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This paper is concerned with the numerical stability of Runge-Kutta methods for a class of nonlinear functional differential and
functional equations. The sufficient conditions for the stability and asymptotic stability of (k, [)-algebraically stable Runge-Kutta
methods are derived. A numerical test is given to confirm the theoretical results.

1. Introduction

This paper is concerned with the numerical solution of the
following nonlinear functional differential and functional
equations (FDFEs):

YO =flty®,yt-1,20-1),
2z =gty®),yt-1),2(t-1), o
t>0,
with the initial conditions

yO =@, zB)=y®), t<0, 2)

where T > 0 is a real constant, y and z are unknown vectors
of complex functions, f and g are given vectors of complex
functions with appropriate domains of definition, and ¢ and
y are given vectors of complex functions which satisfy the
consistency relation

¥ (0) =g (0,9 (0),¢(-1),y (-1)). (3)

Systems of the form (1) are sometimes called hybrid
systems [1] or coupled delay differential and difference
equations [2, 3]. They arise widely in the fields of science and
technology, such as control systems, physics, and biology (see
[1-6] and the references therein). In particular, they include

neutral delay differential equations (NDDEs) as special cases.
In fact, the explicit NDDEs

YO =F(by@.yt-1,y¢-0) @
are equivalent to

Y =fty®),yt-1,z(-1),

zt)=f(Ly®),yt-1),2z(t-1),

while the implicit NDDEs

(5)

[z()-G(tz(t-D) = f(tz(®),z(t-1) (6
are equivalent to

Y =fty®)+Gtz(t-1),z(t-1),
zt)=y)+G(t,z(t-1)).

7)

In recent years, numerical methods for explicit NDDEs
and implicit NDDEs have been studied extensively and a
significant number of numerical stability results have been
found (see [7-20]). However, the above results of numerical
stability cannot be applied to the more general problem (1).
In 1999, Liu [6] discussed the numerical stability of Runge-
Kutta collocation methods with a constrained grid and linear
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0-methods with a uniformed grid for linear systems of
FDFEs:

Y )+ Ay (M) + Ay (t-1)+Bz(t-1)=0,
z(B)+ Ay )+ Ayt —-T1)+Byz(t—1) =0, (8)
t>0,

where 7 is a positive constant and A, A,, A5, A,, By, and
B, are the coefficient matrices. Then, the asymptotic stability
of linear multistep methods, one-leg methods, Runge-Kutta
methods, multistep Runge-Kutta methods, and Rosenbrock
methods for linear systems of FDFEs (8) was investigated in
papers [21-23], respectively. Recently, Yu and Li [24] and Yu
and Wen [25] dealt with the stability and asymptotic stability
of the analytical and numerical solutions (obtained by one-
leg methods) of nonlinear FDFEs (1), respectively. In the
present paper, we further discuss the numerical stability of
Runge-Kutta methods for the nonlinear FDFEs. The sufficient
conditions for the stability and asymptotic stability of (k,[)-
algebraically stable Runge-Kutta methods are derived.

2. Stability of the Problem Class
D(a, B> B2 Y15 Y20 0)

Let (-,-) be an inner product and || - || the corresponding
norm in complex N-dimensional space C"; assume that the
mappings f and g in (1) satisfy the following conditions:

Re (u; — 1y, f (t,uy, v, w) = f (1, v, w))

<afu, — |’ VE20, up,uyv,we CY, ®
|f (& vy, wy) = f (60 v w))|
< Bulvi = vall + B oy - ws (10)
Vt >0, u, vy, vy wy,w, € CY,
lg (&1, v w1) = g (815, v, )|
< = sl + y vy = vl + 0wy —wof . )

N
YVt >0, up,uy, vy, vy, w,w, €CT,

where «, 31, B, 11> V> and & are real constants and § < 1.
Throughout this paper, we assume that the problem (1)

has unique exact solution y(t), z(¢) and denote the problem

class consisting of all problems (1) with (9)-(11) by class

D(a, By, B2 1> V25 0)-

Remark 1. Inequality 2.1 means that we admit of stiffness of
the problem, that is, admitting large value for the classical
Lipschitz constant of f(¢,u, v, w) with respect to the second
argument u (for the concept of stiffness we refer to [26, 27]).

