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ABSTRACT. A sufficient condition is established for globally asymptotic sta-
bility of the positive equilibrium of a regulated logistic growth model with a
delay in the state feedback. The result improves some existing criteria for this
model. It is in a form that is related to the number 3/2 and the coupling
strength, and thus, is comparable to the well-known 3/2 condition for the un-
controlled delayed logistic equation. The comparison seems to suggest that
the mechanism of the control in this model might be inappropriate and new
mechanism should be introduced.

1. Introduction. In a biologically meaningful model a globally stable positive
equilibrium plays a crucial rule. It is well known [2,4,7,8] that the delay logistic

equation
N(t—7)

7 ] (1.1)
has a positive equilibrium K which is globally asymptotically stable if r7 < 3/2.
In some situations, one may need to adjust the size of the positive equilibrium
(see, e.g., [1]). For this purpose for (1.1), Gopalsamy et al [2,3] first put forward a
mechanism of “ feedback regulation” to (1.1) by considering the following control
System

N'(t) = rN(t) [1 -

(1) = ra(t) [1 _ o) cu(t)}
(1.2)
u'(t) = —au(t) + bn(t — 1)
where u functions as a “feedback” control variable in system (1.2), K,r,a,b,7,c €
(0,00) are constants. Due to biological reasons, (1.2) is assigned initial conditions

of the form
n(s)=¢(s) >0, u(0)=wuy>0
(1.3)
$(0) >0, ¢ € C([-,0],[0,00)).
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One can easily prove, by using the method of steps, that the solution of (1.2)-(1.3)
are defined for all ¢ > 0 and remain positive for ¢ > 0.
It is easy to verify that (1.2) has a unique nontrivial steady state (n*, u*), where

aK bK
* = —— * = - 1.4
" T AT Kb Y T at Kbe (14)
The population component n* of the equilibrium given by (1.4) can be adjusted

by varying the constants a, b and c¢. But one needs to make sure that (n*,u*) is

globally asymptotically stable. Gopalsamy and Weng [3] proved that if
beK beK 1
e l:’I”T (1 + C—) + C—] <, (1.5)
a a 2
then every solution (n(t), u(t)) of (1.2)-(1.3) satisfies
tlim (n(t),u(t)) = (n*,u"). (1.6)
Furthermore, they also conjectured that the conclusion (1.6) remains true if condi-
tion (1.5) is replaced by
beK beK
e |:7‘T (1 + C—) + c_] <1, (1.7)
a a
or by
beK beK
rr (1 + c—) + 2 (1.8)
a a

Using a completely different method, Kuang [5] confirmed the first conjecture
by giving an even better (than (1.7)) condition

beK beK
rre’T (1 + c—) <1- 22 (1.9)
a a
Concerning the second conjecture, Lalli et al [6], obtained the following set of
conditions: bek bk bk
(7’7’ + == ) |:T‘T (1 2 ) + = } <1 (1.10)
a a a
beK
X < 1. (1.11)
a

We remark that (1.10) implies (1.11). In fact, if (1.10) holds, then

( ch>2 ( ch> [ ( ch> bCK}
rr+— | <|rm+— ) |r7(1+— )+ —| <1,
a a a a

@GTT < @617bCK/a <1.
a a
Therefore, (1.11) can be derived from (1.10), and thus it is unnecessary. Obviously,
condition (1.10) is better than (1.8). Thus the second conjecture is also confirmed
under an even weaker condition (1.10).

As pointed out in the discussion section in Kuang [5], both (1.9) and (1.10) have
much room for various improvements, and the 3/2 stability result for (1.1) should
provide at least one motivation for further improvement. This paper makes an
attempt toward this direction. More precisely, in this paper we will establish a 3/2
type criterion which further improve (1.9) and (1.10) to

rT < § <1 — bCK> . (1.12)
2 a

and so
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In other words, we will prove the following main theorem.
Theorem 1.1. If (1.12) holds, then every solution of (1.2)-(1.3) satisfies (1.6).

