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UNCERTAINTY QUANTIFICATION AND WEAK
APPROXIMATION OF AN ELLIPTIC INVERSE PROBLEM*

M. DASHTIT AND A. M. STUARTT

Abstract. We consider the inverse problem of determining the permeability from the pressure
in a Darcy model of flow in a porous medium. Mathematically the problem is to find the diffusion
coefficient for a linear uniformly elliptic partial differential equation in divergence form, in a bounded
domain in dimension d < 3, from measurements of the solution in the interior. We adopt a Bayesian
approach to the problem. We place a prior random field measure on the log permeability, specified
through the Karhunen-Loeve expansion of its draws. We consider Gaussian measures constructed this
way, and study the regularity of functions drawn from them. We also study the Lipschitz properties
of the observation operator mapping the log permeability to the observations. Combining these
regularity and continuity estimates, we show that the posterior measure is well defined on a suitable
Banach space. Furthermore the posterior measure is shown to be Lipschitz with respect to the data
in the Hellinger metric, giving rise to a form of well posedness of the inverse problem. Determining
the posterior measure, given the data, solves the problem of uncertainty quantification for this inverse
problem. In practice the posterior measure must be approximated in a finite dimensional space. We
quantify the errors incurred by employing a truncated Karhunen-Loéve expansion to represent this
meausure. In particular we study weak convergence of a general class of locally Lipschitz functions
of the log permeability, and apply this general theory to estimate errors in the posterior mean of the
pressure and the pressure covariance, under refinement of the finite-dimensional Karhunen—Loéve
truncation.
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1. Introduction. There is a growing interest in uncertainty quantification for
differential equations in which the input data is uncertain. In the context of elliptic
partial differential equations much of this work has concentrated on the problem of
groundwater flow in which uncertainty enters the diffusion coefficient in a divergence
form elliptic partial differential equation. Here there has been substantial work in
the numerical analysis community devoted to quantifying the error in the solution
of the problem in the case where the diffusion coefficient is a random field speci-
fied through a Karhunen—Loéve or polynomial chaos expansion which is truncated
[2, 3,4, 7, 6, 16, 20, 21, 23, 24, 25, 29]. However, in practice the unknown diffusion
coefficient is often conditioned by observational data, leading to an inverse problem
[22]. This gives rise to a far more complicated measure on the diffusion coefficient.
The purpose of this paper is to study this inverse problem and, in particular, the
effect of approximating the underlying probability measure via a finite, but large, set
of real valued random variables. Much of the existing numerical analysis concerning
groundwater flow with random permeability requires uniform upper and lower bounds
over the probability space, and hence excludes the log normal permeability distribu-
tions widely used in applications. An exception is the recent paper [6] in which the
effect of log normal diffusion coefficient on the pressure is studied, and weak approx-
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WEAK APPROXIMATION OF AN ELLIPTIC INVERSE PROBLEM 2525

imation quantified. For the inverse problem we study here we also use log normal
priors; these are attractive from an inverse modeling perspective precisely because no
prior bounds on the permeability may be known. A key tool when working with log
normal distributions, and hence Gaussian measures, is the Fernique theorem which
facilitates functional integration of a wide class of functions, including the exponen-
tial of quadratics, against Gaussian measures [12]. The paper [6] exemplifies the key
role of the Fernique theorem and this theorem will also be used extensively in our
developments of the inverse problem.

We consider the elliptic equation

(1.1a) V.- (e"Vp)=f+V-g9, z€D,
(1.1b) p=¢, z€0D,

with D an open, bounded, and connected subset of R, d < 3, p, u, f, and ¢ scalar
functions and g a vector function on D. Given any u € L*°(D) we define A(u) and
A(u) by
(1.2) AMu) = ess inf *(®), A(u) = ess sup (@),
xeD zeD

Where it causes no confusion we will simply write A or A. Equation (1.1) arises as
a model for flow in a porous medium with p the pressure (or the head) and e* the
permeability (or the transmissivity); the velocity v is given by the formula v o —e*Vp.

Consider making noisy observations of a set of linear functionals [; of the pressure
field p, so that I; : p — [;(p) € R. We write the observations as

(1.3) yj:lj(p)+77j, j=1...,K.

We assume, for simplicity, that n = {n; }le is a mean zero Gaussian observational

noise with covariance I'. In this paper we consider I; to be either
(a) pointwise evaluation of p at a point x; € D (assuming enough regularity for
f, g and ¢ so that this makes sense almost everywhere in D); or
(b) 1; : HY(D) — R, a functional on H!(D) (again assuming enough regularity
for f, g, and ¢ so that p € H*(D)).
Our objective is to determine u from y = {y; }le € RX. We adopt a probabilistic
approach which we now outline. In the sequel we derive conditions under which we
may view [;(p) as a function of u. Then, concatenating the data, we have

y=G(u)+mn,
with
(1.4) G(u) = (L(p),. .., lx(p)"

Here the observation operator G maps X into R® where X is a Banach space which
we specify below in various scenarios and is determined by the forward model. From
the properties of 1 we see that the likelihood of the data y given u is

P (y | ) ox exp( 5 [P (v - 6(w)| ).

where | - | is the standard Euclidean norm. Let P(u) denote a prior distribution on
the function u. If u were finite dimensional, the posterior distribution, by Bayes’ rule,
would be given by

P(uly) o< P(y|u) P(u).
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2526 M. DASHTI AND A. M. STUART

For infinite-dimensional spaces however, there is no density with respect to the Lebesgue
measure. In this context Bayes rule should be interpreted as providing the Radon—
Nikodym derivative between the posterior measure p¥(du) = P(duly) and the prior
measure fo(du) = P(du):

Z—ZZ(U) x exp(—%‘l"*% (y— G(u)) ‘2)

The problem of making sense of Bayes rule for probability measures on function spaces
with a Gaussian prior is addressed in [8, 9, 27]. In section 2 we recall these results,
and then, in subsection 2.3, we state and prove a new result concerning stability
properties of the posterior measure with respect to finite-dimensional approximation
of the prior.

