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1. Introduction

Neutral delay differential equations (NDDEs) have found applications in many areas of science (see, e.g., [1-3]). A
multitude of papers have been devoted to the linear stability of numerical methods in the last few decades (see, e.g., [4-10]).
Recently, the nonlinear stability of theoretical solutions and numerical solutions to nonlinear NDDEs with different forms in
Hilbert space has been studied by several authors. In 2000, using a one-sided Lipschitz condition and some classical Lipschitz
conditions, Bellen, Guglielmi and Zennaro [ 11] discussed the contractivity and asymptotic stability of Runge-Kutta methods
for nonlinear NDDEs:

y'(t) =f(t, y(t), G(t, y(t — (1), y'(t — (1)), > to, (1.1)
y(t) = ¢(t), t < to. .

Following this paper, the nonlinear stability of numerical methods for NDDEs of the “Hale’ form” [12,13] and for general
NDDEs [14-19] has been examined.

On the other hand, in order to surmount the restriction of the inner product norm, Nevanlinna and Liniger [20] first, in
1979, considered an ODE test problem and studied the nonlinear stability of one-leg methods applied to ODEs in Banach
space. In 1983, Vanselow [21] researched the stability of linear multistep methods for classes K1, K2A* and K3u in Banach
space. In 1987, Shoufu Li [22,23] introduced the test problem class K («, A*) of stiff ODEs in Banach space and obtained
a series of stability results for numerical methods, including linear multistep methods and explicit and diagonal implicit
Runge-Kutta methods, for the test problem class K («, A*) (¢ < 0). Recently, Wen et al. [24,25] have extended these results
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to the test problem class D(«, B, 1*) of stiff delay differential equations (DDEs) and obtained some stability results for
numerical methods (o« < 0). It is natural to study the stability of the theoretical and numerical solutions to nonlinear NDDEs
in Banach space. The nonlinear stability properties of -methods for NDDEs with constant delays and explicit and diagonal
implicit Runge-Kutta methods for NDDEs with general variable delay in Banach space are studied in the papers [26,27],
respectively. In this paper, we consider the stability properties of a class of linear multistep methods for nonlinear NDDEs
with general variable delay.

We follow the approach designed by Shoufu Li for ODEs. In particular, Lemma 4.1 has its analogue in [28], with major
changes in the proof. The main obstacle to our development is the numerical treatment of the “neutral term”, resulting in
direct evaluation and interpolation approximation for the “neutral term”. This makes many of the arguments essentially
different compared with the case of ODEs and DDEs. As a reward, we obtain some novel numerical results on stiff ODEs with
o > 0 and stiff DDEs with o > 0.

The main results are proved in Section 4. These results provide some criteria for choosing the step size. The preceding
sections give some basic concepts, including the problem classes D(«, 8, y, L, A*), D(«, B, y, 0, A*) introduced in Section 2
and the variable coefficient linear multistep methods considered in Section 3. In Section 5, we give some examples, which
describe how the main results are applied to practical problems, and numerical experiments, which further verify the main
results.

2. Test problems

Let X be a real Banach space with the norm | - ||, D be a infinite subset of X, T > 0 be a constant.

2.1. ODE and DDE test problems

Definition 2.1 (/28]). Let o, A* be real constants, and A* < 0, 1 4+ a¢A™ > 0. The class of all problems

y'(t) =f(t, yt)), tel0,T],

2.1
y(0) = yo, (2.1)
with continuous mapping f : [0, T] x D — X satisfying the following condition:

[1—a( —29IGA*) <G(A), VA =>0,y1,y.€D,te[0,T], (2.2)

is denoted by D(«, A*), where
GA) =Gy yotfA) = lly1 —y2 = Alf (6, y1) = f(E,y)1l, A eR.

The function G(A) appears in the investigation into the logarithmic norm of df /dy and plays an important role in the
stability analysis of solutions to ODEs in Banach space. The numerical counterpart also plays a key role in numerical stability
analysis for ODEs in Banach space (cf. [29]).

We note that the constants « and A* depend on the norm of the Banach space and our sufficient conditions for stability
depend on these constants. Consequently, our sufficient conditions for stability depend on the norm of the Banach space.
However, we know that the stability of a system does not depend on the norm of the Banach space. Therefore, for a stable
system, with our sufficient conditions we do not confirm the stability of the system under a norm but can do under another
norm. Alternatively, one can choose an appropriate norm for analyzing the stability of a system. This is an important reason
for studying the stability of the system in Banach space. We also observe that the stability result obtained with our sufficient
conditions based on the constants & and A* may be different under two equivalent norms in a finite dimensional space.

Definition 2.2 (/24]). Let «, B, A* be real constants, and A* < 0, 1 4+ aA* > 0. The class of all problems

y/(t) :f(ty}’(t)sJ’(t—f(t))% t e [Os T]v
y(&) = ¢(0), te[tq,0]

where t_; = infi¢[o,r1{t — (t)}, with continuous mapping f : [0, T] x D x D — X satisfying the following conditions:

(2.3)

It y, ur) = f(&,y, u)ll < Blluy —uall, Vy,up,uz €D, t €l0,T], (2.5)
is denoted by D(«, 8, A*), where

G = Gyrypues (M) = Iy1 —y2 = Af (6,1, 0) = f(E, y2, W], A €R.

