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A COMPUTATIONAL FRAMEWORK FOR
INFINITE-DIMENSIONAL BAYESIAN INVERSE PROBLEMS
PART I: THE LINEARIZED CASE, WITH APPLICATION TO

GLOBAL SEISMIC INVERSION*

TAN BUI-THANHT, OMAR GHATTAS!, JAMES MARTINT, AND GEORG STADLER'

Abstract. We present a computational framework for estimating the uncertainty in the numer-
ical solution of linearized infinite-dimensional statistical inverse problems. We adopt the Bayesian
inference formulation: given observational data and their uncertainty, the governing forward prob-
lem and its uncertainty, and a prior probability distribution describing uncertainty in the parameter
field, find the posterior probability distribution over the parameter field. The prior must be cho-
sen appropriately in order to guarantee well-posedness of the infinite-dimensional inverse problem
and facilitate computation of the posterior. Furthermore, straightforward discretizations may not
lead to convergent approximations of the infinite-dimensional problem. And finally, solution of
the discretized inverse problem via explicit construction of the covariance matrix is prohibitive due
to the need to solve the forward problem as many times as there are parameters. Our computa-
tional framework builds on the infinite-dimensional formulation proposed by Stuart [Acta Numer.,
19 (2010), pp. 451-559] and incorporates a number of components aimed at ensuring a convergent
discretization of the underlying infinite-dimensional inverse problem. The framework additionally
incorporates algorithms for manipulating the prior, constructing a low rank approximation of the
data-informed component of the posterior covariance operator, and exploring the posterior that to-
gether ensure scalability of the entire framework to very high parameter dimensions. We demonstrate
this computational framework on the Bayesian solution of an inverse problem in three-dimensional
global seismic wave propagation with hundreds of thousands of parameters.
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1. Introduction. We present a scalable computational framework for the quan-
tification of uncertainty in large-scale inverse problems; that is, we seek to estimate
probability densities for uncertain parameters,’ given noisy observations or mea-
surements and a model that maps parameters to output observables. The forward
problem—which, without loss of generality, we take to be governed by PDEs—is usu-
ally well-posed (the solution exists, is unique, and is stable to perturbations in inputs),
causal (later-time solutions depend only on earlier time solutions), and local (the for-
ward operator includes derivatives that couple nearby solutions in space and time).
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The inverse problem, on the other hand, reverses this relationship by seeking to esti-
mate uncertain parameters from measurements or observations. The great challenge
of solving inverse problems lies in the fact that they are usually ill-posed, noncausal,
and nonlocal: Many different sets of parameter values may be consistent with the
data, and the inverse operator couples solution values across space and time.

Nonuniqueness stems in part from the sparsity of data and the uncertainty in
both measurements and the PDE model itself, and in part from nonconvexity of the
parameter-to-observable map. The popular approach to obtaining a unique “solu-
tion” to the inverse problem is to formulate it as an optimization problem: Minimize
the misfit between observed and predicted outputs in an appropriate norm while also
minimizing a regularization term that penalizes unwanted features of the parame-
ters. Estimation of parameters using the regularization approach to inverse problems
as described above will yield an estimate of the “best” parameter values that si-
multaneously fit the data and minimize the regularization penalty term. However,
we are interested not just in point estimates of the best-fit parameters, but a com-
plete statistical description of the parameters values that is consistent with the data.
The Bayesian approach [29,44] does this by reformulating the inverse problem as a
problem in statistical inference, incorporating uncertainties in the observations, the
parameter-to-observable map, and prior information on the parameters. The solution
of this inverse problem is the posterior probability distribution of the parameters,
which reflects the degree of confidence in their values. Thus we are able to quantify
the resulting uncertainty in the parameters, taking into account uncertainties in the
data, model, and prior information.

The inverse problems we target here are characterized by infinite-dimensional
parameter fields. This presents multiple difficulties, including proper choice of prior
to guarantee well-posedness of the infinite-dimensional inverse problem, proper dis-
cretization to assure convergence to solutions of the infinite-dimensional problem, and
algorithms for constructing and manipulating the posterior covariance matrix that en-
sure scalability to very large parameter dimensions. The approach we adopt in this
paper follows [42], which seeks to first fully specify the statistical inverse problem
on the infinite-dimensional parameter space. In order to accomplish this goal, we
postulate the prior distribution as a Gaussian random field with covariance operator
given by the square of the inverse of an elliptic PDE. This choice ensures that sam-
ples of the parameter field are (almost surely) continuous as functions, and that the
statistical inverse problem is well-posed. To achieve a finite-dimensional approxima-
tion to the infinite-dimensional solution, we carefully construct a function-space-aware
discretization of the parameter space.

The remaining challenge presented by infinite-dimensional statistical inverse prob-
lems is in computing statistics of the (discretized) posterior distribution. This is
notoriously challenging for inverse problems governed by expensive-to-solve forward
problems and high-dimensional parameter spaces (as in our application to global
seismic wave propagation in section 6). The difficulty stems from the fact that eval-
uation of the probability of each point in parameter space requires solution of the
forward PDE problem (which can take many hours on a large supercomputer), and
many such evaluations (millions or more) are required to adequately sample the (dis-
cretized) posterior density in high dimensions by conventional Markov-chain Monte
Carlo (MCMC) methods. In complementary work [36], we are developing methods
that accelerate MCMC sampling of the posterior by employing a local Gaussian ap-
proximation of the posterior as a proposal density, which is computed from the Hessian
of the negative log posterior. Here, as an alternative, we consider the case of the lin-
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earized inverse problem; by linearization we mean that the parameter-to-observable
map is linearized about the point that maximizes the posterior, which is known as the
maximum a posteriori (MAP) point. With this linearization, the posterior becomes
Gaussian, and its mean is given by the MAP point; this can be found by solving
an appropriately weighted regularized nonlinear least squares optimization problem.
Furthermore, the posterior covariance matrix is given by the Hessian of the negative
log posterior evaluated at the MAP point.

Unfortunately, straightforward computation of the—nominally dense—Hessian is
prohibitive, requiring as many forward-like solves as there are uncertain parameters
(which in our example problem in section 6 are hundreds of thousands). However,
the data are typically informative about a low-dimensional subspace of the parameter
field: that is, the Hessian of the data misfit term is a compact operator that is sparse
with respect to some basis. We exploit this fact to construct a low rank approxi-
mation of the (prior-preconditioned) data misfit Hessian using matrix-free Lanczos
iterations [22,36], which we observe to require a dimension-independent number of
iterations. Each iteration requires a Hessian-vector product, which amounts to just
a pair of forward/adjoint PDE solves, as well as a prior covariance operator appli-
cation. Since we take the prior covariance in the form of the inverse of an elliptic
differential operator, its application can be computed scalably via multigrid. The
Sherman—Morrison—Woodbury formula is then invoked to express the covariance of
the posterior. Finally, we show that the resulting expressions necessary for visual-
ization and interrogation of the posterior distribution require just elliptic PDE solves
and vector sums and inner products. In particular, the corresponding dense operators
are never formed or stored. Solving the statistical inverse problem thus reduces to
solving a fixed number of forward and adjoint PDE problems as well as an elliptic
PDE representing the action of the prior. Thus, when the forward PDE problem can
be solved in a scalable manner (as it is for our seismic wave propagation example
in section 6), the entire computational framework is scalable with respect to forward
problem dimension, uncertain parameter field dimension, and data dimension.

The computational framework presented here is applied to a sequence of realistic
large-scale three-dimensional (3D) Bayesian inverse problems in global seismology, in
which the acoustic wave speed of an unknown heterogeneous medium is to be in-
ferred from noisy waveforms recorded at sparsely located receivers. Numerical results
are presented for several problems with the number of unknown parameters up to
431,000. We have employed a similar approach for problems with more than one
million parameters in related work [8].

In the following sections, we provide an overview of the framework for infinite-
dimensional Bayesian inverse problems following [42] (section 2), present a consistent
discretization scheme (section 3) for the infinite-dimensional problem, summarize a
method for computing the MAP point (section 4), describe our low rank—based covari-
ance approximation (section 5), and present results of the application of our framework
to the Bayesian solution of an inverse problem in 3D global seismic wave propagation
(section 6).

2. Bayesian framework for infinite-dimensional inverse problems.

2.1. Overview. In the Bayesian formulation, we state the inverse problem as
a problem of statistical inference over the space of parameters. The solution of the
resulting statistical inverse problem is a posterior probability distribution that reflects
our degree of confidence that any set of candidate parameters might contain the ac-
tual values that gave rise to the data via the model and were consistent with the prior
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information. Bayes’ formula, presented in its infinite-dimensional form in section 2.2,
defines this posterior probability distribution by combining a prior probability distri-
bution with a likelihood model.

The inversion parameter is a function assumed to be defined over an open,
bounded, and sufficiently regular set Q C R3. The statistical inverse problem is,
therefore, naturally posed in an appropriate function space setting. Here, we adopt
the infinite-dimensional framework developed in [42]. In particular, we choose a prior
that ensures sufficient regularity of the parameter as required for the statistical in-
verse problem to be well-posed. We will represent the prior as a Gaussian random
field whose covariance operator is the inverse of an elliptic differential operator. For
certain problems, non-Gaussian priors can be important, but the use of non-Gaussian
priors in statistical inverse problems is still subject to active research, in particular
for infinite-dimensional parameters. Thus, here we restrict ourselves to priors given
by Gaussian random fields. Let us motivate the choice of the covariance operator as
inverse of an elliptic differential operator by considering two alternatives. A common
choice for covariance operators in statistical inverse problems with a moderate num-
ber of parameters is to specify the covariance function, which gives the covariance of
the parameter field between any two points. This necessitates either construction and
“inversion” of a dense covariance matrix or expansion in a truncated Karhunen—Loéve
(KL) basis. In the large-scale setting, inversion of a dense covariance matrix is clearly
intractable, and the truncated KL approach can be impractical since it may require
many terms to prevent biasing of the solution toward the strong prior modes. On the
contrary, specifying the covariance as the inverse of an elliptic differential operator
enables us to build on existing fast solvers for elliptic operators without constructing
the dense operator. Discretizations of elliptic operators often satisfy a conditional
independence property, which relates them to Gaussian Markov random fields and
allows for statistical interpretation [6,41]. Even if a Gaussian Markov random field
is not based on an elliptic differential operator, this Markov property permits the
use of fast, sparsity-exploiting algorithms, for instance, for taking samples from the
distribution [40]. Our implementation employs multigrid as solver for the discretized
elliptic systems.

