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ABSTRACT. This work describes and analyzes a stochas-
tic collocation method for stochastic Volterra integral equa-
tions (SVIEs) of the second kind with random forcing terms.
A collocation method is used in temporal direction, and
a spectral collocation method is used in the stochastic di-
mension, which lead to an uncoupled linear system associ-
ated with the collocation points. The convergence analysis
is carried out and the optimal error estimates are obtained.
Numerical experiments are conducted to verify the error es-
timates and demonstrate the effectiveness of the proposed
numerical method.

1. Introduction. Systems with uncertainties arise from the fact
that uncertainties appear in most mathematical models of real world
physical problems. The mathematical description of various processes
in biological, physical and engineering sciences gives rise to stochastic
or random differential equations and integral equations.

In this paper we are concerned with numerical approximations of
the following SVIE of the second kind with a random forcing term.

(1) y(t,w)—/o (t—s)k(t, 8)y(s,w) ds = g(t,w), 0<t<T, weQ
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where (Q,F,P) is a complete probability space, y = y(t,w) is an
unknown random field whose value is to be determined on [0,T] x €,
k = k(t, s) is smooth on [0,7] x [0,T],0 < aw < 1, and g = g(¢t,w) is a
random forcing term.

SVIEs can be derived from integral reformulations of stochastic
partial differential equations with random initial values or forcing terms
[29]. They can also be derived directly from many engineering and
physical phenomena [8, 31, 35]. We refer to [8, 34, 35] and the
references therein for theoretical studies of SVIEs.

To solve SVIE (1) numerically the first step is to express the
random forcing term g = g(t,w) with a Fourier series like expansion.
Two of the most commonly used methods for such an expansion are
the polynomial chaos (PC) expansion [36] and the Karhunen-Loeve
expansion (K-L) [24, 25]. The PC expansion uses the orthogonal
polynomial basis of independent random variables, while the K-L
expansion represents the random quantity with an infinite number
of uncorrelated random variables. Other nonlinear expansions have
also been used to parameterize the input data (cf., [13, 21, 28, 37]).
Although both PC and K-L expansions are infinite series, in many
practical applications, only a few terms in the expansions are needed
to describe the randomness with desired accuracy. Therefore, we can
assume that the expansion of g only includes these terms. As a
result, the exact solution y of (1) depends on only a finite number
of independent random variables which appear in the finite expansion
of g.

The most commonly used numerical method for mathematical prob-
lems with random input is the Monte Carlo method (cf., [16] and ref-
erences therein). The Monte Carlo method is easy to implement and
allows one to reuse available deterministic codes. However, even with a
mild dependence on the random variables, the convergence of the Monte
Carlo simulation is still very slow. Recently, more efficient numerical
methods for stochastic PDEs with random input data have been pro-
posed. Among these, the spectral Galerkin method [6, 7, 18, 20],
the stochastic collocation method [3, 5, 4, 27, 32, 38], perturba-
tion methods or Neumann expansions have gained much attention
[1, 19, 33, 37]. It has been shown that spectral Galerkin/stochastic
collocation methods based on the orthogonal tensor product polynomi-
als feature a very fast convergence rate [4, 6, 23]. For instance, when
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the exact solution is analytic with respect to the random variables, a
stochastic collocation method on the stochastic dimension was proved
to converge exponentially with respect to the number of the collocation
points employed for each random input variable [4].

The stochastic finite element method (cf., [15]), which employs stan-
dard finite element approximations in spatial domain and polynomial
approximations in the probability domain, leads to a fully coupled sys-
tem of linear equations requiring highly efficient strategies and parallel
computations for its numerical solution. In comparison, the stochas-
tic collocation method (cf., [4]) only requires collocating the equation
at the zeros of tensor product orthogonal polynomials with respect to
the joint probability density of the random variables. Stochastic col-
location has already been applied in a variety of problems and is the
subject of ongoing research [5, 14]. One of the main advantages of the
stochastic collocation method is that it leads to uncoupled determin-
istic problems. It can also treat efficiently the case of nonindependent
random variables with the introduction of an auxiliary density.

