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1 | INTRODUCTION

This article is concerned with the numerical simulation of flow through porous media. This is an example of a diffu-
sion problem in which the properties of the medium, such as the permeability, are not known in any precise way due
to the paucity and accuracy of available measurements. Quantifying the uncertainty of the model parameters and mod-
eling them as random variables means that the governing partial differential equation (PDE) is stochastic rather than
deterministic. When the stochastic PDE (SPDE) is equipped with suitable boundary conditions, which can be defined
as stochastic processes, then its solution is also a stochastic process. In this case the mean and variance provide useful
statistical information about the solution.

One of the most popular approaches for solving SPDEs is the Monte Carlo Method (MCM). This approach is based
on selecting an ensemble of realizations for the random input parameters from a given distribution. A deterministic
problem corresponding to each realization from the ensemble is solved and statistical quantities are computed from the
set of solutions. This approach is simple to implement since it can be based on the use of existing PDE solvers. However,
MCM is computationally very expensive since it converges sublinearly at a rate independent of the stochastic dimension.
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Consequently, MCM requires a large number of realizations to create meaningful statistics. This limitation has motivated
researchers to investigate acceleration techniques for MCM to improve its performance.

Multilevel Monte Carlo combines multigrid concepts with traditional MCM. The acceleration in convergence is guar-
anteed as most of the MCM simulations are carried out on coarse grids while only a very limited amount of time is spent
on finer grids. When applied to the solution of PDEs!? multilevel MC methods have been shown to be incredibly effi-
cient for problems with rough coefficients (ie, spatial random fields with large variance or small correlation lengths).
These types of problems, common to radioactive waste disposal applications, require a large number of random variables
(typically in excess of 100 modes in a Karhunen-Loéve expansion [KLE]) in probability space to accurately represent the
variability of the spatial random field.

An alternative class of methods to MCM is based on the discretization of SPDEs by the stochastic finite element
method (SFEM). However, in contrast to MCM, this approach can be computationally expensive since the discrete system
is significantly larger with the dimension of the problem growing factorially with the number of random variables used
to describe the input spatial random field. This phenomenon is known as the curse of dimensionality.

Solution strategies for SFEM depend on the choice of basis functions for the discretization of the stochas-
tic space. There are two popular choices. The first choice uses global tensor product polynomials.®> The advan-
tage of this approach is that it allows the global Galerkin system to be decoupled. However, this is restricted
to problems for which the permeability is approximated by normal or uniform random fields.* There is no evi-
dence that when the permeability is approximated by a lognormal random field (a very common assumption in
the groundwater modeling community), the global Galerkin system can be decoupled. Furthermore, this approach
has the disadvantage of the size of the stochastic space growing more rapidly than alternative methods such as
polynomial chaos. Solution strategies for this choice involve iterative solvers based on Krylov subspace recycling
techniques.*

The second choice is based on the polynomial chaos (PC) method as outlined in the original work of Ghanem and
Spanos.>® In this approach, spectral representations of uncertainty in terms of multi-dimensional Hermite polynomi-
als or polynomial chaos expansions are used to approximate both the model parameters and the solution. This enables
the stochastic equations to be replaced by deterministic systems of PDEs which are then truncated and discretized. The
original PC method was motivated by the Wiener chaos expansion in which Hermite polynomials are used to represent
Gaussian random processes. The PC approach was later extended to generalized PC (gPC) where other sets of orthogo-
nal polynomials are used to generate improved representations of more general random processes. This allows efficient
methods to be constructed for problems for which the uncertainty in the model parameters cannot be represented using
Gaussian random processes. The PC expansion is a projection of the input random variables onto the space spanned by
the orthogonal polynomials. Therefore, the rate of convergence depends on the smoothness of the solution as a func-
tion of the input random variables. The optimal choice of polynomials, in the L? sense, is the set that is orthogonal
with respect to the probability density function of the random variables that appear in the input variables. As MCM
requires the solution of many PDEs over the same computational domain, PC methods generate large coupled systems
of equations.

The large and highly structured linear system generated by the PC approach has to be solved using Krylov sub-
space iterative solvers. An efficient implementation of SFEM, which does not require the assembly of the global stiffness
matrix uses a block-diagonal preconditioner (subsequently referred to as “mean-based preconditioner”) for CG based
on an incomplete factorization of the mean stiffness matrix.”® Powell and Elman® replaced the incomplete factoriza-
tion with a black-box algebraic multigrid (AMG) solver. Ernst et al'® extended the implementation of the mean-based
preconditioner to the solution of stochastic mixed finite element method (SMFEM) systems. Ullmann* proposed a Kro-
necker product preconditioner for the stochastic linear (Gaussian/uniform random fields) and nonlinear (lognormal
random field) cases. The implementation of the Kronecker preconditioner was recently extended to the SMFEM!! and
significantly reduced the number of CG and MINRES iterations resulting in faster convergence. However, it is more
expensive to implement than mean-based preconditioners. A review of a large number of iterative solvers, including
one-level iterative methods, multigrid methods, and multilevel methods (for the stochastic discretization), can be found in
Rossell and Vanderwalle.!?

In this article, the PC approach is adopted. The derivation of the global Galerkin system is described and solution
strategies that take full advantage of its characteristic block structure are proposed. Numerical experiments in Part 1
showed that a symmetric block Gauss-Seidel preconditioner for CG provides a competitive alternative to traditional
mean-based preconditioners. Since information associated with the off-diagonal blocks of A is incorporated into the pre-
conditioned system, the conditioning is improved. As a result, CG requires few iterations to converge. This approach is
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particularly efficient for those cases in which the off-diagonal blocks of A hold significant information on the permeability,
that is, problems with large values of o.

It is evident from the literature and from our computational analysis that mean-based preconditioners cannot be
robust with respect to the permeability since they only include, in the preconditioned system, information associated with
the mean value of the spatial random field. The mean information is included in the blocks of the leading diagonal of the
global stochastic system, whilst variations (representing the variability of the spatial random field) about the mean are
contained in the off-diagonal blocks. When the latter contributions become important the mean-based preconditioner
performs poorly simply because this information is not included in the preconditioned system. For the stochastically
nonlinear case this situation is exacerbated by the fact that every block of the global system has non-zero entries.

To overcome this important limitation, we propose an alternative preconditioner for SFEM in which the off-diagonal
blocks of the global system are included in the preconditioned system using a block symmetric Gauss-Seidel (bSGS)
algorithm. The computational analysis clearly shows that block Gauss-Seidel algorithms used either as a preconditioner
for CG or as standalone solvers are more efficient than mean based preconditioners for the stochastically nonlinear
case and deliver considerable CPU savings. Although for some of the test cases considered, the standalone standard
Gauss-Seidel solver was the best performing solver, its performance deteriorated at a faster rate for test cases with large
standard deviation than preconditioned CG. Therefore, the main finding of this work is that CG equipped with a bSGS
preconditioner should be used to solve SFEM systems.

2 | THE MATHEMATICAL MODEL

The steady-state flow of water in porous media, whose material parameters are assumed to be unknown, is described
by a scalar second-order stochastic partial differential equation (SPDE). The parameter that is known with the greatest
degree of uncertainty is the permeability or hydraulic conductivity, C, which describes the ease with which a fluid can
move through pore spaces or fractures. The permeability is modeled as a random field.

Let u denote the pressure head or mean potential and q the velocity or flux. We assume that the medium occupies a
bounded domain D in R?, with Lipschitz continuous boundary I'. LetI' = I'p U 'y withI'p # @#and'p N Ty = @, whereI'p
and I'y denote the portions of I' where Dirichlet and Neumann boundary conditions on u are prescribed, respectively. The
tensor C is a 2 X 2 symmetric and uniformly positive definite tensor that represents permeability. Since the coefficients in
this tensor can never be completely known at every point in a heterogeneous porous medium, we assume that C = C(x, @)
is a random field. Furthermore, only statistical properties of C are assumed.

Let Q be the set of random events, § the minimal o-algebra of the subsets of Q, and P an appropriate probability
measure, then (Q, , P) denotes a probability space. Then C(x,®) : D X Q — R is a family of random fields indexed by x
such that for a fixed x € D, C(-, w) is a realization of the permeability and for a fixed realization w € Q, C(x, -) is a random
variable.

