LA R 558 E 1.

(i) kg < ¢*, MARLG(34)FH—ERYEY (1), ERERIEREN.

R E 3. LB AT S,
51183.1.2 ZLQGAHEHE—HERMRY (0), t € (0T, (n+1)T], EXRZ(3.4)H
Ry (2), By () = §(t), t > +oo.
51¥23.1.3 R4E(3.2)W 2 (3.3) IR A IE.
iER HSEUEHz, (t) > 0, t > 0. REHFAEY > 0, 8z, () = 0. DtoRB —ME
B, (V') = OFIHT %Y, Bty = inf {t’' > 0: 25 (¢) = 0}, HRAR)ME AN HEA,

2 (to) = ae My (tg—T11) >0, 0<tp<m,
ae” Tz, (to - Tl) >0, to > 7.
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2= B LR E A B3

Ek, X753 Me > 0, 25 (2o — ) > 0. ERIRIELMIEXTTA, x5 (to—€) <0, A
MFE. 8z (t) >0,t>0.
HARZKG.DMIE—NHEAIEL (1) > —ae ™z (t — 1) —rzy (t) . BFERFE

v (t)=—ae Mz (t— 1) —ru(t), u(0)=uz(0),

i :
u(t)y=em {zl(O) —-/ ae™ "™, (s — 1) ds] , te(0, 7). (3.6)
0
REG)ME—NHTEARTH
z(t) = f t ae~ =)z, (s) ds. 3.7
t—1y

H1(3.7) 7T Sz (0) = [, a2 (s) ds, £54(3.6)57,

0 ™
u(n)=e™m [ / ae™zy (s)ds — / ae™®g, (s — 1) ds] =0,
—T1 0

Hu ()7E(0, n) Lk, FIAHLREEA Bz, (t) > u(t) >0,t € (0, ). FHE,
VAR SCHR [44] P AR B D7 50T Rz (2) > 0, £ > 0.
HAZGBDME=ZANMBEANTESE,

{y’(t)Zy(t)(b—ey(t», t #nT,
y(t) =(1-qy(t), t=nT,

FIF e e B 5| #E3.1.278 8y (t) > ¥ (¢) > 0, t > 0. WEEE.
SIH3.1.4 FHERHM = CXEIHEH] 5 o (85350 KR, RG(3.2)MEHE
PRI, (1) < M, 22 () < M, y(t) < M.

iERR BV (t) = 2 (t) + 22 () + y (). 2t # nTHE,

DV () = am, () — 71 () — Ba} (t) — =2 — Fyzy (1)
+y(t) (0 - ey (8) + 205)
<(a+r=E)zy(t) - B3 (t) + (r +b)y (t) —ey® (¢) =7V (2)

atr—Ey )2 +(r+b)
< Te) -rV (t).

¥t = nTHY,

V(nT*) = 2:(nT)+22(nT) + (1 - q)y (nT)
= V(nT)—-qy(nT) <V (nT).
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JLRBRA KBS R & - ARG HT

R TS AER
DV (t) < @B oy (g),  t£nT,
V{nTt) <V (@nT), t=nT,

e #1.2.19] 4,

V(t) SV (0F)exp (fot (—r) ds) + fotexp (Lt (=r) d0) &ffg%(ﬂds
= V(Q+) exp(_rt) + L"‘_‘”'___E’l&(f_ﬂﬁ(l — exp ("‘Tt))

2\2 ¥4 4T(ﬂ+e)
— (=B ) (- +00),
BV (6)——BA R, R\V )W IOTA, FE—NERHEM = %ﬂﬁ’

Rt T K, 21 () < M, 22 (1) < M, y(t) < M. L.

§3.2 FELiL

THEESTREG 2K REKERAYBEREGHE.
ETF(3.7) AT RIR L (3.2) 3N AT Ky Bz () My () €, BRIk, RFBFHFR T HEmF
£

Th(t) = ae ™ as (t — 1) — B} () — B — Bvay (1), 4T
v (O =y (- ey ) + m2ls), ’
22 (t*) =22 (1),

t=nT.
yt)=Q1-9y(),
(3.8)
RAEB8) WIS EZ M A
(‘P% ¢) € C+ =C (['—'Tlv 0] ’ Ri) » P2 (0) > O) "vb (O) > 0. (39)

HFI, (t) = 0, (t) = OM— NP A, FIURZAG )M BHRKAE AR R
HMNREPEEMEK, Bz (t) =0,¢t>0.
HIIHE3125BRAB)HF—IAHEHKLEIEQ, 7(¢)),te (nT, (n+1)T],
B RFEGS)MAEEM(x2 (), y@))H By () - T (), t = +o0.
id
(ae™™ —E)(m+1)M _ae™ - (B + %) (1-¢g)A

By = A » Fa = BM ’

__ b(1—g—exp(=bT)) _(atr—E)?+(r+b)?
HPA = G ey M = (57—
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EH3.2.1 WRR, <1, BARKGI)NRERLFYMRO, ¥ (1) RERBRTIK.

AEMR R (z2 (), y(t)RARL(38)HL(BIFMERME. BHR, <1745,
(@e™ — Ey) (m+ 1) M —cA <0.
ERFS /PR IEE He, £17
(0™ = Ey) (m+ 1) M —c(A—¢) < 0.

EREEY () 2y (6) 0—ey (1), MM LB EHMTIHE3.1.27]4,

b(1— g —exp(=bT))
e(1—g) (1 — exp(—bT))

Bk, FE—EB S, IER DN IERe, EANPHER > 0T,

b(l—g—exp(-0T)) __._
V02 =g (= ep(em)

H(3.8)f1(3.11) 518, %5t > my T + nbit,

liminfy (¢) >
t—00

zh(t) < ce™Mxy (t —T) — B3 (t) — (%—_ﬂw + El) z2(t),

Hoh M =t B P e e R AR A AR

4r(B+e)

Z(t)=ae ™Mzt —71)— B2 (t) - ((m-:nl)M+El) z(t),

H(3.10) AT Klae™™ < A + Br, HH51#1.2.17] 4,

t_l}fxmz (t)y=0.

%4 (3.12), (3.13)F1(3.14), FIA e B K 51 #3.1. 3T A1 lim_ (t) = 0.

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

AE—HE, RIRO < 22 (t) <e, t > 0. HRABI)HBE AN HTEHM,

yO6-ew®) <y ® <o (b+L= ).

