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Abstract. Numerical computation plays an important role in the study of differential
equations with time-delay, because a simple and explicit analytic solution is usually un
available. Time-stepping methods based on discretizing the temporal derivative with
some step-size At are the main tools for this task. To get accurate numerical solutions,
in many cases it is necessary to require At < 7 and this will be a rather unwelcome
restriction when 7, the quantity of time-delay, is small. In this paper, we propose a
method for a class of time-delay problems, which is completely meshless. The idea
lies in representing the solution by its Laplace inverse transform along a carefully de-
signed contour in the complex plane and then approximating the contour integral by
the Filon-Clenshaw-Curtis (FCC) quadrature in a few fast growing subintervals. The
computations of the solution for all time points of interest are naturally parallelizable
and for each time point the implementations of the FCC quadrature in all subintervals
are also parallelizable. For each time point and each subinterval, the FCC quadrature
can be implemented by fast Fourier transform. Numerical results are given to check the
efficiency of the proposed method.
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1. Introduction

Delay differential equations (DDEs) arise from various applications, like biology [27],
control of dynamic systems [5,21], circuit engineering [32] and many others. A DDE
differs from an ordinary differential equation (ODE) in that it depends not only on the
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Figure 1: For DDE (1.1) with T =0.05, the approximation of the numerical solutions generated by the
implicit Euler method (left) and the trapezoidal rule (right) to the exact solution, the cosine function
u(t) = cos(%t).

solution at a present stage but also on the solution at some past stages. While the the-
oretical properties of DDEs have been investigated deeply and widely in the past, there
is little experience with numerical methods for solving these equations, particularly with
parallel computational methods. Existing numerical methods for DDEs mainly rely on dis-
cretizing the temporal derivatives with some step-size At by finite difference formula and
then advancing the discrete solutions step by step. For this issue, we refer the interested
reader to [3,4,13,14,34] and references therein. A serious limitation of the time-stepping
methods is that, in many cases the step-size has to be less than the quantity of time-delay;,
i.e., At < 7. To illustrate this, we consider the following DDE:

u’(t)+£u(t—7:)=0, u(t) = cos (lt) , for t <0, (1.1)
27T 27T

for which the exact solution is the cosine function u(t) = cos (%) Let T = 0.05. Then,
using the implicit Euler method and the trapezoidal rule, we get the numerical solutions
for different step-sizes At as shown in Fig. 1. These results imply that for DDEs a small
step-size is really necessary to get accurate numerical solutions when 7 is small.

Parallel methods are also studied for DDEs in the past few years. Among these, we men-
tion [11,17,33] for the study of classical waveform relaxation methods and [22,28-30] for
the study of the Schwarz waveform relaxation methods. (The parallelism of the former is
based on system decoupling, while for the latter the parallelism is based on domain de-
composition.) These methods are iterative and the convergence rates of iterations usually
deteriorate as the mesh parameters become small (except a coarse grid correction is used
after each iteration [20,25,26]). What make matters worse is that these methods can not
be directly used to compute the solution of DDEs, because they are defined at the contin-
uous level, while in practice we still need to rely on time-stepping methods to construct
discrete (Schwarz) waveform relaxation methods.

The goal of this paper is to propose a meshless and highly parallelizable method for
solving the following representative model problem

duu(x, t) — Au(x, t)+au(x, t — 1) =f(x,t), (x,t)eQx(0,T), (1.2)
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where u(x, t) = uy(x, t) for (x,t) € Q x [—7,0] and A denotes the Laplacian. Our starting
point is to represent the solution u(x, t) by its inverse Laplace transform

1 .
u(x, t) = Py f eB[(ae™" +s) — Al 71E(x,s)ds,
r

T

with F(x,s) = f(x,5) + up(x,0) — af e Tuy(x,r —t)dr, (1.3)
0

where I denotes the identity operator (or identity matrix if the Laplacian A is approximat-
ed by a matrix A), f(x,s) = f;o e’ f(x,t)dt denotes the Laplace transform of the source
term f(x,t) and " denotes a suitable contour in the complex plane with opening angle
to the negative real axis. Such a contour plays an important role for deriving an accurate
numerical solution of (1.2) and the basic principle for contour design is that all the singu-
larities of the integrand [(ae ™" +s)I — A]7'F(x,s) have to lie on the left of I'. This issue
will be addressed in detail in Section 2. The next step is to discretize the contour integral
by the Filon-Clenshaw-Curtis (FCC) quadrature [8,9,31]. This procedure consists of three

parts. First, we need to parameterize the contour I" as
RoT: y—-0(y), —oco<y<oo, (1.4)

and rewrite the contour integral in (1.3) as

1 (% -1
5= | PO [@e O 1001 -] B, 006/ ()dy. (1.5)
i
—00
Second, for a given tolerance € we need to truncate the infinite integral (1.5) to a finite

one:
1 Ymax

— | e [(@e 07 £ o1 - A] T Ex, 0300 (0)dy.
27

—Yiax

By using the symmetry of the integrand as a function of y, it suffices to compute

YmaX
f 90 [(ae=?00% 4 0y — A] T E(x, 60y (x)dy. (1.6)
0

The third part is to divide the interval [0, Y,.,] into two parts [0, Yin] and [Yiin, Ymax]
and further divide the second interval into a few fast growing subintervals:

Jmax—1
[Ymin, Yinin + B_Jmm] U U [Ymin + B]’ Yinin + B]+1]

J==Jmin

U [Ymin +Bmar, Ymax] = [Ymin> Ymaxls



Meshless and Parallel-in-Time Method for Delay Equations 95

where B™/mn ~ 0 and B/mx ~ Y, — Y,,. Our experience suggests that J,,;; = 6 and
Jmax = 1+ [1085(Ynax — Ymin)] With B = 8 are good choice. This process reduces (1.6) to

Vi
>, f e90) [(ae™®0 4+ 6(y NI - A] " F(x, 6(y)6'(y)dy, (1.7)
j Yy

with proper definitions of {Y;} (see (3.1) given in Section 3). Then, each sub-integral
in (1.7) is computed by the FCC quadrature, which can be implemented in &(M log M)
operations by FFT (fast Fourier transform). Here, M denotes the number of Clenshaw-
Curtis points.

Clearly, the computations for all time points of interest is naturally parallelizable and
we do not need any mesh to carry out the computation. For each time point, the imple-
mentations of the FCC quadrature for all the subintervals in (1.7) can be also parallelized.
The major computational work is to solve a series of steady state elliptic problems of the
form

(zI - AUKX) =F(x,2), with z=ae %07 +0(y). (1.8)

The quantity z is a complex number and satisfies R(z) — —oo as |3(z)| — oo. Therefore,
such a complex shift destroys the positivity of (—A) and this makes (1.8) a Helmholtz-like
equation, which is a well known difficult problem in numerics. For this problem, Coc-
quet and Gander [6] make a throughout analysis for the multigrid method and the main
conclusion is that: if the imaginary part of z is dominate, the multigrid method possesses
an ideal and robust convergence rate. This condition is fulfilled in our situation, because
13(2)] = 0(e" ™)) for R(z) < 0. A detailed research about numerical computation of
(1.8) shall be given in our forthcoming papers.

The remainder of this paper is organized as follows. In Sections 2 and 3, we supply the
details for the contour integral and the FCC quadrature, respectively. Clearly, the afore-
mentioned method depends on the Laplace forward transform of the source term f(x,t)
and this dependence will be a problem in some situation (for example the function f(x,s)
is not known explicitly). In Section 4, we propose two treatments for the source term in
the contour integral and for each treatment we provide numerical results for verification.
We conclude this paper in Section 5.

2. Contour design
We start our description for the following scale model problem
u'(t) + Au(t) + au(t — 7) = f(t), u(t) = uy(t), fort € [—7,0], 2.1)

where A > 0 is an arbitrary eigenvalue of (—A). Applying Laplace transform to (2.1) gives

T

st(s) + Aa(s) + ae*"a(s) + aJ e Tu(r — t)dr = ug(0) + £ (s),
0
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which gives @i(s) = (s + ae ™" + A)"'F(s), where
T
F(s) =uy(0) — af e Tug(r — v)dr + f(s).
0
The methods for inverting the Laplace transform that we shall consider are based on nu-
merical integration of the Bromwich complex contour integral

1 o+ioco

u(t) = —f eSt(s+ae "+ 1) LE(s)ds, o >0y, (2.2)
2mi o—1i00

where o is a quantity such that all the singularities of (s +ae ™" + 1)~ *F(s) lie in the open

half-plane R(s) < . For simplicity, in this section we assume

The Laplace transform of f is known and f (s) is analytic in the whole complex plane.

Then, we can focus our attention on the singularities of (s + ae™" + A)~!. The case that

£ (s) has singularities will be treated in Section 4.

