Journal of Computational Mathematics, Vol.22, No.4, 2004, 523-534.

ASYMPTOTIC STABILITY OF RUNGE-KUTTA METHODS FOR
THE PANTOGRAPH EQUATIONS *Y

Jing-jun Zhao Wan-rong Cao  Ming-zhu Liu
(Department of mathematics, Harbin Institute of Technology, Harbin 150001, China)

Abstract

This paper considers the asymptotic stability analysis of both exact and numerical
solutions of the following neutral delay differential equation with pantograph delay.

z'(t) + Bz(t) + Cz'(gt) + Dx(qt) = 0, t>0,
z(0) = zo,

where B, C, D € C%*?, ¢ € (0,1), and B is regular. After transforming the above equation
to non-automatic neutral equation with constant delay, we determine sufficient conditions
for the asymptotic stability of the zero solution. Furthermore, we focus on the asymptotic
stability behavior of Runge-Kutta method with variable stepsize. It is proved that a L-
stable Runge-Kutta method can preserve the above-mentioned stability properties.

Mathematics subject classification: 65102, 65105, 651.20.
Key words: Neutral delay differential equations, Pantograph delay, Asymptotic stability,
Runge-Kutta methods, L-stable.

1. Introduction

Delay differential equations of neutral type provide a mathematical instrument to applied
science[l]. Especially, it exerts important effect on investigating several electromagnetic prob-
lems. The general functional differential equation is given by

a'(t) = f (t,x(t), 2 (b)), 2((t))) -

A classical case a(t) = t — 7 of such system has been recently considered by a lot of authors
(for example, Kuang et al.[2] and Hu and Mitsui [3]). What’s more, another interesting case
which is far different from the previous, is the pantograph equation

() = [t x(t), 2" (qt), z(qt)), t > O,
(1.1)
z(0) = xo.

Where f is a given function, 0 < ¢ < 1, and z(t) is unknown for ¢ > 0. There are many
applications for (1.1) both in electrodynamics and in the collection of current by the pantograph
of an electric locomotive [4, 5]. We are interested in the investigation of the qualitative properties
of equation (1.1). To this purpose we restrict ourselves to the special form of equation (1.1)
given by

x'(t) + Bz(t) + Cz'(¢t) + Dx(qt) = 0,¢ > 0,

(1.2)
z(0) = xo,
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where B, C, D are constant d x d complex matrices, 0 < ¢ < 1, and B is regular.
The asymptotic behaviour of the pantograph equation (1.2) has been analyzed, often in a
simplified form,by a number of authors.Concerning pantograph equation

Z'(t) = ax(t) + bx(qt) + cx'(gt),t > 0,
(1.3)
x(0) = xo,

where a,b,c € C and 0 < ¢ < 1, an analytical study occurred in the works of Kato and McLeod
[6], Carr and Dyson [7], Iserles and Terjéki [8] and Iserles [9], in which Iserles and Terjéki [8]
applied a transformation to examine the behavior of the exact solutions, and Iserles [9] applied
Dirichlet series to equation (1.3) for considering whether the exact solution displayed inside and
on its stability boundary. In the present paper, we investigate the stability of exact solution of
equation(1.2) by transforming equation(1.2) to a non-automatic neutral equation with constant
delay and prove the contractivity and asymptotic stability by norm assessing. Related ideas
of reformulating the problem for studying the asymptotic stability of the solutions have been
considered in some recent papers such as in [8]. Actually Bellen et al.[10] has been used norm
assessing to consider the analytical stability of equation

a'(t) = Lz(t) + M (t)x(t — 7(t)) + N(t)z'(t — 7(¢)), t > to,
J)(t) = g(t)vt < o,

but we consider that the coefficient of x(¢) is matrix-value function like M (¢) and N (¢).

On the other hand, the investigations of numerical stability for (1.3) can be found in many
papers, such as Buhmann, Iserles and Ngrsett [11], Buhmann and Iserles [12, 13] and Liu [14],
in which [12] considered a special case when ¢ is a reciprocal of an integer and [14] gave an
extension of this analysis to #-methods by transforming the equation under consideration into
a neutral equation with constant time lags. Moreover, Koto [15] dealt with stability of Runge-
Kutta methods applied to the equation which is obtained from the equation (1.2) by the same
change of the independent variable with [14]

y(t) = ().