As stated in the Introduction, the stability properties of numerical methods applied to the problem classes D(«, A*) and
D(«a, B, A*) with o < 0 have been investigated by several authors (see, e.g., [22,23,28,24,25]). However, for many practical
problems, we have « > 0.
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2.2. Examples of stiff ODEs and stiff DDEs (o > 0)

Example 2.1. Consider the classical stiff ODEs [30]

¥y = —0.04y; + 10%y,y3, y1(0) =1,
¥y = 0.04y; — 10%,y3 —3-10"y5, y,(0) =0, (2:6)
Yy =3-107y3, y3(0) = 0.

For the problem, when we consider the 1-norm, we have & = 2 - 10%|y,|. “We observe that the solution y, rapidly reaches
a quasi-stationary position in the vicinity of y;, = 0, which in the beginning (y; = 1,y; = 0)isat0.04 ~ 3 - 107y§, hence
y» ~ 3.65 - 107>, and then very slowly goes back to zero again” (from [30], pp. 3-4). Therefore, we have o > 0.

From this example, we know that there exist some practical problems with « > 0. The fact that the constants « and A*
depend on the norm of the Banach space is further verified.

Example 2.2. As an example of stiff DDEs with « > 0, consider

{yﬁ(t) = —2y1(t) + (m + 3¢ )y2(6) +y5(t) — 0125y (t — 1), 27)

Ya(t) = =2+ m)y,(6) — y3(t) — 0.125y,(¢ — 1),
where t > 0, and m > 0. From the second equation of (2.7) we observe that the solution y, rapidly decays and then from

the first equation of (2.7) we observe that the solution y; very slowly goes back to zero after reaching a peak. Moreover, the
classical Lipschitz constant of the Jacobi matrix

J_g_ -2 m+3et 4 2y,5(t)
Ty \ 0 —Q2+m+2y()

is very large. Thus, we think that this problem is stiff. On the other hand, the logarithmic norm induced by standard inner
product of the Jacobi matrix J is

1
1) = 5[\/ (M + 2y5(6))% + (m + 3e~t 4 2y,5(£))2 — m — 2y,(t)] — 2 > 0.

But in the 1-norm, we havea = u1(J) = 1.

This example also illustrates the necessity of investigation into the stability of the system in Banach space.

2.3. NDDE test problems

Consider the initial value problem

y'(t) =f(t,y®),yt — (), Yyt —1(), tel0,T],
y(t) = ¢(t), t e[t_q,0],

where t_; = infiejor{t — 7(t)},f : [0, T] x D x D x D — X is a given continuous mapping, 7 (-) is continuous, and ¢(-) is
differentiable on its domain of definition. Conditions will be imposed later upon f, and the existence of a unique solution of
(2.8) will be assumed. We also assume that

(2.8)

H1 19 > 0withtg:= inf {z(t)}.
te[0,T]

For any given y1, y», u, v € D, t € [0, T], a nonnegative function G(A) can be defined from the mapping f:
GA) = Gy, ypuwef ) = y1 —y2 — AMf(E, y1,u,v) — f(t, y2, u, )], A €R. (2.9)
Following [28,24], we give the following definition.

Definition 2.3. Let «, 8, y, o, L, A* be real constants, and A* < 0,1 + aA* > 0. The class of all problems (2.8) with f
satisfying the following conditions:

[1—a( —219)IGA") < GO, (2.10)
If(E, Y1, ur, v1) = F(E, Y2, tz, v2) || < Lllyr — yall + Bllur — uzll + v llvi — vall, (2.11)

forany A > 0, y1,¥2, U, Uy, Uy, v, v1, U2 € D, t € [0, T], is denoted by D(«, B, y, L, A*). The class of all problems (2.8) with
f satisfying the conditions (2.10) and

IfCE,y, ug, v1) = f(E,y, uz, v) || < Blluy — uzll + yllvy — vall, (2.12)
IH(t,y,ui, v, w) — H(t,y, uz, v, w)| < ollu; —uy|, (2.13)
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foranyy, uy, Uy, v1, v2, w € D, t € [0, T], is denoted by D(«, 8, y, o, A*), where
H(t,y,u,v,w) = f(t,y,u, f(t — (), u, v, w)).

Remark 2.1. When y = 0, the problem classes mentioned in Definition 2.3 have been used as the test problem classes
D(a, B, A*) in [24,25] with respect to the nonlinear stability of numerical methods for stiff DDEs in Banach space.

Remark 2.2. The class K («, A*) for stiff ODEs introduced in [28] can be viewed as the class D(«, 0, 0, L, A*) for NDDEs.

Remark 2.3. It should be pointed out that in view of the assumption #1, the problem classes mentioned in Definition 2.3
contain various delay problems, including constant delay and proportional delay.

Below, we collect several results, which are slightly modified to coincide with our terminology, that are required in what
follows.

Proposition 2.1 ([28]). Suppose system (2.8) belongs to the class D(«, 8, y, L, A*) (or D(«, B, y, o, A*)), and real constants
A1, A satisfy A* < Ay < Ay, a0y < 14 ar* and Ay > 0. Then
1—a(k; — A%

GA) £ ————G(Ay), VYyi,y2,u,veD,te[0,T].
(1)_1—a(k2—x*) (A2),  Vy1,¥2,u,v [0,T]

Proposition 2.2 ([28]). Let X be a (real or complex) Hilbert space with the inner product (-, -) and the corresponding norm || - ||.
Then when A* < 0and 1+ aA* > 0, condition (2.10) is equivalent to the following condition:
a2 4+ a)r*) )
Re(y1 —ya, f(t,y1,u,v) —f(t,y2,u,v)) < ————=|ly1 —
W1 —ya. f(t, y1,u,v) — f(t, y2, u, v)) 20+ ar)? ly1 =yl
*

