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ABSTRACT. This is the last in a series of three papers on nonparametric density estima-
tion for randomly perturbed elliptic problems. In the previous papers [3, 4] an efficient
algorithm for propagation of uncertainty into a quantity of interest computed from nu-
merical solutions of an elliptic partial differential equation was presented, analyzed, and
applied to different problems in e.g. oil reservoir simulation. In this paper we focus on
convergence, complexity, and generalizations. The convergence result is a new and crucial
contribution. The proof is based on the assumption that the underlying domain decom-
position algorithm converges geometrically. The main ideas of the proof can be applied
to a large class of domain decomposition algorithms.

1. INTRODUCTION

The practical application of differential equations to model physical phenomena presents
both mathematical challenges, e.g., the need to compute approximate solutions to difficult
problems, and statistical challenges, e.g., the need to incorporate experimental data and
model uncertainty. A prototypical example is accounting for the effects of uncertainty in
input parameters on the values of a quantity of interest computed from numerical solutions
of an elliptic partial differential equation. In particular, we consider the problem of com-
puting statistical information about a quantity of interest Q(U) of the solution U € H§(9)
of,

(1.1)

-V -AVU = f, in (),
U =0, on 0f),

where f € L?(Q) is a given deterministic function, 2 is a polygon domain with boundary
02 and A(x) is a stochastic function that varies randomly according to a given probability
structure. The problem (1.1) is interpreted to hold almost surely (a.s.) i.e. with proba-
bility 1. Under suitable assumptions, e.g. A is uniformly bounded and uniformly coercive
and has piecewise smooth dependence on its inputs (a.s.) with continuous and bounded
covariance functions, Q(U) is a random variable. We may describe its stochastic properties
by computing its cumulative probability distribution.

The standard Monte Carlo, i.e. nonparametric density estimation, approach to this
problem involves choosing sample values for A, computing the corresponding solutions
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U along with the corresponding quantity of interest values Q(U), and then computing
statistics from the collection of values {Q(U)}. This is generally expensive due to the
cost of computing numerical solutions of (1.1) while the accuracy of the results is affected
by both the use of a finite number of samples and the numerical error of each computed
sample. The latter error typically varies to a significant extent as the parameter values
vary.

In the first two papers of this series of three papers, we attacked these issues. First, we
construct an efficient numerical method for approximating the cumulative density function
for the output distribution. The method is efficient in the sense that the number of
stiffness matrices that are inverted, which is the primary cost of solving (1.1), is fixed
independent of the number of samples used to compute the distribution. An interesting
way to interpret this method is that it reorders the standard approach of “statistics on the
outside and solves on the inside”. Second, we derive an a posteriori error estimate for the
computed probability distribution that accounts for all sources of discretization errors and
sample uncertainties. We may interpret this as a complete uncertainty quantification for
the problem (1.1). Third, we devise a general adaptive algorithm based on the estimate
which provides the means to balance computational effort to control various sources of
error and uncertainty in order to achieve a desired accuracy.

The main goal of this final paper is the derivation of a priori error bounds that guar-
antee the convergence of the method under weak assumptions on the underlying domain
decomposition algorithm on which it is based. In addition, we extend the method to
cover a more general type of random perturbation and a wider range of underlying domain
decomposition solvers.

The paper is organized as follows. In section 2, we present modeling assumptions, the
computational method, improvements, and an a posteriori error estimate. In section 3, we
state the main results including convergence and a priori error bounds of the method. In
section 4, we make some further observations about the method. Finally, in section 5 we
present the proofs of the statements in section 3.

2. MODELING ASSUMPTION AND THE COMPUTATIONAL METHOD

Let {A™ € L>®(Q)}V_, be a collection of sample values of the stochastic function A. For
each sample n, the weak form of (1.1) reads: Compute U" € H}(£2) solving

(2.1) (A"VU™ Vo) = (f,v), forallve H(Q),,
where f € L?(Q2) and (-, -) denotes the L*(Q) scalar product. Standard results imply that
(2.1) has a unique solution for each n =1,... , N.

2.1. A modeling assumption. We assume that the stochastic diffusion coefficient can
be written

A=a+ A,
where the uniformly coercive, bounded deterministic function ¢ may have multiscale be-
havior and |A(z)| < da(z) for some 0 < § < 1. Given a choice of d, this insures that
a+A>a>0forall x € for some a > 0.
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We now make the modeling assumption that A is a piecewise constant function with
random coefficients. We let {0y, d = 1,--- D}, be a decomposition of 2 into a finite set
of non-overlapping polygonal subdomains with US2; = 2. We denote the boundaries 02,
and outward normals 1. We let xq, denote the characteristic function for the set ;. We
assume that

(2.2) Az) = A% xo,(z), x€Q,

M

d=1

where (Ad) is a vector of real numbers.

