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1 Introduction

Among various properties of dynamical systems, dissipativity is one of important char-
acteristics. A dissipative dynamical system is characterized by possessing a bounded ab-
sorbing set that all trajectories enter in a finite time and thereafter remain inside [1]. In
the study of numerical methods for these systems, one natural wish is for the numerical
solution to preserve the dissipativity of the analytic solution.

Over the past few decades, the dissipativity of the analytic solution and numerical meth-
ods for some special class dynamical systems of VFDEs have been studied widely. One
can refer to the following works and corresponding authors: [2—5] for ordinary differ-
ential equations (ODEs), [6-10] for delay differential equations (DDEs), and [11-20] for
other kinds of Volterra functional differential equations, such as delay integro-differential
equations (DIDEs), neutral delay differential equations (NDDEs), neutral delay integro-
differential equations (NDIDEs) and so on.

In this paper, we investigate numerical dissipativity of a class of nonlinear functional-
integro-differential equations (FIDEs) (see (2.1) in the next section). In 2014 and 2015,
Zhang and Qin studied the stability of Runge-Kutta methods [21] and one-leg methods
[22] for this kind of problems, respectively. Recently, we also studied the dissipativity of
systems (2.1) and of one-leg methods for FIDEs (2.1) [23]. In addition we do not find more
dissipativity results for this kind of nonlinear FIDEs. The aim of this paper is to investigate
the dissipativity of Runge-Kutta methods for (2.1).

This paper is organized as follows. In Section 2, the descriptions of the nonlinear FIDEs
and their Runge-Kutta methods are given. In Section 3, the results on the dissipativity of
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Runge-Kutta methods are deduced. In Section 4, some numerical experiments are given

to illustrate the theoretical results which we stated in previous sections.

2 The descriptions of problem class and numerical methods

Let C? be a d-dimensional complex Euclidean space with the inner product (-,-) and the
corresponding norm || - ||. For any nonnegative diagonal matrix B = diag(by, b, ..., bs), we
define a pseudo inner product on C% := (C%)* by

S
(Y, Z)p=Y bi(Y;,Z), Y=(Y,Y,...Y,) €C®Z=(2,2,,...,Z) € C*,
j=1

and the corresponding pseudo norm on C% by

1Yz =+(Y,Y)p.

It is obvious that when B is positive definite, they are the inner product and the norm
on C%, respectively.

Consider nonlinear functional integro-differential equations (FIDEs) of the form (cf. [21,
22])

LIx(t) - [, g(t,& %)) dE] = f(t, (D), x(t— 1)), ¢t € [to, +00),
x(t) = (1), to—T <t <ty

(2.1)

where 7 > 0 is a given constant delay, the functions f : [ty, +00) x C% x C% — C%, g: D x
C% — C%and ¢: [ty — 7,ty] — C? are assumed to be continuous so that system (2.1) has

a unique solution x(¢), and f and g satisfy also the conditions

Re(f (t,u,v),u—w) <y +alul® + BllvI® + nllwl?,

t> to,u,v,we C? (2.2)
and
lgt.&,w)|| < Alul, (¢,€) eD,ueC?, (2.3)

where y, o, B, 1, A are given real constants and y, —«, B, 1 are nonnegative, and A > 0 with
2xT <1,

D:={(t,§):t € [tg, +0),& € [t - 7,¢]}.

In order to investigate the numerical dissipativity of (2.1), we assume further that f sat-
isfies the condition: for any constant M > 0, there exists L > 0 which is only dependent on
M such that ||f(¢,u,v)|| < L holds for any ¢ > ¢y, ||u#|| <M and ||v|| < M.

Definition 2.1 (cf. [13]) Problem (2.1) in FIDEs is said to be dissipative in C? if there exists
abounded set B C C? such that for any given bounded set ® C C, thereisatime t* = t*(®)
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such that for any given continuous initial function ¢ : [£, — 7, o] — C? with ¢(£) contained
in @ for all £ € [£y — 7, %], the corresponding solution x(¢) of the problem is contained in
B for all ¢t > ¢*. Here B is called an absorbing set in Ce.