In section 3 we show that the observation operator G of the elliptic problem
described above satisfies boundedness and Lipschitz continuity conditions for appro-
priate choices of the Banach space X. In section 4 we combine the results of the
preceding two sections to show that formula (1.5) holds for the posterior measure,
and to study its approximation with respect to finite dimensional specification of the
prior and posterior. Section 5 contains some concluding remarks.

(1.5)

2. Bayesian approach to inverse problems for functions. In this section
we recall various theoretical results related to the development of Bayesian statistics
on function space. We also state and prove a new result on the weak approximation of
the posterior using finite-dimensional truncation of the Karhunen—Loéve expansion.
We assume that we are given two Banach spaces X and Y, a function ® : X xY — R
and a probability measure py supported on X. Consider the putative Radon—Nikodym
derivative (derived by the conditioning of the joint measure on (u,y) € X x Y on y,
see [13])

(2.1a) ) = i expl(—0uin),
(2.1b) Z(y) = /X exp(—®(u; ) po(du).

Our aim is to find conditions on ® and p under which p¥ is a well-defined probability
measure on X, which is continuous in the data y, and to describe an approximation
result for p¥ with respect to approximation of ®. Remarkably these results may all
be proved simply by establishing properties of the operator ® and its approximation
on X, and then choosing the prior Gaussian measure so that po(X) = 1. This clearly
separates the analytic and probabilistic aspects of the Bayesian formulation of inverse
problems for functions. The results of this section are independent of the specific
inverse problem described in section 1 and have wide applicability. Note, however,
that (1.5) is a particular case of the general set-up of (2.1), with Y = R¥. But the level
of generality we adopt allows us to work with infinite dimensional data (functions)
and/or non-Gaussian observational error 7. In particular if the data y = G(u) + 7,
where G : X — Y is the observation operator, Y is a Hilbert space, and 7 is a mean
zero Gaussian random field on Y with covariance operator I' and Cameron—Martin
space H(Y) C Y given by (H(Y),(I~2-, T2}y, |T~% - ||y), then we define ® as

1 _ 1 1 _1
(usy) = FI0 2y — G)IF - 51T~ Fyl}

1 1 1 1
=5IT7 26y — (U7 2y, T2 G (w)y.
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On the other hand if Y = R¥ and 5 has Lebesgue density p, then we define ® by the
identity exp(—®(u;y)) = p(y — G(u)). Note that these two definitions agree, up to an
additive constant depending only on y, when 7 is Gaussian and Y is finite dimensional;
such a constant simply amounts to adjusting the normalization Z(y). The subtraction
of the term %Hl"’%yﬂ% in the infinite-dimensional data setting is required to make
sure that ®(+;y) is almost surely finite with respect to 7 [27]. For simplicity we work
in the case where X comprises periodic functions on the d-dimensional torus T¢:
generalizations are possible.

2.1. Well-defined and well-posed Bayesian inverse problems. In [8,9, 27],
it is shown that some appropriate properties of the log likelihood ® together with an
appropriate choice of a Gaussian prior measure imply the existence of a well-posed
Bayesian inverse problem. Here, we recall these results. To this end we assume the
following conditions on .

Assumption 2.1. Let X and Y be Banach spaces. The function ® : X xY — R
satisfies

(i) for every e > 0 and r > 0 there is M = M(e,r) € R such that for all u € X,
and for all y € Y such that ||y|ly <,

O(u,y) = M — el

(ii) for every r > 0 there exists K = K(r) > 0 such that for allu € X,y €Y
with max{|lullx, lylly} <r

®(u,y) < K;

(iii) for every r > 0 there exists L = L(r) > 0 such that for all uy,us € X and
y €Y with max{||u[|x, [luzllx, lylly} <7

|D(ur,y) — P(uz,y)| < Lljur — uzl|x;

(iv) for everye > 0 andr > 0, there is C = C(¢,r) € R such that for ally1,y2 € Y
with max{|ly1|y, |ly2lly } <r and for every u € X

| (u, 1) — ®(u, y2)] < exp(efullX + C)llyr — 2l

We now recall two results from [8] concerning well definedness and well posedness
of the posterior measure.

THEOREM 2.2 (see [8]). Let @ satisfy Assumptions 2.1(1)—(iil). Assume that po
is a Gaussian measure with po(X) = 1. Then p¥ given by (2.1) is a well-defined
probability measure.

One can also show continuity of the posterior in the Hellinger metric dy., with
respect to the data y. For any two measures p and u’ both absolutely continuous
with respect to the same reference measure v, the Hellinger metric dy., is defined by

2
1 [du [dy’
dch(N,H/): 5/( 5— E) dv.

The Hellinger metric is independent of the choice of reference measure v, the measure
with respect to which both p and p' are absolutely continuous. For function G : X —
S with S a Banach space, we have

(22)  [EC(u) B Glu)lls < CEX |G} +E Gw)|2)? duuas (1 t):
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2528 M. DASHTI AND A. M. STUART

In our elliptic inverse problem, for example, we will choose S to be the space H} where
the pressure lives, or H} ® H{, the natural space for pressure covariance. Theorem 2.3
which follows is hence quite useful: for example, it implies Lipschitz continuity of the
posterior mean or posterior covariance with respect to data. (See [8, section 2]).

