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PARALLEL IN TIME ALGORITHM WITH SPECTRAL-SUBDOMAIN
ENHANCEMENT FOR VOLTERRA INTEGRAL EQUATIONS*

XIANJUAN LIf, TAO TANG!, AND CHUANJU XU$

Abstract. This paper proposes a parallel in time (also called time parareal) method to solve
Volterra integral equations of the second kind. The parallel in time approach follows the spirit of
the domain decomposition that consists of breaking the domain of computation into subdomains
and solving iteratively the subproblems in a parallel way. To obtain a high order of accuracy, a
spectral collocation accuracy enhancement in subdomains will be employed. Our main contributions
in this work are twofold: (i) A time parareal method is designed for the integral equations, which
to our knowledge is the first of its kind. The new method is an iterative process combining a coarse
prediction in the whole domain with fine corrections in subdomains by using spectral approximation,
leading to an algorithm of very high accuracy. (ii) A rigorous convergence analysis of the overall
method is provided. The numerical experiment confirms that the overall computational cost is
considerably reduced while the desired spectral rate of convergence can be obtained.
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1. Introduction. We consider the linear Volterra integral equations (VIEs) of
the second kind,

(1.1) u(t) — /0 K(t,s)u(s)ds = g(t) vVt eI :=[0,T],

where g and K are sufficiently smooth in I and I x I, respectively, and K(t,t) # 0
for all t € I. Under these assumptions, smooth solution wu(t) to (1.1) exists and is
unique; see, e.g., [3].

The presence of the integral in (1.1) makes the problem globally time-dependent.
This means that the solution at time ¢; depends on the solutions at all previous time
t < ti. Consequently, it may require large storage if the solution time is large or
high accuracy of approximations is needed. This may become more serious if par-
tial integro-differential equations are considered. To handle this, we will design our
method by breaking the domain into subdomains (as in the domain decomposition
approach) and then solving iteratively the subproblems in a parallel way. More pre-
cisely, we divide the time interval [0, T] into N equispaced subintervals and then break
the original problem into a series of independent problems on the small subintervals.
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These independent problems are solved by a fine approximation which can be imple-
mented in a parallel way, together with some coarse grid approximations which have
to be implemented in a sequential way.

The parallel in time algorithm for a model ordinary differential equation (ODE)
was initially introduced by Lions, Maday, and Turinici [14] for solving evolution prob-
lems in parallel. It can be interpreted as a predictor-corrector scheme [1, 2], which
involves a prediction step based on a coarse approximation and a correction step com-
puted in parallel based on a fine approximation. Even though the time direction seems
intrinsically sequential, the combination of a coarse and a fine solution procedure has
been proven to allow for more rapid (convergent) solutions if parallel architectures
are available. The parallel in time algorithm has received considerable attention over
the years, especially in the communities of domain decomposition methods [6], fluid
and structure problems [7], Navier—-Stokes equations [8], and quantum control prob-
lems [15]. For the parallel in time method based on the finite difference scheme, the
convergence analysis for an ODE problem was given in [9].

In our algorithm, we also build in a recent spectral method approach to obtain
exponential rate of convergence; see [5, 19, 20]. The main advantage of using high
order methods for integral equations is their low storage requirement with the desired
precision; this advantage makes high order methods attractive. Among the high
order methods, spectral methods are known to be very useful for their exponential
rate of convergence, which is also demonstrated for solving VIEs [18, 13]. However, a
drawback of the spectral method is also well known, i.e., the matrix associated with
the spectral method is full and the computational cost grows more quickly than that of
a low order method. Thus for long integration it is desirable to combine the spectral
method with domain decomposition techniques to avoid using a single high-degree
polynomial.

It is noted that there has been great interest in studying the parabolic integro-
differential equations, in particular, the study of discontinuous-Galerkin methods;
see, e.g., [10, 17]. These studies are very relevant to the present study and it will
be interesting to extend the present study to parabolic integro-differential equations.
Another class of relevant problems is about space-time fractional diffusion equations,
which have been extensively studied [11, 12]. The problems mentioned above also
contain a weakly singular kernel in the memory term, which can provide extra diffi-
culties in convergence analysis; see, e.g., the recent work on the spectral methods for
VIEs with a weakly singular kernel [5, 13].

This paper is the first attempt to approximate solutions of the VIEs by the parallel
in time method. In addition, this article will provide a full convergence analysis for
the proposed method. We will also demonstrate numerically the efficiency and the
convergence of the proposed method on some sample problems.

This paper is organized as follows. In section 2, we construct the parallel in
time method based on the spectral collocation scheme for the underlying equation
and outline the main results. Some lemmas useful for the convergence analysis are
provided in section 3. The convergence analysis for the proposed method in L*°
under some assumptions is given in section 4. Numerical experiments are carried out
in section 5. In the final section we analyze the parallelism efficiency of the overall
algorithm and describe some implementation details.

2. Outline of the parallel in time method and the main results. The
time interval I = [0, T is first partitioned into N subintervals, determined by the grid
points 0 = tg < t1 < tg < --- < ty = T with ¢, = nAt, At = T/N. We denote this
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partition by I = UN_ I,, with I,, = [t,_1,tn].