Most of the aforementioned references focus on stochastic partial
differential equations. We refer to [22, 26] for some recent work
on numerical approximations of stochastic integral equations. In this
paper, we will describe and analyze the stochastic collocation method
for SVIE (1). As in the SPDEs cases, the stochastic collocation method
for the SVIE naturally leads to uncouple deterministic problems. The
main difference in the numerical treatment between the stochastic
collocation method for SPDEs and the stochastic collocation method
for SVIEs studied in this paper is that, unlike the SPDE cases, we
use the collocation method on both physical (temporal) domains and
probability domains, which further reduces the computing cost. Our
work includes both error estimates and numerical experiments. The
first step of deriving the error estimate is to obtain an error estimate for
the semi-discrete collocation approximation in the temporal direction
which must be uniform with respect to the random variables. As shown
in our error analysis, the singularity expansion of the exact solution
[9, 11, 12] turns out to be an ideal tool for such a purpose.

The paper is organized as follows. In Section 2, we describe the
parameterization of SVIE (1) and its stochastic spectral collocation
approximation. In Section 3, we prove the convergence and obtain the
rate of convergence for the stochastic collocation approximation of (1).
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Finally, in Section 4, we verify our theoretical results and demonstrate
the efficiency of our numerical algorithm with numerical experiments.

2. The stochastic collocation method.

2.1. Parameterization in stochastic dimensions. Let (9, F, P)
be a complete probability space and ¢ : 2 — R a real-valued random
variable such that ¢ € L'(€2). The mean or expected value of ( is
defined as

B¢ = [ () dP)
Introduce function spaces

L*(Q) := {U;va(w)dp(w) < oo}
and
(2) . .
Vizo,meLr2 @) = {v;/o E[v?]ds = /0 /Q v%(s,w) dP(w)ds < oo}.

In what follows, we assume that

(A1) (finite dimensional noise) the forcing term ¢ has the form
3) g(t,w) = f(t,V1(w),--+ , Yn(w)) on[0,T] x €,

where N € N and {V,,}2V_, are real-valued random variables with zero
mean value and unit variance.

We denote by T, := Y,,(Q) the image of ¥, and T := ®Q’:1 T,.
For simplicity of the presentation, we assume that I' is a bounded open
box in RY. We also assume that [Y7,Ys, ..., Yy] has a joint probability
density function

p:T — RT,  with p € L=(T).

By assumption (A1), the solution y = y(¢,w) of the problem (1) can be
described by a finite number of independent random variables, that is,

y(tvw) = y(t, }/1(‘*))7 to 7YN(M))'
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Then SVIE (1) becomes finding y € VL2([07T])®L?)(F) such that

(4) y(t,0) — /Ot(t ) k(r, 8)y(s,0)ds = g(t,0), 0<t<T,0cT,

where the space VL2([07T])®L?)(F) is the analogue of V2 (0, 1))er2(0) With

(92, F, P) replaced by (', BN, pdf). Thus, the stochastic Volterra equa-
tion problem (1) now becomes a deterministic Volterra problem with
an N-dimensional parameter. For convenience, we use the notation
y(0) whenever we emphasize the dependence of y on the parameter 6.

2.2. Stochastic collocation method. The goal of the stochastic
collocation method is to seek a numerical approximation to the exact
solution of (4) in a finite dimensional subspace V,, , based on a tensor
product Vi, , = S ([0, T]) @ Pp(I'). We assume that (C1) Sy, ([0,T]) C
L?([0,T7]), is the space of piecewise polynomials of degree m with
respect to a partition on temporal direction (with dimension N,,)

O=tog<t1 < - <tpy =T,

(Co) tij, j=1,...m+1,i=1,... M are the collocation points
defined as

(5) tij =ti1 +ci(t; —tiz1)
where 0 < ¢; < ¢cg < --- < ¢p41 < 1 are constants;
(C3) Py(T") € L2(T) is the span of tensor product polynomials with
degree at most p = (p1,--+ ,pn), i.e., Pp(T) = @1_,P,. (T'), with
P, ([) =span(yl,j=0,---,p,), n=1,...,N.
Hence, the dimension of P, is N, = H51V=1(Pn +1).