In our recent paper [23], we studied the dissipativity of (2.1) and gave the following re-
sults.

Theorem 2.2 Suppose that x(t) is a solution of problem (2.1) where f and g satisfy (2.2)
with o < 0 and (2.3), respectively, and there exists constant 0 < § <1 such that

4 _ )“2 2
prn-ohe” o (2.4)
1-22272 |

Then,
(i) foranyt=>ty, we have

- 1-22%¢2
)] < X ;

+ — e_ll(t—t())’
T1-2A212(1-8)a 1-2A272elT ¢

where ¢ = sup, ;¢4 &2, and i > 0 is defined as

t>to 1 = 2)272em(B)T -

4e®)T
o= inf{u(t):u(t)+a+ (B +(n-a)r’t?) = };

here and later, the symbols y, «, B, n, A are given by (2.2) and (2.3);
(ii) for any given € > 0, there exists t* = t*(¢, €) such that

e ——

O < ———s - +5
=) Sl (-oa ot

Hence system (2.1) is dissipative with an absorbing set

B=B(0 4 4
= | +e).
1-22272 (1-8)

Remark 2.3 In [21] and [22], the authors studied the stability of Runge-Kutta methods
and one-leg methods for FIDEs (2.1) on a limited closed interval [0, T], but the mono-

tonicity condition

Re(f (t, u1,v1) = f(t, iz, v2), 1 — iy — (w1 — W)
< 2 2 2
<ofur —ual|” + Bllvi = v2lI” + nllwr —wa|l%,

t > to, u, U, V1, Vo, Wi, Wy € C? (2.5)

is required. There exist some important differences between conditions (2.2) and (2.5). In
fact, as an example without delay and integral terms, Humphries and Stuart [2] proved
that after translation of the origin, the Lorenz equations are dissipative, but do not satisfy
condition (2.5). In addition, the dissipativity is a long time characteristic of a system rather
than the stability on a limited closed interval.
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The aim of this paper is to investigate whether the Runge-Kutta methods for system (2.1)
preserve the dissipativity of the system itself.
It is well known that an s-stage Runge-Kutta method for ODEs can be expressed as

alan di2 - dis
Cof ax Ay - A
c‘ A
\bT_ , (2.6)
Cs| ds1 ds2 Ass
| by b b,

where A = (a;) € R™,b = (b, by,...,b)" € R and ¢ = (c1,¢2,...,¢)T € RS with 0 <¢; <1
(i=1,2,...,s) and Z;zl bj=1.

The following algebraic stability concept is the basis for studying the dissipativity of
Runge-Kutta methods.

Definition 2.4 (see [5, 6]) Runge-Kutta method (2.6) is said to be algebraically stable if
B =diag(b, by,...,b;) and M=BA+ATB—-bbT
are nonnegative definite.

Let the step size & = ;- with some positive integer m and ¢, = to + nh. An adaptation of
method (2.6) for solving problem (2.1) leads to (see [22])

Xf") - Zf") =X, —2,+h Z;:l agf (t, + c,h,)(;"),)(;"_m)), i=1,2,...,s,

s (1) ) @7)
KXn+l —Znl =Xpn — 2y +hzj:1blf(t” +cjh’}(j ,)9 ),

where x,,, XE") denote approximations to x(t,), x(t, + ¢;1) and z,, and Z?”) approximations
to z(t,) and z(¢, + c;h), respectively. Here and later, we put that

An:/'g@sm@»da 2.8)
In addition,

Xy = t, ) n S O,
n( | @(tn) (2.9)
X" =, +cih), t,+ch<to.