A
+7||f(t,}’1,11, U) _f(t,)’z, u, v)”zs VA > 07.3/1,_3/27 u,v e th € [05 T]

In order to discuss the stability of the theoretical solution and the numerical solution to the nonlinear NDDEs (2.8), we
introduce the perturbed problem

() =f(t,z(0), z(t — 7 (D), Z'(t — (D)), t€[0,T],
Z(t) - w(t)v te [tf‘lv O]s
and assume that the problem (2.14) has a unique true solution z(t). Let

L
CL=max{oz—|—'Bl+y

(2.14)

o
,a+ﬁ+y}, Ca=maX{a+]_y,a+ﬁ+)/},

Y
max{l, |a+ﬂ|}’ a+B#0,

L a+p=0,
Mi= max [$©) =y, M= max [¢'6) =y Ol

d=

Then the following stability results of the analytical solution to the problem (2.8) have been given in [31].

Proposition 2.3. If the problem (2.8) belongs to D(«, 8, v, L, 0), then:
(i) when C, > 0, we have

ly(@®) —z(®)|l < dexp(Ci(t — tp)) max{M;, Mp}, Vt €[0,T]; (2.15)
(ii) when C, < 0, we have

ly(t) —z(t)|| < max{M;, My}, Vtel0,T]. (2.16)

Remarks 2.4. Even if the functions f and ¢ are sufficiently smooth, the solution is continuous with a discontinuous
derivative if the initial function ¢ does not satisfy the necessary and sufficient sewing condition (see, for example, [32])

¢'(0) =£(0,y(0), y(—1(0)),y' (=7(0))).

Remarks 2.5. In general, the solution y(t) of problem (2.8) is continuous with a discontinuous derivative. But the solution
y(t) to NDDEs with proportional delay, thatis, t — 7 (t) = qt, q € (0, 1), and to NDDEs with 7 (t) = 0, that is, implicit ODEs,
is sufficiently differentiable if the functions f and ¢ are sufficiently smooth.
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Proposition 2.4. f the problem (2.8) belongs to D(«, 8, y, o, 0), then:
(i) when C, > 0, we have

ly(®) —z(@®)| < dexp(Cy(t — to)) max{My, Mo}, Vt € [0, T];
(ii) when C, < 0, we have (2.16).

2.4. Examples of NDDEs

Example 2.3. Slightly modifying the equation

Y =a®)y(t) —g®) +g'(®), telo,Tl,
{ﬂngmx (2.17)
which is used as a stiff ODE test (see, e.g., [30,33]), we can obtain NDDEs
V() =a®)lyt) =g +&'(t) +bO)yt — 1) — gt — D] +cO(t —7) —g'(t —1)], tel[0,T]
y@) =g(), t=0,

where t > 0 is a real constant, where g : R — Ris a given smooth function, a, b, ¢ : R — R are given and continuous, and
a(t) < 0whenevert € [0, T]. It is easily obtained by simple calculation that

(2.18)

a = sup a(t), L= sup |a(t)l, B = sup |b(t)], y = sup [c(t)], o = sup |b(t) + a(t)c(t)].
te[0,T] te[0,T] te[0,T] €[0,T] te[0,T]

Thus Eq. (2.18) belongs to classes D(«, 8, y, L, 0) and D(«, 8, y, o, 0). Take a(t) = —50, b(t) = 0.5, c(t) = —0.4. Then
problem (2.18) satisfies the assumptions of Propositions 2.3 and 2.4 and § 4+ yL = o = 20.5. If we take a(t) = —50, b(t) =
0.5, c(t) = 0.5, we obtain (2.16) from Proposition 2.4 even though problem (2.18) does not satisfy ﬂf—y +y < 1In
particular, if we take a(t) = —50, b(t) = 5, c(t) = 0.1, we have o = 0.

Example 2.4. As a specific example, consider the nonlinear problem
by'(t — ©(t))
T+ [yt =N

where y(t) is a real-valued scalar function, a > 0 and b are real parameters and n is an even positive integer. It is easy to
verify that it belongs to class D(«, 8, v, L, 0) witha = —a, $ =0, y = |b|, L = a. And when |b| < % we have (2.16).

y'(t) = —ay(t) + (2.19)

3. Variable coefficient linear multistep methods

A variable coefficient linear multistep method

k
Zai[.yn+i - hﬂif(tn-Hv _Vn-H)] = 07 n= 05 15 2’ ceey (3'])

i=0

for addressing ODEs (see [28]) can generally lead to a variable coefficient linear multistep method

k
> ilynsi = BB (tnsi. Yot ¥ (). 7' (0Es)))] =0, n =01, (32)
i=0
for solving problem (2.8), where y, € D is an approximation to the exact solution y(t,),n(t) = t — t(t),t, = nh (n =
0, 1,...) are net points, h > 0 is the fixed integration step size, «;, §; are real functions of h, and o, > O, Z?:o o = 0,
B > 0 for any given h > 0, y"(t) and y"(t) are approximations to the exact solution y(t) and the derivative of y(t) on the
interval [t_q, tok], respectively. yo = y"(0) = ¢(0), y*(t) = ¢(t) and y*(t) = ¢’(t) for t € [t_1, 0]. In this paper, we
consider an appropriate interpolation operator IT" : C[t_;, 0] x D"** — C[t_1, t,4«] which satisfies a canonical condition
(see [34,35])

max  [[IT"(t; ¢, y1, Y2, -, York) — (6 W, 21, 2oy oy Zngd)

t_1<t<tp4k

< Cx maX{lmaxkllyi —zfll,Ml} , Vo, ¥ eCl[t_1,0],y;,zz€D,i=1,2,...,n+k, (3.3)
<i<n+

for approximation y"(t). Here the constant c, is independent of n, k, h and L.
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For approximation j"(t), we consider two schemes: one is based on the direct evaluation

