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Abstract. In an interdisciplinary field on mathematics and physics, we examine a
physical problem, fluid flow in porous media, which is represented by a stochastic
partial differential equation (SPDE). We first give a priori error estimates for the so-
lutions to an optimization problem constrained by the physical model under lower
regularity assumptions than the literature. We then use the concept of Galerkin fi-
nite element methods to establish a new numerical algorithm to give approximations
for our stochastic optimal physical problem. Finally, we develop original computer
programs based on the algorithm and use several numerical examples of various sit-
uations to see how well our solver works by comparing its outputs to the priori error
estimates.
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1 Introduction

In the last decade, people in the scientific computing community have taken great interest
in the stochastic partial differential equations (SPDEs) and its solver called the Stochastic
Galerkin Method [4, 5,21, 29, 33]. In this paper, we use the idea from the Galerkin finite
element method to analyze optimal control problems constrained by SPDE and develop
its numerical solver.

The stochastic Galerkin method has been created and developed to analyze a stochas-
tic problem in the following sense. Suppose that we have a deterministic partial differen-
tial equation (PDE) that models some natural phenomenon; for instance, pollutant trans-
portation in groundwater. To improve this deterministic mathematical model, we assume
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that we replace some deterministic quantities in the PDE with stochastic input data. For
example, there may be lack of knowledge about some materials such as rocks and soils
for groundwater. For these unknown properties of rocks and/or soils, we would like to
use the concept of randomness in the model so that a new mathematical model with ad-
ditional random terms can represent better the natural phenomenon. If there are inputs
that are random, then the solution to the new model problem should also be including
randomness. We then need a stochastic domain, and may need to use probability theo-
ries to analyze the solution to the new model problem. Now the remaining question is
how we apply or modify a typical method such as the Galerkin Method to analyze the
new stochastic problem derived from a deterministic problem. The stochastic Galerkin
method actually answers this question, and it turns out to be a good method that requires
less computational efforts than Monte Carlo method in computing E[u] for sufficiently
strict accuracy requirements (see [4]). However, in case that one use many terms in the
K-L expansion of our coefficient 4, the Monte Carlo method is known to be most effective
(see [5]).

In this paper, we analyze the stochastic optimal control problems subject to SPDE by
using a similar approach in the literature that is used to solve SPDEs. For example, we use
the truncated Karhunen-Loéve (K-L) expansion as a main tool to convert the stochastic
optimal control problem to a coupled optimality system of deterministic PDEs. In fact,
in the last decade, based on the K-L expansion, there has been much progress in both the
analysis and the finite element approximations of SPDEs; see, e.g., [2-5,14,21,29,33,40].

Notwithstanding the many papers devoted to discrete approximations of solutions of
SPDEs and optimal control problems for SPDEs, the literature seems to lack L2(T; H} (D))
convergence results for optimal distributed control problems based on the K-L expansion
with both feasibility and efficiency of rigorous error analysis demonstrated via numerical
examples. The goals of this work are to establish the convergence of the solution of a
distributed optimal control problem with the K-L expansions, derive its error estimates in
the norm of the solution space under minimal regularity assumptions in the y-direction,
and show the practicability and effectiveness of our theories using numerical examples.

The problem we consider is the optimization problem

T f)=E (5 [ ju-up ax+E [ |17 ax (11)
2Jp 2/p
constrained by the stochastic elliptic PDE under the Dirichlet boundary condition:
—V-la(x,w)Vu(x,w)]=f(x), inD, (1.2a)
u(x,w)=0, on dD, (1.2b)

where [E denotes expected value, D the spatial domain, 0D its boundary, U a target solu-
tion to the constraint, B a positive constant that says the importance between two terms
in (1.1), and f a deterministic control acting in the domain. Here, our stochastic elliptic
PDE generally models fluid flow in porous media. Under the homogeneous Dirichlet



H.-C. Lee and J. Lee / Commun. Comput. Phys., 14 (2013), pp. 77-106 79

boundary condition, for almost every w € (), we look for a solution u, stochastic function
from D x Q) to R: where D C R? is a convex bounded polygonal domain, a: D x Q — R is
a stochastic function with a bounded, continuous covariance function (this is for the KL
expansion) and a uniformly bounded, continuous first derivative (this is for the regular-
ity of the solution u), and f € L?(D) is a distributed deterministic control. Note that in the
paper, V means differentiation with respect to x € D only.

To analyze this stochastic optimal control problem, we first estimate the error of the
solution to SPDE, and then use the Brezzi-Rappaz-Raviart (BRR) theory (this idea was
first applied to analyze constrained nonlinear optimal control problems in [28], and then
used many times in optimal control problems subject to PDEs; see. e.g., [11,26,27,31]) in
uncoupling the optimality system of equations that eventually gives us the error estimate
of the solution to the stochastic optimal control problem. Then at the end, we construct a
computational algorithm for our stochastic control problem and present some numerical
examples with a given target solution to the stochastic optimal control problem with a
distributed control in the domain.

Some remarks about the literature are in order. Originally, Ghanem and Spanos pro-
posed the stochastic Galerkin method as a spectral discretization technique in the ran-
dom dimension ( [23]). Recently, Stefanou [41] provided a review paper that summarized
past and recent developments as well as future directions in the stochastic finite element
method. In [5,7], as recent trends in developing the stochastic Galerkin method, the au-
thors of both papers converted the stochastic problem to a sequence of N-dimensional
(here, N is the number of terms in the truncated K-L expansion), parametric determin-
istic problems. The paper [17] applied an approximate K-L expansion to the solution to
reduce the set of deterministic PDEs, addressing computational efficiency of the spectral
stochastic Galerkin method to SPDEs.

