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1. Introduction. In the Bayesian approach to inversion, parameters are treated as random variables and
endowed with a prior distribution that encodes one’s knowledge of the parameters before data are collected.
The distribution of the data conditioned on the parameters is specified through the likelihood model. Bayes’
theorem combines prior and likelihood information to yield the posterior distribution, i.e., the distribution of the
parameters conditioned on the data. The posterior distribution reflects our updated knowledge of the parameters
once measurements are collected and gives the Bayesian solution to the inverse problem. Characterizing the
posterior distribution is of primary interest in real-life engineering and science applications (e.g., computerized
tomography, optical imaging, spatial statistics). For instance, we might want to compute posterior marginals,
the posterior probability of some functionals of the parameters, or the probability of rare events under the
posterior measure. In all these cases we need samples' from the posterior distribution. This task tends to be
extremely challenging in large scale applications, especially when the parameters represent a finite-dimensional
approximation to a distributed stochastic process like a permeability or a temperature field.

We begin by considering a finite-dimensional Bayesian Gaussian linear inverse problem of the form
Y=GX+¢ (1.1)

where X € R” represents the inversion parameters, Y € R? denotes the noisy observations, G' € R?*" is a linear
forward operator, and € ~ N(0,Tops) is zero-mean additive Gaussian noise, statistically independent of X and
endowed with covariance Iops > 0. We prescribe a Gaussian prior distribution on the parameters, X ~ N (0,T',),
where we assume, without loss of generality, zero prior mean and I'y, > 0. One is usually concerned with the
posterior distribution of the parameters, X|Y ~ N (tpos(Y ), Ipos),> with posterior mean and covariance matrix
given by

tpos(Y) =Tpos G TLY, Thos = (H+T,N7Y, (1.2)
where H = GTngls G is the Hessian of the negative log-likelihood. In this paper, however, we are not interested
in the parameters X per se, but rather in a quantity of interest (Qol) Z that is a function of the parameters

Z=0X (1.3)

for some linear and, without loss of generality, full row-rank operator O € RP*" with p < n. Our interests are thus
goal-oriented, as we wish only to characterize Z and not the inversion parameters X. Including such ultimate
goals in the inference formulation is an essential modeling step in virtually every application of Bayesian inverse
problems. The hope underlying this additional step is to reduce the computational complexity of inference by
making the ultimate goals explicit. Nevertheless, it is still not well understood how to leverage ultimate goals in
order to yield more efficient Bayesian inference algorithms (see [18] for computationally efficient approaches to
non-Bayesian regularization techniques in goal-oriented problems). The present paper will precisely address this
issue, filling a gap in the existing literature.

The Bayesian solution to the goal-oriented inverse problem is the posterior distribution of the Qol, i.e., Z|Y .
It is easy to see that Z|Y is once again Gaussian with mean and covariance matrix given by

tziy (V) = O ppos(Y), Iziy =0l O (1.4)

The goal of this paper is to characterize statistically optimal, computationally efficient, and structure-exploiting
approximations of the statistics of Z|Y whenever the use of direct formulas such as (1.4) is challenging or
impractical (perhaps due to the high computational complexity or excessive storage requirements). We will
approximate I'z|y as a low-rank negative update of the prior covariance of the Qol. Optimality will hold with
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respect to the natural geodesic distance on the manifold of symmetric and positive definite matrices [12]. The
posterior mean, pzjy (Y'), will be approximated as a low-rank function of the data and optimality will follow from
the minimization of the Bayes risk for squared-error loss weighted by I‘E‘ly. The essence of these approximations
is the restriction of the inference process to directions in the parameter space that are informed by the data
relative to the prior and that are relevant to the Qol, by finding the leading generalized eigenpairs of a suitable
matrix pencil.

This paper is an extension of the work on goal-oriented inference originally presented in [18] in a number of
different ways. First of all, we will introduce the notion of optimal approximation, rather than exact computation,
for both the posterior covariance matrix and the posterior mean of the Qol. We will propose computationally
efficient algorithms to determine these optimal approximations. The complexity of our algorithms will scale with
the intrinsic dimensionality of the goal-oriented problem—which here reflects the dimension of the parameter
subspace that is simultaneously relevant to the Qol and informed by the data, as noted above. In particular,
the full posterior distribution of the parameters need not be computed at any stage of the algorithms. This is
in stark contrast to [18]. Moreover, we introduce the possibility to handle high-dimensional Qols such as those
arising from the discretization of a distributed stochastic process. This class of problems is extremely relevant in
applications (see, e.g., Section 3).

The remainder of the paper is organized as follows. In Section 2 we introduce the statistically optimal
approximations of the posterior statistics of the Qol. In Section 3 we use an inverse problem in heat transfer to
illustrate the theory. In Section 4 we offer some concluding remarks. Appendix A contains the proofs of the main
results of this paper.