A useful prior distribution must have bounded variance and have meaningful
realizations. In our infinite-dimensional setting, we require samples to be pointwise
well-defined, for instance, continuous. Furthermore, it is convenient to have the ability
to apply the square root of the covariance operator, e.g., this is used to compute
samples from a Gaussian distribution. We consider a Gaussian random field m on
a domain Q C R® with mean mg and covariance function c(z,y) describing the
covariance between m(x) and m(y),

(2.1) c(x,y) = E[(m(z) — mo(2))(m(y) —mo(y))] forz,y Q.

The corresponding covariance operator Cy is

(2.2) (Cod) () = /Q ¢(z,9) 6 () dy

for sufficiently regular functions ¢ defined over €). Thus, if the covariance operator
is given by the solution operator of an elliptic PDE, the covariance function is the
corresponding Green’s function. Thus, Green’s function properties have direct impli-
cations for properties of the random field m. For instance, since Green’s functions
of the Laplacian in one spatial dimension are bounded, the random field with the
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Laplacian as covariance operator is of bounded variance. However, in two and three
space dimensions, Green’s functions c¢(x,y) of the Laplacian are singular along the
diagonal, and thus the corresponding distribution has unbounded variance. Thus,
intuitively the PDE solution operator used as covariance operator Cy has to be suffi-
ciently smoothing and have bounded Green’s functions. Indeed, this is necessary for
the well-posedness of the infinite-dimensional Bayesian formulation [42]. The bihar-
monic operator, for example, has bounded Green’s functions in two and three space
dimensions. We choose Cy = A~2, where A is a Laplacian-like operator specified in
section 2.3. This provides the desired simple and fast-to-apply square root operator
Cé/ > = A~! and allows a straightforward discretization.

An approach to extract information from the posterior distribution is to find the
maximum a posterior (MAP) point, which amounts to the solution of an optimization
problem as summarized in section 2.4. Finally, in section 2.5, we introduce a lineariza-
tion of the parameter-to-observable map. This results in a Gaussian approximation
of the posterior, which is the main focus of this paper.

2.2. Bayes’ formula in infinite dimensions. To define Bayes’ formula, we re-
quire a likelihood function that defines, for a given parameter field m, the distribution
of observations y°PS. Here, we assume a finite-dimensional vector y°> € R? of such
observations. We introduce the parameter-to-observable map f : X := L?(Q) — RY as
a deterministic function mapping a parameter field m to so-called observables y € R,
which are predictions of the observations. For the problems targeted here, an eval-
uation of f(m) requires a PDE solve followed by the application of an observation
operator to extract y from the PDE solution. Even when the parameter m coincides
with the “true” parameter, the observables y may still differ from the measurements
y°P® due to measurement noise and inadequacy (i.e., the lack of fidelity of the gov-
erning PDEs with respect to reality) of the parameter-to-observable map f. As is
common practice, we assume the discrepancy between y and y°°® to be described by
a Gaussian additive noise 17 ~ finoise = N (0, Thoise), independent of m. In particular,
we have

(2.3) Yo" = f (m) +n,

which allows us to write the likelihood probability density function (pdf) as

0oDs 1 0oDs - obs
20 mnelam) o exp (< (m) 5PN TELF () - 9)).
The Bayesian solution to the infinite-dimensional inverse problem is then defined as
follows: Given the likelihood e and the prior measure pg, find the conditional
measure p¥ of m that satisfies the Bayes’ formula

dpy 1

= — ke (y°"%|m),

2.

where Z = [ Tiike(y°"*|m) dpo is a normalization constant. The formula (2.5) is
understood as the Radon—Nikodym derivative of the posterior probability measure
u? with respect to the prior measure po. In order for (2.5) to be well-defined, f :
X — R? is assumed to be locally Lipschitz and quadratically bounded in the sense of
Assumption 2.7 in [42]. While the Bayes’ formula (2.5) is valid in finite and infinite
dimensions, a more intuitive form of Bayes’ formula that uses Lebesgue measures and
thus only holds in finite dimensions is given in section 3.5.
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2.3. Parameter space and the prior. As discussed in the introduction of
section 2, we use a squared inverse elliptic operator as covariance operator Cp in (2.1),
ie., Co = A~2. We first specify the elliptic PDE corresponding to A in weak form.
For s € L?(f2), the solution m = A~ 1s satisfies

(2.6) a/(@Vm) -Vp+ mpde = / spdx  for all p € H'(Q),
Q Q

with o > 0, and () € R3*3 is symmetric, uniformly bounded, and positive definite.
Note that for s € L?(Q), there exists a unique solution m € H'(Q) by the Lax—
Milgram theorem. Since s € L?(€2) in (2.6), regularity results, e.g., [5,18], show that,
in fact, m € H?(Q) provided 99 is sufficiently smooth, e.g., Q is a C*! domain. In
this case, (m, s) satisfies the elliptic differential equation

(2.7a) —aV - (OVm)+am=s in Q,
(2.7b) a(®Vm)-n=0 on 09,

where n denotes the outward unit normal on 9f2.
Let us denote by A the differential operator together with its domain of definition
specified by (2.7); hence A is a densely defined operator on L?(Q2) with the domain

D(A):={me H*(Q): a®Vm-n=0}.

The operator A is assumed to be “Laplacian-like” in the sense of Assumption 2.9
in [42]. Briefly, this assumption requires A to be positive definite, self-adjoint, invert-
ible, and have eigenfunctions that form an orthonormal basis of L?(2). Additionally,
certain growth conditions on the eigenvalues and L°°(£2) norms of the eigenfunctions
are enforced.?

To summarize, we consider m as a Gaussian random field whose distribution law is
a Gaussian measure 19 := N (mg, Co) on L*(2), with mean mq € D (A) and covariance
operator Co:=.A~2. The definition of the Gaussian prior measure is meaningful since
A2 is a trace class operator on L? () [42], which guarantees bounded variance and
almost surely pointwise well-defined samples since po(X) = 1 holds, where X := C'(£2)
denotes the space of continuous functions defined on § (see [42, Lemma 6.25]).

2.4. The MAP point. As a first step in exploring the solution of the statistical
inverse problem, we determine the MAP estimate of the posterior measure. In a
finite-dimensional setting, the MAP estimate is the point in parameter space that
maximizes the posterior pdf. This notion does not generalize directly to the infinite-
dimensional setting, but we can still define the MAP estimate myap as the point m
in parameter space that asymptotically maximizes the measure of a ball with radius
€ centered at m, in the limit as € — 0. We recall that the Cameron—Martin space F
equipped with the inner product (-,-)g := (651/2-,@;1/2-) associated with Cy is the
range of Cé/ 2 [27], and hence coincides with D (A). Using variational arguments, it
can be shown (see [42]) that myap is given by solving the optimization problem

(2.8) min 7 (m),

2We note that this growth condition on the eigenfunctions may not be straightforward to demon-
strate (or may not even hold) for a nonrectangular domain €2 and nonconstant coefficient ®. In these
cases, we expect that alternative proofs of the results in [42] can be accessed via regularity properties
of the covariance function for the prior distribution. See, for example, [1,35].
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where

1 12 1
(2.9) T (m) =5 || f (m) — yObsurl;Olisc + 5 IA(m — mo)ll72(e -

The well-posedness of the optimization problem (2.8) is guaranteed by the assump-
tions on f(m) in section 2.2.

2.5. A linearized Bayesian formulation. Once we have obtained the MAP
estimate myap, we approximate the parameter-to-observable map f(m) by its lin-
earization about myiap, which ultimately results in a Gaussian approximation to the
posterior distribution, as shown below. When the parameter-to-observable map is
nearly linear this is a reasonable approximation; moreover, there are other scenarios
in which the linearization, and the resulting Gaussian approximation, may be useful.
Of particular interest here are the limits of small data noise and many observations.
In the small noise case, the parameter-to-obvervable map can be nearly linear as a
mapping into the subset of the observable space on which the likelihood distribution is
nonnegligible—even when f(m) is significantly nonlinear. The asymptotic normality
discussions in [24,33] suggest that under certain conditions, the many observations
case can lead to a Gaussian posterior. Finally, even if this approximation fails to de-
scribe the posterior distribution adequately, the linearization is still useful in building
an initial step for the rejection sampling approach or a Gaussian proposal distribu-
tion for the Metropolis—Hastings algorithm [36,39]. These methods are related to the
sampling algorithm in [25], which also employs derivative information to respect the
local structure of the parameter space.

Assuming that the parameter-to-observable map f is Fréchet differentiable, we
linearize the right-hand side of (2.3) around mpyap to obtain

y°" ~ f (mmap) + F (m — myap) + 1,

where F' is the Fréchet derivative of f (m) evaluated at myap. Consequently, the pos-
terior distribution p¥ of m conditional on y°® is a Gaussian measure N (myrap, Cpost)
with mean myap and covariance operator Cpog, defined by [42]:

(210) CPOSt = (FhrgoliscF + C()_1)717

with F* denoting the adjoint of F', an operator from the space of observations RY
to L? (92). In principle, a local Gaussian approximation of the posterior at the MAP
point can also be found for non-Gaussian priors and when the noise in the observ-
ables is not additive and Gaussian as in (2.3). In these cases, however, even for a
linear parameter-to-observable map the local Gaussian approximation might only be

a reasonable approximation to the true posterior distribution in a small neighborhood
around the MAP point.

3. Discretization of the Bayesian inverse problem.

3.1. Overview. Next, we present a numerical discretization of the infinite-
dimensional Bayesian statistical inverse problem described in section 2.2. The dis-
cretized parameter space is inherently high-dimensional (with dimension dependent
upon the mesh size). If discretization is not performed carefully at each step, it is
unlikely that the discrete solutions will converge to the desired infinite-dimensional
solution in a meaningful way [32,42].
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In the following, and particularly in section 3.3, we choose a mass matrix-weighted
vector product instead of the standard Euclidean vector product. While this is a
natural choice in finite element discretizations [7,46], this does lead to a few compli-
cations, for instance, the use of covariance operators that are not symmetric in the
conventional sense (they are self-adjoint, however). This choice is much better suited
for proper discretization of the infinite-dimensional expressions given in this paper,
and the resulting numerical expressions for computation will more closely resemble
their infinite-dimensional counterparts in section 2. By contrast, the correct corre-
sponding expressions in the Euclidean inner product are significantly less intuitive in
our opinion, and ultimately more cumbersome to manipulate and interpret than the
development we give here.