The work [29] shows that the authors analyzed the stochastic optimal control prob-
lem subject to the elliptic SPDE under the Neumann boundary condition; the control
used was of the deterministic, boundary-value type. In [33], finite element methods for
a standard stochastic elliptic PDE-constrained optimal control problem was considered;
the Wiener-Ito (W-I) chaos expansion was used for the diffusion coefficient as a main an-
alytical tool; this shows some results in continuously differentiable solution spaces which
require more regularity assumptions. Unlike the references [2-5,14,21,40] related to this
paper, in [30], a different notion of SPDEs was provided using the W-I chaos expansion
and the Wick product based on a different physical modeling situation, e.g., the expec-
tation of the Wick product of a and u is the Wick product of the expectations of a and
u, which is not true in general for the standard product. In [37], using the Wick product
properties, a finite element approximation of the linear SPDEs driven by a multiplica-
tive white noise was presented. A key idea used there is to reformulate the SPDEs as an
infinite set of deterministic PDEs with the Wick product. Also, in [38], optimal control
problems for linear SPDEs with quadratic cost functionals and distributed stochastic con-
trols were considered using the Galerkin finite element method; the W-I chaos expansions
for both the solution and control were used. Recently, the work [39] proposed a stochas-
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tic finite element method to the optimal control problem. It also provided a number of
numerical examples to demonstrate the proposed formulation.

In [10], Loeb-space methods were used to prove the existence of an optimal control for
the two-dimensional stochastic Navier-Stokes equations in a variety of settings including
that of control based on digital observations of the evolution of the solution. In [16], the
authors consider a control problem for a stochastic Burgers equation. They studied a
sequence of approximated Hamilton-Jacobi equations by using dynamic programming.
In [15], the purpose was not only to prove existence of optimal controls but mainly to
characterize them by an optimal feedback law, i.e., they wished to perform the standard
program of synthesis of the optimal control that consists in the following steps: first
they solved (in a suitable sense) the Hamilton-Jacobi-Bellman equation; then they proved
that such a solution was the value function of the control problem and allowed them to
construct the optimal feedback law.

The plan of the paper is as follows. In Section 2, we represent a random field, in-
troducing the K-L expansion and its truncated expansion. In Section 3, we analyze our
constraint equation, stochastic elliptic PDE, transforming a stochastic problem to a high
dimensional deterministic problem and presenting a priori error estimates for the equa-
tion. In Section 4, we derived the optimality system of equations, showing the existence
of a Lagrange multiplier. Then in Section 5, we establish error estimate for the discrete
approximations of solutions to the optimality system. Finally in Section 6, we construct a
mathematical algorithm and give several numerical examples of stochastic optimal con-
trol problems constrained by the stochastic elliptic PDE under the Dirichlet boundary
condition.

2 Preliminaries and function spaces

2.1 Karhunen-Loéeve expansions

In this section, we introduce the K-L expansions, which is well known as a theoretical tool
for approximating stochastic functions; see [5,21,23,36]. If a(x,w) is a stochastic function
that has a continuous and bounded covariance function, it can be represented by

a(x,w)zlEa(x,w)—l- Z \% Anﬁbn(x)xn(w)r (21)
n>1
where EX,,(w)=0, E(X;,(w) Xy (w))=0nm, and (A,,$n(x)) are solutions to the eigenvalue
problem:

/Dc(xlrx2)¢n(xl) dx1=An¢n(x2), (2.2)

where C(x1,x2)=E(a(x1,w)a(xy,w))—Ea(x1,w)Ea(xz,w). We call this expansion the K-L
expansion of a(x,w).

Whenever we use numerical methods to approximate the solutions of mathematical
models, we use only finitely terms in expansions. Also, in realistic mathematical models,
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it is known that the random source can be expressed by finitely many random variables.
For those reasons, for the use of KL expansions in numerical methods, we define trun-
cated KL expansions from (2.1):

() = Ba(x,) + 3. v/ () X ). 23)
n=1

Remark 2.1. Later, for the existence of the solution to our stochastic PDE, we shall require
a to be between two positive constants; i.e., m <a(x,w) < M. For this condition, as a
practical example, a could have a log normal distribution (see [22]).

Not to have modeling errors in computation, it is natural to ask the convergence of the
truncated KL expansions. As such, we state the convergence theorem based on Mercer’s
theorem for the KL expansions.

Proposition 2.1. The truncated KL expansion ay (x,w)of a stochastic function a(x,w) con-
verges uniformly to a(x,w)

supE[(a(x,w)—an(x,w))*]=sup Y Aupi(x)—>0 as N—soo. (2.4)
xeD xeDp=N+1

The detailed convergence results can be found in the literature (e.g., see [4]).

2.2 Function spaces and notation

For our stochastic elliptic problems, we use a complete probability space (), F,P), where
Q) is a set of outcomes, F is a 0-algebra of events, and P:F—[0,1] is a probability measure.

We use standard Sobolev space notation (see [1]). For instance, H'(D) is a Hilbert
space with a norm ||+ || g1 (py; H{} (D) is the subspace of H'(D) whose function value is

zero on the boundary of D, and its norm is HuH%{](D) = [, |Vul* dx.
0

With these standard Sobolev spaces, we define stochastic Sobolev spaces as follows:
L*(;H"(D))={v:DxQ—=R | [[o]l;2(q,m(p)) <0},
where
2 _ 2 _ 2
101 o = [ 1o o) AP=ElI0l3

Similarly, we can define L?(Q;L?(D)). For simplicity, we let £2(D) = L2(Q;L?(D)) and
H{(D)=L*(;H}(D)). Note that these stochastic Sobolev spaces are Hilbert spaces.

For the weak formulation of our stochastic elliptic PDE, we introduce the following
notations:

b[u,v]:lE/ aVu-Vov dx (2.5)
D

and
[1,0] zlE/ uo dx, (2.6)
D

where E is the expected value.
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2.3 Existence and uniqueness of the solution

Using notations (2.5) and (2.6) introduced in the previous section, we can derive the weak
formulation of the strong formulation (1.2): seek u € H} (D) such that

b[u, ] =[f,v] YoeHL(D).

In this paper, to have the existence and uniqueness of the solution to our stochastic
elliptic problems (1.2), we assume that there are positive m and M such that

m<a(x,w)<M ae. (x,w)€eDx. (2.7)

Remark 2.2. For the condition (2.7) for a(x,w), as a practical example, a could have a log
normal distribution (see [22]).