We define the space of square integrable random variables with respect to P, LIZ,(Q), as follows:

LAQ) = (& : Q- R;(£%) < w0},
where

<ﬁ=/ﬂmww.
R

Let ¢ be a real-valued random variable belonging to (€2, J, P) and suppose there exists a probability density function
p : R? > R such that the expected value of & is given by

€)= / $(@)p(w) do.
R
The mean value of the random field C at x € D is (C(x, -)), the covariance of C at X,y € D is

cov(x,y) = ((C(x, @) = (CEN(C(Y, ®) — (C(Y)))) = c0(x,y),

and the standard deviation is o(x) = 1/var(x) where var(x) = cov(x, x).
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2.1 | Primal formulation
In this formulation, we seek a random field solution u(x, w) : D X Q — R such that P-almost surely

-V . Cx, 0)Vu(x, ) = f(x) x €D,
ux, m) = g(x) x € I'p,
Cx,o)VuXx,w) - n=0 x €y, €8]

where n denotes the unit outward normal vector to I'y, g(x) is the prescribed constant pressure head on I'p, and f(x) is
the source or sink term. Note that f{x) and g(x) could also be random fields but in this paper they are assumed to be
deterministic functions. The solution of (1) enables the mean and standard deviation of u to be determined everywhere
in D. Once u has been determined, the velocity field q can be derived using Darcy's Law.

Define the solution space W and the test space W, to be the tensor product spaces of deterministic functions defined
on D and stochastic functions defined on the probability space as follows

W=XQLyQ), Wy=XQLyQ), (2)
respectively, where
X={veH'D): v=gonTp}, Xo={veH'D): v=00nTp}.

Then the weak formulation of the primal problem is: find u € W such that

(a(u, w)) = (L(w)), Ywe W, (3)

where
(a(u,w)) = < / Cx, &Vu(x, &) - Vw(x, é)dX>,
D

(Lw) = < / feom(, ¢>dx> . @
D

If the permeability tensor is strictly positive and bounded, that is,
0<k £Cx w)<k,<oo ae.in DXQ, (5)

then the Lax-Milgram lemma can be used to establish that there exists a unique solution to the problem (3).

2.2 | Mixed formulation

An alternative formulation that allows us to derive accurate approximations for the fluxes is to reformulate the primal
problem (1) as a first-order system by explicitly introducing Darcy's Law. In this formulation, the solution u(x, ) : D X
Q- R, qx, ) : DxQ — R?is sought of the problem

C'xX, 0)qx o)+ Vux,0)=0 x€D,
V-qx,0)=f(x) x€D,
ux,w)=gx)  x€lp,
gx, o) -n=0 xeTly. (6)

The solution of (6) gives the mean potential (or pressure) and normal fluxes together with information about their
mean and standard deviation everywhere in D.
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The solution spaces are the tensor product spaces Y = L?(D) ® LIZD(Q) and

V={veH(divD)®LyQ) : v-n=0onTyxQ}, (7)
where
H(div;D) = {v : ve L*(D)?, and V - v € L*(D)}. (8)
The weak formulation of the mixed problem is: find (u, q) € Y x V such that

(a(q,v)) + (b(v,w)) =(@gn-Vv)r,), WEeV
(b(g,w)) == ((f,w)), VweY ©)

where

<a(q7 V)> = < C_l(x’ é)q(X’ g) . V(X7 5)dX> >

/

(b(v,w)) = < / V- v(x, HW(X, é)dX>,
D
(/

((gmn-v)r,) = gx)(n - v(x, 5))dX> ,

D

(o) = < /D Foow(, ¢>dx>. (10)

There exists a unique solution to this problem provided that the bilinear forms are continuous and coercive and the
inf-sup inequality is satisfied.!* The permeability field is required to satisfy (5).

3 | PERMEABILITY APPROXIMATION

To convert the stochastic primal and mixed formulations into deterministic problems, we need to represent the stochastic
variability of the permeability tensor C(x, ) by an appropriate set of independent random variables {&;(w), ..., &i(w)}.
In Part 1,' two approaches were described to represent the stochastic variability of C(x, w). The first approach, herein
referred to as coloured noise, assumes that the permeability varies randomly throughout D according to a given correlation
function. In this case, the permeability coefficient is approximated using a KLE.%%15:16

The permeability tensor C(x, w) possesses a proper orthogonal decomposition

Cx, &) = p(x) + 0 ) VL&), an)
i=1
where pu(x) = (C(x%, w)) and {4;, f;(x)} is the set of eigenvalues and eigenvectors of the covariance function o(x, y):
/ ox,xX)fixNdx" = Lp(x),  i=1,... (12)
D

Since C is nonnegative definite, the eigenvalues are real and we label them in decreasing magnitude 4; > 4, > ....

When the correlation function is of exponential type and D is a rectangular domain, there exists closed-form solutions
to the eigenvalue problem (12) (see Ghanem and Spanos,® for example). In this article, we make full use of the closed-form
solutions and only random fields whose correlation function is of exponential or square-exponential type are considered.
Examples in which the eigenvalue problem is solved numerically can be found in Lu and Zhang!” and a description of
numerical algorithms is provided in Ghanem and Spanos.® In such cases, the additional computational cost of solving
the eigenproblem (12) needs to be considered.
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In the coloured noise approach, C(x, w) is approximated by a truncated KLE, C4(x, £é(w)), where d is the number of
terms retained in the the KLE (11). The quadratic mean square convergence of C4(X, £(w)) to C(X, é(w)) is guaranteed as
d — . The choice of d usually depends on the rate of decay of the eigenvalues. For example, in applications where the
eigenvalues decay slowly due to small correlation lengths, d may have to be very large.

Xiu and Karniadakis'® used uniform random variables, hence ensuring that C;(x, £(w)) is bounded between two pos-
itive values with probability 1. A consequence of this approach is that the random variables in (11) are not guaranteed to
be independent, thus this condition needs to be assumed explicitly.'

The second approach, herein referred to as white noise, assumes that the permeability varies randomly and indepen-
dently in D. This approach is often used to approximate parameters such as rainfall or groundwater recharge, which
generally do not show strong spatial correlation. Although the permeability is spatially correlated, in practical applica-
tions, the domain D can be decomposed into subdomains corresponding to hydrogeological units on which piecewise
constant hydraulic properties are assumed to hold. Different statistical parameters can be assigned to different regions of
D, thus reflecting the diverse hydraulic behavior of natural deposits. A coarse subdomain decomposition of D is performed
and a continuous random field Cy, is associated with each subdomain Dy, k =1, ..., Np, such that

ND
Ca(x, &) = | Ca, (%, &(@)),
k=1

where Np is the number of subdomains in D. Each subdomain Dy, which may be of irregular shape, is enclosed within
a rectangularly shaped domain D;{, that is, Dy C Dl,c’ for k =1,...,Np, chosen to be the smallest rectangle enclosing Dy.
Although a KLE is implemented for each subdomain Dy, the eigenvalue problem (12) is solved with respect to D;{.

When the conductivity coefficient C(-, ) is assumed to be a Gaussian process, the random variables &; in (11) are
normally distributed. In these circumstances, the random variables have the desirable property of being uncorrelated
and independent. However, this also makes problems (1) and (6) ill-posed since the diffusion coefficient is not bounded
below and above by positive constants.® In fact, it is well known that the permeability is required to satisfy (5). Although
Gaussian functions possess an infinite spectrum, it can be shown that well-defined discrete solutions can be obtained if
a relatively small variance is used.

From a mathematical point of view, the white noise approach possesses significant advantages with respect to sin-
gle domain KLE-based approaches. For example, the linear systems are tridiagonal,?’ which means that block diagonal
preconditioners can be constructed to solve these problems efficiently.

4 | POLYNOMIAL CHAOS FORLOGNORMAL RANDOM FIELD

Although Gaussian processes are commonly used to model uncertainty in engineering problems primarily due to their
simplicity, in some cases, it is preferable to use a lognormal process, particularly when the quantity under consideration
is constrained to be always positive. This is true when modeling the permeability or hydraulic conductivity of a porous
medium. Lognormal random fields are very popular among physical scientists and modelers for various reasons. First,
there are several studies, the data of which are summarized in References 21 and 22, that show that parameters such as
hydraulic conductivity or transmissivity are often lognormally distributed. Second, although the lognormal distribution
possesses an infinite upper bound, it only admits the positive part of the physical spectrum. This is obviously consistent
with the physical properties of these parameters. There is substantial evidence, direct and indirect, that supports the view
that the permeability is described by a lognormal distribution (Freeze??).

