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dissipativity of variable-stepsize Runge-Kutta methods is analyzed and hence some new
numerical dissipative criteria are derived. The resulting dissipative criteria extend and im-
prove the existing results. Especially, for the algebraically stable variable-stepsize Runge-
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1. Introduction

In this paper, we study the long time behavior of variable stpesize Runge-Kutta (RK) methods for Volterra functional
differential equations (VFDEs, or rewritten as Retarded functional differential equations, RFDEs)

yt)=f(t.y®).y()), t=0, (1)
yt)=¢(t), -1 <t<0, .

where t is a positive constant, ¢ is a given initial function. Equations of this type arise in many applications such as con-
trol theory, population dynamics, heat conduction in materials with thermal memory, biosciences, and so on (see [1,25,64],
and references therein). Especially, Nicholson blowflies models have been extensively used to model various biological phe-
nomena including production of blood cells (see, e.g., [4,6,16,32,33,39,42,43]). Much work has been devoted to the stability
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and convergence of numerical methods for VFDEs (see, e.g., [2,3,15,24,29-31,35,36,51,52,55]). In this paper, we investigate
the dissipativity of numerical methods for VFDEs (1.1) and apply the results obtained to Nicholson blowflies model with
variable delay or distributed delay, and diffusive Nicholson blowflies equations with multiple delays.

Many interesting problems in physics and engineering are modeled by dissipative dynamical systems which are char-
acterized by the property of possessing a bounded absorbing set that all trajectories enter in a finite time and thereafter
remain inside (see, e.g., [38,41,44]). From a computational point of view, it is important to study the potential of numeri-
cal methods in preserving the qualitative behavior of the underlying system. At the end of the last century, many papers
have been focused on the dissipativity analysis of the exact and numerical solution of ordinary differential equations (ODEs,
see [18,19,23,40,41]). Delay different equations (DDEs) and more general VFDEs are essentially different from ODEs because
they are infinite dimensional in the sense of their phase space. Since the last decade, a very intensive investigation of nu-
merical methods for dissipative DDEs has been started (see, for example, [13,20-22,45-47]). The numerical dissipativity of
integro-differential equations (IDEs) and delay integro-differential equations (DIDEs) has been also investigated [11,12,37].
Recently, the exact and numerical dissipativity of neutral delay differential equations (NDDEs, see, [14,49,50,53,56,60,65])
and neutral delay integro-differential equations (NDIDEs, see, e.g., [34,61,62,66]) also have been investigated. The dissipative
investigation of equations (1.1) is less developed than the study of their particular cases, DDEs and DIDEs. Among those
papers related to our discussions on (1.1) we refer to the papers [48,52,58,59,63]. Observe that all these numerical dissipa-
tivity investigations into VFDEs including its special cases, DDEs, IDEs and DIDEs, are based on numerical approximation by
fixed time-stepping methods. However, most algorithms used in practice allow the timesteps to change from one step to the
next. In fact, variable stepsizes are often essential to obtain computationally efficient, accurate results for solutions of time
dependent differential equation with different time scales since the variable step-size methods allow us take different time
stepsizes for different time scales, i.e., small time step-sizes for the time domain with solution rapidly varying and large for
the time domain with solutions slowly changing (see, e.g., recent paper [57]). For VFDEs, variable stepsizes methods are even
more important because the solution to this class of equations is generally not sufficiently smooth and has breaking points
(see, e.g., [2,3,25]). Then, one of the purpose of this paper is to study the numerical dissipativity of the variable-stepsize RK
methods applied to the nonlinear VFDEs (1.1) because they are one of the most popular time-stepping methods (see, e.g.,
[8,9,17,29]).

Let us denote by H the real or complex Hilbert space with inner product (-,-) and corresponding norm || - ||. Let X be
a dense continuously embedded subspace of H, and B(0,r) ={x e H: ||x|| < r} for any r > 0. Let Z* denote the set of all
positive integers. Define Cx[a, b] as the set of all continuous functions on interval [a, b]. Suppose that f: [0, +o00) x X x
Cx[—-7, +o0) — H is a locally Lipschitz continuous function and satisfies the following conditions:

Ne(f(t.y. v ()).y) §V+Ot||}’||2+ﬂt max I I

—Ha () <E<t—pu4 (t)

t>0,yeX ¥ e [-T,+00), (1.2)
where the functions w1 (t) and w,(t) are assumed to satisfy

0<pi(t) < pa(t) <t+t, Vt=0, (13)

t—pa(t) > +o0  as  t— oo, (1.4)

and @ <0, B >0, y >0 are constants. Note that the conditions (1.3) and (1.4) allow the delay to be infinite. Then the
proportional delay differential equations are covered by the initial value problem (1.1).

A bounded closed set B is called an absorbing set for (1.1) if V¢ € Cx[—7, 0], there exists t* =t*(¢) such that y(t)
B Vt > t*. The system (1.1) is termed dissipative if a bounded absorbing set exists. Then under the structural assumption
(1.2), (1.1) is dissipative as stated in the following theorem [59].

Proposition 1.1 (see Wen, Yu and Wang [59]). Suppose that y(t) is a solution of the problem (1.1) satisfying the condition
(1.2)-(1.4) and

a+pB<0. (1.5)
Then
(i) for any given € > 0, there exists a positive number t* = t*(||p||, €), such that
Y
O < —F—+e€,  Vt=t% (16
O = = g )

(ii) for any given € > 0, the system (1.1) is dissipative with an absorbing set
B=B(0,/y/[-(a+B)]+e).

The problem whether the numerical and exact solutions admit a related asymptotic behavior on the unbounded domain
is an important theoretical question about their numerical approximations. On the basis of the above analytical dissipativity
results, Wen et al. [63] and Wang [52] investigated simultaneously the numerical dissipativity of (k, I)-algebraically stable
RK methods. It follows from the performed analysis in Wen et al. [63] that if

h(a + pB) <2l (1.7)
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where h is a fixed time stepsize and

dcz
>1 1.8
G-G~ (1.8)
(the definitions of d, c;, C; and C, are given in Sections 2 and 3), then a (k, [)-algebraically stable RK method with k < 1 for
nonlinear VFDEs (1.1) is dissipative. Comparing the conditions (1.5) and (1.7) for the numerical and exact dissipativity, We
can find a gap between these conditions. On the one hand, it is easy to verify that a (k, [)-algebraically stable RK method
with k < 1 has | <0, which implies that

o+pp <0. (1.9)

Condition (1.9) with p > 1 is obviously stronger than the exact dissipative condition (1.5). Comparison of conditions (1.9) and
(1.5) also reveals that the methods with p =1 can retain the dissipative property of the underlying system for all stepsize
h > 0. For this type of methods, from the result in Wen et al. [63] we can only find one, the implicit Euler method with
linear interpolation. Thus, searching other methods with p =1 motivate us to study further the dissipativity of the high
order RK methods. On the other hand, when condition (1.5) holds, which implies the system (1.1) is dissipative, but for a
(k, I)-algebraically stable RK method with p > 1, if

o+pB >0, (1.10)

we can not obtain any results for this method from the paper [63]. The aim of this paper is, among others, to fill in this
gap and investigate the conditional dissipativity of numerical methods, that is, under a stepsize restriction, the method can
preserve exactly the dissipativity of the underlying system. Note that the conditional stability of RK methods for variable
delay DDEs has been investigated in Wang and Li [51].