2.1. Outline of the method. In the obvious way, problem (1.1) is equivalent
to the following system of NV integral equations:

n—1
(21)  un(t) = Kpntn(t) = g(t) + Y Knjuj(t) on I, =[ta1,ts], 1 <n <N,
j=1
with u; = u|1j,
t
Konun(t) = / K(t, s)un(s)ds and
tn—1

2]
(2.2) Kpju;(t) ::/ K(t,s)uj(s)ds, 1<j<n-—1.
tji—1

The solution of (2.1) can be expressed through the solution operators S,, as follows:
(2.3) Un(t) = Sp(t;ur, ..., up—1) fort e I,.

Likewise, at the discrete level, we have the solution operators JF,, for the collocation
method to be described later:

(24) Un(t) Z]:n(t; Ul,...,Un_l) fort eI,

with U, a polynomial of degree M. The main idea of the proposed parallel in time
method is to take a second family of discrete solution operators, Gy, defined in the
same way using polynomials of a lower degree M < M, and to set up the iteration

(2.5) UF@t) = Gu(t; UF,...,UF_ )+ Co(t; UFL UMD, k> 1,
with the initial value
U0 = Gu(t: UL, ..., U2_,),
where the correction term in (2.5) is defined by
(2.6)  Co(t;UF Y. U = Fo(t; UFY, UMY — G UF Y, URTD,

Here, the key is that the C,, can be computed in parallel for 1 < n < N. The term
Gn in (2.5) must be computed sequentially, but this is relatively cheap if M is small
compared to M. Thus, provided the iteration converges rapidly, we can use multiple
processors to obtain a high-accuracy solution in a small multiple of the time needed
to compute a low-accuracy (sequential) solution.

The way of presenting the parallel in time method places it in the category of
the predictor-corrector scheme, where the predictor is G, (t; UF,...,UF_ ), while the
corrector is C, (;; UF1, ..., UET]).

2.2. Outline of the main results. The main result of this paper will be the
theoretical proof of the error estimate

(2.7) lun = URlloo = O(MP/47" 4 (4 /2) /47 0HD)

which will be confirmed by a number of numerical experiments. Roughly speak-
ing, the numerical approximation U is accurate to the exact solution with an error
O(MB3/4=mY if M ~ (M /2)*+1.

We emphasize that the analysis covers a fully discrete scheme in which quadra-
tures are used to approximate the integrals that occur in the coefficients and right-
hand side of the resulting linear system that must be solved at the nth interval to
compute UF.
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2.3. The operators F,, and G,.. We begin by discussing the operator F,
defined in (2.4). In this work, we will use a spectral collocation method to define this
approximation. Define PM( I,,) as the polynomial space of degree less than or equal
to M with I,, = [t,—1,ts]. Denote by Ljs(z) the Legendre polynomial of degree M.
Let z; be the points of the Legendre-Gauss (LG) quadrature formula, defined by
Lyryi(x;) = 0,4 = 0,..., M, arranged by increasing order. The associated weights
of the LG quadrature formula are denoted by w;, 0 < ¢ < M. Then the following
identity is well known:

1 M
/ p(z)dr = Z p(zi)wi Yo € Pamy1(—1,1).
-1 i=0

The discrete L2-inner product associated to the LG quadrature is denoted by

M
(2.8) (e = S (sl
i=0
Furthermore, define the LG-points {¢.}* on the element I, = [t,_1,t,], i.e.,

tn - tn—l . tn + tn—l

fn - 2 T 2 B

0<i<M, 1<n<N,

and the corresponding weights p{ = Atw;/2. Then it holds that

M
/ p(@)de =Y @(&)ph Vo € Pana(ln), 1<n<N.

In i=0

We now use the Legendre-collocation method to determine the operator F,, in (2.4).
More precisely, we want to find U, (t) € Py (In) with 1 < n < N such that for all
0<i< M,

(2.9)

" . R it .
_ / K(&,s)Un(s)ds = g(§,,) + Z/ K(&,,5)Uj(s)ds, 1<n <N.
th—1 j=1 tji—1

In the implementation, the integral terms on the left-hand sides of (2.9) are evaluated
by using the following Gauss quadrature:

&

1) [ KU s)ds —/ K€, Un(si)de ~ (K (€L, 54), Un(si))
where s!, := s (x) := 5;7t o+ & +t" t,—-1<z <1, and
(2.11) R(6oh) = () K(ghosh)

The right-hand sides of (2.9) are computed in a similar way:
(2.12)

At ;
/ K n7 / K n’ j SJ)dx ~ 7 (K(£;7S])’UJ(SJ))M7

]
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where

Attt
St T
With the help of the above numerical integrations, (2.9) is further approximated by

(2.13) sj =s;(x) = -l<z<l1.

(2.14)
0<i< M,
n—1
Un(€h) — (R (€4, ). Un(sh) oy = 9(6) + 50 S (K(€h3).Us(s)) oy 1< < N.
j=1

The above linear system defines the fine operator F,, in (2.4).

The operator G, is defined by the same spectral collocation method but with the
degree M, which is much less than M.