The random field C4(%, é(w)) is a lognormal random field if the logarithm of C4 is a Gaussian random field, that is,
lognormal random fields are of the form exp(g(x, £)) where g is a Gaussian random field. Lognormal random fields can
be characterized by defining the mean field and covariance of the underlying Gaussian random field.

In Section 3, we have seen that a Gaussian random field can be approximated by a truncated Karhunen-Lo¢aussian
process

Lx, ¢()) = exp(C(X, &(w))). (13)

If we discretize C(x, £(w)) using the truncated KLE, C4(x, £(w)), then

L4(x, ¢(@)) = exp (Ca(X. &(@))) . (14)
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There are advantages to using truncated KLE in polynomial chaos. For example, the optimal mean square convergence
property of the KLE mentioned earlier means that the number of variables required for a given accuracy is minimized,
hence limiting the system size.

Since L4(x, é(w)) is a random variable, it can be projected onto a polynomial chaos basis of order p

I4
La(x,E@) = Y L) 1i(&), (1s)
k=1

where L; are deterministic functions derived from (14) and for which closed forms can be obtained algebraically (see
References 4,6,24-26) and y; are multi-dimensional chaos polynomials in d random variables &, ..., &4, of degree less
than or equal to p.

5 | STOCHASTIC FINITE ELEMENT APPROXIMATION

The implementation of the spectral stochastic finite element method (SSFEM) for discretizing the weak formulation of the
primal problem (3) involves separate discretizations of the deterministic and stochastic spaces. According to the Galerkin
method, we define the finite-dimensional subspaces S" c Xpand T" c L*(Q)such that W" = S" @ T" ¢ W = X, @ L3(Q).
The discrete variational formulation of (3) is: Find u® € W" such that

(a@", wh)) = @Lwh). v e wh (16)

The deterministic space Xj is discretized using the classical finite element basis functions ¢;(x), i =1, ..., N,, where
N, is the number of finite element nodes. These basis functions are piecewise linear on a partition Z" of D defined by
triangular finite elements T;,i =1, ..., N,, such that,

where N, denotes the number of finite elements. Here h denotes the discretization parameter and describes the size of
the finite elements in Z”. Let E" be the collection of numbered edges, e;, i =1, ..., Negge, Where Negge is the total number
of edges in Z".

The stochastic space L*(Q) is discretized by means of polynomial chaos of order less than or equal to P in d random
variables &, i = 1, ..., d. The polynomial chaos basis for T" contains multidimensional polynomials of degree less than or
equal to P, T" = span{y, ..., yp} where

!
P (d +p).’
d!p!

7)

and d represents the number of random variables (number of terms retained in the KLE expansion). The polynomial chaos
basis is chosen so that the following orthogonality condition is satisfied

ix) = ()6 (18)

In this article, the probability measure corresponds to that of a d-dimensional normal distribution. Hence, the basis
for T" consists of d-dimensional Hermite polynomials.

51 | Linear system

To obtain the discrete linear system associated with the weak formulation (16), the mean potential u is approximated by

u

P N, P
WxE =YD U 5@ = Y ux) x(@. (19)
s=1

s=1 r=1
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Substituting the expansion (19) for u” in (16) and choosing test functions w" = ¢ (x) yi(&),k =1, ... ,N,,1 =1, ..., P,
yields the linear system of equations

Au=f, (20)

where A is a sparse matrix of size Ny, P X N, P with a block-structure

Ajq Ay . Ay u; f,
A= 1:42,1 1:42,2 1:42,P Cu= 1:12 £ = f;z (1)

Ap1 Apy ... App up fp

The diagonal blocks of A are defined as tensor products of the mean stiffness matrix, Ky, and {y;)?, that is,
Ai,i:<ll‘>2®KOs i:19"'9Ps (22)
where
Ko)rs = / HX)Vr(X) - Vs(x)dx, (23)
D

and u denotes the mean value of the conductivity field C(x, &). The off-diagonal blocks of A are tensor products of the stiff-
ness matrices, Kj, with the coefficients of the polynomial chaos expansion, ¢;j; = (&ixixj), Lj=1,...,P,andl=1,...,d,
that is,

d
A= [CGx)] ® K, (24)
=1
where
K)rs = oV A | BOV(X) - Vey(x)dx. (25)
D

Thus, the coefficient matrix A can be expressed in the tensor product form (see Powell®)

d

A=GO®K0+ZGk®Kk, (26)
=1

where the entries of the stochastic matrices are defined by

(GO)r,s = <){r9 )(s>v (Gk)r,s = <§k)(r)(s>-

It is evident that the sparsity of the global stochastic coefficient matrix A is governed by the coefficients of the polynomial
chaos expansion, while the sparsity of the blocks of A is determined by the sparsity of the deterministic finite element
stiffness matrix.

The maximum degree of the polynomial chaos expansions of u and L(x, -) should be different. In fact, it can be shown
that for the Galerkin matrix A to be positive definite*!%2” all polynomials of degree less than or equal to 2P have to be
included in the polynomial chaos expansion of L. It is only when this condition is satisfied that a full Galerkin projection
of the polynomial chaos expansion of L is obtained. Following Ullmann,* the number of chaos polynomials used for the
representation of L is

(d+2P)!
©odiep) @7

It can be demonstrated*?’ that the inner product { vk v: x;) is non-zero in only finitely many cases. In fact, { yx xix;) = 0

for all y; with total degree greater than 2P. A consequence of this observation is that given a fixed number of random
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FIGURE 1 Block sparsity pattern of A for different values of N. A, N = 20 Kronecker products. B, N = 35 Kronecker products. C,
N = 56 Kronecker products. C, N = 84 Kronecker products [Colour figure can be viewed at wileyonlinelibrary.com]

variables d, the infinite polynomial chaos expansion of £ automatically truncates itself as part of the SG method (see
Figure 1D). Hence, since the expansion truncates naturally, no error is incurred in the representation of L.

To make this clearer, let us consider the case in which d = 3 and p, = 3. According to (17), the size of the stochastic
space for the approximation of u is P = 20. Now, the number of Kronecker products N can take the value 20 if the same
maximum polynomial order, p,, is used for the expansion of the lognormal conductivity coefficient. Alternatively, maxi-
mum polynomial orders of 4, 5, or 6 can be used to give the number of Kronecker products corresponding to 35, 56, or 84,
respectively. Although any value of p, can be used, it is only for p, = 6 (p; = 2p,), which corresponds to N = 84, that a
full Galerkin projection of the lognormal random field is obtained. Furthermore, only in this case is the global Galerkin
matrix A guaranteed to be positive definite (see remark 2.3.4 of Ullmann?).

Figure 1 illustrates the block sparsity pattern of A for different values of N. Note that if polynomials of maximum order
pr = 6 are used for the chaos expansion of the permeability tensor, then every block of A is non-zero (see Figure 1D). If
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polynomials of order higher than six are considered, the matrices G, corresponding to orders higher than 2P will have
only zero entries.

5.2 | Implementation and solution strategies

The dimension of the global coefficient matrix A grows rapidly with p and d, which means that it is never completely
assembled due to memory constraints. As originally observed by Ghanem and Kruger,’ it is necessary to store d + 1
matrices of size N, X N,, corresponding to each Ky, k = 0, ..., d, in (26) and the non-zero entries of the stochastic matrices
Gk.

The discrete linear system (20) is solved using the preconditioned conjugate gradient (PCG) method. The first pre-
conditioners that were developed for the iterative solution of this system were based on incomplete factorizations of the
diagonal blocks of A.”# We define the block-diagonal preconditioner Ppdiag and the mean preconditioner Pyeq, by

7)bdiag = Go ® Ko, Prean =1 ® Ko, (28)

respectively. Each PCG iteration involves the solution of a system of the form Pz = r, where r is the residual vector. This
requires the solution of P subsystems of equations each of size N, X N,, with coefficient matrix Kj.

Powell and Elman’® claimed that any efficient deterministic solver can be used for the solution of the P subsystems
and proposed the use of one V-cycle of black-box AMG. The crucial advantage of using black-box AMG is that the
computational cost of one V-cycle is linearly proportional to the discretization parameter h.

It is observed that, when Gaussian random variables are employed, the preconditioned system is positive definite
only when the variance and the order of the polynomials are small.® This is a consequence of the infinite support of
the Gaussian distribution and the violation of condition (5) for the permeability tensor. Preconditioned CG breaks down
when this condition is violated. Therefore, the use of Hermite polynomials is limited to problems with small variances.

