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This paper is devoted to the stability and convergence analysis of the two-step Runge-Kutta (TSRK) methods with the Lagrange
interpolation of the numerical solution for nonlinear neutral delay differential equations. Nonlinear stability and D-convergence
are introduced and proved. We discuss the GR(J)-stability, GAR(I)-stability, and the weak GAR(J)-stability on the basis of (k, I)-
algebraically stable of the TSRK methods; we also discuss the D-convergence properties of TSRK methods with a restricted type of

interpolation procedure.

1. Introduction

Neutral delay differential equations (NDDEs) arise in a
variety of fields as biology, economy, control theory, and
electrodynamics (see, e.g., [1-5]). The stability and conver-
gence properties of numerical methods for linear NDDEs
have been widely researched by many authors (see, e.g., [6-
11]). For the case of nonlinear delay differential equations, this
kind of methodology had been first introduced by Bellen and
Zennaro [12] and Torelli [13] and then developed by Torelli
[14], Bellen [15], and Zennaro [16, 17]. In 1997, Koto proved
the asymptotic stability of natural Runge-Kutta method for a
class of nonlinear delay differential equations in [18]. Bellen
et al. [19] gave a discussion of the stability of continuous
numerical methods for a special class of nonlinear neutral
delay differential equations. In particular, Jackiewicz [20-
22] systematically investigated the convergence of various
numerical methods for more general neutral functional
differential equations (NFDEs). In 2009, Yang et al. gave a
novel robust stability criteria for stochastic Hopfield neural
networks with time delays in [23]. Yang et al. [24] studied
the exponential stability on stochastic neural networks with
discrete interval and distributed delays in 2010. In 2011,
Liu [25] gave the robust stability for Neutral time-varying
delay systems with non-linear peturbations. On the stability,
Tanikawa studied the values of random zero-sum games in

[26], and in [27] Basin and Calderon-Alyarez gave the delay-
dependent stability studies for vector nonlinear stochastic
systems with multiple delays.

However, these important convergence results are based
on the classical Lipschitz conditions. The studies focusing on
the stability and convergence of the numerical method for
nonlinear NDDEs based on a one-sided Lipschitz condition
have not yet been seen in literature until now. By means
of a one-sided Lipschitz condition, in the present paper we
discuss the stability and convergence of two-step Runge-
Kutta (TSRK) methods for nonlinear NDDEs. Thanks to the
one-sided nature of the Lipschitz condition, the error bounds
obtained in the present paper are sharper than those given in
the references mentioned.

2. Two-Step Runge-Kutta Methods for NDDEs

It is the purpose of this paper to investigate the nonlinear
stability and convergence properties of the following NDDEs:

YO =f(ty®.,yt-0.y t-1), teloT],

yt)=¢t), te[-1,0],

@



where £: [0, T]x CNx CVx CN — C" isa given mapping, 7
is a positive delay term,and ¢ : [-7,0] — C isa continuous
function. Moreover, we assume that there exist some inner
product (-, -) and the induced norm || - || in CY, such that

Re <f (t’ YU, V) - f(t» Yo Us V) Y1~ )’2) < “”)’1 - )’2"2’
If (& ysupsv) = f (& youpov)|| < By — 1o
If (& youvy) = f (& yswmy)| <y v = was

IK (& y, w1, v, w) = K (£ 3,1, v, )| <y = 1]
)

where K(t, y,u,v,w) = f(t, y,u, f(t — ,u,v,w)), t € [0,T],
VY, Y1s Voo ths Uy Uy, Vs V), Vs w € CN, and @, B, 9, g are
constants.

In order to make the error analysis feasible, we always
assume that problem (1) has a unique solution y(t) which is

sufficiently differentiable and satisfies

i=1,2,...,te[-1,T], (3)

d'y(t)
dtt

and denotes the problem class R(«, f3, y, q) that consists of all
NDDEs with (2).

Many numerical methods have been proposed for the
numerical solution of problem (1).