It is worth noting that when ¢ = 0, (1.12) reduces to the well-known criterion
r7 < % for globally asymptotic stability of the positive equilibrium of system (1.1).
But as mentioned in Kuang [5], none of the existing criteria for (1.2) can be reduced
to this condition. In other words, our result is comparable to the well-known 3/2
result for the uncontrolled delay logistic equation (1.1). A comparison seems to
suggest that the mechanism of the control in this model might be inappropriate
and new control mechanism should be introduced. For details of such a discussion,
see Section 4.

2. Preliminaries. For convenience, we define z(t), y(t), u, 4, B as follows:

o) =" 1y =0y (2.1)
beK r
=" A={, B=a (2.2)

Then (1.2) and (1.3) are transformed, respectively, into

@' (t) = — Al + x(®)]fx(t = 7) + py(t)]

(2.3)
y'(t) = B[=y(t) + x(t — 7)]
and
z(s) = ¢(s) = -1, y(0) =yo > —1,
(2.4)
¢(O) > _1a ¢€ C([—T,O],[—l,oo)).
Lemma 2.1. Let 0 < o < 1. The system of inequalities
y < (14 pa)exp [(1 = )z — S| -1
(2.5)

RS-
v <1—(1- py)exp [—(1 — )y — &13)3’2}

has a unique solution: (z,y) = (0,0) in the region D = {(z,y) : 0 <z < 1, 0 <
y < 1/p}.

Proof. Let

(1-p)? 5

6(1+u)y '

(1—p)? 2
6(14+p)
Then (2.5) can be written as

p(r) = (1—p)r - Y(y) = (1—py+

y < (14 px)er® —1,
(2.6)
<1 —(1—py)e vW,

Assume that (2.6) has another solution in the region D other than (0,0), say
(z0,90). Then 0 < zp < 1 and 0 < yg < 1/u. Define two curves I'; and I's as
follows:

Ty: y=1+px)e?® -1, Ty: z=1-(1—py)e ¥W. (2.7)
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By direct calculation, we have for curve I'y:

dy

= ]_7
dx (0,0)
Pyl (- pEp+2)Brt1)
da? | g,0) 3(1+4 p) ’
Pyl ol p)’2p+3)
da® (0,0) I+u ’
and for curve I'y:
dy| . Pyl _ (- (p+2)Bupt1)
dx ©0,0) T odx? 0.0) 3(1+ p) )
Byl p(l-wPep+3) (1= )P+ 2)2Bu+ 1)?
dz3 (0,0) 1+ p 3(1 + ,LL)Q

Hence I'y lies above I'y near (0,0). The existence of (zg, yo) implies that the curves
I'; and I's must intersect at a point in the region D besides (0,0). Let (z1,y1) be
the first such point, i.e. 7 is smallest. Then the slope of I'y at (z1,y1) is no less
than the slope of T'y at (z1,¥1), i.e.

1
w4 (1= py1)Y' (y1)

[+ (1 + py) @ (w1)]e ) > et

[+ (1+ pa)@ (@)][p+ (1 — pyo)d’ (y1)] > P @) =2l (2.8)

From (2.7), we have

—In(l—z1) = —In(l—py)+( —u)y1+my1
2 3 2
% % 1—p
= (,uyl—&-?yf-l-?yf’-l----)+(1—M)y1+ﬁy%
1, 1,4
< y1+§y1+§y1+-~-
= —hl(l—yl).

This implies that

z1 <Y1 (2.9)
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Using (2.9), we derive that
[+ (14 pa) @' ()]l + (1 = py1)d (v1)]

2 )2 2
- v [y e = [ s
p(l—p)® o o u(l—p)P [ 1—p
_73(1+N) (w1 +y7) + 31+ 1) [3(1+ﬂ) —u] x1y1(y1 — 1)
+N2(1_U)4 2 92

(12
_ _ 2
< 10 (gt ) - - A @ )
p(1 = p)* A=t 5,
7@2%1%(2/1 — 1) + mﬂfﬂh

< 1+(@1—p) (ﬁ—ﬂ) (y1 — 71)

and

It follows that

e =e@) _ [y 4 (14 py)e ()] [+ (1 — py)¥ (y1)]
(1—p)?