Then from the Lax-Milgram lemma (see [8]), we have the following theorem about
the existence and uniqueness of the solution:

Theorem 2.1. Let f € L2(D). Then there is a unique solution to the following weak formulation:
find u€ H}(D) such that
blu,v]=[f,v] YoeH}(D). (2.8)

Proof. Note that from ellipticity condition (2.7), there exists M,m >0 such that
|b[u,v]| < M””HH})(D) ||U||H3(D) Vu,0€Hy(D)

and
m||v||3{é(D) <b[v,0] VveH(D).

On the other hand, we can easily see that there is a constant C >0 such that
|[f 0l <Cllolly o)

for any v€H} (D). Hence, by the Lax-Milgram lemma (cf. [8]), (2.8) has a unique solution.
O

Then from standard arguments in measure theory, we can show that the solution to
the weak formulation (2.8) solves our stochastic PDE (1.2) under the Dirichlet condition
(e.g., see [25]).

3 Models with finite dimensional information

As we discussed before, both because the random sources in realistic models can be ex-
pressed by finitely many mutually independent random variables and because infinite
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expansions should be handled by finite expansions in numerical methods, we assume
that we have finite dimensional information on a(x,w):

N
a(x,w) =Ea(x,w)+ ;m¢n(x)xn<w); (3.1)

i.e., from now on, our coefficient a(x,w) is the same as the truncated one ay(x,w) (see
2.3)).

Remark 3.1. For the truncated assumption (3.1), as was discussed in [4], assumption (3.1)
may be valid in its own right in practical applications; also, similar to the convergence
analysis of [4] for the truncated problem, we may prove the convergence of the truncated
control problem based on Mercer’s theorem.

Because our assumption (2.7) on a(x,w) does not automatically imply the bound-
edness of the truncated KL expansion (3.1), to have the existence and uniqueness of
the solution for our models with finite dimensional information, it is necessary that
Ea(x,w)+ YN 1 vVAnpn(x) X, (w) satisfy a similar condition (2.7); i.e., we assume that
there exist m, M >0 such that

m<Ea(x,w)+ % VA ()X (w) <M ae. (x,w)€DxQ. (3.2)
n=1

Remark 3.2. For the ellipticity assumption (3.2), we refer the readers to [22] for a discus-
sion of the ellipticity condition for a(x,w), where loga(x,w) is a Gaussian field.

We also assume that each X,(Q)) =T, C R is a bounded interval for n=1,2,---,N
and that each X, has a density function p, : I, = R*. We use the joint density p(y)
for any yeI' = ]‘[ﬁ’:ll"n C RN of (X1,X2,--+,XN). Under these assumptions, the solu-
tion of (2.8) can be expressed by the finite number of random variables; i.e., u(x,w) =
u(x,X1(w),Xo(w), -, Xn(w)); see e.g., [2,4,14].

Under the above assumptions, we have the following high-dimensional deterministic
equivalent weak formulation of (2.8) with the finite dimensional information:

/ p(y) / a(x,y)Vu(x,y)-Vo(x,y) dxdy = / p(y) / f(x)v(x,y) dxdy. (33)
r D r D
The strong formulation of (3.3) is

—V-[a(x,y)Vu(x,y)|=f(x), V(x,y)€DxT, (3.4a)
u(x,y)=0, V(x,y) €0D xT. (3.4b)

Then we have well-posedness of (3.4) because a is bounded. Also, by using the finite
element method, we can provide the solution to a SPDE from solving (3.4).
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For the high-dimensional elliptic PDE, we recall Sobolev spaces as follows:
LA([3Hg (D)) ={v: DXT =R | [0l 21,153y <0}
where
012 o) = L0 19135 ) dy=Elel,

Similarly, we can define L?(T;L?(D)). For 51mp11c1ty, we set EZ(D) = L[%(T;L*(D)) and
H{(D)=L*(T;H} (D)) likewise before.
Corresponding notations are

b[u,v]:/rp/DanVv dxdy  and [u,v]:/rp/Duv dxdy.

3.1 Finite element spaces

Let us first consider finite element spaces on D CIR?. Let X" and G" be families of finite el-
ement approximation subspaces of H} (D) and L?(D) that consist of piecewise linear con-
tinuous functions defined over a family of regular triangulations of D with a maximum
grid size parameter 1 >0. We assume that X" and G" satisfy the following approximation
properties:

(i) for all ¢ € H2(D)NH{ (D), there exists C >0 such that

i€, 19— ) < gl (35)

(ii) for all ¢ € H} (D), there exists C >0 such that

¢;ﬂ£hll¢ ¢"ll2(0) < Chllpll g (o (3.6)

Next, we consider finite element spaces on I CRYN. We partition I into a finite number
of disjoint RN boxes BZN , that is, for a finite index set I, we have

N .
r=Us¥=U] (@, ¥),
icl iclj=1

where BYNBN =@ for k#I €1 and (a{:, bf) CT;.
A maximum grid size parameter J >0 is denoted by

5:max{\b{—a{:]/2:1§j§NandieI}.

Let Y2 C L2(T) be the finite element approximation space of piecewise polynomials
with degree at most p; on each direction y;. Thus if P €Y, then ¢y € span(]_[]-lily;j :
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n; €N and n;j< pj). Letting p= (p1,p2,-+,pN), we have (cf. see [8]) the following property:
for all p € HP1(T),
N ”f“lpuLz

Jnf 19—l <:5”§j , (3.7)

where y=min<j<n{p;+1}if 6 <1and 'y:maxlngN{pj—l—l} otherwise.
We now think of finite element spaces on D xT, say V. Here, if 0" € V", 91 ¢

span(¢py° : ¢(x) € X" and ¥° (y) € Y?).
We denote by R" the H! (D)-projection from H} (D) onto X" and P the L2(T')-projection
from L2(T) onto Y°. Namely for each ¢ € H} (D),

(R',¢") 0y = (@0 oy Vo' €X'
for each p € L2(T),
(PP )12y = (") 12y V9° €Y°.
It follows from (3.5) that for all ¢ € H} (D) NH? and for some C >0, we have

l¢=R"¢ll1y(0) < CHllgll (o (3.8)
and from (3.7), for all € H?*1(T), we obtain

p+1
Y19y $llear

—p° <87 ) 3.9
le=P*pllzq ]z D) (39)