Bz (t) < y () < %), Z2(@) = §(2), Z2(t) — F(B), t — +oo, HHZ () =

b(1—g—exp(—bT))
e aepiiamy ¢ € T, (n+ 1) TIRTRE

2@)=2n@)(b—ez(t)), t#nT,
2z (t")Y=(1-q)z(t), t =nT,
7 (0%) =y (0%)
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5 (0 = () (e ()T
R 50~ e ey

n+1)T|RHE

t € (nT,

4(0)=2() b+ -en (), 14T,
2(t)=(1-0=n@), t=nT
22 (0%) =y (0*)

fE—IF B . R tLB e, SHEEMRe, > 0, HET, > 0, FHE %4t > T, &
’51 (t) -6 < y(t) < zg(t) + €.

e — 0, HIRFKRI, §(t) ~e1 <y () <F(t)+e1. FLLEE — +ooltf, y(¢) —
¥ (t). iEEE.

FEILS, NEPESFEANYERENRNE R, RFLRERFEESF.
EIE3.2.2 MER, > 1, WARG(3.8) AL, HNFEIER Km,, m MM, £4
HRFRE, myg <z () S M, my<y(t) < M.

ERR 4 (xz, (), y (1) RRZ(3.8)HKEBINEREM. Hy (£) >y (t) (b— ey (t)M
5|#3.1.25 40,

b(1 —q—exp(—bT
e
LA SIE3.14ATH, MRS RN, my <y(t) < M.
THEHFEEM, > 0, 2t KE, 82, (8) > my. THEHSFEHKIER.
B REBS)HE—NHREATUUE K

— €1 ‘= Mmg.

75 (t) = (ae‘"‘ — Bz (t) — ﬁﬁ - El) o (t) —ae™™ 4 L - T2(s)ds.
(3.15)
& X .

V(it)=22(t) +ae™ / x5 (8)ds.

t—m1

RYE(3.15)7HV (¢)i LA FHEAE,

my (&) + 22 (t)
EHAR, > 1, BEIEEBEmI AR PIES:,, #8

co

V(@)= (ae"" — Bz (t) - ) El) z2(1). (3.16)

ae”™ — BM — —-E >0, (3.17)

m-mg
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e

b fmg
a=2(1+bm_7:ln2;) (1~1—exp(—(qb+,{‘—ﬂz-ﬂ;)T)) e

Emg = tmm (1= M) STHEMRERRIE Mo, 2t > 0B, 25 (8) <
myRAIREIEASE. B, BRRHTA 0t > to, 72 (1) < mytEMIL. B RGE(38)HI
TAMBENATEAR,

mmg

{y'<t>s(b+,{,—:",,‘g)y(t> (1—H—5_ury(t)), t#nlineN,
y(*)=(Q1-qy(), t=nT,neN.

FIF LR e, FE—M > to+ T, %t > 4,5, 8

y(t)<g(1+&fn1"mis) (l—l_exp(_(‘)b+%)T))+elz=a. (3.18)

R (3.16), (3.17), Q.1 KL wEHE, H

>

m-mg

V() > (aem - pM — 29 _ El) 22 (t)
o™ = M — 50— By) 25 (1) (3.19)

=Tl e —C _g—
oe 1 g £1

>ﬂM(—“ﬁzT4_L'—‘-—1>z2(t), t>t, t#nT, neN.

47rh = min 0 (). TERHz, (t) > b, tetita +T+t], T2 (1 + T+ t2)

tefty, t1+

=zh Rah (t; + T + t2) < 0. H(3.8)M(3.17) B HIz) (t + T + t2) > (e™™ — M —
S — Ey)zh > 0, BEFE. FEik, 4t > tobt, 2 (¢) > b > 0. B(3.19)AT40,

mmg

V() > (ae‘"‘—ﬂM—— ¢ a-El)zg>o,
3

Eﬁ%ﬂﬂa+@teﬁmﬁﬁﬂnsO+&£¥ﬂm)MﬁﬁBWL#
FE—ANEEHto, TRz (t) > myXFH K > toI L.
BB R, (t) > myN AR > 3L, WA HFRERT. THEER
Bt > toft, zo ()X FmRGHIER. 4
my = {Zgé, (m§ + ﬁTmMz) exp (—n%rl) - 'BTmMQ} .
THBHAz, (t) > me. FEEFEL, w, 82, () =22 (f+w) =m3Ha, (t) < m3,
t<t<t+w B¥IRDPKH, y(t) <oRL, T <t <T+w BHhz,t)ELHERAR
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JUEBARM B MR- RERET

ZRR W, BT, (1) —BUELE. BFER L, (0 < t3 < T M AMKBTIHNE
), {182, (t) > m3/25 BIAME <t < T+ B0 WRw < t5, HMHERT.
Rty <w < T, HEKGBI)ME—MH BT, (t) > — (L + E1) 22 (t) — B2 (2),
t<t<t+w TR, Bz, () =miBM, ¥ <t <T+w<T+nhH,

z2(t) > (m§ + EE_E’;).MZ) exp (—— (—1% + El) 7'1) - —(—%—EE—I)—M2.

BR Mt <t<t+uwlt,z@t) >mo Fw>n, Wea(t) >2mp, t<t<t+7n. A
RS, BBz, (t) > my , T<t <T+w. EHRMA[, T+ w]|ZEEEEUY, BTk
R KE, 1 () > me. B EEEFITIE T 4mo RIEEKE T (3.8) I EME, M
R KET, 22 (t) > mo. BAFIHEI.LAT HIm, < 1, (¢) < M. iEEE.

§3.3 H{EEHL
HhREEBARLKB.L), EBH(A1): a=096,r=0.1,8=01,c= 10, f =03,

m = 1.0, d= 0.05, e = 0.01, n = 0.1,T2 = 0.2, E1 = 0.5, E, = 0.33, 2?1(0) =
20, z4(0) = 15, y(0) = 10, M ATEHFNH A& BL K4, HEMS R LEL.

.....