Remark 2. Linear systems of FDFEs (8) belong to the class
D(e, By, B3> V1> V25 0), where & = pu(—A,), u(-) is the logarith-
mic matrix norm corresponding to the inner product norm
in CY, and B; = 4,0, B, = 1B/l vy = 145, v, = 1A,
6 = |IB,].
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For problems of the class D(«, 31, 35, V1> V2, 6), we have
the following stability results (see [24]).

Theorem 3. Suppose the problem (1) belongs to the class
D(ax, By, Brs V15 ¥2» 6) and &+ By + By + By (y, +,)/(1-6) < 0.

Then one has the following inequalities:

ly ) -7 @)
< max {lo® -0 [y O -FOl}. >0,
lz () -z @)
< (B2 45 mas flo -5 0] v 0 -7 O}
t>0.
(12)

Here and later, y(t), Z(t) denote the solution of any given
perturbed problem of (1):

FO=ft6y0,57t-1,20-1),
Z)=gty®),yt-1),2(t-1), (13)
t>0,
with the initial conditions

FO=¢®, ZMO=7@®), t<0,  (14)

which satisfy the consistency relation
7(0)=g(0,¢(0),9(-1),¥(-1)). (15)

Theorem 4. Suppose the problem (1) belongs to the class D(«,

Bis B> Y15 V2 0) and o+ By + By + By (yy +9,)/(1=68) < 0. Then
one has

dim [y -y@f=0,  lim Jz()-z®]=0,

(16)
which characterizes the asymptotic stability property of the
problem (1).

3. Stability Analysis of Runge-Kutta
Methods for FDFEs

An s-stage Runge-Kutta method for ordinary differential
equations (ODEs) can be expressed as

C |G G 0 Gy
el A . Cz dyy Gyp " g -
b - : cee ees ses ees >
G |ds1 g Ass
‘ bl bz bs

where A = (a;) € R™,b = (b,b,...,b)" € R%,and ¢ =
(¢1sCr---»¢,)" € RS, In this paper we always assume that 0 <

<1(@i= 1,2,...,s)andZ;=1bj: 1.
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The adaptation of the Runge-Kutta method (17) for
solving the problem (1) leads to

N
Y" =y, + hY a;f (tn +¢ih, Y;"), Y;"_’"), Z;"_'")),
j=1
i=1,2,...,s,
(18)

S
(n) v (n-m) rr(n—-m)
ynﬂ:yn+hz;bjf(tn+cjh,Yj",Yj"m,Zjnm),
=

2, = 9 (t> Yo Yoo Znm) »

where the integration step size h = 7/m, m is an arbitrarily
given positive integer, t, = nh, Yi("), y,» and z, denote
approximations to y(t, + ¢h), y(t,), and z(t,), respectively,
y, = o(t,) and z, = w(t,) forn < 0, and Z™ is an
approximation to z(t, + ¢;h) which is obtained by using the
following formula:

Z" = g(t, +h Y, Y/, Z0), i=1,2,..s
19)

where Y = ¢(t,, +¢h) and Z" = y(t, +¢h) fort, + ch < 0.