As to the computation of integral terms z,, Zl(.”), we apply the compound quadrature

formulas
m
Zy = h Z Vig(tnr tu—iy xn—i): (210)
i=0
m -
Z;”) =h Z vig(tn + ¢l i + c,h,)(]-(”_l)), j=12,...,s, (2.11)

i=0
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where the quadrature formulas (2.10) and (2.11) can be derived from a uniform repeated
rule (cf. [13, 21, 22]). For the numerical dissipativity analysis, we assume (2.10) or (2.11) to
satisfy the following condition:

h | (m+1) Z |vi|> <v with mh = t and a positive constant v. (2.12)
i=0

Definition 2.5 Method (2.7) with a quadrature formula is said to be dissipative if, when-
ever the method is applied with a step size / to a dynamical system of the form (2.1) subject
to (2.2)-(2.3), there exists a constant r such that, for any initial function ¢(t), there exists

no(@, h), ¢ = SUPy,—r <<t le(®)|l such that
lxll <7, n>ng (2.13)
holds.

3 Dissipativity of Runge-Kutta methods
In this section we focus on the dissipativity analysis of algebraically stable Runge-Kutta
methods with respect to nonlinear FIDEs.

Theorem 3.1 Assume that Rung-Kutta method (2.6) is algebraically stable and b; > 0 for
j=1,2,...,s, and that problem (2.1) satisfies (2.2) and (2.3) with (2.4) and a + B + nv*2? < 0.
Then method (2.7) with (2.10)-(2.11) and (2.12) for FIDEs (2.1) is dissipative.

Proof For simplicity, we let
£

=ty+ch, Q= XX, i=1,2,...s.

It is well known (see, for example, [2]) that

S s S
61 = Zwd I = 1% = zll* =2 Y BiRe(X{" - Z{", Q) = - mi(Q, Q) (3.1)
i=1 i=1 j=1
where mj; = b,ﬂij + bjﬂ/‘i - bl'bj.
By means of algebraic stability of the method, (3.1) leads to
S
a1 =zt |1 < 6w = zall2 +2) " biRe(X” - Z{", Q). (3.2)

i=1

Using conditions (2.2) and (2.3) , then (3.2) gives

S
Wner = Zwea | < ot = zall* + 20 Y iy + | X"+ B X% 4 0] 277 (3.3)

i=1

We let

X = (", X, X0, Z0 = (27,20, Z7), n=0,1,....
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Hence by induction, from (3.3) we can obtain that

2 2
”xn - Zn” = ”xn—l —Zp-1 ” + 2h]/

+ 2her | XD+ 2 | X0V v 20| 20V

n-1

< %o — zol|? + 2hny + 2ha Z”X(j) ”123
j=0
n-1
+20B Y[ X0 | + 20 ZHZ(’ pe (3.4)
j=0 j=0

where the condition 3, b; = 1 has been used.
Now we estimate the quadrature terms ||z,|| and || Z"|| 3. From (2.10) and condition (2.3)
we obtain that

lzall < 72>~ vl 1. (3.5)
k=0

Making the square of the both sides and using (2.12) and the Cauchy-Schwarz inequality,

we get
llzal1* < (36)
Similarly, from (2.11), (2.3) and (2.12) we can also obtain
m
12 < 3 X0 (3.7)
k=0
and
|z , i=12,..,5
which gives
PR )
CER R 6
Hence it can be deduced that
n-1 - v )\2 n-1 m
S 120 < LSS
j=0 Jj=0 k=0
n-1
<o (SN0 2 min 913 59)
J=
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Therefore, substituting (3.9) into (3.4) shows
n-1

s = 2al> < 2hmy + 2h(e + B+ p*32) [ X0
j=0

+ [(1 +TA)+ t(2,3 + nvz)»z)] _nig)iOH(p(é) ||2 (3.10)

When y = 0, it follows from (3.10) and & + 8 + nv?A2 < 0 that

; m] _
lim X, <o,
which shows that for any ¢ > 0, there exists n; = n;(¢, /1) > 0 such that
||X].(”) | <e HX;n_m) l<e, j=1...5n>=m (3.11)
and

ZM <vre, j=1,....8n>n. (3.12)
]

On the other hand, from (2.7) we have

s
Xi(n) _ Zl{n) —h Zaiif(t;n)’)(](n),)(](n—m))

”xn - Zn” = ‘
j=1

. i=12,...s. (313)