¥ = f(& Y0,y 0©), 7" 01 ©)), € € [0, tryl; (34)
the other is based on the interpolation operator /7"

)_’h(t) :ﬁh(t7 ¢/55}15}_}25""5/n+k)3 t e [Oa tn+k]7 (3'5)
where j; (i= 1, 2, ..., n + k) denote y"(t;) which is computed using the formula

¥i=Ft Y @), ' @), i=1,2,....n+k
Like for the interpolation operator /7", we always assume that the interpolation operator /7" : C[t_y,0] x D™tk —
Cl[t_1, tatr] also satisfies a canonical condition
max 7"t ¢ 91 F20 - Iure) = TGV 20 22 2 |

L1 =<t=<fpik
< ¢; max {]maxknyi _21‘”,M2} , V¢', ¥ eC[t_1,0],¥y1,Z;€D,i=1,2,...,n+k. (3.6)
<i<nt

The constant c; is also independent of n, k, h and L.

As we have just noted in Remarks 2.4, for an arbitrarily smooth functional f and initial function ¢ the solution y(t)
to (2.8) may fail to be continuously differentiable if the sewing condition is not fulfilled. This leads to numerically solving
NDDEs being more difficult than numerically solving DDEs since the solution to DDEs has the property of solution smoothing
for increasing t (see, for example, [36]). The problem of how to treat the derivative discontinuities in numerically solving
NDDE:s has attracted the attention of some researchers. Some approaches to handling discontinuities have been proposed,
for example, discontinuity tracking [37,38], discontinuity detection [39,4,40-42], perturbing the initial function [43] and
using dissipative approximations [44]. Since the main purpose of this paper is to present some stability results and not to
discuss the treatment of discontinuities, we will assume that one of the approaches mentioned above has been used.

Remark 3.1. We note that if we consider the long time behavior of the numerical solution, the method (3.2) with (3.4) does
not seem to be applicable to the general problem (2.8) for a general mesh in practice because it requires one to trace back
the recursion until the initial interval is reached. Thus, in practice, we generally use the method (3.2) with (3.5) to solve the
problem (2.8). For the NDDEs (2.8) with a constant delay 7 (t) = t, however, if a suitable constrained mesh, that is, 7 = mh
with positive integer m, is used, the method (3.2) with (3.4) is identical to the method (3.2) with (3.5).

For simplicity, let w, = yn — Zp, @p = Jn — Zn, @"(£) = y"(t) — 2" (), @"(t) = y"(&) — Z"(0), F(t) = f (£, 2"(t), y" (n(t)),
V")) — f(&, 2" (), 2" (n(t)), 2" (n(t))) and

Gn(A) = llyn — zn — ALf (bny Yo, V" 0 (E0)), V" (0 (E0))) = f (b Zn, Y (0(82)), T 1 CEID]II-

4. Stability analysis for D(«, 8, y, L, A*)

For any given method (3.2) and step size h, let
I ={0,1,...,k— 1}, I = {i € Iyl # 0}, I, ={i € Ip|o; > 0}

and
(443

(&4%
= . B=Bh) =g+
Dolal e +2) o 16211:

iel iely

A=A = |

ajl
| Bil.

o

4.1. Numerical methods based on direct evaluation

We first analyze the stability of numerical methods based on direct evaluation and give the following theorems.

Lemma 4.1. Apply the method (3.2) with interpolation IT" and direct evaluation (3.4) to problem (2.8) belonging to class
D(a, B, ¥, L, A*) with y < 1, and assume that the set

Hy» = {h € Rlh > 0; A* < hB; < hB, Vi € Iy; ahBy < 1+ ar®)

is nonempty. Then as h € H;x, for any u € [1o, Bkl, for any n > 0, we have

1—oa(hp —A%) " ,
irar el = Guee(hia) < Cyomax i)
vl hBc
+ Fry hexBcy, max{ max ||a),-||,M1} + E(BMy + yMy), (4.1)
1- I<i<n+k 1—y
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where po = max{0, maxie, Bi}, ¢, = %jm and
l—a(hmellxﬂi—k*) 1—a(hm}nﬂi—k*)
Ch = =1 L a<0  G= il . a>0. (4.2)
Al —a(hf — 2] All — a(hBy — 1%)]
Proof. It follows from (3.2) that
aGrir(hBi) < 1ilGnyi(hBy) + Ml F(tng) Il + 1 Y el Bl IF () - (43)
iely iely

On the other hand, for any u € [0, Bi], since A* < 0 < hu < hp, from Proposition 2.1, one gets

1—athu — A%) —alhp — 1%

G 0) <G h —G h 4.4
1+ anr 1k (0) < Gpyr(hp) < 1— a(hfe — 1) ntk(MBk). (4.4)
Foranyi € I, A* < hB; < hp and hu > 0, from Proposition 2.1, one also gets
a(hBi — 1%)
Gryi(hBi) < T'—)L*) Gryi(hu). (4.5)
A combination of (4.3), (4.4), (4.5) and (3.3) leads directly to
1—athu — 1%
W”wmk” < Gnpyk(hp)
1—alhp —21%) loil 1—a(hBi—A1")
< TR N —'Gnﬂ(hu)
T—a(hf— ") & a1 alhp— 1)