Nicholson blowflies model and its formulations using discrete, periodic, and diffusive equations have been extensively
studied in the literature; see [4,6,16,32,33,39,42,43] and references therein. In this paper, we will apply our theoretical results
and dissipativity-preserving numerical methods to nonlinear Nicholson blowflies, including variable delay model, integro-
differential Nicholson’s model, and diffusive model with multiple delays.

The paper is organized as follows. In Section 2, for the presentation of the subsequent results, we introduce the variable-
stepsize RK methods applied to VFDEs and review some related concepts and conclusions. In Section 3, the conditional dissi-
pativity of variable-stepsize RK methods is analyzed and hence some numerical dissipative criteria are derived. In Section 4,
in order to relax the restriction of condition (1.9) and reduce the value of parameter p, a sharper approach to compute C;
and G, is introduced. In Section 5, we further study the dissipativity of algebraically stable RK methods and obtain a sharper
numerically dissipative result. In Section 6, for giving an numerical illustration to our dissipative results, we apply some
concrete variable-stepsize RK methods to the three classes of nonlinear Nicholson’s blowflies models. The presented numer-
ical examples verify our theoretical results. In Section 7, we summary the whole paper and compare the existed correlative
results and our findings.

D=

2. The variable-stepsize RK methods applied to VFDEs

In this section, we will consider the application of variable-stepsize RK methods to (1.1). Let (A, bT,c) denote a given
RK method characterized by the s x s matrix A = (a;;) and vectors b = [by, ..., bs]', ¢ =[cy, ..., cs]". In this paper we always
assume that Y5 b; =1 and ¢; = >-j_; a;; € [0, 1]. An s-stage RK method (A, b, c) for ODEs together with an appropriate
piecewise interpolation operator 7" can generally leads to an s-stage RK method (A, b7, c, 7h):

YO =7t d. v Y2 Ynr). —T <t =<tp1,

Y™ = yn+ ooy Sjn @ f (6 YV 0O, =100, (21)

Y1 =Yn+ Mo Zj’:1 b;f(t, . Yj(n)syh(‘)),
for solving problem (1.1) in VFDEs. Here, t, are mesh points, I, 1 = ty41 — tn, tyj = tn + Cjhy4q, the interpolation function
yh(t) is an approximation to the true solution y(t) of the problem (1.1), y, and Yj(”) are approximations to y(tn) and y(t; ;),
respectively. For simplicity, we always assume that the interpolation operator 7" satisfies the following condition:

Cn maxn(t*)sisn ”J/i”’ Tl(f*) = 07 (2.2)

h
max ||7"(t; ¢, y1, ..., =
nsrgrn” EP 1yl {cnmax{maxmfnIlyfll.maxf<t<oll¢(t)ll}, n(t.) <0,

where —7 <t, <tp, y;€X, i=1,2,...,n. The integer n is assumed to be greater than A, where N denotes the number
of additional starting values, which are occasionally needed for the interpolation at the first integration step. The function
n(t) is defined by

n(t) =min{m: meZt, tm zt}—p*, (2.3)

where p, denotes a positive integer depending only on the procedure of the interpolation. The constant c; > 1 is of moder-
ate size and independent of t,, n, y; and ¢. In this paper we consider quasi-uniform meshes, that is, there exists a constant
¢, > 1 such that 1/c, < hp/hyq < c,. Let hyin = infy,cz+ by and hmax = sup,cz+ hn.

3
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We will assume throughout the paper that for every implicit Eq. (2.1) there exists a unique solution Y™ =
[Yl(”),...,Ys(")] € X5. For the sake of brevity, we introduce the following notations. For any nonnegative diagonal matrix
D = diag(d,y, d>, ..., ds), we define a pseudo-inner product and the corresponding pseudo-norm on X° by

N
(Y.Z)p =" di(¥;.Z)), Yl =(V.Y)>
j=1

YZ[Yl,Yz,...,YS]EXS, ZZ[Z],Zz,...,ZS]GXS.

It is easy to verify that when D is positive definite, they are the inner product and the norm on X5 respectively.
The following concepts for RK method (A, bT, ¢) will play the important roles in the subsequent analysis.

Definition 2.1. (see Burrage and Butcher [5]) Let k, I be real constants. A RK method (A, bT,¢) (or (A, b7, c, ")) is said to
be (k,l)-algebraically stable if there exists a diagonal nonnegative matrix D = diag(dy, d>, ..., ds) such that M = [M;;] is
nonnegative definite, where

—1_ T TN _ hl _ T
Mz[k 1 —2le"De eTD — bT — 21e"DA }

De—b—2IATDe DA+ ATD — bb — 2IATDA (24)

A=[a;j] e R, b=[by, by, ..., bs]T eRfand e=[1,1,..., 1]7. In particular, a (1,0)-algebraically stable method is called alge-
braically stable.

Some (k, I)-algebraically stable RK methods have been given in Burrage and Butcher [5] and Hairer and Wanner [17].
Generally, given [, we can calculate the value k. Since D is a nonnegative matrix, it is easy to verify that [ <0 if k < 1.

Definition 2.2. The stability function of a RK method (A, b”, ¢) is defined by

R(z)=1+zb"(-2zA)e. (2.5)
Definition 2.3. (See [17]). The method (A, bT, ¢) is said to be strongly stable at oo if

[R(c0)| = |1 —bTA Te| <1, (2.6)
and said to be stiffly accurate if

as = b;, i=1,2,...,s. (2.7)

Definition 2.4. (See [7,9]). A method is DJ-reducible if, for some non-empty index set S c {1, ...,s},
bj=0 for jeS and a;=0 for i¢S$, jeS. (2.8)
It is otherwise DJ-irreducible.
We recall from Dahlquist and Jeltsch [7] (see also [9]), that a DJ-irreducible, algebraically stable method satisfies
b; > 0, i=1,2,...,s. (2.9)

Definition 2.5. (see [20,23,41]). A RK method (A, bT, ¢, m") is said to be dissipative if, whenever the method is applied with
variable stepsize h, to a dynamical system of the form (1.1) subject to (1.2)-(1.5), there exists a constant r such that, for any
function ¢ (t), there exists an No (@, hpin, fmax), ¢ = max {supfrgso Il @) 1l, maxq<jon [lyill } such that

lyall <1, n=No. (2.10)
3. The dissipativity of variable-stepsize RK methods

This section will focus on the dissipative analysis of variable-stepsize RK methods for system (1.1) and establish the
dissipative criteria of the methods. To this end, we first give a lemma.