Bl 1 RGE(3.1) BB AN R E AR K AL i B I 1R) P 51 P B A

HIRERRYK(3.8), EBH(A2): 0 =096,7=0.1,=01c=10, f =03,
m=10,b=05e=001,7 =0, E=03,T=1.0, ¢=0.1, ,(0) = 15, y(0) =
10, WIR, = 0.6788, HIEE3. 2.1 MR % (3.8) I RE KA MR L /RTIM, H
BRI R LE2. H#28(A3): a=0.96,7r=0.1,8=0.1,c=1.0, f =03, m = 1.0,
b=05e=001,7 =0 E =03, T =10, ¢ = 0.5 2(0) = 15, y(0) = 10,
Ry = 2.1217, AE 32207 MA L (3.8) R FFEAEFN), HEHIG R LES.
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SR N e 149

:[ ',‘w;‘r‘/r’fi‘f'.WM’iI%‘r%‘erMMWM‘MV
14

N L
(a) (b)
.\_ . ~
N 1
+ ™,
| N ¥
| e bt
1 2 e
| s s u
| 7 e 1
Y L e e
& =
| & e
|i : : -..—..-E:._hh_ =
,,,,,, T T
() ’ (d)

P& 3 RYE(3.8) KLl AE A7 I RPBEIR 0] 51 ) KA PR
ELE LR R 5 (3.1) Mk ot R ZE(3.2), AT LAKER, RE0(3.1)ANAALE B8 K 4T

BH AR AL FHI 8, T FR G0 (3.2) AP LRI RE () FA WM. O S T kb R 48 (3.2) 3¢
GRS (3) R, BE) T RE3.2) R L MR L (3.2) M B i K414 iR 2 7
WG| BIFE S el BRI fE— et i AR T, B Rk Bk T MR 4
FREEAETE, T, HBBOHR Ry < 1, MIAERKMER 2 D B # A AT RZUFFLE

25
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B IANERFHERAFOFERR, RIKE, HEG2)RAEN, it
Eful. mE, BE14, HREEERAHAM RN, RENHRERER
AR, HTBAREMBE. R, DX EEEER, #RHkrbdoRe, F£—
BEMT, SEHAREHRERE, MRLRFEAR, LE3. XEGRER, Kb
WA ENRAG)MFFELEFAEREZMEN. kit RELEEMREN—
MEGE, EEHELHER, BS FRIEMER Bl BRmARAQG2DRTESE
RE(3.1).

AT REDHOBREURESTE, ARNZEBENERERE. fEREHE
B, RAOAFILFRRBSEE. EEbERD, IR-IPRERBLTFRTER
B, SR, MBS AR, 01 b 2220 5F 1 35 A0 A A 671 ), B0 a4 48
fik s PR ST R Bk SO IR SR B AL, X R B AR I () B, DU A iR X Uy T 9 .
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FME —XEFMEBREHIMKRELeslie-Gowerfig-&
ARG SH
§4.1 HHEINBRIAXT|IE

R (1.4) ALK M Lotka-Volterraffi - HE A E Y A LR, AAAEE
MBI H%EMR. R(LOYNER, EREG)NERM L, BERA

( zh () = azy (t) — 21 (t) —ae ™™z (t — 1), b4 (ntl—1)T
75 (t) = ae ™z, (t — 1) — B2k (t) - -‘cfl?fgzﬂ(f)l - Bz (t), - ’
v (£) = b2 (1) — Z29, i
z1 (t7) = 21 (),

{ za(th) =z2(2), t=(n+l-1)T,
y()=Q1-9)y(),
T (t) =21 (2),
zo(tT) =125 (2), t =nT,

| y(E) =y(®) +p, wn

4.1

K, b > ORTHAENREKE; ¢ (0 < g < DRTRHEHPBABIRE; p >
0 XH i B O kb BB B R B T h g BoR v AR A IR, pit
KR AT IINE; n € N, NAIEfuRSES. fia# s &8 mH &S Holling
B IhEE R R, L20 %R T B AR 0 & W, M B ST & E R B m

ca+2(t)

FE, HRSBBOEDBEXFARE(3.2). REEDRVIIREZGH
(‘ph ©2, '¢’) € C+ = C (['—le 0] ’ R-sl-) )y $1 (O) > 07 "] (0) > Ov 1/"(0) > Ov (42)

Hedp,, oo, vFE[-7, O\ LR IEME RELRHE. HTADHNE—FEREHUAR
EE_MB=AHERER, FUREELREAL

¢

Th(t) = ae oy (t— ) — Pad (t) - U _ Biay (1), | t#(n+I-DT,
¥ (1) = by () - 29, nT,
Ty (1) = 25 (t),
$ t= I-1)T,
ywv=u—mym,} (nti=1
m@ﬂ=zﬂﬂ’}t=mn
y(tr) =y () +p,

\

(4.3)
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JUREA MK PR R - R R LT

(4.3) AR %R
(¢2, ¥) € C4 =C ([-71,0], R2), 2 (0) >0, % (0) > 0. (4.4)

314.1.159 4 F : R} — R} € O, C' C int (}), lim DF (z) = DF (0), B
W (a) %z > 0ff, DF (z) > 0; (b)30 < z < yif, DF (y) < DF (z).

(1)%4F (0) = OB, A = p (DF (0)).

A)FX <1, MXEEKRz >0, F* (2) — 0 (n — x);

()FEX > 1, MEEMz > 0, F* (z) — o0 (n — oo), MAEFKIME—IEZAR
#rig, ¥q > OB, XEEREMZ > 0, F™ (z) — g (n — 00).

(2)3F (0) # O, SHEEMIZ > 0, F" (z) — 00 (n — 00), BAFLEFIIHE— 3N
Hq, Hq > Oft, SHEBEMz >0, F* (z) — ¢ (n — 00).

UEHRER, Bz (t) = 20(t) =0, £ > 0, RAEUI)MFRERN
y@®=-(£-b)y®), t#@+1-DT, nl,
y(EH)=(1-9y@), t=m+I1-1)T, (4.5)
ytH)=y@®)+p, t=nT.

F Y5 (4.5)F ME— 1 IE FA 1%

i , (m—1)T<t<L I—1)T,
7t) = { ey DT <ts®4l-1)

Y2 _ <
1+(L-b) (t~(nti-1)T)y3” (n+1-1)T<t<nT,

e,

_ —(q—W1)+\/(Q"W1)2+4Pu1 . —uz+ /ul +4puz (1 - q)
a 2’11,1 Y2 = 2UQ ’

ur = (1+1g—q) ({;—-b)T,ug = (1+p(-1) (g;—b)T) (;’;——b)T, us = 2lp
(£-5)T=pur +q, BFO) =T =4, §UTH =§F((n+1- )T = 33
HIIE41LRES BRI TR,
51384.1.2%9 RZi(4.5)KME— IE R HIRY (1) B2 RENERE K.
5 E4.1.20] 51, RAI)HE— P RERGAWMRO, 7¢t), BRZAHHE A
BIHRLF#E©, 0, (¢)).
51384.1.3 RYE(4.1) W R (4.2) AR IE.
IERR 24533, 1.3 A, BR.
5114.1.4 FEIEEBMAM,, #8575 KN, ZRHEL)KHEBBERLL, (1) +
T2(t) S My, y(t) S My .

yi
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ZME TR A8

iER 2V (t) =z, (t) + 22 (t). #t# (n+1-1)T, nTH,

DtV (t) = az, (1) - rzy (t) — B3 (1) — m‘;‘(ﬂtggigt()t) - Eyz, (t)
&Rl v ().