Similarly, applying the same method to the perturbed
problem (13), we have

N
¥ =5+ hZaijf (tn +cih, 17](."), 17;"7"1), Z;"im)) ,

j=1
i=1,2,...,s,
(20)
N
5 . (1) 57 (n=m) (n-m)
ynﬂ=yn+hzlbjf(tn+cjh,Yj”,Yj"m,Zj”m),
e

zn = g (tn’jjn’ yn—m’zn—m) >

where f’i("), ¥, and z,, denote approximations to ¥(t, + ¢;h),
y(t,), and z(t,), respectively, ¥, = @(t,) and z, = y(t,) for
n < 0, and Zg") is an approximation to Z(¢, + ¢h) which is
obtained by using the following formula:

Z0 = gty + b T, 700 Z0M) 10 s,
(21)

where ¥ = @(t,, +h) and Z\" = (t, +ch) for t, + h < 0.

Definition 5 (see [28]). Let k,I be real constants with k > 0.
A Runge-Kutta method (17) is said to be (k, [)-algebraically
stable if there exists a diagonal nonnegative matrix D =
diag(d,, d,,...,d,) such that M = [M,] e RO g
nonnegative definite, where

( k-1-2le"De e'D - b - 21e"DA )

De—b-2IATDe DA+ ATD-bb" - 21ATDA
(22)

and e = (LL,...,D)T € R Particularly, the (1,0)-
algebraically stable method is called algebraically stable for
short.

Theorem 6. Assume that the Runge-Kutta method (17) is
(k,1)-algebraically stable with 0 < k < 1. Then the numerical
solutions y,, z, and ¥,, Z,, obtained by applying the corre-
sponding method (18) to the problems (1) and (13) which belong
to the class D(«, By, By V1> V2, 0) with (a + B, + B, + Bo(y; +
1)/ = 8)h < I respectively, satisfy the global stability
inequalities

Iy~ 7l = C max o (9~ by - 7O}
(23)

1o (Cntn) _
AL (%52 +0 ) max {lo®) - ¢ ®)],

15

(24)

ly & -7 @)

where C depends only on the method, B, B,, V1> V5, 6, and 7.
Proof. Let

VVi(n) _ Yi(n) _ Y(n)’

1

W, = Yy~ Vo i=1,2,...,s,

Ql(n) =f (tn +ch, Yi(n)’ Yi(n—m)’ Zgn_m))
— f (o gh T, 7070, Z0m)),
§= max {lo®) -¢g@. |y O -7 ®|},
(25)

andqj = [(n+cj)/mj (j=1,2,...,5,n>0),where -] denotes
the integer part; then q,7 <t, + ¢;h < (g; + 1)7.
It follows from (18) and (20) that

S
‘/VI(H) = w,, + hzaijQ‘(in); i= 1’ 2’ oS (26)
j=1

S
Wy =W, + hzij;n), n=0,1,.... (27)
=1
Thus, it is easily obtained that (see [28])

S
i~ Kl =2 Re (W, Q™ — W)
(28)

s+1 s+1

= _Z ZMij<Ei>€j>a

i=1 j=1

where &, = w,, & = hQ"™, i = 2,3,...,s + 1. In view of
(k, I)-algebraic stability of the method and 0 < k < 1, we get

[, < o, + 2 d; ReqWi, hQY W) (29)
j=1



4
By using conditions (9)-(11), we have

2Re (W, hQ"")
=2hRe <‘/Vj(n), f (tn + th, Y;n)) Y;n—m), Zﬁn—m))

—f (b + ¢, T, 07, Z0om)

) (30)
< ol 2w
e 70,07, 20
f (1 7, T, Zom)|
Whent, + cjh — 1 <0, that is, q; =0, (30) leads to
e (wi1Y)
< 2 W[+ 21 W) (B, + By) S (31)

< oty + B H[WE| 4 h (B, + )"

On the other hand, when £, +¢;h—7 > 0, thatis, q; > 1, using
conditions (9)-(11) and § < 1, (30) leads to

2 Re(Wj("), hQ§">)

< 2w+ 26w

(8 -2
<2t

[ B i o )

# 8|z -z

“ranfwi]

< 2|+ 26w

(B an g )
i=1

q;
oY 8 W+ 7S 4 ﬁzéq"s>
i=2

< 2w gy (Wi [+ )