+he, B [(B + yD " (tar)) | + Y IIF 0 (ti)) ]

+he, Y uI,BI |[(B+ yDllo" i)l + ¥ IF (i) 1I]

iely

L
< Cymax Gpyi(hu) + hey B [M max {
iely 1-— V4
el . [ B+ v 1
+he, Y1 7y max | max il Mi | + 3= (BM: +yM2) |
” - -

> 1<i<n+
iely

1
max ||60i||,M1} + ﬁ(ﬁMl + )/Mz)]

1<i<n+k

which implies inequality (4.1). O

Corollary 4.2. Apply the method (3.1) to (2.1) belonging to class D(«, 1*), and assume that the set H, is nonempty. Then as
h € H;x, forany u € [1o, Bil, for any n > 0, we have

1—a(hp — A%)

T+ o llomsill < Gric(hp) < Chmax GryiChps). (4.6)
0

Corollary 4.3. Apply the method (3.2) with interpolation IT" to problem (2.3) belonging to class D(«, 8, A*), and assume that
the set H, is nonempty. Then as h € Hyx, for any i € [1Lo, Bkl, for any n > 0, we have

1—a(hp — A*)

T+ o lontkll < Guyr(hp) < Gy max Gni(hp) + Bhcy Bc, max {1?5’% lewill, Ml} : (4.7)

Theorem 4.4. Apply the method (3.2) with interpolation IT" and direct evaluation (3.4) to problem (2.8) belonging to class
D(a, B, y,L, A*) witha <0,y < 1, and assume that the set

Hyjx = {h € Rlh > 0; A* < hB; < hBy, Vi e l;; —ah(ABr — mellxﬁ,')
1€lq

> (14 ar®)(1—A); w < %,HC € (0, 1)}
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is nonempty. Then there exists a constant ¢ > 0, which only depends on the constants 8, y, y L and the method, for any h € H, ;*,
W € [o, Bxl and n > k, such that the following inequality holds:

yn = znll < exp(c(tn — tk—1)) max {0213}1 Gith), My, Mz} . (4.8)

Proof. Since « < 0and u < f, from the proof of Lemma 4.1, we have

lonll < — G i) < Gy (4.9)
[ _— .
n+kll = 1— a(hp — 1% n+k(MU) = Gprp(NQ
and
h(B + yL)c,B
Guak(hp) < Cpmax Gryi(hp) + —————— |||
iely 1— Y
+ [cx(B+yD) + B+ vyl max{ max |will, My, Mz} . (4.10)
1—y 1<i<n+k—1

Substituting (4.10) with (4.9) and taking note of 0 < C, < 1, we further have

1 h(B + yL)c,B
1—vy

] Guyr(hu) < Gy max Gryi(hu) + [cx(B+yvD)+B+y] maX{ max |, My, Mz}
0

1<i<n+k—1

1—y

=< [1+ ]iiBy(cn(ﬂvLyL)wLﬁer)}Xn,

where

X, = max { max G;(hw), My, Mz} , n>k.

0<i<n

Since < ¢ < 1, we obtain

h(B+yL)czB
1-y
14 22 (e (B+yD) + B+ ]
Gnrk(hp) = | WpryDeE Xotk—1
— Ml
(1 + ch)Xnyk—1,

__ 2cxB(B+yD)+B(B+y)
where c = T a-0)

Xk < (1+ ch)Xnpi1 < (14 c)™ X

IA

. Therefore, we have

< exp(c(tatk — tk—1)) Max {ng;lk{] Gi(hw), My, Mz} .

This completes the proof of the theorem. O

Closely related to the foregoing Theorem 4.4 is the following result.

Theorem 4.5. Under the assumptions of Theorem 4.4, if B 4+ yL # 0, then there exists a constant c; > 0, which only depends
on the constants B, y, yL and the method, for any h € H, =, it € [0, Bkl and n > k, such that the following inequality holds:

yn = znll < exp(ca(ta — ti—1)) max {0513351 Gi(hp), Ml}

1
+ T [exp(ca(ta — ti—1)) — 11 (BMy + yMy). (4.11)

Proof. Like in the proof of Theorem 4.4, we have
h(B + yL)c,B

Guri(hit) < Cymax Gupi(h) + P YPGB
iely 1— Y
hBc +yL hB
4 1Bex (B +yD) max{ max [l Ml} + B amy + M), (4.12)
1—vy 1<i<ntk—1 1—y
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and

Gnyk(hp) = (1+ c2h) {1 X lleoil, M1} + Cgh(BM; + yMa),

ma.
<i<n-+k

where ¢, = 28+rbeB

= Gpa-p and G =

B
T a=o" Hence, we further get

Grir(hp) < (1+ ch)™ ! max {g},gggl llill, Ml} [(14 h)™ ! — 1] (BM; + yMa).

1
+ e —
2(B + yL)cx
The desired inequality (4.11) follows from above inequality. O

The following results are related to the problem class D(«, 8, v, L, A*) witha > 0,y < 1.