To construct the fully discrete stochastic collocation approximation,
we first introduce the semidiscrete collocation approximation y,(6) =
Ym(t,0) € S ([0,T)) in temporal direction as follows. For § € T" and
j=1,....m+1,i=1,...,M,

tij
Ym (tij, 0) —/ (tij — )" “k(tij, 8)ym(s,0) ds

ti—1

© = / Tt — ) k(i1 )y (s, 0) ds + g(t;.6).
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Next we collocate (6) on the zeros of Legendre or Hermite orthogonal
polynomials and build the approximate solution ¥, , € S, ([0,7]) ®
P,(T) by interpolating in € the collocated solutions. To this end, we
first introduce an auxiliary probability density function p : I' — R¥
that can be seen as the joint probability of N independent random
variables, i.e., it factorizes as

P
5

< 00.

N
= [[ 7(6n), forall & €T, and such that
i L*(T)

For each n =1,...,N, let 6,1, (1 <k, < pp + 1) be the p, + 1 roots
of the orthogonal polynomial g, 11 according to the weight p,,, which
then satisfies

(8) / 4o 1(0)0(0)p (8)d6 = 0

F?’I,

for all v € P, (T'y).

We denote by 8y the point 0 = [01.4,,02.k,,---,0nky] € I and
introduce, for n = 1,2,..., N, the Lagrange basis {l, ; p”“ of the
space Pp,, such that

l"J EP n(Fn)? ln,j(97l7k) = Jk> jakzlv"'7pn+1a

where §;;, is the Kronecker symbol. Let {1 (0) = Hﬁ;l lnk, (0r). Then
the collocation approximation is defined as

(9) Ymp(t,0) Zym (£, 011 (6

where y,,(t,0)) is the solution of problem (6) for § = . Define the
Lagrange interpolation operator Z, : C°(I'; S,,([0,T])) — S, ([0,T]) ®
Pp(T), such that

N

(10) Zv (0x)11(0), for all v € C°(T;S,,([0,T7)).
k=1

We can now express Ym.p as Ym.p = LpYm.-

3. Convergence analysis. In this section we study the convergence
of the stochastic collocation scheme proposed in the last section. First
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we introduce the function space
(11)

CI; B) := {v :I' = B, v is continuous in § , max lv(@)|s < oo},
€

where B is a Banach space. We assume that

(A2) g € COT; L*([0,71)), and

(A3) the joint probability density p satisfies the following inequality
(12) p(0) < C,
where C), is a constant independent of 6.

Next we choose a suitable auxiliary density p(6) = Hfj:l Pn(6)
which satisfies

CT <pn(6,) <C%, forallh,el,, n=1,...,N,

for some positive constants CT* and C% that do not depend on 6,,. We
remark that, under this assumption, p satisfies (7).

Before presenting the convergence analysis, we need a result on the
analyticity of the exact solution w with respect to 6. Let K be the
linear operator on L?([0,7]) such that, for u € L*([0,T]),

(Ku)(t):/o (t— &) k(t, s)u(s,w)ds, 0<t<T.

Then we can rewrite (1) as
(13) (I —K)y(t,0)=g(t,0), 0<t<T, eT.

Assume that 1 is not an eigenvalue of K. Since K is compact, (I —K)~*
exists and is continuous.

The following lemma concerns the analyticity of the exact solution
y with respect to 6.

Lemma 3.1. Denote

N
= ][ T

j=1,j#n
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and
N
m= 11 #-
j=1,j#n

Assume that, for every 6 = (0,,07) € T, there exists v, < +00 such
that

(14) 195, 9(0) L2 jo,17) < K-

Then the solution y = y(t,0,,0%) as a function of 0., y : Ty, —
CO(T%; L%([0,T))) admits an analytic extension y(t,z,0%), = € C, in
the region of the complex plane

(15) Y(Tp;mn) :={z €C, dist(2,Ty) <7}

with 0 < T, < Yp-

Proof. From (13), the kth derivative of y with respect to 6,, satisfies
(I - K)oy y(t,0) =05 g(t,0), 0<t<T, OcT.
Thus,
(16) 108 yC, Oy < I = K) 105, 9, 20,1
Define for every 6,, € T',, the power series y : C — C°(T%, L*(Q2)) as

(2 —60,)F .
%('ﬂjny(t, 6,,,6).

k=0

Then, from (14) and (16), we have that

ly(t, z, )l cors, L2 ()

n?