For the SFEM method to be computationally efficient and competitive with respect to traditional sampling methods,
the CG method needs to be equipped with robust preconditioners that are optimal with respect to h, d, p and especially
C. It is well known that the performance of preconditioners deteriorates for problems in which C has a large standard
deviation. This is due to the fact that the off-diagonal blocks of A, which are usually ignored when constructing these
preconditioners, become increasingly significant in this case.

To overcome this deficiency, a new preconditioner that fully exploits the block structure of A is proposed. This precon-
ditioner ensures that important information contained in the off-diagonal blocks is captured when C has a large standard
deviation. This is achieved through the addition of an inner iteration to the preconditioning operation which essentially
implements a full inversion of the global stiffness matrix A using a bSGS algorithm. The preconditioner, which to our
knowledge has not been used in the SFEM context before, takes the form,

d

Posas = Go ® Ko+ ) G ® K. (29)
k=1

Note, however, that the preconditioner P, sgs is neither assembled nor inverted directly. Each inner iteration requires
the solution of P subproblems of size N, X N, using an appropriate fast solver such as UMFPACK or one V-cycle of AMG
for the deterministic problem under consideration. The symmetry of the preconditioner is guaranteed by performing two
iterative sweeps (forward and backward).

Two stopping criteria are used for the proposed algorithm. The inner iteration is terminated when

sz - zk_lu <e,

o

where e = 1078 unless a maximum number of iterations maxitb is achieved. At this stage, the current approximation for z
is chosen to be the preconditioned residual needed within the current CG iteration. In general, the CG algorithm should
decrease the number of CG iterations and, in particular, it should improve the iteration count for those problems for
which the off-diagonal blocks of A are as significant as the diagonal blocks, that is, problems in which the spatial random
field has a large standard deviation.
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6 | STOCHASTIC MIXED FINITE ELEMENT APPROXIMATION (SMFEM)

The approach to SMFEM for solving the mixed variational problem (6) is similar to the one presented in
the previous section. However, the mixed finite element approximation requires the definition of subspaces for
H(div;D) in addition to L*(D). We consider the Raviart-Thomas space of lowest order RT, as a suitable space
for the approximation of the velocity solution and My(K) is defined to be the space of piecewise constant
functions.

The stochastic space L?(Q) is discretized by means of polynomial chaos. The spaces for the stochastic approximation
are consequently given by V* = Y ® T" ¢ V = H(div; D) ® L*(Q) and W' = X" ® T" ¢ W = L*(D) ® L*(Q).

The discrete variational formulation of (9) is: find q" € V* and u" € W" such that

(a(@", V") + (" uM) =((gn-v)r,), Whevh
(b(@", wh) =— (. wh).  vw'ewh (30)
6.1 | Linear system

The potential u" and flux (or velocity) q" are expressed in terms of the expansions

P N, P Negge
W8 = ) N w0, q'®OH=Y Y 4 0x(©). (1)
s=1 r=1 s=1 r=1

Substituting for u” and q" using expansions (31) into (30), we obtain the discrete linear system

(33)(3)=(F), &

where A is a sparse symmetric matrix of size NeggeP X NeggeP and B is a sparse block diagonal matrix of size NP X N,gP.
The structure of C where
A BT
c=(34). (33

is governed by the coefficients of the polynomial chaos expansion, while the sparsity of each of the blocks of C corresponds
to the sparsity of the deterministic velocity matrix and the deterministic divergence operator.
The diagonal blocks of A are given by (22) with

(Ko)rs = / L v xdx, (34)
DH

while the off-diagonal blocks are given by (24) with

(Kirs = oV'hi / OV (Y (x)dx. (35)
D
The diagonal blocks of B are defined by
By = (1)’ ® Bo, (36)

where

Bo)rs = /‘fbr(x)V - ys(x)dx. 37

D
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When the permeability tensor is approximated in terms of a polynomial chaos basis of order p, A reduces to size
NeggeP X Neggep and is tridiagonal and B reduces to size N.p X N,4g.p. The diagonal blocks of A are given by (22), while the
off-diagonal blocks have the form

Ay = (ki) ®K, (38)
where
K5 = / wr(X)ps(X)dX. (39)
D
6.2 | Implementation and solution strategies

As for the SFEM method, the coefficient matrix C is never assembled. In addition to storing d + 1 matrices of size Negge X
Negge and the entries of the stochastic matrices Gy, we also store the matrix B of size N, X Negge.

The efficient solution of the saddle-point system (32) is an active field of research.!®?%2° The approach adopted
here follows the experience gained from solving the deterministic system. The system is solved using MINRES with a
preconditioner based on the approximation of the Schur complement by sparse direct or AMG methods.

For the stochastic system, we use a preconditioner that follows from its deterministic version given by

-(3)
where
N = diag(4) = Gy ® diag(Ky), (41)
and
V = BN"'B" = G, ® [Bydiag(Ko)'Bl] . (42)

Following the discussion for the second-order problem in Section 5.2, the preconditioner (40) is expected to be efficient
only for problems in which the spatial random field is characterized by small or moderate standard deviation. A robust
preconditioner with respect to o, for the mixed stochastic formulation remains an active area of research.

7 | COMPARISON OF SMFEM AND MCM

In this section, the SMFEM method is compared with MCM when lognormal distributions are used to describe the per-
meability tensor. The aim is to validate SMFEM against the established MCM approach. The simulations have all been
carried out in serial using MATLAB 7.4 on a laptop PC with 4GB of RAM.

Consider test problem 2 defined in Part 1. This problem, defined in the computational domain [0, 1], is similar to one
considered by Powell and Elman.’ Dirichlet conditions u(0,y) = 1 and u(1,y) = 0 are imposed on the vertical boundaries
and homogeneous Neumann conditions CVu - n = 0 are imposed on the horizontal boundaries. Thus, the dominant flow
direction is from left to right. The first order problem is solved in this section corresponding to the system of equations
described in (6).

The spatial discretization uses a triangular mesh with & = 1/64, thus the number of unknowns given by the mixed
formulation is the sum of the number of elements, N, = 8192, and number of edges, N,4; = 12 416. The stochastic space
is discretized in a similar fashion to the one described for the SFEM case, that is, polynomial chaos up to order p, = 4 are
used for both u and q.

Solution profiles for various values of p, and N, are shown in Figure 2. For the mean velocity (x-component) solution,
the profile presented is along y = 0.5 and for the variance solution is along x = 0.5. An in-depth convergence study for a
sampling point having coordinate (0.5, 0.5) is reported in Table 1.
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FIGURE 2 Variance solutions for test problem with lognormal distribution (SMFEM). A, Variance g, solution. B, Solution profiles of
variance g, solution [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Convergence analysis of MCM and

Ny = 10000 Ny = 20000 N, = 40000 SMFEM for test problem with lognormal
q, Sample mean 2.77182 2.77526 2.77055 distribution
Sample variance 0.30558 0.30873 0.30014
topy(sec) 6261 12524 25048
py=2 p,=3 =4
q, Mean 2.76780 2.76782 2.76782
Variance 0.29639 0.29726 0.29728
tcpu(sec) 44 388 2312

Abbreviations: MCM, Monte Carlo method; SMFEM, stochastic mixed finite element method.

Polynomials of order two are sufficient to achieve convergence to the fourth significant digit for the mean whereas
polynomials of order three are required to achieve the same level of accuracy for the variance. This is in agreement with
the convergence rate of the mean and variance solution for the potential recorded for the second order problem.

It is apparent from the data in Table 1 that the Monte Carlo mean for the x-component of the velocity field does not
converge for the sample sizes considered. This suggests that a larger sample is required to achieve the desired level of
accuracy. Equally, the variance does not converge for the maximum sample size herein considered.

Table 1 also includes solution timings for MCM and SMFEM. Although the data show that SMFEM is more efficient
than MCM, this conclusion cannot be generalized. In fact, the performance of preconditioned MINRES deteriorates sig-
nificantly for conductivity fields with large standard deviations when lognormal distributions are used. Evidence of this
is reported and discussed in Section 9.1.