This assumption is reasonable in context of a common experimental situation in which
the coefficients A? are measured at specific points in the domain €. In this context, it
is natural to assume that the values A? are random as a way of describing experimental
error. Improving the model requires both taking more measurements A? corresponding to
a finer partition of {2 and decreasing the variation in the measured values.

2.2. Notation. We let 2 denote the piecewise polygonal computational domain with
boundary 0f2 in two or three spatial dimensions. For an arbitrary domain w C €2 we
denote the interior L?(w) norm and the boundary L?*(0w) norm by || ||12() and || [|12(5e),
respectively. We let H*(w) denote the standard Sobolev space of smoothness s with stan-
dard norm || - ||s(q), for s > 0. In particular, H{(2) denotes the space of functions in
H(Q2) with vanishing trace. See [1] for an extensive discussion on these function spaces.

We assume that any random vector X is associated with a probability space (A, B, P)
in the usual way. We let {X" n =1,--- , N} denote a collection of samples. We assume
it is understood how to draw these samples. Let A" = a + A™ be a particular sample of
the diffusion coefficient with corresponding solution U™. On ();, we denote a finite set of
samples by {A™? n=1,---  N}. Welet F(x) denote the cumulative distribution function
associated with the random variable.

For a function A" on 2, A™¢ means A" restricted to Qg. For d = 1,---,D, d’ denotes
the set of indices in {1,2,--- ,D} \ {d} for which the corresponding domains €2, share a
common boundary with Q4. We let (-, )4 denote the L?*(Q4) scalar product, (-,-)4 denote
the L?(9€,) scalar product where discontinuous functions are evaluated from the  side,
and (-, )7 denote the L2(9924N09;) scalar product for d € d’, here discontinuous functions
should be evaluated from the €2; side.

We use the finite element method to compute numerical solutions. Let T, = {7} be
a quasiuniform partition into elements that Ur = 2. We assume that the finite element
discretization Ty, is obtained by refinement of {€;}. This is natural when the diffusion
coefficient a and the data vary on a scale finer than the partition {{2;}. Associated to
T, we define the discrete finite element space V), consisting of continuous, piecewise linear
functions on 7T satisfying Dirichlet boundary conditions, with mesh size function h, =
diam(7) for x € 7. Since we assume quasi uniform mesh we let A = mean({h.}). We equip
each subdomain with a local finite element space V}, 4 by restricting V), to domain €2;. We
let mg = dim(Vy4). We further let H; = diam(§2,) and assume that the domains are of
similar size, i.e. we let H = mean({Hy}) be the typical domain size.
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2.3. Motivation. Monte-Carlo simulation involving a large number of samples is very
expensive in particular when each sample is costly to compute. Traditionally, one solves
the differential equation inside a loop over random samples. Since the relative size of the
statistical error and the numerical error is unknown a priori a very big sample size and very
fine mesh size is needed to guarantee an accurate solution. It is clear that this procedure
is very costly, approximately,

D

N solves of linear systems with Z mg unknowns

d=1
are needed. The method described in Algorithm 1 resolves these problems. First the
sample loop is moved inside the differential equation solver. The goal is to do as little
work inside the sample loop as possible. In particular we do not want to solve any linear
systems of equations in the sample loop so all linear systems are solved outside the sample
loop. Second, we derive a posteriori error estimates for the cumulative distribution function
of a quantity of interest and give an adaptive algorithm for choosing all critical method
parameters automatically guaranteeing both that the statistical error and the numerical
error are appropriately small. This means that we can get an optimal mesh and sample
size in order to reach a prescribed tolerance.

2.4. The computational method. We apply Lions’ non-overlapping domain decompo-
sition algorithm to (1.1). The method is iterative, so for a function U involved in the
iteration, U; denotes the value at the i" iteration. We let {Ugl’d,d =1,---,D} and

{Gg’d, d=1,--- ,D} denote a set of initial guesses for solutions in the subdomains. Given
the initial conditions, for each i > 1, we solve the D problems
V- AVUM = z € Qy,
(29 Ut =0, z € 904N 09,
' G = UMt — gt redNIN;, ded,

AU g - APVUM = G e 09y,

where A € R and ny is the outward unit normal associated with the boundary 9€2;. In the
convergence analysis we will give restrictions on A, it turns out that the optimal choice is
A ~ h™Y/2H =12 The formulation is equivalent to the formulation in [3] and [4] since,

(2.4) Gt = o\t — Gt = AU — g AMVU

In practice, we compute Z iterations. Note that the subgrid problems can be solved inde-
pendently.

For each i > 1, we compute U™ € Vy 4, d=1,--- , D, solving
(2.5) (A"VU, Vo)g + MU 0) = (fv)a+ (G ), all v € Vg,
(2.6) Gl =o\umd —Grt peonnoqy, ded.