We provide finite-dimensional approximations of the prior and the posterior dis-
tributions in sections 3.4 and 3.5, respectively. To study and visualize the uncertainty
in Gaussian random fields, such as the prior and posterior distributions, we generate
realizations (i.e., samples) and compute pointwise variance fields. This must be done
carefully in light of the mass-weighted inner products due to the finite element dis-
cretization introduced in section 3.3. We present explicit expressions for computing
these quantities for the prior in sections 3.6 and 3.7. The fast generation of samples
and the pointwise variance field from the Gaussian approximation of the posterior
exploits the low rank ideas presented in section 5. Thus, the presentation of the
corresponding expressions is postponed to section 5.3.

3.2. Finite-dimensional parameter space. We consider a finite-dimensional
subspace Vj, of L?(f2) originating from a finite element discretization with continuous
Lagrange basis functions {¢; }?:1, which correspond to the nodal points {x; }?:1, such
that

(bj(.’lll) :5ij fori,j € {1,...,7’L}.

Instead of statistically inferring parameter functions m € L?(Q), we perform this
task on the approximation mj, = Y.'_, m;¢; € V,. Consequently, the coefficients

J
(mq, ... ,mn)T € R™ are the actual parameters to be inferred. For simplicity of
notation, we shall use the boldface symbol m = (mq,..., mn)T to denote the nodal

vector of a function my, in V.

3.3. Discrete inner product. Since we postulate the prior Gaussian measure
on L? (), the finite-dimensional space V}, inherits the L?-inner product. Thus, inner
products between nodal coefficient vectors must be weighted by a mass matrix M to
approximate the infinite-dimensional L2-inner product. We denote this weighted inner
product by (-, ) pr and assume that M € R™*" is symmetric and positive definite. To
distinguish R™ with the M-weighted inner product from the usual Euclidean space
R", we denote it by R%,. For any my,ms € L*(Q), observe that (m1,ma) ) =~
(map, mQh)L2(Q) = (my, m2)n = m?Mmg, which motivates the choice of M as the
finite element mass matrix defined by

When using the M-inner product, there is a critical distinction that must be
made between the matrix adjoint and the matrix transpose. For an operator B :
R%, — R}, we denote the matrix transpose by B” with entries [BT];; = Bj;. The
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adjoint B* of B, however, must satisfy

(3.2) (B*mi,ms),, = (m1, Bmy),, for all m;,m; € R}y.

This implies that

(3.3) B =M 'B"M.

In the following, we also need the adjoints F* of F : R, > R?and V° of V: R" —
R}, (for some r), where R? and R" are endowed with the Euclidean inner product.

The desired adjoints can be expressed as

(3.4) F'= M 'F7T,

Ve=VTM.
Next, let P, be the projection from L? (2) to Vj,. Then, the matrix representation
B : R}, — R%, for the operator Bj,:=P,BP], where B : L*(Q) — L?*(Q) and

P} .V, — L*(Q), is implicitly given with respect to the Lagrange basis {¢;},—, in V},
by

/ ¢iBo;dx = (e;, Bej)nr,
Q

where e; is the coordinate vector corresponding to the basis function ¢;. As a result,
one can write B explicitly as

(3.6) B=MK,

where K is given by
Kij:/@&bjdff, i,je{l,...,n}.
Q

3.4. Finite-dimensional approximation of the prior. Next, we derive the
finite-dimensional representation of the prior. The matrix representation of the oper-
ator A defined in section 2.3 is given by the stiffness matrix K with entries

K;; = a/ﬂ (©(x)Vo;i(x)) - Vo,(x) + ¢i(x)p;(x)de, i,5€{l,...,n}.

It follows that both A = MK and A~ = K~'M are self-adjoint operators in the
sense of (3.3).

We are now in a position to define the finite-dimensional Gaussian prior measure
utt specified by the following density (with respect to the Lebesgue measure):

1
(3.7) Tprior () o exp | =7 [|A(m —mo) 3,

This definition implies that I'pyior = A2,



FRAMEWORK FOR INFINITE-DIMENSIONAL BAYESIAN INVERSION A2503

3.5. Finite-dimensional approximation of the posterior. In infinite di-
mensions, the Bayes’ formula (2.5) has to be expressed in terms of the Radon—
Nikodym derivative since the prior and posterior distributions do not have density
functions with respect to the Lebesgue measure. Since we approximate the prior
measure jo by pf, it is natural to define a finite-dimensional approximation u¥" of
the posterior measure ¥ such that

dp¥" 1 b

W = ﬁﬂlikc(yo S|mh)7
where Z" = [ mike(y°"*|m) dpf}, and mje is the likelihood (2.4) evaluated at my,.
If we define Tpost (m|y°P®) as the density of u¥", again with respect to the Lebesgue
measure, we recover the familiar finite-dimensional Bayes’ formula

obs)

(3.8) Tpost (M]Y°™*) o Tprior (M) Trike (¥°7%|min),

where the normalization constant 1/Z" | which does not depend on m, is omitted.
Finally, we can express the posterior pdf explicitly as

1 12 1
(3.9)  Mpost(m) o exp (—5 1FGmn) =g =5 1 Alm - mo)llid) )

where, to recall our notation, m, = >7_; m;¢; € Vi, and m = (m, ... ;mn)’ . We
observe that the negative log of the right-hand side of (3.9) is the finite-dimensional
approximation of the objective functional in (2.8).

As a finite-dimensional counterpart of section 2.5, we linearize the parameter-
to-observable map f at the MAP point, but now consider it as a function of the
coefficient vector m. Let I';ost be the posterior covariance matrix in the M-inner
product. Using (2.10), we obtain

(3.10) T post = (F”I‘_l

noise

-1

F+ I‘;rlior) ’

with F?* = M'F7 as defined in (3.4). Note that 'y is self-adjoint, i.e., Ipost =
I') s in the sense of (3.3).

Since the posterior covariance matrix I'pos is typically dense, we wish to avoid
explicitly storing it, especially when the parameter dimension n is large. Even if we
are able to do so, it is prohibitively expensive to construct. The reason is that the
Jacobian of the parameter-to-observable map, F', is generally a dense matrix, and its
construction typically requires n forward PDE solves. This is clearly intractable when
n is large and solving the PDEs is expensive. However, one can exploit the structure
of the inverse problem, to approximate the posterior covariance matrix with desired
accuracy, as we shall show in section 5.

3.6. Sample generation in a finite element discretization. We begin by
developing expressions for a general Gaussian distribution with mean m and covari-
ance matrix I'. Then, they are specified for the Gaussian prior with (1, I'prior)-
Realizations of a finite-dimensional Gaussian random variable with mean m and co-
variance matrix I' can be found by choosing a vector n containing independent and
identically distributed (i.i.d.) standard normal random values and computing

(3.11) m=m+ Ln,
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where L is a linear map from R™ to R}, such that I' = LL®, in which the adjoint
L° = LT M (see also (3.5)). Note that M~/?n is a sample from N(0,T) in the
mass-weighted inner product.

In particular, for m = my and I' = I'pyior, we have Lpyior = K'MM V2 =
K 'MY? (see the appendix) and samples from the prior are computed as m =
mo + K 'MY?n. Samples from the Gaussian approximation to the posterior use
the low rank representation introduced in section 5, and the corresponding expressions
are given in (5.8) and (5.9).

3.7. The pointwise variance field in a finite element discretization. Let
us approximate the covariance function in V}, for a generic Gaussian measure with
covariance operator C. Recall from section 2.3 that the covariance function ¢ (x,y)
corresponding to the covariance operator C is the Green’s function of C71, i.e.,

Cle(m,y) :=0y(x) forxecQ,

where ¢, denotes the Dirac delta function concentrated at y € 2. We approximate
¢ (z,y) in the finite element space V}, by ¢p, (z,y) = > ¢; (y) ¢; (x) with coefficient
vector ¢(y) = [e1 (y),...,cn (y)]". Using the Galerkin finite element method to
obtain a finite element approximation of the preceding equation results in

Cle(y)=2(y) with ®(y)=[¢1(y),...,on(y)]"

and the entries of the matrix C~! are given by C;;' = (d)i,c_lqu)LQ(Q). It follows
that ¢(y) = C® (y) and
en(@.y) =D _ciy)®i(x) = 2 ()" CB(y) forzy e

=1

Let us denote by T~ the representation of P,C~ P} in Vj; then, using (3.6) yields
that C = M ~'. Consequently, the discretized covariance function for the covariance
operator C now becomes

(3.12) cn(zy) =@ () TM '@ (y).
Let us now apply (3.12) to compute the prior variance field. As discussed in section 3.4,
Iorior = A2 = K"'MK 'M. This results in the discretized prior covariance
function

S (@, y) =@ (z) K 'MK '®(y).
By taking y = @, the prior variance field at an arbitrary point & € {2 reads

E (g, x) =@ () K'MK ™ '® ().
The pointwise variance field of the posterior distribution builds on the low rank rep-

resentation introduced in section 5. The resulting expression, which requires the prior
variance field, is given in (5.7).
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4. Finding the M AP point. Section 2.4 introduced the idea of the MAP point
as a first step in exploring the solution of the statistical inverse problem. To find the
MAP point, one needs to solve a discrete approximation (using the discretizations of
section 3) of the optimization problem (2.8), which amounts to a large-scale nonlinear
least squares numerical optimization problem. In this section, we provide just a brief
summary of a scalable method we use for solving this problem, and refer the reader
to our earlier work for details, in particular the work on inverse wave propagation
[2,3,17]. We use an inexact matrix-free Newton—conjugate gradient (CG) method
in which only Hessian-vector products are required. These Hessian-vector products
are computed by solving a linearized forward-like and an adjoint-like PDE problem,
and thus the Hessian matrix is never constructed explicitly. Inner CG iterations are
terminated prematurely when sufficient reduction is made in the norm of the gradient,
or when a direction of negative curvature is encountered. The prior operator is used
to precondition the CG iterations. Globalization is through an Armijo backtracking
line search.