2.1. Deform the Bromwich integral to contour integral

The integral in (2.2) is not well-suited for numerical integration, because the expo-
nential factor e is highly oscillatory on the Bromwich line s = 0 +iy (—oo < y < 00)
and in general there is no guarantee that the other factor (s + ae " + 1) 1F(s) decays
rapidly as |y| — oo. Integrals that are both oscillatory and slowly decaying on unbounded
domains are often hard to compute. One strategy for circumventing this difficulty is based
on the technique of conformal mapping, which is first used by Talbot [23] in 1979, who
suggested that the Bromwich line be deformed into a contour that begins and ends in the
left half-plane, such that R(s) — —oo at each end of the contour. Clearly, this deformation
provides decaying for the exponential factor e* as s moves to the ends of the contour. By
Cauchy’s theorem, such a deformation of contour is permissible as long as no singularities
are traversed in the process. Based on this idea, we can represent u(t) as

1 .
u(t) = o f eSt(s +ae*" 4+ A)"1E(s)ds, (2.3)
r

where T is the aforementioned contour deformed from the Bromwich line and all the
singularities of (s + ae™" + A)~! lie on the left of T". Provided the decaying rate of the
exponential factor e® is sufficiently fast, the contour interval can be approximation by
the trapezoidal rule. Three types of contours that satisfy this requirement are extensively
studied in the past few years, the Talbot contour, the hyperbolic contour and the parabolic
contour, which are given in the following

s=0(y)=a; +ayycot(asy) +iasy (y € [—m,m]), Talbot,
s=0(y)=a;(1+sin(iy —ay)) (—oo < y < 00), Hyperbola, (2.4)
s=0(y)=(iy +a;)* (o0 <y < 00), Parabola,
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Widely used contours for contour integral roots of s+ae*"+A=0(a=2and 7 =1)
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Figure 2: Left: three widely used contours in the literature for Laplace inversion. The formulas are given
by (2.4) and we use the parameters a;, a,, a; and a, given in [24, Table 15.1]. Right: an illustration of
the distribution of the roots of s +ae™"+ A =0 in the complex plane for two values of A.

where a; 534 are real constants. For more details about contour integral, we refer the
interested reader to [24, Section 15]. These three contours are shown in Fig. 2 on the left.

However, none of these contours can be used in our situation ! This is because, as
shown in Fig. 2 on the right, the singularities of (s + ae ™% + A)~! satisfies f(s) < 0 and
|5(s)| = O(exp(—R(s))) as R(s) — —oo, while for the three contours given by (2.4) it holds
that

R(O)]
—0 as%f(s) > —oo, Talbot and Parabola,

—R SR
36 cos(ay)
—R(s) sin(ay)

as N(s) » —oo, Hyperbola.

Lemma 2.1. For A > 0, T > 0 and a € R\ {0}, the complex roots of s +ae™" + A =0,
__vcos(v)

: — A, where v denotes an
T sin(v)

denoted by s = (x,iy), are determined by y = % and x =
arbitrary root of

v cos(v)

v=CE(v), withC*=ate"® and E(v)=e=m sin(v).
This equation has infinite number of roots and are determined as follows

1. if C* > 0 the nonlinear equation v = C*E(v) has a unique root v in the interval
(2km, (2k + 1)) for k > 1 and v} — (an + %)_ as k — oo;

2. if C* < 0 the nonlinear equation v = C*E(v) has a unique root vy in the interval
((2k — )7, 2km) for k > 1 and v} — ((Zk -1+ %)_ as k — oo;

3. in the interval (0, 1), v = C*E(v) has no root if C* < C' and a unique root if C* > CT,
where CT = 0.36787944118761.
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Figure 3: The intersection points between the curves C*E(v) (blue) and the straight line (red), which
correspond to the solutions of v =C*E(v). Left: C*=8; Right: C* = -8.

Proof. Let s = x +iy. Then, substituting this into s + ae™*" + A = 0 gives

(2.5)

T

*sin(ty) = 0.

x+ae "™ cos(ty)+ A =0,
y —ae

Clearly; if (x, y) is a root of (2.5), (x, —y) also satisfies (2.5). So, we can restrict our proof
in the following to y > 0. For complex roots (i.e., ¥ # 0), it mush hold yt # km for k € N.
Hence, we can rewrite the second equation in (2.5) as

ae T = — J . (2.6)
sin(ty)
Inserting this into the first equation in (2.5) gives x = —% — A. Then, by using (2.6)
we have - - .
Ty cos(ty Ty costty
aete ) = — J & aretle ) = — .
sin(ty) sin(ty)

From this, we see that for y # 0 the roots of (2.5) are equivalent to the roots of the scalar
v cos(v)

nonlinear equation v = C*E(v) with C* = ate™ and E(v) = e a0 sin(v).
A routine calculation yields

, Sin(2v) — v res
E'(v)= —————¢ s ,
sin(v)
Hence, for any integer k > 1 it holds that E'(v) < 0 for v € (2k=, (2k+1)7) and E’'(v) > 0
for v € ((2k — 1), 2km). This together with the fact that lim,_, o)+ E(v) = oo and
lim,_,((2k+1)m)— E(v) = 0 implies that v = C*E(v) has a unique root for v € [2kn, (2k +
1)n] if C* > 0. This equation has no root for v € ((2k — 1)m, 2km), because in this
interval E(v) < 0. For C* < 0, it is easy to know that v = C*E(v) has no root for v €
[2k7, (2k 4+ 1)n] and a unique root for v € ((2k — 1)7, 2km). An illustration of the
distribution of the roots of v = C*E(v) for C* > 0 and C* < 0 is given in Fig. 3 on the left
and right, respectively.
For the first interval (0, 1), it is easy to know that v = C*E(v) has no root for C* < 0
since in this case C*E(v) < 0. For the case C* > 0, we denote by (v*, C*) the solution of

v =C*E(v), 1=C*E'(v).
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Numerically, we get the solution of this nonlinear problem as v\ = 9.37538519 x 10~°
and C" = 0.36787944118761. Then, by comparing C*E’(v) with 1, a tedious but routine
calculation reveals that v = C*E(v) has a unique root if C* > C' and no root if C* < C*
(see Fig. 3).

It remains to prove that the root v, — (2kn+ %)_ as k — oo, if C* > 0. Let vy, =
2k + 1y with . € (0, 7). It is clear that v, — 2km + 7 is equivalent to ry — (%)_ To
prove the latter, we first prove that r € (0, %) as k > (C*— %) /2. This can be proven
by simply noticing two facts: (1) v — C*E(v) = 2kn + 7 — C* > 0 for v = 2kn + 7 with
k> (C*— %)/27: and (2) E(v) is a decreasing function for v € (2km, (2k + 1)) with
lim,,_, o)+ E(v) = 00 and lim, _,((2x+1)7)- E(v) = 0. We now prove that the sequence {r;}
converges to 7t/2. We have

(2k7r+rk)cos(rk)

w=C'E(vy) & r=C'sin(r)e 0 —2km.
T (2k7‘r+rk) cos(rk) .
For k > 1, we have r € (0, E) and thus () > 0. Hence, it holds that
k
Grrindeos(ng) — (2km + rk)2 cos? (1)
e sin(rg ) > s
2sin? (ry)

which can be derived by noticing the fact that e* > %2 for any x > 0. Hence, for k > 1 we
have

. (2k7 + 1) cos® (1)
2sin(ry)

T
§>rk>C 2k

- (2km)?* cos? (1) 2 (% + an)
C(2km)?

—2km, i.e., cos(rg) <

2(Z+2kn)
C*(2kn)?
If C* <0, by a similar analysis we can also prove v, — ((Zk -1+ %)_ as k — o0o0.0]

Then, by letting k — co we have — 0, which implies r; — (%) .

Since the root v, exists uniquely in the interval (2k 7, (2k+1)7) (resp. ((2k—1) 7w, 2km)
for C* > 0 (resp. C* < 0), it can be computed conveniently by many nonlinear solvers, for
example the fzero solver in Matlab. By using Lemma 2.1, we get the following asymptotic
relation between the real and imaginary parts of the roots of s + ae™* + A = 0.

Corollary 2.1. For given A > 0, T > 0 and a € R\ {0}, let {s;}>1 be the complex roots of
s+ae " +A=0withs, = —% — A+ i% and vy being the unique roots of v = C*E(v)
in the interval (2km, (2k + 1)7) (resp. ((2k — 1)7t, 2kx)) for C* > 0 (resp. C* < 0), where

C* and E(v) are given in Lemma 2.1. Then, it holds that

15(si)| = lale™™07 as k — co. (2.7)
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Proof. Let s, = x; + iyx. Then, from Lemma 2.1 we have 7y, = v, and v, —
(2k7r+ %)_ (resp. v — ((Zk— D+ %)_) for C* > 0 (resp. C* < 0) as k — oo. This
implies that

sin(7y;) = sin(v;) — sign(C*) = sign(a) as k — oo.

Hence, for both a > 0 and a < 0 we have |sin(ty;)] — 1 as k — oco. From (2.6), we

have ae™" = Sl.n(kayk), which holds for all k > 1. This, together with |sin(7ty;)| — 1, gives

lyil = lale™**|sin(zy, )| — ale™*"

as k — o0o. This completes the proof of the lemma. O

Lemma 2.1and Corollary 2.1 describe the distribution of the singularities of integrand
in (2.3) in the complex plane, except the real axis. On the real axis, we have following
result.