THEOREM 2.3 (see [8]). Let @ satisfy Assumptions 2.1(i)—(iv). Assume that po
is a Gaussian measure with po(X) = 1. Then

dHell(My7My,) <C Hy - y/HY7

where C = C(r) with max{||y||y, [|¥/]|v} < r.
We note that under the assumptions of Theorem 2.3, one can also show that

1
* . P(u: - 2
u argumelg{ (u;y) + 2||”||E}7

with (E, || - ||g) the Cameron—Martin space of a centered Gaussian measure pg, is well
defined (see Theorem 5.2 of [27]). When X, and hence E, are finite dimensional it is
readily seen from (2.1a) that the maximum a posterior estimator of u¥ equals u*. This
can be shown to be true for the infinite-dimensional case as well [14]. The function u*
is the solution of the classical Tikhonov regularization of the inverse problem prob-
lem of finding u, given ®(u;y), when the regularization term is chosen to be % |u/|%.
Thus there is a direct link between Bayesian regularization and classical regulariza-
tion. However, a fully Bayesian approach, which would include probing the posterior
distribution by, for example, Markov chain-Monte Carlo methods (MCMC), allows for
the possibility of quantifying uncertainty. The conditions on ® allow for the construc-
tion of MCMC methods in the infinite-dimensional setting, leading to methods which
are robust under mesh refinement; thus we are following the approach of “sample then
discretize,” which is the Bayesian analogue of the optimization approach “optimize
then discretize”; the advantages of adopting this approach are illustrated in [10] for
an inverse problem arising in fluid mechanics and discussed in greater generality in
[11]. In addition, a discussion of the relationship between the classical and Bayesian
approach to inverse problems and the numerical algorithms used in each context, can
be found in [27, section 5.

2.2. Approximation of the posterior. In this section we recall a result con-
cerning approximation of u¥ on the Banach space X when the function ® is ap-
proximated. This will be used in the next subsection for approximation of u¥ on a
finite-dimensional space. Consider ®V to be an approximation of ®. Here we state
a result which quantifies the effect of this approximation in the posterior measure in
terms of the approximation error in .

Define p¥V by

y,N
(2.3a) dgﬂo (u) = val(y) exp(—0N (u)),
(2.3b) ZN(y):/Xexp(—CPN(u))duo(u).

We suppress the dependence of ® and ®V on y in this section as it is considered fixed.

THEOREM 2.4 (see [9]). Assume that the measures i and u™ are both absolutely
continuous with respect to a Gaussian po with po(X) = 1, and given by (2.1) and (2.3),
respectively. Suppose that ® and ®V satisfy Assumptions 2.1(i) and (ii), uniformly in
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N, and that for any € > 0 there exists C = C(¢) € R such that
|®(u) — @V (u)] < exp(el|ull% + C)Y(N),

where Y(N) — 0 as N — oo. Then there exists a constant independent of N such
that

dyren (5 NN) < CY(N).

2.3. Approximating the posterior measure in a finite-dimensional space.
In this section, we again consider approximation of the posterior measure for the in-
verse problem on X C L?(T?) where T denotes the unit cube [—7, 7)¢ with opposite
faces identified. But here we additionally assume that the approximation is made in
a finite-dimensional subspace and hence corresponds to something that can be im-
plemented computationally. Our approximation space will be defined by truncating
the Karhunen-Loeve basis {¢;};°, comprising the eigenfunctions of the covariance
operator of the Gaussian measure pg. For simplicity we assume from now on that g
is centered (zero mean).

Define the subspace W spanned by the {(pl}f\;l and let W+ denote the comple-
ment of W¥ in L2(T%). For any u € X let

N

(2.4) u = Zul eu,  with w = (u, 1),
=1

where (-,-) is the L?-inner product. The approximate posterior measure will induce
a measure on the coefficients {u;}{¥, appearing in (2.4), and hence a measure vV
on uY € W¥. Our interest is in quantifying the error incurred when approximating
expectations under p¥ by expectations under vV,

For simplicity we consider the case where the data y is finite dimensional and the
posterior measure is defined via (2.1) with

1.1 2

(25) () = 5|T 7 (y —G(w)| -
Here | - | denotes the Euclidean norm and I' is assumed positive and symmetric. We
drop explicit y dependence in ® (and approximation ®V) throughout this section.

Note that po factors as the product of two independent measures pl) ® ug on
WHN @ W+, Let PN be the orthogonal projection of L?(T¢) onto W, and P+ =
I —PN. Any v € X can be written as u = u" + u', where u = PNu is given
by (2.4) and ut = Ptu. We define GV (-) = G(P"") and consider the approximate
measure (2.3) with ®V given by

(2.6) V() = 02y~ GV )]

Because GV (u) depends only on u”, and because o = p’ @ ug- the resulting measure
N on X can be factored as p¥V = vV @ pt, where

dvV

2.7
27) dud

() xexp (=510~ 6¥ )

and pt = ué-. The measure vV given by (2.7) is finite dimensional and amenable
to statistical sampling techniques, such as MCMC. For the purposes of this paper
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2530 M. DASHTI AND A. M. STUART

we assume that expectations with respect to v on W can be computed exactly.
Discussion of MCMC methods which are robust to increasing N, can be found at the
end of subsection 2.1.

We are interested in approximating expectations under p¥ of functions G : X — S,
S a Banach space. For example, G(u) may denote the pressure field, or covariance
of the pressure field for the elliptic inverse in section 1. Abusing notation, we will
sometimes write G(u) = G(u’V,u"). In practice we are able to compute expectations
of G(u",0) under v"V. Thus we are interested in estimating the weak error

(2.8) e =||E" G, ut) — B G(u™,0)|s.

We now state and prove a theorem concerning this error, under the following assump-
tions on G and G.

Assumption 2.5. Assume that X, X', and X" are Banach spaces, and X 1is
continuously embedded into X' and X' is continuously embedded into X". Suppose
also that the centered Gaussian probability measure uo satisfies uo(X) = 1. Then, for
all € > 0, there is K = K(e¢) € (0,00), such that, for all ui,us € X,

G(u1) — Guz)| < K exp(emax{|uy %, [Juzll%}) [Jur — usllxr,
1G(u1) — G(ua)|ls < K exp(emax{|ju||%, luzll5}) [lur — ual|x.