By using the last two inequalities, we have the following property; see [4]: for all u €
CPYYT;H?(D)NH{ (D)), there exists C > 0, which is independent of 1,6,N, and p, such
that

h hé
MAV =1

N p,+1
ho w310
inf lu—u"l|5p) <C | hllullszp)+ Z— : (3.10)

Remark 3.3. Because a(x,y) =FEa(x,y) + N v/Apu(x)y, €CPH(D xT), it is well known
that the solution u of (3.4) satisfies u € CP™1(T;H*(D)NH}(D)); see e.g., Lemma 4.1 in [34]
and Remark 5.1 in [5]. Also if we assume that f(x,y) € CP*1(T;L2(D)) (i.e., if f has a finite
K-L expansion) to carry out the analysis of the finite element method, then the solution u
of the following problem also satisfies u € C¥*1(T; H*(D)NH{(D)):

—div[a(x,y)Vu(x,y)|=f(x,y), V(x,y)eDxT, (3.11a)
u(x,y) =0, V(x,y) €dD xT. (3.11b)

Hence, under our assumptions, (3.10) makes sense.
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3.2 Error estimates for high dimensional elliptic PDEs

Recall that our goal is to solve (3.4). The stochastic weak formulation of (3.4) is as follows:
seek u € H}(D) such that for all v e H} (D),

blu,v]=[f,v]. (3.12)
Then we have the finite element weak formulation: find u¥ € V" such that for all v

Vh(S,
b[uh?, ") = [f, 7). (3.13)

We want error estimate of solutions for (3.12) and (3.13) in H(l,(D). Also we do the same
thing with a finite data g(x,y) instead of f(x). For these, we consider the following
lemmas.

Lemma 3.1. Let f(x) € L2(D). Then for any y €T, u(-,y) € H*(D) and there exists C >0 such
that

() 1520y S ClIf |2 (D)-
Proof. The proof of this lemma can be found in [18], for instance. O

Remark 3.4. For problems with ¢(-,y) € L?(D), we have

[uC )20y <ClCy) 2 (D)

Lemma 3.2. Let f(x) € L*(D) and ¢;j(x) € L*(D). Then for all j=1,2,---,N and for any y €T,
there exists C >0 such that

i+1
18y () |y
(pj+1)!

Proof. Without loss of generality, we show this for only j=1. Recall that a(x,y)=Ea(x,y)+

Zjlil VAP (x)y; :Z}io VAjpi(x)y; with Ag=1=yo and ¢ (x) =IEa(x,y). For convenience,
we set

) i+1
<Cllgyl1 7o) | fllz(oy-

N
a(x,y) = Z(:)ij(X)yj
j=

with redefined ¢;(x) = /A;p;(x).

If we take derivatives with respect to y; in (3.4), we find
=V (1 (x)Vu(x,y) +a(x,y) Vay, u(x,y)] =0.

Note that because u(x,y) =0 for any (x,y) € 9D xT, 9, u(x,y) =0 for any (x,y) €D xT.
Thus, by integrating over D after multiplying by d,, u, we see that

/qul(x)Vu(x,y)-Vay]u(x,y) dx—l—/Da(x,y)|V8ylu(x,y)|2 dx=0.
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This by the coercivity, implies
18y, () 3 () < Cllpt =0y |1 C9) i () 1y, u ) 1 )
From Lemma 3.1, we have

19y, u () [y 0y < CllPll ) | fll2()

We now assume that the following is true:

195 u ()Ml 2 0y < Cortl @l o oy 1 £l 20

Taking derivatives p; 41 times with respect to y; in (3.4), we obtain
—V-[(pr+1)¢1 () VO u(x,y) +a(x,y) Vo u(x,y)] =

After multiplying by BE;Hu integrating over D yields

(p1+1) /<P1 X)VoL u(-y)- Vo lu(-y) dx*/ (0, 9) [V tu(- ) 2 dx=0.

By the coercivity, Lemma 3.1, and our induction hypothesis (3.14), we find

195 ) iy 0y < CPr D) 0l () (a0 1 ) 1L 2
Thus, the assertion for j=1 follows from the last inequality by induction.
Remark 3.5. For problems with ¢(x,y) € CP*1(T;L?(D)), we have

105 ) g pitl -
czncf»]n"f* 1958 (- )ll2(p)
<P]+1)

We now have the following theorem.

87

(3.14)

Theorem 3.1. Let f(x)€L?(D), u be the solution of (3.12), and u" be the finite element solution

of (3.13). Then there exists C >0 such that

Hu—uh‘SHHé(D) S C(h+5’y)KHfHL2(D)

where K= Z] ;max{1, HQDJHPJH }
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Proof. As a consequence of (3.10), Lemma 3.1, and Lemma 3.2, we have

N ] 1[” 1

=1

+1
<C<thHLz +07 !!4>]pr A 2o )
=

<C(h+0MK| fllr2(p)

where K=Y max{1|¢fl|}~ p, }- O
Similarly, (3.10), Remark 3.4, and Remark 3.5 give the following remark.
Remark 3.6. For problems with ¢(x,y) € CP*1(T;L2(D)), we have
lu=1" 130y < C(A+8T)K (8|l 22 (3.15)

where

1 1-k
k= Lmax {10}, EH@H”’* 128l -

]

4 Stochastic distributed control problems

4.1 Existence of an optimal solution

In this section, we examine the existence of an optimal solution that minimizes our func-
tional (1.1). We first define

Uaa={(u,f) € Hy x L* such that (2.8) satisfied and J (1, f) < o0} (4.1)
be the admissibility set. Then (1, f) € U, is said to be an optimal solution of J (u, f) if for
all (u, f) € Uyq satisfying that ||u—i|,1 p)+ | f — fl12(p) < € for some >0,

J(1,f)< T (u.f) (4.2)
We now prove the existence of an optimal solution.
Theorem 4.1. There is an optimal solution (11, f) € Uyq of T (u, f).