Because the major components of the method can be expressed as solving PDE-
like systems, the method inherits the scalability (with respect to problem dimension)
of the forward PDE solve. The remaining ingredient for overall scalability is that the
optimization algorithm itself be scalable with increasing problem size. This is indeed
the case: For a wide class of nonlinear inverse problems, the outer Newton iterations
and the inner CG iterations are independent of the mesh size, as is found to be the
case, for instance, for inverse wave propagation [3,17]. This is a consequence of the
use of a Newton solver, of the compactness of the Hessian of the data misfit term
(i.e., the first term) in (2.9), and of the use of preconditioning by I'prior, so that the
resulting preconditioned Hessian is a compact perturbation of the identity, for which
CG exhibits mesh-independent iterations.

5. Low rank approximation of the Hessian matrix.

5.1. Overview. As stated in section 2.5, linearizing the parameter-to-observable
map results in the posterior covariance matrix being given by the inverse of the Hessian
of the negative log posterior. Explicitly computing this Hessian matrix requires a (lin-
earized) forward PDE problem for each of its columns, and thus as many (linearized)
forward PDE solves are required as there are parameters. For inverse problems in
which one seeks to infer an unknown parameter field, discretization results in a very
large number of parameters; explicitly computing the Hessian—and hence the covari-
ance matrix—is thus out of the question. As a remedy, we exploit the structure of the
problem to find an approximation of the Hessian that can be constructed and dealt
with efficiently.

When the linearized parameter-to-observable map is used in J(m) (as defined
in (2.9)) and second derivatives of the resulting functional are computed, one obtains
the Gauss—Newton portion of the Hessian of J(m). Both the full Hessian matrix as
well as its Gauss—Newton portion are positive definite at the MAP point and they
only differ in terms that involve the adjoint variable. Since the adjoint system is
driven only by the data misfit (see, for instance, the adjoint wave (6.5)), the adjoint
variable is expected to be small when the data misfit is small, which occurs provided
the model and observational errors are not too large. The Gauss—Newton portion of
the Hessian is thus often a good approximation of the full Hessian of 7 (m).

For conciseness and convenience of the notation, we focus on computing a low rank
approximation of the Gauss—Newton portion of the (misfit) Hessian in section 5.2. The
same approach also applies to the computation of a low rank approximation of the full



A2506 T. BULTHANH, O. GHATTAS, J. MARTIN, AND G. STADLER

Hessian, whose inverse might be a better approximation for the covariance matrix if
the data is very noisy and the data misfit at the MAP point cannot be neglected. The
low rank construction of the misfit Hessian is based on the Lanczos method and thus
only requires Hessian-vector products. Using the Sherman—Morrison—Woodbury for-
mula, this approximation translates into an approximation of the posterior covariance
matrix.

In section 5.3, we present low rank—exploiting methods for sample generation
from the Gaussian approximation of the posterior, as well as methods for the efficient
computation of the pointwise variance field. Finally, in section 5.4, we discuss the
overall scalability of our approach.

5.2. Low rank covariance approximation. For many ill-posed inverse prob-
lems, the Gauss—Newton portion of the Hessian matrix (called the Gauss-Newton
Hessian for short) of the data misfit term in (2.9) evaluated at any m.,

(5.1) H i = FT L F

noise™

behaves like (the discretization of) a compact operator (see, e.g., [45, p. 17]). The
intuitive reason for this is that only parameter modes that strongly influence the ob-
servations through the linearized parameter-to-observable map F' will be present in
the dominant spectrum of the Hessian (5.1). For typical inverse problems, observa-
tions are sparse, and hence the dimension of the observable space is much smaller
than that of the parameter space. Furthermore, highly oscillatory perturbations in
the parameter field often have a negligible effect on the output of the parameter-to-
observable map. In [10,11], we have shown that the Gauss—Newton Hessian of the
data misfit is a compact operator, and that for smooth media its eigenvalues decay
exponentially to zero. Thus, the range space of the Gauss—Newton Hessian is effec-
tively finite-dimensional even before discretization, i.e., it is independent of the mesh.
We can exploit the compact nature of the data misfit Hessian to construct scalable
algorithms for approximating the inverse of the Hessian [22,36].

A simple manipulation of (3.10) yields the following expression for the posterior
covariance matrix, which will prove convenient for our purposes:

-1

(5:2) Tpost = Dylier (Tptien Huisti il +1) - Til

prior prior prior prior”

We now present a fast method for approximating I',os¢ with controllable accuracy by
making a low rank approximation of the so-called prior-preconditioned Hessian of the
data misfit, namely,

(5.3) H it =T"/2

prior

1/2
prior*

Hmisﬁtr

Let (A\j,v;),i = 1,...,n, be the eigenpairs of H isie, and A = diag(A1, ..., A\n) €
R™*"™. Define V' € R™™" such that its columns are the eigenvectors v; of ) 2 -
Replacing H ishis by its spectral decomposition (recall that V'© is the adjoint of V' as
defined in (3.5)),

prior

—1
(o Huse Dy, + 1) = (VAVE D)7

When the ejgenvalues of H misfit decay rapidly we can construct a low rank approxi-
mation of H isa¢ by computing only the r largest eigenvalues, i.e.,

I‘IljﬁiQ()eriSﬁtI‘}ljﬁiQ()r = VTATV;? + o < Z /\l> ’
i=r+1
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where V. € R™ " contains r eigenvectors of H misfit corresponding to the r largest
eigenvalues \;,i = 1,...,7, and A, = diag(A1,...,A,) € R™*". We can then invert
the approximate Hessian using the Sherman—Morrison—Woodbury formula to obtain

)

where D, := diag(A1/(M +1),..., A /(A + 1)) € R™*". Equation (5.4) shows the
truncation error due to the low rank approximation based on the first r eigenvalues.
To obtain an accurate approximation of I'yes, only eigenvectors corresponding to
eigenvalues that are small compared to 1 can be neglected. With such a low rank

approximation, the final expression for the approximate posterior covariance is given
by

i
N+ 1

-1 n
(5.4) (r;ffoerisﬁtrlﬁffm 4 I) =I1-V,.D,VS+0 ( >
~

(55) ]‘—‘POSt ~ I‘prior - F;ﬁ?orVTDrviri)ﬁizor'

Note that (5.5) expresses the posterior uncertainty (in terms of the covariance matrix)
as the prior uncertainty less any information gained from the data. Due to the square
root of the prior in the rightmost term in (5.5), the information gained from the data
is filtered through the prior; i.e., only information consistent with the prior can reduce
the posterior uncertainty.

5.3. Fast generation of samples and the pointwise variance field. Prop-
erties of the last term in (5.5), such as its diagonal (which provides the reduction in
variance due to the knowledge acquired from the data) can be obtained numerically
through just r applications of the square root of the prior covariance matrix to r
columns of V,.. Let us define

V,=TY2v,.

prior ¥ T

then (5.5) becomes
(56) I‘post ~ I‘prior - VT’DT“/:<;7

with V= VerL? .

The linearized posterior is a Gaussian distribution with known mean, namely the
MAP point, and low rank-based covariance (5.6). Thus, the pointwise variance field
and samples can be generated as in sections 3.7 and 3.6, respectively. The variance

field can be computed as
(5.7) @, @) = M (@) — 3 di (B ()7,
k=1

where vgp () = @ (:B)T ?y, with 9 denoting the kth column of V,, is the function
in V}, corresponding to the nodal vector vy.

Now, we can compute samples from the posterior provided that we have a fac-
torization 'y = LL°. One possibility for L (see the appendix for the detailed
derivation) reads
(5.8) L:=TY (V,P,Ve+I)M />

prior
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with P, = diag (1/\//\1 +1-1,..,1/V/ A +1— 1) € R™" L as a linear map from
R™ to R}, and I as the identity map in both R™ and R%,. As discussed in section
3.6, samples can be then computed as

(5.9) VP = myap + L,
where n is an i.i.d. standard normal random vector.

5.4. Scalability. We now discuss the scalability of the above low rank construc-
tion of the posterior covariance matrix in (5.5). The dominant task is the computa-
tion of the dominant spectrum of the prior-preconditioned Hessian of the data misfit,
H ,isit, given by (5.3). Computing the spectrum by a matrix-free eigensolver such as
Lanczos means that we need only form actions of H ,;s5¢ with a vector. As argued
at the end of section 3.5, the linearized parameter-to-observable map F' is too costly
to be constructed explicitly since it requires n linearized forward PDE solves. How-
ever, its action on a vector can be computed by solving a single linearized forward
PDE (which we term the incremental forward problem), regardless of the number of
parameters n and observations ¢. Similarly, the action of F* on a vector can be found
by solving a single linearized adjoint PDE (which we term the incremental adjoint
problem). Explicit expressions for the incremental forward and incremental adjoint
PDEs in the context of inverse acoustic wave propagation will be given in section
6. Solvers for the incremental forward and adjoint problems, of course, inherit the
scalability of the forward PDE solver. The other major cost in computing the action
of H yisic on a vector is the application of the square root of the prior, I‘;{izor, to a
vector. As discussed in section 2.3, this amounts to solving a Laplacian-like problem.
Using a scalable elliptic solver such as multigrid renders this component scalable as
well. Therefore, the scalability of the application of H isat to a vector—which is the
basic operation of a matrix-free eigenvalue solver such as Lanczos—is assured, and
the cost is independent of the parameter dimension.

The remaining requirement for independence of parameter dimension in the con-
struction of the low rank-based representation of the posterior covariance in (5.5) is
that the number of dominant eigenvalues of H isa¢ be independent of the dimension
of the discretized parameter. This is the case when H nisas and I'prior in (5.1) are
discretizations of a compact and a continuous operator, respectively. The continuity
of Cp is a direct consequence of the prior Gaussian measure io; in fact, Cg, the infinite-
dimensional counterpart of I',ior, is also a compact operator. Compactness of the data
misfit Hessian H ,i¢5¢ for inverse wave propagation problems has long been observed
(e.g., [15]) and, as mentioned above, has been proved for frequency-domain acoustic
inverse scattering for both continuous and pointwise observation operators [10, 11].
Specifically, we have shown that the data misfit Hessian is a compact operator at any
point in the parameter domain. We also quantify the decay of the data misfit Hessian
eigenvalues in terms of the smoothness of the medium, i.e., the smoother it is the
faster the decay rate. For an analytic target medium, the rate can be shown to be
exponential. That is, the data misfit Hessian can be approximated well with a small
number of its dominant eigenvectors and eigenvalues.