Lemma 3.1. Let problem (1.1) satisfy the condition (1.2)-(1.4). Assume that the method (A,bT,c,m") for (1.1) is (k,I)-

algebraically stable with nonnegative matrix D = diag(dy, dy, ..., ds) and 0 < k < 1, the interpolation operator " satisfies con-
dition (2.2), and there exist constants C; > G, > 0, which depend only on the method, such that

Re(Y ™., DY ™) = Cillynill? = Cllynll? (31)
and

2(athyy — D(C = G) +2c2 Bdhpy <1 —k. (3.2)
Then, when ah, 1 <1, we have

a2 < {G(hn+1) maXg-i<n [yill® + 11 (hn_ﬂ), for Tl(fn) >0, (3.3)

0 (hps1) max {maxy iz lyill?, @2} + 11 (haja),  for n(@) <0,

4
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where the functions o (h) and ry(h) are defined by
k —2(ah — )G, + 2¢2 Bdh
1-2(ah -1 ’

2hdy

o(h) = 1—2(ah —1)C; — 2c2 Bdh’

ri(h) =

and
N

dZZdj, fnz{giigs{tn‘i‘cihnﬂ — Mo (tn + Cihny1)}, ﬁ:min{nin(fn)}-
= ==

Proof. As in Burrage and Butcher [5] and Humphries and Stuart [23], we can easily obtain that

[Ynsall> = kllyall> =2 djme(Yj("), P f (. Yj("),yhﬂ)) - le(")) ==Y Mij{Q. Q).

j=1 i=1 j=1
where Q; = yn, Q = huy1 ftni 1. Y Y1) i=2.3, ... s+ 1.
Using the (k, I)-algebraic stability of the method and (1.2), we have
[Yns1ll? < kllyall® + 2hnpady +2(athny = DIY©UF +28dhng nax Iy" 112

th<t<tp1
By the condition (3.1) and ah,,1 <[, from the above inequality, we further give

Wyasall® < klyall? +2huiady +2(@hass = D[G I = Glyall*] +2Bdhn. max [y" @],
n=C=lni1

which leads to

(1= 2(hnr = DG IynalI? =< [k = 2(cthair = DGIllyall® + 2hyady +2Bdha max [ly" ()]

In=<t=<lp41

By means of the canonical condition (2.2), we get

“max [Y"(®)? = max 7"ty ...yl

th=<t=<tp4 fh=<t=tniq

2 maX, ¢ )<i<n+1 llyill?, n(tn) = 0,
C% max {maxlgisnﬂ lyill?, max_z<r<o ”¢(t)”2}7 n(tn) < 0.

Now we consider the following two cases successively.
Case 1. n(f) > 0. In this case, substitute (3.7) into (3.6) to obtain

[1 = 2@haes = DG Init I = [k = 2(@haes — DG 1llyal> + 2k, 1dy
+2Bdhy 12 max lyil?

n(tn)<i<n+1

If max, ¢ ini1 Ilyill? = l|¥n411?, noting that condition (3.2) implies 1 — 2(ahy,; — C; —2B8c2dh, ., >0 and
k — 2(0{hn+] — I)Cz - k — 2(Olhn+1 — I)Cz + 2Ciﬂdhn+1
1- 2(Olhn+] — l)C] — 2C72.“3dhn+] - 1- 2((1hn+] — l)C] ’

then we have
”y ”2 < k— 2(Olhn+1 — l)Cz
= T2 2oty — DG — 2¢2 Bdhy,
=< U(hnﬂ)”}’n”z + 11 (hpg1);
otherwise, (3.8) yields

k — 2(Othn+] — I)Cz + ZC%,BdhnH 2 2hn+1d]/
ma. i .
T 2@h DG e W 7560, 16

Case 2. (f;) < 0. It follows from (3.6) and (3.7) that
[1=2(ahpe1 = DG lYnaa I? < [k —2(ahyyq — I)CZ]”yn”z + 2hy 1 dy

+2Bdhy ¢ max | max 12, max [9(0)]2).

2hn+ldV
1—2(athpsy — G — 282 dhy iy

llynll® +

lyns1 I? <

Then, following a similar line, (3.11) yields (3.3).
Thus, the proof of Lemma 3.1 is completed. O
Notice that for the case of 8 =0, we get the following inequality

k—2(ahp — DG 2hyady
1-2(ahy — DG 1-2(ahy = DG

Iyniall* < llynll® + ahyyq <1

5
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Based on Lemma 3.1, we give the main result of this section.

Theorem 3.1. Let problem (1.1) satisfy condition (1.2)-(1.4). Assume that the method (A, bT, c, w") for (1.1) is (k, 1)-algebraically
stable with nonnegative matrix D = diag(d;,ds, ..., ds) and 0 <k <1, the interpolation operator " satisfies condition (2.2),
and there exist constants C; > C, > 0, which depend only on the method, such that (3.1) holds. Then the method is dissipative
whenever
ahpyr <1, (@+pPhn <q, Vn=>1, (313)
where
_dc _1 1-k

Cg=lt
G-G 2(G-G)
Proof. As done in Li [29], we can construct a strictly increased sequence of integers {ng} which diverges to +oco as @ —
400, such that
t=7(t) > tayp,, VE>ln,,,

where ng = 0. In fact, suppose that ng (@ > 0) has been chosen appropriately. Since lim;_, ; (t — 73(t)) = +00, we can
get a constant M; > 0 such that for all t > My, the inequality t — 75 (t) > tn, +p, holds. Since limp_, 1 th = +00, we can get
a constant M, > 0 such that for all n > M,, the inequality t, > M; holds. We thus choose n, .1 = max{ng + 1, M, N}, in
order to have the relations ng ,q > ngy and

fi =: min {n, n(fn)} > Ny, n> Mgy (3.14)

Observe first that condition (o« + pB)h,,q < q implies that (3.2) holds. Then for any given integers @ >1 and j=
1,2,..., Ny 41 — Ng, it follows from (3.3) that

”}’nmﬂ'”z = 1—‘(hmina hmax) Amax ”yi”2 + CI)(hmina hmax)
Ny +j—1<i<ng+j-1
< I'(hpin, hmax) N +lrnia)1§ i1 ”.Vl'”z + @ (hmin, hmax), (3.15)
w-1+H1=1=Nm+]—
where
) _ o (hpin) if Ol(C]k—Cz)-i-C%,Bd(]-i-ZlC]) <0,
I (hrmin. Mmax) = {a(hmax) if @(Cik—Co)+c2Bd(1 +2IC;) = 0: (316)
' _Jri(hmin) if 142IG <0,
cD(hmlny hmax) - {rl (hmax) lf 1 +21C] Z 0 (317)
Then we further have
Cmax lyll? < T (hmin, hmax) — max—1yill? + @ (hayin, hmax). (3.18)
o <I=Ng 11 -1 <1=Ng 11

where we have used the fact that when «(Cik — G) + c2 Bd(1 + 2IC;) < 0 the function o (h) is monotone decreasing, and
conversely it is monotone increasing. The similar property of the function rq(h) is also used here.
As an important step toward the proof of this theorem, we show that

D (hmin, hmax)