Proof. We know that U, is not empty. We consider a minimizing sequence {(u("), f("))}
in U,; such that
lim 7 (u™, f")=inf T (u,f). (4.3)

n—eo ( f)euad
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Then the sequence {f("} is uniformly bounded in L?(D). This implies that the se-
quence {u™} is also uniformly bounded in #}(D). As a result, there is a subsequence
{(u), f0r) Y of {(u™),£()} that weekly converge. That is, there exists (1, f) € H}(D) x
L%(D) such that
u™ i weaklyinH}(D) and f") —f weaklyin L2(D). (4.4)
Note that { (")} is uniformly bounded in £2(D). Thus, we have
1) —~ f weaklyin £2(D). (4.5)

This implies that
[f0) 0] = [f,0] VoveL£?(D). (4.6)

Also note that {Vu("} is also uniformly bounded in £?(D). Thus, we have
Vul") ~ Vi weaklyin £2(D).

This yields
(Vu") w] = [Vi,w] YweL£*(D).

The fact that Vo€ £?(D) for ve H}(D) lead us to
[(Vu") Vo] — [Va, Vo] Yoe M} (D).
Because aVv € L2(D) for ve H} (D), we obtain
b[u™) v] = bla,0] YoeH)(D). 4.7)
With the help of (4.6) and (4.7), we can show that

b[a,0] = lim b[u™) 0] = lim [f") 0] =[f,0] VYoeH}(D). (4.8)

n;—o0 n;— 00

That is, (4, f ) satisfies (2.8) and hence (1, f ) €U,q. Using the weak convergence (4.4) and
the weak lower continuity of the functional J (+,-) we arrive at

J(@,f) < lim inf 7 (u™), f")) = inf T (u,f). (4.9)

ni—oo (1,f) €U

Therefore, (11, f) is an optimal solution. O
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4.2 The optimality system of stochastic equations

We will derive an optimality system of stochastic equations by using the Lagrange mul-
tiplier rule for the constrained minimization problem:

min J(u,f) subjectto (2.8). (4.10)
(”/f)euad

For the deterministic case, we know that there exists a Lagrange multiplier; see e.g.,
[18]. Thus, without proving the existence of a Lagrange multiplier, we could derive an
optimality system of the minimization problem in the deterministic problem; e.g., [32].
In the stochastic case, however, we first need to show that there is a Lagrange multiplier
before using the Lagrange multiplier rule to derive an optimality system of stochastic
equations. To show the existence of a Lagrange multiplier, we follow the method given
in [28].

We begin with the definition of the abstract class of minimization problems. Let G, X,
and Y be reflexive Banach spaces whose norms are denoted by ||-||¢,||-||x, and |||y and
whose dual spaces are denoted by G*,X*, and Y*, respectively. Let © be the control set
that is a closed convex subset of G.

We assume that the functional to be minimized takes the form

J(v,z)=AF(v)+AE(z) V(v,z) €XXO, (4.11)

where F is a functional on X, £ is a functional on ®, and A is a given parameter that is
assumed to belong to a compact interval ACIR,.
We define the function M:X x ®— X for the constraint equation M(v,z)=0 as follows:

M(v,z)=v+ATN(v)+ATK(z) V(v,z) € Xx0, (4.12)

where N: X — Y is a differentiable map, K:® — Y is a bounded linear operator, T:Y — X
is a bounded linear operator, and A € A.

With these definitions, we now consider the following constrained minimization prob-
lem:

min J(v,z) subjectto M(v,z)=0. (4.13)
(v,2)eX%O

The set of hypotheses needed to justify the use of the Lagrange multiplier rule and to

derive an optimality system can be determined is given by

(HE1) foreachz€®, v— J(v,z) and v— M(v,z) are Fréchet differentiable;

(HE2) z+— &(z) is convex;

(HE3) for ve X, N'(v) maps from X into Z <Y, where N’ denotes the Fréchet deriva-
tive of N.

Theorem 4.2. Let A € A be given. Assume that there exists an optimal solution (u,f) of (4.13)
in X x O and that (HE1)-(HE3) hold. Then there exists a k € R and a y € X* that are not both
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equal to zero such that

k(Tu(u, f)w) = (p Mu(u, f) - w) =0 VweX,
r;éiélﬁ(u,z,y,k) =L(u,f,uk).

Theorem 4.3. Let A € A be given. Assume that there exists an optimal solution (u,f) of (4.13)
in X x G, that (HE1)-(HE3) hold, and that the mapping z+— E(z) is Fréchet differentiable on G.
Then there exists a k€ R and a y € X*, not both equal to zero, such that

k(T (u, f),w)— (u,(I+ATN'(u))-w) =0 VweX,
k(E'(f),z)—(n,TKz) =0 VzeG.

Remark 4.1. For two Theorems 4.2 and 4.3, if 1/A is not in o(—TN’(u)), we may choose
k=1; see [28].

4.3 The existence of Lagrange multipliers and the optimality system of
stochastic equations

We are now ready to prove the existence of a Lagrange multiplier for our minimization
problem (4.10). The Lagrange multiplier rule may be used to convert the constrained
minimization problem into an unconstrained one. Then we find the optimality system of
stochastic equations.

Note that since our stochastic elliptic PDE has a unique solution regardless of the
choice of A, a parameter in the abstract setting, we take A =1.

Recall the stochastic optimal control problem:

minJ (u,f) subjectto M(u,f)=0 YoveH(D), (4.14)

where M(u, f) =b[u,v]—[f,v].

We define X =H}(D), Y=H"1(D), G=L2(D), and Z = {0}. Then clearly we have
Z ——Y. For the time being, we assume that the admissible set ©® for the control f is
a closed, convex subset of G. We define the continuous linear operator T € L(Y;X) as
follows. For g€ Y, Tg=u € X is the unique solution of

blu,v]=[g,v] VveX. (4.15)
We define the (differentiable) mapping N: X —Y by
(N(u),v)=0 YoeX (4.16)

and define K:G— Y by
(Kf)=—{fm) VpeX. (4.17)
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Then the constraint equation (2.8) can be expressed by u+TKf =0. We note that

f(u)zlE(%/D]u—ulzdx) and 5<f):JE<§/D\fyzdx). (4.18)

Next, we verify the hypotheses for the existence of Lagrange multipliers. First, notice
that (HE1) is obvious. Second, (HE2) holds because f +— £(f) = g 1£11%2 (p) Is convex.
Third, because for Vu e X, N'(u)-v=0€ Z<—<Y for Vv € X, (HE3) holds.