> [1 + (1 =p)(yr —x1) + m(ﬁ + y%)}
(

1
[ (g ) )

_ 1—p (1—p)?
= (1#){1+N3(1+M)](y1$1)+m
> 0,

(=7 + 1)

which contradicts (2.8). The proof is complete.

Lemma 2.2. Let (z(t),y(t)) be the solution of (2.3) and (2.4). If

3(1 —
ar < 30 =0 (2.10)
2(1+p)
then
“1<-14+(1- ,uM)e_3(1_“)M/2 <liminfz(t) <0 <limsupx(t) < M. (2.11)

t—o0 t— o0
where M = (1 + p)el = — 1.

Proof. By the method of steps, it is easy to prove that (x(t),y(t)) is defined for
all ¢ > 0 and satisfies

a(t) > -1, y(t)>—-1, t>0. (2.12)
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Substituting (2.12) into the first equation in (2.3) we get
a'(t) <A+ a@)][-x(t —7) +p] S AL+ ) +z(t)], t>t. (2.13)

There are two possibilities: x(t) is oscillatory about p or x(¢) is nonoscillatory about
L.
If (t) is not oscillatory about p, then there exists a t3 > t1 such that

either x(t) > pu for t >ty or z(t) < p for t > ts. (2.14)

Similar to the proof of Lemma 3.1 in [3], using (2.13) and (2.14) we can derive that

z(t) < (14 p)et ™" —1=M for large t. (2.15)

Indeed, if the second alternative in (2.14) holds, then (2.15) is obviously true (noting

that (1.12) implies u < 1 and hence pu < M). Suppose z(t) > u for t > to. Then,

by (2.13), 2’(t) < 0 for t > to + 7. It follows that the limit lim;_, o z(t) = xo exists

and zg > p. From (2.12)-(2.13), it is easy to show that zy = p < M and so (2.15)
also holds.

If z(t) is oscillatory about p, then we can choose an arbitrary local maximum
point ¢* of x(t) such that 2/(¢*) = 0 and z(¢t*) > p. By (2.13), 2(¢t* —7) < p. Thus,
there exists & € [t* — 7,t*) such that x(§) = u. For t € [, t*], integrating (2.13)
from t — 7 to £ we get

1+z(t—71)

B

<AL+ p)(E+T 1),

or
z(t—7) = -1+ 1+ p)exp[-AL+p)(§+7 1), <t <t
Substituting this into the first inequality in (2.13), we obtain
o'(t) < AL+ 2@))(1+ p{l —exp[-AQ+p) (€ +7— 1)}, §<t<t". (2.16)
Integrating (2.16) and using (2.10), we have

1+ p
< A+ - € — A+ p) /5 " expl AL+ (€ + 7 — D)
= i {ae - - FEEEAE O a1 e - o))
< (e {aee - g - LmoPEAEENEZ)

X exp {—(1 + 1) (H — A(t* _5))]}

< 3(12—#) 4 em30-p)2

< (1—p).
Consequently, we obtain
(t*) < (14 p)er* —1.

It follows from arbitrariness of ¢* that (2.15) holds and that v = limsup,_, . z(t) <
M. Since pe'=* < 1, it follows that uM < 1. Therefore, there exists a € > 0 such
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that (M +€) < 1. Let t3 > to such that (2.15) holds for ¢ > t3. Then, from (2.3)
and (2.15), we have again

y(t) = B {y(tg) +B /t:x(s—T)eBSds}

< e Bt [y(ty)eBt + M (Bt — eBt)]
— M as t — oo.
It follows that there exists a t4 > t3 such that
y(t) <M +e t>1ty. (2.17)
Substituting (2.15) and (2.17) into the first equation in (2.3) we get

2'(t) > —A[l + z(t)][x(t — ) + p(M + €)]
> —A(L+p) (M + )L+ 2(t)], t>ty.