)

qj )
+ Y 8 (W)
i=1

\
ny 38 (T )
i=2

+hp,077 (3, +0) (W + )
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< <2a+ﬁ1 B+ B, (1)’1 ;h))huwj(n) 2

}
1 |W i o Y 5w
i=1

qj
+hByy, Y 82 WO 4 hB,8U7 (y, +6) S
i=2
(32)

Here and below, we define ¥ __ equal to 0 for t < s. Combin-
ing (31) and (32) yields

2Re (W}, hQ")
B (yi +12) m)||?
(20 e B
+ g Jw
qj i=1|7 7 (n-im)||2 < i=2|| 17 (n=im) ||
+ oy Y 8 Wi+ may Y |
i=1 i=2

+hB,8U 7 (y, +8) S
(33)

Substituting (33) into (29) and using condition ( + 3, + 5, +
By(y1 +v,)/(1 = 8))h < I, we obtain

i

< ||wn||2 + Zdj [(<2<x + B+ By
=1
B (v +72) .
LD )
gy i
9 .
DY e
i=1
9 5 L2
+ oy, 8wy
i=2
+hB,87 7" (1, +6) sz]
Stk + 3, - (o ELEE Yo
j=1
e
DY ()
i=1
q; . ) 2
+ Y 8wy
i=2

+hB,00 7" (y, +8) S |.
(34)
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By induction, (34) gives

el

<l + Y Y, [ (ﬁ1+ b L;))

k=0 j=1
< HWO + g, Jwi |

L(k+c;)/m)
AR T
i=1

2

L(ercy) /]
TS W T

i=2

hB, (y, +9) §*
T

S||w0||2+];d[ <B1+/32 /32()}1_5 )>

2

Sllecy)/m] ]

[l 6|12 C )2

xhy [WiP|" +ng, Y W
k=0 k=—m
ﬁzY1 }E ”M/“ m)"

+h@h anmn

+ﬁ2 (v, +9) T8
8(1-90)

<o 3t (- B0 )

Thp, + /32 (Vl

i) 3wl

i (51 N B, (1}’1;)’2) ) m<k< 1”W(k)“

/32()’2+5)TS2
8(1-9)
: B(n+y:) By, +9)
< ||w0||2+j;dj <ﬁ1 + 22 11—8 2+ ;(12_5) >TSZ.
(35)

Therefore, there is a real constant C depending only on the
method, 3, 55> V1> V2> 6, and 7 such that the inequality (23)

holds. On the other hand, using condition (11) and § < 1, we
have

"Zn - 2n" = ||g (tn’ Yo Yn-m> Zn—m) -9 (tn’ yn’ yn—m’zn—m)"

<h "wn“ B2 ”wn—m” +0 ”zn—m - zn—m"

< (—C (;}l_JrayZ) + 6)

< max, 2
(36)
and this completes the proof of Theorem 6. O

Particularly, for the algebraically stable Runge-Kutta
method, we have the following.

Corollary 7. Assume that the Runge-Kutta method (17) is
algebraically stable. Then the numerical solutions y,, z,
and ¥,, Z,, obtained by applying the corresponding method
(18) to the problems (1) and (13) which belong to the class
D(ax, B1s Bys Y15 ¥2» ©) with a+ By + By + By (y1 +7,)/(1-6) <0,
respectively, satisfy the global stability inequalities

[y = 7all < Cmax {lo ) - O v &) -7 @A)}

—T<t<0

_ C(yn+1) _
feu-zl < (P21 ) max flo) - 0],

b

(37)

lw &) -

where C depends only on the method, B, 55, V1, V5, 6, and 7.