Ht=(n+1-1)T, nTH,
V() =z () +2 (") =V ().
R T Bk s A%
DYV () < ©BY _rv (1), t#(n+l-1)TonT,

V(iH)=V (), t=n+1-1T,
V)=V (), t=nT,
FIFH e #1.2.19] 18,
V(1) SV (0%) eat-nie 4 [ ofi-ndb et g
=V (0") et + CHRE (1 - )
atr—E;)?
— %T[?L (t - +OO) .

B, 21 (1) + 2 (8) < @B o= .
HAR%(4.1) 518,

v () S (3hs —b) V@), t#@+1-1T, nT,
y(t)=Q1-qy), t=m+1-1T,

y(t)=y@)+p, t=nT,
FI R B B FAN S | BB 4.1.20] Sy (8) < 2 (t) < Z(2) +¢, HPz() £

z’(t)=—-(g+%l-—b)z2(t), t#(n+1-1)T, T,
) =(1—-q)2(t), t=m+I-1)T,

z(t)=z2(@t)+p, t=nT

HmME—E F R, B
3 -NT<t< [-1)T,
zZ(t) = H'(Eﬁ—")(t—(n-l)r)z;’ (n—1) <(n+ )
: - <
‘+(;#M';—b)(t—(n+t—1)r)z;’ (n+1-1)T <t < nT,
KA,

B —(g—pv) + \/(Q‘W1)2+4P111 L Vv2 +4pus (1 —q)
- 2’01 > 2 21)2 ’

4
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= (1-q+lo) (s —0) o= (1+ 0= 1) (G - 0) T) (55 —0) T,
2l(aﬁz—b)TﬂwHﬂ,HEm)=EOﬁ”L—q,(U“)=E«n+l—DTﬂ

]
34 II

’%Mg = min{z} +¢, 25 + €}, My (t) < M,. ik,

§4.2 FEZip

i
(ae“"’" bt El) (C] + A’I]) C1 (lee_-"“rl - E])
CA] CM2 ’

KA, =5(t), My = M M, = min{z} +¢, 25 +¢€} .

EE4.2.1 MER; < 1, %&%%(4.3)&9311&9@@%]%@(0, 7)) RERBREIH.
MERR MR < 18] Hl(ae™™ — Ey) (c1 + M) — cA; < 0. BBR S /PMHe > 0, {55
(4 (Al - 6)

¢+ A/fl

R3= )R4=

—-rry

+E,.
FES
YO 2-(L-0)@®), t#@+l-1T, aT,
y(t=01-9uy@), t=n+I-1T,
y(tt)=y@)+p, t=nT,
) Eo e e BN 5 | 304.1.27] 48,
y(t) > g(t)—e:=m.

BE

5 (1) < ae™™y (¢~ ) - Pl (t) - ( SRy E) ().
EZRTHROHEFE
Z{t)=ae ™M t-1)~ ﬂzl () - (

+FE
1+M1 l) ®,

Mlae™™ < S00E + BAISIEL2.17T5 lim z (1) = 0. IR LB BAIFI .13,
H

t—l}inoo z2(t) = 0.
AR—RtE, R0 < 72 (t) <6, t > 0. HELKA.3)H4,

v 2-(£-0) @), t#@+-DT, T,
y(t)=01-9uy@), t=@+i-1T, (4.6)
y(E) =y{t)+p, t=nT,
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v <-(Fe-0) 0, t#@+1-1T, T,
y(t+)=(1—q)y(t), t=(n+l—1)T,
y(tt)=y@)+p, t=nT,

Wz@)<y@)<ZE), 2@ =7), 5¢) > F(t), t - +oo, HP, ()R

4(t)=~(L-0) A1), t#@+I-)T,nT,
2t =(1-qzt), t=n+I-1DT, (4.7)
() =2n@)+p, t=nT

HME—IE RISIAE, 25 (1) 2

z{,(t)=—(c—2f+—e—b)z§(t), t# (n+1—1)T,nT,

#Btt)=1-q)z(@), t=Mn+1-1T,
z(t)=2()+p, t=nT

FiME—E AR BB B A3 #4120/, XHEBEKe, > 0, H#ET, > 0,
l:u|t > T]_B;J-,
Z)—e1<yt) <z(t) +e,

He — OFf, WFDKEL, §(t) —e1 Sy (t) <F(E) +e1, ATy (¢) = F(2), t — +oo.
iEEe.

EiR4.2.2 MRRy > 1, MARK(AI)FEAET, BNFELEE Bmy, me, MM,
fEBMEFE DK, my < 2 (t) < My, mp <y (t) < M,

IERR H(4.6)F1(4.7), FIH LR e B R 51384.1.27] 13,

yA)>Ht)—e=7() —e:=my.
HARZ4I)WFE—AN TR,

7h (t) = ae ™z, (t — 1) — B3 (t) - EM@ — E x4 (t)

c1+z2(t)
> ae ™My (t— 1) - Pri(t) — (Q’c—”fl + El) z2(t).
iR, > 15Tlae™ > 4 4 By, BHREHAZIH 217, () > 2 a
i=my. BATIEALATH, my < 22(8) < My, my < y(t) < Ma.
#it4.2.3 ¥ B = ae™™ — 2L
()AE, > E*BY, RZEA.3)MREKLRHIRO, 7)) RERRIIH.
(2)HE, < B* + 20 — <apf, RY(4.3)FE4ER.

a+M
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JLFERAT oK w2 i 6 - fr i R GE M

HEWR4.2. 300 MR AR B 09, 0 BRI BERBRN, KU & K4; F3
BHBNOGRE, eIt Rl EES, Bid k3T g4
B B 1645 i SR R B LB AE D L BER B, B 1R AR TFRE AR DI R T RE 7, b
BN ZE R aF B2 R LA A7 (K 0 T 28 204 B B A6 S .

§4.3 F{EHEH

FEUERLMAI)P, #a=10,r=01,8=10,11=0,c=1.0, cl =05, 2=
08, f=04, b=05 B, =02, T =12 1=05 g=01, p=0.1, 2,0) =
0.2, y(0) = 0.1, Wb EA4.2. 19T 5N R %5 (4.3) B K 4 A 2 RaniE e, X
(ERL A L.

FHERKA3)H, 20=10,7=01,8=10,73=0,c=1.0, c1 =05, 2=
08, f=04, b=05 E =02, T=06,1=05 g=0.1, p= 005 z0) =
0.2, y(0) = 0.1, Wb EH4.2. 27 SN R L (4.3) R FF A FN, UGB E2.