As a result, the number of Lanczos iterations required to obtain a low rank ap-
proximation of H ¢ is independent of the~dimension of the discretized parameter
field. Once the low rank approximation of H ,isa¢ is constructed, no additional for-
ward or adjoint PDE solves are required. Any action of I'yo in (5.5) on a vector
(which is required to generate samples from the posterior distribution and to compute
the diagonal of the covariance) is now dominated by the action of I'pyior o1 a vector.
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But as discussed above, this amounts to an elliptic solve and can be readily carried out
in a scalable manner. Since r is independent of the dimension of the discretized pa-
rameter field, estimating the posterior covariance matrix requires a constant number
of forward/adjoint PDE solves, independent of the number of parameters, observa-
tions, and state variables. Moreover, since the dominant cost is that of solving forward
and adjoint PDEs as well as elliptic problems representing the prior, scalability of the
overall uncertainty quantification method follows when the forward and adjoint PDE
solvers are scalable.

6. Application to global seismic statistical inversion. In this section, we
apply the computational framework developed in the previous sections to the statis-
tical inverse problem of global seismic inversion, in which we seek to reconstruct the
heterogeneous compressional (acoustic) wave speed from observed seismograms, i.e.,
seismic waveforms recorded at points on the earth’s surface. With the rapid advances
in observational capabilities, exponential growth in supercomputing, and maturation
of forward seismic wave propagation solvers, there is great interest in solving the global
seismic inverse problem governed by the full acoustic or elastic wave equations [19,37].
Already, successful deterministic inversions have been carried out at regional scales;
for example, see [20,21,34,43,48].

We consider global seismic model problems in which the seismic source is taken
as a simple point source. Sections 6.1 and 6.2 define the prior mean and covariance
operator for the wave speed and its discretization. Section 6.3 presents the parameter-
to-observable map f (m) (which involves solution of the acoustic wave equation) and
the likelihood model. We next provide the expressions for the gradient and application
of the Hessian of the negative log-likelihood in section 6.4. Then, we discuss the
discretization of the forward and adjoint wave equations and implementation details
in section 6.5. Section 6.6 provides the inverse problem setup, while numerical results
and discussion are provided in sections 6.7 and 6.8.

6.1. Parameter space for seismic inversion. We are interested in inferring
the heterogeneous compressional acoustic wave speed in the earth. In order to do this,
we represent the earth as a sphere of radius 6,371km. We employ two earth models,
i.e., two representations of the compressional wave speed and density in the earth. We
suppose that our current knowledge of the earth is given by the spherically symmetric
preliminary reference earth model (PREM) [16], which is depicted in Figure 6.1.

The PREM is used as the mean of the prior distribution, and as the starting
point for the determination of the MAP point by the optimization solver. Then,
we presume that the real earth behaves according to the S20RTS velocity model
[38], which superposes lateral wave speed variations on the laterally homogeneous
PREM. S20RTS is used to generate waveforms used as synthetic observational data
for inversion; we refer to it as the “ground truth” earth model. The inverse problem
then aims to reconstruct the S20RTS ground truth model from the (noisy) synthetic
data and from prior knowledge of the PREM, and quantify the uncertainty in doing
S0.

The parameter field m of interest for the inverse problem is the deviation or
anomaly from the PREM, and hence it is sensible to choose the zero function as the
prior mean. Owing to the prior covariance operator specified in section 2.3, the de-
viation is smooth; in fact it is continuous almost surely. The wave speed parameter
space is discretized using continuous isoparametric trilinear finite elements on a hexa-
hedral octree-based mesh. To generate the mesh, we partition the earth into 3 layers
described by 13 mapped cubes. The first layer consists of a single cube surrounded
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Fia. 6.1. Left image: Cross section through the spherically symmetric PREM, which is the
prior mean in the inversion. Right image: Mesh used for both wave speed parameters (discretized
with N = 1) and wave propagation unknowns (N = 3). The mesh is tailored to the local wavelengths.

by two layers of six mapped cubes. The resulting mesh is aligned with the interface
between the outer core and the mantle, where the wave speed has a significant discon-
tinuity (see Figure 6.1). It is also aligned with several known weaker discontinuities
between layers.

The parameter mesh coincides with the mesh used to solve the wave equation
described in section 6.3. The mesh is locally refined to resolve the local seismic
wavelength resulting from a given frequency of interest for the PREM. We choose a
conservative number of grid points per wavelength to permit the same mesh to be used
for anticipated variations in the earth model across the iterations needed to determine
the MAP point. For the parallel mesh generation and its distributed storage, we use
fast forest-of-octree algorithms for scalable adaptive mesh refinement from the p4est
library [12,13].

6.2. The choice of prior. Since the prior is a Gaussian measure, it is completely
specified by a mean function and a covariance operator. As discussed in section 6.1, the
prior distribution for the anomaly (the deviation of the acoustic wave speed from that
described by the PREM model) is naturally chosen to have zero mean. The choice of
covariance operator for the prior distribution has to encode several important features.
Recall that we specify the covariance operator via the precision operator A in section
2.3. Therefore, the size of the variance about the zero mean is set by «, while the
product a® determines the correlation length of the prior Gaussian random field. We
next specify the scalar a and the tensor © based on the following observations of
models for the local wave speeds in the earth:

e Smoothness. The parameter field describes the effective local wave speed,
which, for a finite source frequency, depends on the local average of material
parameters within a neighborhood of each point in space. This makes the
effective wave speed mostly a smooth field. Note that the S20RTS-based
target wave speed model (see [38]) is smooth.

e Prior variance. The deviation in this effective wave speed from the PREM
model is believed to be within a few percent. Thus, we select o such that
the prior standard deviation is about 3.5%. The S20RTS target model has a
maximal deviation from PREM of 7%.

e Anisotropy in the mantle. We further incorporate the prior belief that the
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0000

Fia. 6.2. Contours of Green’s functions at points in different depths for the precision operator
of our prior A%. The contours are shown in slices through the earth that contain the points, and
larger values of the Green’s functions correspond to brighter shades of gray. These Green’s functions
correspond directly to the covariance function c(x,y) as discussed in section 2. Note the anisotropy
for points closer to the surface.

compressional wave speed has a stronger variation in depth than in the lateral
directions. We encode this anisotropic variation through ©. In particular, we
select © such that the anisotropy is strongest near the surface, and gradually
becomes weaker with higher overall correlation length at larger depths. We
observe that the S20RTS target model also obeys a similar anisotropy.
From the preceding observations and discussion, we choose o = 1.5 - 1072, while
© is chosen to have the following form:

1-0 Lpl2)
_ _ T : — ) 7= (2||w|| — =l ) if [l|| # 0,
(6.1) ©=p(I3—0(x)zz’) with 6(z) : {O i 1] = 0.

where I3 is the 3 x 3 identity matrix, r = 6, 371km is the earth radius, 8 = 7.5-107372,
and § = 4 -1072. The choice 0 < 6§ < 1 introduces anisotropy in © such that the
prior assumes longer correlation lengths in tangential than in radial directions, and
the anisotropy decreases smoothly toward the center of the sphere. In Figure 6.2
we show several Green’s functions for the precision operator A%, which illustrate
this anisotropy. Figure 6.3 shows a slice through the +20 fields, through samples
from the prior and through the ground truth model, which is used to generate the
synthetic seismograms. Note that close to the boundary, the standard deviation of
the prior becomes larger. This is partly a result of the anisotropy in the differential
operator used in the construction of the prior, but mainly an effect of the homogeneous
Neumann boundary condition used in the construction of the square root of the prior.
This larger variance close to the boundary is also reflected in the prior samples, which
have their largest values close to the boundary. Note that these samples have a larger
correlation length in tangential than in normal directions, as intended by the choice
of the anisotropy in (6.1). The ground truth model, which is also shown in Figure 6.3,
is comparable to realizations of the prior in terms of magnitude as well as correlation.

6.3. The likelihood. In this section, we construct the likelihood (2.4) for the in-
verse acoustic wave problem. In order to do this, we need to construct the parameter-
to-observable map f (m) and the observations y°". Let us start by considering the
acoustic wave equation written in the first order form,

ov

- 2 —
(6.2a) P~ Vice) =g,
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Fia. 6.3. For illustration, we visualize several depictions of the prior using a common color
scale. The images on the far left show slices through the pointwise positive and negative 20 -deviation
fields, which bound the pointwise 95% credible interval. The second and third columns show samples
drawn from the prior distribution, while the fourth column depicts the “ground truth” parameter
field. The prior has been chosen so that samples display similar qualitative features to the “ground
truth” medium; they exhibit anisotropy in the outer layers of the mantle with larger correlation
lengths in the lateral directions, and become more isotropic with higher overall correlation at depth.

where p = p(x) denotes the mass density, ¢ = c¢(x) the local acoustic wave speed,
g(x,t) a (smoothed) point source & € Q, v(x,t) the velocity, and e(x, t) the trace of
the strain tensor, i.e., the dilatation. We equip (6.2) with the initial conditions

(6.2¢) e(x,0) =ep(x) and v(x,0)=vo(x), xeQ,
together with the boundary condition
(6.2d) e(x,t)=0, zel =0Q,te (0,T).

Here, the acoustic wave initial-boundary value problem (6.2) is a simplified mathe-
matical model for seismic waves propagation in the earth [4]. The choice of strain
dilatation e together with velocity v in the first order system formulation is motivated
from the strain-velocity formulation for the elastic wave equation used in [47].

Our goal is to quantify the uncertainty in inferring the spatially varying wave
speed m = ¢(x) from waveforms observed at receiver locations. In order to define the
parameter-to-observable map for a given wave speed c(x), we first solve the acoustic
wave equation (6.2) given ¢, and record the velocity v at a finite number of receivers
in the time interval (0, 7). Finally, we compute the Fourier coefficients of the seismo-
grams and truncate them; the truncated coefficients are the observables in the map
f (m). A similar procedure is used to generate synthetic seismograms to define y°b.
The noise covariance matrix T'. % is prescribed as a diagonal matrix with constant
variance.