The Lagrangian is given by
L(u,f,¢,k)=kT (u,f)—b[u,c]+[f.¢]

V(u,f,¢k)e XxGxXxR.
By Theorem 4.2, there exists { = T*u € X such that

E—KkT* F' (1) =0, (4.19)
L(u,f,Ek) <L(u,z,EK) VzeO. (4.20)
With k=1, (4.19) becomes
e gl =[u-Ug VEeX @21)
and (4.20) implies that
Pratied-Llrstira20 vicoca @)

For each e€(0,1) and each t €©, set z=et+(1—¢) f € ®. Then from (4.22), we have

Bt f1 4Bl £ A1+ £2 20 Vico. (@.23)
By letting € — 0+ in the above inequality, we have
(t—f,Bf+¢]>0 Vi€O. (4.24)

We now consider the case ® =G. Note that the mapping z+ £(z) is Fréchet differen-
tiable on G. Hence, by Theorem 4.3, (4.24) becomes an equality and by letting z=t— f we
obtain

Bf+C,z]=0 VzeG. (4.25)

The system formed by Egs. (2.8), (4.21), and (4.25), which are necessary conditions
for an optimum, is called an optimality system. We now conclude this section with the
following theorem.

Theorem 4.4. Let (u,f) € H}(D)x L?(D) be an optimal solution of (4.10). Then there exists
EEHL (D) such that (4.21) and (4.25) hold.



H.-C. Lee and J. Lee / Commun. Comput. Phys., 14 (2013), pp. 77-106 93

5 Discrete approximation of the optimality system

In this section, we solve stochastic optimal control problems using results from previous
chapter and the Brezzi-Rappaz-Raviart theory. For this, we first introduce the theory.
Throughout this section, we assume that f € L?(D) for regularity of the solution.

5.1 Description of the Brezzi-Rappaz-Raviart theory

The B-R-R theory implies that the error of approximation of solutions of certain nonlinear
problems under certain hypotheses is basically the same as the error of approximation of
solutions of related linear problems; see [9,13,24]. Here for the sake of completeness, we
will state the relevant results, specialized to our needs.

Consider the following type of nonlinear problems: seek € X’ such that

Y+TG(p)=0, (5.1)

where T € L(V;X), G is a C2 mapping from & into ), and X and ) are Banach spaces.
We say that 1) is a regular solution of (5.1) if (5.1) holds and ¢+7 Gy (¢) is an isomorphism
from X into X'. Here G, denotes the Fréchet derivative of G with respect to ¢. We assume
that there exists another Banach space Z, contained in Y, with continuous imbedding,
such that

Gy(p)eL(X;Z) Ve (5.2)

Approximations are defined by introducing a subspace X" C X and an approximating
operator 7" € L(Y;X"). We seek y" € X" such that

"+ T"G(y") =0. (5.3)
Concerning the operator T", we assume the approximation properties
lim ||(7"=Tw||x =0 VYwe) (5.4)
h—0
and
lim || 7" — 1) =0. :
hlg(l)HT Tlzzx)=0 (5.5)

Note that whenever the imbedding Z C )Y is compact, (5.5) follows from (5.4) and, more-
over, (5.2) implies that the operator 7 Gy () € L(X;X) is compact.

We now state the result of [9] that will be used in the sequel. In the statement of the
theorem, D2G represents any and all second Fréchet derivatives of G.

Theorem 5.1. Let X and ) be Banach spaces. Assume that G is a C> mapping from X to ) and
that DG is bounded on all bounded sets of X. Assume that (5.2), (5.4), and (5.5) hold and that
Y is a regular solution of (5.1). Then there exists a neighborhood O of the origin in X and, for
h<hg small enough, a unique " € X" such that Y" is a reqular solution of (5.3). Moreover, there
exists a constant C >0, independent of h, such that

" —ylla <CI(T"=T)G(®)llx- (5.6)
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5.2 Recasting the optimality system and its discrete approximation into the
B-R-R framework

We first fit our optimality system and its discrete approximation into the B-R-R frame-
work to derive error estimates for the discrete approximation of the optimality system.
Then we obtain the desired error estimates by verifying assumptions in the B-R-R theory.

We set X =H} (D) x L>(D) x Hi(D) and Y = H (D) x H}(D). We define the linear
operator 7 € L(Y;X) as follows:

if and only if
b[a,v)=[F,0] YoeHL(D), (5.7)
bg.cl=[7.C] VZeH(D), (5.8)
[Bf+&2]=0 Vzel?(D). (5.9)

We define G: X — ) by o }
g(,f,6) = (=f,—a+U).
Then it is clear that the optimality system (2.8), (4.21), and (4.25) can be written as
(u, £,8)+T(G(u,f,8))=0. (5.10)

Hence, the optimality system is recast into the form of (5.1).
We now set X" = V" x Gl x V" where V" and G" are from Section 3.1.
We define the discrete operator Th e L(Y;X") as follows:

(ﬁhélfh,‘fh&) — Th<5 (7,”?)

if and only if
b[a" o) =[F,0"] Vo eV, (5.11)
B[, ch = [1,0] VM eV, (5.12)
B+, =0 vied" (5.13)
Then it is clear that the discrete optimality system,
b[uM o) =[] Vol e v, (5.14)
b[ghélghﬁ] — [uh(S _ ulghé] vgh& c Vhﬁl (5.15)
[Bf"+&",2" =0 vZ'e Gh, (5.16)

can be written as )
<uh5’fh’€h5) + 7—h¢> (g(uhélflghé)) —0.

Hence, the discrete optimality system is recast into the form of (5.3).
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5.3 Error estimates for the approximation of solutions of the optimality
system

In this section, we proceed to verify all assumptions in Theorem 5.1. We define first a
space Z=L2(D) x £L2(D). Then clearly this space is continuously embedded into ) =
H YD) xHYD).

Denote the Fréchet derivative of G(u,f,{) with respect to (u,f,&) by DG(u,f,§) or
g(u,f,g) (u,f,&). Then from G (u, f,¢), we obtain for (u,f,{) € X,

DG (u,f,&)-(4,f,&)=(—f,—a) V(ifEeX.