()

2 RG(4.3)FF G AR RTRERS ) 7 51 B M AH R
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EFRE —XEHEMBSHIKTHIESRHR-RIERES
iy

§5.1 RENARBXRGIE

WE B, BAKPHNMN BEHE-RIERARE T 2R, B REH R
gk K3k B H E-RERAT UMM D, BTAUR BE. RYHNEKR
EYEAEFEE RPN, ERAG)MERML, ZB—KAFH RSN
HRAE B R-RERL

4

2 (t) = a(t) 25 () ~ r (B) 21 (8) — @ (t = m) € o Oy (£ — ),
(1) = a(t —n)e fn@%g, (¢ — 1) — B(t)2d (t) — <Pzm@O X 4y

m(t)y(t)+xa(t)’
x2(t—
) vO =y (b0 - cOult-) + rrriaR=)

21 (7)) = 21 (),
22 () = 22 (t) t=1ty,
. Y (t;c}_) = (1 - E2k) y (tk) )

(5.1)
Hek =1, 2, ---, ExBRHRHE AP BIRE, B, =, nBAEREY,
b(t) > ORI BHRAMEY, M EET LUKBAEREZIMNRYHE; b(t) <
ORTHBEHNLTE, KASHMEYE XFRFRL(3.2). REGL)HHHENA

(z1(s)s 22(5), ¥(s) = (1 (), p2(s), ¥(5)), =" = —max{n, 7, 13} <5 <0,
©1 (0) > 0» Y2 (O) > 0, 711 (0) > 07 1, P2, ¢ € Cl ([—'T*’ 0] ? [07 +OO)) .
(5.2)
4 fL —Olgltl<n f(), M= Jnax f(t) Hp f) A EREREL R

(H1) kb B il 8 20 < t1 < t2 < o<t <tpgr <ooe, Erﬁot" = +00.
(H2)Ex AIEMERFF, HO<Ex <1, k=1, 2, ---
#H3) TI (- Ex)REMu-ARRE.

O<tp <t

(Hd)a(t), r(t), BR), c(t), m(t), e(t), f(t)ﬁ%ﬁ%w—%%ﬂﬁﬁ?%’@ﬁ, b(t) Rw-
ff.}}@]i&éﬁ@ﬁﬂa" < a(t) < OZM, rL < T(t) < ,,.M’ ﬂL < ﬂ(t) < ﬁM, P < C(t) <
oM, mb < mit) < mM, B < b(t) b, e <eft) <M, fL < f(t) < fM.

(H5)FFAEEH $omy, My, 8m, < [] (1-En) < M.

0<t, <t
(HE)ale™m —McMeP > 0, P By = In 2L 4 opMy, By = In 22 En
2aM gM e rL BT
[

EXS5.1.1 R
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()z1(2), z2(t), yR)EO, t]F(ts, thr], k=1, 2, --- LAIEL;

()AHEREMIL, k=1, 2, ---, 21 (t), 22 (&), ¥ (¢F), 21 (85), 22 (8), y (&) FF
TEH (8) = 21 (&), 22 (87) = 22 (8), ¥ (t7) = v (t);

(iii)z1 (£), 2(t)€E[0, +o00) LR RL(5.1), y(H)TE[0, +o0) / {t} NIHRERLE(5.1),
Ht=t, k=1,2,--- B, y (&) — y (t) = — By (&),
WAz, (t), za(t), y(O)RARL(5.1) .

HRRAG )N TRE
{y%ﬂ=yﬁﬂﬂﬂ~emya—nn,t¢u, 53)
y(t) =1 - Bx)y(te), t=1t
R (5.3) LI RS
wm=wo@m~w>[{u~@mm—m) (54)
0<tp<t—73
REG A MFESAER

u(s)=9(s), ~7*<s<0, ¥(0)>0, p €C'([-7, 0], [0, +00)).  (55)

51¥5.1.20 & (H1)-(H4) k3L
() Fu(@) R (5.4 [T, +oo) LHIME, Wy () = [I (1-Ex)u()R(5.3)M

0<t <t
f#;
(i) Fy ()R (5.3)#E[—7*, +00) LAIRE, Wu (2) = D(H : (1 — Ex)  u(t)R(5.4)
Ho . -

31385.1.39 35 (H1)-(H5) L, Bb(t) > 0, W27 5 K, REE(5.3)MMEHEN, <
y(t) < Np, Hp: N, = %ggexp (6" — NpeM) %), Ny = %exp (BM7*).
31385.1.419 W Ra(t), r(t), A(t), B@)MRENw-BYELRE, WRE

{vﬂﬂ=aMw@%4@MM0—AMW@—nL
() =A@R)va(t—n)— B(t)vE ()

FE—NDENw-BR®G (&), 52 (), BFER2 = {(v, v3) 19, >0, v, >0} L&
2RI

HTHME, BA®R) =t —n)e fimn %
51385.1.5 RS = {(z1, 2, ¥): 1> 0, 2, >0, y > O} RARZL(5.1)MEARE.
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MERR | (21 (t), z2(t), y (b)) RRL(5.1)i% LW %Mz, (0) > 0, 22 (0) > 0, y(0) >
ORMEREM. %t e [0, |0, HRZKG.)ME AN FREAHE,

75 (t) = A(t)pz (¢ — 1) — B () 23 (t) — 2O,
> (t) (-2 - 1) 22 (1),

$wﬁ%ﬂ7@mm_w+£ﬁzi$éﬁgwb>&ﬁﬂﬁ$ehn%ﬂ,

[27%, 37*], - B}, 2o (8) > 0. L BT 4, 22 (8) > 0, ¢ > 0.
MRLE(GL)HE ML, ) LRD, F

21 () = (2:(0) + [ (a(8) 22 (s) — A(8) 22 (t — 1)) e~ Jo ’("’d"ds) x e~ Jor(s)ds
= (z1(0) + f; (a (8) 22 (8) — @ (t — 7)€ Jomm TG, (4 — T])) e o ’(")d“ds)
x e~ Jor(s)ds

= (:L'l (0)— f__ﬂ a(s)p2(s)e” I r(w)dugg + f a(s)z2(s) elo r(u)duds)
X e~ f; r(s)ds

=[ @ (8)z2(s)e” Jirtdugg 5 0,
HEAG.)HESIREANF RSB,
{dw>yUMHﬂ—emyU—ﬁD,t¢%

y() =(1— Ex)y(ts), t=t,
Hb(t) > OFF, LR EE MG H5.1.318y (¢) > N, > 0. 4b(t) < OB, BEBLHB AR
{m<t>=y1(t)<b(t)~e<t)y1(t—rs>), t# b,
n(t) =0-Ex)yi(te), t=t
BO4E ok F
W () = w (2) (b ®-e) [ -Ewm(- 7'3)) :

0<ti<t—73

]
6 () S uy () (BM — moelu, (t - 73)),

B EMm&HM < 0&1#1&{3]¢§li§g2.2mim%7iizsﬁf%nt§gxwul (t) = 0, #A3I
H5.1.25 51 lim y, (¢) = 0. L& HESERAYIARA(5.5)AT fHy (t) > 1 (2) > 0.