Furthermore, ||P|zx,x» = ¢¥(N) — 0 as N — oo, and ||P4||z(x,x) is bounded
independently of N.

THEOREM 2.6. Let Assumption 2.5 hold and assume that ® and ® are given by
(2.5) and (2.6), respectively. Then the probability measures ¥ and p¥N are absolutely
continuous with respect to pg and given by (2.1) and (2.3). Furthermore, the weak
error (2.8) satisfies e < C(N) as N — oc.

Proof. Since X — X’ — X" we have, for some constants C1,C2 > 0, | -
lx» < Ci|l - lx» < Cal - ||x. From the assumptions on G and P+ we deduce that
Assumptions 2.1(i)—(iii) hold for ® and ®V given by (2.5) and (2.6), respectively.
Thus p¥ and p? are well-defined probability measures, both absolutely continuous
with respect to pg, and satisfying p¥(X) = u¥V(X) = 1. By the triangle inequality
we have e < e + eo where

(2.9) e1 = |E* GuN,ut) — B G, ut)|s,
er = |E*"" G, ut) — B G, 0)|s.

We first estimate e;. Note that, by use of the assumptions on G and GV, we have
that for any € > 0 there is K = K (¢) € (0,00) such that

() — ()] < [T (29— Gu) G~ () [T (G(w) — GV ()
< K exp(eful5)w(N).

By Theorem 2.4 we deduce that the Hellinger distance between p¥ and p¥V tends
to zero like 9(N) and hence, by (2.2), that e; < Ct(N). This last bound follows
after noting that the required integrability of ||G(u)||% and ||G(u®)||% follows from the
Lipschitz bound on G, the operator norm bound on P+ and the Fernique theorem [12].

We now estimate es. Because E#"" G(u?,0) = E*" G(u",0) we obtain

(2.10) es < BV ||G(w) — G(u™)]s.
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From the Lipschtiz properties of G we deduce that
e < Ka()B""" (exp(emax{ ful, | PVull % ) | Pullxo )
< Ko (exp(Cellul}) ullx ) (V)

< K" (exp(2Ce]jul%) )b (N),

where C' is independent of €. The result follows by the Fernique theorem. O

The results of this section are quite general, concerning a wide class of Bayesian
inverse problems for functions, using Gaussian priors. These results can also be gen-
eralized to the case of Besov priors introduced in [18] and this approach is pursued
in [13]. In the next section we establish conditions which enable application of Theo-
rems 2.2, 2.3, 2.4, and 2.6 to the specific elliptic inverse problem described in section 1.
We then apply these results in section 4.

3. Estimates on the observation operator. In order to apply Theorems 2.2,
2.3, 2.4, and 2.6 to the elliptic inverse problem described in section 1 we need to prove
certain properties of the observation operator G given by (1.4), viewed as a mapping
from a Banach space X into R™, and the function G : X — S. Then the prior measure
1o must be chosen so that po(X) = 1. It is hence desirable to find spaces X which are
as large as possible, so as not to unduly restrict the prior, but for which the desired
properties of the observation operator hold. As discussed in section 1 we consider
the observation operator obtained from either the pointwise measurements of p or
bounded linear functionals of p € H!(D). We obtain the bounds on the observation
operator for each of these cases in the following.

3.1. Measurements from bounded linear functionals of p € H'(D). In
this case, using standard energy estimates, we have the following result.

PROPOSITION 3.1. Consider (1.1) with D C R?, d = 2,3, a bounded domain,
the boundary of D, 0D, C'-reqular, f € H (D), g € L*(D), and assume that
¢ may be extended to a function ¢ € HY(D). Then there exists a constant C' =
CUlf =2, lgllz2, |8l 2 (D)) such that

(i) ifu e L>®(D), then
[Pl (py < C exp2fullL=(p));
(i) of u1,ug € L>®(D), and p1,p2 are the corresponding solutions of (1.1), then
Ip1 = P2l (p) < € exp(dmax{|lual|Lee, [[ugl[L})llur — ug|[L~.

COROLLARY 3.2. Let the assumptions of Proposition 3.1 hold. Consider G(u) =
(Li(p), ..., lk(p)) with l;, j =1,...,K, bounded linear functionals on H*(D). Then
for any u,ui,us € L>®(D) we have

G(u)] < C exp(2 |[ullL=(D))

and

G(u1) = G(uz)| < C exp(dmax{|furl[re<, [|ulz=}) [[ur = wallL=(p),

with C = C(K, || fll -1, 9]l 2, |6l zr1 Dy, max; 11 || -1 ).
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2532 M. DASHTI AND A. M. STUART
Proof of Proposition 3.1. (i) Substituting ¢ = p — ¢ in (1.1) and taking the inner
product with ¢, we obtain
eIl wgl| 2 < eMle= V|| L2 + | fll - + llgll 2
and therefore
(3.1) 1VplL2 < (14 1e=) [V g]| L2 + el I (|| £l -1 + [l ),

which implies the result of part (i).
(ii) The difference p; — py satisfies

V(e V(p1 —p2)) = V- ((e** —e")Vpa).
Taking the inner product of the equation with p; — ps gives
e Il |7 (py = po)[|72 < [l€* — € || 1= | VP2l L2 [V (P2 = p2)|2-

For any x € D we can write

‘QUQ(JJ) _ eu1(1)‘ _

1
(UQ(CC) . ul(x)) / esu2+(178)u1 ds
0

< lug — uq]|poo em@xUlualloeslluzliioc}

Hence using the estimate for ||Vpz||rz from part (i), the result follows. O

3.2. Pointwise measurements of p. Here we obtain bounds on the L*>°-norm
of the pressure p.

PROPOSITION 3.3. Consider (1.1) with D C R%, d = 2,3, a bounded domain,
the boundary of D, 0D, Cl-reqular, f € L"(D), g € L?>" (D) with r > d/2, and
¢ € L>(0D). There exists C = C(K,d,r,D,supyp ||, || fllzr,lgllL2r) such that