I P L
<= K)7 Y ZTnagny(t,@m')||CO(F;,L2(Q))
k=0 ’

<= E) DY (12 = Onlyn).
k=0

Therefore, the series converges for all z € C such that |z — 6,] <
Tn < Yn- By a continuation argument, the function y can be extended
analytically on the whole region X(T,,, 7). O
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The next lemma gives an error estimate of the semi-discrete approx-
imation y,,.

Lemma 3.2. Assume that

(i) k€ C™H([0,T] x [0,T]) and g € CO(T',C™*1([0,T7])) in (1);
(ii) the graded partition of [0,T)] is given by

(17) tZ:(]\Z) T, i=0,...M,

where r(a) = (m+1)/(1 —«). Then there exists a positive
constant h such that

1y = ymllcomr, Lo l0,7))
< C(T,m. {ei}, @)l|gllcoqr,omi o, h™
holds for any h = T/M € (0,h) and collocation point set {c; };”:"11

Proof. Using [9, (6.1.17)] (see also [11, (2.1)] and [12, (2.1)]) we
have that

(18) y(t) = Z Xj,k(g)tijk(lia) + Um(tae)a te [OaT]a 0 e Fa
(j’k)()(
where
(j7k)a:{(jak)a j,keNo, ]+k‘(1—a)<m+1},

Uy € CO(C,C™F1([0,T])) and x;x(g) are constants depending on
g. Using the resolvent formula (6.1.11) of [9] we deduce that x; x(-)
are linear functionals defined on C°(T', C™*+1([0,T1])), i.e., there exist
constants C} , such that

X5,k (9)| < Cjrllgllcom,cmtrqom))-

Using the above estimate and following the proof of Theorem 6.1.4 of
[9] on the global error estimate (cf., Appendix), we derive that

ly=ymllcow,o. o)) < C(T,m, {ci}, a)llgllco,cm+rqorph™ . O

Lemma 3.3 ([4]). Under the assumptions of Lemma 3.1, there exist
positive constants C' and r,, n = 1,..., N, independent of m and p,
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such that
N

(19) [Ym = YmpllL2(o,merzr) < C Z Bn(pn) exp{—rnpir},
n=1

where

2T T )%
=1 "1 1 n .
" °g{|rn< TV e )]

Here T, is defined in Lemma 3.1.

We are now ready to give the error estimates for the numerical
solution ¥y, , to SVIE (1).

Theorem 3.4. Under the assumptions of Lemma 3.1 and Lemma 3.2,
there exist positive constants C and r,, n = 1,...,N, which are
independent of m and p, such that

N
1Y = Ymopll2(o,merzr) < C<hm+1 + Z B (pn) exp{—rnplr }>
n=1
where the parameters 0,, B, and r, are specified in Lemma 3.3.

Proof. By the construction of y,, , and the triangular inequality, we
have

(20) Ny = ympllzqoryerzacy < Iy = ymllz2qorerzm
+ [Ym = YmpllL2(0, e L2(T)-

The first term on the right-hand side of (20) only depends on the
temporal discretization. By Lemma 3.2, we have that

1/2
1y = YmllL2(o,merzr) = <// m (T)2p(0 )d7d0>
éHyfymlloo// p(6) dr df
rJo

=Ty — Ymlloo
< ChR™T
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The second term is the interpolation error between the semidiscrete
solution y,, and the full discrete solution y, ,, whose error is given by
(19) in Lemma 3.3. Combining these two error estimates, we obtain
the desired result. ]

Using the above error estimates and following arguments similar to
those in Lemma 4.7 and Lemma 4.8 of [4], we have the following error

estimates for the first two moments.

Proposition 3.5. The following hold

1E[y — ymplllz20,17) < CllY = Ymp
||E[y2 - yzn,p]”Ll(DRQ) < CHy —Ym,p

|L2([0,T])®Lg(ﬂ)a

|L2([o,T])®Lg(Q),

with C independent of the discretization parameters h and p.

4. Numerical experiments. In this section, we carry out numer-
ical experiments to verify the convergence results derived in the last
section and demonstrate the effectiveness of the proposed numerical
algorithm.

