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Abstract: Stiff delay differential equations are frequently utilized in practice, but their numerical
simulations are difficult due to the complicated interaction between the stiff and delay terms. At the
moment, only a few low-order algorithms offer acceptable convergent and stable features. Exponential
integrators are a type of efficient numerical approach for stiff problems that can eliminate the influence
of stiffness on the scheme by precisely dealing with the stiff term. This study is concerned with two
exponential multistep methods of Adams type for stiff delay differential equations. For semilinear
delay differential equations, applying the linear multistep method directly to the integral form of
the equation yields the exponential multistep method. It is shown that the proposed k-step method
is stiffly convergent of order k. On the other hand, we can follow the strategy of the Rosenbrock
method to linearize the equation along the numerical solution in each step. The so-called exponential
Rosenbrock multistep method is constructed by applying the exponential multistep method to the
transformed form of the semilinear delay differential equation. This method can be easily extended
to nonlinear delay differential equations. The main contribution of this study is that we show that
the k-step exponential Rosenbrock multistep method is stiffly convergent of order k 4 1 within the
framework of a strongly continuous semigroup on Banach space. As a result, the methods developed
in this study may be utilized to solve abstract stiff delay differential equations and can be served as
time matching methods for delay partial differential equations. Numerical experiments are presented
to demonstrate the theoretical results.

Keywords: stiff delay differential equations; exponential multistep methods; Rosenbrock methods;
convergence

MSC: 65L.04; 65L06; 65L.20

1. Introduction

Delay differential equations (DDEs) have received substantial attention in recent
decades. They are used to model many systems in science and engineering. In these
systems, the change of the unknown quantity depends not only on the present state but
also on the past state. A typical DDE takes the form of

y'(8) = F(ty(t),y(t— 1)),

where y(t — T) stands for the past effects, and 7 is the time lag. Such equations arise
in various fields such as biology [1], control theory [2], population dynamics [3], and
others [4-7].

To solve delay differential equations numerically, the intuitive approach is to use
the mature method for ordinary differential equations (ODEs). Many numerical methods
originally designed for ODEs have been applied to DDEs. The reader is referred to the
monograph by Bellen and Zennaro [8] for a comprehensive review.
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In the last few years, exponential integrators have been getting a lot of attention in
the field of numerical solutions of ODEs. Exponential integrators eliminate the influence
of stiffness on the scheme by handling the stiff term precisely. The first two exponential
integrators of order two and three based on the Adams—-Moulton method have been pre-
sented in [9]. Along with improving computational efficiency, considerable effort has been
directed at developing and analyzing exponential integrators for semilinear stiff ODEs.
Various exponential integrators have been investigated, such as exponential Runge-Kutta
methods [10,11], exponential multistep methods [12,13], exponential Rosenbrock meth-
ods [14-16], exponential Taylor methods [17], and exponential general linear methods [18].
A good exposition of exponential integrators can be found in [19].

However, a large number of numerical findings demonstrate that, when a method
designed for ODE:s is directly applied to the DDEs, the method’s accuracy and stability
properties cannot be maintained. The majority of current theoretical results on the conver-
gence and stability of the classic methods have the following shortcomings. To preserve
the stiff convergent order of the original numerical methods for ODEs, the addition of
delay terms necessitates that the method fulfills more stiff convergence order conditions.
Moreover, the method’s stability conditions get more complicated. More and stronger sta-
bility conditions are required to ensure that the scheme meets certain stability requirements.
Integration of DDEs requires specifically designed methods other than the stand ODE
methods. Furthermore, the stability and convergence properties of numerical methods
should be thoroughly investigated.

Analysis of exponential integrators to DDEs has been addressed in the literature.
In [20], D—convergence and conditional GDN-the stability of implicit exponential Runge—
Kutta methods have been studied for semilinear DDEs. For exponential Runge-Kutta
methods, the sufficient conditions of D—convergence and conditional GDN-stability given
in [20] imply that the method must be implicit. In [21,22], the stiff convergence and condi-
tional DN-stability of explicit exponential Runge-Kutta methods have been investigated
for stiff DDEs. In view of the excellent properties of exponential integrators, the motivation
of this work is to develop efficient exponential integrators for DDEs. We aim to construct
exponential integrators that have fewer restrictions.