2 2
i I' (hpin. h i —_— 3.19
,,max Iyill* < T (hmin max)nmglggénm lyill* + 3= N~ (3.19)
where we have used T (hyp, hmax) < 1 which can be derived from (o + pB)h, <q, neZt.
In fact, if max, , _i<n, ., [Vill> = maxy, <icn ., [yill?, from (3.18), one easily gets
n 1333( ||yi||2 = F(hminw hmax) n 1333( ”.yi”2 + cID(hmins hmax)s
which leads to
D (hpin, hmax)
2 min> '*max
max il < ——7i—77—; 3.20
Ny <i<Ngy 41 yill™ =< 1 —I" (hmin, hmax) ( :
otherwise, (3.18) yields
n n?ag( ”}/1”2 = l_‘(hminy hmax) n maixn ”}/1”2 + qD(hmins hmax)- (321)
o <1<Ng 1 w-1<I=Ng
Now, from (3.19), by induction, we have
; D (R, Bmax) ;
max  lyill* < (I (hmin. hmax))’ ~ max Iyill? + —= Z (T (himin. hmax))’. (3.22)
Mgy <i<Mgr 41 Ny <i<Mgy_j11 1 =T (hpin, Amax) par:
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Then for any € > 0, letting
vV q)(hminv hmax)
T(hmin, h = ———F———+E€,
( min max) 1 _ F(hmin, hmax)

and using (3.22), we have that there exists an Ny, which depends on ¢(t), additional starting values yq, ..., ¥, hpin, and
hmax, such that

lynll < 7(Amin, hmax), 1= No.
This completes the proof. O

If we go into the details of the induction, we can obtain the following inequality

. _ (D(hminv hmax)
lynll < r(hmin, Amax) = 1/ m +¢€, n=No. (3.23)

As a matter of fact, if there exists an integer @ > 1 such that (3.20) holds, then for max, . i<, ., llyill2, we have, from
(3.20)

”2 < CD(hmin, hmax)

max i —— o mas .
Ny 41 <i<Ney 42 ”}/1 = 1 =T (hmin. hmax)
or, from (3.21),
max Iyill* < T (hmin. hmax) max 1Yill? + @ (hmin., hmax)
Ney 11 <1=Ngy 42 Ny <1<Ngy 41

IA

D (hmin, h
I i, i) i Amox) i)

- % (3.24)
Then by induction, we get (3.23). In the other case where for any integer @ > 1, (3.20) doesn’t hold, we get (3.23) from
(3.2131).the practical usage of Theorem 3.1, for a (k,[)—algebraically stable RK method, we can consider the following two
Caseésa:se 1. The condition (1.9) holds, that is, & + pf < 0. Then when stepsize h,,; satisfies

! q
ax{ot’oe+pﬂ} < hpyq,

this method is dissipative; especially, for an algebraically stable RK method, we have the following corollary which states
that for any variable stepsize this method is dissipative.

Corollary 3.1. Let problem (1.1) satisfy condition (1.2)-(1.4). Assume that the method (A, bT, c, m") for (1.1) is algebraically stable,
the interpolation operator m" satisfies condition (2.2), and there exist constants C; > C, > 0, which depend only on the method,
such that (3.1) holds. Then, for any variable stepsize, the method (A, bT, c, ") is dissipative whenever o + pB < 0 with

b= G .
G -G
Proof. Noting that in this case, D = B = diag(by, by, ..., bs), a(Cik — Cy) 4+ c2 Bd(1 +2IC;) = a(C; — G) + 2 Bd < 0 and o (h)
is a decreasing function, as done in Theorem 3.1, we can easily prove this corollary. O

Case 2. The condition (1.10) holds, that is, @ + pB >0, and « + 8 <0, which implies that the underlying system
is dissipative. Let us emphasize that for this case we can not obtain any results from previous literatures. But from
Theorem 3.1 when q > 0 we can choose the stepsize h,,; satisfying

! q
—<h < —,
o n+1 o +Pﬁ
such that this method is dissipative.
Now let us give some examples to illustrate these cases.
Example 3.1. Consider one-leg 6-method

6|6
1
where we assume 0 > 1/2. From [5], we know that when [ < 1/6 it is (k, I)-algebraically stable with k = x2 and
1+1(1-9) 201
X = {+1_ze N (=h

1-0 20-1
7 < =55y

5
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On the other hand, we have

IYON? = [18yns1 + (1 = O)yall> = 20 = DIOlynia 1> — (1 =) llyall®], (3.25)
which implies that the method satisfies condition (3.1) with C; = (20 —1)8x and G, = (20 —1)(1 —6)x. Then when
a+pf=o+ (20/9 0z < 0, we can choose [ = 0 such that for any variable stepsize, this method with piecewise linear inter-

polation is dissipative. In particular, for the backward Euler method, p = 1, which implies that the backward Euler method

with piecewise linear interpolation can preserve the dissipativity of the underlying systems. When p = (29 @2 >1 and

B < —a < pB, we can choose | = 29(1 9) and stepsizes satisfying
20 —1 220 - 1)
3001 =@) = min = hmax < Hp 53,75

such that (3.13) holds, and therefore this method is dissipative under this stepsize restriction.

(3.26)

4. The computation of constants C; and G,

It is remarkable that the inequality (3.1) and the constants C; and G, in it play the important role in the above analysis.
In view of this, the author in Li [29] presented an approach to compute them for two classes of algebraically stable RK
methods: (i) A nonsingular, b > 0, and strongly stable at oo; (ii) b > 0 and stiffly accurate. In order to compute C; and G,
more accurately, in the following, we give a theorem for strongly stable RK methods.

Theorem 4.1. Assume that RK method (A,bT,c, ") is Dj-irreducible and strongly stable at oo. Then, for matrix D=
diag(dq, ds, ..., ds) withd; >0 (i=1,2,..., s), the inequality (3.1) holds with

G =A(1-9), G =x(1-6)d, (4.1)

where
. 1
= (Zd;‘u?) , [ul,...,us]=lirr(1)bT(A+eI)‘1, 8 =|R(c0)| < 1.
j=1 €—

Proof. Let us first suppose that A is nonsingular and denote the elements of its inverse by w;;. From the second equality of
(2.1) we get

N S
Q1 =y oYM - (Zwij>yn, i=1,2,....s. (4.2)
=1 =1

Insert them into the third equality of (2.1) to yield

Yn+1 = R(c0)yn + Z (Z biw,»j) Yj(”)- (4.3)

j=1 \li=1
Then by using the Cauchy-Schwarz inequality we get
1/2

] 12
{Z d;IIYj(”)IIZ} > [|Yns1 — R(co)yull
j=1

= [ ynsall = 8llynlll. (4.4)

2
N N
>a (wa)
j=1 i=1

and consequently we have

N
2
Yo dillY 12 = Adllynsall = 8llyalD?* = 20 = 8) (1yns1 1 = Sllyall?)- (4.5)
j=1
If the RK matrix A is singular, we replace it everywhere by the regular matrix (A + €I) and consider the limit € — 0. This
completes the proof. O

If an algebraically stable RK method with A nonsingular and b > 0 is strongly stable at oo, Li in Li [29] obtained C; =
(1 —8)(miny_jsb;)|[bTA~1[|g? and G, = 8C;. Now since D = diag(by, by, ..., bs) and A > (minq_jsb;)[[bTA"! |52, the values
of constants C; and C, computed in this paper are better than those obtained in [29]. The following example demonstrates
this conclusion.