Lemma 2.2. Let Ey(x) = x +ae ™ + A witha € R\ {0}, A > 0and v > 0. Let x* =
log(at)/7 for a > 0. Then, if a > 0 and E¢(x*) > 0, Ey(x) has no root; otherwise

1. if a <0, Ey(x) has a unique root xy € (—A, —a) and x decreases as A increases;

2. if a > 0 and Ey(x*) < 0, Ey(x) has two different roots x, € (—a — A, x*) and x, €
(x*,a) and x decreases as A increases;

3. ifa>0and Ey(x*) =0, Eo(x) has a unique root x, = x*.

Proof. For a < 0 it holds that Ej(x) = 1 —ate™™ > 0 for all x € R and Ey(+00) =
+00. Hence, in this case Eo(x) has a unique root x,. Since Ej(—A) = ae’* < 0 and
Eo(—a) = —a(1 —e*")+ A > 0, it holds that x, € (—A, —a). This root can be regarded
as the intersection point between the function f;(x) := x + ae™** and the transverse line
fo(x) := —A. Since f](x) = E{(x) > 0, as A increases (i.e., —A becomes smaller), the
solution of f;(x) = fy(x) decreases.

For a > 0 we know that Ej(x) has a unique root x = x* =log(at)/7 and that E/(x) < 0
(resp. Ej(x) > 0) for x € (—o0,x™) (resp. x € (x*,00)). Hence, if Eo(x*) < 0 we have
two different roots, denoted by x, and x,, which are respectively located in the intervals
(—o0,x*) and (x*, 00). Since Ey(—a—A) = —a+ae* @™ > 0 and Ey(a) > 0, we can specify
a finite interval for x, and xq as (—a — A,x™) and (x*,a), respectively. The decreasing
property of the larger root x as A increases can be deduced by a similar analysis as given
for the case a < 0.

For a > 0 and Ey(x*) = 0, it is clear that E,(x) has a unique root at x = x*. If a > 0
and Ey(x*) > 0, it always holds Ey(x) > 0 and therefore E,(x) has no root. O

Now, suppose A > A, = 0. Then, from Corollary 2.1 we know that for each A > A i,
the singularities of (s + ae™" + A)~!, denoted by {s;},>1, approaches to the curve |y| =
lale™" in the complex plane as k — oo. This property is independent of A. Lemma 2.2
implies that the maximal real singularity of (s + ae™*® + A)~! decreases as A increases.
These two properties motivate us to consider the following contour

iy s 1yl = Bo+ lale ™) — (x = B)), x < xo+Bo},

= . 2.8)
P {{(X’U’):ye [_Ymin,Ymin], x=x0+[50},
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where 3 = (f8,, 8;) are free parameters,
Visin = B+ lale™ 50 0P — (o, + By — By) = By +lale™"CoHo=P) — x,,

and x, denotes the maximal real part of the roots of s +a~" + A, = 0'. The parameters
Bo and f3; should satisfy the following two conditions

1. By >0, ;> 0and Yy, = B + |ale *Cotho—P) _ x> 0;
2. for all A > A, the singularities of (s + ae™*" 4+ 2)~! lie on the left of T's.

We note that for any 8, > 0 and 8; > 0, it holds asymptotically that the singularities of (s+
ae™*"+2A)~! lie on the left of I'g for all A > A;,. The real singularities of (s +ae " +2)~*
lie on the left of I'g, too. However, to determine a suitable I'g that satisfies the second
requirement, we need to check the first few, say 15, singularities of (s + ae™" + A;,) !
such that these singularities lie on the left of I'g. An illustration of the shape of I'g (with
B = (0.1,0.1)) is shown in Fig. 4, where the singularities of (s + ae™" 4+ A)~! for three
values of A are shown by solid lines with markers and the contour is shown by dash-dot
lines.

2.2. Parameterization and truncation of the contour integral

We now parameterize the contour I'g given by (2.8) as a function of y:

X()+iy,  fory > Y=y +lale "0t FomF) — g,
s=0(y):=3 xo+Po+iy, for =Y <y < Yiin, (2.9)
X(y) =iy,  fory < —Ypin,

where X (y) is the inverse function for x implied by the relation?
y =Bo+lale”™ ) — (x — By). (2.10)

Then, we can represent the contour integral (2.3) as
L (% oo o0y 15 ,
u©) = 5= | V(00 +ae 7+ 2) EO(NO (y)dy
—00

= %S (J e?W(9(y) +ae 90" ¢ A)_lﬁ(é(y))e’(y)dy) , (2.11)
0

IThe quantity x,, denotes the larger real root of s + ae™™ + A.;, = 0 if this equation has real roots (see Lemma
2.2); otherwise, x, denotes the real part of the first complex root as described by Lemma 2.1.
2Note that % = 7]ale”"*P) —1 < 0 and then Eq. (2.10) really implies an inverse function for all x € R.
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Figure 4: The roots of s +ae™" + A =0 and the contour I's defined by (2.8) with 3 =(0.1,0.1). Top:
a =1, for which no roots lie on the real axis; Bottom: a = —1, for which one root lies on the real axis.

where we have used the symmetry of 6(y) with respect to the real axis. From (2.9), we
can divide the second integral in (2.11) into two parts

f PO (6(y) +ae 0 + 1) TE(6(»))0'(y)dy
0

Ymin 0
=ieXotholt f eV E (y)dy + f eV Fy(t,y)dy, (2.12)
0

Yinin
where the functions F;(y) and F,(t, y) are defined by
Fi(y) = (xo+ Bo + iy + ae”Cothoti)e 4 A)_l F(xo+ Bo+iy), (2.13a)
Fy(t,y) = ™0 (X(y) +iy + ae K7 4 A)_l FX() +iy)X'(y)+1i). (2.13b)
The function X’(y) appearing in the last integral can be expressed as a function of X(y)

1
B |a|Te_T(X(.y)_ﬁ1) +1 ’

X'(y)= (2.14)

: . . 00 i~ X
For numerical computation, we need to truncate the integral f Yo eV'Fy(t,y)dy in (2.12)
to a finite integral. For prescribed tolerance e, we have following result.
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Theorem 2.1. Let T'g be a contour defined by (2.8) (or equivalently by (2.9)) such that all
the roots of s +a™*" + A = 0O lie on the left of T'g for all A = A Then, for all t > At it
holds that

Ymax
u(t) — %3 U PO (O(y) + ae 00" +A)_1F(6(y))9’(y)dy) <e, (2.15a)
0

provided Yy, = Bo + |ale " Emn=P) — (X . — B.) and X, satisfies

la|Te™P 4 e7* eAt&min ¢
Xin <0, max }F(x +1y(x))| max < e (2.15b)

Xoin (B + B1 — x)e™ + |a] (e7Fr — 1) At
where y(x) = fo + lale ") — (x — By).

Proof. Clearly, it suffices to prove

% o) X'(y)+i €
e - — _ d - . (2.16)
v X(¥)+iy+ae X0 42177 T 4max, o [F(x +iy(x))]
Since
IX(y)+iy +ae”@OWIT L 2] > |y — ae O sin(y 1),
and y > |ale"™*() for y > Y, ., it holds that
o0 / .
Ym X(y)+iy +ae "0+ 4
7 e VIHE P \/ R exn LK) 14 X'(y)
B Y. |a|e_TX(Y) |a|e ™X(¥)
This, together with
1
1+ XD _ M e _ 2 for y <
— |a|e_TX(y) y —_ |a|e_TX(y) - y —_ |a|e_TX(y) — Tmax
gives
00 / . o0 tX(y)
X +1 e
ex) , ) . dy<2| ———————dy. (2.17)
Yo X(y)+iy +ae "EXO+y) 4 3 v, ¥ —lalem™()
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Now, by letting x = X(y) and by using y = By + |ale "&)=P) — (x(y) — ;) we can
rewrite the integral in the right hand-side of (2.17) as

(‘00 X&)
—d
Jyo ¥ a7
—o0 etx
= (—lalre ") —1)dx
Jx... Bo+B1—x+]ale”™ (eTﬁl — 1)
Xinin etX(|a|TeTﬂ1 + ™) .
_ X
Jooo (Bo+ By —x)e™ +al (e — 1)
lalte™Pr + 7 ¢ Xmin
<| max . (2.18)
xS (B + fy — x)e™ +1al (e —1) ) ¢

Substituting (2.18) into (2.17) and then by using (2.16), we get (2.15a) if (2.15b) holds.
The proof is completed. O

2.3. Summary

For a suitably large quantity Y,,,,, to get an approximation (with truncation error €) of
the solution u(x, t) of the delay problem (1.2), Theorem 2.1 implies that it is sufficient to
consider the following truncated contour integral

Yi Y,
1 min . R max . R
u(x, 6~ —3 (ie(’%*ﬁo)f f eV Fi(x,y)dy +f eV Fy(x, t,y)dy) , (219
0 Ymin

where F;(x,y) and F,(x, y) are given by
Fi(x,y)= ( [xo +Bo+iy+ ae_(X0+ﬁ0+iY)T] I- A)_l F(x,xo+ Bo +1y),
Bo(x,t,y) = eX0) ([X(y) +iy +ae @07 1 - A) T B X (y) + iy)(X' () +1),