S
< X 120 a7 )
j=1

Therefore, we can obtain that

S
ot = zull ALY lagl+ (L4 vA)e, n>m, (3.14)
j=1

where

L= sup [f(tu,v)|, tel0,+00),uveC
llull<
H:HSE

When y > 0, using techniques similar to those presented in [6], we can conclude that

there exist , > 0 and a positive integer 1, (@, 1) such that
I, = zull <7y form> ny, (3.15)

where

ry = \/2[1 +7(28 + nv2A2) Ry + 4(m + Dhy,

[0+ a2 v T@p + 2227

2 1
2y (m+1)

"y

Page 7 of 14
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with
_ 4(m+D)hy
Ro = ==+ + h|C]|,
o =—(a+B+nv?r?),
@ = SUPy, _r<t<tq le@ll,
s S
C= sup Z b; |:Z(b1 - ﬂij) Re(ui - W, hf(tj; Uj, Vj))
lul}<4(m+Dhylo i1 P
IvI5<4(m+Dhy lo
Iwll%<4v?32(m+Dhy lo
s 2
| S-airtnn)| |
j=1
u = (.., us) € C%, v=(v,V2...,v5) € C%, w = (w1, Wy, ..., ws) € C,

A combination of (3.14) and (3.15) shows that there exist a constant R; and (@, #) such
that

% —zull <R1, 1> no. (3.16)
The next thing to do in the proof is estimating ||x,||. Because of the fact that
”xn” =< ”xn _Zn” + ”Zn”r

therefore, for n > ng, from (3.5), (2.12) and (3.16) we have

m
Iall < Ry + 72 ) (vil %l
k=0

<Ry +vA max [[x, |l
0<k<m

< Ry +vA max ||w,_k|l + vAllx,]. (3.17)
1<k<m

Since we have assumed 2Av < 1, then 1 - Av > 0, and (3.17) leads to

il < — Wl 7> (3.18)
X + max (|\Xu—x«ll, n no. .
= T T vk askem K =70
Let
G B il
= 5 = » = max Xl
1-vA H 1-vA %o ng-m<k<ng-1 k

Thus 0 < 6 <1 and (3.18) can be written as follows:
lcnll <+ 6 max |lx, |, #n=>no. (3.19)
1<k<m
When # = ng, we have

1% Il < + O 0. (3.20)
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In the following, we consider two cases. First, when u + 8¢y > ¢y, we can obtain by
induction that

j
Il <12y 05+ 0o, j=0,1,2,.... (3.21)
k=0

In fact, (3.20) implies (3.21) satisfied for j = 0. It is easy to see that

j j-1
1wy 05+ 0o =Y 0%+ 0/ (1 + Og0)
k=0 k=0

>y 05 +00g, j=1. (3.22)

If (3.21) holds for j < [, where [ is a positive integer, then it follows from (3.19) and (3.22)
that

-1
gl < 12+ 6 (u > ook 9’<p0>

k=0
I

=u Zek + 91+1¢0’
k=0

which shows that (3.21) holds for any j > 0.
Second, when pu + 0¢g < ¢o, then for [ = 0,1,..., it can be given by induction that

1

1% misill < Zék +0" gy for anyje€{0,1,...,m—1}. (3.23)
k=0

In order to prove this conclusion, we first consider the case of / = 0.
As a matter of fact, when [ = 0, (3.20) implies that (3.23) holds for j = 0. If here (3.23)
holds for j < g < m — 1, then from (3.19) we have

1% +¢ 1l < 1 + O max{u + 0o, po} < 1 + Oy,

which shows (3.23) holds for [ = 0.
Suppose that (3.23) holds for / < p, where p is a positive integer. When j = 0, (3.19) reads

”xn0+pm|| <u+6 IISI}PS)E% ||xn0+pm—k||

p-1
< u+9<u29k+9"¢o>

k=0

)4

=u ZQ" + 07 gy,
k=0
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If it holds for j < g < m —1 that

14
k 1
g empiill < 1Y 0% + 67" g,
k=0

then

p-1 p
g mpeq | < 1+ O maxq ey 0% + 020, 0% +6P g
k=0 k=0

)4

<ny 65+ 07"g,,
k=0

where we have used that

p-1

»
n Z@k +60P¢y > 14 Zek +6P .
k=0 k=0

This shows that (3.23) holds for any integer / > 0.
Noting that 0 < 6 < 1, a combination of (3.21) and (3.23) leads to the fact that, for any
given ¢ > 0, there exists n3 > ny such that

] < >

X +e&, n>n;.