Example 4.1. Consider 2-stage Radau IA method

0 |1/4 -1/4
2/3 | 1/4 5/12. (4.6)
| 1/4  3/4
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Firstly, we have § =0 (see also [29]). It is also easy to obtain [uy,...,us]=bTA"1 = [—%, %]. Then when we take D =
diag(1/4,3/4), we get A =1/4 and therefor C; = 1/4 and G, = 0. Since it is well-known that 2-stage Radau IA method
(4.6) is algebraically stable with D = diag(1/4, 3/4), the computed values C; = 1/4 and C; = 0 improve the previous results

obtained in Li [29] with C; =1/10 and C; = 0.
5. A further analysis to the algebraically stable RK methods

Comparing condition (1.5) and (1.9), we find that there exists a gap between them when p > 1. In this section, we further
consider algebraically stable RK methods, where we will take use of the correlative approach in Li [29] and the previous idea
that relaxing condition (1.9) by a smaller value of constant p. To do this, we make the following assumption:

A1. There exist constants C; > G, > 0 and I" > 0, and nonnegative functions ¢q(h), ¢, (h), and @3(h) < T, such that

gte(Y™ BY™) > [Cr + @2 (hnr ) ]1@1 (hus ) Y1 117 = [Co + @2 (Bns) 191 (1) [y
_[W}Amax ||yh(t)||2—(p3(hn+1). (51)

-« th<t=<tpi1

where the constants C;, C,, I depend only on the method, the functions ¢ (h), ¢, (h), and ¢3(h) depend only on «, 8, y,
and the method.
Then we have the following theorem.

Theorem 5.1. Let problem (1.1) satisfy conditions (1.2)-(1.4). Assume that the method (A, b, c, wh) for (1.1) is algebraically stable
and satisfies the assumption A1, the interpolation operator " satisfies condition (2.2). Then, for any variable stepsize, the method
(A, b7, c, wh) is dissipative whenever o + pB < 0 with

G
G-G
Proof. Similar to Theorem 3.1, from the algebraical stability of the method, the conditions (1.2)-(1.4) and (5.1), we have
¥ns 12 < ynll® + 20thn1[Cr + @2 (hni1) 101 (M) [1Yns 12
—20thy 1[G + @2 (hpy1) 191 (hp1) lyn ||2

s [ (@1 (1) - 1)5}

D=

_max [ly"(©)?

h<t<tphyq

-

—2athp103(hpy1) 4+ 241y + 2Bhypy1  max ||yh o2

tp<t<tp1

20thp 1 [Cr + @2 (hny1) 191 (R ) [Ynn |12
+{1 = 20thy 1[G + @2 (M) @1 (hne ) HIya I
+2hp 191 (M) B _max [IY"(O)[1* +2(y — aT)hps. (5.2)

th<t<thy

IA

which implies that

ly ]”2 < 0 (hyy1) Maxsiop lyill> + 11 (hnj—l): for n(t:n) >0, (53)
M= 0 (o) max {maxy iz lyill?, @2} + 11 (hya),  for n(E) <0, '
where
1-vh 2h(y —al)
h) = , h) = ,
T =10 "W = TG et + Tl ()

v =2[(C + @2 (h) — 2 Blpi(h), v, =2a[Cr + @2 (W)]p1(h)
Note that f; and i have been defined in Lemma 3.1. It is easy to verify that 0 < o (h) <1 and o (h) is a strictly monotone
decreasing function. The remaining part of this proof is analogous with that of Theorem 3.1 and we omit it here.O
As an application of the above theorem, we present the following example.
Example 5.1. Consider 2-stage algebraically stable Lobatto IIIC method
0 12 -1/2
1 12 172 (5.4)
|12 12
which is analyzed as a example in Wen et al. [63]. First we have

YU = ynir = hnst f@arrs Yner. YOI + lynsa 12
= 20Yna 1P + By 11 f G, Yusr, Y O 1P
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—2hpa9e(yns1, ftnsr, Yar1, ()
> 2||Yn41 12 - 2hn+1me(yn+1s f(tn+l’.3’n+l7yh('))>~

From condition (1.2), one gets

me<}’n+L f(tn+1gYn+1syh('))> <y +alyull+ 8 _Mmax ”yh (t)Hz

h<t<tpy1

Combining the above two inequality to obtain

se(y ™, BY ™) = %||Y(”)||2
> [1ynst I = hugq (V + allynsll +ﬁfnggtx IIy”(t)||2>

= (1 —ahy) |Yns ”2 —hpp1y —hp B max ”yh(t)”Z'

fa<t<ta
Then (5.1) holds with
G=1 G=0 ¢ (h)=1-ah ¢(h)=0¢3(h)=yh
Consequently, for any variable stepsize, the 2-stage Lobatto IIIC method (5.4) with linear interpolation is dissipative under
the same dissipative condition as the underlying system.

6. Applications to the Nicholson’s blowflies models

The objective from now on is to show that the previous theory can be applied to several situations coming from appli-
cations. We report on numerical experiments where some concrete examples are considered.

6.1. Nicholson’s blowflies equation with variable delay

We are first interested in considering a situation which takes into account the possible appearance of variable delay
Y (t) = —ay(t) + b(t)[y(At — T) ke s OYPD) ¢ >0, (6.1)

where a>0, 0<k<1,0<A<1, T>0, b(t) >0, £(t) >0 are continuous and b(t) < B;, for any t > 0. The Nicholson’s
model of blowflies [16] is a particular case of (6.1) with k=1 and A = 1. Note that when k = 0, this equation reduces to
Y (t) = —ay(t) + b(t)e s OYH-D >0, (6.2)

which is Lasota and Wazewska model of production of blood cells [26] for A = 1. These models with a constant delay have
been studied in Caraballo et al. [6]. Both the results obtained in Caraballo et al. [6] and Proposition 1.1 here confirmed that
the system (6.2) is dissipative for any a > 0. For the system (6.1), it can be obtained from [6] that the dissipativity condition
is B1 < \/ga for k =1 and ek < a2 for 0 < k < 1. However, from Proposition 1.1 we can verify that the dissipativity condition
is

B1<a if k=1;
{k<a, if 0<k<1, (6.3)

under which the system (6.1) is dissipative. To obtain this condition, we first need to note that the solution y(t) of (6.1) sat-
isfies y(t) > O for any t > —t. Then when k = 1 we have

gie(—ay(t) + b(t)[y(At — T)|e VD y(6)) < —aly(0)]* + Bily(At — T)|ly(b)]
- <_a ; @) y©OF + By - o (64)

which implies that (1.2) holds with & = —a + % and B = ’32—‘ Consequently, 81 < a implies the dissipativity criteria (1.5). If
0 <k < 1, to obtain the dissipativity condition (6.3) we need the Young’s inequality
Tz .
xsTHT forx,z>0, r,s>1withr ! +s1=1. (6.5)
Using this inequality to obtain
fie(—ay(t) + b(6)[y(At — T)[fe 5V y(r))
< —aly®) + Bily(ht — D)y ()]

< —aly(®)]? + ((1 — k)BT +Kly(At — r>|)|y<r>|,

10
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Fig. 6.1. Numerical solutions to (6.1), (6.7) with k =1 computed by ODEs numerical methods with linear interpolation. Left: one-leg 6-method (6 = 0.51),
2-stage Lobatto IIIC and 2-stage Radau IA with h = 0.002; Right: 2-stage Lobatto IIIC and 2-stage Radau IA with h =0.2.