Theorem 4.6. Apply the method (3.2) with interpolation IT" and direct evaluation (3.4) to problem (2.8) belonging to class
D(a, B,y,L, A*) witha > 0, y < 1, and assume that the set

hp+yl) _ ¢
1—y 7 Bcgg,

I:Ia’;t* = {h €Rh>0; A" <hB; <hB,Viel;;ahf, <& <1+ alr™; ,3c* € (0, 1)}

14+a)r*
T+ar*—¢€°

the method, for any h € I:IO,, w+ and n > k, such that the following inequality holds:

is nonempty, where c, =

Then there exists a constant ¢c* > 0, which only depends on the constants 8, y, A*, yL and

lyn — zall < co exp(c*(ty — tr—1)) max {0311_3,351 Gi(hBy), My, Mz} . (4.13)

Proof. Like for (4.4) and (4.5), one gets
1+ a)*

lonkll < mcnﬂc(hﬁk) (4.14)
and
1—a(hf; — 1% B
Gnyi(hB) < mcnﬂ(hﬂk)s n=0,12,.... (4.15)

Therefore, it follows from (4.3) that
h(B + yL)c;Bcy

lGpk(hBr) < Cpmax Gupi(hBy) + ——————Gnrk(hBr)
ielpy 1-— Y
hB[c,c, L
+ B HyD +A+7] max{ max Gi(hBy), My, Mz} .
11—y 1<i<ntk—1

For any n > k, define

Xp = max {gnax Gi(hB), My, Mz} .
<i<n

By analogy to the proof of Theorem 4.4, we have

Ci+ 2 [exCa(B+yD) + B+ 7]

Gnrk(hBr) = ST Xntk—1
— MEty Db
T+ vh+ e (B+yD +B+7]_
= 1 — hBtyDexBe Xntk
1-y
< (14 ¢*h)Xnikt
and
Xnsk < (1+ )™ X < exp(c* (tnsk — t—1)) max {OgailGi(hﬂk), My, Mz}
where v = ZH M ) 4 ox = 2excaBEYDEBELITy)Y Thig completes the proof of the theorem. 0O

T+ar*—§ (1=y)(1-=*)
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In the same way, the following result can be easily obtained.

Theorem 4.7. Under the assumptions of Theorem 4.6, if B + yL # 0, then there exists a constant ¢; > 0, which only depends
on the constants 8, v, A*, yL and the method, for any h € I:I(M* and n > k, such that the following inequality holds:

CaB[eXp(C;(tn —te1) — 1]
2B 1y B 1 (1= pyp PM T vM2)- (4.16)

Iyn = 2nll < 2 €xp(c; (t — ti—1)) max {03?31351 Gi(hBi), Ml} +

It should be pointed out that Li [22] and Wen and Li [24] have studied the numerical stability of the linear multistep
methods (3.1) for ODEs with « < 0 and DDEs with @ < 0, respectively. However, from the proof of Theorem 4.6, we have
the following results on ODEs and DDEs with « > 0.

Corollary 4.8. Apply the method (3.1) to problem (2.1) belonging to class D(«, A*) with « > 0, and assume that the set
Howss = [h € RIh > 0; 1" < hp; < hBy, Vi e Iy ahfr < & < 1+ ar*)

is nonempty. Then there exists a constant co > 0, which depends only on o and the method, for any h € I:Io,a, a+ andn > k, such
that the following inequality holds:

lyn = znll < ca €Xp(Co(tn — 1)) max Gi(hfy). (4.17)

Corollary 4.9. Apply the method (3.2) with interpolation IT" to problem (2.3) belonging to class D(«, 8, A*) with & > 0, and
assume that the set

é—*

T

I:ID,O,’A* = {h €Rh>0;A* <hB; <hB,Viel;ahf <& <1+ar*;hf < ,3¢* € (0, 1)}

is nonempty. Then there exists a constant cp > 0, which depends only on «, 8 and the method, for any h € I:ID,a, wandn >k,
such that the following inequality holds:

yn = znll < ca exp(cp(ta — ti—1)) max {02133(1 Gi(hpi), M]} . (4.18)

Remark 4.1. From the above results, we know that for some linear multistep methods, if we properly choose the step size,
the numerical solutions obtained by these methods are stable.

Remark 4.2. For problem class D(«, 8, y, 0, A*), we can obtain the same results as for problem class D(«, 8, ¥, L, A*) in a

natural way by replacing 8 4+ yL with ¢ in Lemma 4.1 and Theorems 4.4-4.7. And, in general, 0 < 8 + yL. In particular,
when o = 0, (4.11) and (4.16) should be replaced by

lyn — znll < max {Ogﬂﬁé}({l Gi(hw), Ml} + Cp(tn — te—1)(BM1 + ¥y Ma)
and

yn = zall < co max {osr?&)f] Gi(hp), Ml} + € Cp(tn — ti-1) (BM1 + ¥ My),
respectively. However, for problem class D(«, 8, v, L, A*), we have the following results.

4.2. Numerical methods based on the interpolation operator 1"

If we consider the behavior of the numerical solution when T >> 0, numerical method (3.2) based on direct evaluation
does not seem to be applicable in practice because it requires one to trace back the recursion until the initial interval is
reached. Now we therefore discuss the stability of numerical method (3.2) based on interpolation operator I7".

Note that forany 0 < t < 4y,

IF©1 < Bllo" @) + ylla" (@)l

< ﬁcnmaX{ max IIwiII,M1}+ycﬁ maX{ m XkIIcBiII,Mz}
n+

1<i<n+k 1<i<

< Bcx maX{ max IwaII,Ml} +ycz [L max |lwill + Bcx maX{ max IIwiII,Ml}
1<i<n+k 1<i<n+k 1<i<n+k
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+ ye maX{ max |l Mz” + yciMy

1<i<n+k

c” L 1
< CBHYD ] max ol — 1w (4.19)
1—ycz 1<i<n+tk 1—ycx

whenever yc; < 1, where ¢” = max{c,, cz}. Thenit is easy to obtain some results which are similar to the results obtained
in Section 4.1. Since the difference is only that ¢, and y < 1 are replaced by ¢™ and ycz < 1 respectively, we do not state
these results here. However, it should be pointed out that we cannot show that the numerical solution produced by the
method (3.2) with interpolations /7" and /7" is stable for problem class D(«, 8, ¥, o, A*).