8 | ITERATIVE SOLVERS FOR SFEM

The algorithms used for the numerical experiments are structured so that the coefficient matrix is never fully assem-
bled. Only the non-zero entries of the polynomial chaos coefficients (appropriately indexed) and N matrices (associated
with the polynomial chaos discretization of the spatial random field) are stored. However, in order to guarantee the
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TABLE 2 Dimensions of P, N, and total number of

unknowns P, =2 P, =3 P, =4
d=4
P 15 35 70
N 70 210 495
h=2 16335 38115 76 230
h== 63375 147875 295750
h=— 249615 582435 1164870
d=6
P 28 84 210
N 210 924 3,003
h=< 30492 91476 228690
h= 118300 354900 887250
h=-+ 465948 1397 844 3494610

well-posedness of A, N has to be very large. Hence, the memory requirements of SG for the stochastically nonlinear case
are significantly larger than the corresponding linear case.

In Part 1, it was shown that the version of the mean-based preconditioners, Ppgiqe and Ppeqn, based on an incomplete
Choleski factorization of K, was significantly less efficient than the AMG and UMFPACK versions. Hence, only the latter
two versions are considered. A symmetric Gauss-Seidel smoother is used for the AMG implementation. The simulations
have been performed in serial within the MATLAB environment installed on the SRIF-3 Cluster machine (Merlin) at
Cardiff University. Thus, the CPU timings reported in the following sections can be compared directly with those reported
in Part 1.

8.1 | Block-diagonal preconditioner
8.1.1 | Testproblem 1—variable ¢

This test problem is described in Section 7. The conductivity coefficient £ is a lognormal field, the spatial variability of
which is described in Section 7. The underlying Gaussian distribution has constant mean y = 1 and four different values
of the standard deviation are considered. The discretization parameter is fixed at h = 1/32.

The size of the stochastic space and the total number of Kronecker products are as those reported in Table 2 and the
total number of unknowns corresponds to those for 4 = 1/32 in Table 2.

The number of conjugate gradient iterations, preconditioned by Pjgieg, Nir, and fcpy are reported in Table 3. Set-up
times depend only on the size of the problem (which in this case corresponds to h = 1/32), and therefore, they are
approximately equal for all values of o.

The results presented in Table 3 can be summarized as follows:

1. The performance of the block-diagonal preconditioner deteriorates significantly for large values of standard deviation;
2. Nj and t¢cpy show exponential growth with respect to p,,, for both values of d;
3. There is a slight deterioration in d-optimality for p, = 4 for both versions of the preconditioner;

8.1.2 | Test problem 2—discontinuous-isotropic conductivity field

In this test problem, the domain D = [0, 1] is partitioned into four equal subdomains. Dirichlet conditions are imposed on
the vertical sidesI'p = {0,1} x [0, 1]. Homogeneous Neumann boundary conditions are imposed on the horizontal bound-
aries. The conductivity coefficient L is a spatially discontinuous lognormal random field. Four cases are presented, three
of which have constant coefficient of variation § and one with spatially variable §. The underlying Gaussian distributions
(one for each of the four sub-domains) are characterized by the following parameters:
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TABLE 3 CG iterations and solution

Py =2 Py =3 P, =4 timings for Pygiqs—Test Problem 1
tcpu tcru tcpu
N (sec) N (sec) Nj (sec)
11 0.7 14 4.73 17 28.66
16 0.96 23 7.83 30 50.05
23 1.38 34 11.52 48 80.09
29 1.74 51 17.38 80 134.01
13 1.32 16 5.76 19 32.56
18 1.23 25 8.98 32 54.67
24 1.69 37 13.3 52 88.93
31 2.1 54 19.33 83 142.59
11 1.97 14 25.48 17 239.24
17 3 24 43.65 30 419.48
23 4.05 35 63.48 50 697.9
30 5.27 52 94.26 83 1158.83
13 2.51 16 29.93 19 268.52
18 3.5 25 46.61 33 468.54
24 4.6 38 70.83 52 735.08
31 5.92 55 102.78 87 1239.99

,LlD1 = 1.0, ('FD1 = 0.5, ﬂDZ

=0.1,0p, = 0.05,

pp, = 0.01,6p, = 0.005, up, = 0.0001, op, = 0.00005;

,uDl = 10, GDI = 07, ,LlD2 = 0.1,6[)2 = 007,

pip, = 0.01,6p, = 0.007, up, = 0.0001, op, = 0.00007;

MDl = 10, GD1 = 10, /4D2 = 0.1,O'D2 = 01,

up, = 0.01,0p, = 0.01, up, = 0.0001, 6p, = 0.0001;

ﬂDl = 10, GDl = 10, ,L{D2 = 0.1,0’D2 = 007,

pp, = 0.01,0p, = 0.005, up, = 0.0001, op, = 0.0001.

A KLE is performed for each subdomain and the number d of terms retained in the expansion is the same for each
subdomain. The case in which different values of d are used in each subdomain has not been considered and is a subject
for further study. The same spatial model with [, = [, = 0.5 is used for each subdomain. The discretization parameter is
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TABLE 4 CG iterations

and solution timings for Py =2 P =3 P, =4
Ppdiag—Test Problem 2 tcpu tcpu tcpu

b= % N (sec) N;; (sec) N;; (sec)

d=4

UMFPACK 0.5 16 1.02 22 7.47 27 45.3
0.7 22 1.33 32 10.92 43 72.27
1.0 33 1.99 56 19.21 84 141.2
1.0,0.7,0.5,1.0 33 1.99 55 18.73 84 140.98

AMG 0.5 17 1.21 23 8.28 28 48.07
0.7 23 1.57 34 12.19 45 77.22
1.0 34 2.32 57 20.43 86 147.55
1.0,0.7,0.5,1.0 34 2.31 57 20.5 86 147.41

d=6

UMFPACK 0.5 17 3 23 41.73 28 392.59
0.7 23 4.08 34 61.76 45 633.19
1.0 35 6.19 58 105.52 90 1265.67
1.0,0.7,0.5,1.0 35 6.16 58 105.88 920 1261.79

AMG 0.5 18 3.48 24 44.69 29 420.91
0.7 24 4.61 35 65.76 47 670.45
1.0 36 6.9 61 113.85 93 1313.96
1.0,0.7,0.5,1.0 36 6.88 60 111.57 93 1320.7

fixed, h = 1/32, and the size of the problem is given in Table 2. Iteration count and timings for CG preconditioned with
the block-diagonal of A are given in Table 4. Also, for this test problem, the set-up times are approximately equal for all
values of 6.

Similar observations are drawn for this test problem as the ones highlighted in Section 8.1.1. The exponential growth
of Ny and tcpy with increasing p is also observed for this test problem. In addition, it appears that the deterioration in
the performance of the preconditioner is exclusively due to the increase in the value of ¢ in each subdomain from case to
case. In fact, in all four cases, the mean values up, p, p,.p, are equal. This indicates that the preconditioned solver is robust
with respect to discontinuities in the mean value of the permeability.

8.2 | Block symmetric Gauss-Seidel preconditioner

In this section, the same test problems presented in Section 8.1 are solved using a bSGS preconditioner for CG. The
algorithm used in the experiments is described in Section 5.2. A fixed number of iterations, maxitb, is used as stopping
criteria for Ppsgs, each iteration comprising a forward and backward sweep. The experiments reported in the following
sections are performed using maxitb = 1. The reason for this choice together with an in-depth analysis on the performance
of Pyscs for several values of maxitb is given in Section 8.2.3.

The UMFPACK implementation of the bSGS preconditioner is straightforward and it is identical to the one used in
Part 1 for the linear case. In contrast, the AMG implementation requires additional pre-processing to be implemented.
In fact, in contrast to the linear case, the tensor products Gy ® Ki,k = 1, ..., N, have several contributions to the blocks
of the leading diagonal of the coefficient matrix, depending on the value of d and p,,. So, for example, fixing d = 2 and
D, = 3, the contributions are shown in Table 5.

