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Abstract

Kernels effectively represent nonlocal dependencies and are extensively employed in formu-
lating operators between function spaces. Thus, learning kernels in operators from data is
an inverse problem of general interest. Due to the nonlocal dependence, the inverse prob-
lem is often severely ill-posed with a data-dependent normal operator. Traditional Bayesian
methods address the ill-posedness by a non-degenerate prior, which may result in an unsta-
ble posterior mean in the small noise regime, especially when data induces a perturbation
in the null space of the normal operator. We propose a new data-adaptive Reproducing
Kernel Hilbert Space (RKHS) prior, which ensures the stability of the posterior mean in
the small noise regime. We analyze this adaptive prior and showcase its efficacy through
applications on Toeplitz matrices and integral operators. Numerical experiments reveal
that fixed non-degenerate priors can produce divergent posterior means under errors from
discretization, model inaccuracies, partial observations, or erroneous noise assumptions. In
contrast, our data-adaptive RKHS prior consistently yields convergent posterior means.
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1. Introduction

Kernels are efficient in representing nonlocal or long-range dependence and interaction be-
tween high- or infinite-dimensional variables. Thus, they are widely used to design operators
between function spaces, with numerous applications in machine learning such as kernel
methods (e.g., Belkin et al. (2018); Cucker and Zhou (2007); Darcy et al. (2021); Hofmann
et al. (2008); Sriperumbudur et al. (2011); Owhadi and Yoo (2019)) and operator learning
(e.g., Kovachki et al. (2021); Lu et al. (2021d)), in partial differential equations (PDEs) and
stochastic processes such as nonlocal and fractional diffusions (e.g., Bucur and Valdinoci
(2016); D’Elia et al. (2020); Du et al. (2012); You et al. (2022, 2021)), and in multi-agent
systems (e.g., Carrillo et al. (2019); Lu et al. (2021b, 2019); Motsch and Tadmor (2014)).

Learning kernels in operators from data is an integral part of these applications. We
consider the case when the operator depends on the kernel linearly, and the learning is
a linear inverse problem. However, the inverse problem is often severely ill-posed, due to
the nonlocal dependence and the presence of various perturbations resulting from noise in
data, numerical error, or model error. To address the ill-posedness, a Bayesian approach
or a variational approach with regularization is often used. In either approach, the major
challenge is the selection of a prior or a regularization term since there is limited prior
knowledge about the kernel.

This study examines the selection of the prior in a Bayesian approach. The common
practice is to use a non-degenerate prior. However, we show that a non-degenerate prior
may result in an unstable posterior mean in the small noise regime, especially when data
induces a perturbation in the null space of the normal operator.

We propose a new data-adaptive Reproducing Kernel Hilbert Space (RKHS) prior, which
ensures the stability of the posterior mean in the small noise regime. We analyze this
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adaptive prior and showcase its efficacy through applications on learning kernels in Toeplitz
matrices and integral operators.

1.1 Problem setup

We aim to learn the kernel ¢ in the operator Ry : X — Y in the following model
Rylu] +n+¢& =, (1.1)
by fitting the model to the data consisting of N input-output pairs:
D= {(u*, /L), (%) eXx Y. (1.2)

Here X is a Banach space, Y is a Hilbert space, the measurement noise 7 is a Y-valued white
noise in the sense that E[(n, f)3] = 0,27<f, f)y for any f € Y. The term £ represents unknown
model errors such as model misspecification or computational error due to incomplete data,
and it may depend on the input data wu.

The operator Ry depends non-locally on the kernel ¢ in the form

Ry [ul(y) = /Q oy — x)glul (z.y)u(dz), Yy € 2, (1.3)

where (€, ) is a measure space that can be either a domain in the Euclidean space with
the Lebesgue measure or a discrete set with an atomic measure. For simplicity, we let
Y = L?(, i) throughout this study. Here g[u] is a bounded (nonlinear) functional of u
and is assumed to be known. Note that the operator Ry can be nonlinear in u, but it
depends linearly on ¢. Such operators are widely seen in PDEs, matrix operators, and
image processing. Examples include the Toeplitz matrix, integral and nonlocal operators;
see Sect.2.1. In these examples, there is often limited prior knowledge about the kernel.

The inverse problem of learning the kernel ¢ is often ill-posed, due to the nonlocal
dependence of the output data f on the kernel. The ill-posedness, in terms of minimizing
the negative log-likelihood of the data,

E) =5z O IRl — FHI =

M 1<k<N

23,% [(£a0. 0z —20% 00z + O] (19)
appears as the instability of the minimizer Lgflgbp when it exists. Here LZ is space of
square-integrable functions with measure p, the normal operator L is a trace-class operator,
and ¢” comes from data; see Sect.2.3 for details. Thus, the ill-posedness is rooted in the
unboundedness of L'a_l and the perturbation of ¢?.

There are two common strategies to overcome the ill-posedness: a prior in a Bayesian
approach and regularization in a variational approach; see, e.g., Stuart (2010); Hansen
(1994); Bauer et al. (2007) and a sample of the large literature in Sect.1.3).

This study focuses on selecting a prior for the Bayesian approach. The major challenge
is the limited prior information about the kernel and the need to overcome the ill-posedness
caused by a data-dependent normal operator.
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1.2 Proposed: a data-adaptive RKHS prior

Due to the lack of prior information about the kernel, one may use the default prior, a non-
degenerate prior, e.g., a Gaussian distribution N(0, Q) with a nondegenerate covariance
operator Qp, with the belief that it is a safe choice to ensure a well-defined posterior.
However, we show that the fixed non-degenerate prior has the risk of leading to a
divergent posterior mean in the small noise limit. Specifically, the posterior mean,

M1 = (,C@ + U%QO)il(ﬁDa

obtained from the prior (0, Qp) and the likelihood that yields (1.4), blows up when, the
variance of the noise, o;, = 0 if ¢” contains a perturbation in the null space of the normal
operator Lz; see Proposition 3.2. Such perturbation can be caused by any of the four
types of errors in data or computation: (a) discretization error, (b) model error, (c¢) partial
observations, and (d) wrong noise assumption. Thus, a prior adaptive to L5 and ¢” is
needed to remove the risk.

We propose a data-adaptive RKHS prior that ensures a stable posterior mean in the
small noise regime. It is a Gaussian distribution N'(0, A\, lﬁé) with the parameter A, selected
adaptive to ¢. We prove in Theorem 4.2 that it leads to a stable posterior whose mean

ut = (L + ophel gy L@)L)—%@w,

always has a small noise limit, and the small noise limit converges to the identifiable parts
of the true kernel. Furthermore, we show that our prior outperforms the non-degenerate
prior in producing a more accurate posterior mean and smaller posterior uncertainty in
terms of the trace of the posterior covariance; see Sect.4.2. The prior is called an RKHS
prior because its Cameron-Martin space [,51/ 2L/2) is the RKHS with a reproducing kernel
G determined by the operator Ry and the data. Importantly, the closure of this RKHS is
the space in which the components of the true kernel can be identified from data.

We also study the computational practice of the data-adaptive prior and demonstrate
it on the Toeplitz matrices and integral operators. We select the hyper-parameter by the
L-curve method in Hansen (2000). Numerical tests show that while a fixed non-degenerate
prior leads to divergent posterior means, the data-adaptive prior always attains stable pos-
terior means with small noise limits; see Sect.5.

The outline of this study is as follows. Sect.2 presents the mathematical setup of this
study, and shows the ill-posedness of the inverse problem through the variational approach.
We introduce in Sect.3 the Bayesian approach and show the issue of a fixed non-degenerate
prior. To solve the issue, we introduce a data-adaptive prior in Sect.4, and analyze its
advantages. Sect.b discusses the computational practice and demonstrates the advantage
of the data-adaptive prior in numerical tests on Toeplitz matrices and integral operators.
Finally, Sect.6 concludes our findings and provides future research directions.