This study is concerned with two exponential multistep methods of Adams type for
stiff delay differential equations. For semilinear delay differential equations, applying the
linear multistep method directly to the integral form of the equation yields the exponential
multistep method. It is shown that the proposed k-step method is stiffly convergent of order
k. On the other hand, we can follow the strategy of the Rosenbrock method to linearize the
equation along the numerical solution in each step. The so-called exponential Rosenbrock
multistep method is constructed by applying the exponential multistep method to the
transformed form of the semilinear delay differential equation. This method can be easily
extended to nonlinear delay differential equations. The main contribution of this work is
that we show that the k-step exponential Rosenbrock multistep method is stiffly convergent
of order k + 1 because of the favorable features of the transformed form. The novelty of
this study is that the presented methods have fewer restriction conditions than classical
linear multistep methods. Moreover, the convergence analysis is carried out within the
framework of a strongly continuous semigroup on Banach space. As a result, the methods
developed in this study may be utilized to solve abstract stiff delay differential equations
and can be served as time matching methods for delay partial differential equations.

The paper is outlined as follows: in Section 2, exponential multistep methods are
constructed for semilinear DDEs. It is shown that the proposed k-step method is stiffly
convergent of order k. Section 3 is devoted to the exponential Rosenbrock multistep
methods. Based on the interpolation with a Hermite node at the beginning of each step, the
k-step exponential Rosenbrock multistep method is shown to be stiffly convergent of order
k + 1. Finally, numerical experiments are shown to demonstrate the theoretical findings.
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2. Exponential Multistep Methods

In this section, we consider the following semilinear delay differential equation:
y(t) = Ay(t) +g(ty(t)y(t—1)), 0<t<T, O
y(t) = ¢(b), —T<t<0.

This form may arise from the space discretization of some semilinear delay parabolic
equations [15]. In this case, y € R is the unknown function, A is a given matrix in R?*¢,
and g is a nonlinear continuous function. The methods presented in this paper are also
applicable to abstract delay differential equations in certain Banach space X with norm
I - || In this instance, y € X and A is a linear operator (can be unbounded) from X to X.

2.1. Construction of Exponential Multistep Methods

We divide the interval [0, T| by time step size h and denote t,, = nh; then, for a given
integer s, applying the variation-of-constants formula to Equation (1) yields

sh
Y(tnrs) = ey () + /0 =4 (1, +0,y(ty +0),y(t, + 6 — T)d6. )

This is the starting point of the exponential multistep methods. Let y, denote the
approximation of exact solution y(t) at time t = t,,. Similarly, y,r is the numerical solution
att = t, — 7. Exponential multistep methods are constructed by treating the integral part
in (2) numerically.

We approximate the nonlinear term g in Equation (2) by the Lagrange interpolation
polynomial p, through the points

(tn—k+1/ Gn—k+1)r (tn—k+2/ Gn—k+2)r ey (tn/ Gn)-

Here, we set G; = g(t;,V;,Yir) for simplicity. According to the Newton backward
interpolation formula, the polynomial p;,, can be expressed as follows:

k-1
0\ _.
pu(ty +6h) = Z(—l)]< . >V7Gn.
j=0 J
Here, V/G, denotes the jth backward difference, defined recursively by
VG, =Gy, VIG, =VI71G, -~ VG, 1, j=1,2,....

Note that the delay terms y,; are involved in the interpolation data G,. For t, — 7 <0,
we can simply set y,r by the initial function, i.e., yur = ¢(tyr). When t, — 7 > 0, we
approximate it by the Lagrange interpolation polynomial g,; through points

(tnfmfv/ ]/nfmfv)/ (tn—m—v—i-l/ ]/n—m—v-i—l)/ ceey (tnfmvtr/ ]/nferr)'

Here, integer m satisfies T = mh — 0h,0 < 6 < 1. r < m is required to ensure that no
unknown values v are used. The Lagrange interpolation polynomial g, can be expressed
as follows:

r oS —i

Qnr(tm’) = Z LE(‘s)yn—m-&-ZI Lk(é) = H r_; (3)
{=—20 j=—v
j#t

We now have all of the pieces necessary to construct the exponential multistep methods.
This paper focuses on multistep methods of Adams type; hence, we set s = 1in (2). The
numerical method is obtained by replacing the nonlinearity g in (2) by the interpolation
polynomial p,,. Therefore, we can write
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1
Va1 = My [0 Ap, (1, + o) do;
then, we have the k-step exponential multistep method for semilinear DDEs (1)
; k-1 '
Yus1 ="y, + 1Y Bi(RA)VIG,. )
j=0
The weights B; are defined as

Bi(na) = (-1 |

1 _
A e<19>’“‘< ],9> dg, j>0. (5)

Remark 1. We remark that the proposed method can be viewed as a small perturbation of the
exponential Euler method, which is given by

Y1 = &y + Bo(hA)Gn.