In 1997, Bellen[16] applied the #-methods with variable stepsize to (1.3). It is proved that
f-methods are asymptotically stable iff § > 1/2, which provided the subsequent research with
a new idea. In the present paper, the Runge-Kutta methods with variable stepsize is applied
to equation(1.2) and asymptotic stability of numerical solution is probed by investigating the
Schur polynomial of perturbed equation.

This paper is organized as follows. In Section 2, the sufficient conditions both for the
contractivity and for asymptotic stability of the exact solutions are given. In Section 3, we apply
Runge-Kutta methods with variable stepsize to equation(1.2) and obtain numerical solutions.
In Section 4, the conclusion of numerically asymptotic stability is drawn.

2. Sufficient Conditions of Contractivity and Asymptotic Stability
2.1. Transformation of Equation Form

To eliminate dependence on the derivative of the solution, we transform (1.2) to a neutral
equation with constant delay by conversion
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then y(t) satisfies the following initial value problem

Y'(t) + Be'y(t) + Cq'y'(t +logq) + De'y(t +logq) =0, >0,
(2.1)
y(t) = x(e'),  logg <t <0,

where y(t), logg < t < 0, can be obtained numerically by using Runge-Kutta methods to (1.2).
Let y(t) = g(t), logg <t < 0,7 = —loggq > 0, then (2.1) are written

y'(t) + Bely(t) + CqY/'(t — 7) + Dely(t —7) =0, t>0,
(2.2)
y(t) =g(t), -7 <t<0,

where B,C,D € C4*4 B is regular, and g(t) is a C'-continuous complex-valued function.
Insert a series of points

0=§ <& << <& <&pr <

in interval [0, 4+00), where £;41 being the unique solution of (§) = { — 7 = ;. The following
notation is useful to our aims. Let Iy := [—7(to),&0] and I; := [§;_1,§;], for j =1,2,3,---. Tt
will be shown that our investigation of the behavior of the solutions will be developed across
the intervals {I;}, by relating the solution in I; with the one in I;_;.

We propose a reformulation of the considered problem (2.2), which is fundamental for the
stability analysis in this paper. First, we rewrite the system (2.2) as follows

y'(t) = —Be'y(t) + (—De' + Cq ' Be)y(t — 1)

~Cg (¢ — ) + Bely(t - ) = 0
y(t) = g(t), —7<t<0
Let
¢(t) = y'(t) + Be'y(t),
then the previous system (2.3) is equivalent to
y'(t) = =Be'y(t) + ¢(t),t = 0,
(2.4)
y(0) = 9(0),
where
—De'g(t —7) = Cq g (t - 7), 0<t<é&,
o(t) = (2.5)

(=De' +Cq 'Be')y(t —7) = Cq'p(t —7), t> &1
For convenience sometimes we let g(0) = yo.
2.2. Stability Analysis of Exact Solution

In the above approach the neutral system, is transformed into an ordinary differential sys-
tem and an algebraic recursion. Below we consider the stability of exact solution of (2.1) by
investigating (2.4),(2.5). First we prove the following useful lemma.

Lemma 2.1. Consider the system (2.4), where the components of the forcing term ¢(t) are
assumed to be continuous functions. Given an inner product (-,-) in C% and the corresponding
norm ||-||, let u[-] stands for the logarithmic norm induced by {-,-) and p[B] > 0. Then the
following inequality
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ly(®)]l < B, 0)lgoll + (1 — E(0,1) sup 12D (2.6)
0<z<t | B]
with
E(t1,t2) = exp (—p[B](expta — expty)) . (2.7)
holds for all t > 0.
Proof. By (2.4), we get
t
y(t) _ efg —Betdt |:y0 +/ (b(l‘)@fox Besdsdx] ,
0
then Il [
1) < e HIBlE"~1) [ + su o(s B ese“[B](esl)dS] ;
ly@)| < llyoll Ogsgt WBle J, p|B]
that i 161
1)|| < e~HBI("-D) 4+ (1= e mBIE D) gy i , 2.8
lu(t)] < ol + ( ) e Sm (28)
by (2.7), it holds that
ly(®)]l < B, )lyoll + (1 - B0,1)) sup 12 (2.9)
o<s<t H[B]

The proof is completed.
By considering ¢(&,) = lim;_.¢, — ¢(t) we can assume the function ¢(¢) continuous in the
closed interval I,, = [£,—1,&n],n > 1. Therefore, there exists

¢(s)ll

malre, ,<s<¢,

for every n > 1.
The following theorem is devoted to the contractivity properties of the solutions of (2.4),
(2.5).