24X, ZARGEFB2EM, L: DomL C X - ZR—ANERUEBSH, N: X - Z£
— AN LM, WRdim KerL = codim ImL < +oco BImLIEZH RN, A
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BRAS LELFR A FredholmBi . # L2 — AN FIRFFM FredholmBR Y, W FFEEELE 5 &
FP: X - X, Q:2Z— Z,#8ImP = KerL, KerQ =ImL = Im(I — Q). M\,
L| DomLNnKerP : (I - P)X — ImLEA[¥M, iCAlEHFHK, WROERXK—
M RFTFE, QNOER, K, - Q)N : Q — XREM, MAMFNKRIEQL
BL-%1. B TFImQRMTFKerL, FrAFAE—NFEMJI : ImQ — KerL.
EE5.1.6(EH ) SR X M—ANE FIFFE, LE—ANZEHRFredholmBk
5, NEQLRL-%8. &

O F—4Ae€ (0, 1), € QN DomL, Lz # A\Nz;

(ii)3F— Nz € 00N KerL, QNz #0;

(iii)deg{ JQN, QN KerL, 0} # 0,
WLz = Nz#EQ N Dom LN Z D FLE—ME.

§5.2 FELiL

E5.2.1 W (HY)-(H5)RL, Bb(t) < 0,—Lr < 1, ARL(5.1)0H#H & & K4
R, (), T2 (t), O)REREFIH.

ERR (21 (1), T2 (2), y(8)RALE(5.1)HE(5.2) HHEEM. () <0, —Lr <15
HIFM 4 oM < 0. RIBLRLG. BB AT RS,

{y%ﬂsmwww+farwawa—m»,t¢m
y(tF) =1 - Ex)y(te), t=1ts
ERBILR RS
{%w=wmwm+f@—ewwu—mmt¢m
@) =(1-Ex)pe(te), t=1t

T B R
40 =) (50 +10-e0) I (-Ea)ul-m))

0<te<t—m3
< up (t) (M + fM — mapeluy (t — 73))
M 4 0M < 0 SCHR([3] 51 B2, 20 1E B Fr i a] ?%t lim v, () =0, FIH5|285.1.27]
%ﬂtﬁ+mm 1 () =0 H %ﬁ%ﬂiﬁ%lﬁalbgﬂgﬁoy () =0.
AR—BYE, RPR 0<y(t) <e. BREGLFPHAENMTEMAEKMNRE A

{ () =a(t)zy (t) —r ()21 (1) — A(t) 22 (E — 7)),
c(t)-tz(t)o(ltz«(l—Ezk)y(t) (5.6)

7 (1) = A(t) 22 (t = 7) = B1) 55 () - w1 (- Ewe =0
0t <t
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ERRYG(5.6) TR

{ 4 (B)=a @)z @) -r O - A0z E-m), 65
7y (t) = A(t) 72 (t — 1) — B(2) 25 (1),

B 5I35.1.47] 50, RE(5.7)FEE— N ERw- AT, (t), T2(t)), BERL = {(z,
T3): 3 >0, 22 > 0} LRERKIIK.
R (5.6) R B & LT3,

{ ) (t) = a(t) 22 (8) = 7 () 21 (¢) = A(t) 22 (¢ — 1),
() <A@ (t—m) - BE) R (E),

t)=a)z2(t)-r )z (t) —A) z2(t — 7)),

2 ()2 AWzt —n) - (8) + L) 3 @),
e - OB, ERRLEHEBREEFRRLG.T), B, REGHHHEEKLA
BIRR(Z, (t), 72 (), O)RARRIIN.
EI5.2.2 GR(H1)-(H5)ROL, Bb(t) > 0, MARL(5.1)REFLEFMN.
BB (21 (), 72(2), y(&))RERL(5.1)HL(5.2)KUERM. HRY(5.6)%5135.1.5
78,

{ )=o)z t) —r )7 () = AM)z2(t—7),

zH(t) S A(t)za(t— ) - B(t) 23 (¢),
FR, BEEBREENSIES.14582:(t) = v3(t) < Us(t) +6, 22(t) < v(t) <
T (t) + ¢, HHF@(2), 5 @) RRE

{%@=a®ww~r®%@~A@m@—ﬁL
vy (t) = A@t)vg (t — 1) — B (8) v (2)
FIERw— AR, SMy, = Dax {v3(t) + €}, My, = Dax {v4 (t) +¢}, W

limsupz; (t) < My, limsup 2, () < Mo,.
t— 400

t—+00

HARL(5.1) KB =AREBE NN TR,

{ Y@ <y@)OE) + @) —e®)y(t—1s)), t £t
y () =1 - Ea)y (), t = tx,
FIH LB e B 5 B 5.1.37] 18,

My (WM + fM
y() < —%exp((b’” + M) 7*) = N;.
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BERL(5.6)XE,

i)=a@z@t)-rt)e@t)-AR)z(t— 1),
() 2 AQ)zt-n) - (B1)+ L) B ),

M, 2y () = vs () = 05 (2) — €, 22 (t) 2 v6 () 2 s (t) —& HF(Bs(2), T (1) RFR
%

v () = a(t)vs (&) = 7 (B) s (t) = AW s (£ — ),

o ()= AW t—m) - (B0 +25) R )

m(t)

RIERw—FRA IR Smy, = max {5 (t) — €}, mae = max {vg (t) — e}, W

0<t<w
lz_xzxggf z1 (t) > myz, 129 Jrlgof Zg (t) > mag.
HARZ(5.1)8] 40,
{z/(t)zy(t)(b(w—e(t)y(t-—m)), t# ty,
y() = (1- BEx)y(ts), t=tx,
FUFH Lo e BB HE5.1.37] By (t) > Ny
4K, = min {myz, My, N1}, Ko = max{My,, Mo, N3}, W
K <z (t) £ Ky, K; L22(t) < Ky, K; Ly(t) £ K.
ik Ee.
“F i I Mawhinf € ¥6 B SR UEHA R 45 (5.1) I IE PR SR (A 77 fE 1.