It is convenient to use the matrix form of (2.5-2.6) when discribing the method. We let
{gpfn, m=1,--- ,md} be the finite element basis functions for the space V;, 4, d = 1,--- , D.
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We let U'Zn " denote the vector of basis coefficients of U/"* with respect to {¢%}. On each
domain g,

(k! + kT = () + 56,

where
(k"D = (aVef, Vi)a + Mefs oi)a,
(K™, = (A™V ], Vi),
(6% = (f. ¢,
(En’d)k: < ; 790k>d,

for 1 <1,k <my.
Next we use that A™? is constant on each €;. Consequently, the matrix k™? has coeffi-
cients

(K" N = (AN, Vi) g = AVl , Vel = A (k)i

where k? is the standard stiffness matrix with coefficients (k%) = (Ve¥, V¢{)4. In Lemma
3.3 we prove that the Neumann series expansion for the inverse of a perturbation of the
identity matrix is valid here,

(ka ,d 4 A™ dkd Z An L,d\p ka,d)flkd)p(ka,d)fl

p=0

We compute only P terms in the Neumann expansion to generate the approximation,

P-1
@7) Ot = 3 (AP ) () () +BGE).

Note that b™¢ is nonzero only at boundary nodes and that 5d( f) is independent of n. If
Wh,.q denotes the set of vectors determined by the finite element basis functions associated

with the boundary nodes on 24, then b4 is in the span of Wi, 4. We let Ugg denote the
finite element functions determined by [7;% forn=1,--- ,Nandd=1,---,D. We let

Up 1 denote the finite element function which is equal to Ug:dz on .
We summarize as an Algorithm given in Alg. 1. Note that the number of linear systems
that have to be solved in Alg. 1 is independent of N.

Remark 2.1 If the quasi-uniform assumption on V}, and the partition {4}, is dropped,
the numbers h and H will no longer be representative for the mesh size everywhere. This
also means that A ~ h~'"/2H -2 needs to vary in the domain €. In this case we simply
include A inside the integrals and treat it as a function of space. We have made this sim-
plification in order to make the presentation clearer.



6 DONALD ESTEP, MICHAEL J. HOLST, AND AXEL MALQVIST

Algorithm 1 Monte-Carlo Domain Decomposition Finite Element Method

for d=1,---, D (number of domains) do
for p=1,--- ,P (number of terms) do

Compute 77 = ((k®%)~"k4)" (k> ~1b%( f)
Compute y5 = ((k*4)71k?)" (k) =W, 4

end for

end for

for i = 1,--- ,Z (number of iterations) do
for d=1,---, D (number of domains) do

for p=1,---,P (number of terms) do
for n=1,--- N (number of samples) do
n,d P-1 n.d In.d(m,d —p
Compute Upjy = >, 5 (—A™ P (yPo G + 77)
end for
end for
end for
end for

2.5. Computational cost. Since the aim of the technique is to reduce the amount of work
needed to compute the samples of the solution, it is important to analyze how efficient the
method is. A critical part of the method is the construction of y? in Algorithm 1. Even
though this construction is independent of number of samples it still appears to involve
computing inverses of local matrices which is very expensive. Other critical parts of the
method is how much work we need to do within each loop over samples and how much
storage the method requires.

We start with the computations done outside the sample loop. We want to avoid com-
puting the inverse of k®¢ since this is expensive and produces a full matrix. On the other
hand, we want to exploit the fact that we have the same operator acting on A right hand
sides, where N is a very large number compared to the degrees of freedom in V, 4. From
papers [3, 4] we see that the error in the cumulative distribution function is typically of
order h? + 1/ VN for errors in quantities of interest, i.e. in two spatial dimensions we

e.g. get,
(2.8) N~ 72y my,

As indicated in Algorithm 1, we solve as many linear systems as there are boundary nodes

in order to get hold of y. If we continue with the two dimensional case, the number of

/2. This means that the number of systems of

right hand sides W}, 4 is proportional to m}i
equations needed to be solved in order to get {y%})-) is proportional to P - m}/ ?. The

dimension of each problem is m, and the number of domains is D. The total amount of



NONPARAMETRIC DENSITY ESTIMATION FOR RANDOMLY PERTURBED PROBLEMS 7

work is proportional to
D
Z (77 . mz/ ? solves of linear systems with my unknowns> :
d=1
It will be clear that this amount of work is small compared to the work within the sample
loop if the number in light of equation (2.8).
Inside the sample loop, we again focus on the y? part since it clearly more expensive then
the ¢, component of the computation. We note that we only need to compute ﬁgf at the

boundary in order to update G. The work in the matrix-matrix multiplication yS(G?’d),

where only boundary terms are computed, is mg - N since G depends on n. The total
amount of work in the sample loop is then,

D
INPZmd,
d=1

Note that the number of linear systems of equations needed to solve now is independent of
the number of samples /. Still it is clear that the amount of work in the sample loop is
much greater then the work needed to pre-compute the solutions to the linear systems of
equations on each subdomain. As long as the size of the local problems my is fairly small,
not solving linear systems in the sample loop, leads to a very fast way computational
method.