1Pl (D) < C exp([|ufl(p))-

PROPOSITION 3.4. Let the assumptions of Proposition 3.3 hold. Suppose also
that ¢ may be extended to a function ¢ € W27 (D). Then
(i) the mapping u s p from C(D) into L>(D) is locally Lipschitz continuous;
(ii) assume that u; € L>®(D), us € CY(D) for some t > 0, and p1,ps are the
corresponding solutions of (1.1). Then for any € > 0 there ezists C depending
on K,d,t,e,| fllcr, |gllrer, and ||@||wr2r such that

11 = p2ll (D) < C exp (co max{||ur|| Lo (py [uzllcrpy}) llur — uallL= (D),

where co =4+ (4 + 2d)/t + €.
COROLLARY 3.5. Let the assumptions of Proposition 3.3 hold. Consider G(u) =
(l1(p), ..., lk(p)) with l;, j = 1,..., K, pointwise evaluations of p at x; € D. Then
for any w € L>®(D) there exists C = C(K,d,r,D,supyp ||, || fllL~, lgl|L2r) such that

G(u)] < C exp(||ullL=(p))-

If uy € L>(D), ug € CY(D) for some t > 0 and ¢ can be extended to a function
¢ € WY (D), then, for any e > 0,

|G (u1) — G(ua)| < C exp (co max{|ull =y, luallcr(py}) lua = uallLoe(p)

with C = C(K,d,t, e, || flle lgllze, |dllwrer) and co = 4+ (4 4 2d)/t + € for any
e>0.
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Proof of Proposition 3.3. By Theorems 8.15 and 8.17 of [17] we have, recalling
the definition of A in (1.2),

1 1
suplpl < sup ol + C(dr D) (Il + 311+ Slallio )
D oD

where py is the solution of (1.1) with ¢ = 0. Taking the inner product of (1.1) with
po we obtain, for ¢; = ¢;(d,r,|D|),

c1
Vpol|L= < Y (Il + llgllz2)
c2
<2 (il + lgleo)
Hence
1
(32) suplpl < 30 D) (suplol + 111 + ol
D A aD
and the result follows since A > e~ lullze ) O

Proof of Proposition 3.4. The difference p; — po satisfies
V-(e""V(p1 —p2))=V-F, z€D,

(3.3) p1(z) = pa(x), x € 9D,
where

F=—(e® — eu2@))yp,.
Let

Am = min{A(u1), Muz)} and A, = max{A(u1), A(uz)}.
By (3.2) we have

C(d,r,D)

| o

(3.4) sup [p1 — pa| <
D

for r > d/2. Now, ||F| 12+ may be estimated as follows, using Theorem A.3,

[Fllzer < [[(e"" —e") Vpa||per
< A flur — uzl|Lee [[Vp2lL2r
< A C(d,m, Dyun) (| fllzr + gl 2r + [@llwrer) [Jur — uz e (p)

where in the last line we have used the fact that 2rd/(2r + d) < r. This gives the
Lipschitz continuity.
To show the second part, we use (3.4) and Corollary A.4 to write

1
lp1 — p2lL=(p) < by C(d,r, D)||F||2r

Am
< 5 Cld,r, D) Vp2l rar lur = uall=(p)

Am 1+Am 1td #
%(14—(1\“1//\,,1) uallhp))

1
% (14 A/ A) w2l )
 (I1fller + gl pzr + l@llwzr) [ur — uzl| Lo (D).

<C(d,D,r,t)

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



2534 M. DASHTI AND A. M. STUART

Since 1/Am, A < exp{||uillct, ||uz]|ct} and for any e > 0 there exists C(e) such that

22 (1 (A ) e ) (1 (/A el )

< C(e) exp (co(t) max{||u| pos, [[uzllce})

with ¢g =4 4 (4 4 2d)/t + e. The result follows. O
We can now summarize our assumptions on the forcing function and boundary
conditions of (1.1) for our two choices of the observation operator G as follows. We
will use these assumptions in subsequent sections. In both cases covered by these
assumptions it is a consequence that ® and G satisfy Assumptions 2.1 and 2.5.
Assumption 3.6. We consider the observation operator G(u) = (I1(p), ...,k (p))
defined as in (1.4) with D C R? a bounded open set with C* regular boundary. Then
either
(i) the mapping l; is a bounded linear functional on H*(D) for j = 1,...,K
and we assume that f € H-Y(D), g € L*(D), and ¢ may be extended to
¢ € HY(D); or
(ii) the mapping l; is the pointwise evaluation of p at a point x; € D for j =
1,..., K and we assume that f € L"(D), g € L?" (D), and ¢ may be extended
to ¢ € WHI (D), with r > d/2.

4. Properties of the posterior measure for the elliptic inverse problem.
We use the properties of the observation operator G for the elliptic problem to establish
well posedness of the inverse problem, and to study approximation of the posterior
measure in finite-dimensional spaces defined via Fourier truncation.

4.1. Well posedness of the posterior measure. Here we show the well de-
finedness of the posterior measure and its continuity with respect to the data for the
elliptic problem. We have the following theorem.