Note that the matrix G; is diagonal in that the product G; X K; contains the mean information (this is omit-
ted from Table 5). In the nonlinear case the AMG grids have to be computed for each diagonal block entries of the
global system. Thus, the AMG pre-processing is implemented P times and the grids are stored before the iterative
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TABLE 5 G X K; contributions to the blocks of

&) G > K the diagonal of A

1,1

2,2) G4(2,2) X Ky

3,3) Gg X Kq

4,4) (G4 X Ky) + (G11 X Kq1)

(5,5) (G4 X Ky) + (Gg X K¢) + (G13 X K13)

(6,6) (Gs X K¢) + (G15 X K5)

(7,7) (G4 X Ky) + (G11 X K77) + (G X Kyp)

(8,8) (G4 X Ky) + (Gs X K) + (G11 X K11) + (G13 X K13) + (Gag X Koa)

9.9 (G4 X K4) + (G X Ke) + (G153 X K13) + (G15 X Ki5)

(10,10) (G X Kg) + (G15 X K15) + (Gas X Kp6) + (Gag X Kpg)

p.=2 p, =3 p. =4 TA BLE 6 CG iterations and solution
timings for P,sgs—Test Problem 1
tcpy Ni tcpy Ni: tcpy

c N;; (sec) (sec) (sec)

d=4

UMFPACK 0.3 4 0.87 4 2.44 5 14.95
0.5 6 0.65 7 4.28 8 23.9
0.7 8 0.86 10 6.11 12 35.8
0.9 10 1.07 14 8.53 18 53.73

AMG 0.3 6 1.11 7 4.35 7 20.82
0.5 8 0.94 9 5.6 11 32.63
0.7 10 1.21 14 8.71 20 59.53
0.9 14 1.64 23 14.27 46 136.93

d=6

UMFPACK 0.3 4 1.27 4 13.11 5 123.46
0.5 6 1.91 7 229 8 198.15
0.7 8 2.55 10 32.62 12 297.21
0.9 11 3.51 14 45.85 19 473.32

AMG 0.3 6 2 7 22.94 7 171.93
0.5 8 2.68 10 32.71 12 297.72
0.7 11 3.66 15 49.01 22 546.12
0.9 15 5 25 81.93 52 1279.58

solution process begins. Clearly, the preconditioner set-up time contributes significantly to the overall CPU cost of
the solver.

8.2.1 | Testproblem 1—variable ¢

Table 6 reports the number of CG iterations and CPU times for test problem 2.
The results presented in Table 6 can be summarized as follows:
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TABLE 7 CG iterations

and solution timings for P, =2 Py = P, =4
Ppscs—Test Problem 2 tcpu tcpu tcpu

6= % N;; (sec) N (sec) N (sec)

d=4

UMFPACK 0.5 6 0.69 7 4.27 7 20.86
0.7 8 0.86 9 5.54 11 33.04
1.0 11 1.18 15 9.23 19 56.64
1.0,0.7,0.5,1.0 11 1.19 15 9.22 19 56.73

AMG 0.5 7 0.91 8 4.97 10 29.7
0.7 9 1.06 12 7.46 16 47.59
1.0 14 1.67 23 14.43 48 143.13
1.0,0.7,0.5,1.0 14 1.67 23 14.42 48 143.13

d=6

UMFPACK 0.5 6 1.91 7 22.82 8 198.34
0.7 8 2.55 9 29.49 11 273.95
1.0 11 3.5 15 49.18 21 520.41
1.0,0.7,0.5,1.0 11 3.51 15 49.08 21 523.93

AMG 0.5 8 2.68 9 29.45 10 24542
0.7 10 3.38 13 42.49 18 440.4
1.0 16 5.41 27 89.2 55 1348.74
1.0,0.7,0.5,1.0 16 5.39 27 88.5 55 1345.02

1. The block symmetric Gauss-Seidel preconditioner displays a significant improvement in terms of number of CG
iterations. This improvement becomes more evident for large values of o;

2. The comparison of the data with those of Table 3 (block-diagonal preconditioner) reveals that the Gauss-Seidel pre-
conditioner is generally computationally cheaper and the improvement in performance increases with larger values
of 5

3. The difference in performance between the exact and approximate versions of the preconditioner increases
for larger o. In fact, for ¢ =0.9, the AMG solution times are approximately three times larger than for
UMFPACK.

8.2.2 | Test problem 2—discontinuous-isotropic conductivity field.

Table 7 reports the number of CG iterations count and CPU times for test problem 3 using a bSGS preconditioner.
As for test problem 2, a significant improvement in both N; and tcpy is achieved. A large saving in computa-
tional cost was recorded for higher polynomial orders and large 6. In fact, the CPU time is reduced by 60% com-
pared with results obtained using the Ppg4e preconditioner. Significant time reduction is equally achieved for lower
polynomial orders and coefficient of variation 6. This is around 37% for p, =2 and 6 = 0.5, and around 53% for
p,=3and s =0.7.

As observed previously for the preconditioner Ppgig, it appears that a discontinuous conductivity coefficient
(jumps in the mean conductivity value at the subdomain boundaries) does not worsen the preconditioner per-
formance. It is, in fact, the standard deviation that has a significant negative impact on the performance of
both Ppgiee and Ppscs. Not even using the Ppsgs algorithm and therefore including the off-diagonal blocks of
A (which retain information on the fluctuations about the mean) can optimality of N; with respect to o be
achieved.
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TABLE 8 CG iterations and

o =03 o=05 ° =07 o =09 solution timings (sec) for Pyggs for
d=4 maxitb N; icpy N; tepy Nii  tepu Ni;  tepu various values of maxitb—Test
1 5 1495 8 2390 12 3579 18  53.72 Problem 1
2 3 1326 5 2211 8 3542 13 57.57
3 2 11.79 4 2350 7 4114 10 5879
4 2 1448 4 2900 6 4347 9 65.13
5 2 1739 3 2610 5 4345 8 69.51
6 1 1007 3 3013 4 4038 7 70.65
8 1 1299 2 2587 4 5183 6 77.51
14 1 2154 1 2154 3 6456 4 86.06
32 1 4726 1 4714 1 4717 3 141.50
75 1 10845 1 10856 1 10829 1 108.17
d=6

1 5 12346 8 19815 12 29721 19  473.32
2 3 108.02 5 18014 9 32250 14 505.53
3 2 9371 4 18848 7 32993 11 51846
4 2 11572 4 23333 6 34850 10 580.29

2 13872 3 20824 5 34725 8 557.42
6 1 80.55 3 24495 5 40084 8 645.87
8 1 10293 2 20571 4 41097 7 719.04
14 1 169.66 1 17022 3 509.89 5 849.04
34 1 39342 1 39449 1 39242 3 1173.16
80 1 89937 1 906.18 1 90544 1 905.81

8.2.3 | Performance analysis

The numerical experiments presented show that CG equipped with a bSGS preconditioner is significantly more efficient
than traditional mean-based preconditioners. This conclusion depends on the stopping criterion chosen for the inner
preconditioned Gauss-Seidel algorithm. The results reported in the tables are obtained using a single iteration of the bSGS
algorithm.

The choice of maxitb can be optimized. Consider test problem 2 with fixed p, = 4. Simulations are performed increas-
ing the value of maxitb until only one CG iteration is required for convergence. CG iteration count and timings for these
experiments with d = 4 and d = 6 are reported in Table 8. Note that for this analysis, the UMFPACK version of the
preconditioner was used.

The results reported in Table 8 suggest that the best solution times are not given by the same stopping criterion for
all values of ¢. In fact, it appears that for large standard deviations o = 0.7, 0.9, the best solution timings are obtained for
small maxitb. However, for ¢ = 0.3, 0.5, the best performance in terms of CPU time is obtained using moderate values of
maxitb.

The case in which maxith is large and tcpy is low corresponds to the situation in which convergence is
obtained in one CG iteration. It is clear that, under these circumstances, the bulk of the computational work is
performed by the preconditioner (bSGS) and very little by the main solver (CG). Given that the preconditioner
should only serve as a means to improve the conditioning of the system matrix, the results showing just one
CG iteration are not considered in the following analysis. On the other hand, this aspect reveals that an inde-
pendent Gauss-Seidel (symmetric or not) solver could be a very efficient alternative to Krylov subspace iterative
schemes. In Section 8.3, results obtained using Gauss-Seidel solvers are reported for all test problems considered in
this paper.
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FIGURE 3 Performance analysis of CG preconditioned with Pygs for Test Problem 1. A, d = 4. B, d = 6 [Colour figure can be viewed
at wileyonlinelibrary.com]

Excluding the data associated with one CG iteration, Table 8 shows that, in general, a small number of internal
iterations for the P,sgs preconditioner is sufficient to achieve the best performance for all values of standard deviation
considered for this test problem. However, it is only for ¢ = 0.9 (d = 4, 6) and ¢ = 0.7 (d = 6), that the best performance
is achieved using maxitb = 1. For 0 = 0.5(d = 4,6) and 6 = 0.7 (d = 4), the best performance is given by maxitb = 2, and
for c = 0.3 (d = 4, 6), for maxitb = 3.