The storage needed for the algorithm during the computation is mainly the value of G?’d
at the boundary. Then the desired output quantity is evaluated in the last iteration. This
means that the storage needed is proportional to the storage needed when using domain
decomposition without truncated Neumann series for the original problem, with multiple
diffusion coefficients. Storage is an important factor when A becomes large. It is therefore
crucial to only evaluate quantities of interest of the solution in the end. The entire solution
may be difficult to store.

2.6. Natural extensions of the method. Here we consider two natural extensions of
the method, overlapping domain decomposition methods and piecewise polynomial per-
turbation. It turn out that these two extensions lead to very similar modifications of the
proposed method.

2.6.1. Qwerlapping domain decomposition algorithm. There are various non-overlapping
and overlapping domain decomposition algorithms, see [9, 10]. In the original derivation
of the method, we used Lions’ non-overlapping algorithm. The main reason for this is
that if the random perturbation is piecewise constant, the domains can be chosen so that
it is constant on the domains. Here we show that this assumption is not crucial for the
construction of the method. It only gives a very efficient way of implementing it. If we allow
the subdomains §2; to overlap, we end up with a similar method. If we assume piecewise
constant random perturbation on the coarse mesh, the number of random variables active
on domain €); is the same as the number of coarse elements that intersects the domain,
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Ard = szl Amdy o if M, is this number of intersected coarse elements and Y, is the
indicator function for these elements. The following linear systems of equations arises,

P-1 M p
(2.9) ﬁ;’j = Z (Z(_A:Zd) (ka,d)—lkm,d) (ka,d)—l (B’d(f> i l‘)’n,d (G?’d)> ’

where k™ is a weighted stiffness matrix with coefficients (k™) = (xm V¢!, Vi )g. The
matrix k® and vector b?(f) + l;”’d(G?’d) should be interpreted as matrix and vector that
the overlapping domain decomposition algorithm gives for the local solves. Again we only
compute P terms in the Neumann expansion to generate the approximation.

Overlapping methods can lead to faster converges but the extra cost involved with using
equation (2.9) with M > 1 needs to be considered. The convergence proof presented in
Theorem 3.1 can quite easily be generalized to other domain decomposition algorithms.
The assumption of geometric convergence is however crucial.

2.6.2. Piecewise polynomial random perturbation. So far piecewise constant perturbations
have been considered. The constant perturbation is important for the truncated Neumann
series idea since the randomness can be expressed as a multiplication with a single number
on each subdomain. It is possible to extend this idea to piecewise polynomial perturbations
which also makes it possible to consider continuous perturbations that are very useful if a is
continuous. Otherwise there will be an artificial loss of regularity in the problem. It turns
out that allowing piecewise polynomial perturbation leads to very similar complications as
the ones discussed for overlapping domain decomposition above.

Assume that A™? = M Amdgd where {¢? }M | is a basis for polynomials on subdo-
main {2;. On triangles M = 3 in order to get lmear functions for example. This will effect
the k™ matrix in the following way,

M M
(K" = (AN, Vigi)a = > Ant(6h, Vel Vi)a = > Ant(k™ )y,
m=1 m=1

where k™ is a weighted stiffness matrix with coefficients (k™%);, = (¢ Vo, Vi) a.
As long as A™?(z) < da(x) the truncated Neumann series approach can be used. The
proof of Lemma 3.3 can be applied directly. We get,

M )
(ka,d + Z An’dkfn)_l _ Z ( kad -1 Z And kd) (ka,d>—1

m=1 p=0 m=1

i

Again we compute only P terms in the Neumann expansion to generate the approximation,

P-1 M
(2.10) ﬁg’j = Z (Z(_Arnlid) (ka,d)flk:ln> (ka,d)fl (B’d(f) + gn,d<G;L,d))'

The main computational cost is that more linear systems need to be solved and more
matrix-matrix products are needed in the sample loop than in the piecewise constant case.
By expanding the sum, one sees that (M” —1)/(M — 1) systems needs to be solved, when
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M > 1. In the piecewise constant case, we have P systems that need to be solved. The
number of products in the sample loop increases in the same way.

2.7. A posteriori error estimate and adaptive computation. In general, it appears
that the stochastic nature of the computed quantity of interest Q(U) is quite complex. In
those circumstances, it is natural to compute the cumulative distribution function F(x) =
P(Q(U) < z). We approximate this using the empirical distribution function Fj given
N samples of the numerical approximation Q(U ) of the quantity of interest. If we further
assume that we have an error bound for each realization |Q(U") — Q(U™)| < &", e.g.
derived using standard duality arguments, see Sec. 5 in [3], we have the following error
estimate presented in Theorem 4.1 in [3].

Theorem 2.1. For any 0 <e <1,

with probability greater then 1 — €, where L is the Lipschitz constant of F'.