In this paper, we are concerned with two-step Runge-
Kutta (TSRK) method of the form

Y =y, +h
3 my (42)
Xzaijf(tn+cjh)Yj ); l=1,2,...,5,
j=1
Y(n K = Y1t h
x Yagf (ty +chY™™D), =125
j=1
(4b)
Yol = (1-9) Yut 9)/,,,1
S
+hYbf(t, +ch Y™
i; lf( e ) (4¢)

+ hi‘z}i f(tun +h YY),

i=1

where Y3 b+Y5 b = 1+0,¢ = Yi=1 Gij> Y 1s the numerical
approximation at t,, = nh to the analytic solution y(t,), h > 0

is a step size,and 0 < 0 < 1. The above methods are studied in
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[11]. Now we consider the adaptation of the two-step Runge-
Kutta method to (1):

Y" =y, +h

s
x Zaijf (tn + th> Y](n),Y;”)’ Y;n)> 5 i=1,2,...,s,

=1
(52)
Yi(n_l) =Ypa t h
S ( )
n—-1
X Z;aijf (tn—l Y (50)
=
v E), i 12s
Vi1 = (1=0) y, +0y,_,
N
(n) —(n) F(n)
n h;bif (tn +ch, Y7, Y LY, ) (5¢)

+hzbf(n 1+Ch Y(n b Yn Y Y(n D)

i=1
where y, is the numerical approximation to the analytic
solution y(t,) with t, = nh.

In particular, y, = ¢(0). The argument Y;n) denotes an
approximation to y(f,+c;h—7) and the argument f’;”) denotes
an approximation to y'(t,, + c;h — 1) which are obtained by a
specific interpolation procedure at the point = f,, + ¢;h - 7.
Using values Y;k) = ¢(ty + c;h) withk < 1, + ¢;h < 0.

Let 7 = (m — §)h with integer m and § € [0,1), v,y > 0
be integers. Define

(p(tn+cjh—‘r) t,+ch-1<0,
14

M _ )
Y, = YIL@Y"™ g tch-1>0, vilsm,
i=—p
(6)
where
~ Y (85-k
L;(d) = H (j)’ d€[0,1),
k=—
iy (7)

T = f(t,+h-1, ¥ 70,700,

We assume m > v + 1 is to guarantee that no (unknown)

values Y with i > n are used in the interpolation procedure.
It should be pointed out that the adopted interpolation

procedures (6) is only a class of interpolation procedure

for ?E.n); there also exist some other types of interpolation

procedures, such as numerical schemes which use Hermite
interpolation between grid points (see [28-30]). It is the aim
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of our future research to investigate the future adaptation of
two-step Runge-Kutta methods to NDDEs by means of other
interpolation procedures.

3. The Nonlinear Stability Analysis

In this section, we will investigate the stability of the two-step
Runge-Kutta methods for NDDEs.

In order to consider the stability property, we also need to
consider the perturbed problem of (1):

Z W) =f(tz@®),z(t-1),2 (t-1)), telo,T],
=y, tel-0],
(8)
where v : [-7,0] — CY is a continuous function. The

unique exact solution of the problem (8) is denoted as z(¢).
Applying the two-step Runge-Kutta method (4a), (4b),
and (4c¢) to (8) leads to

ZW =z, +h
S
_( —
x Y af (tn +¢h, Zyl), Zjn), Z;n)), (9a)
j=1

i=12,...,5

70V =z, +h

X Zs:aijf( 1+Ch Z(n 1) Z(” D Z;n—l)>,

Zp = (1-60)z,+0z,

+hibif(t +oh 2,2, 7"
i=1

+thf( w1+l 200,77 700
i=1

(90)

3.1. Some Concepts

Definition 1. Let I be a real constant, a two-step Runge-Kutta
method with an interpolation procedure is said to be R(])-
stable if there exists a constant C dependent only on the
method and [ such that (« +  + yq)h <l and

"yn - Zn“2

) (10)
< [2+C(B+yg)]maxle®) -y O,

n>1,

with step size h satisfying hm = 7, where m is a positive
integer.

GR(I)-stability is defined by dropping the restriction
hm = 1.

Definition 2. Let [ be a real constant, a two-step Runge-Kutta
method with an interpolation procedure is said to be AR(])-
stable if

nhjréo "yn - Zn” =0 11)

with step size h satisfying («+ +yg)h < land hm = T, where
m is a positive integer.

GAR(])-stability is defined by dropping the restriction
hm = 1.

Definition 3. Let | be a real constant; a two-step Runge-
Kutta method with an interpolation procedure is said to be
weak AR(])-stable if, under the conditions of Definition 2, (11)
holds when f further satisfies

If (& usviw) = f (81, v w)|| < Lfjuy - uzllp0 (12)
with p, being a positive real number and L being a nonnega-
tive real number.

Weak GAR(])-stability is defined by dropping the restric-
tion hm = 1.