Theorem 2.1. For the system (2.2), the condition

|-D+Cq 'B| 1
‘g t<1,  wt>o, 2.10
el [ (2.10)
implies that the solution y(t) satisfies
(0l < max {lgO)l. i b ez (2.11)
: TS A |

for every initial function g(t) and norm defined in Lemma 2.1, where p[B] > 0 and

= — Délg(t— 1) —Cq g (t — 7). 2.12
K= max || - De'g(t —7) = Cq~g'(t =7 (2.12)

Proof. we consider the interval I,, = [£,-1,&,],n > 2. By (2.6), we have, for every t €

[fn—la En]

(0] < ElGnr,Ollnll + (1 = B, 0) max S )
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w[B] > 0 and (2.7) imply E(£,—1,t) < 1. Inequality (2.13) means that

o0l < max { (el ma_ JED ele, 6l .14

For any vector function y(s) and any integer ¢ > 0, let
I711li = max{ly(s)l]
then by (2.12) and the condition (2.10), we immediately have
el =K,
ol <, max{1Cq~6(s = D)l + (~De” + Cg ™ Be)y(s ~ )1}
<NICq M| - Nlgllln-1+ max [(1—[Cql~")ulBlge®lly(s — 7)|l]
En—1<5<&n

<[Cq7 - N gllln-1 + @ = ICqlI") - p[Ble*[[yllln-1, (2.15)
which apply the assumption ¢ = €29 = ¢~7. Since ||Cq~!|| < 1, then
Ml < max {u[Ble* [yl ln—1, [ll¢]lln-1}

Now, for all n > 1 define

_ 1l
Qn —max{|||y|||n,W . (2.16)
By (2.14), we get
]
gl < max{|||y|||n1, it g (2.17)

hence, (2.16) and (2.17) show

[ llln—1 Hlln-1 _
angmaX{HyHln—l;W < max |Hy|||n—1,W = Qp-1,

then we can obtain non-increasing positive sequence
a1 20ag 22 0p N2> 2

Finally consider the case n = 1, for which (2.14) yields

ol < ma { ool L} = o { g0, -}

p[B]
ar = { .

the last two equations imply

ar < max{ o)), -}

B
then
K

y(t <max{ g(0 ,—}.
ishold Vt € I,,n > 1.

The following theorem concerns asymptotic stability of the system (2.2).
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Theorem 2.2. For the system (2.2), the conditions
1Cq~ || =¢ < 1,Vt >0, (2.18)

|-D+Cq B _
1 Blg B
for an arbitrary k < 1, imply limy_, o ||y(¢)|| = 0, for every initial function g(t).

k(1 —[|Cq ), vt >0, (2.19)

The proof of this theorem is analogy to the process of proving Theorem 3.2 in [10], hence
we omit it here.

In conclusion, though the conversion and reformulation which we applied to the system
(1.2) are similar to Iserles and Terjéki [8] and Liu [14], we effectively associate the two different
reformulations above-mentioned to obtain a favorable form for analyzing stability and obtain
the asymptotic stability for the pantograph system (1.2), that is

lim ||z(¢)|| =0

t—o00

when the conditions of Theorem 2.2 are hold.

3. Runge-Kutta Methods with Variable Stepsize

Bellen et al.[16] described in detail the discretization scheme and constrained global mesh.
We show that process here.
Firstly we build a primary mesh based on the following relation,

Tk:kal/(L k:]-an"'v

where Ty > 0 is given. In this way the primary intervals are defined by

Hy =T, — Ty 1 = qquO’ k=12, (3.1)

Observe that the sequence {Hy} increases exponentially, therefore we define the mesh by par-
tition every primary interval into a fixed number m of sub-intervals of the same size. Let []
denote the integer part, we set

H[n/m]Jrl 1 1T—¢q

i i= LR = Do e n=0L2 32

For simplicity(but without loss of generality), we assume to = Tp = 1. Let [ = n mod m, then
we define the grid points of H:

by 1= T[n/m,]+lhna n=12---,

which yields
tn :=q tn_m, n > m. (3.3)

Now we consider the application of Runge-Kutta methods to (1.2). We have
Tn+l = Tn + Z l;ikn,i; (34)
i=1

where

ki + b1 B(@n + > ik ;) + Chinmi + hni1D(@n—m + Y @ijkn_m ;) =0,
j=1 j=1
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and by (3.3), the descretization of pantograph delay is given by

S
Tp—m + § aijkn—m,j-

j=1

Let
Kn = [k 1 kpo - Ky

s Vs

1"

A= (a;ij)sxsv
b= (bAlabAQa"' 7bAs)Ta

e=(1,1,---,1)T is a s-dimensional vector.