2. Theory. We first focus on the approximation of the posterior covariance of the Qol, Z. The cost of
computing I'z|y according to (1.4) is dominated by the solution of p linear systems with coefficient matrix® '
in order to determine I'pos OT. Moreover, the storage requirements for T z|y scale as O(p?). If the dimension of
the Qol is inherently low, e.g., p = O(1), then the use of direct formulas like (1.4) can be remarkably efficient. For
instance, if we are just interested in the average of X, i.e., Z = % >; Xi, then the Qol is only one-dimensional
and computing the posterior covariance of the Qol amounts to solving essentially a single linear system. As the
dimension of the Qol increases, however, direct formulas like (1.4) become increasingly impractical due to high
computational and storage complexities; in many cases of interest the dimension of the Qol can even be arbitrarily
large! Consider the following simple example. If X represents a finite-dimensional approximation of a spatially
distributed stochastic process (e.g., a temperature field), then the QoI could be the restriction of this process to
a domain of interest. In this case, the Qol must be a finite-dimensional approximation to a spatially distributed
process and thus, it can be arbitrarily high-dimensional depending on the chosen level of discretization of the
process (we will revisit this example in Section 3). Thus, there is a clear need for new inference algorithms that
can efficiently tackle these challenging problems.

Even though direct formulas like (1.4) can be intractable owing to the high-dimensional Qol, essential features
of large-scale Bayesian inverse problems bring additional structure to the Bayesian update: The prior distribution
often encodes some kind of smoothness or correlation among the inversion parameters. Observations are typically
finite, scarce, indirect, corrupted by noise, and related to the inversion parameters by the action of a forward
operator that filters out some information [24, 8]. As a result, data are usually informative, relative to the prior,
only about a low-dimensional subspace of the parameter space. That is, the relevant difference between prior and
posterior distribution is confined to a low-dimensional subspace. This source of low-dimensional structure is key
to the development of efficient Bayesian inference algorithms [11, 8] and plays a crucial role also when dealing with
goal-oriented problems. In [24] we studied optimal approximations of the posterior covariance of the parameters
as a fixed negative definite low-rank update of the prior covariance matrix with respect to the Férstner—-Moonen
metric*: the geodesic distance on the manifold of symmetric and positive definite matrices [12]. In particular, we

3 In large-scale inverse problems only the action of the precision matrix F;ols on a vector is usually available and it is not reasonable
to expect direct factorizations of F;ols such as, for instance, a Cholesky decomposition. Thus, the solution of linear systems with
coefficient matrix Fgols is often times necessarily iterative (e.g., Lanczos iteration [17]).

4 For a pair of symmetric and positive definite matrices A, B, the Férstner metric, d= (A, B), is defined in terms of the generalized
eigenvalues, (0;), of the matrix pencil (A, B) as d2]_- (A,B) = ZZ log?(c;). The Forstner metric leverages the geometry of the manifold
of positive definite matrices and it satisfies important invariance properties:

dr(A,B) =dr(A"',B™Y) and dzr(A,B)=dr(MAM',MBM"), (2.1)

for any nonsingular matrix M, making it an ideal metric to compare covariance matrices [12]. Moreover, optimality of the covariance
approximation in the Forstner metric leads to optimality of the approximation in distribution with respect to familiar measures of
similarities between probability distributions like the Kullback-Leibler divergence and the Hellinger distance [24, 20]. Notice, in



OPTIMAL LOW-RANK APPROXIMATIONS 3

focused on the approximation class
M, =A{Tp, — KK > 0:rank(K) <r} (2.2)

of positive definite matrices that can be written as a low-rank update of the prior covariance matrix in order to
leverage the low-dimensional structure of the prior-to-posterior update®. The following theorem characterizes the
optimal approximation of I'pes (see [24] for a proof).

THEOREM 2.1 (Optimal posterior covariance approximation). Let (6%, w;) be the generalized eigenvalues—
eigenvector pairs of the matriz pencil (H,T') with the ordering 67 > 67, and H := GT,L G asin (1.2). Then,

a minimizer, fpos, of the Forstner metric between I'pos and an element of M, is given by
T
Fpos:Fpr*KKTa KKT:25$(1+512)71w1w;r7 (23)
i=1

where the distance between I'pos and the optimal approximation is

dF(Dpos: Tpos) = | log®(1+52). (2.4)
i>r

Theorem 2.1 tells us that the optimal way to update the prior covariance matrix to yield an approximation of I',s

is along the generalized eigenvectors of the matrix pencil (H, 1"1;1)6. These eigenvectors are the directions that are
most informed by the data and are obtained from a precise balance between forward model, measurement noise
and prior information. This update is typically low-rank for precisely the same reasons discussed above: the data
are informative relative to the prior only about a low-dimensional subspace of the parameter space [5]. Notice
that (2.3) is not only an optimal and structure-exploiting approximation of I'pes, but it is also computationally
efficient as the generalized eigenpairs of (H, I‘};rl) can be easily computed using a matrix-free algorithm like a
Lanczos iteration (including its block version) [17, 9] or a randomized SVD [15]. This approximation of 'y,
originally introduced in [11] for computational convenience and justified by intuitive arguments, has been deployed
successfully in a number of extremely large-scale applications in Bayesian inversion [4]. It is our starting point
for the analysis of goal-oriented linear inverse problems.