Let {ni}M, be a set of LG points on the element [t,_i,t,] corresponding to
the weight {gn}l: Then the coarse operator G, (¢, V1,...,Vy—1) in (2.5) consists in
finding V;,(t) € Py () such that for all 0 <i < M

(2.15)
Valo) = (B o 7). V(52 gy = 002 + 50 3 (KO ),Vi(5) gy 1< <N,
j=1

where 78 == 7 () := , —1 <z < 1,and K and s; are respectively

defined in (2.11) and (2.13).

e T Nl Ftn_1
7 Tt

3. Useful lemmas. We first introduce some notation. Let A be an arbitrary
bounded interval. For nonnegative integer m, H™(A) stands for the standard Sobolev
space equipped with the norm and seminorm |[v|;,a and |v]ga,0 < k < m. Par-
ticularly L?(A) = H°(A), equipped with the standard L2-inner product and norm.
Similarly, the norm of the space W™ > (A) is denoted by [|v|ym.cc(ay OF [[V][oo,a if
m = 0. The error analysis needs the following seminorm:

m

V] grmsa () = DR e

k=min(m,M+1)

Hereafter, in cases where no confusion would arise, the domain symbol A may be
dropped from the notation. We denote by ¢ generic positive constants independent
of the discretization parameter but which may depend on the kernel function K(-,-)
or T.

We further introduce two approximation operators. First, we define the Lagrange
interpolation operator ZA! : C(A) — Pas(A) by the following: for all v € C(A), I v €
Prr(A), such that

IIIXVIU(ZZ') =v(z), 0<i<M,

where {z;}M, is the set of LG points on the interval A. This polynomial can be
expressed as

M
IA v(x Zv 2;) hl
1=0
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where R is the Lagrange interpolation basis function associated with {z:}M,. Par-
ticularly, we use ZXM (resp., hi,(z)) to replace ZY (resp., h (x)) when A = I,,.

Then for all v € H™(A), m > 1, the following optimal error estimates hold (see,
e.g., [4, 18]):

(3.1) lv = ZA 0| S M~ [o] oo,
(3.2) v = ZA"vlloo S MF™ 0] gromons.

For the discrete L%-inner product defined in (2.8), it holds the following error estimate
[4]: for all ¢ € Pp(A),

(3.3) (v, 0) = (v, d)m| S M~ [olgmne||dll, v e H™(A), m=>1.

The following result gives the Lebesgue constant for the Lagrange interpolation
polynomials associated with the LG-points. ‘

LEMMmA 3.1 (p. 329, equation (9) in [16]). Let {h)(z)}}L, be the Lagrange
interpolation basis associated with the M + 1 LG-points on the interval A. Then

M
(3.4 Il = g D A o) S VO
j:

Using the standard Gronwall inequality, we obtain the following estimate for the
VIEs.
LEMMA 3.2. Consider the following Volterra equation:

t

(3.5) u(t) = v(t) —|—/ K(t,s)u(s)ds.
0

If v € W™ and K(t,s) is sufficiently smooth, then

(3.6) [l < 2™ 0]l yrm.oo I

Proof. 1t is known (see, e.g., [3]) that there exists a smooth resolvent kernel R(t, s)
depending only on K (¢, s) such that the solution of (3.6) satisfies

u(t) = v(t) —I—/O R(t, s)v(s)ds.

Using the transformation 7 = s/t leads to

1
u(t) = v(t) + /0 LR(t, tr)u(tr)dr.

Differentiating the above equation with respect to ¢ m-times gives

m 1 ; . .
W™ () = 0 (1) + 3 ¢, /O oI (iR (t, tr))oV (¢r)rd dr,
=0

which leads to

m 1
™| < ||U<m>||+ch;/ Fdr o™ < c2m ™),
=0 0
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where the constant ¢ depends on the regularity of R or equivalently the regularity
of K. This completes the proof of the lemma. a

We also need the following discrete Gronwall lemma (see, e.g., [3]).

LEMMA 3.3. Assume that ¢n, prn, and ky, are three sequences, k, is nonnegative,
and they satisfy

¢0 S 9o,
n—1 n—1
¢n§go+ ZPS—F E ksd)sa n > 1.
s=0 s=0
Then it holds that
#1 < go(1 + ko) + po,

n—1 n—2 n—1
dn<go [I(L+ks)+ > ps I (A+k)+pa—1, n>2
s=0 s=0 T=s+1

Moreover, if go > 0 and p, > 0 for all n > 0, then it holds that

n—1 n—1
On < (go—i—ZpS) exp <ZI€S> , n>1.
s=0 s=0

4. Stability and convergence analysis. This section is devoted to the stabil-
ity and convergence analysis of the proposed parallel in time scheme.

4.1. Stability.

LEMMA 4.1. For1 <n < N, let F, be the fine approzimation operator defined by
the spectral collocation scheme (2.14), G,, defined by (2.15), grr = ZM g, and {9; ?;11
a polynomial sequence. Then for sufficiently large M and M we have

n—1
(A1) Faten el < e(llgallo + A 1950 )
j=1

n—1
(42) Gt vn, - b)) < e(llgilloe + A0 5l n 21,
j=1

where it is understood that F1(t; o) := F1(t) and G1(t;¢0) := G1().

Proof. Since the only difference between F,, and G, is the polynomial degree, we
only need to prove (4.1). Let 1, := F(t;91,...,%n—1). It follows from the spectral
collocation scheme (2.14) that

(4.3)

Un(€3) = 9(&0) + (K (& 80) n(s3) p + % _: (K (& 83):45(85)) 5y 0 <0< M,
which can be further reorganized as -
(4.4)

Un(6) = (&) + (K& sh)s n(sp) + AL+ % Z_j (K (€ 59),5(s7) + ZA
where i i

AL = — (K (& 50) ¥n(sn)) + (K (& 50), ¥n(s0))