=12 ="

This completes the proof of Theorem 3.1. d

Remark 3.2 It is well known that the s stage Gauss, Radau IA, Radau IIA and Lobatto
IIIC Runge-Kutta methods are all algebraically stable [24], then from Theorem 3.1 they
can preserve the dissipativity of the system when applied to FIDEs (2.1).

4 Numerical experiments

As an example, we consider the following two-dimensional system:

G0 (0) = [ 5 €7 (Tn(6) + 3x2(6)) )

= () + g5 (= ) + VR - ) +/i0),
G 002(0) = [ 3 (Bma(§) —xa(§)) )

= —x2(8) + 95 (VBE(E — 5) = 3E:(t — ) +/o(0),

t>0, (4.1)

where

fi(#) = cos(at) — asin(at),
fa(2) = sin(bt) + beos(bt),

T x(t-%
9_(,‘1 P _ 1(2 12) )
12 1+x5(t

-z
12

i T x(t - 13)
ol\t-— =TSy
12) 1+x3(t- %)
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For this system, we choose

23 8 1 25 N 2
a:——’ = —, = —), = —,
48 24" 1748 -
16 T
Szg, y =2y/(1-a)?+1+b)? =1

which ensures all the conditions of Theorem 2.2 hold. System (4.1) is dissipative and pos-
sesses an absorbing set B = B(0,7,/(1 — a)? + (1 + b)? + &) for any given ¢ > 0.

In order to solve system (4.1), we use the third order Radau IIA method where

a8

c|l A

=12 1 )
i .

Method (4.2) is algebraically stable and order 3. We let T = mh with a given positive

integer m and apply the composite Simpson’s rule to approach the integral terms

tn ty+cih
- / (b b x(®)de and 2 - / gt + e £,2(8)) .
th—T 17

ntcih—t

Here we can let v = % in (2.10) and have « + 8 + nv?*A2 < 0. According to Theorem 3.1, the
numerical solution is dissipative.
Now we let the step size & = 0.00477/12 and consider different initial functions for ¢ €
[{3,0] as follows:
(D) y1(2) = sin(t)e’, ya(2) = 2¢%;
(I) y1(¢) = cos(2t), y2(2) = 3sin(22);
(III) y,(¢) = 3sin(4£), y»(t) = cos(3¢),
respectively. The numerical results are shown in Figures 1, 2, 3, 4, 5 and 6.
These numerical examples prove that problem (4.1) is dissipative. Therefore, the numer-
ical examples illustrate the correctness of our theoretical results.

08

06

041

02

Y2
o

02

-04

-06

-0.8

Y

Figure 1 The numerical solution of (4.1) with initial function (l) and a = 2, b = 2 in the interval [0, 107 ].
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06

04r

02r

y2
o
T

Figure 2 The numerical solution of (4.1) with initial function (I) and a =2, b =2 in the interval
[ZZ,10m].

1.5 T T T T T

05 q

yZ
o
T
L

-0.51 1

Figure 3 The numerical solution of (4.1) with initial function (Il) and a = 3, b = 2 in the interval
[1,10x].

05 1

Y2
o
T
L

05 1

Figure 4 The numerical solution of (4.1) with initial function (Il) and a = 3, b = 2 in the interval
[2Z,10m].
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Figure 5 The numerical solution of (4.1) with initial function (lll) and a = 3, b = 4 in the interval
[1,10x].

y2
o
T
L

05 1

Figure 6 The numerical solution of (4.1) with initial function (lll) and a = 3, b = 4 in the interval
[%Z,10m].
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