=1,...,

Given the bound in Theorem 2.1, it is very natural to construct an adaptive algorithm
where the statistical error, depending on N, and the numerical error, depending on &,
should be of similar size and bounded by some given tolerance. This is accomplished by
iteratively solving the problem, computing the error bound and then increase A or decrease
& depending on if they meet the stopping criteria.

3. CONVERGENCE OF NUMERICAL METHOD

The domain decomposition technique used in the method was introduced by P. L. Lions
in [6]. The convergence properties are well studied, see e.g. [5, 7, 8]. But, we have analyze
the effect of the approximation we make by solving the linear system of equations on each
subdomain using a truncated Neumann series, and in particular, if this destroys the con-
vergence of the domain decomposition algorithm. It suffices to consider one sample of A"
since the same approximation technique is use on all samples simultaneously and different
samples have no communication with each other. We therefore drop all superscripts n
in this section and view A = a + A as a single realization of A fulfilling the assumption
|A(z)| < da(z) for all x € Q for some given 0 < § < 1.

To begin, we specify a norm used to measure distances between the reference {U , é}
and the approximate solution {U;, G;} after i iterations. Note that we also drop the P
subscript to make the presentation clearer. We let

D D
{0, G} = {0, G}IP = D IVAVO! = U)l[Z20, + D 1G = Gl T200,)-
d=1 d=1
By reference solution {U/, G}, we mean the finite element solution of equation (1.1) using

the space V). This solution coincides with the converged solution using standard Lions’
non-overlapping domain decomposition algorithm. We now introduce a notation for an
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operator T that performs one iteration in Lions’ domain decomposition algorithm using
exact solution of the linear systems of equation on the subdomains. Let {Uiﬂ, éi—i—l} =
T({U;,G;}). By T%, we denote repeated use of T ie. {U;, G;} = T{Ui_y, Giy}) = -+ =
T'({Us, Go}). For the reference solution, we have the following results.

Lemma 3.1. Since Lions’ domain decomposition algorithm converges, we have for the
reference solution {U, G},

(3.1) {U,G} =T{U,GY).
Furthermore it holds,
(3.2) IVAVU || 120 < Ca;

for a constant Cy 0 = %Hf“m(g) where Cpp is the Poincare-Friedrich constant fulfilling,
0]l 22() < Crr|| V|| L2@) for all v e H(K).

Proof. See section 5.1. U

We need a crucial assumption on T to prove convergence. We first introduce a set of
functions. Let,
B={{W,J}: such that J € L*(Ugy.. pOQq) and W € H"(Ug=1,..pQq) andW|sq = 0}.

Given {W,J} € B, with a particular relation between W and J, namely, let W% € V4,
d=1,---,D, solve

(33) (.AVWd, V’U)d + )\<Wd, U>d = (f, U)d + <Jd, U>d, all v € Vh,da
it holds,
(3-4) {0, G} = T'({W. NI < LT, G} = {W, T,

where (5 is a given constant and 0 < L < 1, i.e. we assume Geometric convergence, see
Definition 2.2 in [8]. This result is proven for the method we use in [7, 8] under various
assumptions on the partition {{4}2 ;. The optimal choice of the method parameter is
A~ h7V2H2 see [8).

From [8], we get that L = 1—C,(Cy)Vh'/2H~1/2 where C; > 0 depends on A, C; € (0, 1),
and N is the winding number of the partition {;}?_,. The winding number depends on
the structure of the partition. Roughly speaking each subdomain is associated with a
number measuring the closest path from the current subdomain to the boundary. The
distance is measured in number of subdomains that need to be crossed. Furthermore,
two paths of different subdomains with the same number should never cross. The winding
number is the largest value one gets among the subdomains. It is clear that a large winding
number leads to slow convergence. A more extensive discussion of this can be found in
[7, 8]. In this paper we assume equation (3.4) to hold motivated by [7, 8.

Since we solve the linear systems on the subdomains using a truncated Neumann series,
we get a perturbed solution operator T i.e. {Ui11,Gip1} = T({U;,G;}). The goal is to
bound |||{U, G} — {Uz, Gz}|||. We start by stating two more Lemmas. The proofs can be
found in Section 5.
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Lemma 3.2. For arbitrary {W,, J,},{W,, J,} € B it holds,
72 ({War Ju}) = T2({Wa, B < CAIT{Was Ja}) = T{Wa, B},
where Cy = (14 1/(4)))Y2.
Proof. See section 5.2. O

Lemma 3.3. Let {W, J} € B be an arbitrary initial guess and let {Wy, 1} = T({W, J})
be computed using P terms in the Neumann series. The Neumann series converges as
P — oo and it holds,

7AW, T}) = TEW.IDIP < 287 Y " [IVaV W22,

d=1

and furthermore,

(T ({W. T}) = TTEW, INI? < AC6T Y IVaVIW |2,

d=1
when P is large enough for 67 < 1/2.