3.2. The Stability of TSRK Methods. Letw, = y, — z,, W
Yi(n) _ Zl(n)’ W; Y(n) Z@’ "/“Z(n) _ Y,i(n) _ Zgn), an) _
hf(t,+ch Y™, Y 7Y = £t +h, 2, Z", Z)], and
i=1,2,...,s

It follows from (5a), (5b), (5¢), (9a), (9b), and (9c¢) that

S
W =w,+Ya,Q", i=12...,5  (13)
j=1
N
W w4 Ya QY i= 120 (13b)
j=1
Wy, = (1= 0)w, + 6w, , +ZbQ(" +ZbQ” Y
i=1
(13¢)

Now we will write the s-stage TSRK methods (4a), (4b),
and (4c) as a general linear method.

Let Vi(") = (Wi("),VVi("_l))T be the internal stages, Ups1 =
(w, H,w,,)T the external vectors, and Pi( = (Q (” T,
Then we have a 2(s + 1)-stage partitioned general linear
method:

V(n) chlp ¥ ZCU P i=1,2,...,5, (14a)

U1 = ZCZIP(” + ZCU P i=1,2,..0.5 (14b)
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M (k1) =
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(1,1,...1)

A=(a;), e o)
— (buby...B).

b=(b.b,....b,),

[ayll 1l

(15)

Definition 4. Let k,l be real constants; a TSRK method is
said to be (k,[)-algebraically stable if there exists a diagonal
nonnegative matrix G and D = diag(d,,d,, ..., d,,) such that
M = (m;) is nonnegative, where

T T T
C,D - €, GGy, - 2IC,DCyy ) (16)

DC,, - Cl GC,, - 21C],DC,, CT D+ DC,, -Cl GC,, -21Cl,DC,,

In this paper, we use the linear interpolation procedure.
Let 7 = (m — 6)h with integer m > 1 and § € [0, 1).
Define

7 = oy s (1-8) Y™, (172)

—(n)

_ (n—-m+1) _ (n—m) .
Zj —8Zj + (1 8)Zj s j=12,...5s,

(17b)

where Y]@ = ¢(t; + ¢;h) and Z?) =y(t; +c;h) fori < 0. When
the step size h satisfies T = mh, we have

v =y, Z7

; =z, j=12...,s (18

Theorem 5. Assume that a TSRK method is (k, 1)-algebraically
stable. Then

[

< k|’
+ Y d;[(@a+ Bry@) h=2D) [V + 1 (B +ya)
j=1

x (v + (1 - 0) ||Vj(""”‘”||2)] .

(19)
Proof. It is well known that
2s
||;4n+1||2 - k||;4n||2 - ZZdj Re <V}”),P;”) - le(")>
=1
2
25+2 25+2 ( 0)
== 2 XMy ()
i=1 j=1
where
P = Wy Ty = Wy,
7']'=Q§~yi)2, j=34...,5+2, (21)

rj:QE.':PZ, j=s+3,5+4,...,25+2.

By means of (k, [)-algebraical stability of the method, we have

2s
ltwir|” < Kllesa])” +2 d; Re (V}”’,P}”) - zv}'”) . (22)
j=1

It follows from (2) and (6) that

2Re (W, Q)
— 2hRe <Wj(")’f<tn +cih, Y](n))?;ﬂ)’ff;n))
_f (tn +¢h, Zﬁ.”’,?;"), 17;”)»
+2hRe (W, f (1, + 20,7, 77)
(s 20 205)
+ 2hRe <Wj(")’f<tn + th, ZE."),Z;”’,Y;"))
—f (ta+ eh 2.2, Z))

< 2w+ 218w

—(n)
W

e

1

< 2w+ 218w

. ||W§") || + 2hyq ||‘/ij(") ” . "Win)

S 2h(B ey W] [W

< " J

< Zha"VVJg”) 4o (B+yq) "Wj(”)

(o oo we )
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<h(Qa+p+yq) "VV].(") ’

n-m) || n-1-m)||?
+h(B+ya) (3w + -8 [w= ).
(23)
Substitution into (20) gives (19). O
Theorem 6. Assume that a TSRK method is (k, 1)-algebraically
stable and k < 1. Then the method with linear interpolation
procedure is GR(1)-stable.