T

F(x,5) = up(x,0) — af eSTug(x,r —1)dr+ f(x,5), f(x,5)= f e f(x, t)dt.
0

0
We note that both F; (x, y) and F,(x, y) contain F(x,s), in which an integral fOT e uy(x, r—
7)dr is involved. For F,, the real part of the complex number s becomes negative when
s approaches the ends of the contour I'g; for Fy, the real part of s is x, + 3y, which can
be negative, too. To avoid floating overflow in computation, it is necessary to make some
modifications. The idea is to split each integral in (2.19) into two parts:

Ymin Yinin Yinin

J e Fy(x,y)dy = f e Fy (% y) — ae”Cu AT f VI h(xy), (2.222)
0 0 0
Ymax Ymax Ymax

J eV Fy(x, y)dy =J eV Fy (%, y) — GJ eV (x, y), (2.22b)
Ymin Ymin Ymin
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where Fll(x, y), FlZ(x, y), FZl(X’ )’) and FZZ(X, )’) are given by

~ . -1 ~
Fnxy)= ( [Xo +Bo+iy + ae_(x°+ﬁ°+ly)f] I— A) (UO(X, 0)+ f(x,x0+ o+ iJ’)) ;
T
Fla(x,y) = ( [xo + Bo+iy + ae_(XOJrﬂO“”T] I- A) ! f ot Bot ==y (x 1 — T)dr,
0

For(x,y) = e* (X' () + D ([X () + iy
+ae_(X(y)+iY)T] I—- A)_l [uo(x, 0)+ f(x,X(y)+ iy)] ,
Faa(x,y) = e XWX/ (y) + DX +iy

T
+ae—(><(y)+iy)r] I— A)—l f eXOIHNE=y (% — 1)dr.
0

3. Filon-Clenshaw-Curtis quadrature

We are now in a position to study how to discretize the four integrals in right hand-sides
of (2.22a) and (2.22b). These are highly-oscillatory integrals and can not be computed
by usual numerical methods, such as the Gauss-Legendre method; see [12, 15, 16] for
explanations. Here, we study how to use the Filon-Clenshaw-Curtis quadrature [8,9,31]
to compute these integrals. For the two integrals in (2.22a), we can directly apply the
FCC quadrature, because Y,;, is only a moderate quantity. For the other two integrals in
(2.22b), we however need to divide the interval [Y,;,, Yax] into subintervals and then
apply the FCC quadrature to each subinterval. In what follows, we focus on the FCC
quadrature for the integrals in (2.22b) and all the results can be directly applied to (2.22a).

Moreover, for the two integrals in the right hand-side of (2.22b), f:max eVFy (x,y) and

f ;:: :X eV(t=TF,,(x,y), it is sufficient to introduce the FCC quadrature for one of them. We
shall consider the latter and the results can be directly generalized to the former.

Let B > 2 be an integer and J,,, = 1 + [10g5(Yinax — Ymin)], Where for any real number
v we denote by [v] the integer part of v. Then, with another integer J;;, > 0, we divide

the interval [Yin, Yinax] iNt0 Jax + Jmin + 2 subintervals, as

Jmax Ymin’ J = _Jmin - 1’
Wins Ymae) = | (Y5, Y1), with ¥ ={ Yoo + B/, —Jpin J SJppe. (3.1
== min=1 Yimaxo J=Jmax +1.

Ymax [ — = .
The integral fY e (t=7)F,,(x, y)dy therefore can be rewritten as:

Ymax Jmax Yj+1
f Vhyxy)dy = Y. withj,::f Y IF(x,y)dy.  (3.2)

Yinin j=—Jmin—1 Y;
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For each ¢;, we need to compute an inner integral for each y:
T
f e uo(x,r —1)dr, withs =X(y)+1iy. (3.3)
0

The integral in (3.3) is different from _¢;: for the former the parameter s is a complex
quantity, while for the latter the parameter i(t — 7) is purely imaginary. For the integral in
(3.3), even though the parameter s has negative real part (and therefore the exponential
term e*(*~") provides rapid decaying for the whole integrand), it still can not be efficiently
computed by the Gauss-Legendre method. To illustrate this, we consider the model prob-
lem (1.1), where uy(x,r — 7) = cos(%(r — 1)). For y varies from Y,,;, to 5 x 10%, we plot
in Fig. 5 on the top row the error of the Gauss-Legendre method for the following integral®

T
T
0

where X(y) denotes the inverse function implied by y = f, + |ale™** A1) — (x — ;) with
a= % We consider two values of 7: 7 = 0.05 and 7 = 1. For both values, we choose
Bo =2 and 8; = 0.2. The quantity Y,,;, is determined by Yy, = B + |ale " CoTFo=F1) — 5
where x, denotes the maximal real part of the roots of s + ae™* = 0. In each subfigure,
we plot the error for 4 values of M, the number of the Gauss-Legendre nodes. We see
that, as y becomes large, i.e., s moves to the ends of the contour I'g, the error of the
Gauss-Legendre method grows rapidly to a value of order @(1071). Increasing M does not
provide essential improvement. For comparisons, the error of the FCC quadrature which
will be introduced in detail in the following is also shown in Fig. 5 on the bottom row.
Apparently, for integral containing an exponential term e*” with z € C and (z) large, the
FCC quadrature is superior. For the FCC quadrature, the moments are computed by the
two-phase procedure, where the switch point between the two phases is determined by an
error tolerance § = 10~ !2 (more details are given in Section 3.2.2).

To describe the FCC quadrature, we consider the integrals of the following two forms:

1 1

e F(y)dy, Hz,F] :=f () dy, (3.5)
-1

Lk, F] :=J

-1
which respectively correspond to the integrals _¢#; and the inner integral (3.3) after a proper

change of variable. For example, for ¢; by letting y = 0.5(Yj;, +Y;)+0.5(Y;;; — Y;)§ we
have

1
O-S(Yj-i-l _ Yj)ei(t_f)(YjJrl'i_Yj)/z f yei(t_f)(YjJrl_Yj)/zﬁ'ZZ
-1
- (%,0.5(Yj41 + Y)) +0.5(Y; 11 — ¥))7 ) dF.

3The exact result of this integral is (ae*™ —s)/(s% + a?) with a = n/(27).
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Figure 5: Errors of the M-node Gauss-Legendre method (top row) and the FCC quadrature (bottom
row) for integral (3.4). The contour I'y is determined by (2.8) with ;=2 and 8, =0.2.

Then, by letting k = (t—7)(Yj;4,—Y;)/2 and F(y) = Fy5(x,0.5(Yj4,+Y;)+0.5(Y;,
_ Yj)ei(f—ﬂ(YjH*‘Yj)/Zf [k, F].

we have ¢; = 0.5(Yj 4

1=Y)y),

Let Q) F denotes the interpolate of F by the first-type Chebyshev polynomials {T,,,(y) =
cos(m cos_l(y))}’r‘:l’:O at the Clenshaw-Curtis points y,, ,; = cos (%) (withm=0,1,---,M)

M
QuF () =) "anuF)T,(¥),

m=0

2
oy (F) = MZH cos

M
m

jmm
M

j=0

)F(.yj,M)-

Here and hereafter, Y. means that the first and the last terms in the sum are to be halved.
Replacing F in (3.5) by Q, F gives the formula of the FCC quadrature:

1

-1

with n,, = f

1

ﬂM[z,F]zf

-1

with w,, = J

m

eI QuF(y)dy =

M
e QuF ()Y = Dt st (F)m,

=0

1
e T, (y)dy,

1

M

"

am,M(F)wm:
m=0

1
eI IT, (y)dy.
1

(3.6a)

(3.6b)
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The FCC quadrature coefficients {a,, y }]n\;[:O can be written as ay;(F) = C,Fy;, where
F(youm) FOum)) '
0,M M,M
FM= ( 2 )F(.yl,M)J”')F(.yM—l,M))T) ’

. 2 jmm
Cy = (Cm,j)]r\r/zl,j:O with C,, ; = 7 °°8 (7) .

The matrix-vector multiplication C;F,, is the so-called discrete cosine transform of type
I [7, Section 4.7.25] and it can be computed by FFT in (M log M) operations. Let

e = [M0/2m1, =1, M /217 wy = [o/2, 01, wy_1, 0y /2]
Then, by using the symmetry of C,; we can represent _¢,,[k,F] and .%;[z,F] in (3.6) as
Sulk,F1 = nyay(F) =n},CyFy = (Cym) ' Fur,
I[2,F] = wiay(F) = wl CyFy = (Cywy) " By
This implies that if we precompute C;1,, and C;;w,,, we can apply the FCC quadrature
to many different functions F.

3.1. Error bounds of the FCC quadrature

In this subsection, we present the error bounds for the FCC quadratures ¢, [k, F] and
yM [Z, F] .