Figure 3A and B shows the number of CG iterations versus CPU times for maxitb = 1,2,3,4,5,6 ford =4 and d = 6,
respectively. The figures highlight that there is a clear linear relationship between the number of CG (preconditioned
with Ppsgs) iterations, computational time, and the standard deviation of the spatial random field for all values of maxitb.
This figure clearly shows that the best convergence rate is given by maxitb = 1 and, for this reason, it was chosen as the
optimal stopping criterion for the Pysss preconditioner.

8.3 | Gauss-Seidel solvers

The performance analysis carried out on test problem 2 in the previous section revealed that for small standard deviation
(6 = 0.3 and o = 0.5), the Gauss-Seidel algorithm used as a stand alone solver could be a valid alternative to Krylov sub-
space solvers for the solution of SFEM systems with lognormal permeability. The same observation was made for the linear
case in Part 1. Here results using the bSGS solver (bSGS) are presented. The circumstances under which Gauss-Seidel is
more efficient than Krylov subspace solvers are explained.

The symmetric Gauss-Seidel solver includes a forward and a backward sweep per iteration and the algorithm is essen-
tially the one used for P,scs. The nonsymmetric case only includes a forward sweep per iteration. In both cases, the
stopping criteria are determined by the error norm, satisfying a specific tolerance.

Reorderings of the block structure of A aimed at reducing the bandwidth of the coefficient matrix are irrelevant
for the lognormal case given that A is block dense. In our implementation, the structure as presented in Figure 1
is retained using the summation of progressive (i = 1,...,N) Kronecker terms. This ordering is the most natural as
it represents the summation of decreasing modes obtained from the polynomial chaos expansion of the permeability
(see Equation (14)).

The tolerance for the GS solvers is set to 1078. In each table, we list iteration count N; and solution
times tcpy for both bSGS and bGS. Only experiments using UMFPACK to invert the diagonal blocks of A are
reported.
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TABLE 9 bSGS and bGS iterations and

Py =2 P, =3 P, =4 solution timings—Test Problem 2
tcpu tcpy tcpu

c N;; (sec) N;; (sec) N;; (sec)

d=4

bSGS 0.3 8 0.58 9 2.91 9 12.6
0.5 13 0.92 16 5.2 19 26.72
0.7 21 1.47 30 9.68 41 57.33
0.9 33 2.31 54 17.45 86 120.64

bGS 0.3 9 0.32 11 1.77 12 8.38
0.5 15 0.53 20 3.23 25 17.54
0.7 23 0.82 36 5.83 53 37.15
0.9 35 1.25 65 10.42 110 77.24

d=6

bSGS 0.3 8 1.48 9 14.06 9 99.5
0.5 13 2.4 17 26.6 20 220.36
0.7 22 4.06 31 48.47 43 470.07
0.9 35 6.45 59 92.13 96 1057.31

bGS 0.3 9 0.84 11 8.61 12 66.24
0.5 15 1.39 20 15.66 25 138.46
0.7 23 2.12 36 28.1 53 291.58
0.9 35 3.23 65 50.82 111 610.59

8.3.1 | TestProblem 1—variable ¢

Table 9 lists iteration counts and timings for test problem 1. The findings of this table are summarized as follows:

1. GS solvers are not optimal with respect to o;

2. bSGS is computationally more efficient than CG preconditioned with Pjsgs only for small standard deviations;

3. Nonsymmetric Gauss-Seidel solver (bGS) is very efficient for small and moderate standard deviations. However, for
large values of ¢ it is outperformed by CG preconditioned with Ppsgs;

4. As for the previous case, the bGS solver is consistently more efficient than the symmetric implementation.

8.3.2 | Test problem 2—discontinuous-isotropic conductivity field

Table 10 lists iteration count and timings for test problem 2. Similar observations to the ones highlighted for test
problem 2 are found from the data presented in this table. Furthermore, the results show that a discontinuous per-
meability has no negative impact on the performance of Gauss-Seidel solvers. This becomes evident if we compare
Ny, for 6 = 0.5 for this problem with that of test problem 2 (continuous permeability) for ¢ = 0.5 (which corresponds
to 5 = 0.5).

The CPU time for the block Gauss-Seidel preconditioners increases quadratically with respect to mesh size h. There-
fore, on a mesh with h = 1/64, it is predicted that the CPU times in Table 10, which are for a mesh with h = 1/32, would
increase by a factor of four. So for test problem 3, in which the conductivity field is discontinuous, the predicted CPU
times on a mesh with h = 1/64 with p, = 4 are 240 and 2120 seconds, respectively, for d = 4 and d = 6. If these times
are compared with the CPU times for MCM on the much simpler test problem 1 given in Table 1 (tcpy = 25000 for
N, = 40000), then we see that the SMFEM with block GS preconditioner is at least an order of magnitude faster in terms of
CPU time.
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TABLE 10 bSGS and bGS

iterations and solution timings—Test P, =2 P, =3 P, =4
Problem 2 tcpu tcpu tcpu
6= % Ni (sec) Ni (sec) Ni (sec)
d=4
bSGS 0.5 11 0.78 13 4.2 14 19.64
0.7 17 1.2 23 7.41 29 40.68
1.0 32 2.25 53 17.09 84 117.66
1.0,0.7,0.5,1.0 32 2.24 53 17.07 84 118.49
bGS 0.5 12 0.43 15 2.43 17 11.97
0.7 17 0.6 25 4.07 33 23.32
1.0 30 1.06 53 8.59 87 61.46
1.0,0.7,0.5,1.0 30 1.07 53 8.58 87 61.11
d=6
bSGS 0.5 11 2.04 13 20.29 15 178.55
0.7 18 3.33 24 37.48 31 343.28
1.0 35 6.47 58 90.76 95 1048.38
1.0,0.7,0.5,1.0 35 6.45 58 90.82 95 1049.12
bGS 0.5 12 1.12 15 11.73 17 94.08
0.7 17 1.58 25 19.58 34 187.85
1.0 30 2.79 53 41.42 96 529.96
1.0,0.7,0.5,1.0 30 2.79 53 41.48 96 533.87
8.4 | Comparison and conclusions

In this section, a large number of methods have been tested to identify the most efficient solver for the stochastic formu-
lation of the diffusion problem. To identify the most efficient and robust methods with respect to &, ¢ and discontinuous
u, the data presented in the previous tables are summarized in Figures 4 and 5. Only the case p = 4 is considered for
d = 4, 6. The methods included in the figures are listed below.

CG with Ppgieg (AMG);

CG with Pygieg (UMFPACK);
CG With Prean (AMG):;

CG with Ppean (UMFPACK);
bSGS (UMFPACK);

bGS (UMFPACK).

No vk wh e

Note that for the AMG case, the time required to construct the grids and smoother for the approximation is added to
the solution times. The UMFPACK case does not require any set-up time.

Figures 4 and 5 show that the conjugate gradient solver preconditioned with Pysgs is the most efficient method for
problems with medium/large standard deviation and discontinuous permeability. Gauss-Seidel solvers also perform well
in these circumstances and for small ¢ they are in fact the best-performing methods.

Mean-based preconditioners are, in general, not robust and efficient for SFEM with lognormal distributions. There is
very little difference in terms of performance between the AMG and UMFPACK versions of the preconditioner.

The outcome of this analysis reveals that CG preconditioned with Pysss is robust and efficient, performing well in
all settings considered in this article and therefore should generally be used for the solution of SFEM with lognormal
distributions. Gauss-Seidel solvers represent a viable alternative to Krylov subspace iterative methods.
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9 | SMFEM SOLVERS
9.1 | Schur complement preconditioner
This section reports the performance of preconditioned MINRES for the system derived for SMFEM (cf. Section 7). The

preconditioner used is the one described in Section 6.2. The Schur complement is computed exactly (using, eg, UMFPACK)
or approximated using one V-cycle of AMG code.
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TABLE 11 MINRES iterations

and solution timings for Py =2 P =3 P =4
Pycomp—Test Problem 2 tcpu tcpu tcpu

c N;; (sec) Nj; (sec) Nj; (sec)

d=4

UMFPACK 0.3 62 7.32 75 49.05 86 330.55
0.5 92 10.42 127 83.82 171 660.2
0.7 136 15.71 226 149.58 346 1345.68
0.9 206 23.47 397 262.34 698 2710.47

AMG 0.3 67 7.91 80 52.42 93 357.58
0.5 97 11.13 136 88.92 182 700.29
0.7 145 16.73 238 157.69 368 1422.33
0.9 218 25.08 420 276.29 733 2846.35

d=6

UMFPACK 0.3 63 25.94 76 617.75 89 12009.58
0.5 95 39.68 134 1079.71 180 24329.95
0.7 143 59.29 237 1902.71 370 51069.64
0.9 216 90.11 424 3418.43 753 103277.29