1.3 Related work

Prior selection for Bayesian inverse problems. We focus on prior selection and don’t
consider the sampling of the posterior, which is a main topic for nonlinear Bayesian inverse
problems with a given prior, see, e.g., Dashti and Stuart (2017); Kaipio and Somersalo
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(2005); Spantini et al. (2015); Stuart (2010); Cui and Tong (2022). Prior selection is an
important topic in statistical Bayesian modeling, which dates back to Jeffreys (1961). This
study provides a new class of problems where prior selection is crucial: learning kernels in
operators, which is an ill-posed linear inverse problem. Our data-adaptive RKHS prior re-
discovers the well-known Zellner’s g-prior in Zellner and Siow (1980); Agliari and Parisetti
(1988) when the kernel is finite-dimensional and the basis functions are orthonormal. Impor-
tantly, the stable small noise limit in this study provides a new criterion for prior selection,
a useful addition to many criteria studied in Bayarri et al. (2012).

Regularization in a variational approach. The prior is closely related to Tikhonov or
ridge regularization in a variation approach. The likelihood function provides a loss function,
and the prior often provides a regularization term. Various regularization terms have been
studied, including the widely-used Euclidean norm (see, e.g., Gazzola et al. (2019); Hansen
(1994, 2000); Tihonov (1963)), the RKHS norm with pre-specified reproducing kernel (see,
e.g., Cucker and Zhou (2007); Bauer et al. (2007)), the total variation norm in Rudin et al.
(1992), and the data-adaptive RKHS norm in Lu et al. (2023, 2022). It remains open to
compare these norms. Appealingly, the Bayesian approach provides probabilistic tools for
analyzing regularizations. Thus, to better understand regularization, it is of interest to
study the priors in a Bayesian approach.

Operator learning. This study focuses on learning the kernels, not the operators. Thus,
our focus differs from the focus of the widely-used kernel methods for operator approxima-
tion (see, e.g., Owhadi and Yoo (2019); Darcy et al. (2021)) and the operator learning (see,
e.g., de Hoop et al. (2022a,b); Kovachki et al. (2021); Li et al. (2020b); Lu et al. (2021c¢,d)).
These methods aim to approximate the operator matching the input and output, not to
identify the kernel in the operator.

Gaussian process and kernel-based regression. Selection of the reproducing kernel
is an important component in Gaussian process and kernel-based regression (see, e.g.,Belkin
et al. (2018); Cucker and Zhou (2007); Hofmann et al. (2008); Sriperumbudur et al. (2011);
Yuan and Cai (2010)). Previous methods often tune the hyper-parameter of a pre-selected
class of kernels. Our data-adaptive RKHS prior provides an automatic reproducing kernel,
adaptive to data and the model, for these methods.

Learning interacting kernels and nonlocal kernels. The learning of kernels in op-
erators has been studied in the context of identifying the interaction kernels in interacting
particle systems (e.g., Feng et al. (2021); He et al. (2022); Della Maestra and Hoffmann
(2022); Lang and Lu (2022); Li et al. (2021); Lu et al. (2021b, 2019, 2021a); Mavridis et al.
(2022); Messenger and Bortz (2022); Yao et al. (2022)) and the nonlocal kernels in homog-
enization of PDEs (e.g., Lu et al. (2023); You et al. (2022, 2021)). This study is the first to
analyze the selection of a prior in a Bayesian approach.

2. The learning of kernels in operators

In this section, we discuss learning kernels in operators as a variational inverse problem
that maximizes the likelihood. In this process, we introduce a few key concepts for the
Bayesian approach in later sections: the function space for the kernel, the normal operator,
the function space of identifiability, and a data-adaptive RKHS.
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2.1 Examples

We first present a few examples of learning kernels in operators. Note that in these examples,
there is little prior information about the kernel.

Example 1 (Kernels in Toeplitz matrices) Consider the estimation of the kernel ¢ in
the Toeplitz matriz Ry € R™", i.e., Ry(i,j) = ¢(i — j) for all 1 <i,j < n, from measure-
ment data {(u¥, f¥) € R" x R"}Y_ by fitting the data to the model

Reu+n+&u)=f, n~N©00.1,), X=Y=R" (2.1)

where £(u) represents an unknown model error. We can write the Toeplitz matriz as an
integral operator in the form of (1.3) with Q@ ={1,2,...,n}, glul](z,y) = u(y), and p being
a uniform discrete measure on Q. The kernel is a vector ¢ : S — R with S = {r;}7";!
with rp =1 —n.

Example 2 (Integral operator) Let X = Y = L?([0,1]). We aim to find a function
¢ :[—1,1] = R fitting the dataset in (1.2) to the model (1.1) with an integral operator

1
_ /O oy — pyu(z)dz, Wy e [0,1]. (2:2)

We assume that 1 is a white noise, that is, En(y)n(y’)] = 6(y' —y) for any y,y’ € [0,1].
In the form of the operator in (1.3), we have Q@ = [0,1], g[u](x,y) = u(x), and p being the
Lebesgue measure. This operator is an infinite-dimensional version of the Toeplitz matriz.

Example 3 (Nonlocal operator) Suppose that we want to estimate a kernel ¢ : R — R
in a model (1.1) with a nonlocal operator

- [ o= oluty) ~u@lds. VyeRCRL

from a given data set as in (1.2) with X = L3(2) and Y = L?(Q2), where Q is a bounded
set. Such nonlocal operators arise in Du et al. (2012); You et al. (2021); Lu et al. (2023).
Here n is a white noise in the sense that Eln(y)n(y')] = 6(y — ') for any y,y' € Q. This
example corresponds to (1.3) with glul(z,y) = u(y) — u(x). Note that even the support of
the kernel ¢ is unknown.

Example 4 (Interaction operator) Let X = C}(R) and Y = L*(R) and consider the
problem of estimating the interaction kernel ¢ : R — R in the nonlinear operator

— /R oy — ) (y)u(x) + o ()u(y)dz, Yy eR,

by fitting the dataset in (1.2) to the model (1.1). This nonlinear operator corresponds
o (1.3) with glu](z,y) = v (y)u(z) + v (x)u(y). It comes from the aggression operator
Ry[u] = V- [uV (P *u)| in the mean-field equation of interaction particles (see, e.g., Carrillo
et al. (2019); Lang and Lu (2022) ).
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2.2 Variational approach

To identify the kernel, the variational approach seeks a maximal likelihood estimator:

~ 1
= in&(¢), where £(¢) = —— Rylu®] — f*|12, 2.3
¢ arg min (¢),  where £(¢) No? 1<%<:N\ olu”] = ¥y (2.3)

over a hypothesis space H, where the loss function £(¢) is the negative log-likelihood of the
data (1.2) under the assumption that the noise n in (1.1) is white.

The first step is to find a proper function space for ¢, in which one can further specify
the hypothesis space H. Clearly, given a data set, we can only identify the kernel where the
data provides information. Examples 1— 4 show that the support of the kernel ¢ is yet to
be extracted from data.

We set function space for learning ¢ to be L(S, p) with S = {z —y : 2,y € Q}, where
p is an empirical probabﬂity measure quantifying the exploration of data to the kernel:

N > //5 —3«"—7"‘9 xy( (do)u(dy), r€S.  (24)

1<k<N

Here Z is the normalizing constant and § is the Dirac delta function. We call p an ezploration
measure. Its support is the region in which the learning process ought to work, and outside
of which, we have limited information from the data to learn the function ¢. Thus, we can
restrict S to be the support of p, and we denote L% := L?(S, p) for short. In other words,
the exploration measure is a generalization of the measure px in nonparametric regression
that estimates Y = f(X) from data {(z;,y;)}, where px is the distribution of X and the
data are samples from the joint distribution of (X,Y").