The weights i given in (5) can be expressed as the linear combination of ¢-functions,
which are defined as follows:

Definition 1. For any complex numbers z € C, let ¢o(z) = €*. For all integers j > 1, define
¢(z) as ‘
1 (1-0)z o1

0(2) = [ e =

Note that ¢-functions enjoy the following recurrence relation:

de. (6)

9j(z) — (z) — ¢;(0) ,
‘Pj+1(z): ! . ]:q)] Zq)] , forj > 0.

By introducing the ¢-functions, the weights of the k-step exponential multistep meth-
ods up to k = 7 are given by

Bo(z) = ¢1(

N
— —
<

¢3(z) + %902(2),

=)
N
—
N
—
Il

Bs(2) = 94(2) + p3(2) + 3a(2), %

Ba(2) = 93(2) + 294(2) + 1593(2) + 19(2),

Bs(2) = 9e(z) +295(2) + L 94(2) + 295(2) + 592(2),

Bolz) = 97(2) + 596(2) + ¢ 95(2) + S pa(2) + 100 93(2) + £a(2).

Remark 2. It is obvious that efficiently computing the g-functions is critical for the implementation
of exponential multistep methods. Several efforts have been made on this line; see [23-26]. For
large-scale problems, it is more efficient to compute the product of a matrix exponential function
with a vector directly without the explicit form of the matrix exponential.

Remark 3. For multistep methods, the starting values y1,y2, . . ., yx—1 are unknown. Normally,
they are obtained by one-step methods. Here, we take the method proposed in [12]. The details are
listed in Appendix A.
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2.2. Stiff Convergence of Exponential Multistep Methods

In this subsection, we investigate the stiff convergence of the k-step exponential
multistep method (4). Stiff convergence refers to the error bounds being of form Ch”, where
the constant C is independent of the stiffness and the step size /. The analysis is carried out
under the framework of semigroup. The following assumptions on the semilinear DDEs (1)
are suggested.

Assumption 1. Let X be a Banach space with norm || - ||. The solution y(t) of Equation (1) is
sufficiently smooth. The linear operator A : X — X is the infinitesimal generator of a strongly con-
tinuous semigroup e on X. The nonlinearity g : [0, T] x X x X — X is Frechet differentiable in a
strip along the exact solution y(t). All occurring derivatives are supposed to be uniformly bounded.

Under this assumption, there exists a Lipschitz constant L such that

18(£, p1,v1) = &(t p, v2) | < L([lpa = pal + [lva = vall)

holds in a neighborhood of the exact solution. Moreover, the following parabolic smoothing
property holds:
le 4[] + | ae™]| < C. ®)

For the ¢ —functions defined by (6), we have

1 j—1
. (1-tyhay T C
lgjnA)l < [l | g < .

It follows that the weights B;(hA) are bounded operators.

The main result is the following.

Theorem 1. Apply the k—step exponential multistep method (4) to the semilinear DDE (1) sat-
isfying Assumption 1. If the Lagrange interpolation (3) satisfies r + v = k — 1 and the starting
values satisfy

||y] — y(f])H < Cohk, ji=1,.. k-1,

then the error bound
yn —y(ta)|| < CH¥ SuP ||dtkg(t y(t),y(t—1))| )

holds uniformly for n such that 0 < nh < T. The constant C depends on T, but not on ||A||, n
and h.

Proof. Lete, =y, — y(t,) denote the error of the method at time t,. It is easy to see that
ep = 0. The first step is to build the error equation for e;,.

Note that the exact solution y(t,) of (1) has the similar form as the numerical solution
Yn. Indeed, according to the variation-of-constants formula, the solution of (1) has the form

1
Y(tast) = Ay(tn) + /0 =04 £(1, + on)do (10)

with f(t) = g(t,y(t),y(t — 7)) for simplicity. Denote p, as the interpolation polynomial
through the exact data

(bntsr, f (tnoir1))s (i f (b)) (b, £ (E0))-
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It easily follows that
k=1 =0\ _.
Pt o) = L1 (7)),
j=0
and the interpolation error is
~ —0
=+ 0m) = e+ 00) = 5 (-1F () 0 201 an

Here, ((0) is a certain intermediate time in the interval [t, .1, t,+1]. Inserting (11)
into (10), we obtain