; A - A .
A5 = =S (K (€ 57), 05(59) + 5 (K(€hsi)ots(55)) o 1Si<n—1.
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Multiplying both sides of (4.4) by the Lagrange basis function h! and summing up
from ¢ = 0 to ¢ = M, we obtain

t M
(4.5) a0 =T g+ T | K(ts)ea(s)ds + > ALhi (1)
tn—1 i=0
n—1 At
+Z 71 (K (t,55), 15 (s5)) +ZAzhl
j=1 1=0

Consequently, we have

t n n n—1
(4.6) %@:/ K(ts)on(s)ds + T g+ 3+ S L+ S Ry,
tn—1 j=1 j=1 j=1
where
M
JjZZA;h;, 1<j<n,

I _IM( ( )'@[Jn( )) (7(t78;)7¢n(5iz))7

A A
Iy = ;IM (K(tasj)ij(sj))_{( (t.sj):(s5)), 1<j<n-—1,
At

RjZT(K(taSj)a'@[Jj(sj))v 1<j<n-1

It follows from the standard Gronwall inequality for (4.6) that

n n n—1
(4.7) lnlloe < ¢ [ lgarlloo + D Ijlloc + D~ Ijlloe + D I Rslos

j=1 j=1 j=1
We now estimate the right-hand side of (4.7) term by term. First, we estimate the

terms J;. Using the error estimate (3.3) for the LG quadrature, we have

, _ & .
(48)  max [AL] = max [(K(&,s0),0n(sn)y = [ K& 9)a(s)ds

tnfl

< -1 A i
< cAtM™ max [K(E,,,5,) o max i (s,)]
< aAM ™ [ o,

where ¢; depends on |K (€%, s (+))|grar. Similarly,

1 1 .
(4.9) onax |AS] < et AtM ™ [Y]loe, 1< <n—1.

Hence, combining (4.8) and (4.9) with Lemma 3.1 gives

ZAZ b

for sufficiently small At or large M. Following the same lines leads to

M

; ; _1 1
[ Falloe = S M 3 S < MMl < ol
=

(4.10) [ il < 1AM ™2 ||thj]los, 1< j<n—1.
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We now estimate the second term I;. For j = n, applying (3.2) leads to

t
[Tnlloe = gclM—%/ K (t, )by (s)ds
tn—1

(T - 1) / K (t, s)n(s)ds

HLM

_1 1
(4.11) S ClM 4 ||¢n||oo S EHwHHOO

For 1 < j <n—1, in virtue of (3.2), we derive

3_
1l = <aMitt

@ =1) [ K as

/:1 K(t,s)i;(s)ds

) H1M

< el A |4 -
It remains to estimate I7;. By a direct calculation, we have
At .
5 N 5), 95 (55) o < eAt[Yglloc, 1 <j<n—1.
Finally, combining (4.7)-(4.12) gives

(4.12) Rl =

n—1
1 _1
(4.13) [Ynlloo < €llgarlloo + Fllvnlloc + cALM ™2 > lsllee

j=1

n—1 n—1
1 1
+ gllnlleo + cAtM™H D llg + ALY [[5loo-

j=1 j=1

Now a simple rearrangement leads to (4.1). O
We are now ready to state and prove one of the main results of this paper.
THEOREM 4.1 (stability). The iteration scheme (2.5)—(2.6) is stable in the sense

that the solution UF satisfies
(4.14) 10|00 < cllglli Yk >0, 1<n<N.

Proof. For k = 0, it follows from the initial value U? = G, (t;U?,...,U?_;) and
Lemma 4.1 that

n—1
(415)  JUoe = Gn (602, US| < o (llgilloe + 28D 1071 ).
j=1

By applying the discrete Gronwall lemma, Lemma 3.3, we get
(4.16) 10Dl < coe ™D lg]lo < coeT gl
For k > 1, according to the iteration scheme (2.5)—(2.6), we have
10 lso < [|Gn (6:UF, UF, - Un )|
417)  +||F (UL UST LUEY) |+ 11Ge (U UL UEY|
Applying Lemma 4.1 to the right-hand side of (4.17) yields

oo’

n—1 n—1
10z e < ¢(lgtlloe + A8 3 1UFlloc) + (lgstlloc + lgarlloo + A8 D 11UF 1 )
j=1 j=1

n—1 n—1
(4.18) < coAt > [[UFloo + c(||g||1 +ALY ||Uf*1||oo).

Jj=1 Jj=1
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In the following, we will derive the inequality

eCo (I4+1)(n—1)At
(4.19) |Ux IIOOSCOZ lglli VkE>0,1<n<N,

where ¢y is a constant independent of k. We do this by induction. First, it follows
from (4.16) that (4.19) is true for k¥ = 0. We now show that if (4.19) holds for a given
k, then it also holds for k + 1. It follows from (4.18) (replace k by k + 1) and the
discrete Gronwall lemma, Lemma 3.3, that

n—1
(4.20) TS oo < coe™ DA (gl + At S [UF ]|
j=1

Then using the induction assumption (4.19) gives

k1 o(n—1)A eco(HD(n=2)At
0 e < e (14 coar 30 TR +COAtZl,

=0
o(l4+1)(n—1)At _ 1
= collglle™ <1+coAtZ ecol+1)AT _ | )
k
< collg[lre™™ ( o+ (n—1)At _ 1))
=0
k
< collglle " < o(I41) (n— 1)At>
1=0 !

k+1 -
600(l+1)(n 1)At

< collgll 3

1=0

This implies that (4.19) also holds for k being replaced by k + 1. Finally, by noticing
the fact that

2 eco(i+1)(n—1)At co(n—1)At c
(4'21) Z e# < eco(n—l)Atee o(n—1)A < echee OT’ l<n< N,

1=0 )

the desired result (4.14) follows from (4.19). 0

Remark. It is seen from (4.19) and (4.21) that the generic constant ¢ in (4.14)
has a rapid, double-exponential growth in 7. Theoretically, this may become very
large. On the other hand, our numerical experiments (see section 5) can take T' = 100
without any apparent problem. It may be possible to obtain a better generic constant
n (4.14), even by assuming something more on the kernel function K(t,s). We
believe that other proof techniques are needed to improve this double-exponential
growth constant, and this is certainly an interesting theoretical challenge.