Using (2.18), one can , in a similar way of Lemma 4.1 in [4], derive that
z(t) > (1 — p(M 4 €)e 30-mM+/2 1 5 1 for large t. (2.19)
This implies that
v =liminf z(t) > (1 — pM)e 30-WM/2 1 5 1,

t—o0

(2.18)

Next, we prove that v <0 < u. If v > 0, then, similar to (2.18), we can derive that
2'(t) < —A[l + z(t)]z(t — 1), for large t.

This implies that v = lim;, x(t) = 0, leading to a contradiction. Therefore,
v < 0. In a similar way, one can derive that u > 0. The proof is complete.

3. Main Results. In this section, we prove our main result (Theorem 1.1)), which
is a direct consequence of the following theorem.

Theorem 3.1. Assume that (2.10) holds. Then every solution (x(t),y(t)) of (2.3)
and (2.4) satisfies

Tim (a(2),9(8)) = (0,0). (3.)
Proof. Set
htm infz(t)=—v and limsupz(t) = u. (3.2)
—0 t—o0
In view of Lemma 2.2,
0<wv<l, 0<u<oo. (3.3)
In what follows, we show that v and u satisfy the inequalities
1— 2
1+u < (1+ pv)exp [(1—u)v— ﬁvﬂ (3.4)
and )
1
1—v>(1— pu)exp {—(1 — pwu — ﬁuﬂ . (3.5)

First, we prove that (3.4) holds. If u < pw, then (3.4) obviously holds. Therefore,
we will prove (3.4) only in the case when u > pv. For any € € (0, min{(1 —v), (u —
uv)}/4), it follows from (3.2) and (3.3) that there exist a t; > ¢ such that

—(n—eg=—v—e<z{t—T)<ute=u —€ t>1. (3.6)
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Then, from (2.3), we have

y(t) = e B [y(tl)eBt1 + B/t z(s — T)eBsds]

t1
< P yt)et + (- (et — )]

— U3 —€ as t— o0
and

y(t) = e P y(t)eP" — (v —e)(eP! — )]

— —(v1—¢) as t — o0.
Hence, we can choose a to > t; such that
—vp <y(t) <wuy, t>ta. (3.7)
Substituting (3.6) and (3.7) into the first equation in (2.3) we obtain
2(1) < AL+ o(@][—a(t — 1)+ pon] < AL+ a(®)], t>6  (38)
and
—a'(t) < A[l 4+ z(t)][x(t — 7) + pur] < Aus[l +2(t)], > to. (3.9)

where vy = (14 p)v1 and ug = (14 p)uy. Since u > pvq, we cannot have x(t) < pvy
eventually. On the other hand, if 2(t) > uv; eventually, then it follows from the
first inequality in (3.8) that x(¢) is nonincreasing and v = lim;_,oc 2 (¢) = pv;. This
is also impossible. Therefore, we assume that x(t) oscillates about pws .

Let {p,} be an increasing sequence such that p, > ta + 7,2'(pn) = 0, 2(pn) >
w1, limy, o0 pr, = 00 and limy, o0 (pn) = u. By (3.8), z(p, — 7) < pv1. Thus,
there exists &, € [pn, — T,pn] such that x(&,) = pvy. For t € [&,,py], integrating
(3.8) from ¢t — 7 to &, we get

14+ x(t—71)

1+$(§n) SAU2(€R+T_t>7

or
w(t—7) = =1+ (1+ pvr)exp[=Ava(§n + 7 = 1)}, & <t < pn.
Substituting this into the first inequality in (3.8), we obtain
a'(t) < All +2z(@®)](1 + pvi){1 — exp[—Av2 (& + 7 = 8)]}, & <t < py.
Combining this with (3.8), we have

a'(t)
1+ a(t)