Theorem 3.1. Let c =0, 1, 2 and v > vy > max{0.5, p(c)}. Then, for the integral ¢k, F]
which is approximated by the FCC quadrature %[k, F] it holds for all k € R \ {0} that

|2 [k, F] = #y [k, F]| < C,, min{1, |k|~}M =P F |y, (3.7)

where C, > 0 is a quantity depending on v, only, p(0) =0, p(1) =1, p(2) = 7/2 and
||F|lg» denotes the Sobolev norm defined by

_ _ _ 1 (" '
IF |12, = Fol?+ Y I |F 2, with Fy == f F(cos(¢))e''?d¢.
T

1#£0 0

Proof. The error bound (3.7) can be found in [8]. O

This error bound implies that for all k, the FCC quadrature is efficient and uniformly
convergent for computing the integral ¢ [k, F] under the assumption that F possess suit-
able regularity. Other error bounds which treat the cases that F has algebraic singularities
and limited regularity can be found in [9] and [31], respectively. To control the length of
the paper, we shall not pursue this here. For the integral .#[z, F], by performing a similar
analysis given in [8] we have the following error bounds for the FCC quadrature ., [z, F].
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Theorem 3.2. For ¢ € {0, 1,2} and for all v > vy, > max{0.5, p(c)}, it holds that

Gy (M |IFlg, » iflzl <1,

3.8
G M CPOYFl il 1, O

|.#[2,F] — 9y [2,F]| 5{

where C, is a quantity depending on v, only and the constants y(c) and p(c) are defined by

\/% J*On Sin2(¢)ezm(z)(l—cos(d)))ddv’ c=0, 0, ¢=0,
r(e) = \/ 1 [ 2 (1-cos(9 e, c=1, PO=1{1 c=1,
%, c=2.

max{l, eZSi(z)} +f07'f em(z)(l—cos(@)dqf), c=2,

Remark 3.1. From (3.8), we see that the accuracy of the FCC quadrature improves as the
module of the complex number z increases, since a term |z|~¢ is contained in the error
bound. This property can be seen in Fig. 5 on the bottom row. For the purely imaginary
case, i.e., an exponential term e®Y instead of e? is contained in the integrand, such a
welcome property is known long in the area of highly-oscillatory quadrature [8,9, 15,16,
31].

3.2. Stable computation of the FCC quadrature moments {7),,} and {w,,}

To use the FCC quadratures in practice, it remains to address how to get the FCC
M M
quadrature moments {n,,}_, and {w, }_,.

3.2.1. The computation of {n,,}

For the integral ¢ [k, F] in which a purely imaginary parameter is involved, the computa-
tion of the FCC quadrature moments {7,,} is carefully studied in [8]. Here, we revisit the
main procedure for completeness. Some notations are also useful to describe the compu-
tation of {w,,} in the next subsection. Recall that the m-th Chebyshev polynomial of the
second type is defined by T,,(y) = ——y 1(¥), where {T,,(y) = cos(marccos(y))},>0

1+m ~m+
are the Chebyshev polynomials of the first type. These two types of Chebyshev polynomials

are related by 2T,, = T,, — T,,_, for all m > 2. Since 1),,, = f_ll ekY T, (y)dy, we have

1
21 = f @Tn(¥ )™ dy = fimsr = finy form>2, (3.9)
-1

where

1 1 1
Nm = J Trn1(y)e™dy = = f T/ (y)e*rdy.
~1 mj_4

On the other hand, integrating the formula f_ll e T _(y)dy by part for 1,, gives

iky (3.10)

y=1 eik _ (_1)me—ik
y=-1 N ik '

m . 1
No = Mo, Mm = Um — Enm’ with Um = E m(_)’)@
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Figure 6: Computing the moments {#,,},.>1 by directly forwarding the three-term recurrence (3.11) is

unstable in general, but for m < k it seems that the computation is stable.

Hence, 2u,,, — %—';ﬁm = Tim+1 — Tm—1 for m > 2. Since T;(y) = 1 and T,(y) = 4y, from

(3.9) we get
1 1
~ iky ~ iky 2
= e"dy=uo, My =2 ye™dy=2u; — = o
1 1 ik
Now, we can write down the recurrence relation for the quantities {7),,,},,>1 as

2 2m
M= po, T2 =201 = —tho, M1+ 2T = Mm—1 = 2 form = 2. (3.11)
With {#,,},>1, the moments {n,,},>¢ for the FCC quadrature #,[k, F] can be fixed as

m
Mo =Hor M =t = 77 form=1. (3.12)

Since the initial conditions 7); and 7}, are given, the required solution {},,},>3 is in theory
completely specified. But it may not be possible to compute the desired solution by simply
forwarding the three-term recurrence (3.11), owing to a rapid increasing of rounding error
as illustrated in Fig. 6. The plots indicate that the computation of {f),,},,>1 is unstable,
because for given k it should hold asymptotically that |7j,,| — 0 as m — co*.

The idea for stably computing {7),,},>1 proposed in [8] is based on a two-phase proce-

dure. In the first phase, we compute {f;m}zozl by directly forwarding (3.11). In the second

phase, we compute the remainder {ﬁ}’r‘r/{:mo +1 by solving a tri-diagonal linear system

2(mg+1)
=0 1 i 2 +1
_lkl 2(mg+2) ) TZmO-H nu'rréo-i-l Mg
ik Nmg+2 Umy+2
-1 % 1 Nk—2 2Ug—2
—1 2Ax-D Nk-1 2Ug—1 — Nk

::Am(),K(k)

“To see this, we note that ), = fjl e T (y)dy = |n,,] <2 and this, together with (3.12) and |u,,| < 2/|k|,
gives |7,,| < (2 + |k|])/m. Hence, lim,,_,, |1,,| = 0.
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where 7),,,, is obtained from the first phase and the quantity 7k is a priori unknown, but if
we take K sufficiently large it can be approximated accurately by an asymptotic expansion
(see [8, Section 4]). If M is small, we can compute all the moments {ﬁ}lr\r/{ZZ in the first
phase. It was proven in [8] that if mq = [k]+1 the computation of the first phase is stable;
see Fig. 6 for evidences. The proof for such a stability is based on the fact that for this
choice of m,, the coefficient matrix A, x(k) is diagonally dominate (see [8, Section 5] for
more details).

3.2.2. The computation of {w,,}

For the moments {w,,} of the FCC quadrature .%,; [z, F], we define

-1 1 (=D)me* -1

En= 7Tm(r)ez(1_” for m > 0.

Z

Then, similar to (3.12) the moments {w,,},>¢ can be determined by

By (3.13)

m
C‘)0=§0: wm=§m+;

where
1 1 (!
O = f Tpa (e Vdy = — f T ()’ ™dy for m>1.
—1 -1

Similar to (3.11), these transformed moments {®,,},>; also satisfy a three-term recur-
rence, as

2 2m
W1 =8&p, Wy= ;51 +28y, Opir— ?‘Dm —@Op1 =28, form>2. (3.14)

In general, the computation of the {cbm}]n‘fzo is also based on the two-phase procedure:
in the first phase we compute {oBm}zozo by directly forwarding the recurrence (3.14) and
then in the second phase we compute {&,,} _ . be solving a tri-diagonal linear system

m0+1
_ 2m+1) - ~

z Z(n]:lo—b—Z) (':)mo—o—l 2€m0+1 + wmo

-1 =0 1 Dny+2 28 12

. .7 3 . - . (3‘15)

-1 —@ 1 Ok -2 28k

-1 _2AK-1) g1 28k — Ok
z

::BmO,K(z)

where @, is obtained from the first phase and the quantity & is approximated accurately
by an asymptotic expansion for K large (see Appendix A). The question is how to determine
the switch point my. The results shown in Fig. 7 imply that we should terminate the
computation of the first phase before m reaches |z|, i.e., my < |z|. However, if my < |z|
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Figure 7: The quantity |®,,| blows up before m reaches |z| and therefore the computation by directly
forwarding the three-term recurrence (3.14) is unstable.

the tri-diagonal matrix B, x(z) is no longer diagonally dominate and thus the stability
analysis given in [8, Section 5] is unapplicable in this situation.

Here, we propose an idea for computing {cbm}]n‘fzo as follows. First, the switch point
mq between the first and second phases is determined automatically by checking the com-
putational error bound for the three-term recurrence (3.14). If the measured error bound
reaches the prescribed tolerance 6, we turn to the second phase. Then, for second phase
we solve the tri-diagonal linear system (3.15) by using the Gaussian elimination, which is
a fast method since the matrix B,, x(z) is tri-diagonal with uniform off-diagonals.

e Description of the first phase computation
For the recurrence (3.14), taking the rounding errors {p,,} € C (with |g,,| < p) into
account, we actually obtain {&;} and {&;} as

~ ~ ~ ~ ~ 2m: ~
W) =W TP, Wy=wy+ Py, wm+1_7wm_wm—1:2€m+9m form > 3.

Denote the error by &, := &,, — @,,. Then, these errors satisfy

2m .
5m+1=75m+5m—1+9m: m=2,3,---, with&; =p;, 63=03.