1-k)? 2, K k
< 0 +<—a+e+2‘)|y(t>|2+2‘|y<xt—r)|2, Ve > 0. (6.6)

2
which implies that (1.2) holds with y = (50 [ *, a=-a+e+% and B = &. Then the condition k < a implies that the
dissipativity criteria (1.5) holds.

Now consider the numerical solution to equation (6.1) subject to the initial condition

y(t) =e'sin(t) + 1, t<0. (6.7)
The parameters a, k, and the functions b(t), £(t), are chosen such that the system is dissipative. We choose a = 100,
b(t) = 10es® £(t) =t, A =1/2, T =1.

Example 6.1. Let us consider the case of k = 1. In this case, we have & = —100 + 5e and S = 5e and therefore the system
is dissipative. In fact, from Proposition 1.1 we further know that in view of y = 0 the system is asymptotic to a fixed point
y= 0.

We now apply three ODEs numerical methods, the one-leg #-method (6 = 0.51), the 2-stage Lobatto IIIC method and the
2-stage Radau IA method, with linear interpolation to problem (6.1) and (6.7).

Using 0 = 0.51, it is easy to verify o + ﬁﬁ > 0. Then the result obtained in Wen et al. [63] can not be applied
to this case. For it our result will come in handy. It follows from Example 3.1 that one-leg #-method with 6 = 0.51 will
preserve the dissipativity of the underlying system (6.1) if the stepsizes satisfy the following constraint condition:

0.0004707765 < h, < 0.0026727252, vn>1. (6.8)

Therefore, we first apply the one-leg 6-method (6 = 0.51) with linear interpolation to solve the problem (6.1), where the
stepsize h = 0.002. The numerical results are displayed in Fig 6.1.

Since the 2-stage Lobatto IIIC method with linear interpolation can preserve the dissipativity of the underlying system for
any stepsize, this method with stepsize h = 0.002 and h = 0.2 is also used to solve the problem (6.1), (6.7). The numerical
results are also displayed in Fig. 6.1.

For the 2-stage Radau IA method, it is not hard to known from Example 4.1 that this method with linear interpolation
can preserve the dissipativity of the underlying system, since o + 48 = —100 + 25e < 0. Notice that we can not reach any
conclusion for this case from the previous results in the literatures. The numerical results confirm our theoretical analysis.

6.2. Nicholson’s blowflies equation with distributed delay
The next example is about the integro-differential Nicholson’s model (see the review paper [4])
y'(t) = —ay(t) + b(t) f O(t) ly(t +s)|ke s E9)gs >0, (6.9)
-7
where a >0, 0 <k<1, t(t) >0, b(t) >0, £(t) > 0 are continuous and 7 (t) < 7, b(t) < B4, for any t > 0. This model with
a constant delay has been studied in Caraballo et al. [6]. The arguments in the above subsection can be used to derive the

dissipativity condition for this model. The dissipativity condition is the same as (6.3) except 8; being replaced by S;t.

1
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Now we consider the numerical solution. We still apply the one-leg 8-methods, 2-stage Lobatto IIIC method and 2-stage
Radau IA method to problem (6.9) subject to the initial condition (6.7).
When the one-leg 6-method with & = 0.51 is applied to solve (6.9), we have

0

Yns1 =Yn+ h[—ayﬁ +b(td) ly(t§ +s) ke S @ +S>ds} (6.10)
)

—(tf
where ¥9 = 0yp,1+ (1 —0)yn and t =0t 1 + (1 —0)tn. Let my = | (£ — 7(t9))/h], where |x] is the greatest integer less
or equal to x. Then if the linear interpolation is used in this method, the integral on the right hand side of the equation
(6.10) can be approximated by the following formula, where g(t,y) = |y|ke=$®Y and ¢ (t) =t — (1),

0
[ gt +5,y(t] +5))ds ~ %g(s“ (t), € (tF) = tm)Ym, 1 + (Emye1 — EE))Ym, ) tmysr — S (E7))

T(tf)
1 n-1
5 [t (Emer = £E)) @1 Ymes1) +h 37 8(6 1)

i=my+2
1 1
+5 (1+60)hg(tn. yn) + 50hg(t7. ¥). (6:11)

For solving the obtained nonlinear algebraic equations, we use Newton iterative method.

Now applying 2-stage Lobatto IIIC method with the linear interpolation and 2-stage Radau IA method with the linear
interpolation to (6.9) yields the corresponding nonlinear algebraic systems. For solving the nonlinear equations, we consider
the following iteration scheme where on iteration A/ we have

N
YO = yn o Y a[—aY ™ + (e, HGTNTV], =1, s,

j=1
S
Y8 = v+ haa Y bi[—a¥ ™ 4+ b(t, GV, (6.12)
j=1

(0)

with the initial guess y,”; = yn. Here, G}“’N’”

is defined by the following

1
G;"‘A’l) = §g<é' (tn.) (C(tn ) =t W g + (i yq = ;(tn,j))ymg;)(tm%_,_] — ¢ (tnj))

n-1

1
e LR CHIE ) * (WA R I TR
i=mi+2
1 1 r
5 (14 (1= ¢))hg(tn. yn) + 5CGhg(tarr. i) (6.13)

where m% = | (ty,j — T(ty,;))/h]. Following the approach designed by Enright and Hu [10] for continuous RKMs, we can easily
prove that the iteration (6.12) is convergent for sufficiently small h (see also [54]).

Example 6.2. Let a =100, b(t) = 10e<®), 7(t) = 1(sin(t) +2), £(t) = |t|. In this case, we have a = —100+ 5¢ and
B = 5e when k= 1. Following the approach used in Subsection 6.1, we know that the #-method (6 = 0.51) with linear
interpolation will preserve the dissipativity of the underlying system (6.9) if the stepsizes satisfy the constraint condition
(6.8), the 2-stage Lobatto IIIC method with linear interpolation and the 2-stage Radau IA method with linear interpolation
can preserve the dissipativity of the underlying system for any stepsize. The numerical solutions to the equation (6.9) with
the initial condition (6.7) obtained by the three numerical methods with different stepsizes are displayed in Fig. 6.2. Observe
that when h = 0.002, the three numerical methods can really simulate the behavior of the solution to (6.9), (6.7). However,
when h = 0.1, the 6-method (6 = 0.51) with linear interpolation can be seen to give temporal oscillations and negative val-
ues near the points t = 0. In fact, this motivate us to consider the positivity properties of numerical methods which will be
our future work.