Example 4.1. In this example, we consider the stochastic Volterra
integral equation

1 t
) yltw) = [ (= sPe @) ds —gltw), 0<t<1,
0
with the forcing term

1
g(t,w) = §t2e*t + exp{[Y1(w) cos 7t + Yo (w) sin 7t

+ Y3(w) cos 27t + Yy(w) sin 27t]e 8},

Here, the random variables Y,,,n = 1,2,3,4, are independent and
identically distributed (iid) with zero mean and unit variance. The
exact solution is given by

o) = [1 =0 (s (1) v (1) )]

in the absence of the noise forcing term. In accordance with Theo-
rem 3.4, we choose the finite dimensional space for temporal direction
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as the space of piecewise polynomials of degree three with M = 1000
on [0, 1]. With such a large M, the overall numerical error will be dom-
inated by the error of the collocation approximation in the stochastic
dimension. Thus we can verify the exponential decrease of the col-
location errors in the stochastic dimension as the polynomial order of
the collocation interpolation increases. We consider two different cases,
the first case assumes uniform distribution for Y,, and the second case
assumes Gaussian densities. The corresponding collocation points are
the roots of either Legendre or Hermite polynomials.

Convergence w.r.t. p1, random variable Y1 Convergence w.r.t. p2, random variable Y2

q —©— Uniform density E[u] —&— Uniform density E[u]
—+— Uniform density E[u?] —F— Uniform density E[u?]
T 1070 <107
o o
° =]
c c
S I
= =
[} [}
£ -10 £ -10
5 10 5 10
i i
2 3 5 6 2 3 4 5 6
p1 p2
Convergence w.r.t. p3, random variable Y3 Convergence w.r.t. p4, random variable Y4
q —©&— Uniform density E[u] —&— Uniform density E[u]
—+— Uniform density E[u?] —F— Uniform density E[u?]
T 1070 S 10°
o w
o =]
c =4
< I
= =
[} [}
£ -10 £ -10
5 10 5 10
i i
2 3 4 5 6 2 3 4 5 6
p3 p4

FIGURE 1. Convergence results for the approximation of expected value and
second moment with uniform density in Example 4.1.

The computational results for the L?([0,1]) approximation error in
the expected value and the second moment are shown in Figure 1 with
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& Convergence w.r.t. p1, random variable Y1 = Convergence w.r.t. p2, random variable Y2
10 10
—&— Gauss density E[u] —&— Gauss density E[u]
—+— Gauss density E[u?] —+— Gauss density E[u?]

T 107 \
m ]
k=] =]
c c
s ., &
S 10 3
m m
c £
5 5
E 5 =
w 10 im)

10° 10°

2 3 4 5 6 2 3 4 5 6
pl p2
) Convergence w.r.t. p3, random variable Y3 = Convergence w.r.t. p4, random variable Y4
10 10

—&— Gauss density E[u] —&— Gauss density E[u]
—+— Gauss density E[u] —+— Gauss density E[u“]
\\\

2,
~,

Errorin E[u] and E[u“]
Error in E[u] and E[uz]
=
o

~

FIGURE 2. Convergence results for the approximation of expected value and
second moment with Gauss density in Example 4.1.

uniform density, while the corresponding results are shown in Figure 2
with Gauss density. In Figure 1, the vertical axis denotes the expecta-
tion errors between numerical solution and exact solution (the dot-line
and plus-line denote E(u) and E(u?) respectively), and the horizontal
axis denotes the degree of polynomial in certain direction p;. The four
sub-figures denote the error for different directions py, p2, p3 and py,
and we use similar notation for the rest of the figures. To estimate the
computational error in the ith direction corresponding to a multi-index
p=(p1,...,Di,...,PN), we approximate it by Ele] = E[Ym.p — Ym.5l,
with p = (p1,...,pi+1,...,pn). We proceed similarly for the error in
the approximation of the second moment. As expected, the estimated
approximation error decreases exponentially as the polynomial degree
increases. As shown in [4], these results indicate the exponential decay
of the errors with respect to the degree of the polynomials used in the
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Convergence w.r.t. p1, random variable Y1 Convergence w.r.t. p2, random variable Y2
q —&— Uniform density E[u] q —&— Uniform density E[u]
—+— Uniform density E[u?] —+— Uniform density E[u?]