1
Y(tye1) =y (ty) + h /0 "I=0AG, (£, + 0h)dO + 8, 1. (12)

Here, the defect §,,11 is

1
Opi1 = h/o "=OA (£ (1, + 0h) — py(t, + 6h))d6.

Subtracting (4) from (12) gives the error recursion

1
eniq = ee, +h/ =04y, (£, + k) — Pty + 6h))dO — 6,41
0

Solving this recursion with ey = 0, we find that

n—1 ) 1 _ 1
en=nh 20 eln=j—1hA (/O " 1=0A(p.(t; + 6h) — pi(t; + 0h))do — h5j+1>. (13)
]:

We will now show that the error ¢, indeed satisfies the bound (9).
First, for the defect §,, 1, we infer from (8) and (11) that

16ws1]l < CHFIM, M= sup [IfP(1)].

0<t<tyyg

Next, we have to estimate the term || p;(t; + 6h) — p;(t; + 6h)||. Note that functions
p; and ;7]« contain the information of the delay terms. To this end, let 4, denote the
interpolation polynomial through the exact history data

(tn—m—v/ ]/(tn—m—v)>/ (tnfmfv+1/ ]/(tnfmfvﬁ»l))r ceey (tn—m+rr ]/(tn—m—i-r))-
Then, there exists a polynomial 4(6) of degree r 4+ v + 1 such that
Apr = Y(tnr) — Gur(tnr) = hrﬂﬂq(‘s)y(HUH)(§(9>)/
where ((0) € [tn—m—o, tn—m+|. Similarly, in the case of J,,;1, we see that

1 Ane|| < CMIHH, M= sup [[y" I (1)].

0<t<tyi1
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Now, we are in the position to estimate the error ||p;(t; + 6h) — p;(t; + 6h)||.
lp(tj +6h) — p;(t; + 0h)||

j
<C Y lgtoyeyer) — gt y(te), y(te)|
(=41
j
<CL Y (lye =yl + lqec(ter) = Gor (ter) [+ 1 D)
(=iTk+1

j r _
<CL ) (Heelfz ||efm+i|+Mhr+v+1>~

l=j—k+1 i=—v
Combining the above estimation with (13) yields

n—1
1 -
llen]| < C _max llejl| 4 Ch ' (llel| + EH(SJ'H + MK,
=12, =

Here, the bound (8) is involved. Using the discrete Gronwall’s lemma, we have

n—1

leall <€ _max ejll+C X 5] + Chtw >+
j=12,..., =0

<C max e+ Cmax{M, Mypmin{er+o+1},
=12, k~1

The assertion is obtained by setting r +v =k —1. [

3. Exponential Rosenbrock Multistep Methods

In the last section, we designed the exponential multistep methods for semilinear
DDEs and investigated their stiff convergence. However, in some instances, the numerical
results indicate that this treatment may cause certain issues. Especially when the initial
state is far from the equilibrium point, the scheme must take a very tiny time step to make
sure it stays stable. This reduces the method’s computational efficiency.

In this section, we follow the strategy of the Rosenbrock method [14] to linearize the
equation along the numerical solution in each step. The so-called exponential Rosenbrock
multistep method is constructed by applying the exponential multistep method to the
transformed form of the delay differential equation. This method can be easily extended
to nonlinear delay differential equations. Furthermore, we can show that the k-step expo-
nential Rosenbrock multistep method is stiffly convergent of order k + 1 because of the
favorable features of the transformed form.

3.1. Construction of Exponential Rosenbrock Multistep Methods

To advance the semilinear DDE (1) from t, to t,. 1, we perform the following transfor-
mation based on the state (¢, ¥u, Yur). Letd, ], and J; be the Jacobians of the right-hand
side of Equation (1) with respect to the first term t, the second term y, and the third term y-,
respectively, i.e.,

0
d(tpv) = 55 (),

_ ag
J(twv)=A+ @(Mlﬂ/)r

)
Je(t,pv) = ﬁ(n Hv).
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We evaluate at state (¢, Yn, Ynr) and denote by
dn = d(tn/yn/ynr)/ Jn = ](tn/]/n/]/nr)/ Jnr = ]r(tn/]/n/]/n'r)-
Then, we rewrite the semilinear DDE (1) as
y'(t) = Tay(t) + dnt + Jucy(t —7) + ra(t,y(t),y(t— 7)), 0<t<T, (14)
y(t) = ¢(t), —T<t<0
Here, the reminder ry, is given by
r(ty(t),y(t— 7)) = Ay(t) + g(t,y(t), y(t — 7)) — Juy(t) — dut — Jucy(t — 7).
It enjoys
2r (t )=20 ir (¢ )=0 ir (t )=0 (15)
FYRE nYn,Ynt) =Y, ay n\'n,Yn,Ynt) = U, ayT n\tn,Yn,Ynt) = U.