4.2. Convergence. We now provide an estimate for the fine approximation op-
erator F,.

LEMMA 4.2. Let u, be the solution of (2.1) and U, be the solution of (2.4). If
uwe€ H™(I),m > 1, then we have

(4.22) [t — Unlloo < ¢ (M%*m|u|Hm;M + M%*mnuno@) , 1<n<N,

provided the number of collocation points M is sufficiently large.
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Proof. Replace t in (2.1) by &). Subtracting the resulting equation from (2.14)
gives

(423)  un(&) = Un(&,) = (K(&, 50), un(sy,))

n—1
— (R, Ualsi0) g + 50 3 [ (R si)su5(5)) = (K (€ ), Uy (s5)) )

j=1

It can be further reorganized as

Un(&z) - Un(gn) (K( no n) en( )) +AZ + gnz: (K( ;asj)vej(sj)) +A§ ’
2

j=1

where e; 1= u; — Uj,
Al = (K (&), 51), Un(sh)) = (K (€ 58), Un(s3))
At At

A; = 7 (K( ;asj)vUj(Sj)) - 7 (K(gjzvsj)vUj(Sj))Mv 1< Jj<n-— 1.

Following the same procedure as in the proof of Lemma 4.1 gives

IMu, — U, =IM (K(El,s), e +ZAW
n—1 At ' M o
D | ST (K si)e5(s) + Y Ajh
j=1 i=0
Consequently,

5:1 . n n n—1
un—Un:/ K( ;,s)en(s)ds—l—un—I%un—i—ZJj—i—ZIj—i—ZRj,
= — —

tn—1

where

ARVE 2
1=0
L =T (K(&,sh)sen(sy)) — (K(&hsh),en(sh))

At At, ,
Iy = —IM (K (&0 55)s€4(s7)) — - (K( nasi)iei(si), 1<j<n-—1

M
At -
Ji=> Ahi, 1<j<n; Rj=— (K(&,.s),¢;), 1<j<n-—1,

Applying the Gronwall lemma, Lemma 3.3, gives

n—1
(4.24) flun = Unlloo < ¢ [ | Z0" un — un|| +ZIIJHOO+ZIII oo + Y I1Rloc
Jj=1 Jj=1 j=1

We now estimate the right-hand side of (4.24) term by term. First, it follows from
the inequality (3.2) that

(4.25) HIyun - unHOO < CM%7m|Un|Hm;M.



1746 XIANJUAN LI, TAO TANG, AND CHUANJU XU

Then by using a similar technique as in the proof of Lemma 4.1, we can estimate
IZ;]loo and ||J;||oc as follows. For j = n and sufficiently large M,

(4'26) HJnHoo = nh;

1
< &M (flenloo + nlloc ) < 2=llenllos + cAEME |,

where, as in Lemma 4.1, ¢1, and therefore ¢, depends on | K (&, s¢,(+))| gm:n . Similarly,
we have

(4.27) | In]|oo = ||IM nvS:L) en(s, )) (K( ns n) en(s‘ ))HOO < iC”enHoo'

For 1 <j <mn—1, we can further have

(4.282) |[|Jjllec = ZAW <CAL‘MTm(||€j||oo+IIUjlloo)a

(4.28b) [[]lec = HIM (K (&, 85)€5(s5)) = (K (& 55),€5(s7)) || o < cAt]lej]l oo,
At

(4.28¢) || Rjlloo = = (K (8 55), €5(3)))l| o < cAtlej]oc-

Combining (4.24)—(4.28) yields

3_ 2 1_
Jeallo < ¢ (Mt + 3 el + AN

n—1 n—1
+ cAtMET™ Z l[ujlloc + cAt Z [l loo-
j=1 j=1

Using the discrete Gronwall lemma gives
(4.29) lenlloo < c (M%*m|u|Hm;M + nAtM%’mHuHOO) ec(n—1)At

Finally, the lemma is proved by observing that nAt and e¢("~ 1A% can be bounded by
a constant depending on T'. O

By following the same lines as in the proof of Lemma 4.1, we can establish the
continuity of the approximation operators F, and G,.