< min{Avg, A(1+pv1){1—exp[—Ava (&, +7—1)|}},  &n <t < p,. (3.10)

To prove (3.4), we consider the following two possible cases.
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Case 1. A(p, —&,) < —-=1In[1 — (1 — p)v1]. Then by (2.10) and (3.10)

1
v2
1+ z(py)
14+ pvy

In

IN

A1+ pv1)(prn — &n) — A1 + pvy) /Epn exp[—Avy (&, + 7 —t)]dt
(1 + po1) {A(pn — &n)
~ explun(6, + 7~ po)l1 = exp(—Ava(pr — €)1

v
< (1 + UUl) {A(pn - gn) - - exp(_/:;&(pn — gn))

o[ (25}

If A(pp — &) < —5- In[1 = (1 = p)ui] < 3(1 — p1)/2(1 + pu), then

1+ z(pn)
1+ pvy

In

IN

(1) { = ol = (1= ]

ool (G220

(1) { =l = (1= ]

on G e

IA

1+ pvy 1

T 1tu {_v_lln[l—(l—u)vl]
—(1—p) [1 - wvl —In[l—(1- M)vl]] }

= 11++M;11 {_vll[l—(1—u)vl]ln[1—(1_ﬂ)vl]_(1_’u)+ 3(1;,@ Ul}

1+ pvq ) (1—M)3 ,
= 1+p {(1_M) V1T g ”1}

(1_,“)2 2

< (1—M)01—6(1+N)vl.

In the above third inequality, we have used the following inequality

1= (L= ] Inf1 — (1~ o]
2 3 (3.11)
> —(1— p)vy + (1;“) vi + (176”) v3.

It A(pn — &) < 3(1— 1)/2(1 + 1) < =L In[1 — (1 — o], then

3 1 1—p L—p  (1=p)?,
o)< ——Tnfl—(1— < 1- -
S0 =) <~ all = (L= ] € T o - B
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which implies that (1 — u)v; > 1/2. Hence,

Case 2.

vy

{222 (o)
By A
< S - Ja- 0 - S0 e+ - 0t

-t}
= D) R0 e = {0t + (1 - et
< U oy G0 e}
< (- v — &;ﬁj 3

_%1]0[1_(1_”)111] < Alpn—&,) <3(1—p)/2(1+p). Choose Iy, € (&n,pn)

such that A(p, —l,) = 7% In[1 — (1 — p)vy]. Then by (2.10) and (3.10),

IN

IN

IN

IN

o L+ zn)
14 py

Ava(ln — €n) + (1 4 1) {A(pn ) -A /lp" exp|—Ava(En + 7 — t)]dt}

n

1

Avg(ln — &) + (1 + p1)

x {A<pn o) = o oxpl- vl + 7~ )1~ expl—Ava(r - znm}

AvQ(ln - gn) =+ (1 + UUI) {A(pn - ln) - 1 — z eXP[—sz(ﬁn + 7 —pn)]}

A”U"_50*41+NW){A@n—h)—%i%—%1;ZAw@ﬁ+r—pw}
Avet + (1 = v1)Alpn — ) — ;—Z
1—
ATvg — E(l — Ul)ln[l — (1 — M)Ul] — ﬁ
3 1 —p)(1 —)2(1 42
lom
T+ p
(1= p)?(142p) ,
o=y
_ 2
(1= pvy — (1—p) 5

6(1+u)v1'
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In the above fourth inequality, we have used the following inequality

(1—MX1+ML9+(1—MVU+2MU3
2 1 6 r

Combining Case 1 with Case 2, we have proved that

Nl )
1+ pv

(I—v)In[l =1 —=pu]>—(1-pvy+

1— 2
1 (L=p)” 2 g

< (1 —p)vy — mvla

Letting n — oo and € — 0, we have
1 1—p)?
n tu < (lfp)vfﬂv?
1+ pw 6(1+ p)
This shows that (3.4) holds. Next, we will prove that (3.5) holds as well. From
(3.4), we have

1

w< (T4 p)et ™ —1<2, pu<p[(l+ )" —1]<wv<1. (3.12)

If v < pu, then (3.5) holds naturally. Thus we may assume, without loss of general-
ity, that v > pu;. In view of this and (3.9), we can show that neither z(t) > —puy
eventually nor z(t) < —puy eventually. Therefore, :(¢) oscillates about —puy.