6.4. Gradient and Hessian of the negative log posterior. Our proposed
method for uncertainty quantification in section 3 requires the computation of deriv-
atives of the negative log posterior, which, in turn, requires the gradient and Hessian
of the likelihood and the prior. These derivatives can be computed efficiently using
an adjoint method, as we now show. For clarity, we derive the gradient and action of
the Hessian in an infinite-dimensional setting. Let us begin by denoting v(c) as the
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space-time solution of the wave equation given the wave speed ¢ = ¢(x), and B as
the observation operator. The parameter-to-observable map f(c) can be written as
Bv(c). Thus, the negative log posterior is (compare with (2.9))

1 1
(6.3) J(¢) = 5 [|Bu(c) —y Yl + 5 IA(e = o)l 72y

where T'jis0 is specified as in section 6.6. The dependence on the wave speed ¢ of the
velocity v and dilatation e is given by the solution of the forward wave propagation
equation (6.2). The adjoint approach [17] allows us to write G(c), the gradient of J
at a point ¢ in parameter space, as

T
(6.4) G(c) := 2pc/0 e(V - w)dt + A*(c — cp),

where the adjoint velocity w and adjoint strain dilatation d satisfy the adjoint wave
propagation terminal-boundary value problem

(6.5a) —paa— +V(pd) = BT, (Bv —y°®) in Qx(0,7),
ad :

(6.5Db) T +V-w=0 in Q x (0,7,

(6.5¢) pw=0,d=0 inQx{t=T},

(6.5d) d=0 on T x (0,T).

Here, B*, an operator from R? to the space-time cylinder Q x (0,7), is the adjoint
of B. Note that the adjoint wave equations must be solved backward in time (due to
final time data) and have the data misfit as a source term, but otherwise resemble
the forward wave equations.

Similar to the computation of the gradient, the Hessian operator of J at ¢ acting
on an arbitrary variation ¢ is given by

T
(6.6) H(c)é = 2,0/0 ce(V - @) + cé(V - w) + ée(V - w) dt + A%,

where v and € satisfy the incremental forward wave propagation initial-boundary value
problem

% — V(pc?é) = V(2pcée) in Q x (0,T),
%—vm:o in Q x (0,7),

P = 0,6 =0 in Qx {t =0},
e=0 on I' x (0,7).

On the other hand, w and d satisfy the incremental adjoint wave propagation terminal-
boundary value problem

—pa— + V(Ppd) = -V (2ecpd) — BT L Bo in Qx (0,T),

8 noise
9 v w—0 in Q% (0,7),
ot
pw=0,d=0 inQx{t=T},
d=0 onT x (0,T).
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As can be seen, the incremental forward and incremental adjoint wave equations are
linearizations of their forward and adjoint counterparts, and thus differ only in the
source terms. Moreover, we observe that the computation of the gradient and the
Hessian action amounts to solving a pair of forward/adjoint and a pair of incremental
forward /incremental adjoint wave equations, respectively. For our computations, we
use the Gauss—Newton approximation of the Hessian, which is guaranteed to be posi-
tive. This amounts to neglecting the terms that contain V-w in (6.6), and neglecting
the term that includes d in the incremental adjoint wave equations.

6.5. Discretization of the wave equation and implementation details.
We use the same hexahedral mesh to compute the wave solution (v, e) as is used for
the parameter c¢. While the parameter is discretized using trilinear finite elements,
the wave equation, and its three variants (the adjoint, the incremental forward, and
the incremental adjoint), are solved using a high order discontinuous Galerkin (dG)
method. The method, for which details are provided in [9,47], supports hp-non-
conforming discretization, but only A-nonconformity is used in our implementation.
For efficiency and scalability, a tensor product of Lagrange polynomials of degree N
(we use N € {2,3,4} for the examples in the next section) is employed together with
a collocation method based on Legendre-Gauss-Lobatto (LGL) nodes. As a result,
the mass matrix is diagonal, which facilitates time integration using the classical
four-stage fourth order Runge—Kutta method. We equip our dG method with exact
Riemann numerical fluxes at element faces. To treat the nonconformity, we use the
mortar approach of Kopriva and coworkers [30,31] to replace nonconforming faces by
mortars that connect pairs of contributing elements. The actual computations are
performed on the mortars instead of the nonconforming faces, and the results are
then projected onto the contributing element faces. The method has been shown to
be consistent, stable, and convergent with optimal order, and highly scalable [9,47].

It should be pointed out that the discretizations of the gradient and Hessian action
given in section 6.4 are not consistent with the discrete gradient and Hessian-vector
product obtained by first discretizing the negative log posterior and then differenti-
ating it. Here, inconsistency means that the former are equivalent to the latter only
in the limit as the mesh size approaches zero (see also [26,28]). The reason is that
additional jump terms due to numerical fluxes at element interfaces are introduced in
the dG discretization of the wave equation. In our implementation, we include these
terms to ensure consistency, and this is verified by comparing the discretized gradient
and Hessian action expressions with their finite difference approximations.

Moreover, since we use a continuous Galerkin finite element method for the pa-
rameter, but a dG method for the wave solution, it is necessary to prolongate the
parameter to the solution space before solving the forward wave equation, and its
variants (adjoint, incremental state, incremental adjoint). Conversely, the gradient
and the Hessian-vector application are computed in the wave solution space, and then
restricted to the parameter space to provide the correct derivatives for the optimiza-
tion solver. To ensure the symmetry of the Hessian, we construct these restriction
and prolongation operations such that they are adjoints of each other.

Our discretization approach for the Bayesian inverse problem in section 3 requires
the repeated application of A™!, each amounting to an elliptic PDE solve on the finite-
dimensional parameter space. To accomplish this task efficiently, we use the parallel
algebraic multigrid (AMG) solver ML from the Trilinos project [23]. The cost of
this elliptic solve is negligible compared to that of solving the time-dependent seismic
wave equations, which employ high order discretization in contrast to the trilinear
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Fic. 6.4. Location of sources (green) and receivers (red) for Problem 1 (left) and Problem 11
(right).

discretization of the anisotropic Poisson operator, A.

The adjoint equation has to be solved backwards-in-time (as shown in section 6.4);
computation of the gradient (6.4) requires combinations of the state and adjoint so-
lutions corresponding to the same time. Thus the gradient computation requires the
complete time history of the forward solve, which cannot be stored due to the large-
scale nature of our problem. A similar, but slightly more challenging storage problem
occurs in the Hessian-vector application. Here, solving the incremental state equa-
tion requires the solution of the state equation, and the incremental adjoint solution
requires the solution of the incremental state equation. We avoid storage of the time
history of these wavefields by using a checkpointing method as employed in [17]. This
scheme reduces the necessary storage at the expense of increasing the number of wave
propagation solves.

Between 1,200 and 4,096 processor cores® for 10-20 hours are needed to solve
the seismic inverse problems presented in the next section. The vast majority of
the runtime is spent on computing solutions of the forward, adjoint, and incremental
wave equations either for the computation of the MAP point (see section 4) or the
Lanczos iterations for computing the low rank approximation of the misfit Hessian
(see section 6.7). Due to the large number of required wave propagation solves, good
strong scalability of the wave propagation solver is important for rapid turnaround.
We refer to the discussion in [8] on the scalability of the wave propagation solver, as
well to the overall scalability of our Bayesian inversion approach applied to seismic
inverse problems of up to one million parameters.

6.6. Setup of model problems. Synthetic observations y° are generated

from solution of the wave equation using the S20RTS earth model. To mitigate the
inverse crime [29], the local wave speed on LGL nodes of the wave propagation mesh
is used to generate the observations, which implies that a higher order approximation
of the earth model is used to generate the synthetic data, but the inversion is carried
out on a lower order mesh. Both sources and receivers are located at 10km depth
from the earth surface. For the source term g in (6.2), we use a delta function point
source in the z-direction convolved with a narrow Gaussian in space. In time, we
employ a Gaussian with standard deviation of ¢ = 20s centered at 60s. The wave

3These computations were performed on the Texas Advanced Computing Center’s Lonestar 4
system, which has 22,656 Westmere processor cores with 2GB memory per core.
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propagation mesh (i.e., the discretization of velocity and dilatation) is chosen fine
enough to accurately resolve frequencies below 0.05Hz. We Fourier transform the
(synthetic) observed velocity waveforms at each receiver location and retain only the
first 101 Fourier modes to define the observations y°". In our problems, the Fourier
coefficients y°® vary between 107° and 10~!, and we choose for the noise covariance
a diagonal matrix with a standard deviation of 0.002.

We consider the following two model problems:

e Problem I: The first problem has a single source at the North Pole and a
single receiver at 45° south of the equator, as illustrated in the left image
of Figure 6.4. The wave propagation time is 1,800s. The wave speed (i.e.,
unknown material parameter) field is discretized on a mesh of trilinear hexa-
hedra with 78,558 nodes, representing the unknowns in the inverse problem.
The forward problem is discretized on the same mesh with third order dG
elements, resulting in about 21.4 million spatial wave propagation unknowns,
and in 2,100 four-stage, fourth order Runge-Kutta time steps.

e Problem II: The second problem uses 130 receivers distributed on a quarter
of the Northern Hemisphere along zonal lines with 7.5° spacing and three
simultaneous sources as shown on the right of Figure 6.4. The wave propaga-
tion time is 1,200s. The wave speed is discretized on three different trilinear
hexahedral meshes with 40,842, 67,770, and 431,749 wave speed parame-
ters, which represent the unknowns in the inverse problem. These meshes
correspond to discretizations with fourth, third, and second order discontin-
uous elements for the wave propagation variables (velocity and dilatation).
The results in the next section were computed with 67,770 wave speed pa-
rameters and the third order dG discretization for velocity and dilatation.
This amounts to 18.7 million spatial wave propagation unknowns, and 1,248
Runge-Kutta time steps.

6.7. Low rank approximation of the prior-preconditioned misfit Hes-
sian. Before discussing the results for the quantification of the uncertainty in the
solution of our inverse problems, we numerically study the spectrum of the prior-
preconditioned misfit Hessian. In Figure 6.5, we show the dominant spectrum of the
prior-preconditioned Hessian evaluated at the MAP estimate for Problem I (left) and
Problem IT (right). As can be observed, the eigenvalues decay faster in the former
than in the latter. That is, the former is more ill-posed than the latter. The reason
is that the three simultaneous sources and 130 receivers of Problem II provide more
information on the earth model. This implies that retaining more eigenvalues is neces-
sary to accurately approximate the prior-preconditioned Hessian of the data misfit for
Problem II compared to Problem I. In particular, we need at least 700 eigenvalues for
Problem IT as compared to about 40 for Problem I to obtain a sensible low rank ap-
proximation of the Hessian, and this constitutes the bulk of computation time (since
each Hessian-vector product in the Lanczos solver requires incremental forward and
adjoint wave propagation solutions). These numbers compare with a total number
of parameters of 78,558 (Problem I) and 67,770 (Problem II), which amounts to a
reduction of between two and three orders of magnitude. This directly translates into
2-3 orders of magnitude reduction in cost of solving the statistical inverse problem.