The next step is to find the minimizer of the loss function. Note that £(¢) is quadratic
in ¢ since the operator R4 depends linearly on ¢. We get the minimizer by solving the zero
of the (Fréchet) derivative of the loss function. To compute its derivative, we first introduce

a bilinear form (-,-): V¢, € L2,

(6. 9) :% S (Rl Ryl

1<k<N

Z /[//¢ — 2)Y(y — 2)g[u*] (@, y)g[u"] (2, y) p(dx)p(dz) | p(dy) (2.5)

1<k<N

/ / B(r)(s)G(r, $)p(dr)p(ds),

where the integral kernel G given by, for 7, s € supp(p),

= G(r,s)

= W1 T S ZL’ r X Uk xX,S xr X .
Glros) = 2o il withGlrs) = ¢ 30 [ glabl(er + 2)glut (e s+ o)ulde). (26)

1<k<N

in which by an abuse of notation, we also use p(r) to denote either the probability of r» when
p defined in (2.4) is discrete or the probability density of p when the density exists.
By definition, the bivariate function G is symmetric and positive semi-definite in the

sense that » ', cic;G(ri,7j) > 0 for any {¢;}}; C Rand {r;};_; C S. In the following, we
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assume that the data is continuous and bounded so that G defines a self-adjoint compact
operator which is fundamental for studying identifiability. This assumption holds under
mild regularity conditions on the data {u*} and the operator R.

Assumption 2.1 (Integrability of G) Assume that Q is bounded and {g[u*](z,y)} in
(1.3) with data {u*} in (1.2) are continuous satisfying max;<j<n SUp, yeq |g[uF]) (2, y)| < oo.

Under Assumption 2.1, the integral operator L : L?) — LIQJ

Lab(r) = /S 6(5)G(r, $)p(3)ds, (2.7)

is a positive semi-definite trace-class operator (see Lemma A.1). Hereafter we denote
{Ai, 9} the eigen-pairs of Lz with the eigenvalues in descending order, and assume that
the eigenfunctions are orthonormal, hence they provide an orthonormal basis of LIQJ. Fur-
thermore, for any ¢, € L?, the bilinear form in (2.5) can be written as

p
(0, 0) = (Lgo, ¥) 1z = (&, L)1z, (2.8)
and we can write the loss functional in (2.3) as
1 1
E@)=(o0) =25 > (Rlu'LSfWw+5 D IR
1<k<N 1<k<N (2.9)

= (Lgd, $)1z — 2(67,0) 12 + CL,,
where ¢” € L% is the Riesz representation of the bounded linear functional:

W= O (Rulebl v, Ve e L2 (210)

1<k<N

Then, by solving the zero of VE(¢) = 2(Lz¢ — ¢”), one may obtain the minimizer
ﬁaflgbp, provided that it is well-defined. However, it is often ill-defined, e.g., when ¢”
is not in Eé(Lz) and Lz is compact infinite-rank or rank-deficient. Thus, it is important
to examine the inversion and the uniqueness of the minimizer, for which we introduce the
function space of identifiability in the next section.

2.3 Function space of identifiability

We define a function space of identifiability (FSOI) when one learns the kernel by minimizing
the loss function.

Definition 2.2 The function space of identifiability (FSOI) by the loss functional € in (2.3)
is the largest linear subspace of L% in which £ has a unique minimizer.

The next theorem characterizes the FSOI. Its proof is deferred to Appendix A.1.

Theorem 2.3 (Function space of identifiability) Suppose the data in (1.2) is gener-
ated from the system (1.1) with a true kernel ¢yye. Suppose that Assumption 2.1 holds.
Then, the following statements hold.
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(a) The function ¢® in (2.10) has the following decomposition:
¢° = Lagdtrue + € + €, (2.11)

where € comes from the model error &, the random €7 comes from the observation
noise and it has a Gaussian distribution N (0, O’%ﬁé), and they satisfy Vi € L,%

=y O (R, (@)= O (Relulmd)y.

1<k<N 1<k<N

(b) The Fréchet derivative of E(¢) in L2 is VE(§) = 2(Lg¢ — ¢7).

(¢) The function space of identifiability (FSOI) of € is H = span{(;},.\ - with closure
in Lz. In particular, if ¢© € Ea(L%), the unique minimizer of £(¢) in the FSOI is
$ = Eé_lgbb, where Ea_l is the pseudo-inverse of Lg. Furthermore, if ¢yue € H
and there is no observation noise and no model error, we have 4/5 = .C@_lqﬁf’ = Qtrue-

Theorem 2.3 enables us to analyze the ill-posedness of the inverse problems through the
operator Lz and ¢”. When ¢” € E@(L?,), the inverse problem has a unique solution in the
FSOI H, even when it is underdetermined in L% due to H being a proper subspace, which
happens when the compact operator L has a zero eigenvalue. However, when ¢” ¢ EG(L%)7
the inverse problem V& = 0 has no solution in L?) because Eg_lcbv is undefined. According
to (2.11), this happens in one or more of the following scenarios:

e when the model error leads to € ¢ Eg(Ll%).

e when the observation noise leads to €7 ¢ /J@(Lf)). In particular, since €” is Gaus-

sian NV (0, L), it has the Karhunen-Loeve expansion €7 = )", )\;/ 26?% with € being
iid. A(0,1). Then, £§_1677 => /\i_l/Qeglbi, which diverges a.s. if Y ;.\ _ At di-

verges. Thus, we have € ¢ Eg(Lf)) a.s. when >, A, diverges.

Additionally, ¢” only encodes information of ¢{Z, ., and it provides no information about
e, Where ¢ff  and ¢ . form an orthogonal decomposition ¢uye = O, + dfye €
H @ H*. In other words, the data provides no information to recover ¢y..,..

As a result, it is important to avoid absorbing the errors outside of the FSOI when using
a Bayesian approach or a regularization method to mitigate the ill-posedness.

2.4 A data-adaptive RKHS

The RKHS with G as a reproducing kernel is a dense subspace of the FSOI. Hence, when
using it as a prior, which we will detail in later sections, one can filter out the error outside
the FSOI and ensure that the learning takes place inside the FSOL.

The next lemma is an operator characterization of this RKHS (see, e.g., (Cucker and
Zhou, 2007, Section 4.4)). Its proof can be found in (Lu et al., 2022, Theorem 3.3).

Lemma 2.4 (A data-adaptive RKHS) Suppose that Assumption 2.1 holds. Then, the
following statements hold.
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a e a with G in (2.6) as repro ucing kernel satisfies Hg = L= an
The RKHS Hg with G in (2.6 d kernel He = Lg"*(L2) and
its inner product satisfies

(6 V) e = (Lg %6, Lg*P) 2, V6,9 € H. (2.12)

(b) Denote the eigen-pairs of Lg by { i, ¥i}i with {1} being orthonormal. Then, for any
¢ =, cith; € L2, we have

p)

(o)=Y N ol =Y ok, = Y0 A (213)

i:A; >0
where the last equation is restricted to ¢ € Hg.

The above RKHS has been used for regularization in Lu et al. (2023, 2022). The
regularizer, named DARTR, regularizes the loss by the norm of this RKHS,

Ex(8) = £(8) + NIk, = (£g + Mg™)6,0)12 — 267, O)1a + O, (2.14)
Selecting the optimal hyper-parameter A\, by the L-curve method, it leads to the estimator
bre = (Lg? + M) Lgo®, (2.15)

where [ is the identity operator on H. Since the RKHS is a subset of the FSOI with more
regular elements, DARTR ensures that the estimator is in the FSOI and is regularized.
We summarize the key terminologies and notations in this section in Table 1.

Table 1: Notations for learning kernels in operators in Sect.2.

Notation Meaning

Exploration measure p A probability measure quantifying the
data’s exploration to the kernel (2.4).

L?(S, p) or Lg Function space of learning

Lz {(i, i)}, L ! The normal operator in (2.7), its spectral-
decomposition and pseudo-inverse

E(¢) = (Lg¢, o)1z — 2(0°, d) 12 + C'J{, Loss function from the likelihood in (2.9)

FSOI H = span{®; }»,>0 Function space of identifiability, in which £
has a unique minimizer.

3. Bayesian inversion and the risk in a non-degenerate prior

The Bayesian approach overcomes the ill-posedness by introducing a prior, so the posterior
is stable under perturbations. Since little prior information is available about the kernel,
it is common to use a non-degenerate prior to ensure the well-posedness of the posterior.
However, we will show that a fixed non-degenerate prior may lead to a posterior with a
divergent mean in the small noise limit. These discussions promote the data-adaptive prior
in the next section.