As will be indicated in Section 3.2, these properties are critical in deriving the conver-
gence order of the exponential Rosenbrock multistep method.

Remark 4. It appears that the semilinear DDE has been changed into a more complicated form.
Nevertheless, the Lipschitz constant of the remainder vy, in (14) is smaller than that of the nonlinear
term g in (1). The numerical results presented in Section 4 indicate that the exponential multistep
method based on (14) is more accurate than that based on the original form (1). Indeed, we will show
that the k-step exponential Rosenbrock multistep method is stiffly convergent of order k + 1. The
order of this method is higher than that of the exponential multistep method.

We now construct the exponential Rosenbrock multistep method for semilinear
DDE (1) based on the form (14).

The exact solution of (14) can be expressed by the following variation-of-constants
formula:

1

Y(tus1) = ey (ty) +h /O =M [(t, 4 0h)dyy + Juey(tn + 60 —T)

+ 1y (tn + 0h,y(t, + 6h),y(t, + 6h — T)]d6.

With the ¢-functions defined by (6), we arrive at
Y(tar1) = €y (tn) + hor (W) tudy + B> @a(h]n)dn
1
+ h/ e(l_e)hln]n‘ry(tn + 6h — T)d@ (16)
0

1
+ h/o =M, (£, 4 0h, y(t, + 6h), y(t, + 6k — T)d6.

The exponential Rosenbrock multistep method is obtained by replacing y(t, + 6h — T)
and 7, (ty + 6h, y(t, + 6h),y(t, + 6h — T) with suitable approximations.
For y(t, + 6h — 7), we use the interpolation polynomial 7, through points

(tnr/ ]/m')/ (tnfl,rr ]/nfl,T>/ ceey (tnfk,T/ y'rlfk,T)'

and evaluate it at t,, + 60h — 7. That is,

k
N 0\ _.
Y(ty +0h —T) = 7y (ty + 6h — T) = Z(—l)]( j )v]ynr
=
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For the reminder term r,, we approximate it by the interpolation polynomial p,
through points

(tr—k+1/ rn(tn*k+l’y?’l*k+l/yn7k+l,’f))l' o (b 'n (b Y, i) )-

Noting the property (15), for the given data, we have },(t,) = 0. Hence, we further
require that p/,(t,) = 0. In other words, we employ an incomplete Hermite interpolation to
approximate r,. This is the source for the k + 1 order convergent of a k-step exponential
Rosenbrock multistep method. Denoting ﬁ? = ru(t;, ¥i, Yir) for simplicity, the Hermite
interpolation polynomial p;, reads

Replacing the delay term y(t, + 6h — 7) and the reminder term r,, in (16) by polyno-
mials 7j,; and p,, respectively, gives

k .
Ynt1 = eh]nyn + hq)l(h]n)tndn + hzq)Z(h]n)dn +h Z ,Bj(h]n)]n'rv]}/n'r
. = (17)

o (W) RE 41 Y <ﬁj(h]n) - k.ﬁk(h]n))vfﬁz.
j=1 J

Here, ¢;(z) and B;(z) are defined by (6) and (7).
This is the exponential Rosenbrock multistep method for semilinear DDE (1). The
procedure for determining the stating values y1,y», ..., yx_1 are sketched in Appendix B.

Remark 5. The exponential multistep method can be easily extended to a nonlinear delay differential
equation

y(t) = ¢(t), —T<t<0.

The exponential Rosenbrock multistep method is based on the transformed form

{y’(t) =F(Ly(t)y(t—1)), 0<t<T,

V() = Gy(t) + 5+ Syt — 1)+ ralby(1),y(t = 1)), 0<t<T,
y(t) = ¢(t), —T<t<0

with the corresponding reminder ry,. All of the derivatives take values at state (ty, Yn, Ynt)-

3.2. Stiff Convergence of Exponential Rosenbrock Multistep Methods

This subsection is devoted to investigating the stiff convergence of the exponential
Rosenbrock multistep methods for semilinear DDEs (1).
Under Assumption (1), these Jacobians satisfy the Lipschitz condition:

[d(t, pr,vr) = d(t, pa,va) | < L[| = pial| + [lva = w2)),
(i, vn) = J (8 p2,v2) | < Ll — w2l + [[vn = val]),
T2t pr,v1) = Je(t po,v2) | < L[ = g2l + llvn = v2))-
Note that the nonlinear operator | can be viewed as a perturbation of g. We infer from