Let {¢,} be an increasing sequence such that ¢, > ta + 7,2'(¢n) = 0,2(¢n) <
—pug, limy, oo g = o0 and lim, o (¢n) = —v. By (3.9), (¢, — 7) > —pus.
Thus, there exists 7, € [qn — T, ¢n] such that z(n,) = —pur. For t € [, qnl,
integrating (3.9) from ¢ — 7 to 7, we have

x(t—7) < (1— puy)expl[Aug(n, + 7 =) — 1, 1, <t <gqp.
Substituting this into the first inequality in (3.9), we obtain
2/ (t) < A[L+ 2(®)(1 — ) {explAus(in + 7 — ] 1}, 70 <t < g
Combining this with (3.9), we have
a'(t)
1+ 2(t)

There are two possibilities:

< min{Au27A(lflu‘ul){exp[AUQ(nn+77t)}71}}7 M <t < gn. (313)

Case 1. A(gn, —mn) < 38;’3 - u% In[1 + (1 — pw)uq]. Integrating (3.13) from 7, to

qn and using the inequality

mu+u—umﬂ>%ﬂ—uWr-(;:£ﬁv
we have
—m%?%? Auz(gn — 1)
< W{%%i%-qémﬂ+ﬂ—ﬂmﬂ}
- gu_uml—mu+u—uWﬂ
< ﬂ—uﬁu+(y_m2ﬁ-

6(1+ p)



276 X. H. TANG AND X. ZOU

Case 2. A(gn, —nn) > 38;’3 - u—12 In[1+ (1 — p)uq]. Choose hy, € (1, gn) such that

Al =) = 30— L hafi+ (1 = )

Then by (2.10),(3.13) we have

1+ 2(qn)
1 — puy

Auty( — 1) + (1 — puuy) {A /
= Auz(hp —mn) + (1 — pur)
1
{ o lexp(duain + 7= 1) = explAua(ia + 7~ 4.)] = Alga — o)
= Au2(hn - nn) - A<1 - ,U/ul)(qn - hn)

L —puy 4 3(1—p) ~ Aus(gn—
+ e TUu2 1 + 1 _ uile _ u —e U2(qn 7771,)
{[ ( p)u] XP( 20+ p) 2

—1In

qn

IN

exp[Aus(n, + 7 —t)]dt — A(qn — hn)}

n

U2

Aug(hn = 1) — A(L = pur ) (gn — ha)

41 *u:“” {1 + (1 — p)uy — exp {uz (M — Algn — ”")ﬂ }
Aug(hn — 1) — AL = pur)(gn — ha)

s = e [ - A - )|

U2

IA

IN

L—p
= (L ) Al = 1) = s (1= pn)
_ 30wy Qruw)mfird-pu]  t-p o
N 2(1—&—/1)(1jL v (14 p)ur 2(1+p)(1 )
Lop o (L=p)?(L42p) ,
T+p ! 6(1+ 1) !
(1_M)2u2
6(1+pu) =

In the above fourth inequality, we have used the following inequality
A—p)Atp) 5 (1—p)?1+2p) 4
ujy — uy.
2 6
Combining Case 1 with Case 2, we have shown that

1+ 2(qn)
1 — puy

IN

< (1-pu+

(I+u) [l + (1= pu] = (1= p)ug +

1— 2

—1
! 61+ "

2, ...