LEMMA 4.3. For 1 < n < N, both operators F,, and G, are continuous, i.e., for
any two polynomial sequences {1; ?:_11 and {(pi}?:_ll, we have

n—1
Jj=1
n—1
(431) ||gn(t;w17 v 7wn71) - gn(ta Plyevny (Pnfl)Hoo S cAt Z ||w] - (p]”oo
j=1

We now define an auxiliary operator S,,. For a sequence {v; ?:_11, we define

Sn (t; 11,2, ..., ¥n_1) as the function v, which is the solution of the following prob-
lem:

t At 2

(4.32) P (t) — K(t,s)dn(s)ds = g(t) + —- D (Kt 85),5(55)) as -

tn—1 j=1
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LEMMA 4.4. For1<n <N, let 0F, = S, — Fn, 0G, = S, —G,. Then they are
continuous in the sense that they satisfy, for any two sequences {1; Y=\ and {p;}1—},

(4.33)
n—1
6Fn(tt1, - n1) = 0Fn(ts o1, 1) < AT MAT™ Y " ||y — @5 ocs
j=1
(4.34)
n—1
~ 3.
|6gn(t7wla s 71/)11—1) - 5g’n«(t7 Plye-ey ¢H—1)| S cAt2™ M1 Z ||¢] - @j”oo;
j=1

where ¢ depends on maxer ||K (-, 8)||yymoe, m > 1.
Proof. Similar to the proof of Lemma 4.1, we only need to prove the first in-

equality above. Let ¢, (t) = Fn(t;¢1, -, Yn—1),0n(t) = Falt; o1, Pn—1),vn(t) =
Sn(t;wla ceey ’@[Jnfl)awn(t) = Sn(t7 Ply-- -y Spnfl)~ Then
(4.35) OFn (501, s thn—1) = 0Fn(t; 01, -, Pn-1) = (Vn — qn) — (W, — Pp)-

Let e; = ¢y — ¢;. From the definitions (4.32) and (2.14), we can verify that

(4.36) (00 —wa) (&) = (@n — P) (&)

= (K (& 5, (v = wi) (1)) = (K (& 50): (0 = Pn)(57,)) ),

Let A, = (v, — qn) — (W, — pn). By multiplying both sides of (4.36) by hi and
summing up from ¢ = 0 to ¢ = M, we obtain

M
I (00 = wa) = (g0 = pa) = Ty (K(t,s1,), Au(sh)) + Y Aph,
=0

where
A; = (Kv(&iﬂ Siz)v (QTL - pn)(sﬁ)) - (Kv(&iﬂ Siz)v (QTL - pn)(SiZ))M .

Consequently,
(4.37) An(t) = K(t,s)Ap(s)ds — ZM (v, — wy,) + (vp — wy) + Jn + I,
where
M
Jn=Y Abhl, L=T) (K(t,s)), An(sh)) = (K(t,s,), An(sh)) -

Applying the standard Gronwall inequality to (4.37) gives
(4.38) [Anle < C( ||Ir]y(vn —wy) — (Vn — wn)Hoo + [ Jnlloo + ”InHOO)
It follows from the inequality (3.2) that

| Z0 (v — wn) — (vn — wn)Hoo < CM%7m|Un — Wy | gmiv < cM%*man — W ||wm.ee.
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Note that

At 2

(4.39) on = wn = (K(tsn), (v —wa)(sn)) + = > (K (ts;)ei(s5))y

j=1
Consequently, it follows from Lemma 3.2 that

n—1
(4.40) [[vn — wp[lwmeo < 2™ Y| (K(t55),¢5(55)) 5 wmee

Jj=1

n—1 n—1
< 2™ Atmax [ ()l 3 eslloe < 2788 S ]
j=1 Jj=1

Using Lemma 4.3 gives

M n—1
(441) [ Jnlloo = || ALRL| < AT gy — puloe < cAPMET™ S e oo
i=0 0o j=1

Moreover, using the same technique as used in the proof of Lemma 4.1 yields

(4.42) [[Lnlloo = [|Z3" (K (t57), An(s7) = (K(t5), An(s)]|, < = [ Anlls

" /Moo = 3¢
Combining (4.38)—(4.42), we conclude that

n—1
3_
1An]le < cALZTMIT™ D e -
j=1

The proof is then complete. ad

THEOREM 4.2 (convergence). For 1 < n < N, let u, be the solution of (2.1)
and UF be the solution of iteration scheme (2.5)-(2.6). If maxser [|[K (-, 8)|ljpm.c < ¢,
uwe H™(I),m > 1, then
(4.43)

lun = Ukloo < (M3 4 (31/2) 3= 60 (ful s + Julloc ), b =0,1,..,

where ¢ depends on T and maxser | K (-, )| yym.co-
Proof. We first prove that (4.43) is true for k¥ = 0. By construction, we have
U =Gn(t;UL,...,U°2_,). Applying Lemma 4.2 to the above coarse solution gives

n—1
= Ullloo < e1 (VL3 ul s + N3l ) < 2l (Julggoens + Juloc )
(4.44) < C(M/z)%—m(|u|Hm;M + ||u||oo).

This proves (4.43) for k = 0. We now prove (4.43) for k > 1. It follows from (2.4)
and (2.5) that
‘Uylf - Un‘ S ‘gn (t; U{ca ey Uylffl) - gn (t§ U17 ey Un71)|
+|6G, (UFT, . UFZY) = 6Ga (UL, ..., Upy)
+[6F, (U UNZY) = 0Fu(t U, .., Uns1)

)
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where §F, = S,, — F,, and 8G,, = S,, — G,, with S,, defined by (4.32). Using Lemmas
4.3 and 4.4 gives

n—1 n—1
(4.45) U = Unlloo < eAtY |UF = Ujlloo + ce ALY " |UF ™ = Ujl oo,
j=1 Jj=1

where € = 2m]\~4%’m, and we have used the fact that Mi—™ < Mi—™, Next we will
derive the inequality