EIE5.2.3 F(H1)-(H6)RL, Bb(t) > 0, WAL (5.1)EDFE—IERw—F .
BBl ERAZAG.)NFRE

5 (t) = A(t) 22 (t — 1) — B (t) 73 (t) — e } t# b
(5.8)

Y () =y (b(t) - e@y(t—m) + spilelm -,
zo (tF) = z2 (t), } t=t,
y (8) = (1~ Bn)y (t),

F3ERK P RS

(23(6) = A(t) 2 (t—7) - B() 23 (2)

c(O)z2(t) I (1-Ea)y(t)
_ o<ty <t
m(t) I (1-Eae)y(t)+z2(t)’
0t <t

.«/(t)=y(t)(b(t)-e(t) I (-Bwy(t-m)

0<t,<t—73

(5.9)

+ J(t)xa(t—T2)
m(t) [l (1-Ex)y(t—r2)+zalt—m2)

0Lty <t—7
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Rua (t) =Injzz (2)], us(t) = Iny (&), WRLK(5.9)H

() () = A () et-m)-w® — B (2) e4a®

c(t) l'I (1~ Eqg )ev3(®)

0<t, <t
T m(d) [l (1—Ezx)evsOyeuz®)
< 0t <t (510)
uy)=b(t)—e(t) I (1— Exy)estm™
0<t<t—73

f(t)evalt—2)
+ 7"(!) n (1—&;;,)8"3("7?)-{-3“2(‘-72) *
\ 0ty <t—rg

B, HERLK(5.10)FE— M- AT, (1), U (1), NREG)FE—ENw-
FRIR(T, (), 7(2) = (20, eB0),
THARAFRHARL(S.10)EDFE—Pw—ABR. EX

X=Z={(n@), u®) €C(R F): ulw+t)=w(), i=2, 3},

| @), w0 )7 = macx ua (0] + max us o1,
Hp| - |RoRik LR E‘u%ﬂX*ﬂZ%B%mﬁﬁll I FHERAFER. &

L: DomLNX — X, L(ua(t), us(t)T = (u(¢), u4 (&),

Hep,
t
DomL = {(uz(t), u ()T € C (R, R?)}’ N.x-x n[%)-= f2(2) )
U3 fa(?)
H
) 1 (1-Ez)evs®
T o<ty <t
A(t)euz(t 1)-ua(t) _ 3 (t)euz()_ T ;I-Ezk)e“s(‘)+eu2(t)’
0<tE <t

—_ $)eu2(t—72)
fs@)y=b@)—e(®) [I (1—Ex) es(t=m) 4 mt) I {1(—)Ezk)e“3(“*2)+e"z('-w>'

0t <t—13 0Lt <t—7g

P U =Q U2 - %f(;: U9 (t) dt , U2 €X= 7.
Uz Ug w fO U3 (t) dt Us
B, KerL={z€ X: z=h, hERZ},ImL={zEZ:j:z(t)dt=0},ImLi§5

ZHRAM, dim KerL = codim ImL = 2, BPHMQREZERMET, #FBImP =
KerL, KerQ = ImL = Im(I- Q). #—%, L¥HEFK, : ImL — DomL N
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KerPHTE, LK, (2) = [f z(s)ds—21 [ [7 2 (s) dsdt, WIQN : X — Z, K, (I = Q)N :

X-X H
lrﬁmﬂ)
Nzt = w JO ,
one (iﬁhmﬂ

K,,(I—Q)Nx=/otNm(s)ds—%/ON/OtN:v(s)dsdt——(5-——;—)/:Nx(s)ds.

BR, QNHK, (I — Q) N RELLN.
AT NHEHES.1.6, FHR—AEHRAFEQ TEAMHPLRZTRE.
(—)$eug () Flug () MG THRE. HEF L = ANz, X € (0, 1)A[15,

¢ u’2 (1‘) =\ (A (t) eualt—T1)—ua(t) _ B8 (t) euz(t))
Ac(t) 1 (1—Eap)evs(®
0<t <t
- m(t) n (1"1‘72,:)6"3“)-}-6"20),
o 5.11)
4 .
uy(t) = A (b @) —e@) I Q- Ey)est-" (
0<tx<t—73
1 J(t)eralt—r2)
'rm(t) I (1— By )e¥alt—Ta) yeu2(t-72) J *
\ 0<ty <t—7y
W (ua (2), ug(t))” € XR(5.11)HM8, (5.1, | LES, &
( ety TI (1-Exp)es®
w —T1)~ o<t <t
ﬁ) (A (t) euz(t T1)—u2(t) __ m® 11 ?1_3%)31;3@)_‘_6,.2(,,;) dt
0ty <t
< = .I;)wﬁ(t) ewz(t)dt,
y - f(t)en2tt—r2)
j;) (e (t) 0<tkl~[<t_7»3 (1 - E'Zk) euS(t ™ — m(t)o« I;I‘ (]—;k)euﬂ(t—72)+e1lq(b-1?)) dt
< .
| = J'b(®)dt.
(5.12)

BT (e (£), us (1) € X, FIAFFEEG, 7 € 0, o], 78

(£ = i R An:) = , ) — 3.
u; (&) tg[gr;]uz(t), u; () ax v t), i=2,

(G 1)ME— N HERU RN RO, FED, w] ERY, &
c(t)e2® T (1— Ey)es®

uz(t—11) _ 0Lt <t _ W 2u3(t)dt.
Af(A“” mu)II(l—E%wmm+@mw)dt [ swe
0t <t
(5.13)

H1(5.13) 7] 44, Y .
B / W4t < f (aMe"L“e“"’("”)) dt. (5.14)
0 0
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FIARER (J e=0dt)’ < w [ 20dt, f(5.14) T4,

" 2
i ( / e"z(‘)dt) < aMwe™ ™™ /u e dt,
0 0

—rLor,
Mfﬁjj;" e®dt < ngr_}., =)
M —rln
are

o (5.15)

U (fz) $ In

g4 (5.11), (5.12)F1(5.15), B

o) T (1-Eaers®
—_)— o<t <t
j: |u,2 (t)l “< fou (A (t) gt - m(t) [I :I—Ezk)eua(t)«l-e%(e) + ﬂ (t) éﬂ(t)) di

If)gt,,«
=9 f(;" B(t) e2®Wdt < _M_KL;L”EL'_'_‘_
(5.16)

H1(5.15)K1(5.16) BT 41,

up () < ug (&) + [ [us (t)| dt

M —rL'rl QQM M —rL-rl
S ln & 731, -+ £ ﬁ‘i’e = Bl'

FE(GA)MB A HEFAF N FeLle®, HLE0, w] LR, &

(5.17)

_ (3 ug(t—rg) ouz(t)
'y (e ® T (11— By ewttmrtul®) - — M ()f-ssh)e“i“—m)+e"2“"2)) .