5. Examples and numerical experiments
In this section, we consider the applications of the results obtained in Section 4.

Example 5.1. Apply the two-step second-order method (see [45])

2 1 11 5
Y2 = Y + ¥ = h (Efnﬁ = far1 + Efn) (5.1)
to problem (2.6). In contrast to the case for the method (3.1), @y = %,0{1 = -1, ao = ; B = “ Br=1,8 = 5 . From
Example 2.1, we get @ = 0.73. Thus, from Corollary 4.2 we know that when h < £33 03, G, < % and (4.6) holds with
wels gl
Example 5.2. Consider the two-step method (see [46])
1
Yavr = (1= W)ynss = Wyn = Z1Exp(R) = D (tns2, Yni2, ¥ (0(E42)))
+ (1 = exp(=h)f (ta1, Yns1, V' 1 (tws)))], (52)

which is of order 2, together with a piecewise Lagrangian linear interpolation procedure

YUE) = T . y1, Y2, - Ynr1)

1
E[(ti+l _t)yi'f'(t_ti)yi—H], lftz <t=< tl-H»l—O n+1, (53)
#(0), ift ; <t<0.
It is easy to verify that the interpolation operator IT" satisfies the canonical condition (3.3) with ¢, = 1. In contrast to
the case for the method (3.2), a; = 1,7 = —(1 — h?), ¢ = —h?, B, = exp(h) 1 g = 12;(’1“’(,12’;),/30 0. And we

have B = 2PM-_exeh Apply the method (5.2)-(5.3) to problem (2.7) with & = 1, B = 0.125, 1* = 0.Then Hp 4+ =
{h € RI0 < h < 1, exp(h) — exp(—h) < 8(3 — exp(h))} is nonempty. Therefore, there exists a constant cp such that (4.18)
holds.

Example 5.3. As an illustration of the comprehensive application of the results obtained in this paper, consider the problem
(2.19) with |b| < 1. First, since it belongs to the class D(—a, 0, |b|, a, 0), we apply the third-order backward differentiation
formula

11 3 1 _
rEiashe 3Yni2 + SVt = ¥ = hf (tn 3, Y3 V" (0 (as3)), 7' (0(6r3))) (5.4)

together with linear interpolation (5.3) and direct evaluation (3.4), or with linear interpolation (5.3) and piecewise linear
interpolation

ey = A" ¢ 51,520 - V1)

_ [ =05+ €= 07l Gt hoai=0. 01, 55)
¢'(0), ift 1 <t<0,
to solve the problem. It is also easy to verify that the interpolation operator /7" satisfies the canonical condition (3.6) with
c; = 1.Then we have
11 6
T 29’ 11
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Therefore, from Theorem 4.4 we know that for any ¢ € (0, 1), when 3 <h< %, there exists a constant ¢ such that
(4.8) holds.

On the other hand, from Proposition 2.2, we know that when 0 < a < 2or2 < a < 4, problem (2.19) belongs to
D2 — 0, |b|, |al, %). Then consider applying the two-step second-order method

la— 2\
8Ynt2 = (8 + 20)Ynt1 — 2hyn + 4hf (tas, Yi2, V' ((t012)), 7' (1(tn12)))

+ (8h — B)f (tas1, Vi1, Y 01 (E041)), 7 0(6031))) = B2 (6, Y, Y (1(80)), 7" (1(E0))), (5.6)
together with linear interpolation (5.3) and direct evaluation (3.4), or with two linear interpolatlons (5.3), (5. 5) to solve thls
problem. In contrast to the case for the method (3.2), o = 8, 1 = —(8 + 2h), o9 = 2h, B, = 2, B = 8+2h’ Bo = 5.
And when h < 4, we have

_ 2 =1 =0
) Th =1, Mo =

Therefore, Hy+ = {h € R|0 < h < 1} is nonempty, and for any u € [0, %], (4.1) is satisfied with

2la—2|—4 h? la—2| 1
2- T [<8+2h T 2a—2[-4 i) h+ 1]

2 - A2 (h 4 1)

Ch =

Further when |a — 2| < 2, forany ¢ € (0, 1),

4a—-2|—6 (1—1b
a=21-6 (1=}
la—2]—2 |ba|

Hy s = {h eR0<h< min{l,

2|bal+b|

is nonempty, then C; < 1, and (4.8) holds with ¢ = Tpha-o-

see that

In particular, when y = 0, from Theorem 4.4 it is easy to

lyn — znll < exp(c(t, — t1)) max{|jwq|l, M1, Ma}, n > 1.
When a > 4, from Proposition 2.2, problem (2.19) belongs to D(22

0, |b|, |al, %). Then applying a one-step method

(a— 2)’
(see [46])
Ynt1 = Yo = @A/ st Yar1, Y (s 1)), 7 0 E01)) + F (G, Y, ¥ 1(60)), 7" (€D, (5.7)
which is of order 2, together with linear interpolation procedure (5.3) and direct evaluation (3.4), or with linear
interpolations (5.3), (5.5) to solve problem (2.19), we have oy = 1,9 = —1, 1 = %tan(%), Bo = —% tan(g) and

A=1,B= %tan(g).Therefore, Hy+ ={heR0<h<2 arctan(%)} is nonempty, and (4.1) is satisfied with
(@—2) — 2a—8)(5 — tan(}))
(@—2) — (2a—8)(5 +tan(}))’
Further, for any £* € (0, 1) and & € (0, -2),

. ; .
Hopr = {h €R|0 < h < min {2 arctan (5) , 2arctan <u> :

h =

2a—8
(1—bD¢*[2 — (a — 2)&]
2 arctan ( ajba] )H C Hj«

is nonempty. Then, there exists a constant ¢* > 0 such that (4.13) holds forall h € H, ;= and n > k.
This example is a comprehensive application and illustrates a simple fact: that we need choose different step sizes for
different methods to obtain a stable numerical solution.