Example 6.3. Now consider the case 0 < k < 1. Let k = 0.5, a = 100, b(t) = 10e°®), 7(t) = 1 (sin(t) +2), £(t) = |t|. Then
o = —100+ € +0.25 for any € > 0 and 8 = 0.25. The 2-stage Lobatto IIIC method with linear interpolation and the 2-stage
Radau IA method with linear interpolation are dissipative for any stepsize. For the -method with 68 = 0.51, the dissipativity
is guaranteed if the stepsize is restricted so that

0.00040116 < h, < 0.19038553, Vn > 1. (6.14)

holds. The numerical results are presented in Fig. 6.3.

To illustrate the convergence of these methods, in this example, we also compute the errors. We let the numerical solu-
tions obtained by these numerical methods with h = 0.002 be the reference solutions. The errors at t = 100 and the orders
of convergence are presented in Table 6.1. Observe that the #-method (6 = 0.51) with linear interpolation has convergence
of order 1 and the other two methods with linear interpolation have convergence of order 2. A point which is especially

12
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Fig. 6.2. Numerical solutions to (6.9), (6.7) with k = 1 computed by one-leg §-method (6 = 0.51), 2-stage Lobatto IIIC and 2-stage Radau IA with stepsizes
h=0.002 and h =0.1.

Table 6.1

The numerical solutions and the errors produced by the 8-method (6 = 0.51), the
2-stage Lobatto IIIC method and the 2-stage Radau IA method with linear interpo-
lation applied to (6.9), (6.7) with k = 0.5, and the orders of these methods, where
the numerical solutions obtained by these numerical methods with h = 0.002 are
the reference solutions.

Methods h Numerical solutions Errors Orders
0.1 5.360983 x 103 6.05434 x 10% -
6-method 0.05 5.061867 x 103 3.06318 x 104 0.982940
(6 =0.51) 0.025  4.904889 x 1073 1.49340 x 10%  1.03643
0.1 4.740461 x 103 1.869 x 10-¢ -
2-stage 0.05 4.742121 x 103 0.209 x 106 3.160692
Lobatto IIIC  0.025  4.742365 x 103 0.035 x 10°6 2.578076
0.1 4.734412 x 1073 7.914 x 106 -
2-stage 0.05 4.740661 x 103 1.665 x 106 2.248885
Radau 1A 0.025  4.741973 x 103 0.353 x 10°6 2.237782

to be noted in connection with these numerical results is that the 2-stage Lobatto IIIC method with linear interpolation ex-
hibits higher accuracy and higher convergence order than the 2-stage Radau IA method with linear interpolation, although
the 2-stage Lobatto IIIC method has convergence of order 2 and the 2-stage Radau IA method has convergence of order
3 when they are applied to ODEs. We think that this arises mainly because the 2-stage Lobatto IIIC method with linear
interpolation has better long-time stability property than the 2-stage Radau IA method with linear interpolation.

6.3. Diffusive Nicholson’s blowflies equation with multiple delays

In this subsection we will consider the diffusive Nicholson’s blowflies equation with multiple delays

du(x.t)  d%u(x.t) £ N fu(ee—z)
5 =V 33 —au(x,t)+§b,(t)u(x,t—tl)e ,

t=0, xe(0,1), (6.15)

13
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Fig. 6.3. Numerical solutions to (6.9), (6.7) with k = 0.5 computed by one-leg 6-method (6 = 0.51), 2-stage Lobatto IIIC and 2-stage Radau IA with stepsizes
h=0.002 and h=0.1.

subject to
u(0,t) =u(1,t) =0, t>0, (6.16)
ulx,t) = ¢(x,t), te[-7,0], x€]0,1], (6.17)
where v>0,a>0, ;>0 (i=1,....k), § >0, T =maxy {5}, bi(t) >0 (i=1,..., k) are continuous and b;(t) < B;, for

any t > 0. This equation has been widely discussed in recent years (see, for example, [32,33,39,42,43]). Using the boundary
condition (6.16), we can verify the condition (1.2) with y =0, « = —vm2 —a+ Zf»;] Bi/2 and B = 255:1 Bi/2. Then in view
of Proposition 1.1, the following condition implies that the system (6.15) and (6.16) is dissipative

k
—vr?—a+) Bi<O0. (6.18)
i=1
We observe that y = 0 which implies that the solution is asymptotically stable, i.e. lim;_. o [|u(x,t)|[;2 =0, under the con-
dition (6.18). After application of the numerical method of lines, we obtain the following delay differential equations of the
form

k
U/ (t) = Ax2[Ui_1 (t) — 2U;(t) + Upy1 (0)] — aUp(t) + Y b(0)U;(t — T;)e U, t>0, (6.19)
=
Up(t) = Un(t) =0, t=>0, (6.20)
Uit) = p(xit), i=0.1,... M, tel-t,0] (621)

where M = 1/Ax, x; = iAx and U;(t) is meant to approximate the solution of (6.15) at the point (t, x;). We take M = 800 for
the numerical method of lines.
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Fig. 6.4. Numerical results of the #-method (6 = 0.51) connecting the method of lines with the stepsizes h = 0.04 and h = 0.02 when applied to problem
(6.15)-(6.17) subject to four different initial conditions (6.22)-(6.25), where Nh = 20. Left: h = 0.04; Right: h = 0.02.

The purpose of this numerical example is to affirm that (2.10) holds for any bounded initial functions, that is, the system
possesses a bounded absorbing set. For this purpose, we give the following four initial functions

Pp(x.t) =ex(1—-x), te[-1.0], xe[0,1]; (6.22)
p(x.t) =ex(1-x), te[-1.0], xe[0.1]: (6.23)
P(x.t) =e'sin(rx). te[-7.0, xe[0.1]; (6.24)
p(x.t) =etsin(rx), te[-7.0]. xe[0.1]. (6.25)

From the previous two experiments, observe that the numerical solutions produced by the #-method (6 = 0.51) are dis-
sipative and convergent when the stepsizes satisfy the condition (3.26) given in this paper as well as 2-stage Lobatto IIIC
method and 2-stage Radau IA method. So, for simplicity, in following examples we consider only using the 6-method with
6 = 0.51 to compute the approximation solutions.

Example 6.4. et v=1,a=05,& =1, k=2, by(t) =0.5, bp(t) =1.5, t; =1, and 1, = 2. Then the condition (6.18) holds
and hence the solution is asymptotically stable, i.e. lim;_« [|u(x, t)||;2 = 0. Now consider the discrete norm

M-1

1% = Ax Y (Ur)

i=1

n>—2/h, (6.26)

where v denotes the numerical solution which is produced by 6-method (6 = 0.51) approximating u(x;, tr) with tp = nh.
According to our analysis, we have came to the conclusion that

lim |[U"]| = O
n—oo

if the stepsize h satisfies 0.004276 < h < 0.04015. The numerical results of the #-method (6 = 0.51) connecting the method
of lines with the stepsizes h =0.04 and h = 0.02 when applied to problem (6.15)-(6.17) subject to four different initial
conditions (6.22)-(6.25) are shown in Fig. 6.4.