10
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3.1 The Bayesian approach

In this study, we focus on Gaussian priors, so the posterior is also a Gaussian measure in
combination with a Gaussian likelihood. Also, without loss of generality, we assume that
the prior is centered. Recall that the function space of learning is Lg defined in (2.4). For
illustration, we first specify the prior and posterior when the space L% is finite-dimensional,
then discuss them in the infinite-dimensional case. We follow the notations in Stuart (2010)
and Dashti and Stuart (2017).

Finite-dimensional case. Consider first that the space L,zJ is finite-dimensional, i.e.,
S = {r1,...,rq4}, as in Example 1. Then, the space L% is equivalent to R% with norm
satisfying [|¢||? = Zle d(1;)%p(r;). Also, assume that space Y is finite-dimensional, and
the measurement noise in (1.2) is Gaussian N (0,03,] ). Since ¢ is finite-dimensional, we
write the prior, the likelihood, and the posterior in terms of their probability densities with
respect to the Lebesgue measure.

e Prior distribution, denoted by N (0, Qp), with density

dmo() ~ 6—%<¢7Q51¢>Lg
do ’

where Qy is a strictly positive matrix, so that the prior is a non-degenerate measure.

e Likelihood distribution of the data with density

dﬂégﬁ) x exp <‘i5(¢>> ~ exp (—2}‘2 [(£56,6) 1 — 2(6°, 8) 13 + Cfv]) SENGHY

n
where £(¢) is the loss function defined in (2.3) and the equality follows from (2.9). Note
that this distribution is a non-degenerate Gaussian N (E§*1¢D,U%£§71) when Lz !
exists, and it can be ill-defined when Lz has a zero eigenvalue.

e Posterior distribution with density proportionating to the product of the prior and
likelihood densities,

dﬂ-dlg(;b) X exp <

~31o3E(0) + (050, 0)13]

1r _ _
—oxp (=3[0 (10,003 20670z + CF) + (6,950 )
I, -
= exp (—2<Q11(¢—u1),¢—u1>+0}3> (32)
with the constant term C’]{, may change from line to line and

m = (Lg+0,0,1)716" = 0,2Q10", and Q1 = 05 (Lg + 03,0, ) 7" (33)

Thus, m1(¢) is a Gaussian measure N (u1, Q1).

11
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The Bayesian approach is closely related to Tikhonov regularization (see, e.g., Lehtinen
et al. (1989)). Note that a Gaussian prior corresponds to a regularization term R(¢) =
(¢, Qo 1¢> 25 the negative log-likelihood is the loss function, and the posterior corresponds
to the penalized loss:

—207 log m1(¢) = E(¢) + Mo, Qg ' d) 12 with A = o7

In particular, the maximal a posteriori, MAP in short, which agrees with the posterior
mean 1, is the minimizer of the penalized loss using a penalty term a%(qb, Qy Lo) 2 The
difference is that a regularization approach selects the hyper-parameter according to data.

Infinite-dimensional case. When space L% is infinite-dimensional, i.e., the set S has
infinite elements, we use the generic notion of Gaussian measures on Hilbert spaces, see
Appendix A.2 for a brief review. Since there is no longer a Lebesgue measure on the
infinite-dimensional space, the prior and the posterior are characterized by their means and
covariance operators. We write the prior and the posterior as follows:

e Prior N (0, Qp), where Qq is a strictly positive trace-class operator on L%;

e Posterior N(u1, Q1), whose Radon-Nikodym derivative with respect to the prior is

_ I
T xexp(—y0 %x¢»::emo(—20n2B£G¢¢ng—2«#%¢mg—%6%}>, (3.4)
which is the same as the likelihood in (3.1). Its mean and covariance are given as in (3.3).

Note that unlike the finite-dimensional case, it is problematic to write the likelihood dis-
tribution as A (Eg_lqﬁp, o, 255_1), because the operator Ea_l is unbounded and Eg_lqbb
may be ill-defined.

3.2 The risk in a non-degenerate prior

The prior distribution plays a crucial role in Bayesian inverse problems. To make the ill-
posed inverse problem well-defined, it is often set to be a non-degenerate measure (i.e., its
covariance operator Qg has no zero eigenvalues). It is fixed in many cases and not adaptive
to data. Such a non-degenerate prior works well for an inverse problem whose function
space of identifiability does not change with data. However, in the learning of kernels in
operators, a non-degenerate prior has a risk of leading to a catastrophic error: the posterior
mean may diverge in the small observation noise limit, as we show in the Proposition 3.2.

Assumption 3.1 Assume that the operator L is finite rank and commutes with the prior
covariance Qy and assume the existence of error outside of the FSOI as follows.

(A1) The operator Lg in (2.7) has zero eigenvalues. Let A1 = 0 be the first zero
eigenvalue, where K is less than the dimension of Lg. As a result, the FSOI is

H = span{y;} 5.

(A2) The covariance of the prior N'(0, Qo) satisfies Qoip; = riw; with r; > 0 for all i, where
{#bi}i are orthonormal eigenfunctions of L.

12
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(A3) The term € in (2.11), which rep'resents the model error, is outside of the FSOI, i.e.,
€ = D€ 1/)1 has a component 6 7& 0 for some ig > K.

Assumptions (A1-A2) are common in practice. Assumption (Al) holds because the
operator Lz is finite rank when the data is discrete, and it is not full rank for under-
determined problems. It is natural to assume the prior has a full rank covariance Qg as in
(A2). We assume that Qp commutes with Lz for simplicity and one can extend it to the
general case as in the proof of (Da Prato and Zabczyk, 2014, Theorem 2.25, Feldman—Hajek
theorem). Assumption (A3), which requires ¢” to be outside the range of L, holds when
the regression vector b is outside the range of the regression matrix A in (5.3), see Sect.5.2—
5.3 for more discussions.

Proposition 3.2 (Risk in a fixed non-degenerate prior) A non-degenerate prior has
the risk of leading to a divergent posterior mean in the small noise limit. Specifically, under
Assumption 3.1, the posterior mean py in (3.3) diverges as o, — 0.

Proof [Proof of Proposition 3.2.] Recall that conditional on the data, the observation noise-
induced term €7 in (2.11) has a distribution N (0,03][,5). Thus, in the orthonormal basis

{ti}, we can write € = 0y, >y g )\1/26 ;, where {€]} are i.i.d. AN'(0,1) random variables.
Additionally, write the true kernel as qbtme = Otrue,iVi, Where ¢uruei = (Dtrue, Vi) L2 for
all 7. Note that ¢4, does not have to be in the FSOI. Combining these facts, we have

00
= Z ¢1D¢17 with ¢1D = >\i¢true,i + UnA;/2€? + Ef- (35)
i=1

Then, the posterior mean py = (L7 + 0727 Q;1)7'¢” in (3.3) becomes

o) K
Z N+ o2r ) T oPui = (N o) TP+ S oy e, (3.6)
=1 i=1 i>K

Thus, the posterior mean p; is contaminated by the model error outside the FSOI, i.e., the
part with components ef with ¢ > K. It diverges when o, — 0 because

hm ( Z o, rze wz> = Z <¢tme,z‘ + )\1-_1€§> »i,

i>K 1<i<K

72 .
and ) g o, riefwi diverges. [ |

On the other hand, one may adjust the prior covariance by the standard deviation of
the noise in the hope of removing the risk of divergence. However, the next proposition
shows that such a noise-adaptive non-degenerate prior will have a biased small noise limit.

Proposition 3.3 (Risk in a noise-adaptive non-degenerate prior) Let the prior be
N(0,)\Qp), where \ = C[)O'??ﬁ with Cy # 0 and B > 0. Suppose that Assumption 3.1 holds.

13
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Then, the corresponding posterior mean u‘lj" either blows up or is biased, satisfying

00, B<1;
. on 1 ~—1\— .
aliglo“ln— (Lg+Co'Qy)ter, B=1;
0, B>1.