Proof. The inequality (¢ + +yq)h < [ and Theorem 5 lead to

“[’lwrl“z = “[’lnnz
2s

+yd; [~ (B+yq) |V I*+ 4 (B +yaq)
j:I

(ol ~a-o )]

(24)
By induction, we have
et
< Jol’
2s -1 .
+hyd;(B+yq) (5 Y v
j=1 i=—m
wa- 3 vT)
i=-m-1
2s
< uoll* + 1Y d; (B+ya) 2
=1
x[8(m-1)+1-m max VO
-m-1<i<-1
= ol? + (5+ y4 er max VO

-m—1<i<-1

2s
<ol + (B +ya) vy d;maxle () —y 1)
e

Because ., = (w,,,,w,)", so we have
el < ]

+Jwo | + (B+va) =
2s

x yd;maxle (6) -y ()]
e

< 2maxfp(t) -y )| + (B +ya) 7

5
2s )
x j;dj maxp(t) - ()]
< [2+C (B+yq) 7] max|o(®) ~ y )]
(26)
Therefore, it is GR(I)-stable, where C = Z?sl d. 5+ O

Theorem 7. Assume that a TSRK method is (k, I)-algebraically
stable and k < 1. Then the method with linear interpolation
procedure is GAR(1)-stable.

Proof. Let u = (2a + B + yq)h — 21 and k = max{k, (8 +

yah/ (="},
Then, when (a + 8 + yq)h < I, we have yu < —(f + yq)h

and 0 < k < 1.
The application of Theorem 5 yields

"!"n+1"2 £ E”MHHZ
2s
3 d; [uv?] +n (B +va)
j=1

x(olvi I a-a v )
(27)

By induction, we have

—n+1

el < K sl

n i 2s .
s YKy d [ VEOL +n (B +va)
i ja
(T -

i)

+1 2
ol

2s n-m .
+Zdj[ O(k "t h(B+yg) ok

i=

sh(Bryg) 1 -8F ")

U IR0
< —n—m—i 112
(s zF 1l
+(1-0) Zl el )]

i=—m-1



+h(B+ya) 1-9) V[

—n-m 1 .
KBy Y VOT

i=—m—1

(28)
On the other hand,
—m+1 —
pk  +hk(B+yq)d
+h(B+yq)(1-0)

< h(B+yq) +hk (B+yq) S
+h(B+yq)(1-8)<0.

Considering dj >0,7=1,2,...,sand 0 < k < 1, we have
Jim gz, = 0. (30)

T
Because y,,,; = (w,,1,w,) , so we have

Jimlw, ]| = 0; (31)
which shows that the method is GAR(])-stable. O

Theorem 8. Assume that a TSRK method is (k, 1)-algebraically
stable, k < 1,and d; >0, j = 1,2...,s. Then the method with
linear interpolation procedure is weak GAR(l)-stable.

Proof. It follows from Theorem 5 that

2s
(7 o A Y
j=1

x [~V + 1 (B +va) Y
< (s + - o)y

where 0 = 2] — 2a + § + yq)h. When (« + S + yq)h < I, we
have o > 0. Analogous to Theorem 6, we can easily obtain

2 2
et I < ol

2s .
cXa | e m OF
i=1 ==

(33)

>

NG
1)
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which shows

) 2s 12 . 2s 12
Jim YV =0, lim Yd W[ =0, (4)

j=1 j=1

2 2

=0. (35)

2s — ) 2s — )
Jim Y] =0 Jim YW,
J= J=

On the other hand,

o

<h "f (tn +Gh, Yi(n),?fn)’ Y’i(n))

) 7™ Fn)
_f(tn+cih’Zin’Yi ’Yin>

el (1 6 20,7 70

-f (tn +oh 20, 7,", ZE"))

e (o2, 20 50)

(v 20,7029

l (36)
<h|f (t,+ch Y. 7", 70)

) 7" F0n)
-f (t,, +Gh 27, Y, Y )

i

|

[y

<hf (b + e ¥, 7, T0)

) 7" )
_f(tn+c,.h,Zi",Yi ,Yi”>

g [ | + hva W)
In view of (12) and (35), we have

2s
lim 'd;[Q” ||2 =0. (37)
1

n— 004
j=

Considering (9a), (9b), (9¢), (22), and (37) with dj > 0, we
have

dim ] = 0. (38)
Because p,,,; = (W41, u)n)T, so we have

Jim fw,| =0, (39)

which shows that the method is weak GAR(/)-stable. O
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4. The Convergence of
TSRK Method for NDDEs