Example 5.4. Consider the backward differentiation formula (BDF) together with the linear interpolation procedure (5.3)
and direct evaluation (3.4). Here uo = 0, B = By. Apply the method to the D(«, 8, y, o, A*) problem with ¢ < 0, A* <
0, y < 1. When the set

1 A1 —-A 1—

Hy» = {heR|O< w <h< u’gg G(O,l)}
—aA Bk Bro

is nonempty, there exists a constant ¢ > 0, which only depends on the constants §, y, o and the method, such that (4.8)
holds forall h € Hy ;+, € [0, Bx] and n > k.
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Fig. 1. |y, — z,| given by the method (5.8), (5.3), (3.4) with step size h = 0.2 and h = 0.01 for problem (2.18) with different initial values ¢(t) =
texp(t) + 0.1exp(t), ¥ (t) = texp(t) — 0.1exp(t).

Example 5.5. As a numerical example, consider Example 2.3 with t = 1,a(t) = a > 0, b(t) = b, |c(t)| = |c| < 1. Apply
the second-order BDF

4 1 2 _
Yara = ¥ner 30 = T (G2, Yne2, V' (1(6042)), 3" (1(t042))) (58)
together with linear interpolation (5.3) and direct evaluation (3.4) to solve the problem (2.18). Then it is easily obtained that
B 2 A 3 B 2 1 0
= -, = -, = -, Cr =1, = U.
2 3 5 3 4 Mo

From Theorem 4.6, we know that for any ¢ € (0, 1), when h < min{ﬁ, C(;;Zy) }, (4.13) holds for n > 1. For example, let
a(t) =0.5,b(t) = —0.5,c(t) =0.1,T = 10and g(t) = texp(t) + 0.1exp(t). Thena = 0.5, 8 = 0.5,y = 0.1,0 = 0.45.
Let y, and z, denote the numerical solutions produced by the method (5.8), (5.3), (3.4) applied to (2.18) with different initial
values ¢(t) = texp(t) +0.1exp(t), ¥ (t) = texp(t) — 0.1 exp(t), respectively. In Fig. 1 we have plotted the absolute value
of the difference of the two numerical solutions given by the method (5.8), (5.3), (3.4) with step size h = 0.2 and h = 0.01
to problem (2.18). From Fig. 1, it can be easily seen that the difference |y, — z,| increases with time. Fortunately it is less
than the bound we gave in Theorem 4.6. We also applied the sixth-order BDF to the problem (2.18) and observed the same
phenomenon.

From the theoretical analysis given in this paper and the numerical results shown in Fig. 1, we come to the following
remark:

Under a step size restriction given in this paper, the methods discussed in this paper are stable for NDDEs. We also note
that the condition on the step size is sufficient but not necessary for the stability of these methods.

To further confirm our conclusions, we consider applying BDF (5.8) together with linear interpolation (5.3) and direct
evaluation (3.4) to solve the following problem:

() = y(t) — 027 + 0.3 — 1) + 05/t — 1)+ — D5
Yy =y 2y’ +0.1y 5y T LEY
y() =), t=0.

Thenae = 1,y = 0.5,0 = 3.5. Let y, and z, denote the numerical solutions produced by the method (5.8), (5.3), (3.4)
applied to (5.9) with different initial values ¢(t) = 21, ¥ (t) = 20, respectively. Take h = 0.2 and h = 0.01. The numerical
results are presented in Fig. 2. These results further confirm our conclusions. On the other hand, from Fig. 2, we can observe
that the system (5.9) is stable although o > 0.

(5.9)

6. Conclusions

Under the condition @ < 0, the asymptotic stability of one-leg methods and linear multistep methods for NDDEs with
constant delay in Hilbert space have been studied in [16,47], respectively. But these methods are confined to A-stable
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h=0.2
1 — h=0.01]1

08 . |

ly,=z,|

04 r

02

Fig. 2. |y, — z,| given by the method (5.8), (5.3), (3.4) with step size h = 0.2 and h = 0.01 for problem (5.9) with different initial values ¢(t) = 21,
¥ (t) = 20.

methods. In this paper, the bounded stability of a class of linear multistep methods, including high order BDF, for solving
NDDEs with any variable delay has been studied.

On the other hand, it is known that when applied to contractive linear autonomous ODEs in Banach space, a linear
multistep method or a Runge-Kutta method is contractive on any mesh only if it has order 1 (see [48]). This means that the
search for linear multistep methods or Runge-Kutta methods for NDDEs in Banach space, which preserve the contractivity
property on any mesh, has to be confined to methods of order 1. In this paper, we have studied the stability of a class of
variable coefficient linear multistep methods for solving NDDEs with any variable delay. The results obtained in this paper
provide some criteria for choosing the step size such that the numerical method is stable.
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