Proof Under the prior (0, AQp) with A = 0007275 , we have the posterior mean

o _ —1\— R 1 —1\—1
uy" = (Lg+o2AQe) 1" = (N + oI T 6P
=1

11yl _
N+ a2 A7) T g + Z o, S
1 i>K

I
,MN

)

-1
()\i + Co_la,%_%ri_l) o5 Vi + Z C’oagﬁ_%iﬁfwi .
1 i>K

|
.MN

)

Then, the limits for 8 > 1, 8 = 1 and B < 1 follow directly. Note that when g > 1, the
limits are biased, not recovering the identifiable component £§_1¢>D = Zfi 1A ldfwi even
when the model error Efi 1 ef.q/)i vanishes. [ |

Propositions 3.2 and 3.3 highlight that the risk of a non-degenerate prior comes from
the error outside the data-adaptive FSOI. Importantly, by definition of the FSOI, there is
no signal to be recovered outside the FSOI. Thus, it is important to design a data-adaptive
prior to restrict the learning to take place inside the FSOI.

4. Data-adaptive RKHS prior

We propose a data-adaptive prior to filter out the error outside of the FSOI, so that its
posterior mean always has a small noise limit. In particular, the small noise limit converges
to the identifiable part of the true kernel when the model error vanishes. Additionally,
we show that this prior, even with a sub-optimal A, outperforms a large class of fixed
non-degenerate priors in the quality of the posterior.

4.1 Data-adaptive prior and its posterior

We first introduce the data-adaptive prior and specify its posterior, which will remove the
risk in a non-degenerate prior as shown in Propositions 3.2-3.3. This prior is a Gaussian
measure with a covariance from the likelihood.

Following the notations in Sect.2.1, the operator L is a data-dependent positive definite
trace-class operator on L%, and we denote its eigen-pairs by {\;, 1;};>1 with the eigenfunc-
tion forming an orthonormal basis of L%. Then, as characterized in Theorem 2.3 and Lemma
2.4, the data-dependent FSOI and RKHS are

H = span{@itaoo ¥, Hg = span{dijaso €, (4.1)

14
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where the closure of H is with respect to the norm H¢||12qG = D iA>0 AN, ¢¢>%3. Note
that those two spaces are the same vector space but with different norms. These two spaces
are different unless the operator L is finite rank (e.g., the cases in Section 3.2). They are
proper subspaces of Lz when the operator Lz has a zero eigenvalue.

Definition 4.1 (Data-adaptive RKHS prior) Let L be the operator defined in (2.7).
The data-adaptive prior is a Gaussian measure with mean and covariance defined by

o =N(ug,95) 1 ug =0; QF = A\, 'Lg, (4.2)
where the hyper-parameter A\ > 0 is determined adaptive to data.

In practice, we select the hyper-parameter A, > 0 adaptive to data by the L-curve method
in Hansen (2000), which is effective in reaching an optimal trade-off between the likelihood
and the prior (see Sect.5.1 for more details). We call this prior an RKHS prior because
its covariance operator Lg's Cameron-Martin space is the RKHS Hg (see, e.g., (Da Prato,
2006, Section 1.7) and a brief review of the Gaussian measures in Sect.A.2).

This data-adaptive prior is a Gaussian distribution with support in the FSOI H in (4.1).
When H is finite-dimensional, its probability density in H is

dng(9) _ ~3(6=ub QBRI (@=nE)) 1z
dg

_1 _—1
MO s el

by definitions (4.2), where L5 ! is pseudo-inverse. Combining with the likelihood (3.1),
the posterior becomes

= Ug(ﬁé + 0,27)\*55_1)_1 = U%(ﬁéz + (7,27/\*IH)_1,C5; (4.3a)
py = 0,2Q0¢" = (Lg” + ophdn) ' Lgo®,

We emphasize that the operator Eafl restricts the posterior to be supported on the FSOI
H, where the inverse problem is well-defined. The posterior mean in (4.3b) coincides with
the minimum norm least squares estimator if there is no regularization, i.e., A\, = 0.

When H is infinite-dimensional, the above mean and covariance remain valid, following
similar arguments based on the likelihood ratio in (3.4).

In either case, the posterior is a Gaussian distribution whose support is H, and it is
degenerate in Lf, if H is a proper subspace of L;%' In short, the data-adaptive prior is a
Gaussian distribution supported on the FSOI with a hyper-parameter adaptive to data.
Both the prior and posterior are degenerate when the FSOI is a proper subspace of Lg.

Table 2 compares the posteriors of the non-degenerate prior and the data-adaptive prior.

4.2 Quality of the posterior and its MAP estimator

The data-adaptive prior aims to improve the quality of the posterior. Compared with a
fixed non-degenerate prior, we show that the data-adaptive prior improves the quality of
the posterior in three aspects: (1) it improves the stability of the MAP estimator so that
the MAP estimator always has a small noise limit; (2) it improves the accuracy of the MAP
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Table 2: Priors and posteriors on Lg.

Gaussian measure Mean Covariance

Fized non-degenerate prior and its posterior

mo = N (1o, Qo) po =0 Qo

m = N(p1, Q1) = 0,%Q14" Q1 =02(Lg+02Q;")7!
Data-adaptive prior and its posterior

m6 = N(ug, <) w5 =0 5 =\"Lg

TP = NP Q) uf = 0y Qps” R

estimator by reducing the expected mean square error; and (3) it reduces the uncertainty
in the posterior in terms of the trace of the posterior covariance.

We show first that the posterior mean always has a small noise limit, and the limit
converges to the projection of the true function in the FSOI when the model error vanishes.

Theorem 4.2 (Small noise limit of the MAP estimator) Suppose that Assumption 3.1
(A1-A2) holds. Then, the posterior mean in (4.3) with the data-adaptive prior (4.2) always
has a small noise limit. In particular, its small noise limit converges to the projection of
true kernel in the FSOI H in (4.1) when the model error Zfil efwi vanishes.

Proof The claims follow directly from the definition of the new posterior mean in (4.3)
and the decomposition in Eq. (3.5), which says that ¢” = Y. ¢FP1); with ¢F = Njdtrue,i +
U,,)xil/ze? + 6?. Recall that uf = (£52 + U%A*IH)_lﬁquD, and if ¢ > K + 1, we have
(L&® + o2Mdg)  Lgbs = Mi(AZ 4 02X.) i = 0. Thus, we can write

K
uP = (LG + oohdn) Lo =D N(A] + ooh) T bigl, (4.4)
=1

since {¢;}; are orthonormal eigenfunctions of L= with eigenvalues {);};. Thus, the small
noise limit exists and is equal to

lim pf = lim Z i ()\12 +U727)\*)_1 ¢ Vi

on—0 on—0
K T<i<K

. 2 2 -1 1/2
= Jim 1;}{ A (A2 4+ 020) T (Niuruesi + o\ el + )y
AN

K K
= Z )\i_l(/\i(bt'rue,i + Gf)% = Z <¢t'rue,i + )\z_lef) wz .
i=1 i=1
Furthermore, as the model error || 32K, e§wiH%Q =K, \ef\z — 0, this small noise limit
)

converges to Zfi 1 Gtrue,ili, the projection of ¢yye in the FSOL [ ]

We show next that the data-adaptive prior leads to a MAP estimator more accurate
than the non-degenerate prior’s.
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Theorem 4.3 (Expected MSE of the MAP estimator) Suppose that Assumption 3.1
(A1-A2) holds. Assume in addition that max;<x{N\ir; '} < A\ < 1. Then, the expected
mean square error of the MAP estimator of the data-adaptive prior is smaller than the
non-degenerate prior’s, i.e.,

E By |47 = dtruclts] < EnoEr [lli1 = dtruclFs) (4.5)
where the equality holds only when the two priors are the same. Here ]Eﬂ(? and Er, denote
expectation with Giye ~ 7§ and Gyyue ~ To, TEspectively.