Letting n — oo and € — 0, we have

1- 1— )
—In sl put ﬂuz,
1— pu 6(1+p)

which implies that (3.5) holds. In view of Lemma 2.1, it follows from (3.4) and
(3.5) that w = v = 0. Thus, lim;—,« (2(t), y(t)) = (0,0). The proof is complete.

As a corollary of Theorem 3.1, we immediately obtain Theorem 1.1.
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4. Discussion. We establish a criterion (1.12) for the global stability of the the
positive equilibrium of system (1.2), which improves the existing ones. Another
merit of our main result is that it is related to the well-known 3/2 stability criterion
for the uncontrolled system (1.1). Although it remains open if 3/2 serves as the
benchmark for r7 for the global asymptotic stability of (1.1), it is acknowledged to
be the best bound for 7 so far obtained. When it comes to (1.2), to the best of our
knowledge, (1.12) gives the best estimate for r7 in the same context. Note that the
bound in (1.2) reduces to 3/2 when bc = 0 (uncontrolled), but is actually lower than
3/2 when be > 0 which means more restrictive for r7. This seems to suggest that
the introduction of the control mechanism as in (1.2) is a failure. A further look
at this model, we see that the control term is introduced into the model in such a
way that it serves as a term in the per capita growth function, and in reality this is
almost impossible to implement, and thus, makes little sense. More reasonable way
might be to think the control as an inhibiting term, and replace the first equation
of (1.2) by

n' () = rn(t) [1 - ”(tKT)] —u(t). (4.1)

This would enable us to interpret the second equation of (1.2) as: the change rate
of control force = the need of control that is proportional to the density of n(t — 7)
- the cost of the control (assuming it costs a for each unit of control force). This
is, of course, a completely different model and may require very different methods
of analysis. We have to leave it as a future project.

On the other hand, the population component n* of the equilibrium of (1.2) (see
(1.4)) is also lower than the equilibrium K of the un-controlled system (1.1), and
this is not desirable if the population under consideration is a favorable species.
This also suggests consideration of other new control mechanism.

Also, it has been suggested that a proper single species growth model should
identify the birth and death processes, that is N’(¢) = birth rate -death rate.
Typically, the birth rate is a delayed term b(N (¢t — 7)), due to the maturation of the
species, such as N(t — 7)e"*N(=7) as is used in the Nicholson’s blowflies model,
where 7 is the specific birth rate of an adult, and « is the so-called through-stage
survival rate, and 7 is the maturation delay; or other one hump shape functions for

b(+).

Acknowledgements. This work is supported by NNSF of China and NSERC
of Canada. The authors would like to thank one of the referees for his valuable
suggestions for the discussion section.

REFERENCES

[1] M. A. Aizerman and F. R. Gantmacher, Absolute stability of regulator systems, Holden Day,
San Francisco, 1964.

[2] K. Gopalsamy, Stability and Oscillations in Delay Differential Equations of Population Dy-
namics, Kluwer Academic Publishers, Boston, 1992.

[3] K. Gopalsamy and Pei-Xuan Weng, Feedback regulation of logistic growth, Internat. J. Math.
and Math. Sci. 16(1993), 177-192.

[4] Y. Kuang, Delay Differential Equations with Applications in Population Dynamics, Academic
Press, Boston, 1993.

[5] Y. Kuang, Global stability in delay differential systems without dominating instantaneous
negative feedbacks, J. Differential Equations, 19(1995), 503-532.

[6] B. S. Lalli, J. S. Yu and Ming-Po Chen, Feedback regulation of logistic growth, Dynamic
Systems and Applications, 5(1996), 117-124.



278 X. H. TANG AND X. ZOU

[7] Joseph W.-H. So and J. S. Yu, Global attractivity for a population model with time delay,
Proc. Amer. Math. Soc. 123(1995), 2687-2694.

[8] E. M. Wright, A non-linear difference-differential equation, J. Reine Angew. Math. 494(1955),
66-87.

Received May 2001; revised October 2001.

E-mail address: xhtang@public.cs.hn.cn
E-mail address: xzou@math.mun.ca