THEOREM 4.1. Consider the inverse problem for finding u from noisy obser-
vations of p in the form of (1.3) and with p solving (1.1) in D = (—m,7)%. Let
Assumption 3.6 hold and consider po to be distributed as N'(0,(—A)~*%) with A the
Laplacian operator acting on H?(T%) Sobolev functions with zero average on T¢, and
s> d/2. Then the measure p(duly) = P(duly) is absolutely continuous with respect to
o with Radon—Nikodym derivative given by (2.1), (2.5). Furthermore, the posterior
measure is continuous in the Hellinger metric with respect to the data:

dch(Nyv,uy,) <Cly - y/|-

Proof. Let X = C*(D). We first define measures 7o and m on X x R¥ as follows.
Define my(du, dy) = po(du) @ p(dy), where p is a centered Gaussian with covariance
matrix I', assumed positive. Since G : X — R¥ is continuous and since Lemma, 6.25 of
[27] shows that uo(X) =1 for any ¢ € (0, s —d/2), we deduce that G is puog measurable
fort € (0,s—d/2). We define p(dy|u) = N (G(u),T') and then by pg-measurability of G,
7(du, dy) = p(dy|u)po(du). From the properties of Gaussian measure on R we have

dm

d—ﬂo(u,y) oc exp(—®(u;y))

with ®(u;y) = 2|T71/2(y — G(u))|?>. We now show that Assumptions 2.1(i)-(iv) hold

for this ®. Assumption 2.1(i) is automatic because

2
‘20.

P(uyy) == %‘F*% (y — G(u))
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By Corollaries 3.2 and 3.5, G is bounded on bounded sets in X, and Lipschitz on X, for
any t > 0, proving Assumptions 2.1(ii), (iii). To prove Assumption 2.1(iv) note that

1 1

1
| (u;y1) — @(u;y2)| < §‘F_2 (y1+y2—Gw)||T72 (y1 — 42)|
< crexp(eallullx)lyr — v

and

exp(cllullx) < e1(e) exp(elul%)-

By Assumption 2.1(ii) we deduce that

/X exp(—=®(u;y)) po(dy) = exp(=K(r)) po([lulx <) > 0.

By conditioning, as in Theorem 6.31 of [27], we deduce that the regular conditional
probability p¥(du) = P™(duly) is absolutely continuous with respect to pg and is given
by (1.5). Continuity in the Hellinger metric follows from Theorem 2.3. O

In the case that the spatial domain D C R"™ is open and bounded with Lipschitz
boundary, the prior measure po ~ N (0, A7%) with s > d—1/2 and A is the Laplacian
operator acting on D(A) = {u € H*(D) : Vu-nl|pp = 0 and [, u = 0} satisfies
uo(C*(D)) = 1,t < s —d+ 1/2. Hence the techniques of the preceding theorem can
be used to show well posedness of the posterior in this case provided s > d — %

Generalizations to the case that instead of the scalar diffusion constant e* in (1.1),
we have a diffusion matrix A = (a;5);,j=1,...,4 With

d

AP < > a&& < MA)EP, EeRY,

i,7=1

for AM(A) > 0 and A(A) < oo, are possible. In fact, one can prove estimates similar
to those of Corollaries 3.2 and 3.5 for G : (C*(D))%*¢ — R¥_ and then choose an

appropriate prior with g ((Ct(D))dXd) =1 in a similar way to the scalar case.

4.2. Weak approximation in a Fourier basis. Let z = (x1,...,14) € T%
With o, .. g, = eFri@ittkaza) the set {¢r, .k, k1. ksez forms a basis for L?(T9).
Define

WN = spa’n{(pkla---)kd’ |k1| < N, SRR |kd| < N}

and recall the notation established in subsection 2.3.! We let p denote the H!-
valued random variable found from the solution of the elliptic problem (1.1) with u
distributed according to the posterior ¥ and p” the analogous random variable with
u = ul distributed according to v~ with the Fourier truncation described above. We
have the following approximation theorem.

THEOREM 4.2. Consider the inverse problem of finding v from noisy observations
of p in the form of (1.3) and with p solving (1.1) and D = (—m,7)%. Let Assump-
tion 3.6 hold and consider ug to be distributed as N'(0, (—A)~*) with A the Laplacian
operator acting on H?(T?) Sobolev functions with zero average on T¢, and s > d/2.
Then, for any t < s — %,

I p—E"" pN||gn <C N,

IThe slightly different interpretation of N should not cause any confusion in what follows.
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and, with p=E*'p, pV = E”NpN, and S = Hi ® H}, we have

B (p—p)® (p—p) —E (~ —p¥) @ (N —p")|s <CN.

Note that the mean and covariance of the pressure field, when conditioned by
the data, may be viewed as giving a quantification of uncertainty in the pressure
when conditioned on data. The previous theorem thus estimates errors arising in this
quantification of uncertainty when Karhunen—Loeve truncation is used to represent
the posterior measure.

Proof of Theorem 4.2. We apply Theorem 2.6 with G(u) = p and S = H}(D) or
G(u) =p®@pand S = Hi ® H}. We choose X' = X" = L* and X = C* for any
t<s— g. Then X is continuously embedded into X’ and X’ into X" and, under the
assumptions of the theorem, uo(X"”) = po(X’) = po(X) = 1. From Proposition 3.1
it is straightforward to show the required Lipschitz condition on G (in either the
pressure or pressure covariance cases) whilst the required Lipschitz condition on G
follows from Assumptions 3.6. It remains to prove the operator norm bounds on P-~.
We consider dimension d = 2 first. We write

New= ¥ Y aG e

—N<k<N —N<j<N

Z Z 2/ / u(C, €)e —i(Cj+Ek) dCdgeZ(mﬁ'ky)
47T —1T —T

—N<k<N —N<j<N

ﬁ/_ﬂ /_ﬂu(c’f)DN(’I — () Dn(y —§)d¢dé

= [ [ ute -9 Dx0) Dr(e dc e
where, as shown in [28],

iom 1 sin(N+1/2)z
2. =3 sin(z/2)

1
(4.1) Dy(a) = 3
—N<n<N

Noting that ["_ Dy(z)dz = 7, we have

o)~ o) = % [ [ (o= 6=~ ule.n) Dx(0 Dy (©) g

S [ (we-cr-9-uto-cw

+u(r —(,y) — u(x,y)) Dy (¢) Dy (€) d¢ de
- (/ﬂ ( (x -, y—f)—u(a:—g“,y)) DN(g)d§> D (¢)d¢

1

7T2

+—/ u(x —(,y) —u(x, y)) Dn(¢)d¢ ' Dy (8)d¢.