The combination of Theorem 2.1 with the direct formulas (1.4) suggests a first approximation strategy for
the posterior covariance of the Qol: we just replace I'pos in (1.4) with the optimal approximation described by
Theorem 2.1

I'ziy = /F\Z|Y =0T 0T =0T, 0T —OKKTOT, (2.5)

where the low-rank update K K | is given by (2.3). Approximation (2.5) is already a big computational improve-
ment over the direct formulas (1.4): there is no need to compute p linear systems, we just need to compute the
leading eigenpairs of (H, I‘;rl) with a matrix-free algorithm. The rank of the update depends on the dimension
of the subspace of the parameter space that is informed the most by the data and thus, whenever the parameters
represent a finite-dimensional approximation of a distributed stochastic process, the dimension of this subspace
is eventually independent of the chosen level of discretization of the process (at least below a critical level of
resolution). This feature of the approximation is essential if we want to deal with truly large-scale inverse prob-
lems. Notice that I'zy in (2.5) need not be formed explicitly but can be easily stored in terms of the prior
covariance matrix, the goal-oriented operator, and the low-rank update K K T. Moreover, it follows from results
in [24] that we can easily obtain an expression for a square root of I'z|y. This allows efficient sampling from
N(pzy (YY), fz|y) in high-dimensional problems.

Despite these favorable computational properties, the approximation (2.5) is still not satisfactory as it does
not account explicitly for the goal-oriented feature of the problem. fpos in (2.5) is the optimal approximation of
the posterior covariance of the parameters but is by no means tailored to the Qol. The pencil (H, I‘;rl) used to

particular, that the distance induced by the Frobenius norm does not satisfy any of the aforementioned properties.

5 Many approximate inference algorithms, especially in the context of Kalman filtering, exploit the class (2.2) to deliver an
approximation of I'pos (€.g., [2]). These algorithms, however, are suboptimal in the sense defined by the forthcoming Theorem 2.1
(see [24] for further details and numerical examples).

6 The properties of the pencil (H, l";rl) have been studied extensively in the literature on classical regularization techniques for
linear inverse problems (e.g., [16, 10, 6]). These papers, however, do not adopt a statistical approach to inversion and thus have not
considered the optimal approximation of the posterior covariance matrix.
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compute the approximation fpos according to Theorem 2.1 does not contain the goal-oriented operator. That is,
the directions, (w;), that define the optimal prior-to-posterior update in (2.3) are certainly the most informed by
the data relative to the prior but need not be relevant at all to the Qol. For instance, some of the (w;) could lie in
the nullspace of the goal-oriented operator. Computing such eigenvectors would be a clear waste of computational
resources and should be avoided. Of course, as the rank of the optimal prior-to-posterior update increases, the
corresponding approximation, I'zy, will continue to improve until eventually I'z)y = I'zjy. However, in the
worst case scenario, T z|y will be a good approximation of I' 7y only as we start computing eigenpairs of (H, F;rl)
associated with the smallest nonzero generalized eigenvalues. This is clearly unacceptable as the overall complexity
of the approximation algorithm would not depend on the nature of the goal-oriented operator. Therefore, the
approximation (2.5) cannot possibly satisfy any reasonable optimality statement in the spirit of Theorem 2.1 and
thus it calls for a proper modification.

The form of fz|y in (2.5) clearly shows that the posterior covariance of the Qol can be written as a low-
rank update of the prior on Z whose marginal distribution is Gaussian and simply given by A(0,Tz) with
Iz = Ol OT. This is perfectly consistent with our intuition of the Bayesian update: the data will update
the prior distribution on the Qol only along certain directions. Thus, a structure-exploiting and computationally
efficient approximation class for I'z}y is given by the set of positive definite matrices that can be written as a
fixed maximum rank negative definite update of I'z:

MZ ={I'yz —KK" > 0:rank(K) <r}. (2.6)

Notice that the definition of MZ is analogous to that of M, in (2.2).
We are now in a position to introduce one of the main results of this paper. The following theorem defines
the optimal approximation of I'z|y and its proof can be found in Appendix A.