Proof Note that from (3.6) and (4.4), we have
1 — Ptrue = Z i <)\z + Ug)\*)\;l) [O'T])‘l/ 6’] - 02>\*)\;1¢true,i + Ef] + Z thrue,i,
1<i<K i>K

H1 — d)true = Z¢Z (>\z + 0'%7';1)_1 [Un)‘l/ €n - 0 T ¢truez + € ]

i>1

-1

Recall that {€]} and {¢rye,i} are independent centered Gaussian with €] ~ N(0,1), ¢rrue,i ~
N(0,\;) when ¢prye ~ 78, and diruei ~ N(0,7;) when ¢grye ~ mo. Then, the expectations

of the MSEs E, [H,Lﬂf — qﬁtmeHQL%} and E, [HMI — qﬁtmeHiz} are

EpEyllif = drrucllsl = D i+ opAN ) Plon(hi + g AN ) + [, (4.6)
1<i<K
Eylllin = derueliz] = D i+ opri )P lonhi+ogry + 1P+ Y[+ oy b€
1<i<K i>K
(4.7)

When r; =0 for all ¢ > K and \; = r;, A, =1 for all i« < K, i.e., when the two priors are
the same, the two expectations are equal.

To prove (4.5), it suffices to compare the summations over 1 <7 < k in (4.6) and (4.7).
Note that

M <1 = N+l XAT S A+ ap AN

max {7y '} <A = A+ oA 2 Ao
1<<

Then, we have

ST (i 2N 02N+ o2 + [P
1<i<K

< Z (Az —|—0’%)\*)\Z-_1)_1 O'% + ()\Z + 0-727>\>k)\1_ ) |6 |2

1<i<K

< Z (N —|—02 T ‘o + (N +02 T \65\2
1<i<K

= Z ()\i —1—027“1-_1)72 [0,27/\1 +a;;7“l-_1 + \ef\z]
1<i<K
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In particular, the first inequality is strict if A\, < 1, and the second inequality is strict if
Ai < 1 for some 1 <1 < K. Thus, the inequality in (4.5) is strict if the two priors differ. B

Additionally, the next theorem shows that under the condition A, > max;<x{\ir; '},
the data-adaptive prior outperforms the non-degenerate prior in producing a posterior with
a smaller trace of covariance. We note that this condition is sufficient but not necessary,
since the proof is based on component-wise comparison and does not take into account the
part ) ;o 7 (see Remark 4.7 for more discussions).

Theorem 4.4 (Trace of the posterior covariance) Suppose that Assumption 3.1 (Al-
A2) holds. Recall that QT and Q1 are the posterior covariance operators of the data-adaptive
prior and the non-degenerate prior in (4.3) and (3.3), respectively. Then, Tr(QT7) < Tr(Q1)
if A > max;< g {Nir; '}, Additionally, whenr; = 0 for alli > K, we have Tr(QF) > Tr(Q1)
Zf A < minigK{/\iTi_l}.

Proof By definition, the trace of the two operators are

Tr(Q7) = > o2(h+oahA) T

1<i<K (4 8)
Tr(Q) = > oa(Mi+oory )7 4D m
1<i<K i>K

Thus, when X\, > max;{\;r; '}, we have (\; —1—0%)\*)\;1)_1 < ()\Z-—i—cr%r;l)_l for each i > K,
and hence Tr(QT) < Tr(Q1). The last claim follows similarly. [ |

Remark 4.5 (Expected MSE of the MAP and the trace of the posterior covariance)
When there is no model error, we have E E, [HMI — qﬁtmeHQLQ} =Tr(Q1) in (4.8). That is,
P

for the prior my, the expected MSE of the MAP estimator is the trace of the posterior co-
variance (Alexanderian et al., 2016, Theorem 2). Howewver, for the data-adaptive prior w7,

we have B oK, [Huf — <Z5tmeH%2} = Tr(QY) if and only if A\, = 1, which follows from (4.6)
P

and (4.8). Thus, if max;<x{N\ir; '} <1, a smaller expected MSE of the MAP estimator in
Theorem 4.3 implies a smaller trace of the posterior covariance in Theorem 4.4.

Remark 4.6 (A-optimality) Theorem 4.4 shows that the data-adaptive prior achieves A-
optimality among all priors with {r;} satisfying A« > max;<x{Nir; '}. Here, an A-optimal
design is defined to be the one that minimizes the trace of the posterior covariance operator
in a certain class (Alexanderian et al. (2016) and Chaloner and Verdinelli (1995)). It is
equivalent to minimizing the expected MSE of the MAP estimator (which is equal to Tr(Q1))
through an optimal choice of the my. Thus, in our context, the A-optimal design seeks a
prior with {r;};>1 in a certain class such that g(r1,..., 1K) = Tr(Q1) = > ;cp(Ni+r; 1) is
minimized, and the data-adaptive prior achieves A-optimality in the above class of priors.
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Remark 4.7 (Conditions on the spectra) The condition max;<{\ir; '} < Ay in The-
orems 4.3—-4.4 is far from necessary, since their proofs are based on a component-wise com-
parison in the sum and its does not take into account the part ) ;- - ri. The optimal Ay in
practice is often much smaller than the maximal ratio maXiSK{)\iri_l} and it depends on
the dataset, in particular, it depends nonlinearly on all the elements involved (see Figures
7-8 in Appendix A.3). Thus, a full analysis with an optimal A\, is beyond the scope of this
study.

5. Computational practice

We have followed the wisdom of Stuart (2010) on “avoid discretization until the last possible
moment” so that we have presented the analysis of the distributions on Lf) using operators.
In the same spirit, we avoid the selection of a basis for the function space until the last
possible moment. The moment arrives now. Based on the abstract theory in the previous
sections, we present the implementation of the data-adaptive prior in computational prac-
tice. We demonstrate it on Toeplitz matrices and integral operators, which represent finite-
and infinite-dimensional function spaces of learning, respectively.

In computational practice, the goal is to estimate the coefficient ¢ = (c1,...,¢)" € RI*!
of ¢ = 22:1 c;¢; in a prescribed hypothesis space H = span{cbi}é:l - Lz with [ < oo, where
the basis functions {¢;} can be the B-splines, polynomials, or wavelets. Then, the prior
and posterior are represented by distributions of ¢ € R!. Note that the pre-specified basis
{¢;} is rarely orthonormal in Lf) because p varies with data. Hence we only require that
the basis matrix

B = [(¢i, ¢j) 12]1<ij<i (5.1)

is non-singular, i.e., the basis functions are linearly independent in Lz. This simple require-
ment reduces redundancy in basis functions.
In terms of ¢, the negative log-likelihood in (2.9) for ¢ = Zi:l ci¢; reads

E(c) = (Lgd, d)rz — 2(07, d)pz + cl

- _ (5.2)
—c'Ac—2¢"b+ C]{,,
where the regression matrix A and vector b are given by

- 1

AGig) =5 D (Rolu’), Ry, [u)y = (Lgi 6))12, (5.3a)
1<k<N

— 1

b(i) = + Y (R My = (01,67 1z (5.3b)

1<k<N

The maximal likelihood estimator (MLE) ¢ = A7 "D is the default choice of solution when b
is in the range of A. However, the MLE is ill-defined when b is not in the range of A, which
may happen when there is model error (or computational error due to incomplete data, as
we have discussed after Theorem 2.3), and a Bayesian approach makes the inverse problem
well-posed by introducing a prior.
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We will compare our data-adaptive prior with the widely-used standard Gaussian prior
on the coefficient, that is, ¢ ~ my = N'(0, Qo) with Qo = I, the identity matrix on R'. This
prior leads to a posterior m; = N (mq, Q1) with

my = (A+ U%I)_IB, Q1 =(A+ 0,2]])_1. (5.4)

5.1 Data-adaptive prior and posterior of the coefficient

The next proposition computes the prior and posterior distributions of the random coef-
ficient ¢ = (c1,...,¢)" € R of the LZ—Valued random variable ¢ = ). c;¢; with the
data-adaptive prior (4.2).