—T

To estimate the right-hand side we set f(§) = u(x — ¢,y — &) —u(x — ¢, y) for fixed
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z,(,y € T, and noting that f(£) is periodic we write

2 [ e on(@ds= [ T sin(@v -+ 1720 ag

_ _/W*m m sin ((N +1/2)¢) d¢

£
- N+Tr1/2 SIH( + 2N+1)

[ LT v 10

- sm(5 + 21\}T+1)

:1/” fe FE+ wE)
2 ), \ sin(e/2) sin<g+mw+l)

) sin ((N 4+ 1/2)¢) d¢

In the third line we have used [~ )dé = [T g(&)d¢ for any 27 periodic

function g and any o € R. Let h = We can write

2N+1
" | f© fE+n
1f KO D) de < | |5em

=L+ L+1;

dg

with Iy = [, I = fiﬂ ,and Iz = f_oh of the integrand in the right-hand side of the
above inequality. Noting that f(0) = 0, we have

11:/0” 1) - f(€+h)+f(§)(. ! ! )’dg

sin( &) sin(¢/2) sin( 5+h)

¢ " | fllct & (sin(§/2 + h/2) — sin(£/2))
Sch Hcht/O S—l——hd€+/0 sin(&/2) sin(&/2 + h/2) dg
< ChtHcht logl +ch " HfHCt gt

d
R TR

1 h 1 4 1
SchtHfHCtlogE+ch|\f|\ct/0 gl——th“h”f”(’t/h & +h)

1
< chl||fllct logE +cht | fllct-

Similarly
f(&)—.f(5+h)_f(§+h)<. L ) "
sin(=5~)

—h
b= Lw sm(%) sin(¢/2)
—h —h . .
t 1 1l € + Bl sin(€/2) — sin((€ + h)/2)]
< cllflle / ¢ d“/,,r [Sin(€/2)] | sin((€ 1 7)/2)]
U fller 1€ + Rt
€JE+ 7

—2h —h

1 1
<cht + log — h ¢ d h ¢ ——d
<ctlfletong +ehlifler [ gmmaetehlfle [ e

dg

< cht||f|lctlog — —|—ch/ d¢

1
< el fllov log g+ | fller.
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0
I3§C/
—h

0 1 0 1
§C||f||0f/ G td§+0|\f|\ct[hmdf

<ch'|fle

Finally

“f€+h

£ h ‘dg

Hence we have

[ (ue ==&~ e~ ¢.)) Da(€)ds < CN"fluen log .

—T

and

(w69 u(w.9)) Dy(€)d¢ < O N~ fuer Tog N,

—T

Now since for fixed € > 0 sufficiently small,

T |sin (N +1/2)z| . /N . € T|sin (N + 1/2)z] .
[ S s [ e endes [ chaes [SEEE

< (2—|— %) e+ 2log N + C(e)
<clogN as N — oo,
we have || Dy (§)||z1(—x,x) = O(log N) and therefore
ug (2, y) = u(@,y)| < Cllullcrpy N7 (log N)*  for any z,y € T?.
Similarly in the three-dimensional case one can show that
lup = ullpe(p) < Cllullorpy N7" (log N)?.

Since t can be chosen arbitrarily close to s — ¢ we obtain ||[PL||zx,x») = O(N™Y)
for any t < s — %. This, since X’ = X", implies that |[P*]|z(x,x/) is bounded

independently of N. The result follows by Theorem 2.6. O

5. Conclusion. We have addressed the inverse problem of finding the diffusion
coefficient in a uniformly elliptic PDE in divergence form, when noisy observations
of its solution are given, using a Bayesian approach. We have applied the results
of [8, 27] on well definedness and well posedness of the posterior measure to show
that for an appropriate choice of prior measure this inverse problem is well posed.
We also provided a general theorem concerning weak approximation of the posterior
using finite-dimensional truncation of the Karhunen—Loeve expansion: Theorem 2.6.
We have then used the result of this theorem to give an estimate of the weak error
in the posterior measure when using Fourier truncation: Theorem 4.2. Future work
arising from the results in this paper includes the possibility of application to other
inverse problems, the study of rare events and the effect of approximation, and the
question of obtaining improved rates of weak convergence under stronger conditions
on the mapping G. Also of interest is the extension to non-Gaussian priors of Besov
type [18], which is considered in [13].
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Appendix A. Let D ¢ R? be open and bounded and let p € W, (D) satisfy
the following integral identity:

(A1) /DVU- (aVp+e)+ fode =0

for any v € C}(D) and with a satisfying 0 < A < a < A < co. We find an estimate
for the W14 norm of p with special attention on how the upper bound depends on
the diffusion coefficient a. The results of this appendix are obtained using slight
modification of the proof of Shaposhnikov [26] for our purpose here.

In the following, Lemma A.l gives an estimate for the W14 norm of p over B,
a ball of sufficiently small radius in R? and of center 0 € R?. Lemma A.2 gives a
similar result for the case that the domain is BN {(z',...,2%) € R?: 2¢ > 0}. This
lemma allows us to consider the effect of the boundary when generalizing to a bounded
domain D. Lemma A.1 and A.2 are then used to prove Theorem A.3 which gives an
estimate for ||p|lyw1.a(p) in a general bounded domain D. Finally in Corollary A.4 we
consider a € C*(D) and obtain an estimate for ||p||y1.« with a polynomial dependence
on [lallct(p)-

Notation. In this appendix we use the operator P,, which for g a scalar function
is defined as

Pr(g)(y) = / K(z —y) g(z) de,

B(0,r)
where
K(y) = { dld=Da(d)]y[?=2> ’
) {%meI, d=2.