AMG 0.3 67 27.6 81 659.43 94 13927.52
0.5 100 41.21 141 1140.65 190 26151.63
0.7 150 61.97 249 2007.98 385 53101.14
0.9 227 94.27 440 3577.61 783 108174.47

9.1.1 | Testproblem 1—variable ¢

The performance of the Schur complement preconditioner for varying o is reported in Table 11. As for the previous case,
the set-up time for the preconditioner is performed only once.
The results reported in Table 11 can be summarized as follows:

1. MINRES performance deteriorates significantly for increasing values of ¢. This is in line with all methods con-
sidered in this article. However, for the nonlinear case, the use of SMFEM becomes impractical. In fact, the
experiments show that for ¢ = 0.9, it takes more than 30 hours to solve the stochastic linear system for a very coarse
discretization (h = é);

2. The performance of the AMG and UMFPACK versions of the Schur complement preconditioner is
similar.

9.1.2 | Test problem 2—discontinuous-isotropic conductivity field

As has already been shown for other methods, the performance of the solver and preconditioners are not affected by
spatial discontinuities in the permeability. In fact, the timings reported in Table 12 are comparable to those reported for
the continuous test problem in Table 11.

Table 12 shows that the solver performance depends on the largest value of § included in the domain. So, for example,
for the case of variable 6 (different coefficients of variation for the four sub-domains), MINRES performance is fully
governed by the largest value of 6, that is, 6 = 1. In fact, the timings are almost equivalent to the case of constant § = 1
for all sub-domains.
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TABLE 12 MINRES iterations and

Py =2 Py =3 P, =4 solution timings for Py, —Test
tcpu tcpu tcpu Problem 2
5= % N, (sec) N (sec) N (sec)
d=4
UMFPACK 0.5 88 10.12 122 80.44 161 620.97
0.7 130 14.88 211 139.07 316 1226.72
1.0 235 27.15 474 314.05 864 3338.6
1.0,0.7,0.5,1.0 235 27.03 473 314.9 864 3360.14
AMG 0.5 92 10.44 128 83.65 170 651.08
0.7 136 15.55 222 145.62 333 1294.75
1.0 247 28.29 499 329.87 898 3468.6
1.0,0.7,0.5,1.0 247 28.39 498 327.16 898 3484.89
d=6
UMFPACK 0.5 91 38.03 126 1013.49 170 23547.75
0.7 135 56.16 223 1814.07 341 47 604.68
1.0 250 104.13 513 4173.31 940 129394.1
1.0,0.7,0.5,1.0 250 104.89 513 4154.09 939 131601.3
AMG 0.5 94 38.97 132 1062.56 177 24 152.55
0.7 141 58.36 231 1870.85 355 49131.72
1.0 259 108.41 533 4334.59 984 136578.2
1.0,0.7,0.5,1.0 259 107.6 532 4287.98 984 136 140.52
9.2 | Conclusions

While it was concluded that the performance of MINRES equipped with the Schur complement preconditioner described
in (40) is acceptable for the solution of the stochastic mixed formulation in the linear case (see Part 1), the same cannot
be concluded for the nonlinear case. The experiments reported in Tables 11 and 12 show that the CPU cost is too large
(30 hours to solve test problem 2 on a coarse mesh, h = %) for this method to be used with lognormal random fields.

It becomes apparent that for the nonlinear case that it is crucial to include information contained in the off-diagonal
blocks of the coefficient matrix into the preconditioned system. The Kronecker product preconditioner of Ullmann*
offers this possibility. Very recently, Powell and Ullmann!! extended its implementation to the nonlinear case achieving
a significant improvement in MINRES CPU cost. The authors also proposed H(div) preconditioning using augment-
ing schemes which, although being dependent on the choice of the augmentation parameter, seem to achieve very
promising results.

10 | CONCLUSIONS

The performance of iterative methods for solving the linear systems of equations arising from stochastic finite element
methods for single phase fluid flow in porous media is investigated. The uncertainty in the permeability is modeled using
lognormal random fields and is characterized by its mean and standard deviation, which can vary spatially. In addition
to being optimal with respect to the number of random variables in the KLE, the order of the polynomial chaos, and
the finite element discretization parameter, the iterative solver is required to be optimal with respect to x and ¢. The
mean and standard deviation may vary discontinuously throughout the domain. When the permeability possesses large
standard deviation, it may fail to satisfy the condition (5). However, the condition can be satisfied by transforming the
Gaussian random field into a lognormal one by projecting the KLE onto the polynomial chaos of order at most p.%* The
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coefficient matrix arising from the discretization of (1) and (6) using lognormal random fields becomes block dense and
ill-conditioned, which makes the linear systems very difficult and expensive to solve.

The conjugate gradient method was used to solve the linear systems of equations arising from stochastic finite ele-
ment discretization of the primal formulation. Block diagonal, mean-based, and block Gauss-Seidel preconditioners were
implemented to accelerate the convergence of the CG method. Two versions of the block Gauss-Seidel preconditioner were
implemented—one based on a sparse direct solver and the other on AMG. For small values of o, the preconditioner based
on block Gauss-Seidel was found to be optimal with respect to &, d, and p. This preconditioner also considerably reduced
the number of CG iterations in comparison to the block diagonal preconditioner. For ¢ > 0.5, this optimality is lost. How-
ever, the block Gauss-Seidel preconditioner still outperforms the block diagonal preconditioner and the improvement is
greater as the mesh is refined. Furthermore, the growth in the number of CG iterations is more gradual as ¢ increases
compared with the block diagonal preconditioner. The introduction of spatially varying random fields does not deterio-
rate the performance of the preconditioners. In other words, the performance is no worse than when a constant random
field corresponding to the largest standard deviation used in the discontinuous case is used. The outcome of this anal-
ysis reveals that the AMG version of the block Gauss-Seidel preconditioner is very efficient and the most robust solver
considered for the solution of SFEM linear systems (linear case). However, although CG with a block Gauss-Seidel pre-
conditioner performs better than with block-diagonal and mean preconditioners, these methods are always outperformed
by stand-alone Gauss-Seidel solvers when solving these systems.

For the mixed formulation, MINRES was used to solve the linear systems of equations arising from the SMFEM. A pre-
conditioner based on the Schur complement was used. For small values of ¢, optimal convergence behavior was obtained
with respect to h and d. There was a weak dependence on p. However, the performance of the preconditioner deteriorated
significantly for moderate to large values of ¢. As for the primal formulation, the introduction of discontinuous conduc-
tivity coefficients had little impact on the performance of the preconditioner. However, SMFEM becomes more expensive
than SFEM for this class of problems.

Although computationally more expensive than SFEM, the efficient solution of SMFEM is largely dependent on the
preconditioner used with the chosen iterative solver. The numerical experiments showed that the Schur complement
preconditioner is h-optimal not only when the complement is inverted exactly but also when it is inverted approximately
using one V-cycle of AMG.

The experiments also showed that the preconditioner is not robust with respect to the permeability. The precondi-
tioner that only uses the diagonal of the coefficient matrix A is robust when the permeability possesses small standard
deviations but generally inadequate for large standard deviations. In the latter case, in fact, the off-diagonal blocks of
A become significantly more important and these are not included in this preconditioner. This lack of robustness was
also encountered when using the mean-based preconditioner for the solution of linear systems obtained by SFEM. The
off-diagonal blocks of the coefficient matrix were successfully incorporated into a preconditioner by means of a symmet-
ric block Gauss-Seidel algorithm. Unfortunately, due to the structure (and specifically the presence of a zero-block) of the
coefficient matrix of the SMFEM system, the same approach cannot be used for the Schur complement preconditioner.

The efficient solution of discrete linear systems obtained from stochastic mixed formulations is currently a very active
research area. The Kronecker product preconditioner proposed by Ullmann* significantly reduces MINRES iteration
counts. However, this does not always translate into improvements in CPU performance. In fact, it is shown that the Schur
complement preconditioner performs better (in terms of CPU cost) than the Kronecker preconditioner for test problems
in which the permeability possesses a large standard deviation.* More recently, Ullmann and Powell®® introduced an
approximation to the Schur complement as preconditioner that is robust with respect to the discretization parameters
and only slightly sensitive to the statistical properties of the permeability.
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