Figure 6.5 presents the spectra for Problem II for three different discretization of
the wave speed parameter field. The figure suggests that the dominant spectrum is es-
sentially mesh-independent and that all three parameter meshes are sufficiently fine to
resolve the dominant eigenvectors of the prior-preconditioned Hessian. Consequently,
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Fia. 6.5. Logarithmic plot of the spectrum of prior-preconditioned data misfit Hessian for
Problem 1 (left) and Problem 11 (right). The computation of the approximate spectrum for Problem
I uses a discretization with 78,558 wave speed parameters, third order dG finite elements for the
wave propagation solution, and 50 Lanczos iterations. The spectrum for Problem 11 is computed on
different discretizations of the parameter mesh using 900 Lanczos iterations. The eigenvalues for
the three discretizations essentially lie on top of each other, which illustrates that the underlying
infinite-dimensional statistical inverse problem is properly approrimated. The horizontal line X = 1
shows the reference value for the truncation of the spectrum of the misfit Hessian. For an accurate
approzimation of the posterior covariance matriz (i.e., the inverse of the Hessian), eigenvalues that
are small compared to 1 can be neglected as discussed in section 5, and in particular as shown in
(5.4).

00000

Fi1a. 6.6. Problem 1. Eigenvectors of the prior-preconditioned misfit Hessian corresponding to
the first (i.e., the largest), the third, the fifth, eighth, and thirteenth eigenvalues (from left to right).
The visualization employs a slice through the source and receiver locations.

the Hessian low rank approximation, particularly the number of Lanczos iterations, is
independent of the number of discrete parameters. Thus, in this example, the num-
ber of wave propagation solutions required by the low rank approximation does not
depend on the parameter dimension.

Figures 6.6 and 6.7 show several eigenvectors of the prior-preconditioned data
misfit Hessian (5.1) (corresponding to several dominant eigenvalues) for Problems
I and II. Eigenvectors corresponding to dominant eigenvalues represent the earth
modes that are “most observable” from the data, given the configuration of sources
and receivers. As can be seen in these figures, the largest eigenvalues produce the
smoothest modes, and as the eigenvalues decrease, the associated eigenvectors become
more oscillatory, due to the reduced ability to infer smaller length scales from the
observations.
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Fia. 6.7. Problem 1I: Eigenvectors of the misfit Hessian corresponding to eigenvalues 1, 5, 20,
100, and 350, respectively. Note that the lower modes are smoothest and become more oscillatory
with increasing mode number.
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Fia. 6.8. Problem 1. The left image depicts the pointwise posterior variance field, which is
represented as the difference between the original prior variance field (middle), and the reduction in
variance due to data (right). The locations of the single source and single receiver are shown by the
black and white dot, respectively. Color scale is common to all three images.

6.8. Interpretation of the uncertainty in the solution of the inverse
problem. We first study Problem I, i.e., the single source, single receiver problem.
Since the data are very sparse, it is expected that we can reconstruct only very
limited information from the truth solution; this is reflected in the smoothness of
the dominant eigenmodes shown in Figure 6.6. To assess the uncertainty, Figure 6.8
shows prior variance, knowledge gained from the data (i.e., reduction in the variance),
and posterior variance, which are computed from (5.7). As discussed in section 5,
the posterior is the combination of the prior information and the knowledge gained
from the data, so that the posterior uncertainty is decreased relative to the prior
uncertainty. That is, the inference has less uncertainty in regions for which the data
are more informative. In particular, the region of lowest uncertainty is at the surface
half-way between source and receiver, as Figure 6.8 shows. Note that the data are
also informative about the core-mantle boundary, where the strong material contrast
results in stronger reflected energy back to the surface receivers, allowing greater
confidence in the properties of that interface.

Next, we study the results for Problem II. The comparison between the MAP
estimate and the ground truth earth model (S20RTS) at different depths is displayed
in Figure 6.9. As can be seen, we are able to recover accurately the wave speed in
the portion of the Northern Hemisphere covered by sources and receivers. We plot
the prior and posterior pointwise standard deviations in Figure 6.10. One observes
that the uncertainty reduction is greatest along the wave paths between sources and
receivers, particularly in the quarter of the Northern Hemisphere surface where the
receivers are distributed.



FRAMEWORK FOR INFINITE-DIMENSIONAL BAYESIAN INVERSION A2519

km/sec km/sec km/sec
344 124 125
0.100
0.200 0.100
-0.00 0,00 :
E -0.00
-0.200
-0.100
-0.392 -0.142 -0.0931

Fi1c. 6.9. Comparison of MAP of posterior pdf (upper row) with the “truth” earth model (lower
row) in a depth of 67Tkm (left image), 670km (middle image), and 1,340km (right image). The
colormap varies with depth, but is held constant between the MAP and “truth” images at each
depth.
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. i fo 08

O 0224

Fi1G. 6.10. This figure compares the pointwise standard deviation for the prior (left) and poste-
rior (right) distributions at a depth of 6Tkm. The color indicates one standard deviation, and the
scale is common to both prior and posterior images. We observe that the most reduction in variance

due to data occurs in the region near sources and receivers, whereas the least reduction occurs on
the opposite side of the earth.
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Fic. 6.11. Samples from the prior (top row) and posterior (bottom row) distributions. The
prior scaling was chosen such that the “ground truth” S20RTS would be a qualitatively reasonable

sample from the prior distribution. For comparison purposes, the MAP estimate is shown on the
far right.
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In Figure 6.11, we show a comparison between samples from the prior distribution
and from the posterior. We observe that in the quarter of the Northern Hemisphere
where the data are more informative about the medium, we have a higher degree
of confidence about the wave speed, which is manifested in the common large-scale
features across the posterior samples. The fine-scale features (about which the data
are least informative) are qualitatively similar to those of the prior distribution, and
vary from sample to sample in the posterior. We note that the samples shown here are
computed by approximating M /2y expression (5.8) using the (diagonal) lumped
mass matrix to avoid computing a factorization of M. If desired, this mass lumping
can be avoided by applying M ~1/2 {0 a vector using an iterative scheme based on
polynomial approximations to the matrix function f(t) = t~/2, as in [14].

7. Conclusions. A computational framework for estimating the uncertainty in
the numerical solution of linearized infinite-dimensional statistical inverse problems
is presented. We adopt the Bayesian inference formulation: Given observational data
and their uncertainty, the governing forward problem and its uncertainty, and a prior
probability distribution describing uncertainty in the parameter field, find the poste-
rior probability distribution over the parameter field. The framework, which builds on
the infinite-dimensional formulation proposed by Stuart [42], incorporates a number of
components aimed at ensuring a convergent discretization of the underlying infinite-
dimensional inverse problem. It additionally incorporates algorithms for manipulating
the prior, constructing a low rank approximation of the data-informed component of
the posterior covariance operator, and exploring the posterior, that together ensure
scalability of the entire framework to very high parameter dimensions. Since the data
are typically informative about only a low-dimensional subspace of the parameter
space, the Hessian is sparse with respect to some basis. We have exploited this fact
to construct a low rank approximation of the Hessian and its inverse using a parallel
matrix-free Lanczos method. Overall, our method requires a dimension-independent
number of forward PDE solves to approximate the local covariance. Uncertainty quan-
tification for the linearized inverse problem thus reduces to solving a fixed number of
forward and adjoint PDEs (which resemble the original forward problem), indepen-
dent of the problem dimension. The entire process is thus scalable with respect to the
forward problem dimension, uncertain parameter dimension, and observational data
dimension. We applied this method to the Bayesian solution of an inverse problem in
3D global seismic wave propagation with up to 430,000 parameters, for which we ob-
serve 2—-3 orders of magnitude dimension reduction, making uncertainty quantification
for large-scale inverse problems tractable.

Appendix. In the following, we provide a constructive derivation of L in (5.8)
such that it satisfies I'post = LL°. Our goal is to draw a posterior Gaussian random
sample with covariance matrix I'j,o¢¢ in Ri;. To accomplish this, a standard approach

is first to find a factorization I'post = LL", where L is a linear map from R}, to Ry,
Then, any random sample from the posterior can be written as

(A1) VPt = myap + L,

where n is a Gaussian random sample with zero mean and identity covariance matrix
in R%,. It follows that

n=M?n,

where n is the standard Gaussian random sample with zero mean and identity co-
variance matrix in R", i.e., n ~ N(0, ), and M~Y/? a linear map from R" to R},.
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Therefore, what remains to be done is to construct L. To begin the construction,
we rewrite (5.6) as

1/2
prior*

I‘POSt ~ I‘Il)iiQor (I - VTDTV?) r
~— —
B

The simple structure of B allows us to write its spectral decomposition as
n T A
B = v;v;° — — _vv Vv v;v;°,
; ;MH” ZAHHJrl;lH

which, together with the standard definition of the square root of postive self-adjoint
operators [5], immediately gives

B2 _ Z\/W +qu'vZ

i=r+1
T 1 n
= _ 1 ’Ul"UiO—F 'l)i'l)i<> = VTPTV;?—FI,
(e
where P, = diag (1/vA +1—1,...,1/y/A +1-1) € R, and BY? is self-
adjoint in R},, namely, (Bl/Q)* = B'?. Now, we define

L=r1Y2 B'/?

prior

which, by construction, is the desired matrix owing to the trivial identity

Li =12 B1/2(B1/2) (1“1/.2 ) =TY2 Br'/2 -1,

prior prior prior prior
where we have used the self-adjointness of I‘prlor and BY? in R7,.
—1/2

Finally, we can rewrite (A.1) in terms of n and L = LM , a linear map from

R"™ to R, as
ost
VP = myap + Lin,

where L satisfies the desired identity

~ o~k

- Oy .
LL? = LM~ (M) L = EM72M ™ PML" = LL” = Tyt

REFERENCES

[1] P. ABRAHAMSEN, A Review of Gaussian Random Fields and Correlation Functions, 2nd ed.,
Norwegian Computing Center, Oslo, Norway, 1997.