In practice, we can use eps (the spacing of floating point numbers) as a measure of the
rounding errors {p,,} and this implies that the quantity &,, determined by

2m -

5m+1 = 2 Spm+06m_1+eps, m=23,---, with §; =eps, 5, = eps,

shall be a credible prediction of the error |5,,|. A more sharp prediction can be obtained

by simply keeping z instead of |z| in the above recurrence, i.e.,

= 2m - - - -
Omy1 = 75,,1 +6nm_1+eps, m=23,---, with §; =eps, 6, = eps. (3.16)

In this case, there is however no guarantee that it exactly holds |5,,| < |5,,| for every m,
but our various numerical experiments indicate that as m increases |6,,| predicts |6 ,,| very
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well. A MATLAB function FCCtwl for computing {d)m}zo:g in practice is given in the fol-
lowing (delta denotes the prescribed error tolerance 6):

function [twl, err]=FCCtwl(z,delta,xi)
twl (D) =x1i(1); twl(2)=2%xi(2)/z+2*xi(1);err(1:2)=eps; % initial values

m=2; ErrMax=eps; % the current maximal error
while ErrMax<=delta
err (m+1)=2%m/z*err (m) +err (m-1) +eps; % evaluate the error
twl(m+1)=2*m/z*twl (m)+twl (m-1)+xi(m); % evaluate the solution
m=m+1; ErrMax=max (abs (err(m)), ErrMax); % update the maximal error
end

e Description of the second phase computation
When the switch point m, is fixed, we turn to the computation of the second phase,
i.e., solving the linear system (3.15). Applying the Gaussian elimination to (3.15) gives

bm0+1wmo+1 + wm0+2 = ym0+1,

bm0+2wm0+2 + wm0+3 = ym0+2’

(3.17)
bg_1@k-1 = Yk-1,
h {b }K_l d{ }K_l defined b
where {bp§p (1 @nd 1§y, 1 @re defined by
bm+1=—@+i form=my+1, my+2, -~-,K—2withbm0+1=—2(m++l),
yrn+1:2€m+1+i—: form:m0+1, m0+2:"';K_3: (318)

Yk—2

with y,, 11 =28, 41+ @y, and yg_q = 28x_; — Ok + b

The left boundary value @, is obtained in the first phase (i.e., by directly forwarding
the three-term recurrence (3.14)) and the right boundary value &, is approximated by
an asymptotic expansion given in Appendix A. When we get {bm}ﬁ;}no 4 through (3.18),
then it is easy to obtain {®,, Ini;no 41 from (3.17) via a backward substitution.

Taking the rounding errors into account, we actually obtain these quantities as

 ame) (3.19a)

bppy=—2H 4 Lo form=mo+1, ,K-2,
with bm0+1 = T"‘Qa’mo,

)N/m-&—l :2€m+1+%’_:+9y,m
form=myg+1,my+2,---,K—3,

o . (3.19b)
with ymo-‘rl = 2§m0+1 + wm0~+ Qy,mo
and yx_q = 28g_1 — g + —zij + 0y k-2
Bmcf)m+d>m+1 =Vmt+osm form=K—-2,K-3,---,my+1,
= _ Yk (3.19¢)
With @g_1 =3 =+ Qa1
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where {04 m> Qy,m> Qd)’m}ﬁ;%no denote the rounding errors and satisfy |04 ml, |@y ml> |@a m| <
0.
Proposition 3.1. If the quantities my and z satisfy
—2(my+ 1)R(z
(mo+1)R(2) ’ (3.20)
|z

then the Gaussian elimination for solving the linear system (3.15) is stable, in the sense that

|G = o
K—m-2
<eCl@) |1+ )] - me+1<m<K-1, (321
- S dFm(m+1)--(m+) )0 0T T T 7 '
5 . _ =2%(z) @
where C(p) is a bounded value (as o — 0) and d, = P _——p
Proof. The proof is technical and is presented in Appendix B. O
To test the whole procedure for computing {cbm}ln‘fzg, we consider the following exam-
ple
~ _2m ~ ~ Vz m
@mi1 = T(Dm + @m-1 7 2 ((3ﬁ+m—1)2—1 + ﬁ(3ﬁ+m—l)) ’ = & = ﬁ (3 22)
o P e m —. .
C()lzg, Q)2=1+3ﬁ, 3\/E+m 1

We denote the numerical solutions of (3.22) by {®,,}. Since the exact solutions {¢3,,} are
known, we can measure the error |&,, — @,,| during the computation for each m. With
two different tolerances 6, we show in Fig. 8 the errors {|®,, — o:),nl}»]n\;[:1 for two values
of z. (The left and right subfigures correspond to M = 1200 and M = 2800 respectively.)
For each tolerance &, the errors of the first and second phases are separated by a dash-
dot vertical line. For the first phase, the computational error generated by (3.16) is also
shown by dotted lines. We see that the error of the first phase remains for the first few
steps in the second phase and then becomes invisible as m increases. Moreover, for the
first phase the computational error predicts the measured error very well. We have tested
many other cases of the exact solutions {&,,}, which, as m increases, oscillate (e.g., &,, =
cos(1 — m) + 2/z), approach to a constant (e.g., &,, = m/(v/z + 2m)) or grow linearly
(&, = 0.5m/2), and the plots look similar and the above conclusions also hold.

4. Special treatment of the source term and numerical results

For the contour integral, a serious problem is how to treat the Laplace forward trans-
form of the source term f(x, t). In some cases, f (x,s) also possesses singularities. If these
singularities do not lie on the left of the contour I'g, we need to modify I'g and this shall
makes the contour design complicated. What makes matters worse is the cases that an
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z = —2.85logy + iy, y =800

_z= 72‘.8510gy + iy, y =2000
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Figure 8: For the three-term recurrence (3.22) with exact solutions {&,, = vz/(3vz+m—1)}, the
measured error for the first and second phases, together with the computational error bound {|5,}
denoted by dotted lines, where {5,,} are generated by (3.16).

explicit expression of f(x,s) is not explicitly known. Special treatment of the source term
will be the topic of this section and here we consider three cases for f(x,s) and present
numerical results for each case. The following setup is used throughout this section:

e The contour I'g is fixed by (2.8) (or equivalently by (2.9)) with 3, =2 and f3; = 0.2.

e For the truncated contour integral (2.19), the quantity Y., is determined by Theo-
rem 2.1 with a truncation error € = 1le — 8. Then, the interval [Y,,;,, Yiax] is divided
into Jpax +Jmin+2 subintervals [V, Yinax] = Uj:af o1 [Y},Y;,1] as given by (3.1),
where J;, = —6 and J.x = 1 + [10gz(Yinax — Ymin)] with B =38.

e We use a uniform number of FCC nodes, say M nodes, to treat all the subintervals
[Y},Y;41]; the inner integral (3.3) and the integral over the interval [0, Yy;,] are
treated directly (without subintervals) by the FCC quadrature with M nodes.

e The moments of the FCC quadrature applied to (3.3) are computed via (3.13) with
{cbm}ln‘f21 being computed by the two phase procedure introduced in Section 3.2.2.
The first phase switches to the second phase when the computational error reaches
a tolerance 6 = le —12.

4.1. The case f(x,s) has no singularities on the right of Ig

In this case, the singularities of ((s + a=*")I — A)~! are the dominate factor for the
design of the contour I'g. An example that satisfies this condition is the model problem
(1.1), for which A = 0 the Laplace forward transform of the source term is zero.

The reader may doubt why we need to deform the Bromwich integral (2.2) to the contour
integral (2.3) and why not we directly discretize the former? Indeed, the very recent work
by Aratijo et al. [2] implies that directly discretizing the Bromwich integral also results in
efficient numerical schemes for time-dependent problems. Applying the method in [2] to
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_—— Bromwich integral discretized by Trapezoidal rule

Bromwich integral discretized by FCC

Contour integral discretized by FCC
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Figure 9: Accuracy comparison of the three methods for (1.1) with = = 0.05. Left: M = 15; Right:
M =30.

our Bromwich integral (2.2) with A = 0 gives

1 o+i00
u(t) = — J eSt(s+ae™ ") 1F(s)ds
27

o—1i00
1 (c+ae ) Flo) & il
~ —et + %t(s+aeslT E(s eT) ,
T 5 ; ! ) (s1)
) ilm
with s; = o + - (4.1)

which is obtained by discretizing the integral from o — ico to o + ico by the trapezoidal
rule with step size 7t/T. In practice, we need to truncate the infinite sum to a finite one
Zle(-), for which we choose L = (Jax + Jmin + 2)M.

Since the integrand of the Bromwich integral is highly oscillatory, we can also use
the FCC quadrature as we did for the contour integral (2.3), i.e., we first truncate the
infinite integral interval to a finite one and then divide the truncated interval to a few fast
growing subintervals for which the FCC quadrature is used. For both methods, we choose
the quantity o as o = xy + By, where x, denotes the maximal real part of the roots of
s+ae " =0.

For the model problem (1.1) with 7 = 0.05, we show in Fig. 9 the measured errors of
the three methods for t € [0,3]. We see that, for the Bromwich integral method, the trape-
zoidal rule results in more accurate numerical solutions than the FCC quadrature when
M = 15 (left subfigure), while for relatively large M, e.g., M = 30 (right subfigure), the
FCC quadrature gives more accurate numerical solutions. For both M = 15 and M = 30,
it is clear that the method proposed in this paper is superior than the other two methods.
The results shown in Fig. 9 imply that deforming the Bromwich integral to a proper con-
tour integral and discretizing the related integrals by the FCC quadrature really improve the
accuracy of the numerical solutions.