THEOREM 2.2 (Optimal approximation of the posterior covariance of the Qol). Let ();,q;) be the generalized
eigenpairs of the pencil:

(GT,, 0TI OT,, G", Ty) (2.7)

with the ordering \; > X\i+1 > 0 and normalization q; GTlpe or FEI Ol GTyq = 1, where 'y = Lops+G [y GT
is the covariance matriz of the marginal distribution of Y. Then, a minimizer, I'z)y, of the Forstner metric
between I'zjy and an element of MZ s given by:

Tzy =Tz-KK', KK'=> XNag , §=0T,G'q, (2.8)
i=1

where the corresponding minimum distance is:

dxTzyy.Tzy) =Y In*(1-X). (2.9)

i>r

The optimal approximation in Theorem 2.2 yields the best possible accuracy for any given rank of the prior-
to-posterior update and, most importantly, never requires the full posterior covariance of the parameters. (This
should be contrasted with [18].) The directions (¢;) that define the optimal update are just the leading eigenvectors
of the matrix pencil (G Ty, or F}l OTy, GT,T'y) and stem from a careful balance of all the ingredients of the goal-
oriented inverse problem: forward model, measurement noise, prior information, and ultimate goals. Incorporating
ultimate goals reduces the intrinsic dimensionality of the inverse problem: the rank of the optimal update (2.8)
can only be lower than that of the suboptimal approximation introduced in (2.5) for any fixed approximation
error. The quality of the optimal approximation as a function of the rank of the update can be monitored using
the formula for the minimum distance given in (2.9).

Finding the leading generalized eigenpairs of (2.7) requires the solution of a Hermitian generalized eigenvalue
problem [3]. Unfortunately, it is not easy to reduce (2.7) to a standard eigenvalue problem’ since that would
require the action of a square root of the matrix I'y := I'gps + G 'y G or of its inverse. Nevertheless, there exist
a plethora of matrix-free algorithms to deal with possibly large-scale generalized eigenvalue problems: generalized
Lanczos iteration [3, Section 5.5], randomized SVD type methods [22], manifold optimization algorithms [1], the

7 Notice that this is often possible in the non goal-oriented case when dealing with the pencil (H, I";rl) as the action of a square

root of F;rl, or of its inverse, is available in many cases of interest (e.g., [19]).
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trace minimization algorithm [23] and the inverse free preconditioned Krylov subspace method [13] just to name
a few. These algorithms require the iterative solution of linear systems associated with I'y (in some cases to low
accuracy [23, 13]). However, applying I'y- to a vector entails the evaluation of the possibly expensive forward
model. Thus, these algorithms can lead to more expensive computations than in the non goal-oriented case (for a
fixed dimension of the desired eigenspace). Nevertheless, the optimal approximation in Theorem 2.2 guarantees
the minimum prior-to-posterior rank update for each given accuracy of the approximation and for each possible
configuration of the inverse problem.

Another important consequence of the optimal approximation of I'zjy with respect to the Forstner metric
is optimality in distribution whenever we assume exact knowledge of the posterior mean of the Qol. It follows
from [24, Lemma 2.2] that the minimizer of the Hellinger distance (or the Kullback—Leibler divergence) between
the posterior distribution of the Qol, N'(uzy(Y),I'zy), and the approximation N (pzy (Y'),T) for a matrix
I' € MZ is given by the optimal approximation (2.8) defined in Theorem 2.2.

We conclude this theory section with an analysis of the optimal approximation of the posterior mean of the
Qol. The cost of computing
Lziy (V) = O ppos(Y) = OTpos G TN Y (2.10)
for a single realization of the data is usually dominated by the solution of a single linear system associated
with T, to determine pip0s(Y"). This task can be efficiently tackled with state-of-the-art matrix-free iterative
solvers for symmetric linear systems (e.g., [3]) even for million-dimensional parameter spaces [4]. However, if
one is interested in the fast computation of yzy (Y) for multiple realizations of the data that are not known a
priori, e.g., in the context of online inference, then the situation is quite different [7]. Solving a linear system to
compute pzjy (YY) each time a new measurement is available might just be infeasible in practical applications.
If the dimension of the Qol is small, say p = O(1), then there is an easy solution to this problem. One can just
precompute the matrix M = O Ty GTngls in an offline stage and then compute the posterior mean of the Qol
as fiz)y(Y) = MY each time a new realization of the data becomes available. The computational efficiency of
this procedure breaks down as the dimension of the Qol increases. For instance, this is the case when the Qol
is a finite-dimensional approximation to a distributed stochastic process. In this case, the matrix M would be
large and dense. Storing such a matrix could be quite inefficient. Moreover, performing a dense matrix-vector
product to compute jzy(Y) = MY might be more expensive than solving a single linear system associated
with Fgols. Thus, our goal is to characterize computationally efficient and statistically optimal approximations of
pz)y (Y). In particular, we seek an approximation of yizy (Y') as a low-rank linear function of the data®, i.e.,
pzy(Y)~ AY for some low-rank matrix A. Thus, computing pzy(Y) ~ AY for each new realization of the
data is fast and computationally efficient. We define optimality of the approximation with respect to the Bayes
risk for squared-error loss weighted by the posterior precision matrix of the Qol, i.e.,