Assumption (1) and the perturbation result in [27] that | generates a strongly continuous
semigroup e!/. Hence, there exist constants C, w, such that

e < Cet,  ||Jue'l| < C (18)
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hold uniformly in a neighborhood of the exact solution. It further implies that ¢;(1],) and
Bj(h]n) are bounded operators. Indeed, we have

wh}‘

Cmax{1,e

1
'dT < i

T/~
(=1
We are now in a position to state our main result on the convergence of the exponential
Rosenbrock multistep methods. In contrast to the case of exponential multistep methods,
the Jacobians vary with each step. Hence, the proof is more involved.

1
o)l < [ 1110

Theorem 2. Apply the k—step exponential Rosenbrock multistep method (17) to the semilinear
DDE (1) satisfying Assumption 1. If the Lagrange interpolation (3) satisfies r + v = k and the
starting values satisfy

lyj =y < erh, =1, k-1,

then the error bound

lya = y(ta)ll < CHF sup (%D @)+ [y 1))

0<t<ty,

holds uniformly for n such that 0 < nh < T. The constant C depends on T, but not on ||A||, n
and h.

Proof. Let e, =y, — y(tx) denote the error of the method at time ¢,,.
The semilinear DDE (1) are recast into the form of (14) at t = f,,. Then, the variation-
of-constants formula allows us to write the solution of (14) as

Y(tus) = eh]”y(tn) +ho1(h]n)tndn + hZ(PZ(hIn)dn

1 1 19)
+ h/ =M, y(t, + 6h — 7)d6 + h/ =M £ (¢, 4 6h)dO
0 0

with f,,(t) = ru(t,y(t),y(t — 7)) for simplicity.
For f,(t), we consider the Hermite interpolation polynomial p,,(t) through the exact
data

(tnkr1s frn (k1)) (kg2 fu(Fuig2))s - -0 (s fu(tn))

and satisfies 7, (t,) = f(tn). Then, the interpolation error can given by

(k+1)
Fultn + 61) — B, (£ + 1) = K1 (—1)k6 (‘ke> %61(9))

Here, {(0) is a certain intermediate time in the interval [t, .1, tn]-
On the other hand, for delay term y(t, + 6h — ), we introduce the interpolation
polynomial 77, based on the exact data

(ta, y(tnr)), (bn-1,0 Y (tn—1,2))s oo (bnmiers Y (i)
In this case, we have the interpolation error

Vit + 00 =)~ 0 ) = (0 ) ee))

for certain intermediate time ¢(0) € [t,,_k ¢, tnz].
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Replacing the nonlinearity term f,(¢) and the delay term y(t, + 6h — 7) in (19) by p,,
and 77, respectively yields

Y(tny1) = ehjny(tn) + hpr (W) tndy + W @2 (] )d
1
S+ /0 e1=OMnf 7 (£ + Oh — T)d6 20)

1
+ h/o =G (t, + 60h)]dO + ppi1 + Tyir.

This means that the exact solution y(t,1) can be expressed in a similar form as the
numerical solution. Here, the defects p,, 11 and 0,1 are

i1 = h/ WA=l f, (y(by + 08 — T) — 77, (s + 61 — T))d6,
uir = h/o =04 (F(t, 1 ) — B, (£, + 6h))de.
Thus, we have the error recursion by taking the difference between (17) and (20):
epi1 =€ere, +h /1 O (i (b + O — T) — 77, (tn + 01 — T))d0O
+h/ =) (5, (b + 01 — T) — B, (b + 01 — T))d0 — Py — Tt

Solving this recursion and using ey = 0 gives

en—hZe(”]”’A</0 B0 (7t + 01 — T) — 7t + 01 — 7))o
(21)

+/ O (By(t; + 0) — py(t; + Oh))dO — %pm - }11%1).
Under Assumption 1, it follows from (18) that defects p,,41 and 0,41 are bounded by
lonsall < CH*2M, o] < CHEP2M (22)
with

M= sup (D@ +Cly D )]).