The reader may also doubt why we need to divide the interval [Ymin, Ymax] into fast
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x 10" distribution of FCC nodes without subintervals M =15
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Figure 10: Left: distribution of the FCC nodes on the contour I's in two situations. Right: error of the
contour integral (2.3) (with I'=Tg) applied to (1.1) with problem parameters 7 =0.05 and a = 7/(27).

growing subintervals and why not we directly apply the FCC quadrature to [Yyin, Ymax] 7 In
Fig. 10 on the left we show the distribution of the FCC quadrature nodes on the contour
' in two situations: in the top panel we show the (Jyax + Jmin +2)M nodes of the FCC
quadrature directly applied to [ Yy, Ymax] and in the bottom panel we show the M nodes
of the FCC quadrature applied to each subinterval (there are J, ., + Ji, + 2 subintervals
in total). In the right subfigure, we show the measured error for the contour integral (2.3)
with I' =T'5 in these two situations and this comparison implies that dividing the interval
[Yiin> Ymax] into fast growing subintervals plays an essential role to get accurate numerical
solution.

4.2. The case f(x,s) has singularities on the right of I'g

In this and the next subsections, we consider the following PDE with time-delay:

Fiulx, t) = O ulx, t) + aulx, t —7) = f(x,t), (x,t)€(0,1)x(0,T),
2,u(0,t)=2d,u(1,t) =0, t€(0,T), 4.2)
u(x:v t) = x3(1 - .X')3 Sin(‘Pt + ()00)) (.X', t) € (0) 1) X [_T) O],
where a € R\ {0} and the source term f(x, t) is given by
fle, )= fi(x) [ cos(pt + ¢o) +asin(p(t — T) + o) ] + fo(x)sin(pt +¢g),  (4.3)
with f;(x) = x3(1 — x)® and f,(x) = 6x(x — 1)(5x2 — 5x + 1). The Laplace transform of
fis

2 zsfl(x)+f2(x)

flos) =570 4.4)

b
where

F1(x) = ¢ cos(g)f1(x) +sin(pg) fo(x) + asin(py — @) f;(x),
fz(x) = p cos(pg) fa(x) — ‘PZ sin(pg)f1(x) +ap cos(yg — ¢7)f1(x).
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The exact solution u(x, t) of (4.2) is
u(x,t) = x3(1 —x)*sin(et + ¢y), (x,t)€[0,1] x [0, T]. (4.5)

To reduce the effect of spatial discretization on the accuracy of the numerical solutions as
much as possible, we discretize the Laplacian d,., by the 4th-order compact finite-difference

scheme [10, 35] with step-size Ax = ﬁ, which results in the following system of DDEs

u/(t) +Au(t) +au(t —1)=1£(t), te€(0,T), 4.6)
u(t) = llo(t), te [—T, O]’ .
where A =AIlA2 and A; and A, are defined by
1 1
o 12 1 -1
Y B 2
3 13 13 1 -1 2 -1
A1= '.. '.. , A2=— '.. ,
= ax? -1 2 -1
12 1
r i -1 1
12 12 NXN NXN
(4.7a)
fxq,t) uo(xy,1t)
f(X 3t) u (X ,l‘,')
(o= . v, wo)=| ], (4.7b)
f(xN) t) uO(xN) t)
1
N=——-1=099, xj=jAx (j=1,2,---,N). (4.7¢)
Ax
At the semi-discrete level, the contour integral (1.3) with " = I'g becomes
1 o -
u(t) = — e®[(ae™" +s)[ +A] "F(s)ds,
27
B
T
with F(s) = f(s) + u,(0) — af e Tuy(r —)dr. (4.8)
0

Apparently, besides the singularities of [(ae ™" +s)I4+A]~! the function f(s) also contributes
two singularities |¢|i to this contour integral; see Fig. 9 on the left for an illustration. In
this case, we need to modify I'g to keep all the singularities on the left of T'g. Here, we
propose a method to treat the singularities of [(ae™** +s)I +A]~! and (s) separately and
by using this method we do not need to modify the contour I'g.

Our idea is motivated by the method proposed by Lee and Sheen [18,19] and is in-
troduced as follows. Denote by {sl}lel the singularities of f(s) that lie on the right of I's
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Figure 11: Left: the distribution of the singularities of [(ae™" +s)I +A]7'(s), where the singularities of
f(s) lie on the right of I'5. Right: measured error of the method (4.9) for two values of M, the number

of nodes for the FCC quadrature. Here, we choose a =1, ¢ =50, ¢, =—1 and 7 = 0.57 for the problem
parameters.

and let C; be the circle that centered at s; in the complex plane (see Fig. 11 on the left for
illustration). Then, by using the Cauchy-Goursat theorem [1] we have

u(t) = LJ e [(ae™*" + ) +A] (s)ds
271 rs

1 . ts —ST —1F
+ﬁ§ ﬂe [(ae™" +s)I +A] " f(s)ds, (4.9)

where the integral along C; takes the counterclockwise orientation. Then, we discretize the
integral along I'g and {C;} by the FCC quadrature and the Trapezoidal rule, respectively.
This method is different the one used in [18,19], there the authors first fixed a semicircle
with sufficiently large diameter to enclose the most significant singularities and choose s-
mall circles to surround each of these singularities; then all the integrals along the small
circles are approximated by the Trapezoidal rule. Clearly, the method in [18,19] is supe-
rior when the number of singularities is small and it is easy to compute the singularities
accurately.

To discretize the integrals along the small circles {C;}, we first parameterize C; as
s = §/(Q) :=s; + pe'® and then apply the Trapezoidal rule to the resulted integral:

1 < o
pyar Zf e [(ae™" +5)I +A] 'H(s)ds
27 = Jc,
1 L[Nl B ) L ]
Mo | T 2 e [(aen O R a G DI +A] T A D)
1=1 ¢ j=0

L
1 . " . .
=2 | 7 20 O Mae T+ E (@I +ATHE QB ) |, (4.10)



120 S. L. Wu and C. M. Huang
where {; j =2jn/N, € [0,27]. The superscript is N. — 1 instead of N, because
et O [(ae=aO7 4+ ¢,(0))1 +A](&(0))E/(0)
=e!42M [(ae~0™7 4 & (2m))I +A] ' H(E(27m))E (27).

Here, all the small circles are discretized by N. nodes (of course we can use different
number of nodes for different circle). Let

F(s) = [(ae™*" + ) +A] "E(s).

Then, from [18, Theorem 2.1] we have

1 & L 1 Nzl '
ﬂz§ E(s)ds =) N, DL E@EEpe) || = 0p™). (4.11)
I=19JC 1=1 ¢ j=0

Therefore, this method possesses geometrical convergence rate as N, increases. The radius
p plays an important role, for which we use the one given in [18, Section 2.2]:

p= epsﬁ. (4.12)
For numerical experiments, we choose N, = 10 and (a, 7, ¢, po) = (1,0.57,50,2). Then,
for two values of M, the number of nodes of the FCC quadrature used to discretize the
integral along the contour I'g, we show in Fig. 11 on the right the error between the
numerical and exact solutions for t € [0,5]. With the radius p given by (4.12), the error
arising from discretizing the integrals along the small circles {C;} in (4.9) is negligible and
therefore the error arising from discretizing the contour integrals along I'g is dominate.
This confirms the numerical results very well, since in Fig. 11 on the right we see that
increasing M really reduces the measured error.

4.3. The case f(x,s) is not known explicitly

At the end of this section, we propose an idea for the contour integral (1.3) withT'=T'g
that avoids direct use of f(x,s). Let
T
Fo(x,5) = uy(x,0) — af e STug(x,r — 1)dr, A(s)=((s+ae ™) —A)"L, (4.13a)
0

i(x, t) = % f et (s)f (x,5)ds, (4.13b)
I's

R 1 R
H() =2 H(A)t):=— f et A (s)ds. (4.13c)
27
8
Then, we split the contour integral (1.3) with ' =I'g into two parts:

u(x, t) = ﬁ f (s + ae™™) — A) " Ey(x,5)ds + i(x, £). (4.14)
Tp



Meshless and Parallel-in-Time Method for Delay Equations 121

For the first part, the function Fy(x,s) is analytic on the whole complex plane and therefore
the results in Sections 2 and 3 are directly applicable. For #i(x,t), by using the Duhamel
formula [1] we get

i(x, t) = f A (t—r)f(x,r)dr = J |:i f es(t_r)%(s)ds:| f(x,r)dr.
0 o | 2mi s

Thus,
1 t
a(x, t) = o— f ((s +ae™")I —A)‘lf eI f (x,1)dr, (4.15)
I'g 0

where e*! is included in the inner integrand to avoid floating overflow. Finally, substituting
(4.15) into (4.14) gives a new representation of u(x, t):

1 o 1 [
u(x,t) = Py f et A (s)Fy(x,8)ds + — J J{(s)f e f(x, r)dr,
i rs 27 rs 0

where £ (s) is given by (4.13). After spatial discretization, e.g., by the 4th-order compact
finite-difference formula described in Section 4.2, we have

u(t) = if eSt(a+s ") +A] H,(s)ds
27 rs

1 t
+— f [(a+s ™) +A]! J eCIE(r)dr, (4.16)
271 rs 0

where fy(s) = (F(xy,s),- -+, F(xy,s))". Now, in (4.16) we do not need f(x,s).