(446) ||U1]1€ _ Un”oo < %ec(k+l)(n—l)At€k+l(|u|Hm;M + ||u||oo) vk > 1,

where ¢ is a constant independent of k. We do this by induction. For k = 1, using
the Gronwall inequality for (4.45) gives

n—1
Uy = Unllo < eAtee”™ DAY UD — Ujlloo
j=1
n—1
< cAtee VAN (U] — ujlloe + uj = Ujlloo)-
j=1
Using (4.44) and (4.29) yields
n—1
U = Unlloo < ¢ Ate?eT DAY 7 U DA (u] prmias + Jul|oo)
j=1

c(n—1)At _ 1

< 2 Ate2ecn DAL E o (Julgmsnr + [lulloo)

20(n—1)At62(

<ce |ul rminr + ]| oo)-

This means (4.46) holds for k = 1. Now assuming (4.46) holds for a given k, we want
to prove that it also holds for k 4+ 1. Again, replacing & in (4.45) by k + 1 and using
the Gronwall inequality for the resulting inequality yield

n—1

(4.47) [UFY = Uplloo < cAtee"™ DN UF — Uy oo
j=1

Using the induction assumption for index k, i.e., (4.46), gives

2 n—1
C _ i—
HUS—H _ Un”oo < EAtt,_:ec(n 1)At Z sk—i-lec(k—i-l)(z 1)At(|u|Hm;M + ||u||oo)
’ i=1

2 el eclk+1)(n—1)At _ 1
< Atet DA e (s + o)
¢ c(k+2)(n—1)At _k+2
< 7(k+ 1)!6 eV (Ju| grmint + || 0o)-

Thus we have proved (4.46) for all k¥ > 1. Then as in the proof of Theorem 4.1, the
boundedness of e¢*+D(n=DAL /L1 implies that
(4.48)

|0 = Ualloo < e Jul prminr +[lulloc) < e(N/2) ™D (ul yrmins +[lufloc) Wk > 1.

Finally, combining the above estimate with Lemma 4.2 leads to the desired
result (4.43). O
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5. Numerical results. We first give some implementation details of the parallel
in time scheme (2.5)—(2.6). The overall algorithm is described below:

ALGORITHM Al.

e Initialization (k = 0): {UY(¢),...,U%(t)}, given by solving G, (t; UY, ..., UY_,)
successwely forn=1,... N.
e At step k: Suppose known {(UF1(t ) LUK ). Forn=1,...,N
1. solve the fine problem F, (t; U1 v U,’fj) simultaneously;
2. solve the coarse problem G, (t; UF,... UF ) successively;
3. Gul(t; Uffl, U, k- ~1) are available from the previous step.
e Update: Use (2.5)— (2 6) to update {U(t),...,Uk(t)}.

Obviously, the most expensive part of this algorithm is to solve the fine problem
Ful(t; Uffl, cee U,’fj). However, this can be handled by parallel realization. Next we
describe the matrix form of the linear system associated with F, (¢; Uffl, e, U,’f:}),
defined over the subinterval I,,.

Let p& = F,(t; UF=1, ..., U=]). Then by definition (2.14), p& € Py (I,,) satisfies,
forall0<i< M,

(61) DA€ — (K(Ehsh).phlsh) = 9(E) + %i JUE ),

Using the notation developed in the previous sections, we obtain, for all 0 <1i < M,
(5.2)

. At -
(&) an &) (K (€ sn)s hia(sn)) = 9(60) + 5 D (K(€59).UF 1 (s9)
Jj=1
which can be rewritten in the matrix form:
(5.3) I-Apr=f n=1,... N

In our calculations, the linear system (5.3) is solved by the Gauss—Seidel iterative
method with the initial guess U¥~!, obtained at the previous step in Algorithm A1.

The coarse problems G, (t;UF,...,Uk_|) can be solved in a similar way. Note
that solving the coarse problems is strictly sequential with respect to n, but as M is
much smaller than M, the cost of this part is relatively inexpensive.

Below we will present some numerical results obtained by the proposed parallel
in time scheme.

Example 5.1. The linear VIE with a regular kernel is

(5.4) u(t) + /t sin(m(t — s))u(s)ds = g(¢), 0 <t <100.
0
We take

g(t) = (1 +1/27)sin(nwt) — (¢/2) cos(wt)

such that the exact solution w(t) = sin(wt).

The main purpose is to investigate the convergence behavior of numerical solutions
with respect to the polynomial degrees M and iteration number k. In Figure 5.1, we
plot the L>®-errors in semilog scale as a function of M with M fixed to 13 and N
fixed to 20. That is, the domain is partitioned into 20 subintervals and the coarse
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convergence of the scheme with respect to M

10 ‘ ‘ ‘ ‘ ‘ ‘
o
107 F E
10° F E
9 0.
g
Z 107 b <
<
£ 10°L o ]
2
2
8 100 | |
8 )
~ o
107 1
10—11 B
o
10*‘2 I I I I I I I I I
14 15 16 17 18 19 20 21 22 23 24

polynomial of degree M

FIG. 5.1. L -errors versus the degree of freedom for fine approzimation M with M = 13, N = 20.

algorithm is solved with 13 collocation points in each subinterval. To separate different
error sources, the solution is iterated with sufficiently large number of k so that the
error M(3=m (1) (see (4.43)) is negligible as compared with the error of the fine
resolution. As expected, the errors show an exponential decay, since in this semilog
representation one observes that the error variations are linear versus the degrees of
polynomial M.

Next we investigate the convergence behavior with respect to the iteration number
k, which is more interesting to us. For a reason similar to that mentioned above, we
now fix a large enough M = 25 and let k vary for different values of M. In Figure 5.2,
we plot the error decay with increasing iteration number k for several values of M. It
is observed that the errors decay quickly with increasing k, and for M = 13 only six
iterations are required to reach machine accuracy.