0<t<t, 11

To bound the terms 77;(t; + 60h — 7) — 7;(t; + 0h — 7) and p;(t; + 6h) — p;(t; + 6h) in
error Equation (21), we proceed in the same manner as for the term p; (t; + 6h) — p;(t; + 0h)
in Theorem 1. In fact, we have

17t + 0 — T) = 7,(t; + 61— 7)||

.
<Clk+1) 3 (lejmell) +CMlk+1)p+e+!
{=k—v

and

19j(t; + 0h) — P;(t; + Oh)]|

r
<CL Z (IeeHJr ) ||e£m+i|> +C(k+1) LMK
l=j—k+1 i=—v

Here, we have takenr +v = k.
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Gathering the above bounds with (22), we infer from (18) that

n—1

leall <€ _max el +Clk+ 1 X (e + CATI),

j=0

The result follows now from the application of the discrete Gronwall’s lemma. This
completes the proof. [

4. Numerical Experiments

In this section, we present some experiments to demonstrate the theoretical results.

Example 1. We consider the following semilinear delay reaction diffusion equation on interval
x € [0,1]

ou(xt) _ o2 ou(x,t)
ot Dﬁ(x’t) T (au(x, ) +bu(x,t)24cu(x,t—0.1) +f1(x’t>’ te [0’ 10]’
u(0,t) = u(1,t) =0, t € [0,10], (23)
t

t e [-0.1,0],

where D is the diffusion coefficient, o, a, b, and c are positive constants. The added term f1(x,t) is
specified so that the exact solution is u(x,t) = x(1 — x)e.

The space derivative is approximated by the standard second order central difference method
with the mesh size of 0.01. For time discretization, the exponential multistep method (4) and the
exponential Rosenbrock multistep method (17) are employed. The relative L? errors of the proposed
methods are displayed in Figures 1 and 2. We conclude that the k-step exponential multistep method
gives a kth order of accuracy, while the k-step exponential Rosenbrock multistep method provides
an accuracy of order k + 1. Moreover, the error of the exponential Rosenbrock multistep method is
smaller than that of the exponential multistep method when the step size is the same.

T
102 ¢ E
104 E
- 6 L J
5 10
W
5 —O— k-1
107 —E— k=2 3
k=3
+k=4
-10 L = = = slope=1| ]
10 slope=2
= = = slope=3]| |
= = = slope=4
10712 —— ' ' ' ' e
102 107
Time step

Figure 1. Errors of k-step exponential multistep method for problem (23). k =1,2,3,4. D=0 =a =
b=c=1
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108 ¢ E
108 ¢ E
« 1010 L E
5 10
w
12 —O— k-1
1077 ¢ —E—k=2 3
k=3
+k=4
14 L = = = slope=2]| ]
10 slope=3
= = = slope=4
= = = slope=5
107° ‘ ‘
10 107
Time step

Figure 2. Errors of k-step exponential Rosenbrock multistep method for problem (23). k = 1,2,3,4.
D=c=a=b=c=1

To demonstrate the superiority of the proposed exponential methods over the classical meth-
ods, we measure the computing times of different methods. Adams linear multistep methods (see,
e.g., [281), exponential multistep methods, and exponential Rosenbrock multistep methods are
compared in terms of computational times. The CPU times in seconds when all of the methods
achieve a common error tolerance 10~8 are recorded in Table 1. The results reported here show that
exponential methods are more efficient than linear multistep methods. Furthermore, the advantages
of high order methods over low order methods are proven clearly.

Table 1. CPU times of all the methods achieving error tolerance 10~8 for problem (23).

k=2 k=3 k=4
Adams linear multistep methods 55.844 40.141 34.344
exponential multistep method 11.048 5.1875 1.3281
exponential Rosenbrock multistep method  4.7969 1.7813 1.2656

Example 2. Next, we consider the following reaction diffusion system with delay

9x2

% =D, Al (x,t) + roup(x, £) (1 + boug (x,t — 1) — agup(x, £ — 1)) + fa(x, t)

ox?2

{aula(;fﬂ = Dy 28 () + ryus (4, 6) (1 — @y (£ — 1) + byua(x, £ — 1)) + fi(x, 1), (24)

We solve this problem on [0, 1] x [—1, 15] with initial conditions

<0,
up(x,t) = x(1 — x) cos?(t), -1 < t < 0.

{ul(x,t) = x(1—x)sin?(t), 1<t <

The numerical solutions are obtained by the methods used in Example 1. The relative L? errors
are presented in Figures 3 and 4. Clearly, all the methods achieve their theoretical convergence
order. It also confirms that the exponential Rosenbrock multistep methods are more accurate than
the exponential multistep methods.
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100 F

Error

—0— k=1

10°F —B—k2 |3

10 L = = = slope=1]| ]
107° , slope=2 ’
= = = slope=3
F = = = slope=4
10-12 L " " L I L . P ST TS T B

0.01 0.015 0.02 0.025 0.03

Time step

Figure 3. Errors of k-step exponential multistep method for problem (24). k = 1,2,3,4. D] = a1 =
bl :r2:b2:u2:1,D2:r1 =2.