B(A) =E[|AY - Z|J?_, ], (2.11)
Z|Yy
where B(A) denotes the Bayes risk associated with the matrix A, || v ||f,,1 =o' Fglly v for all vectors v and

Z|Y
where the expectation is taken over the joint distribution of Z and Y. The weighted Frobenius norm in (2.11)

penalizes errors in the approximation of 117y (Y') more strongly in directions of lower posterior variance. The
result is that the approximation of j1zy (Y’) is more likely to fall within the bulk of the posterior density of the
Qol. The following theorem characterizes the optimal approximation of i z)y (Y') and is proved in Appendix A.

THEOREM 2.3 (Optimal approximation of the posterior mean of the Qol). Let (\;,qi,G;) be defined as in
Theorem 2.2, X € R™, and consider the minimization of the following Bayes risk over the set of low-rank matrices:

min E[||AY — Z ||1%,1 , s.t. rank(A) <r (2.12)
zZ|Yy
Then a minimizer of (2.12) is given by:

A" =>"NGiq (2.13)
i=1

8Under the assumption of zero prior mean, HZ|Y(Y) is just a linear function of Y. There is no loss of generality in assuming
zero prior mean.
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where the minimum Bayes risk is:

. . Ai
mA):EmA&Y_zwg&]=§:1_A;+m (2.14)
i>r v

Notice that the optimal approximation of pzy (YY) shown in (2.13) can be computed from the optimal ap-
proximation of I'zjy introduced in Theorem 2.2 for free. In particular, both the optimal approximations of the
posterior mean and covariance of the Qol are quite accurate whenever we include generalized eigenvalues A < 1
in the corresponding form of the approximations (cf. minimum loss (2.9) and Bayes risk (2.14)).

3. Numerical examples: CPU cooling. We consider a goal-oriented inference problem in heat transfer.
We study the cooling of a CPU by means of a heat sink. The goal is to infer the temperature field over the
CPU from local noisy temperature measurements over the heat sink. Figure 3.1 shows the problem set up: the
three layers of different materials correspond, respectively, to the CPU (D), a thin silicon layer that connects
the CPU to the heat sink (Dz), and an aluminum fin (D3). We denote by D the union of these domains. Each D;
represents a two-dimensional cross section of the material of constant width W along the horizontal direction and
height L;. We assume that no heat transfer happens along the third dimension. This is a common engineering
approximation. Each material has a constant density p;, a constant specific heat ¢;, and a constant thermal
conductivity k; shown in the table at the right of Figure 3.1. We want to describe the evolution over time
t € (0, teng] of the temperature fields 00 :D; »Rfori=1,2,3.

3.1. Forward, observational and prior models. The time evolution of the temperature field ©( | in the
interior of the domain D;, is described by a linear time dependent PDE of the form

pici 8,09 = div(k,veW)  (i=1,...,3), (3.1)

where 0; denotes partial integration with respect to time and where we assume no volumetric heat production and
the Fourier’s law for the heat flux [14]. Equations 3.1 should be complemented with appropriate boundary and
initial conditions to have a well-posed problem. We use the independent variables s; and s, to denote, respectively,
the horizontal and vertical directions and let s = (s1,s2). The point s = (0,0) corresponds to the lower left
corner of D. At the lower interface of D; we impose a space-time dependent heat flux: ki 95 O = ¢(s,t) for
8 € D1 bottom, Where 71 refers always to the outward pointing normal and ¢ is a given scalar function nonconstant
in s. At the interface between domains D; and D;;; we assume heat transfer by conduction with no thermal
contact resistance: k; 95 O = ki1 05 O0FD and ) = ©U+D for s € interface(D;, Diy1) and i = 1,2. At the
top, left and right boundaries of D3, we assume heat transfer by convection with a fluid at constant temperature
Oun: —ks0:00) = hc(®(3) — O) for s € D3 top U D3 10 U D3 right, Where A, is a constant convection coefficient.
Finally, we impose adiabatic conditions (no heat exchange) on the left and right boundaries of D; and Da:
8700 =0 for s € D; teft U D; right and ¢ = 1,2. We do not specify here the initial conditions as they will be the
subject of the forthcoming inference problem.

We consider a finite element spatial approximation of the weak form of (3.1) by means of linear elements on
simplices [21]. We denote by ©,(t) € R™ the collection of temperature values at the finite element nodes on D
at time t € (0,tenq). Notice that @), satisfies a system of ODEs of the form M 0;0(t) + AO(t) = f(t), with
t € (0,tena), for a suitable mass matrix M, stiffness matrix A, known time dependent forcing term f and initial
conditions Ogj, = ©(0).