Proposition 5.1 Assume that {¢;}i>1 is a complete basis of L% that may not be orthonor-
mal, and the basis matriz B of {¢:}._, in (5.1) is invertible. Denote ¢ = >, ci¢; the
Lg—valued random variable with the data-adaptive prior in (4.2). Then, the prior and pos-
terior distributions of ¢ = (c1,...,¢;)" € R™Y are N'(0,QF) and N (m?P,QP) with

QP =\'B'AB™!, (5.5a)
QP = 02(A+ 02\BA 'B)!, mP =0, 2QPb, (5.5b)

where A and b be defined in (5.3).

Proof The prior covariance (5.5a) follows directly from the definition of the data-adaptive
prior in (4.2) and Lemma A.2. The posterior covariance and mean follow from the likelihood
in (5.2) and the Qf above:

dn?(c) 1r 5 = - ¥ _
ﬁ X exp (—2 o, 2T Ac—2¢Tb+ CL) + T (QP) 10]) :

Thus, completing the squares in the exponent, we obtain (5.5b). [ |

Remark 5.2 (Relation between distributions of the coefficient and the function)
The prior and posterior distributions of the coefficient ¢ and the function ¢ = 22:1 C;¢;
are different: the former depends on the basis {(Z)i}é:l, but the latter is not. The relation
between the distributions of ¢ and ¢ is characterized by Lemma A.2—A.3. Specifically, if
¢~ N(0,Q) and ¢ = Zizl cip; has a Gaussian measure N'(0,Q) on H = span{g;}\_,,
then, we have A := ((¢;, Qp;j)) = BQB provided that B in (5.1) is strictly positive definite.
Additionally, when computing the trace of the operator Q, we solve a generalized eigenvalue
problem Av = ABuv, which follows from the proof of Proposition 5.6 below.

Remark 5.3 (Relation to the basis matrix of the RKHS) The matricr B~*AB~! in
the covariance QF in (5.5a) is the pseudo-inverse of the basis matriz of {¢;} in the RKHS
Hg defined in Lemma 2.4, that is, Brgps(i,j) = <¢i,£§_1¢j>L% = (¢i, bj)Hy, asSUMING
that the basis functions {¢;} are in the RKHS. Computation of the matriz Bypps involves a
general eigenvalue problem to solve the eigenvalues of L (see Proposition 5.6).
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We select the hyper-parameter A, by the L-curve method in Hansen (2000). The L-
curve is a log-log plot of the curve I(A\) = (y(\),z(\)) with y(\)? = CIBZ_IBC)\ and
(A% = &(cy), where ¢\ = (Z—F)\BZ_:[B)_IB The L-curve method maximizes the curvature
to balance between the minimization of the likelihood and the control of the regularization:
x/y// _ x’y”

A = (M), IN)=——5—=7,
= e IO, IO = e

where Apin and Apax are the smallest and the largest generalized eigenvalues of (Z, B).
We summarize the priors and posteriors in computation in Table 3.

Table 3: Priors and posteriors of the coefficients ¢ of ¢ = 22:1 cipi € H C Lﬁ.

Gaussian measure Mean Covariance

mo = N(mo,Qo) mo=0_ Q=1

m=N(m, Q) mi={A+c)7'b Q=o0p(A+o7D)7!

7y =Nm§,QF) mf=0 QY =\, !B tAB~!

7P = N(mP,QP)  mP =0, 2Q%b P = g2(A+02\.BA 'B)~!

Remark 5.4 (Avoiding pseudo-inverse of singular matrix) The inverse of the ma-
triz in Q7 in (5.5b) can cause a large numerical error when A is singular or severely
ill-conditioned. We increase the numerical stability by avoiding A let D= B*Z”Q

write QT as

and

P =02(A+02A\BA 'B)" = o2D(DTAD + AI)"'D". (5.6)

Remark 5.5 (Relation to Zellner’s g-prior) When the basis of the hypothesis space are
orthonormal in L% (that is, the basis matriz B = ((¢;, ¢j>L,%)1§i,j§l = 1), we have QF = A.
Thus, we are once again revealing the well-known Zellner’s g-prior Agliari and Parisetti
(1988); Bayarri et al. (2012); Zellner and Siow (1980).

The next proposition shows that the eigenvalues of Lz are solved by a generalized
eigenvalue problem. Its proof is deferred to Appendix A.1.

Proposition 5.6 Assume that the hypothesis space satisfies H = span{¢;}}_, D Eé(L?))
with [ < oo, where L : L% — L/QJ be the integral operator in (2.7). Let A and b be defined in

(5.3). Then, the operator L has eigenvalues (A1, ..., N;) solved by the generalize eigenvalue
problem with B in (5.1):

AV = BVA, st., VBV =1, A=Diag(\,...,\). (5.7)

and the corresponding eigenfunctions of Lz are {1y = Zé‘:l Vikp;}. Additionally, for any
= Zi cipi in Cél/Q(L%), we have (¢, ﬁé—qu)L% = ¢! Bygnsc with

Brins = (VAVT) ™' = BA 'B.
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5.2 Example: discrete kernels in Toeplitz matrices

The Toeplitz matrix in Example 1 has a vector kernel, which lies in a finite-dimensional
function space of learning L%. It provides a typical example of discrete kernels. We use the
simplest case of a 2 x 2 Toeplitz matrix to demonstrate the data-adaptive function space of
identifiability and the advantages of the data-adaptive prior.

We aim to recover the kernel ¢ € R?"~! in the R"*" Toeplitz matrix from measurement
data {(u®, f¥) € R" x R"}¥_, by fitting the data to the model (2.1). The kernel is a vector
¢S — R¥™ 1 with S = {r}7";! with r; = I — n. Since Ry[u] is linear in ¢, there is a
matrix L, € R™"=1 such that Ry[u] = L,¢. Note that L, is linear in u since Ry[u] is,
hence only linearly independent data {uk},]ﬁv ', brings new information for the recovery of ¢.

A least squares estimator (LSE) of ¢ € R?"~! is

= PN | 71
o=A"b withd= - Y LiuLs, b=+ > Lif,
1<k<N 1<k<N

Herethe A ' isa pseudo-inverse when A is singular. However, the pseudo-inverse is unstable
to perturbations, and the inverse problem is ill-posed.

We only need to identify the basis matrix B in (5.1) to get the data-adaptive prior
and its posterior in Table 3. The basis matrix requires two elements: the exploration
measure and the basis functions. Here the exploration measure p in (2.4) is p(r;) =
z-! 2 1<k 2o0<ij<n O = 7 = Tl)|“§| with 7, € S, where Z = ”25:1 S fuf| s
the normalizing constant. Meanwhile, the unspoken hypothesis space for the above vec-
tor ¢ = Zf’;;l ci¢; with ¢; = ¢(r;) is H = span{¢; 32;1 = R?"~! with basis ¢;(r) =
§(r; —r) € L?(S,R), where 6 is the Kronecker delta function. Then, the basis matrix of
{¢i(r) = 6(ri —7)} in L2, as defined in (5.1), is B = Diag(p). Thus, if p is not strictly
positive, this basis matrix is singular and these basis functions are linearly dependent (hence
redundant) in L%. In such a case, we select a linearly independent basis for Li, which is a
proper subspace of R?"~1 and we use pseudo-inverse of A and B to remove the redundant
rows. Additionally, since vector ¢ is the same as its coefficient ¢, the priors and posteriors
in Table 2 and Table 3 are the same.

Toeplitz matrix with n = 2. Table 4 shows three representative datasets for the in-
verse problem: (1) the dataset {u' = (1,0)} leads to a well-posed inverse problem in L?)
though it appears ill-posed in R3, (2) the dataset {u!,u? = (0,1)} leads to a well-posed
inverse problem, and (3) the dataset {u? = (1,1)} leads to an ill-posed inverse problem and
our data-adaptive prior significantly improves the accuracy of the posterior, see Table 5.
Computational details are presented in Appendix A.3.