Remark 8. It is well known that the formulae Gauss, Radau
IA, Radau IIA, and Lobatto IIIC (for ODEs) are all alge-
braically stable. Therefore, in terms of Corollary7, the
corresponding methods are globally stable for solving the
nonlinear FDFEs of the class D(«, 31, 3, V1> ¥2,90) which
satisfy the condition o + 5, + 3, + SB,(y; +1,)/(1 =) < 0.

In the following, we further discuss the asymptotic
stability of the Runge-Kutta method.

Theorem 9. Assume that the Runge-Kutta method (17) is
(k,1)-algebraically stable with 0 < k < 1, D > 0 (i.e., the
matrix D is positive definite), det A#0, and |1 — bTA el < 1.
Then the numerical solutions y,, z, and ¥,, Z,, obtained by
applying the corresponding method (18) to the problems (1)
and (13) which belong to the class D(«, 3, 35> Y1> V2, 0) with
(a+ By + By + Bo(yy +v2)/(1 = 8))h < I, respectively, satisfy

lim |z, -z, =0 (38

n—+0o

lim "yn yn”_

n—+00

The relations (38) characterize the asymptotic stability property
of the method.



Proof. Let o = (a+ B, + B, + Bo(yy +v,)/(1 = 8))h — I; thus
0 < 0. In terms of the proof of Theorem 6, we have

||wn+1”2
d
“ult+ 3| (20- (e 5+ 27 1)
=
x “Wj(n) ||2 + hﬁl ”Wj(n—m) "2

q; ) ) 2
+hp ) 87w
i=1

9j i . 2
Hn 30 |
i=2

+hB,80 7" (y, +8) S |.

(39)
By induction, (39) gives
ol
<l | o ) S
j=1 k=0
. ( g Belnen) (0
00 )

Since (20 — f3,h) < 0 and D > 0, we easily obtain that

Jm L0 jorzs

On the other hand, while det A # 0, denote G = [g,-j] =AY
thus (26) yields

m_ 15 ) -
Q; —z];gij(wj —wn), i=1,2,...,s. (42)
Substituting (42) into (27) leads to
T (-1 A )
w,,, = (1 -b' A e)wn+ZZbigijVVj". (43)
i=1 j=1

Noting that |1 - bTA7'e| < 1 and (41), we easily obtain

lim |w,| = lim |y, -7/ =0. (44)

n—+0o n— +00
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Furthermore, using condition (11), we have

"Zn - 2n|| = ||g (tn’ Yo Vn-m> zn—m) -9 (tw yn’ jjn—m’gn—m)"

<h "wn“ 2! Ilwn—m” +0 “zn—m - En—m" .

(45)

Considering that § < 1 and (44), (45) leads to
nLiIPOO |z - 2] = 0, (46)
and this completes the proof of Theorem 9. O

Particularly, for the algebraically stable Runge-Kutta
method, we have the following.

Corollary 10. Assume that the Runge-Kutta method (17) is
algebraically stable with D > 0, det A#0, and [1-b"A™"e| < 1.
Then the numerical solutions y,, z, and y,, Z,, obtained by
applying the corresponding method (18) to the problems (1)
and (13) which belong to the class D(«, 3, 35> V1> V2, 0) with
a+ P+ B, + By +9,)/(1=8) <0, respectively, satisfy

lim "yn - j;n" =0,

n—+0o

nl_i,rPoo "Zn - 271” =0. (47)

Remark 11. It is well known that the formulae Radau IA,
Radau IIA, and Lobatto IIIC (for ODEs) are algebraically
stable with D > 0, det A#0 and |1 — b"A™"¢| < 1. Therefore,
in terms of Corollary 10, the corresponding methods are
asymptotically stable for solving the nonlinear FDFEs of the
class D(«, 31, 35> V1> V2> 0) which satisfy the condition & + 3, +
By + Bayr +12)/(1=6) <.

Remark 12. In the paper [25], it is proved that an A-stable
one-leg method is globally stable and a strongly A-stable
one-leg method is asymptotically stable for FDFEs. However,
any A-stable one-leg method has order at most two. In the
present paper, the stability results are based on (k, I)-algebraic
stability of Runge-Kutta methods, which, in general, can be of
high order.