The initial conditions gy for ¢ = 0 are unknown and must be estimated from local measurements of the
temperature field © at few locations in space and time. The locations of the sensors s!,...,s" are shown in
Figure 3.1 (black dots). Observations are collected every At time units for ¢t € (0,tenq). The first observation
happens at time ¢t = At and we assume that there are M of these. We denote measurements at time t; = iAt as

Y; = [O(st,iAt),...,0(s",iAt)]. We can concatenate the observations into a unique vector Y =(Y1,....Yy)
such that Y € R?. The actual observed measurements are corrupted with additive Gaussian noise: ¥ = Y + €,
where € ~ N (0,02, 1) with I being the identity matrix. Notice that Y is an affine function of ©g,. This
relationship can be made linear by a suitable redefinition of the data vector. Thus, we are lead to a linear
Gaussian inverse problem in standard form, Y = G ©g; + ¢, where GG defines the forward operator, ®qy, +> Y,
that can be evaluated implicitly by solving a heat equation with no forcing term and initial conditions @y, for a
time interval necessary to collect the corresponding observations Y.
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We adopt a statistical approach to inversion. To define the zero mean Gaussian prior distribution® on @y,
we model O, as a discretized solution of a stochastic PDE of the form

v (K’ — A) ©(s) = W(s), seD, (3.2)

where W is a white noise process, k is a positive scalar parameter, A is the Laplacian operator and Z is the
identity operator. In particular, we exploit the explicit link between Gaussian Markov random fields with the
Matérn covariance function and solutions to stochastic PDEs as outlined in [19]. Notice, in particular, that the
action of a square root of the prior covariance matrix on a vector is readily available as the solution of an elliptic
PDE on D and thus, it is scalable to very large inverse problems [19].

3.2. Goal-oriented linear inverse problem. We now introduce the goal-oriented feature of the problem.
We assume that we are only interested in the initial temperature distribution over the CPU (D;). Let Z be the
restriction of @¢; to the domain of interest D;. Clearly, there exists a linear map between Z and ®g;,. That
is, Z = O Og,, for some goal-oriented linear operator O € RP*™ with p < n. Thus, we have a linear Gaussian
goal-oriented inverse problem as introduced in section 2 (we denote the parameters by Oqp):

(3.3)

Y =GOy, +¢
Z =00y,

where both the marginal distribution of @ and the likelihood Y'|®g,, are specified. In particular, we choose
a finite element discretization of the temperature field such that @q, € R?4% and Z € R3>°. Our goal is to
characterize optimal approximations of the posterior statistics of the Qol, Z|Y’, for a given set of observations
(Figure 3.2 (left)). In this case, computing the posterior distribution of the Qol using direct formulas like (1.4)
is infeasible as the Qol is a finite-dimensional approximation to a distributed stochastic process, ©(0)|p,, and
can be arbitrarily high-dimensional depending on the chosen level of discretization of the process. Thus, we need
appropriate dimensionality reduction techniques in order to tackle this challenging inference task as explained in
section 2.

The configuration of this problem highlights a crucial aspect of dimensionality reduction of goal-oriented
inverse problems. Ideally we would position the measurement sensors on D; since we are interested in inferring
the temperature field on the CPU. However, due to clear geometrical constraints, we are forced to place our
sensors on the heat sink (D3). As a result, observations are much more informative about the parameters in Dj
rather than in D;. We see a hint of this by looking at Figure 3.2 (right). Figure 3.2 (right) shows the normalized
difference between prior and posterior variance (Var(®gp) — Var(®,|Y'))/Var(®gp,). In particular, notice that
the prior variance is reduced the most in a neighborhood of the sensor locations in D3 and this makes intuitive
sense as the collected data will be increasingly less informative as we move away from the sensors.

We first focus on the approximation of the posterior covariance of the Qol. If we use the suboptimal ap-
proximation introduced in (2.5), motivated by the optimality results presented in [24] for the non goal-oriented
case, then we have to pay a considerable computational price as a result of the data being informative about
directions in the parameter space that do not matter to the Qol. This is clear from the numerical results shown
in Figure 3.3 (left). Notice that if we try to approximate the posterior covariance, I'hog, of ®gp, by its optimal
approximation, fpos =T, — KK, introduced in [11, 24] and shown in Theorem 2.1, then the convergence of
the approximation is rather slow (cf. blue dotted line in Figure 3.3 (left)). This is because there are many data
informed directions in the parameter space (notice the multitude of sensors on the heat sink in Figure 3.1 (left)).
If we use fpos to yield an approximation of the actual posterior covariance of interest, I'z|y, by means of the

approximation r zZly = (’)fpos OT as shown in (2.5), then the convergence of this approximation is still slow (cf.
green solid line in Figure 3.3 (left)). This slow convergence can be easily justified. The optimal approximation,
fpos =T, — KK T, of I'pos will account first for those directions that are the most informed by the data. These
directions correspond to modes with features near the locations of the sensors in D3. Thus, these modes will be
little informative about the parameters in the region of interest (D;). This explains the slow convergence of the
solid green line in Figure 3.3 (left). On the other hand, if we use the optimal approximation of I'z|y defined in
Theorem 2.2, then the convergence of the approximation is remarkably fast (red solid line in Figure 3.3 (left)):
we just need to update Iz along a handful of directions, say 20, to achieve a satisfactory approximation of I'z|y .