4.1. Some Concepts. In order to study the convergence of the
method, we define

T T T
y® = (v, Ly
. T — )T —(n-1)" (1) T
Y("):(Y(l”’ LY Y Y )> e C*N,

~ (T (T~ T ~ \T
7O = (7T LT e,

¢ = <y(n+1)T,y(n)T)

F (£, Y, 7", 7%)

T

_ _ T
_ (f(tn+c1h,Yl(”),Y(1n),Y1(”))
) 7 5m)"
f(tat e YO X T0)

1) =(-1) ~m-D\L
Ftyy +ah Y07 F0)

1) ~ T
f(tn_1 +csh,YS("_1),Y§" 1),Y§”‘1’) > e C*N
(40)

Thus, process (5a), (5b), and (5¢) can be written in the
more compact form

y® = hC,,F (tn, Y(n),?(n)> ?(n)) + CuC(”), (41a)

(D = hCy B (1, Y, 7", 77) 1 Cpf®™. (41b)
Definition 9. Method (4a), (4b), and (4c) with an interpola-
tion procedure is said to be D-convergent of order p if the
global error satisfies a bound of the form

ACARSES

<1 1) ([ ) = 3+ max ¥ () = ] + 0,

n>1, he(0h,

(42)
where H(t) is defined by
H(t)=(y(t+h),y ) eC™,
YY) =(y(t+ch),....y(t+ch), (43)

y(t—h+ch),...,y(t—h+ch)) e C*.

p; (t) and hy depend on M;, «, 3, y, and .

Definition 10. TSRK method (4a), (4b), and (4c) is said to
be algebraically stable if there exist a real symmetric, positive
definite 2r x 2r matrix G and a nonnegative diagonal 2s x 2s
matrix D such that the matrix

G- ngcczz C1T2D - ngGCm

M =
DC,y, - CZIGCZZ DCy, + C1T1D - C;GCZI

(44)

is nonnegative definite.

Definition 11. TSRK method (4a), (4b), and (4c) is said to be
diagonally stable if there exist an 2sx2s diagonal matrix Q > 0
such that the matrix QC,; + C],Q is positive definite.

Remark 12. The concepts of algebraic stability and diagonal
stability of TSRK method are the generalizations of cor-
responding concepts of Runge-Kutta methods. Although it
is difficult to examine these conditions, many results have
been found; in particular, there exist algebraically stable and
diagonally stable multistep formulas of arbitrarily high order
(cf. [31]).

Definition 13. TSRK method (4a), (4b), and (4c) is said to
have generalized stage order P if P is the largest integer which
possesses the following properties.

For any given problem (1) and & € [0, EO], there exists an
abstract function H"(¢),

H"(t) = (H} (1), H, (1)) e CN, (45)
such that
|H @ -H" © < p.#?,
||Ah (t)|| < p kP, (46)
lo" 0] < puie™.

where the maximum step size /i, > 0 and the constant p,
depend only on the method and the bounds M;, A"(t), and
8"(t); they are defined by;

Y (t) = hC,,Y' (t) + C, H" (t) + A" (1), (47a)
H" (t + h) = hC,, Y (t) + C,,H" (1) + 8™ (t).  (47b)
The function Y’ (£) is defined by

Y (t) = (y'(t+c1h),...,y' (t+ch),

y'(t—h+c1h),...,y’(t—h+csh)) e ¥V,

(48a)

In particular when H(t) = H"(t), generalized stage order
is called stage order.

4.2. D-Convergence and Proofs. In this section, we focus on
the error analysis of TSRK method for (1). For the sake of
simplicity, we always assume that all constants h;, y;, d;, and



8

L, are dependent only on the method, some of the bounds
M;, and the parameters «, f3, p, and 7.

First, we give a preliminary result which will later be used
several times. For any Y, Y.Y,2,Z, 7 € C*N for Y?, ?(n),

Yo, zm, Z(n) Z® and ¢, @ € C*N for (™Y, @™V where
@(”“) = (2", z"). Define A and & by

A=Y-Z-hCy, (F(t.Y,Y,Y)-F(t2,Z,Z)), (49)

§={-@-hCy (F(t,Y.Y,Y)-F(t,2,Z,Z)). (49b)

Theorem 14. Suppose that method (4a), (4b), and (4c) is
diagonally stable. Then there exist constants h,, p,, and ps such
that

€ (0,h],
(50a)

IY =zl < p, (|&] + 1 |Y - 2] + 1|7 - Z]).