Example 6.5. It should be pointed out that if the boundary condition (6.16) is changed into the following condition

u(0,t) =u(1,t) = u*, t>0, (6.27)
where u* is a constant, we need to use the change of variables v = u — u*. The function v will satisfy
xt)  2u(x ) R ) o,
3 =V ae D) hOW v e e,
t>0, xe(0,1), (6.28)
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Fig. 6.5. Numerical results of the #-method (6 = 0.51) connecting the method of lines with the stepsizes h = 0.04 and h = 0.02 when applied to problem
(6.15) subject to the boundary condition (6.27) and the initial condition u(x,t) = ¢ (x,t) +u*, x €[0,1],t € [-2, 0], where Nh = 20. Left: h = 0.04; Right:
h=0.02.

k g
and the boundary condition (6.16). Then the condition (1.2) can be verified with y = (% + Z’fﬁ)u*z, oa=-vr?-a+

€1+€ +Z£‘:1 /2 and B = Zle Bi/2 for any €; > 0 and €, > 0. Let the involved parameters be the same values as in
Example 6.5. We still use the #-method (6 = 0.51) connecting the method of lines to solve the problem (6.28) with the
boundary condition (6.16), and the initial condition (6.17) where ¢ is given by (6.22) or (6.23) or (6.24) or (6.25). The
numerical solutions U approximating to the solutions of the original problem (6.15) subject to the boundary condition
(6.27) and the initial condition u(x,t) = ¢(x,t) +u*, x€[0,1],t € [-2,0] are shown in Fig. 6.5, where u* = 21n2. Observe
that limp_ o ||U"|| = u*.

7. Concluding remarks

In this paper, we have presented some new dissipative results for the variable-stepsize RK methods applied to VFDEs. It
well known that an efficient numerical method should be of variable-stepsize. To the best of our knowledge, however, the
existing numerical dissipative results for VFDEs are all for the case of fixed-stepsize. Accordingly, the derived methods in
this paper and their dissipative results gave a large improvement to the existing results.

To weaken the condition « + pf < 0, we considered two approaches. One is based on Theorem 4.1 by which we can
compute the values of C; and C, more accurately, and therefor p. The other is based on the condition (5.1) which has been
considered in Li [29]. By use of this result, we prove that the 2-stage Lobbatto IIIC method with piecewise linear interpo-
lation has p =1, that is, it is dissipative for any variable stepsize under the same dissipative condition as the underlying
system.

When « + pB > 0, no previous results can be applied. In this paper, for this case, we considered the conditional dissipa-
tivity which implies the method can preserve exactly the dissipativity of the underlying system under a stepsize restriction
and showed the conditional dissipativity of some (k,[)—algebraically stable RK methods.

Our findings extend and improve earlier results reported in Wen et al. [63]. Specializing our results to the DDEs y'(t) =
f(t,y(),y(t - 1)), we find our results to be slightly weaker than those in Huang [20], Wen et al. [61]. As a conclusion, we
would like to point out the precise differences.

(1) For DDEs with a constant delay, the special case of VFDEs (1.1), the author in Huang [20] studied the dissipativity of
(k, I)-algebraically stable RK method with linear interpolation in a Hilbert space and obtained the sufficient condi-
tions: k < 1 and (o + B)h < I. Especially, a sufficient condition for a consistent, DJ-irreducible, algebraically stable RK
method with linear interpolation which can preserve the dissipatvity of the underlying system is |R(c0)| < 1.

(2) For DIDEs with a constant delay, Gan [12] studied the dissipativity of #-methods. Wen et al. [61] studied the dissipa-
tivity of RK methods for NDIDEs with a constant delay in a finite-dimensional space. As a corollary of their results,
it is revealed that a consistent, b; >0, j=1,2,...,s, algebraically stable RK method with linear interpolation can
preserve the dissipatvity of the underlying system.

These strong property could be derived thanks to the relatively simple structure of the problem, a constant delay
problem. The approach cannot be generalized to more complex problems, for example, a general variable delay prob-
lem.
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Table 7.1
Dissipativity results of RKMs for VFDEs satisfying o + B < 0 obtained in the present paper with comparison to those obtained in Wen et al. [63], where
q= I+ 2((111122) :

Methods Assumptions Present results (variable stepsize hy) Results in Wen et al. [63] (constant stepsize h)
(k, I)-algebraically stable RKMs a+pB <0 ah, <1, (@ +pB)hn <q (¢ +pB)h <21

. . 2
satisfying (3.1), p= C]df‘cz a+pB=>0 L<hy< ﬁ no results( )

i 1-5 (1-8) (miny_js b
(k, I)-algebraically stable RKMs G = S C = WIHJ%J
satisfying (3.1), G =48C; G, =68GC
2
8=IR(c0) <1, p= & (... 1] =
lime_ o b" (A + €)~!

Algebraically stable RKMs a+pB <0 Vh, > 0 Vh>0
satisfying (3.1), p= Cf%cz a+pB=0 L<hy< ﬁ no results
Algebraically stable RKMs a+pB <0 Vh, >0 no results

= &
G-

satisfying (5.1), p

(3) For DDE with a proportional delay, Gan [13] studied the dissipativity of implicit Euler method by transforming this
equation into a constant delay differential equation. So far we have not seen in literature other numerical dissipativity
results for nonlinear proportional delay differential equations.

(4) In [63], the authors also investigated the dissipativity of RK methods for the general VFDEs in a Hilbert space. To com-
pare our results with their results clearly, we summarize the dissipativity results of RK methods for VFDEs obtained
in this paper and in Wen et al. [63] and list them in Table 7.1.

We note that the convergence of RK methods (2.1) for VFDEs has been reported in Li [27] and Li and Li [31]. From
[27] and [31], we know that under some conditions, the errors of B-consistent RK methods (2.1) of order q with piecewise
Lagrangian interpolation of degree not less than g — 1 can be estimated by

lyn =y ()|l < Co(ta) 713]5‘?5(0 I () —d O]l + C(t")<0£niﬁz)£1 hi>q, (71)

where v/ is an initial approximation to ¢ (t). We also note that the error bounds of general linear methods (GLMs) for VFDEs
have been derived in Li [28]. The dissipativity of GLMs for VFDEs is still open, although the dissipativity of one-leg methods,
linear multistep methods and multistep Runge-Kutta methods, which are special cases of GLMs, for special FDEs has been
investigated (see, e.g., [21,34,37,46]). Studying the dissipativity of GLMs for VFDEs will be our future work.

It should be pointed out that another class of extending RK methods, the functional continuous RK (FCRK) methods, was
introduced in Maset et al. [35] (see, also, the survey [3]). Recently, the global errors of FCRK methods are analyzed in Maset
and Zennaro [36] and have similar behavior with (7.1). However, the dissipativity of FCRK for VFDEs (1.1) is still open and
will be a focus of our future reserch.

In this paper, we have applied our theoretical results to nonlinear Nicholson blowflies, including variable delay model,
integro-differential Nicholson’s model, and diffusive model with multiple delays, and implemented various numerical exper-
iments for RK methods for these models. For all these models these experiments exactly verify the theoretical results. It is
noteworthy that the results obtained in this paper can be easily applied to other VFDEs mathematical models in science and
physics.
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