T 10° < 10°
[ [
o o
e 2
< a
) )
o w
£ o £ 0
e e
i} i

2 3 4 5 6 2 3 4 5 6

pl p2
Convergence w.r.t. p3, random variable Y3 Convergence w.r.t. p4, random variable Y4
q —&— Uniform density E[u] q —&— Uniform density E[u]
—+— Uniform density E[u] —+— Uniform density E[u]

< 10° < 10°
[ [m
o o
e 2
< a
= =
w w
£ £ 0
5 10 5 10
i} i}

2 3 4 5 6 2 3 4 5 6

p3 p4

FIGURE 3. Convergence results for the approximation of expected value and
second moment with uniform density in Example 4.2.

spectral collocation approximation.

Example 4.2. In this example, we consider the following test problem

1

(22) y(t,w)zi/o (t — 5)"V2y(s,w)ds + g(t,w), te€ (0,T]

with the forcing term
1
g(t,w) = —§7Tt + V't + exp{[Vi(w) cos 7t + Ya(w) sin it
+ Y3(w) cos 2t + Yy (w) sin 27t]e /).

Here, the real random variables Y,,n = 1,...,4 are iid with zero
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S Convergence w.r.t. p1, random variable Y1 S Convergence w.r.t. p2, random variable Y2
10 10
—©&— Gauss density E[u] —6— Gauss density E[u]
—+— Gauss density E[u?] —— Gauss density E[u?]

Il

&
]

&

'
A

-5

10

-5

Error in E[u] and E[uz]
=
Ol
L
Error in E[u] and E[uz]
=
o

10

10 10

N
w
IS
o
o
N
w

IS
o
o

pl p2

5 Convergence w.r.t. p3, random variable Y3 = Convergence w.r.t. p4, random variable Y4
10 10
—&— Gauss density E[u] —6— Gauss density E[u]
—+— Gauss density E[u?] —F— Gauss density E[u?]

Error in E[u] and E[uz]
=
O‘
S
Error in E[u] and E[u2]
=
o

FIGURE 4. Convergence results for the approximation of expected value and
second moment with Gauss density in Example 4.2.

expectation and unit variance, and the exact solution is
y(t) = Vit

in the absence of the noise forcing term. Since the kernel has weak
singularity, we use the geometric partition in the temporal direction
given by (17) with r = 1/2.

In our numerical simulation, we choose T' = 1, K = 1000, k =
1/1000, n = 14 and p = 0.5, i.e., the partition is given by

1 15—m
to =0, tm:<2) k, 1<m<15,
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tm = (m—15)k, 17 <m < 1014.

Similar to the first example, we choose the finite dimensional space for
the temporal approximation to be the piecewise polynomials of degree
three on the above given partition, which again makes the collocation
error in stochastic dimension dominate the overall numerical error.
The computational results for the L?([0, 1]) approximation error in the
expected value and the second moment are shown in Figure 3 with
uniform density, while the corresponding results are shown in Figure 4
with Gauss density. Once again, the graphs show the estimated
approximation error decreases exponentially as the polynomial degree
increases.

5. Conclusions and future work. In this paper, we describe and
analyze a stochastic collocation method for Volterra integral equations
of the second kind with random forcing terms. The input data are
assumed to depend on a finite number of random variables. We use
the collocation method in both the temporal direction and the proba-
bility space and provide a complete convergence analysis. Our analysis
shows the exponential convergence of the collocation method under the
analyticity assumption for the forcing term with respect to the param-
eterized random variables. In future research, we plan to apply the
stochastic collocation method to the stochastic Volterra integral equa-
tions with delays, which have many applications in practice. Future
research also includes the stochastic collocation method for stochas-
tic fractional differential equations that can be converted to stochastic
Voltera integral equations (see [17]).

Acknowledgments. The authors thank the anonymous referees
and the Associate Editor for their careful reading of the manuscript
and their valuable comments.

APPENDIX

The purpose of this appendix is to fill the details of the proof of
Lemma 3.2. To this end, we need the following technical lemma whose
proof is straightforward.

Lemma 5.1. Let I}, be the graded mesh of Lemma 3.2 on I = [0,T)
with grading exponent r > 1. If the {¢;} satisfy 0 < ¢y < -+ <epm <1,



A STOCHASTIC COLLOCATION METHOD 17

then for 1 </ <n <N —1 and v € Ny,

1 A e
/(t “5) s'ds <A(a)(n =07 (i=1,...,m)
0 he

with y(a) :=2%/(1 — a).