I¢ - @l < ps (|&] + |8 + 1 [[¥ - 2] + 1|7 - Z]). (s0b)
he(0,h].

Proof. Since the method (4a), (4b), and (4c) is diagonally
stable, there exists a positive definite diagonal matrix Q such
that the matrix E = QC,; + ClTlQ is positive definite.
Therefore, the matrix C; is obviously nonsingular, and there
exists an [ > 0 which depends only on the method such that
the matrix

E; = C;[EC,, - 2IQ (51)
is also positive definite.
Define
W=Y-2  W=Y-2Z  W=Y-Z,  (52a)
=h(F(tY,Y,Y)-F(t,2Y,Y)),  (52b)
=h(F(t.2Y.Y)-F(t.2,2,Y)),  (52)
K3—h(F( 2,2,Y)-F(,2,2,Z)). (52d)
Then
A=W -Cy; (K, +K, +K;), (53a)
§={-a-Cy (K; +K, +K3). (53b)

Using (2), (6), (53a), and (53b), we have, for ha <,
0 < (W,2IQW) + 2Re (K;,—-QW)

= — (W,EW) +2Re <W,Q(Cl_11 - K1)>

AN

< - MIWIP+2Re(W,Q(Ci{A+ K, +K3))  (54)

IN

- MIwIR + 2]t wi 3]

+2hBIQUIWI W] + 2hy IQUIW I |7,
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where A, is the minimum eigenvalue of E;. Therefore,

=215 (7] 47207 7D). e o)
(55)
where
Pr= %max("QCIf“ Bllylal), — (s6a)
1 a<0,
P = {min(l,é) 0 0. (56b)

From (50a), (56a), and (56b), it follows that
I¢-al =

< 3+ ezl (W] + [w1)

|6+ Cucii (W =R)|

+(1+py) "C21CI11" : "ZH
< s (|&] + 8] + 1 [[¥ - Z] + n[7 - Z]).

he(0,h],
(57)

where p; = max{l, (1 + pz)IICZICfll [}, which completes the
proof of Theorem 14. O

Consider the compact form of (9a), (9b), and (9¢):

2% = nCyF (1,2, 2", Z7) + @™, (58)
0" = hCyy F (1, 2,2, Z7) + Cna™,  (58b)
where
ZW = (20, .,z 20, 20 ) e N
z"=(z)"...2" 2",z e,
(59)

70 = (20, 70,707, Z00) e N
[ EERER) s Ly 5y >

Theorem 15. Suppose that the method (4a), (4b), and (4c) is
algebraically stable for the matrices G and D. Then for (41a),
(41b), (58a), and (58b) we have

@(n+1)|'2 < ”((n) _ao™ 2

(n+1)
( G

0 _ 2

+ psh (| Y
_ ) (60)
+ “Y(n m) Z(n m) ||

2
+| ),

o _
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where p, = |D| - max{2« + B+ y), 5y} || - || is a norm on
C*Ndefined by
1/2
Ul = (U, GUY"* = Z gy (i uy)
ij=1 (61)
U = (upthy, ..., up,) € C*N, oy e CV.

Proof. Define u'™ = (™ —
(52¢), and (52d) that

@™, We get from (52a), (52b),

K = h(F (8, v, 77,79) - F (1, 27,2, Z")),
w" = K™ +Cppu™

u™ =, K™ + Cu™

(62)
With algebraic stability, the matrix
M = [ G- CszGczz C,D - C3,GCy ] (63)
DC,, - C3,GC,, DC,; +CjyD - C;,GCy,

is nonnegative definite. As in [32], we have

<u("+1), Gu("+1)> - <u("), Gu(")> -2Re <W(”), DK(”)>

- _ <<u(”)’K(n)> ,M <u(”))K(”)>> <0.
(64)

Using (2), we further obtain
(4D, G
< (u”,Gu™) + 2Re (W™, DK™)
< (u”,Gu™) + 2Re (W™, DK(")
+2Re (W™, DK + DK{)
< (u",Gu™) + 2ha (W, DW )

n 2h/3 "DI/ZW(n) " ||D1/z—(n)

e P B <65>

< (4, Gu) + 2ha (W, D)

—(n)

+1p (101 (WO + 101 - [

)

+hy (101 (W + D1 - [W )

< <u(”),Gu(”)> + (2ha + hB + hy) |D| - ”W(”) ?