In the stability analysis (see Lemma 4.1), we have assumed sufficiently large
M and M. In practical calculations it is interesting to see how large these polynomial
degrees really must be to guarantee the stability of the scheme. In Figure 5.3, we
present the error behavior as a function of the iteration number &k for M = 13, N =
20,M =4, and T = 20. It is observed that the error decays to machine accuracy
within about 10 iterations. This result shows that even with moderate M and small
M, the proposed parallel in time scheme remains convergent.

Finally, to test the sharpness of the estimate given in (4.43), we plot the errors
with respect to the degree of freedom M for three values k = 2,3, and 4 with M =
25 in Figure 5.4. As known for spectral methods to analytical solutions (see, e.g.,
[4]), we expect from (4.43) an error that behaves like e~ M (#+1) with some constant
c. The result presented in Figure 5.4 indeed confirms this prediction, as in this
semilog representation the error curves for different k are all straight lines with slopes
corresponding to the constant ¢ = 1.4.
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convergence of the scheme with respect to iteration step k
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F1G. 5.2. L°-errors versus iteration numbers k with M = 25, N = 20, M= 11,12,13.

convergence of the scheme with respect to iteration step k
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©
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Fi1a. 5.3. L -errors versus iteration numbers k with M = 13, N = 20,M =4, and T = 20.

Ezample 5.2. Consider the VIE with the kernel of exponential form K(t,s) =
(t — s)e*~" and the exact solution u(t) = 1 (2t — 1 4 e=%).

For this problem with a convolution exponential kernel, we repeat the convergence
investigation for the numerical solutions as in the last example. Similar observations
have been obtained. For example, L°°-errors of numerical solutions versus M with
M =5,N = 20 are presented in Figure 5.5, where it is observed that convergence
remains exponential with respect to M. It is also noted that the growth in ¢ of the
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gonvergence with respect to the degree of freedom M for coarse propagator
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Fia. 5.4. L>®-errors versus the degree of freedom in coarse approzimation M with M = 25,
N =20, and k= 2,3, and 4.

convergence of the scheme with respect to M
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Fic. 5.5. L -errors versus M with M = 5, N = 20.

exact solution does not affect the convergence rate even for large values of T, as
pointed out at the end of section 4.1.

6. Parallelism efficiency. Although not yet tested in a parallel machine, the
parallelism efficiency of the proposed scheme can be investigated through a cost esti-
mate. To simplify the cost estimation, we suppose that the interprocessor
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communication cost in the implementation of the parallel in time scheme is negli-
gible as compared to the overall cost. The parallelism efficiency is demonstrated by
a cost comparison between the parallel in time scheme (2.5)—(2.6) and the classical
sequential scheme based on the corresponding fine mesh.

First, the classical sequential scheme based on the fine mesh consists of solving the
problems Fy, (t;U1,Us, ..., U,_1) consecutively for n = 1,..., N. The computational
complexity is equal to the sum of all the elementary operations in I,,,n =1,...,N.
Denote the total computational cost by Cr and the cost for nth subproblem by C%.
Then

N
Cr=) C3.
n=1

Neglecting the cost of evaluating the integral terms on the right-hand sides, the
spectral discretization J, produces an elementary cost C% approximately equal to
O(M?M), where O(M?) is the number of operations needed for the matrix vector
multiplication and O(M) is the estimated iteration number required to achieve the
convergence of the iterative method. As a result, the total computational complexity
of the sequential fine solutions is

(6.1) Cr = O(NM?).

If we implement the scheme (2.5)-(2.6) in a parallel architecture with enough
processors, then the total computational time corresponds to the cost to solve a
sequential set of NV coarse subproblems and a fine subproblem in a single processor.
The cost of solving the sequential set of N coarse subproblems is estimated to be
Zf:f:l Cg, where C§ = O(M? + MM) is the cost to solve the nth coarse subproblem,
with MM being the cost of the fine-to-coarse interpolation. Note that here we only
count the number of operations needed for the matrix vector multiplication in the
coarse mesh, which is equal to O(M?), because the Gauss-Seidel iterative method
has been employed to solve the final linear system with the previous solution as the
initial guess, and it is found that the convergence was achieved within a few iterations.
For the same reason, the cost of solving a single fine subproblem is approximately
O(M?). Note also that in the implementation of the parallel in time scheme there is
a need to interpolate the solution between the fine mesh and coarse mesh, the cost of
which is O(NMM). Therefore if K is the number of iterations required to achieve the
desired convergence of the parallel in time algorithm, then the total computational
complexity is

(6.2) K [O(NMQ + NMM) + O(M?) + O(NMM)] .

Comparing (6.1) with (6.2), we obtain a speedup (i.e., the percentage with respect to

the sequential scheme) close to

(6.3)

0 ( NM?/K )
NM? + NMM + M?

¢ <<M/M>2 ﬂ;M n 1/N) ) <W§447/+KW> |
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where in the last step we have used the fact M < M. This gives us the speedup of
the parallel in time algorithm:

_ [O(NM/K) if 1/N > M/M,
(64) speedup = {(’)(M2 J(MK))  otherwise.

Note that in the case that the number of degrees of freedom for the coarse solver
is far less than that of the fine solver, e.g., M N ~ M, then the speedup using the
parallel in time algorithm would be close to O(NM /K).
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