Proof. See section 5.3. U

We are now ready to present the main theorem. We use the fact that geometric conver-
gence means that there exists a number 7y such that the original method is a contraction
after ig iterations, i.e. |[|[{U, G} =T ({W, J})|| < yI{U, G} —{W, J}||| for some 0 < v < 1.
The error committed by using truncated Neumann series perturbs this result, but the size
of the perturbation can be bounded in terms of % using Lemma 3.2 and 3.3.

Theorem 3.1. Let {W, J} € B be an arbitrary initial guess and let {U, G} be the reference
solution. For a fized integer i > 1 fulfilling CoL™ < 1/4 and P large enough so that
Cio 2 CoL6T < 1/4 it holds,

(3:5) I{T. G} = {Ukio: Grio Il < AU, G} = {W, T}l + 2Ci, 1 Craad”,

where vy < 1/2 and Cy, \ = 12(AY2Cy, +4)(CL — 1)/[(1 — §)(Cx — 1)] and k is any positive
mnteger.

Proof. See section 5.4. O

So far, we have compared the approximate solution using the domain decomposition
together with the truncated Neumann series to a direct solve using the finite element
method on the fine mesh using piecewise linear basis functions. If we let {U, G} be the
exact solution to (1.1) and assume we have,

(3.6) I{U, G} = {U, G} || < Cexh®,

for some a > 0 and C¢, > 0 that depends on A, f, ), and an interpolation constant. Given
this a priori estimate we get the following result.
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Corollary 3.1. Let {W,J} € B be an arbitrary initial guess and let {U,G} be the exact
solution to (1.1). Then it holds,

(37) T [[{U, G} ~ {Us, G}l  Cosh® 423y Crand”
for some fix integer iqg > 1.

Proof. The corollary follows immediately by combining (3.6) and (3.5), using the triangle
inequality, and taking the limit. U

There are various constants in the error analysis. We discuss them in two remarks
below.
Remark 3.1 First of all, since A ~ h~"/2H~1/2 the constant Cy > 1 is directly computable
and very close to 1. This means that

Cw —1
=~ 1.
Cy—1

The number of iterations 7y needed in order to reduce the error to a quarter in Lions’
method i.e. Co L% < 1/4 is very problem dependent but is in most cases a number of mod-
erate size. The constants C5 and L can be approximated by measuring distance between
iterates in the algorithm. The constants C o0 = Cprl| f|lr2)/v/@ and Cj 5 are directly
computable. Furthermore, Cey &= Cip|| f|| 12(Q) /\/a where Ciy is an interpolation constant
associated with V.

Remark 3.2 We note that in order to equidistribute the error between the two error
contributions in (3.7) the number of terms in the truncated Neumann series should roughly
be chosen so that the following holds,

o Cul®
2Ci,7Cran

All these constants are relatively easy to compute. The restriction on P for which Theorem
3.1 is valid boils down to,
(57) S ;7
4C5LC;, A
where Cy, L, and 7y depends on the underlying domain decomposition algorithm, and can
be approximated by comparing errors between iterates, and Cj,  is directly computable.

4. COARSE GRID CORRECTION

Non-overlapping domain decomposition algorithms tend to have slow convergence when
the number of subdomains increases. To overcome this issue, coarse grid correction is often
used. Here we briefly describe how coarse grid correction can be used within the proposed
framework.
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Given a previous iterate {U/"?, G7*}P_, | the new iterate is computed as a sum of the
old iterate, a coarse grid Correctlon and a fine grid solution that will be computed using
the same method described above, i.e.

(4.1) Gl = o\ - GT“J,

7 7

(42) ’L+1 Un + z+1 Z i+1>

where C; in the coarse space associated with the mesh given by {€,}7; solves,

(4.3)
D D
D (AVCE V0)a+ MCFyv)a = Y (f0)a+ (Ghys v)a = (A'VUV0)a + MU, v)a
d=1 d=1

M@

< i+1 Gn >

a
Il

1

for all coarse test functions v, and Fre ir1 € Vh,a solves,
(44)  (A"VEYIVV)a+ MEL v)a = (Ghyy — GF L) — (APVCE, Vo)g — MCPyy, v)a

for all v € Vj, 4 and all d = 1,...,D. For simplicity we have assumed that {Q4}5_, serves
as a finite element mesh. If this is not the case we just need to divide the subsdomains €24
into appropriate elements.

The coarse grid correction equation (4.3) is solved using brute force for each sample,
which is alright since the degrees of freedom is fairly small. The local fine grid problems
(4.4) are then solved using the proposed method with truncated Neumann series. The
storage and computational cost, in each iteration, are similar to solving the original problem
with truncated Neumann series. This procedure will speed up the convergence of the
method when the number of subdomains is large.