For the inner integral fot e If(r)dr in (4.16), we also use the FCC quadrature with
M nodes to derive an approximation. For two values of M, M =5 and M = 15, we show
in Fig. 12 the measured error between the numerical and exact solutions for t € [0,5].
We use two methods to compute the numerical solution: the one based on the Cauchy-
Goursat theorem as described by (4.9) and the one based on the Duhamel formula as
given by (4.16). The errors correspond to these two methods are indicated by dotted and
solid lines in each panel of Fig. 12, respectively. The results shown in this figure imply that
the modified contour integral (4.16) gives equally accurate numerical solution.

5. Conclusions

We proposed a method for solving a class of representative time-delay differential equa-
tions, which is meshless and highly parallelizable. The method consists of two components,
representation of the exact solution by (truncated) contour integral and approximation of
the related highly-oscillatory integrals by the Filon-Clenshaw-Curtis quadrature. The con-
tour design is based on a careful justification of the roots of s + ae™" + A = 0 in the
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* Based on Cauchy-Goursat Theory -+ Based on Cauchy-Goursat Theory
Based on Duhamel Formula —— Based on Duhamel Formula

i R e S B e e
Figure 12: The measured error of the contour integral for the time-delay PDE (4.2) with two different

treatments for the source term f(x,t): by the dotted line we treat the singularities of f(x,s) by the
Cauchy-Goursat theorem as described by (4.9) and by the solid line we treat the source term by the
Duhamel formula as given by (4.16). Here, we choose a=1, ¢ =7, ¢, =2 and 7 = 0.57 for the problem
parameters.

complex plane, where A > 0 denotes an arbitrary eigenvalue of the negative Laplacian.
The Filon-Clenshaw-Curtis quadrature is applied to two types of integrals: the one con-
tains an exponential term e’*Y (with k € R) as a part of the integrand and the other one
contains e®” (with z € C). The former was already extensively studied in the literature and
in this paper we presented a detailed study for the latter. To successfully get an accurate
numerical solution, the contour design must take into account the singularities of f (the
Laplace forward transform of the source term), too. Two ideas were proposed in Sections
4.2 and 4.3 to treat the function f and numerical results imply that the modified contour
integral based on these two ideas works equally well.

Appendix A: Asymptotic expansion of &y for K large
To supply the right boundary value for the computation of the second phase (i.e., solv-
ing the tri-diagonal linear system (3.15)), we need to fix &k. This quantity can be deter-

mined by the following asymptotic expansion with high accuracy.

Proposition A.1. Let K > (2|2]?)/(|5(2)|) be an integer and

pol¢) = l'K—l-ZdT((ﬁﬂ’
pl(cp):po(cp)%@, =12,

Then, it holds that

1 (! 2N+2
cT)K(z):=EJ TN Vdy =i | > (-1)'p(0) [1+(-1)""e*] | +Rg, (A1)
1 [=0
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where the truncation term Ry satisfies

53%(=) —2K—4 " R(z)[1—cos(¢)] —2N—4
|RN|§CN W—FHZlK e d(]b:ﬁ(K ),
0

with Cy being a constant independent of K and z.

Proof. The proof of this proposition is essentially the same as that of [8, Thm. 3.1]. O

For reader’s convenience, we give the fist 9 coefficients in the asymptotic formula (A.1):

O=2, pO= -, paO)= e py(0) =5 I (o
Po - lK’ P1 - (lK)B, P2 - (lK)S’ P3 =2z (lK)7 ) .2da
722 — (iK)? 945z* — 21022(iK)? + (iK)*
0) = 1522 — 0)=— 5 A.2b
Pa(0) =155~ s ps(0) o (A.2D)
—315022(iK)? + 63(iK)* + 10395z*
)
pe(0) =z K , (A.20)
(iK)® — 2205(iK)*z? 4+ 51975(iK )?z* — 1351352°
p(0)=2 T , (A.2d)
1351352% — 630632*(iK)? + 43892%(iK)* — 17(iK)°®
—1e.2
pg(0) =15z Tl . (A.2¢)
These coefficients are obtained by using the symbolic toolbox in Matlab.
Appendix B: Proof of proposition 3.1
Proof. Condition (3.20) implies R(z) < 0. For m > my + 1, we claim
b 1> %(h )>d tha = 2= e (B.3)
ml = m) = dom, withd, = B ——y .
Under condition (3.20), we have d, > 0 and _zrz—g(z) —po =d,m for m =2 mgy+ 1. Since
- 2(my + 1R (=)
mwmﬁﬂz—"—iﬁa;————g,

we know that (B.3) holds for m = my + 1. Assume that (B.3) holds for some m > my + 1.
Then,

28(z)(m+1) (b, 28(z)(m+1)  R(b,)
2P TIE +R(eam) = 2P TIE

m(Bm-i-l) =

Since $(b,,) > d,m > 0, we can simply omit the term R(D,)/|b_1]? and get

2R(z)(m+1) B

R(by) 2 -

0 >dy(m+1).
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Hence, (B.3) also holds for m + 1. By letting o = 0, it is easy to deduce that the quantities
{bm S, 41 Of (3.18) satisfy

|b,,| > dym form=>my+1. (B.4)
Let

c, =max{|c”om0|,|cbz<|}+2rglz§nxoliml +p,

1
1’[)r,9 =1 +mr2nr%)i1 d;l[(m_ D(m-2)---(m-D]""

Then, by using (B.3) and (B.4) we have (by a method of induction)

m—my—1 .
yl<c, |1+ v vmemia
|ym| e ( ; dlg(m_l)(m—Z)---(m—Z)) lel,g 0
m—mgy—1 )

|ym| SC'0 (1+ ) SCQT,bLo, Vm2m0+2

— dé(m— N(m—-2)---(m—=1)

From (3.18)-(3.19a) and (B.3)-(B.4), we have

m—Db

m |Bm_bm|
< om Tml

= dod,m?

[bmg1 — byl <

B

m=~m

which, together with |Bmo+1 — by, 41| < o and a method of induction, gives

b, —b,| < 1+m_§_1 1
" m =0 =1 (dodg)p[(m—1)(m—2)...(m_p)]2

<eYae, Ym=Zmy+1, (B.5)

where we have used d, > d, > 0. We next estimate |¥,,41 — Ym41/- We have

mi)m_bm+am Nm_ m
|ymll ~| laml|Ym =y |+

1D bl
S|.ym||bm_2bm|_i_ 1
donm de

|5/m+1 _.ym-i-ll <

From above estimates for |y,,| and |Bm — b,|, it is obvious that

|ym||i)m — byl Coll’l,oll’z,g

<pCy(Vm > +1), ith Cy = ——. B.7
dod 2 0C(Ym=mp+1), with Cy dod, (mo + 12 (B.7)
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By using |¥n,+1 — Ym,+1| < © and by substituting (B.7) into (B.6), it holds that

m—mg—1 1
|}~’m_J’m|§(C2+1)(1+ Z dp(m—l)(m—Z)-"(m—p))Q

p=1 e
<e(Cy+ 1Yy, (B.8)

Now, we are ready to prove (3.21). Since

, Ym Y Ym Y .
Ym+1 = Ym+1 = ~_m_ b_m+Qy,m (: |~_m_ _m| < |.ym+1 _ym+1|+9) P
bm m bm bm

it follows by using (B.8) that

Jk-1 Yk

BK—l bx—1

= [Gg_g = Br1l < [(Co+ Dy +2] 0. (B.9)

< I:(Cz + 1)1#1’9 + 1:| o

From (3.17) and (3.19¢), we have
Bm(cam - d)m) + (Bm - bm)d)m = (.)N/m - ym) + (Cam+1 - o‘N)m-i-l) + Qd),m’

which gives

- 1 .
< (|bm_bm||(;)m|+|ym_.ym|+9)+~_|(I)m+1_65m+1|: Vm<K-2. (B]-O)

b
It is easy to know that |&,,| is bounded for all m > 1. This, together with (B.5) and (B.8),
gives
max ; (li)m - bm“d)m| + |.)N/m _.yml + Q) < QCB,
m>mg+1 |bm|
Yo o MKz 11 [O| + (Co+ 1Yy, +1

ith C3 =
With &3 dy(my+1)

Let C(p) = max{Cs,(Cy + 1)1, +2}. Then, from (B.9) and (B.10) it holds that

. 3 1. )
|wm - C‘)ml < QC(Q)_I' mlwmﬁ-l - wm+1|: Vm <K _2:
e

|1 — @x_1l < 0Clo),

which, together with a method of induction, leads to (3.21).
Since d,, is a decreasing function of p, v, , is an increasing function of o, which implies
that C, and Cs are increasing functions of o. Hence, lim,_, C(p) is a finite value. O
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