Applying operator of ®, we transform (3.4) to

Tpi1 = Tn + (07 @ I3) K,

+hn+1(e ® D)xn—m + hn-{—l(}{ ® D)Kn—m =0,

which yields

La+hn(A2B) 0\ [ Ka 0 hpii(e®B)\ [Kn
+
T ® I, 14 Tpt1 0 —1Ig Tn
hos1(A@ D)+ I,0C 0\ [ Kn-m 0 hnt1(e®D)\ [Kn-m-1
+ + =0. (3.6)
0 0 Tp—m+1 0 0 Tp—m

Observe that matrices of equality (3.6) are (s + 1)d x (s + 1)d complex matrices. To research
the stability of numerical solutions, we transform (3.6) to the following form.

L+ o1 (A®B) 0 Ky, 0 hppi( @e®B)\ [ Ko
+
—e@b @1, Leq €e® Tpi1 0 —1Iq €® T
hn+1(g® D)+IS C 0 Kn—m 0 %(€T®€®D) Kn—m—l
+ + =0.
0 0 e® Tn—m+1 0 0 €@ Tn—m

4. Stability Analysis of Numerical Solutions

First we show the definition in [17].

Definition 4.1. A Runge-Kutta method (/T, b,c) is called to be L-stable, if it is A-stable, and
its stability function given by R(z) = 1+ 2bT (I — zA)~'e satisfies

lim |R(z)| = 0. (4.1)

|z]—o0
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Below we find the stability function of equation
2’ (t) + Bz(t) = 0, (4.2)

which is fundamental for the asymptotic stability analysis. Applying the Runge-Kutta methods
with variable stepsize to (4.2), we get

S
Tpt1 = Ty + Z Bikn,i; (43)
i=1
where

s
kn,i + thrlB(xn + Z &z]kn,j) = 07
j=1

in analogy to the previous derivation, (4.3) yields

e®xn+1:e®$n+(€®bT®Id)Kn;

1 _
K, + hn+1;(eT ®e® B)(e®xy) + hni1(A® B)K,, =0,

then the following equality can be induced.

~ -11
e® Ty = ez, — (e@b" @ 1) (Isd + 1 (A® B)) ;hnﬂ(eT ®e® B)(e® ),
that is
T T “tlor
e®Tnt1 = | Ly — (e ®bT @ I) (Isd +A® (hn+1B)) (" ®e® (hnt1B)| (@ ),
we immediately have
~ -11
R(_hn-i-lB) = lod + (e 0 bT 0 Id) (Isd —A ® (_hn-‘rlB)) g (eT Ve® (_hn-‘rlB)) . (4'4)
Assume that the Runge-Kutta method applied to system (1.2) is L-stable, and Ais regular.

Let

Ig+hn1(A®B) 0 0 lhpi(e” ®@e®B)
M(hnﬂ) = ) P(hn+1) = )
—6®bT ® Iy Isq 0 —1Iq

hni1(A@ D)+ 1,0 C 0 0 (T ®ew D)
Q(hn+1) = ) R(hn+1) =
0 0 0 0

Then it holds that
(Isd+hn+1(g®B))il 0
Mﬁl(hn+1) = .
(6 & bT ® Id)(lsd + hn—i—l(A & B))71 Isd

Hence we have

0 Pt Ty + hnp1 (A® B) (e @ e® B)
M_l(hn+1)P(hn+l) = - )
0 I+ (e®b” @ I)Ieg + hnp1(A® B) 2t (T @ e @ B)
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(Isq + hni1(A® B)) " Hhps1(A® D) + I, ® C) 0
Mﬁl(hn+1)Q(hn+l) = ~ . ’
(" @b" @ La)(Isa + hns1(A® B)) H(hnp1(A® D) + 1,0 C) 0

0 Pntt (Tg + hns1(A® B)) (T @ e ® D)
M_l(thrl)R(thrl) = " : (45)
0 (e®b” @ I4)(Isq + hny1(A® B)) 1222 (T @ e @ D)

Below we consider the difference equation (3.7). Let

K,
Xnt1 = <e®xn+1) )
by which, we transform (3.7) to

Xn+1 + Mﬁl(thrl)P(thrl)Xn + Mﬁl(thrl)Q(thrl)anerl
(4.6)
+M71(hn+1)R(hn+1)Xn7m = 0

By (3.2) we conclude that the stepsize h,11 yields h,41 — oo. Let
P = limhn_*_l_,ooM_l(hn+1)P(hn+1),