5. PROOFS OF THE THEORETICAL RESULTS

In this section, we collect the proofs of the three Lemmas and the main Theorem. In
Lemma 3.1 we prove basic results for the converged discrete reference solution. In Lemma
3.2, we prove a version of Lipschitz continuity for the exact map T. Similar results can
be found in e.g. [5]. Lemma 3.3, is an extension of a result presented in [3] to a different
setting. Finally, Theorem 3.5 is the main result of the paper.

5.1. Proof of Lemma 3.1.

Proof. The converged solution solves: find U € V, such that, (AVU, Vo) = (f,v) forallv €
Vi. We can pick v = U to get H\/—VUHLQ(Q < [[flle2 HUHL2 < G HfHL2 )H\/ZVUHH(Q)

The Lemma follows by dividing with ||V AVU| @) 1If VU =0 it holds trivially. O
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5.2. Proof of Lemma 3.2.

Proof. We let {W;a, J;0} = T9({W,, J,}) and {W]b, Jis} = TI({Wy, Jb}) for j = 1,2.
Applying equation (2.5) with U” 4 first equal to W . then I/V1 b and v = VV1 ” Wldb for
both equations, and subtractlon yields,

D D
(5.1) D IVAVV =W ) T2 T MW= Wi F200y = D (i a—J1 Wi =W 4.
d=1

Furthermore, we can use equation (2.3) to get,

(5.2)
D D _ _ ~ ~
> . = TS0 = D I2AWE, = W) = (Jf, = T 32000
d=1 d=1
D B B D _ _
(5.3) = Z 1Y = Tl 2200, + 4N Z Wy, — Wil2 00,
d=1 d=1
D ~ ~
— AN = I W, = W)
D ) ) D
= |l = 3200, — AN VAV, — W) 1320,
d=1 d=1
D ~ ~
(5.4) <Y N = TR0,
d=1
D

19 = Tl 2200,

ﬁ“

1

using equation (5.1) and changing the order of the sums in the last step. Each interior
edge will have exactly two elements associated with it, d and d. We let v = VV2 ” Wde

and U™ to be first WZa and then W2,b in equation (2.5) and then subtract to get,
(5.5)

D D D
S VAV, = Wi 72 + A DNV, = Wi 200, = D (J8a — I8 Wiy — Wih)a
d=1 d=1 d=1
D 1 D
(5.6) <A NV = WillEawo, + 55 D 15 — T 7200,
d=1 d=1

since € > 0 and,

2
(5.7) lab| < %bQ + ;— for all a,b € R,
€
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and e can be chosen to be equal to 2\. We conclude,

d=1

. 1/2
I{Wa,a; J2.a}={Wap, J2p} Il < Cx (Z 1J1a — Jﬁb\li2(agd)> < Gll{Wia, Jra}—={Wip, Jra}l,

where C) = (1 + ﬁ)l/Z. Again we change the order in the sum. Il
5.3. Proof of Lemma 3.3.

Proof. We consider one particular subdomain ;. Let the matrix m = —(A™9k*4)~ k.
First we want to show that (1 —m)~' = 37" m?, i.e. the Neumann series converges. We
want to study m : R" — R". Let m : V,, 4 — V), 4 be the corresponding map in the finite
element space. Let 2 = ma for an arbitrary v € V}, 4. Then we have,

(aV2,Vv)g + Mz, v)g = —(A™Vz,Vv), for all v € V4.
This means in particular that,
IVaV=1ag, + Al on, < 16aVa, V2)| < 8VaVel oo, Va2l oy.
We use equation (5.7) to get,
12117 := VaV 2|20, + 2M 217200, < O IVaVe|7aq,,

where we also define a short notation for this norm. In this norm we have, ||mz||; <
8|V aVx| 12(q,). Furthermore, we can repeat the argument for mz and m?z to get, ||mPz||4
O |VaV| r2,. We know that id — = (id — m) ZP ~, m?, where id is the iden-
tity operator. We take limit on both sides. Note that m73 — 0 as P — oo, since
limp_, 00 SUP) =1 [mPx|ls = 0. We get, id = (id — m) > >° m?, which proves that the
Neumann series converges.

Furthermore,

IN

P—1
11 =m)™ = mP)alla = [Im” (1 = m) ™ zlla < 67 |VaV ((1 = m)™'2)|| 2,

If we apply this to all subdomains €2; with x as the finite element function corresponding to
(ko4)~ (bd(f)—i-bd(Jd)) on each domain, see Algorithm (1), and let, {W;, J1} = T({W, J}))
and {Wy, J;} = T({W, J}) we get,

D

D
(IVav Wi = WlZaqa, + 2MIWE = Wi 00, ) < 3 07 IVaVH 320,
d=1 d=1

One can easily replace Wld with W in the right hand side using a simple kick back argu-
ment. Assuming 67 < 1/2 yields,
(5.8)

D
S (IVaV OV = W) 0y + AAIWE — sy} < 23 7 VAT 0y

d=1 d=1
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Since J, = J; we immediately get the first result,