Also for any r > 0 we define
B(0,r) = {z e R*: |z < r}.
LEMMA A.1. Let a € C(B(0,1)) and a(0) = ag. Suppose that for a positive
r <1, pe WyUB(0,r) satisfies (A.1) with D = B(0,r), P.f € Wh4(B(0,r)),

e € L1(B(0,r)), and supp p, supp f, supp e C B(0,r). Then, letting B = B(0,r), we
have

1Co
(A.2) pllwra)y < Xa(l +7) (lellLacsy + 1P-(Hllwracs)),
with Cy a constant depending only on d and q and
O =1- (1+T‘)Co

3 S%pm_aO' > 0.

LEMMA A.2. Leta € C(B(0,1)), a(0) = ag, and G(0,r) = B(0,r)n{(z*, ...,z :
x4 > 0} for positive r < 1. Suppose that p € Wy (G(0,7)) satisfies (A.1) with
D = G(0,r), P.f € WH4(G(0,r)), and e € LI(G(0,7)). Assume that the functions
p, f, and e vanish in a neighborhood of the spherical part of the hemisphere G(0,r) but
not necessarily on G(0,7)N{x% = 0}. Then the result of Lemma A.1 with B = G(0,r)
holds.

Note that although in both Lemmas A.1 and A.2, p vanishes on the boundary
of B(0,r) and G(0,r), respectively, in Lemma A.2 the support of p need not be the
subset of an open subset of G(0,r). The above results follow from the proofs of
Lemmas 2 and 3 of [26].

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



2540 M. DASHTI AND A. M. STUART

THEOREM A.3. Assume that D C R¢, d = 2,3, is a bounded C' domain, and
a € C(D). Suppose also that e € LY(D) and f € L?>(D). Then for 2 < q <6

C(D,d,q 1
Ipllwre < C2BD (10 LN 0401+ M) leliaoy + 1Lz,

where § is a positive constant that satisfies the following:
A

max |a —ar)| L ———
yeB(w)l (y) —a(z)| < 1Cod.0)

for any x € D,

where Co(d, q) is the constant in Lemma A.1.
Proof. Choose rp so that for any © € D there exists a ball of radius rp inside
D that contains x. Let 7 = min{rp,d}. Corresponding to r, consider {z; }Jle cD
so that the set of the neighborhoods of these points, {U(;zcj)}}]:1 defined as follows,
forms a cover of D:
o for x; € D, U(x;) = B(xj,r),
e for z; € D, U(x;) = B(zj,7)N D and there exists C' mapping ¢; such that
Y;(U(z;)) = G(zj,7), where G(z;,7) = B(zj,7) N {(zt,...,2%) : 2? > a:j-l},
e and there exists a partition of unity {£;};/_, subordinate to {U(z;)}.
Let w; = &;p. Hence p = ijl w;. In the following we will apply the result of
Lemmas A.1 and A.2 to estimate ||£;p|lw1.«, which then results in an estimate for

pllwe < Z;’Zl lwj|lw1.a. Define
é=¢e—apVe; and f=¢&f +aVeE - Vp.
On U(z;) with z; € D, w; satisfies

/ Vv - (aVw; + é) +vf dz = 0.
B(wjxr)

By Lemma A.1, with B; = B(z;,r), we have

Cdaq ~ r3
lgllwnacey < L@ ) (el + 1P Pllweaa,).

To estimate ||€||Lq(p;) we write

lellzas;) < 1€ ellas;) + 1aVE; pllLacs;)
< (14+AN)C(E,VE) (lella + [l Loy

c(14+A
% (lellze + [[pllzo)-

IN

For HPT(f)HWLq(Bj), by Sobolev embedding theorem (assuming that 2 < ¢ < 6) and
since by Theorem 9.9 of [17] || Prgll gz < C(d)||g|lL2, we have

1P (H)llwracpy < CO)P) a2
C(D, d)||fl >

CD,d)(1& fll> + 1aVE; - Vpllr2)
C(D,d, &, VE) L+ M) (I fll2 + [ Vpllz2)

CLACED (1512 + 19l 1).

IA A IA

—~

IN

Since 2 < ¢ < 6 and D is bounded,
[Pllze < clIVpllze < e ([ fllr2 + llellz2),
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where the second inequality is obtained by taking the inner product of (A.1) with p

(noting that p € Wy '?(D) and hence p|sp = 0 in the trace sense). Therefore

C(D,d,q)
rA

It remains to consider the case that x; € dD. For such z;, w; on U(x;) satisfies
(using the map 1; defined at the beginning of the proof)

(A.3) lwjllwracs;) < 1+ M)A +7r)(llellza + [[fll2)-

/ Vo - (aVw; + &) + vf dz = 0,
G(mjxr)

where @, ¢, and f depend on Vi;. It is not difficult to see that |Vi);| < C where C
depends only on the properties of the boundary of D, therefore in a similar way to
the above argument and using Lemma A.2 it can be shown that

C(D,d,q
lwillwiaa,) < %(1 +A) (X +7)(llellza + (| flz2)-

Now we can write

J c|D|
[pllwra < Z wjllwra < . l[w;llw.a
j=1
< ¢D,d,q)
F1rd )

< BLA G Y (14 ) (1 Ao+ o) el + 151122

- C(Did’ q) (1 n 611+d) 1+ M)A +8)(llellpe + [1£]122)

and the result follows. a

In order to quantify ¢ in the above theorem, in terms of the norm of the space
that a lives in, we need to assume a to be Holder continuous.

COROLLARY A.4. Suppose that the assumptions of Theorem A.3 hold. Assume
also that a is t-Hélder continuous in D. Then

T+ M) +r)((lellze + 111 z2)

Pl
(1+d)/t 1/t
C(D,d,q,t) ”a”ct D Hcht D
<o 1 —- —ii 2 | @ D) lellzo) + 1 z2)).

Proof.  Since |a(z) — a(y)| < |la||ct|z — y|t, § of Theorem A.3 satisfies § <

c)\l/t||a||gf(/lg) and the result follows. O
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