9 We assume, without loss of generality, zero mean of the parameters. In fact, if we are given a statistical model of the form
Y = GOp + € where ®pp, ~ N (ppr, [pr) has a nonzero prior mean, then we can trivially rewrite the statistical model as Y :=
Y — Gppr = G (O¢p, — ppr) + € for a modified data vector Y and infer, equivalently, a zero prior mean process ®op — pipr ~ N (0, Tpr).
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Notice also that the optimal approximation of the posterior mean of the Qol as a low-rank linear function of
the data introduced in Theorem 2.3 converges quite fast as a function of the rank of the approximation (Figure
3.3 (right)). Once a low-rank approximation of the form (2.13) is available, then it is possible to compute a very
good approximation of pzjy (Y'), for each new realization of the data Y, by just performing a low-rank (20 in
this case) matrix-vector product as opposed to the solution of an expensive linear system.

Sensors

1w © ©@ © o o Material «a; at 20°C  Domain
e o o o o

— m/s? —

Copper 1.11 x 10~* D1
Silicon 8.8 x107° Dy
© 0 0 00 Aluminium 8.42 x 107° Ds
e o o o o

g at) 2

Fig. 3.1: (left) CPU cooling problem. Inversion for the initial temperature field on D; given noisy sparse tempera-
ture measurements in space and time on an aluminium heat sink (D3). The figure shows the problem configuration,
the locations of the sensors (black dots), and the boundary conditions for the heat equation that describe the
time evolution of the temperature field on the domain. D := D; U Dy U D3. (right) Material properties of the
different layers Dy, Dsy, Ds3.

<y
I
[en)
<y
1
[en)

Fig. 3.2: (left) Initial temperature field used to generate synthetic data according to the observational set up
described in the CPU cooling inverse problem. We remark that the initial temperature field used to generate
synthetic data was not drawn from the marginal distribution of ®¢: it corresponds to a finer discretization of the
continuous stochastic process ©(0) compared to Ogy,. (right) Normalized difference of prior to posterior variance
of the parameters, i.e., (Var(®g) — Var(@g,|Y'))/ Var(Ogy). Notice that the regions of greatest relative decrease
of prior variance are localized in a neighborhood of the sensor locations (black dots).

4. Conclusions. In this paper we proposed statistically optimal and computationally efficient approxima-
tions of the posterior statistics of the Qol in a goal-oriented linear Gaussian inverse problem. The posterior
covariance of the Qol is approximated as a low-rank negative update of the prior covariance of the Qol. Opti-
mality holds with respect to the Forstner metric: the natural geodesic distance on the manifold of symmetric
and positive definite matrices. The posterior mean of the Qol is approximated as a low-rank function of the data
and optimality follows from the minimization of the Bayes risk for squared-error loss weighted by the posterior
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= = dp(Tpos, Tpos)
—dr(Pzry, Tzy)
dr(Tz)y, OTy07)

80 100 20 40 F 2 2 0 60 80 100 120 140
rank of update rank approximation

120

Fig. 3.3: (left) Convergence of the covariance approximations in the Forstner metric. The blue dotted line shows
the Forstner distance between the covariance of @¢p|Y, i.e., I'pos, and its optimal approximation introduced in
[24], fpos =T, — KK, asa function of the rank of K (see Theorem 2.1). The red line shows the Férstner distance
between the posterior covariance of the Qol, I'z|y, and its optimal approximation introduced in Theorem 2.2,

T ziy =Tz - KK T as a function of the rank of K. Finally, the green line shows the Forstner distance between

I'z|y and the suboptimal approximation (2.5) obtained as O fpos OT where fpos is the optimal approximation of
I'pos introduced in [24]. (right) Error in the optimal approximation of the posterior mean of the Qol, pzy (Y).
The error is measured as the square root of E[|| uzjy (Y) — A* Y||121,1 ] and is a function of rank(A*).