D
Wy = WAlI? <4 6P IVaVWiaq,).

d=1

where we use [a/A| = 1/(1+A/a) > 1/(1+0) > 1/2. Next we let {Wy, Jo} = T({W4, J,})
and {Wy, Jo} = T({W4, J;}). We use equation (5.3,5.5) and (5.8) and that .J; = J; to get,

1072, 2} = (. 2l = 3 (M V(WS = WlZaay + 195 = T80,

| /\

D ~
CYY 5 = TN 7200,
d=1

IN

D
ANCY W = Wi T2 00,
d=1

]

<ACR Y IVaV W20,
d=1
The Lemma follows immediately. U

5.4. Proof of Theorem 3.5.

Proof. We first consider the difference between 7 iterations of the exact domain decompo-
sition algorithm {Uz, Gz} = T*({W, J}) and Z iterations of the algorithm using truncated
Neumann series {Uz, Gz} = TT({W, J}). We have,

{0z, Gz} — {Uz, Gz} |
< KUz, Gz} = T({Uz—1, Gz Dl + 1T ({Uz-1, Gz1}) = T{Uz-1, Gz}l
< {0z, Gz} = T*({Uz-2, Gz o}l + IT*({Uz-2, Gz-2}) = T({Uz-1, Gz 1}l
+ I T({Uz-1, Gz1}) = T{Uz-1, Gz_1)} |

D 1/2
< O\{Uz-1,Gz-1} — T({Uz-2, Gz—2})||| + C»6" (A > ||\/5VU%_1||%2<%>

+ 17 ({Uz-1, Gz-1}) = T{Uz-1, Gz}l
(5.9)

> 1/2
< C’,\|H{U2717 élfl} — {Uz-1, Gz }|| + (C/\/\l/2 + 2)57> (Z |’\/5VUEI1|‘%2(Qd)>

D 1/2
+ 267 (Z H\/5VU§IH%2(QUZ))
=1
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using Lemma 3.2 and 3.3. We use equation (5.9) for all Z down to 0 and let C* =
2(A\2Cy +4) and note that a(1 — 0) < A < a(1 + §) by assumption. We conclude,

T D 1/2
(5.10) {0z, Gz} = {Uz, Gz}l < C6P )y G5 (Z II\/EVUf\Iide)) :
=0 d=1

We now add and subtract appropriate terms to get,
(5.11)

{0z, Gz} — {Uz, G}

(5.12)
OA5P A 1/2
52@ (Z IVA(VUE - VUL + VU~ VU+VU)||L2Q)>
=0 d=1
3CW’ a - .
ZCX KU, Gi} = {Us, G}l + KU, G} = {U, GYll + IVAVU | 12(@)
(5.13)

3@57’ z
< ZCA I{Us, Gi} — {Ui, G}l + CoLY|[{W, J} = {U, G}H|| + Cax)

Let y*€1,...,7 be the index for the largest error,
max_ {0, Gi} = {Us Gl = {0+, G} = {Us, G DI

.....

We apply equations (5.11-5.13) with Z = j* to get,

A A >\ P ] A A
(5.14) 105 G} — (U G Dl < 52 5 > Gl 6~ (0.

=0
3007 ¢ — 1
1-0 Cy—1
307 ¢y —1
<
—1-46 C\—1
30&57’ oy -1
5 Oy —
We now assume P be large enough so that 67 < CZ_/\ (Cy — 1)(1 = 8)/(6C*(CP — 1))

(where iy = Z, see below). We note that Cj,  is easily computable, see the Remarks in the
end of Section 3. We conclude,

(5.15) {0z, Gz} = {Uz, G}l < IHT;-, Gy} = {Us+, G- DI
< Cigp 0P (CoLI{W. T} = {U. G}l + Crac)

(CoLIKW, I} = {U, Gl + Cra)

U, G} = {Us, G M

= (CoLI{W, T} = {U, GHl| + Cran)
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We are now ready to bound the the error after Z iterations. We have,

I{U, G} — {Uz, G2} < I{U. G} — {Uz, GzD)||| + I{Uz, Gz} — {Uz, Gz}||
< (CoL* + Ciy z\CLLST) U, G} — AW, JH|| + CigaACand”

We now fix Z = iy to be the smallest number so that CoL® < 1/4 and choose P so that
CionCo LT < 1/4 and let v = (CoL* + Cjy \C2Ld") < 1/2. This means that,

{0, G} = {Usy, Gi Il < AI{U, G} = {W, T}l + Cig 7\ Cra0d”-

For an arbitrary integer £ > 1 we have,

“HUa G} - {Uk’im szo}||| < ’7|||{U7 é} - {U(kfl)iov G(kfl)io}ln + Ciov\Cﬁa,QéP
k—1

<0 G} = W THl + Y+ CigpCrand”

J=0

<A IHU, G} = {W. T} +2Ci0nCrand”

which proves the theorem. U

[1]

[10]
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