[2] V. AKQELIK, J. BIELAK, G. BIROS, I. EPANOMERITAKIS, A. FERNANDEZ, O. GHATTAS, E. J.
Kim, J. Lopez, D. R. O’HALLARON, T. TU, AND J. URBANIC, High resolution forward and
inverse earthquake modeling on terascale computers, in SC03: Proceedings of the Interna-
tional Conference for High Performance Computing, Networking, Storage, and Analysis,
Phoenix, Arizona, ACM/IEEE, 2003.

[3] V. AKGELIK, G. BIrOs, AND O. GHATTAS, Parallel multiscale Gauss-Newton-Krylov methods
for inverse wave propagation, in SC02: Proceedings of the 2002 ACM/IEEE Conference
on Supercomputing, Baltimore, MD, IEEE Computer Society Press, Los Alamitos, CA,
2002, pp. 1-15.



A2522

[4]

[6]

[7]

[9]

[10]
[11]

[12]

[25]
[26]
[27]

(28]

M.

M.

M.

M.

M.

T. BUI-THANH, O. GHATTAS, J. MARTIN, AND G. STADLER

. AKI AND P. G. RICHARDS, Quantitative Seismology, 2nd ed., University Science Books,
Sausalito, CA, 2002.

. ARBOGAST AND J. L. BoNA, Methods of Applied Mathematics, University of Texas at Austin,

Austin, TX, 2008.

. M. BARDSLEY, Gaussian Markov random field priors for inverse problems, Inverse Probl.

Imaging, 7 (2013), pp. 397-416.
. BEskos, G. ROBERTS, AND A. STUART, Optimal scalings for local Metropolis-Hastings chains
on nonproduct targets in high dimensions, Ann. Appl. Probab., 19 (2009), pp. 863-898.

. Bul-THANH, C. BURSTEDDE, O. GHATTAS, J. MARTIN, G. STADLER, AND L. C. WILCOX,

Ezxtreme-scale UQ for Bayesian inverse problems governed by PDEs, in SC12: Proceedings
of the International Conference for High Performance Computing, Networking, Storage and
Analysis, Salt Lake City, UT, 2012, pp. 1-11.

. BUul-THANH AND O. GHATTAS, Analysis of an hp-non-conforming discontinuous Galerkin

spectral element method for wave propagation, STAM J. Numer. Anal., 50 (2012), pp. 1801—
1826.

. BUul-THANH AND O. GHATTAS, Analysis of the Hessian for inverse scattering problems. Part

I: Inverse shape scattering of acoustic waves, Inverse Problems, 28 (2012), 055001.

. BUul-THANH AND O. GHATTAS, Analysis of the Hessian for inverse scattering problems. Part

II: Inverse medium scattering of acoustic waves, Inverse Problems, 28 (2012), 055002.

. BURSTEDDE, O. GHATTAS, M. GURNIS, T. IsAAc, G. STADLER, T. WARBURTON, AND L. C.

WiLcox, Extreme-scale AMR, in SC10: Proceedings of the International Conference for
High Performance Computing, Networking, Storage and Analysis, ACM/IEEE, IEEE Com-
puter Society Washington, DC, 2010, pp. 1-12.

. BURSTEDDE, L. C. WILCOX, AND O. GHATTAS, pdest: Scalable algorithms for parallel adap-

tive mesh refinement on forests of octrees, SIAM J. Sci. Comput., 33 (2011), pp. 1103-1133.

. CHEN, M. ANITESCU, AND Y. SAAD, Computing f(a)b via least squares polynomial approxi-

mations, SIAM J. Sci. Comput., 33 (2011), pp. 195-222.
. CoLTON AND R. KRESS, Inverse Acoustic and Electromagnetic Scattering, 2nd ed., Theory
Appl. Math. Sci. 93, Springer-Verlag, Berlin, 1998.

. M. DzIEWONSKI AND D. L. ANDERSON, Preliminary reference earth model, Physics of the

Earth and Planetary Interiors, 25 (1981), pp. 297-356.

. EPANOMERITAKIS, V. AKQELIK, O. GHATTAS, AND J. BIELAK, A Newton-CG method for

large-scale three-dimensional elastic full-waveform seismic inversion, Inverse Problems,
24 (2008), 034015.

. C. EvaNs, Partial Differential Equations, American Mathematical Society, Providence, RI,

1998.

. FICHTNER, Full Seismic Waveform Modelling and Inversion, Springer, Heidelberg, 2011.
. FrcarNer, H. Icer, H.-P. BUNGE, AND B. L. N. KENNETT, Simulation and inversion

of seismic wave propagation on continental scales based on a spectral-element method,
JNAIAM J. Numer. Anal. Ind. Appl. Math., 4 (2009), pp. 11-22.

. FicHTNER, B. L. N. KENNETT, H. IGEL, AND H.-P. BUNGE, Full waveform tomography

for upper-mantle structure in the Australasian region using adjoint methods, Geophysical
Journal International, 179 (2009), pp. 1703-1725.

. P. Frath, L. C. WiLcox, V. AKQELIK, J. HiLL, B. VAN BLOEMEN WAANDERS, AND O.

GHATTAS, Fast algorithms for Bayestan uncertainty quantification in large-scale linear
inverse problems based on low-rank partial Hessian approximations, SIAM J. Sci. Comput.,
33 (2011), pp. 407-432.

W. GEE, C. M. SIEFERT, J. J. Hu, R. S. TUMINARO, AND M. G. SALA, ML 5.0 Smoothed Ag-
gregation User’s Guide, Technical report SAND2006-2649, Sandia National Laboratories,
Albuquerque, NM, 2006.

. GELMAN, J. B. CARLIN, H. S. STERN, AND D. B. RUBIN, Bayesian Data Analysis, 2nd ed.,

Chapman & Hall/CRC Texts in Statistical Science, Chapman and Hall/CRC, Boca Raton,
FL, 2004.

GIROLAMI AND B. CALDERHEAD, Riemann manifold Langevin and Hamiltonian Monte Carlo
methods, J. R. Stat. Soc. Ser. B Stat. Methodol., 73 (2011), pp. 123-214.

D. GUNZBURGER, Perspectives in Flow Control and Optimization, SIAM, Philadelphia,
2003.

HAIRER, An introduction to stochastic PDEs, preprint, http://arxiv.org/abs/0907.4178,
2009.

HiNze, R. PINNAU, M. ULBRICH, AND S. ULBRICH, Optimization with PDE Constraints,
Springer, New York, 2009.

[29] J. Karpio AND E. SOMERSALO, Statistical and Computational Inverse Problems, Appl. Math.



[

o » 0 » B oE O

FRAMEWORK FOR INFINITE-DIMENSIONAL BAYESIAN INVERSION A2523

Sci. 160, Springer-Verlag, New York, 2005.

. A. KoPRrIVA, A conservative staggered-grid Chebyshev multidomain method for compressible
flows. 1. A semi-structured method, J. Comput. Phys., 128 (1996), pp. 475-488.

. A. KopPriva, S. L. WOODRUFF, AND M. Y. HussAINI, Computation of electromagnetic scat-
tering with a non-conforming discontinuous spectral element method, Internat. J. Numer.
Methods Eng., 53 (2002), pp. 105-122.

. LAssAs, E. SAKSMAN, AND S. SILTANEN, Discretization-invariant Bayesian inversion and
Besov space priors, Inverse Probl. Imaging, 3 (2009), pp. 87-122.

. LECAM, Asymptotic Methods in Statistical Decision Theory, Springer-Verlag, New York,

1986.

. LEKIC AND B. ROMANOWICZ, Inferring upper-mantle structure by full waveform tomography
with the spectral element method, Geophysical Journal International, 185 (2011), pp. 799—
831.

. LINDGREN, H. RUE, AND J. LINDSTROM, An ezplicit link between Gaussian fields and Gaus-

sian markov random fields: The stochastic partial differential equation approach, J. Roy.
Stat. Soc. Ser. B Stat. Methodol., 73 (2011), pp. 423-498.

. MARTIN, L. C. WiLcOX, C. BURSTEDDE, AND O. GHATTAS, A stochastic Newton MCMC

method for large-scale statistical inverse problems with application to seismic inversion,
SIAM J. Sci. Comput., 34 (2012), pp. A1460-A1487.

. PETER, D. KOMATITSCH, Y. LUuO, R. MARTIN, N. LE GOFF, E. CASAROTTI, P. LE LOHER, F.
MaAcGNONI, Q. Liu, C. BTz, T. NI1SSON-MEYER, P. BASINI, AND J. TROMP, Forward and
adjoint simulations of seismic wave propagation on fully unstructured hexahedral meshes,
Geophysical Journal International, 186 (2011), pp. 721-739.

. RITsEMA AND J. VAN HEUST, Constraints on the correlation of p-and s-wave velocity het-

erogeneity in the mantle from p, pp, ppp and pkpab traveltimes, Geophysical Journal In-
ternational, 149 (2002), pp. 482-489.

P. ROBERT AND G. CASELLA, Monte Carlo Statistical Methods, 2nd ed., Springer Texts
Statist., Springer-Verlag, New York, 2004.

RUE, Fast sampling of Gaussian Markov random fields, J. Roy. Stat. Soc. Ser. B Stat.
Methodol., 63 (2001), pp. 325-338.

RUE AND L. HELD, Gaussian Markov Random Fields: Theory and Applications, Monogr.
Statist. Appl. Probab. 104, Chapman & Hall, Boca Raton, FL, 2005.

M. STUART, Inverse problems: A Bayesian perspective, Acta Numer., 19 (2010), pp. 451
559.

TapPE, Q. L1u, A. MaGcl, AND J. TrRomP, Adjoint tomography of the southern California
crust, Science, 325 (2009), pp. 988-992.

TARANTOLA, Inverse Problem Theory and Methods for Model Parameter Estimation, SIAM,
Philadelphia, 2005.

R. VoGEL, Computational Methods for Inverse Problems, Frontiers Appl. Math. 23, STAM,
Philadelphia, 2002.

. Voss, The effect of finite element discretization on the stationary distribution of SPDEs,

Commun. Math. Sci., 10 (2012), pp. 1143-1159.

. C. WiLcox, G. STADLER, C. BURSTEDDE, AND O. GHATTAS, A high-order discontinuous

Galerkin method for wave propagation through coupled elastic-acoustic media, J. Comput.
Phys., 229 (2010), pp. 9373-9396.

ZHu, E. BozpAprG, D. PETER, AND J. TROMP, Structure of the FEuropean upper mantle
revealed by adjoint tomography, Nature Geoscience, 5 (2012), pp. 493-498.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