We now state the following propositions to have the error analysis for the stochastic
optimal control problems.

Proposition 5.1. 1. DG(u,f,§) € L(X;Z) for all (u,f,C)€X.

2. G is twice continuously differentiable and DG is bounded on all bounded sets of
X.

3. Forany (#,2) €, |[(T —T")(#,%)||x —0as h,6 0.
4. | T—T"| z(z,x)—0ashb6—0.

5. A solution of (5.10) is regular.
Proof. Similar proofs can be found in [29]. O

Note that the facts in Proposition 5.1 are all the assumptions of Theorem 5.1. Thus, by
that theorem, we obtain the following results.

Theorem 5.2. Assume that UeH{(D). Let (u,f,&) € Hy(D) x L*(D) x H{(D) be the solution
of the optimality system (2.8), (4.21), and (4.25). Let (u"°, f,&%) € Vh x G" x V1 be the solution
of the discrete optimality system (5.14), (5.15), and (5.16). Then we have

= gy o)+ 1F = 2y + 16~ 8% gy =0 a5 B850,
Moreover, there exists C >0 such that
H“_”MH%{(%(D)“‘Hf_fh”%Z(D)"“H‘g_éh(suig)(p)
<C(R 4K (I fll72(py+ 1= Ul Z2(py), (5.17)

where
K= DT 1<SN, 0<k<p 1y
maXx ( ) ||¢]||L SIS N, USRS p;

Remark 5.1. In the above theorem, we used H}(D) = L?(I;H}(D)) instead of
CPTYT;HL(D)) since the assumption that our coefficient a4 has a finite K-L expansion
guarantees that our solution u is in CP*}(T;H}(D)) (see Lemma 4.1 in [34] or Remark
5.1 1in [5]). As a result, with the truncated K-L expansion of 4, our numerical solution is
supposed to be p+1 times differentiable in the y-direction.
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6 Numerical computation of stochastic control problems

In this section, we consider the space Z? C L?(D), where ZP = Z{" x Z}> x ---x Z}" and
Zh={v:T,—~R:vespan(1,y,, --,y")}. This space is a particular case of the space Y? in
Section 3.1 with no partition of I (instead, we increase only the polynomial degree). We
then think of finite element spaces on D x T, say V. Here, if v€ V', v € span(¢p : p€ X"
and ¥ (y) € ZP).

6.1 The discrete system of equations

Let {;(x)} be a basis of the space X" C H}(D) and let {1;(y)} be a basis of the space
ZP C L?(D). Then the solution of the discrete optimality system of equations is given by

X,Y) Zzuz‘jq’i(x)%‘(y)/ (6.1a)
& (x,y) Zéz;qol (6.1b)
:Zfiq’i : (6.1¢)

Recall the discrete optimality system of equations:
—/p/ aVuhP-Vvh’”dxdy-l—/p/ o dxdy=0 Vo'"P eV, (6.2a)
r Jo r Jo
/p/ Chpiyhdxdy-i-ﬁ/p/ fyldxdy=0 vy e Gh, (6.2b)
r /o r Jo
/ 0 / WP AP dxdy — / 0 / AV &N dxdy = / 0 / UNdxdy YA eV, (6.20)
r /o r /o r Jo
By substituting (6.1) into this system of equations (6.2), we have
[ o) [ aley) Vil (xy) Vo (x,y) dxdy
r D

=S (P00 [TV dady )

/ /f )" (x,y) dxdy = Z(/p )i (y /qu ) )dxdy>ﬁ,

Lew) [ &' () dxiy =) (fotm [ oo dray )&,

B [0 [ £ (o' ) duy= Z(ﬁ/p ) [ o) dxay ) £,
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/r p(y) /D u"? (x,y) A"V (x,y)dxdyzg( /r e(¥)¥; ()i (y) /D qoi(X)fpk(X)dxdy> uij,

o) [ aley) Ve (ey) VA" (x,y) dxdy

=X [emtn) [ acn Vot Vot dxay )
L]

/r p(y) /D U (x,y) A" (x,y) dxdy= /r p(y) /D U(x,y) e (x)¢1(y) dxdy

for any test function ¢ (x)y;(y).
We now look at only the right hand side of the first equation. Note that for y;(y) € Z,

we have ;(y) = [Th_1¢jm(ym), where 9, : T, — R is a basis function of ZP». With the
truncated K-L expansion of a(x,y), we obtain

/r e(y)¥;(y) i (y) /D a(x,y)V @i(x)V gr(x) dxdy

N
= o0 ) [ (Batx)+ L VRl ) Vo) V() duy
N
=K}, /rp(y)l/’j(y)l/’l (y) dy+ ZlK?,k /r yne ()i (y) i (y) dy
N .
:ng/r 1__[19711 <ym)lpjm (Yon) Y1 (Ym) dy

N N
+) Ky /ryn T Tom ) @i Yn) Wrm (ym) dy,
n=1 m=1
where
K= [ Ealxy)Vei(x) Vou(x) dx,
Ki= [V hau () Vi)V () .

Likewise, we could get the other equations. Next, we solve the linear system to deter-
mine u;;,¢;j, and f; that are coefficients of solutions of the discrete optimality system of
equations.

6.2 Numerical setting

In our numerical experiments, we assume for simplicity in calculation that our determin-
istic domain D is [—1,1] and each stochastic domain T’ is [—\/5, \/5] Also we suppose
that we have a constant density function. Then the assumptions EX,, =0 and VarX, =1



98 H.-C. Lee and J. Lee / Commun. Comput. Phys., 14 (2013), pp. 77-106

in the K-L expansion give that each uniform density function p(X,) is 2%/5 We thus

assume that the joint probability density function p of (X1,X>,--,Xy) in our numerical

experiments is S —

(2V3)N*
We consider now C(x1,xp)=e" [x1—x2| 45 a covariance function and solve the following
eigenvalue problem:

/De_‘xl_xﬂcpn(xl) dxy =An¢u(x2).