4. Numerical Experiments

Consider the following initial value problem:

ou(x,t) ou(xt) .
5 T o +sinu (x,t —m) cosv(x,t —m),

0<x<1,t=0,

v(x,t) =sinu(x,t)sinu (x,t —m) + 0.2v (x,t — ),
u(x,t) = (x —xz)sint, v(x,t) = (x2 —x) sint,
0<x<1, t<0,

u(0,t) =u(1,t) =0, v(0,t) =v(1,t) = 0.

(48)
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03+ 0.6
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0.15 031
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0 0 el

()

FIGURE 1: Values ||lu,, — i, (a) and values ||v, — ¥, (b) with h = 7/100.
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0 0.2 0.4 0.6 0.8 1 1.2 14 1.6
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(b)

FIGURE 2: Values ||lu, — 7i,,|| (a) and values ||v, — ¥, || (b) with h = 77/100.

After application of the numerical method of lines, we obtain
the following FDFEs:

”l{ (t) = Asz (g () = 2u; () + uyy, (1))
+sinuy; (t —m)cosv; (t —m), t=0,
v; (t) = siny; (t) sinuy; (t — ) + 0.2v; (t — 71),
i=1,2,..,N-1, 4
u; (t) = iAx (1 — iAx)sint,
v; () = iAx (iAx — 1) sint,
vo(t) =vy (1) =0,

where Ax is the spatial step, N is a natural number such that
NAx =1,x; = iAx,i = 1,2,...,N — 1, and u;(t) = u(x;,t),

t<0,

uy (1) =uy (t) =0,

v;(t) = v(x;,t). Then, the problem (49) belongs to the class
D((X, /3]) ﬁz) Y1> Y2 8) with

§=02,
(50)

L, T
o= —4N2s1n2m, Bi=B=n=rn=1

where the inner product is standard inner product. We take
Ax = 0.01 (i.e., N = 100) for the numerical method of lines;
thus the condition a+ 8, + 3, + B, (y, +1,)/(1-8) < 0(< 0) is
satisfied, which means the analytical solution of the problem
(49) is stable and asymptotically stable.

As an example, we consider the 2-stage Radau IIA
method:

c|l A

1/3|5/12 -1/12
b

= 1|3/4 1/4 ,
| 3/4 1/4

(51)




for solving the problem (49) and its perturbed problem,
where the initial conditions of the perturbed problem are

u; (t) = 5iAx (1 — iAx) sint,
V; (t) = 5iAx (iAx — 1) sint, (52)
t<O0.

According to the results of Corollaries 7 and 10, the
corresponding method (for FDFEs) will be stable and
asymptotically stable. We denote the numerical solutions
of problem (49) and its perturbed problem u,, v, and i,
v,, respectively, where u, and v, are approximations
to  [u(t,), uz(tn),...,uN_l(tn)]T and [v,(t,), v,(t,), ...,
vN_l(tn)]T, respectively. The values |lu,, — i, and ||v, — ¥,
are listed in Figure 1 (where the abscissa denotes variable t).

As a comparison, we consider the explicit 3-stage Runge-
Kutta method

oo o0 o0

c|lA _1/2(1/2 0 0
b~ 1 |-1 2 0° (53)

[1/6 4/6 1/6

for solving the problem (49) and its perturbed problem, and
list the values |u, — #,,|| and |lv,, — ¥,|| in Figure 2.

From Figure 1, one can see that the values |lu,, — #,,]| and
llv,, — ¥,ll are bounded and tend to zero. This coincides with
the results of Corollaries 7 and 10. However, for the explicit
3-stage Runge-Kutta method (53), which is not algebraically
stable, the situation is inverse as one can see that the values
lu,, — #i,|| are divergent as n — +oo0.
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