10 £ 3

108 ¢

Error

—O— k=1
—B—«k=2
10-10 L

= = = glope=2| 1

slope=3 | ]
1012 = = = slope=4 E
= = = slope=5]| ]
1 1 1 1

0.01 0.015 0.02 0.025 0.03
Time step

Figure 4. Errors of k-step exponential Rosenbrock multistep method for problem (24). k = 1,2,3, 4.
D1:a1:b1:r2:b2:a2:1,D2:r1:2.

5. Conclusions

In this paper, we propose the Adams type exponential multistep methods for semilin-
ear stiff delay differential equations. The exponential multistep methods are obtained by
applying the linear multistep method directly to the integral form of the equation, while
the exponential Rosenbrock multistep methods are constructed by applying the exponen-
tial multistep methods to a transformed form of the equation. We show that the k-step
exponential multistep method is stiffly convergent of order k and the stiff convergence
order of the k-step exponential Rosenbrock multistep method is k + 1. We demonstrate that
the exponential Rosenbrock multistep methods are superior to the exponential multistep



Axioms 2022, 11, 185

15 of 17

methods in terms of accuracy. In summary, for semilinear stiff delay differential equations,
this work provided efficient numerical methods with fewer restriction conditions.

Finally, we point out that, while the proposed exponential Rosenbrock multistep
methods can be easily applied to nonlinear DDEs, the convergence analysis is restricted
to semilinear stiff DDEs. The convergence property of the methods for nonlinear DDEs
should be investigated in future research. Moreover, fractional [29] and stochastic [30]
differential equations are also widely used in a variety of fields of applied mathematics.
The exponential integrators for these problems need to be validated in the future.
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draft preparation, W.C. and X.C.; writing—review and editing, R.Z. (Rui Zhan) and R.Z. (Runjie
Zhang). All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China under
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Appendix A

To determine the starting values v, y2,...,yx_1 for a k-step exponential multistep
method, we approximate g in the integral form (2) by the interpolation polynomial pg
through the points (ty, Go), (t1,G1), ..., (tx_1,Gx_1). Then, we have

k-1 0 .
po(to + 6h) = E ( > N Gy.
=0 \J
Here, AJG,, denotes the jth forward difference, which defined recursively by

NGy = Gy, NGy = NGy — NG, j> 1
Replacing g by polynomial pg gives the desired starting values
k=1 ,
ys = e yo + 1 Y s (hA) NGy, s =1,2,...,k—1. (A1)
j=0

The coefficients 7y, ; are defined as

5 1
7o) = [ e (T)ap s [0 (). (A2)

Compared (A2) with (5), the coefficients 7; ; can also be expressed as the linear combi-
nation of the ¢-functions. For k up to 7, we have
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Ys50(2) = sg1(sz),
Ys1(2z) = 524’2(52)/

1
Vs2(z) = P 3(sz) — §S2¢2(Sz)r
1
Ys3(z) = s4q)4(sz) — 53(;)3(52) + §sz¢2(sz),

3 11 1
Ysa(z) = 55g05(sz) - §s4<p4(sz) + Es3<p3(sz) - Esz(pz(sz),
7s4 553 1
Vs5(z) = P (sz) — 25° @5 (sz) + T(P4(SZ) - ?4’3(52) + gszfpz(sz),
550 17s° 1554 13753 1
Ys6(2z) = s7q07(sz) — 74)6(52) + 74)5(52) — ?4)4(52) + Wq{g(z) — gszgoz(z).

As pointed out in [12], under appropriate assumptions, the nonlinear system (A1) has
a unique solution. The solution can be obtained by fixed point iteration.

Appendix B

For the exponential Rosenbrock multistep method (17), the starting values y1,y>, ...,
Yx—1 are approximated by replacing the nonlinearity y in (16) by the Hermite interpolation
polynomial py, namely, by

o KIrseN  k/6 -
po(to +6h) = RY + 2{() —.( ﬂAJRg.
= AV AN

Together with the interpolation polynomial 7y for y(tg + 6h — 1), fors =1,2,...,k—1,
the starting value y; is computed by

k .
ys = Py, + shoy (shfo)tody + s*h> @2 (shfo)do + Y s j(h]o) Jor VVyor
=0

. k—1 k .
+ shoq(shJo)R) +h Y (’Ys,j(hfo) - ].’Ys,k(hfo)) V/R).
=1
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