Z|Yy

precision matrix of the Qol. These optimal approximations avoid computations of the full posterior distribution
of the parameters and focus only on directions in the parameter space that are informed by the data and that
are relevant to the Qol. These directions are obtained as the leading generalized eigenvectors of a suitable matrix
pencil and stem from a careful balance between all the ingredients of the goal oriented inverse problem: prior
information, forward model, measurement noise and ultimate goals. Future work includes the extension of these
optimality results to the nonlinear case.

Acknowledgments. This work was supported by the US Department of Energy, Office of Advanced Scientific
Computing (ASCR), under grant numbers DE-SC0003908 and DE-SC0009297.

Appendix A. Technical results. The following lemma will be useful in proving theorems 2.2 and 2.3.

LEMMA A.1. A linear Gaussian model consistent with (1.4) is given by: Y = G Oy Z+06, with Z ~ N (0,T'z),
O; =T, 0 T, and § ~ N(0,T5) is independent of Z with Ts := Tops + G(Tpr — TprOT T, OTL)GT.

Proof. Consider the identity ¥ = GX +¢ = GO;OX +G(I - 0;0)X +¢ = GO; Z + 0, where
O; =T, 0 T and § == G (I - 0; 0) X +¢. A simple computation shows that E[(I —O; O)X Z ] = 0. Hence,
(I — O+ 0)X and Z are uncorrelated, and, more importantly, independent since they are also jointly Gaussian.
It follows that § and Z are also independent since ¢ was independent of X and Z = O X. In the hypothesis
of zero prior mean, the mean of ¢ is also zero. Moreover, I's = Var[G (I — O; O) X] + Var[e| since X and ¢ are
independent. Simple algebra leads to the particular form of I's. O

Proof of Theorem 2.2. By applying [24, Theorem 2.3] to the linear Gaussian model defined in Lemma
A.1, we know that a minimizer, fz‘y, of the Forstner metric between I'zy and an element of MZ is given by:
T ziy =Tz—> i, n2(1+n2)"1Giq; , where (n?,q;) are the generalized eigenvalue-eigenvector pairs of the pencil
(HZ,FEI), with the ordering 17 > n?,,, the normalization @TFEI@ = 1 and where Hz = (’);r GT Fgl G Oy
is the Hessian of the negative log-likelihood Y|Z ~ N(G O;,T's). Moreover, 24, Theorem 2.3] implies that
the Forstner metric, at optimality, is given by: d%_—(fz‘y, Lziy) = iar In?(1+ n?) and that the minimizer is
unique if the first r eigenvalues of the pencil (H Z,F;) are distinct. Now let (\;, g;) be defined as in Theorem
2.2. A simple computation shows that (\;(1 — \;)™!,¢;) are the generalized eigenvalue-eigenvector pairs of the
pencil (GT,, OT I‘}l OT, GT, Ts). Moreover, (A;(1—X;)7!,q) are also the generalized eigenpairs of the pencil
(Hz OTp GT, F}l Ol GT). Then, it must be that n?=XN1-=X)"tand ¢ = aOT, G ¢; for some real
a > 0 since (n?,q;) are the generalized eigenpairs of (HZ,I‘El). Given the normalizations E]\TI‘ElqA = 1 and
¢ (GT,, O7 F}l OT,: G )g = 1, it must be a = 1. It is easy to see, using a counting argument, that the (g;)
are indeed all the generalized eigenvectors of the pencil (Hz, F}l) associated with positive eigenvalues. Simple
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algebra then leads to (2.8) and (2.9). O

Proof of Theorem 2.3. By applying [24, Theorem 4.1] to the linear Gaussian model defined in Lemma
A.1, we know that a minimizer of 2.12 is given b%/: A =50 (1 + f]\f)’llqzﬁj, where (nf,@) are generalized
eigenvalue-eigenvector pairs of the pencil (Hz,I';") with normalization a; ', q; = 1, whereas (7;) are generalized
eigenvectors of the pencil (GO; 'z (9]:'— GT,T's) with normalization 3, I's 9; = 1. Moreover, [24, Theorem 4.1] tells

us that the Bayes risk associated with the minimizer A* can be written as: E[|| A*Y — Z ||§,‘1 =Y, 40,

where n is the dimension of the parameter space. The fact that the vectors (g;) can be written as g; = OT,, G ¢
was proved in Theorem 2.2. Furthermore, in the proof of Theorem 2.2 we showed that: n? = X\;(1 — X;)~!. Using
the latter expression we can rewrite the minimizer as: A* = Y0, /AN (1= X))@, . If (0;) are generalized
eigenvectors of the pencil (GO; Tz O]:r GT,Ts), then they must also be generalized eigenvectors of the pencil
(GTpy o7 F}l Ol GT, I'y). In particular, it has to be 9; = a ¢; for some real & > 0. Given the normalizations
¢f GTp OTT5 O, GT q; =1 and 3, T 0; = 1, it must be: a = A}/* (1 — A;)~/2. Simple algebra then leads

to (2.13). O
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