)

T e R

which gives (60). The proof is completed. O

In the following, we assume that the method (4a), (4b),
and (4c) has generalized stage order P; that is, there exists a
function H"(¢) such that (46) holds. For any n > 0, we define
Y™ and 3V by

) ) T h
Y"WhC, F|t,Y",Y(t,-1),Y |+C,H" (t,),
(66a)

R =)
y(n+l)hc21F <tn,Y(n),Y(tn —‘[),Y > + C22Hh (tn)a
(66b)

where

=)

= (f (tn +¢h— T,Y Y(n+1 JHP (t, + ¢ h - T)) ,
Ftatoh=o7 7 HY (1, + oh - 1)),
f(tn +ch— T,Y Y(Wrl JHP (t, + ch - r))
ftarah-n-o7"" 7,

Hf(tn+c1h—h—‘r)),...,

(nl

f(tyt ch-h=2, Y70 1Y (8, + ch-h=1))).

(67)
Theorem 16. Suppose that the method (4a), (4b), and (4c) is

diagonally stable and its generalized stage order is P. Then there
exist constants ps and h, such that

O I Y N

< St
k=1
2 3 pe

k=-m+1

(0,h,].

(o) )

Proof. It follows from (6) that

ul_/j(k) -y (tk + cjh - T)”

ZL (5)( (k m+i)

(tkfmﬂ' + th))

(temsi + 6ih) = ¥ (i + cjh + Sh)]| .

i=—p
(69)
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From the remainder estimation of Lagrange interpolation
formula, we have

Z L;®)y (fk—m+i + th) -y (tk_m +cih+ 6h)
i=—p

(70)

<M h[4+v+1.

u+v+l

Using Cauchy inequality, we further obtain

]

<2s(u+v+2) (Ij% i “Y(k—m+i) -Y (tk—mﬁ)"Z o
=

(v+u+1)
+My+v+lh g >’

where Lj = max_,,;, Sup__o 1, |L;(x)|. Hence, there exists a
constant d, such that

Y-yt -of
(72)

ca 5 pmorfewe).
k=—

u-—m+1

On the other hand, a combination of (41a) and (47a) leads to

Y9 -y (5)

= hCyy (F (1Y@, 7", 79)
(73)
—F (oY (6),Y (b= 7), ¥ (5 - 7)) )

+Cp, ()’(kfl) - H" (1, - h)) - A" (t).
It follows from Theorem 14 that

[r™® -y

= p{Co (0 - H" (6 - ) - " (1)

+h |7 -y (6 - o) + H TP - ¥ (6 - 0]}

(74)
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which on substitution into (72) gives

e I |
k=1 (75)

2

n
+ P%"Cn"zzuy(k_l) - H" (tk—l)”
k=1
s plCal A" ()

LSy y (tk)||2>.

k=—p-m+1
Therefore, there exist p, and h, such that (68) holds. The
proof of Theorem 16 is completed. O

Theorem 17. Suppose that method (4a), (4b), and (4c) is
algebraically stable and diagonally stable and its generalized
stage order is p. Then the method with interpolation procedure
(6) is D-convergent of order at least min{p, u + v + 1}.

Proof. Inview of (41a), (41b), (66a), and (66b), it follows from
Theorem 15 that

b =51,
< p3h <”Y(n) ) "2 N "1—/(@ v, - T)“2

AP -7 - ) 0 -

(76)
Using Theorem 14, we have
o -]
<h {”ClZ" |y(n_1) - H" (tn—l)"

+h |77 -y (g, - o) + B [T - ¥ (5, -0}
he (0,h],
(77)

which on substitution into (76) gives

|

2
G

y(n) _ )7(”)

< psh(1+2pih°) (1 +257%7%)

Py (- + <1 . 2hp3pf||cu||2> 79
Ay

x ”y(n—l) _H" (tn—1)||2G’ he (O,hl] ’
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where A, is the minimum characteristic value of G. On the
other hand,

) _ () _ 50 +'|A<n _ (tn)“c

l:

Pl - )l

< @y -5,
+ (1 + %) H)?(")

In view of (47a), (47b), (48a), (66a), and (66b), the applica-
tion of Theorem 14 leads to

|5 - B t)] < 22 (2"

y

Loy -y

~H" (8|
(79)
et @), he(oh],
(80)

which gives

|5 -

(81)
2

< Alpf(llA (fn)|| +[e" @)

he (O,EO],

where A, denotes the maximum eigenvalue of the matrix G.
A combination of (46) and (76)-(81) leads to