Q= limhﬂ,+1—>ooM71(hn+1)Q(hn+1);
R= limhn_*_l_,ooM_l(hn+1)R(hn+1),
then by the Definition 4.1 and the equality(4.4), we obtain

0 tef@(Ale)®ly I,®(B'D) 0
P: ? Q: )
0 0 e@b’ ® (B™1D) 0

0 LeT®(Ale)® (B D)
R= : (4.7)

0 Lee®(bTAle)® (B7'D)

where P,Q, R are 2sd x 2sd matrices and zeros in matrices denote Osq. Thus we obtain the
perturbation equation of the difference equation (4.6)

Xni1+PXn+QXn—mi1+RX i =0 (4.8)

Let
X1 = 2"z, (4.9)
where x = (5(1) @) L ,f(QSd))T is a 2sd-dimensional complex vector, z is a complex variable.

By the assumption (4.9), equation (4.8) induces
(2" Ihgq + P2™ + Q2+ R) = 0. (4.10)
Finally, we given the main theorem of this paper.

Theorem 4.1. The L-stable Runge-Kutta method (g, b, ¢) which is applied to the system (1.2)
is asymptotically stable if A is reqular, and the condition

IB~'D|| <1

holds.
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Proof. To prove the theorem, it is important to show the implication
det (Zm+1.[25d + P2+ Qz + R) =0 = |z| < 1.

We have
det (2™ Ireq + Pz 4+ Q2+ R)

=det (2™ (zl2sqa + P) + Qz + R) (4.11)

= det [megsd + (Qz + R)(ZIQSd + P)il} (ZIQSd + P),

where (2354 + P) is regular, whose inverse is given by

Z_llsd _Z;26T® (Av_le) R 1y
(ZI2sd + P)il - )
0 Zﬁlfsd
which induces
I,® (B~'D)z 1T @ (A~le)® (B~'D)
(Qz+ R)(2I25q + P) ' = (2Ipq + P)7!

e@b” ®(B7'D)z lee’ @ (bTA1e) @ (B~1D)
I, (B™'D) 0
e@b”®(B~'D) 0
by assumption of theorem and (4.7), the last equality implies
p(-P)=0<1, p(—(Qz+R)(2lsa+P) ") <|B'D|| <1 (4.12)
Rewrite (4.11) to the following form:
det (21259 — (—P)) - det [ I25q — (—(Qz + R)(2I25a + P) )] =0,

then by (4.12), it is obvious that
|z| < 1.

Now we consider the relation between the difference equation(4.6) and its perturbation
equation (4.8). Equation(4.6) denotes

R{{Xl}fio»n} =Fy, n >0,

where
R{{Xz}zoio,n} = Xn+1 + PX, + Qanerl + Ranmv
F, = (P - M_l(thrl)P(thrl))Xn + (Q - M_l(thrl)Q(thrl))anerl
+(R— M_l(hn+1)R(hn+1))Xn—m-
Let

(P =M Y (hpi1)P(hni1)) = (]]Z; 1];21) , where Py, P», P3, P, are sd x sd matrices .
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Obviously,
Py = 044, Py = 044,

1, = hn i -
P, = ;eT @A eI, — ;1 (Isd + hn+1(A®B)) (" ® e B)

71 —
=ht s [hnﬂ it (A® B)} T ® A le® I,).

Moreover, Py is the stability function of Runge-Kutta method, then Py = O(h,+1)G, where G
is a sd x sd matrix, and there exist a positive number Mg such that |G| < Mq. Immediately,
we have the estimation

I[P =M~ (hpi1)P(hnsa)|| < byt Mp,
for some Mp > 0. Analogously, we have
1Q = M~ (hnt1)Q(hn41)l| < hyyiy M,
|R— M~ (hpi1)R(hnya)|| < iyt M,
where Mg, M > 0. Let M = max {MP,MQ,MR}, then we get
1]l < Py M (I Xl + [ Xn—maa | + [ X)), n>0. (4.13)

By reference [18] and inequality (4.13), the difference equation (4.6) preserve the asymptotic
stability of its perturbation equation (4.8). Then the above theorem is proved.
The following theorem is obvious.

Theorem 4.2. Suppose that conditions (2.18) and (2.19) holds.Then the L-stability Runge-

Kutta method (A b,c) applied to the system (1.2) is asymptotically stable, where A is reqular.
That is, the solution of (3.7) satisfies

lim =z, = 0.
n—oo
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