Proof of global error estimate in Lemma 3.2.  The proof follows
closely the proof of Theorem 2.2.1 of [9], except that now the local
(Peano) representation of the exact solution y on @, remains valid only
if n =1,...,N — 1. The collocation error e; := y — y,, satisfies the
error equation

tn

en(tn:) = / Hy(tni,s)en(s)ds + Hy(tn,8)en(s)ds
0

t1
(23) + hy, / Hy(tni, tn + shy)en(tn, + shy) ds.
0

Then the collocation error on the corresponding subintervals o, has
the local Lagrange (Peano) representation

m

(24) n + Uhy) ZLJ V)énj + AT Ry n(v), v e (0,1],

where {(t,, ;) := en(ty,;) and

with
Ko(v,2) = ﬁ{(v—z)j}_l ~Y L) (-2, 20,1,
: k=1

The exact solution of (13) can be written in the form
y(to+vhg) = Z Yk (@) (to+vho)HFA=D L pmY o(via), v e [0,1],
(G:k)a

with
(jv k)a = {(.]7 k) :jak € NOaj + k(l - Oé) < m}7
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and with obvious adaptation of the meaning of the definition of
Yin0(v; ). We rewrite this representation as

y(to + vio) Z 5.k ( j+k(1_a)vj+k(1*a)
(43,k)%
+ 3 r(a)pd TR k(e
(4,k)%

+ hy'Ymo(v;a), v el0,1]
where
Uy K)o = {0 k) : j + k(1 — @) € No, j + k(1 — @) <m},
and
U, k)a = {0 k) 1 j + k(1 — ) € No, j + k(1 — ) <m}.

With self-explanatory meaning of the coefficients c¢;x(a), we thus
obtain the local representation

(25)
m—1
y(to+vhy) = Z ¢jola YW +hE™ @, 0(v; @)+ Yo 0(v; @), v € [0, 1],
7=0
with

D, 0(v; @) = Z ¢ p(a)uIThi=a)
(k)
Suppose now that on o the collocation solution u, € an_f% (Ip) is
expressed in the form

m—1

to + ’Uho Z J70Uj, v e [0, 1].
7=0

This allows us to write the collocation error on &g as
to + Uho Z ﬂj 0 U. + h(l)_o‘ Z cj7k(a)uj+k(lfa)

(k)
(26) +h0 mo(v;a), v el0,1],

with 3 0(a) := ¢jo(a) —djo.
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We now return to the error equation (23) corresponding to n = 0.
It follows from

en(to + ciho) = (Vaen)(to + ciho)

= hg/ (Ci — S)_QK(tO + Cihm t() + Sho)eh(to + Sho) ds
0

that the unknown coefficients 8, ¢(a) in (26) solve the linear algebraic
system

[Vin = ho ™" Bo(a)]Bo(@) = hg~*qg (@) + hg'po(a).

Here, V;,, € L(R™) denotes the Vandermonde matrix based on the
collocation parameters {c;}, and the components of the vectors qg(«)
and pp(«) can be deduced from (6.2.40). Due to the continuity and
the boundedness of the kernel K and the remainder term R, o(-; «)
the inverse matrix [V,,, — hy~*Bo(a)] ™! exists for all a € (0,1) and is
uniformly bounded for sufficiently small hg. This in turn implies that,
since m > 1,
1Bo(e)lls < Bho™ (e € (0,1))

holds for some constant B, and thus

len(to + vho)| < [|Bo() ]l +v0(a)h™ + i (a)hg', v € [0,1],

with appropriate constants v (), v1(a) and hg € (0, k). If the grading
exponent r = r(«a) is chosen as r = p/(1 — ), with 1 —a < p < m,
then we have

By = (IN—")'=% = TI=0N=F = O(h") (h:=T/N),
and hence

(27) len

l0,00 1= max_|ey(to + vho)| = O(h*).
v€el0,1]

Assume now that 1 < n < N — 1. It follows from the error equation
(23) and the corresponding expression for (Vaep,)(t, ;) that

n—1
(28)  [Zm — h:z_aBn ())&, = Z héiaBr(f)(a)g@ + htl)ia(b(zo)(a)
(=1

n—1
+ R (@) + ) R0 (@)
=1
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described by the vectors

iy = ([ ()

T
-K(tnﬁi,to+Sh0)€h(t0+8h0)d8 (izl,...,m)) ,

pule)i= ([ e

T
K (tn,i,tn + Shn)Rmn(s;a)ds (z’zl,...,m)) ,

Lt —t -«
) ) = (/ (n,z 14 —S)
P’ (@) ; It

T
K (tni,te + she) R e(s; ) ds (izl,...,m)) .