Then we have

1
$n(x) = ——=—=—===cos(v,x), ifnisodd,
1+ sin(2vy,)
20y,
1 . oo
¢n(x) = ———=sin(wyx), ifniseven,
1— sin(2w,,)
2w,
Ap= 2 if nis odd
n— 'U% +1/ 7
Ap= _2 if nis even
n— w% +1/ 7

where vy, is a solution of 1—vtan(v) =0 and w, is a solution of w+tan(w) =0; see [23].
Note that A, gets smaller as v, or w, gets larger; see Fig. 1. This actually means that
we would be okay with the truncated K-L expansion of the coefficient a for getting the
solution to our model problem.

Eigenvalues
14 T T

12

0.8

0.6

0.41 o

0.2

0 . ‘°Oooonnn°
6 8 10 12 14

Figure 1: Eigenvalue decay.
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6.3 Examples

We consider in this section a model problem under the homogeneous Dirichlet boundary
condition with the target solution U =sin(7tx)+sin(27rx): Find the solution of

N
—(a(xy)u'(xy)' =f(x) V(xy)e(-11)x I:Il(—\@,\@), (6.32)

u(x,y)=0 V(x,y)e{—l,l}xﬁ(—\@,\/g) (6.3b)
n=1

with flexible input data f(x) to minimize

s o1 2 B e
j(”’f)_i/ﬁW/l’”_u’ dxdy+§[1]f\ dx. (6.4)

Note that here ' means differentiation with respect to x only and that the finite K-L ex-
pansion of a(x,y) is given by

N
a(x,y) =Ea(x,y)+ Y} v Aun(x)Yn,
n=1
where (A, ¢,)1<n<N are eigenpairs of

/De_‘xl_xz‘fl)n(xl) dx1 = An¢n(x2)

from previous section.

We first try to determine the value of an appropriate f. As we can see from both
Fig. 2 and Table 1, for the fixed degrees of polynomials in each direction (in our first
experiment, the maximum degree of polynomials in y;-direction is 2 and y,-direction is
1), we see that the expectation of the solution u to the optimality system of equations
gets closer to the target solution U =sin(7tx) +sin(27rx) and E(|ju—U||?) and J (u, f) get
smaller, respectively, as the value of B becomes smaller. From these outputs, we choose
B=10"8 for future use.

Table 1: N=2, p=(2,1), h=1/16, Ea(x) =29, U=sin(mx)+sin(27x).

N| p E([Ju—U]]?) llils J(u,f) B
2 | (1) | 1.997425447584431 | 0.128653631686556 | 0.999355991950648 | 102
2 | (2,1) | 1.780363586837130 | 1.039174048299372e+003 | 0.942140495833533 | 10~*
2 | (2,1) | 0.335872718769967 | 3.144808537099188e+005 | 0.325176786239943 | 10~
2 | (2,1) | 0.002595035402397 | 1.385961737387668e+006 | 0.008227326388137 | 10~

In the second experiment (see Fig. 3 and Table 2), we see that for the fixed value of
B=10"8, the values of E(||u—U||?) and J (u,f) are getting smaller as the value of a step
size h gets smaller (these are expected results from our theory).
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Expectation of the solution of the stochastic optimality system Expectation of the solution of the stochastic optimality system
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Figure 2: N=2, p=(2,1), h=1/16, Ea(x) =29, U =sin(rx)+sin(27x), =102 (top left), B=10"* (top
right), B=10° (bottom left), B=10"8 (bottom right).

Table 2: N=2, p=(2,1), B=1078, Ea(x) =29, U=sin(rx)+sin(27x).

p E([lu—U][]?) il J (u,f) h
(2,1) | 1.015620708248161 | 1.185634739035894e+005 | 0.508403171493598 | 1/2
(2,1) | 0.017820040661929 | 1.920243067674646e+006 | 0.018511235669338 | 1/4
(2,1) | 0.003235859956492 | 1.487385001888898e+006 | 0.009054854987691 | 1/8
(2,1) | 0.002595035402397 | 1.385961737387668e+006 | 0.008227326388137 | 1/16
(2,1) | 0.002553103337046 | 1.361403189137369e+006 | 0.008083567614210 | 1/32

NN NN N2

We then use different polynomial degrees such as p=(3,2,1) and p=(4,2,2,1), which
give us similar results as before (see Figs. 4 and 5, Tables 3 and 4).

Remark 6.1. In our paper, we have focused on the error analysis for a control tracking
problem for SPDEs. As such, we have presented test examples to demonstrate both fea-
sibility and efficiency of our theoretical convergence results and error estimates using
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Figure 3: N=2, p=(2,1), Ea(x)=29, U=
sin(7tx) +sin(27tx), h=1/2 (top left), h=
1/4 (top right), h=1/8 (middle left), h=
1/16 (middle right), h=1/32 (bottom).

the solutions to Eq. (2.2) with the covariance function e~*1=%l. As an ongoing project,
we have been studying the case of a weakly correlated random field with a covariance
function for which the analytical solution to Eq. (2.2) is not available. This and other nu-
merical convergence and implementation issues including a white noise uncertainty will
be addressed in a follow-up paper.
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Table 3: N=3, p=(3,2,1), B=1078, Ea(x)=29, U=sin(rx)+sin(27x).
N| p E([lu—U]]) Iils J (u,f) h
31 (3,21) | 1.015622289855443 | 1.185628036060636e+005 | 0.508403958945752 | 1/2
3 |(3,2,1) | 0.018016364044239 | 1.919216112496113e+006 | 0.018604262584600 | 1/4
31 (3,2,1) | 0.003424910561098 | 1.486621685617537e+006 | 0.009145563708637 | 1/8
3 | (3,2,1) | 0.002782345885932 | 1.385255864189840e+006 | 0.008317452263915 | 1/16
3 1 (3,2,1) | 0.002739990423212 | 1.360711073244207e+006 | 0.008173550577827 | 1/32
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Table 4 N=4, p=(4,2,2,1), B=1078, Ea(x) =29, U=sin(rx)+sin(27x).
N P E([[u—U[[*) AP J(u,f) h
4 | (422,1) | 1.015712744147771 | 1.185337096442278e+005 | 0.508449040622107 | 1/2
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