¥~ H" (8,

< (L hyy) |y - H" (1,0

—(n) 2 h2p+l h
sy [V Y (b= 2| kP e (0],
(82)
where
h; = min {Eo,hl} <1
2 2
n=1+ 4p;p; ||C12|| ) (83)
A,
Vo =2p;s (1 + 2pf) (1 + Zsrzqz),
Vs = 8)‘1P(2)P§' (84)
Therefore,

| - 1" (5]

< |- H )l

+ hi <Y1 |y - H(
i=1

(0,1] -

ti—l)"i; + Vz”Tf(i) -V (8- T)NZ)

+yst hE, he
(85)

1

Considering Theorem 16, we further obtain

y - H" @)
= “J/(O) -H" (to)HZG +h(y1 +y2p4)
UG b 2
x|y = H" ()] + st (86)
i=0
+ Y2 Paty, (hZ(PH) + hZ(MHH)) + pyysh

x i ||Y(k)—Y(tk)”2,
k=—p-m+1

h e (0,hy],

where h, = min{h,,h;} < 1. Using discrete Bellman
inequality, we have

b1 Gl = (b 1 G, + ot

< Y rO-vef

k=—p-m+1

+ (Y3 + YZP4) tnth + Y2P4tnh2(wv+l))

h e (0,h].
(87)

xexp ((y; + v204) tn) »

Considering [|[H(t) — H"(t,)|| < pyh’, we obtain

<

™ - Hh (tn)” + "Hh (tn) -H (tn

y* -~ H(t,)

<

O 1 1,)] ol

(88)

Considering (87) and (88), we can easily conclude that
method (4a), (4b), and (4c) with interpolation procedure (6)
is D-convergent of order at least min{p, y + v + 1}. The proof

is completed.
O

5. Numerical Experiments

Consider the following nonlinear neutral delay differential
equations:

y (1)
= —y(t)+0.9cos(y(t— 1)+y' (t - 1))
+cos(f)e " —0.9cos (cos (t-71) ef(tff)), 10>t>0

y(t)=e7tsin(t), -1<t<0,

(89)
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f®

F1GURE 1: The numerical solution of (92) for (89) with 4 = 0.1.

TaBLE 1: Convergence order of two-step Runge-Kutta methods for
system (89).

m 5 10 20 40
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and its perturbed problem

Z' (1)
=—z(t) + 0.9 cos (z t-1)+z'(t- 1)) +cos(t)e”
- 0.9 cos (cos (t-1) e_(t_T)) , 10>t>0,

z(t)=e'sin(t)+02, -1<t<O0.

(90)

We can calculate @ = -1, 8 = 0.9,y = 0.9,and g = 0.
Equation (89) has a unique true solution:

y(t)=e'sin(t), t>-1. (91)

Apply the two-step Runge-Kutta method induced by the

Convergence order  4.0012 3.9880 3.9864 3.9860 GL method in [12]
ap ap a1 a
0.47790690818421 | 0.87165188291653 | —0.08663699023763 | 0.50361252124048
b by b b
0.95532987568936 | 0.79063681672548 2V15 -7 8-2v15
(92)
(o] >3
1.59379439197950 | 0.44316674917114
0 0
1 1
to (89) and (90), 17;") is computed by the Lagrange interpola- ~ j = 1,2,...,s, then the method with linear interpolation

tion procedure with n = 5 (see Figures 1 and 2 and Table 1).

It is obvious that the corresponding method for NDDEs is
stable and convergent, and the convergence order is min{4, 5}.

6. Conclusions

In this paper we gave the stability and convergence results
of two-step Runge-Kutta methods with linear interpolation
procedure for solving nonlinear NDDEs (1). First, we gave the
definitions of (k,[)-algebraically stable, algebraically stable
and diagonally stable. Then we proved that if a TSRK
method is (k,[)-algebraically stable, k < 1 andd; > 0

procedure is weak GAR(/)-stable. We also proved that if
a TSRK is algebraically stable and diagonally stable and
its generalized stage order is p, then the method with
interpolation procedure is D-convergent of order at least
min{p, u + v+ 1}.

We believe that the results presented in this paper can
be extended to other general NDDEs. However, it is difficult
to extend these results to more general neutral functional
differential equations. Results extending the results presented
in this paper to more general neutral functional differen-
tial equations and other delay differential equations such
as delay integral differential equations will be discussed
elsewhere.
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FIGURE 2: The numerical solution of (92) for (90) with & = 0.1.
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