As [9, Theorem 6.2.1] showed, [Z,, — h) *Bp(a)]”! exists and is
uniformly bounded whenever h, € (0,h): there is a constant Dg(c)
so that

(29) (Z, — i~ *Bn(a) Y1 € Do), (n=1,...,N —1).
Thus, (28) yields a generalized discrete Gronwall inequality,
n—1
) gl < Do) T HIBO @I
=1
el + RNl (@)1 + R lon (@)

n—1
) h’f“allpg)(a)lll) (n=1,...,N—1).
(=1

Using Lemma 5.1, assume now that £ < n—1. In this case, we obtain
1 —« 1 —« l—a
tn.i —te tn, —ty 1 t, —tp
5 _ l/d < _ d —
/0< he S) ’ S_/o( ha S) ’ 1a{( he )
th—te N\ 1 [ta—t\'®
hz o l1—« hz
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{9 17}

The application of the Mean-Value theorem to the function f(z) :=
(1 —2)t=2, with z := [(t, — t¢)/he] 7, leads without difficulty to

1 -« - —1\ —«
tni*tﬁ tn*tl tn*té
2 - ds < 1-6 _—

/0( he S) S_( he ) ( ”’K( he ) ) ’

where 6, ¢ is some number between 0 and 1. Since, as pointed out
above,

O<hy<h<--<hp1<h,<---<hy_1=h,
it follows that
tn—te  hpo1 4+ hepr +hy S (n—L0)he

hye hye - hy

=n—/,

and so

-1 -1
tn —to._ t, —t h h 1
1= s 1 () s (R s

whenever ¢ < n — 2.

Recall now the definition of the matrices BT(LZ)(Oz) and the vectors

p%)(a)(f < n) from [9, subsection 6.2.1]. It is easy to verify that

IBY (@)l < Di(a)(n—6)~* (£ <mn)

and
o (@) < Ri(@)(n— 0~ (£ <n).

with appropriate constants Dq(a) and Ry («) depending on m and the
bounds for K and the uniform norms of the Lagrange fundamental
polynomials L;. The inequality (30) now becomes

n—1
(31) €l < 70(@)h' =Y (0= O)7*(|Epy I + 71 (@)hg ™
=1

n—1
+y2(@)h T (@) YR T (= 0)7,
(=1

with 1 <n < N — 1 and appropriate constants v;(a) (i = 1,2, 3).
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Recall the generalized discrete Gronwall inequality and [9, Theorem
6.1.19]: we have 2, := ||€(y)||1, and the sequence {7, } given by

n—1

Y = 1 (@)hg™" (@) T 4 (@) Y RPN (- 07,
(=1
(n=1)
is clearly non-decreasing. Moreover, we have
Tlfa
<

n—1
S by =) <
=1

This is easily verified by observing that, for any uniform mesh,

tn n-1 .1
/ (t, —s) *ds = h*™® Z/ (n—1L€—5)"%ds
0 —0 7o
n—1

> hl—a Z(n _ g)—a

£=0

=1,...,N.
1_a7 n ) )

where the last expression represents the lower Riemann sum (left
rectangular quadrature approximation) for the given integral whose
integrand is convex on [0, t, ).

Hence, we have found a uniform upper bound for v,, namely,
Yo <7 0= m(a)hg ™ +y2(0) + AT 4 s(@)h™ T/ (1~ @)
= ()hy™* + [2(@)hg™* + ()T /(1 — a)]n™.
Combining with (31) leads to
1l < Br—a(r0(a)T(1 — a)(nh)'~®) - A= .7,
By using
nh <nrTN~' = (n/NyrT <+T, n=1,...,N,
we have
(32)  hy*=(TN ) =TleNTTUm) =l N

for any graded I, with grading exponent r = u/(1—a)(l—a <

(I-—a<p
Therefore, ||E,|l1 < Bh*(1 <n < N —1), and so, by (24) and (27
arrive at the desired global estimate for ||ep]|co-

< m).
i

)

we
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