0<t <t—m3 0Lty <t—7p
= [ b(¢) e*®dt.
(5.18)
i1 (5.18) Al 7§,
/w (m1€L e2is(®) _ fMoBr eua(t)) dt < bM /“ gua(®) dt,
0 0

myel / st < (WM + fMePr) /w e, (5.19)

0 0

FIFRBR ([© ea0dt)’ < w [ 2aOdtB(5.19), AL eo®ay < L)

AT HE H
bM + fMeBl

el (5.20)

Us (63) S In

24 (5.11), (5.12)F1(5.20) "I 40,

Rl @®ldt < [ (e @ I (- Ey)ewstm)

0Lty <t—13

F(t)evatt-T2) S +b (t)) dt (5.21)

Tmt) 1 (1-Ea)essCra) gevalt-
0<¢ty <t—1g

=2 [ b(t)dt < 2Mw.
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B1(5.20)F1(5.21) 5% &,
ug (t) < ug (€s) + [y lus ()] dt (5.22)
Slnﬁu—;ﬁ“{ﬂ-#%“w = B,. '
H(5.18) A dlleM M, [’ e ®dt > bE [ e*sOdt, Mifiii e > -, Bl
bL
uz(n3) 2 In L (5.23)
H1(5.21)F1(5.23) 5 40,
ug (t) > us (m) — fy lug (¢)] dt
.24
Zln;ﬁ%—%’”w::cg. (524
g (5.13) /40,

/w (aLe“'MT‘e“’("“) - McheB’e’”(')) dt < pM / ) 22y,
0 )

(aLe—r”n - McheB"’) /w 2O dt < ﬁMeuz(ﬂz) /weuz(t)dt’
0 0

-—rM-r
A heta(r) > ame—Tippicnes, )

aLe—-r‘"n — M.cMeB2
w () 2 In —— (5.25)

g (5.16)F1(5.25) "] 14,

ua (8) > wa (1) — fy" [ (¢)] dt

- L, (5.26)
> In b nonetens _ 2ot ¢
£k & (5.17)F1(5.26) 1] 41,
—rLr
max |uz (t)] < max { In "‘M‘;‘;LTII 42 e
te[o, (5.27)

Le—vMri _ pf cMeBa 2aMBM ye-rim
iln ac L ic € + 8 B = Rl.

44 (5.22)F1(5.24) 7T 18,
bM 4 fMeB M L M
txellloa.x] |us (t)] < max { In o +2b%w, |In MMll + 2b } R,.

(5.28)
BR, (5.27)F1(5.28) R M R FI R AR A KT\
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(S)MEARTEQ 4M = R, + Ry + Ro, K RTUBM R A K, HHERH
vt

. ), J1_(-Eaes
oJo [ A®) - BB e — o Ememres | # =0,
0<t<t

slo | o) —e )oqﬂt_m(l — Ex)e" + m(t)ostkgg_[:(’fi’,;%)euw.., dt=0
(5.29)
wm—ma@, el 9 “—lu|+]v| < M. %HQ = {(u2 @), us ()T € X :
” Uz, us) “ <M} gmﬁﬂfhﬁ@.?%ﬂs L6 44 (D).
B(ug (t), us(t)” € OUN KerL = 302N R2, (u, us)T RRPHI—ANE B &,
Blug| + Jus| = M. F2&

Uz 1[5 f2)dt 0
N =@ ,
¢ () (,%f:fswdt)’é (0)
XREE T EH5.1.65 A E(ii).
4J =1:ImQ — KerL, (up, us)" — (ug, us)T. HEWEAE

deg (JQN (u2, u3)", QN KerL, (0, O)T) =

Kb (U, )72 (5.20)MME—#. B85, 1.6 &M () BHET. MA, B5%5
HES{K, (I - Q) Nz |z € QR BFELE B—BUH 19, FH Arzela-Ascolif ,
THIK, (- Q)N : - XEEM. Eit, NEL—%8.
LHRERIERTORLTIE.LPRIFIH KM, XEARLEGLO)EDFHE—
M- RHR, TR, RAG9)EDHEE—NERw- LR,
2@ (t), T(0)RRLEGYN—EMw—AHIR, NTRESE

t
Z1(t) =/ a(s)Ta(s)e s Jorwdugg 5
t—m

RENw-FAYRE. TR, @:0), 2:0), yO)RRZGLHLCHEHFH—AE
Mlw—FISYIfR. uEtE.
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AR RRER ) R A TR AT e T LR A B A R
BSOS R R - RO R, EARR T R BB R A & KA AR RE
¥R RGN .

AR MR T Y AR A A B R 2 AR, BB
WM SRRV B, T ELUMEAR MR B 8 2 T e R — Bk 2
AT, BRI T BB & & MR, ER—E MBFR IR, B—HH, %
BT R e LRSI A S0 R, KA TR EREER BT L
REAEE, AIC0B 58T R B RBIRIK B0 % R E R
FIF Floquet T4 B Ho i S 1843 BI B T RGO H K4 AR 2 UK A
RS EAEITEA 0, RO T SEHUAA BT MatlabBUE ML, T0AE T Frias
RIS HRGNE— R R R Bt B B SRR B 1T
BB, DURZEIX T B — 0.

NEBIIIBS B vt T Mo R o S R A AT A I8 A9 3). 2630
M= R T A R R A RS, BN TR
RIKHMA TR bR T, BE T RN &R AR RRL R
EAETOA Febe, LRI BT TSR AT, MEFIOTLA R, tfTat
42 W 2 A 2P O, B K e PR b M3 R B4k, AR
B EREMR.

% 10 1 2 B B B S AR R R O B K, T AL B E
BEA I BT 5 MM RO L ), A SCE S DU SERR T T — 2 LB BR 45 M A0 B v
B Leslie-Gowerl &- R k. AR £ ER tisE 4.2, N4 2. 20 BIRHEE", £ By >
E*, WRK(A3)NEERAAPRO, §(0)2RUE] £E < B + Bt — <,
RO RN, EBRA%Eae™ - 22 < By < B, BITRE (35
AT R WECER R BERT, KRR, Z R US54,

EESEWER b, AXORFTR T —RRAN BERFK 3k ERHE-
HEEL. URERM HRRKGNBE. REFEATIES G T REN
18 KA IR & R 3 RGeS FE RO 705 46 1. RS SURIF Mawhinfi 22
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