Table 5 demonstrates the significant advantage of the data-adaptive prior over the non-
degenerate prior in the case of the third dataset. We examine the performance of the
posterior in two aspects: the trace of its covariance operator, and the bias in the posterior
mean. Following Remark 5.2, we compute the trace of the covariance operator of the
posterior by solving a generalized eigenvalue problem. Table 5 presents the means and
standard deviations of the traces and the relative errors of the posterior mean. It consider
two cases: ¢ue = 1 in the FSOI and ¢yrue = (1,0,1)T = 0.5 + 0.5¢3 outside of the
FSOI (see Table 4). We highlight two observations.
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Table 4: The exploration measure, the FSOI and the eigenvalues of Lz for learning the
kernel in a 2 x 2 Toeplitz matrix from 3 typical datasets.

Data {u*} pon{—1,0,1} FOSI Eigenvalues of L
{u'=(1,0"} (0,3, 3) span{¢z, ¢3} = L, {11}
{u',u? = (0,1)} (13> 1) span{¢1, ¢z, ¢3} = L} {2,2,2}
=003 (G331 span{v1, ¢} C L} {8,4,0}
*The basis {¢;} are deﬁned as (¢1, ¢z, ¢3) = Is. For the dataset {u’}, the eigenvectors of L in L2
are Y1 = (1,1,1)7, by = (=v/2,0,4/2) T, and +3 = (1, —1,1) T, see the text for more details.

Table 5: Performance of the posteriors in learning the kernel of Teoplitz matrix.*

Dtrue Bias of m;  Bias of m7 ‘ Tr(Q1) Tr(QF)

(1,1,1)T € FSOI 0.34+0.01 0.10 £0.11 \ 0.344+0.00 0.0037 & 0.00
(1,0,1)T ¢ FSOI  0.94+0.01 0.66 4 0.09 | 0.34 +0.00 0.0037 = 0.00

* We compute the means and standard deviations of the relative errors of the posterior means (“bias of m1”

and “bias of m7”)

and the traces of the covariance of posteriors. They are computed in 100 independent
datasets with f2 observed with random noises, which are sampled from N (0, 0727) with o, = 0.1. and the u
data is {u® = (1,1)}. The relative bias of each estimator m is computed by |m — ¢tmeHL%/||¢tmeHL%. The

standard deviations of the traces are less than 107°.

e The posterior mean m7 is much more accurate than m;. When ¢¢.e is in the FSOI, m?
is relatively accurate. When ¢4 is outside the FSOI, the major bias comes from the
part outside the FSOI, i.e., the part 0.5¢3 leads to a relatively large error.

e The trace of Q7 is significantly smaller than Q;. Here Q7 has a zero eigenvalue in the
direction outside of the FSOI, while Q; is full rank.

Discrete inverse problem: stable small noise limit. For the discrete inverse problem
of solving ¢ € R™ in Li¢ = fj, for 1 < k < N, the next proposition shows that Assumption

1 (A3) does not hold, regardless of the presence of model error or missing data in f.
Thus, it has a small noise limit. Numerical tests confirm that b is always in the range of
the operator A and that m; has a small noise limit regardless of the model error (e.g.,
¢(u) = 0.01ulu/|?) or computational error due to missing data. However, for continuous
inverse problems that estimate a continuous function ¢, Assumption 3.1 (A3) holds when
b is computed using different regression arrays from those in A due to discretization or
missing data (see Sect.5.3) or errors in integration by parts Lang and Lu (2022).

Proposition 5.7 Let A = Zlgng Lng and b = Zlgng L;Ifk; where Ly € R™™ and
fr € R for each 1 <k < N. Then, b € Range(A).

Proof First, we show that it suffices to consider L;’s being rank-1 arrays. The SVD (singu-
lar value decomposition) of each Ly gives Ly = ZKKM ak,iwk,iv,—;i, where {0}, wk.i, Vi }
are the singular values, left and right singular vectors that are orthonormal, i.e., w,;riwm =
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0;; and ’UkT’ika = 0;j. Denote Ly; = O'k W Zv];rz, which is rank-1. Note that LTLk =
2 T T

Zlgi,jgnk O%,iVk,i Wy jWk,j Vg ; Zl<z<nk Uk iUk, z“k j Zl<z<nk Lk iLk,i- Thus, we can write

T T

A =31 cken 2a<i<ng LriLlr,i and b= D 1<k<N 2-1<i<n, Lk:,z'fk in terms of rank-1 arrays.
Next, for each k, write the rank-1 array as Lj = akwkv,;r with wy, € R™*! and v, € R?*!

both b(ing unitary vectors. Then, A = >y Uivkw,;rwkv; = D 1<k<N aivkv;—, imd

Range(A) = span{vg})_, (where the vj’s can be linearly dependent). Therefore, b =

Y 1<k<N Uk’UkU,;rfk is in the range of A because vy fk is a scalar. |

5.3 Example: continuous kernels in integral operators

For the continuous kernels of the integral operators in Examples 2-4, their function space of
learning LIQJ is infinite-dimensional. Their Bayesian inversions are similar, so we demonstrate
the computation using the convolution operator in Example 2. In particular, we compare
our data-adaptive prior with a fixed non-degenerate prior in the presence of four types of
errors: (i) discretization error, (ii) model error, (ii) partial observation (or missing data),
and (iv) wrong noise assumption.

Recall that w1th X=Y= L2([0 1]), we aim to recover the kernel ¢ in the operator

n (2.2), R = fo (y — z)u(z)dz, by fitting the model (1.1) to an input-output
dataset {u fk} peq- We set {uF}3 »—1 to be the probability dens1t1es of normal distributions
N (—1.6 + 0.6k, 1/15) for k = 1,2,3 and we compute Ry[u” fo uF(x)dzr by the

global adaptive quadrature method in Shampine (2008). T he data are {u (xj), fk (yi } el
on uniform meshes {wj}}]:l and {y;}£ | of [0,1] with J = 100 and L = 50. Here f*(y,) is
generated by

) = Ro[u™(w1) + nf + €5 (1), (5.8)

where 7 are i.i.d. NV(0, 072]) random variables (unless the wrong noise assumption case to be

2
specified later) with variance % and €8(y) = o¢u(y) |u(y)| are artificial model errors with
o¢ = 0 (no model error) or o¢ = 0.01 (a small model error).

Figure 1: The exploration measure and the eigenvalues of the basis matrix B, regression
matrix Ap and operator L (computed via the generalized eigenvalue problem of (Ap, B)).

1.2 ; ‘ ‘ 10%°
—— measure p
1l |
= (O —
081 PR ST TEEETE
2 BN
2L0.6f © N\
£ 10%0] s
0.4r1 2 —-—- Basis matrix B N
02l — — Regression matrix A
. 100 Operator L ¢
0 L L L L L
-1 -0.5 0 0.5 1 0 5 10 15
r n
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The exploration measure (defined in (2.4)) of this dataset has a density

d _
Z/Ol]ﬂrr—i—l] )‘ v rel=Ldl

with Z being the normalizing constant. We set the H = span{¢;}._,, where {¢;}\_, are
B-spline basis functions (i.e., piecewise polynomials)iwith degree 3 and with knots from a
uniform partition of [—1,1]. We approximate A and b using the Riemann sum integration,

N J R

ZZR " (y;) Ro, [u¥)(y;) Ay,
_ 1 : Lo
b(i) = > Ry, [uF) () ¥ () Dy,

where we approximate Ry [u*] via Riemann integration Rp [u¥](y) = ZJJZI V(y—x;)uF(x;) Az
Additionally, to illustrate the effects of discretization error, we also compute A in (5.3) using
the continuous {uk} with quadrature integration, and denote the matrix by Ac.

Figure 1 shows the exploration measure and the eigenvalues of the basis matrix B, Ap
and Lz (which are the generalized eigenvalues of (Ap, B)). Note that the support S is a
proper subset of [—1, 1], leading to a near singular B. In particular, the inverse problem is
severely ill-posed in Lg since Lz has multiple almost-zero eigenvalues.

We consider four types of errors, in addition to the observation noise, in b that often
happen in practice.

1. Discretization Error. We assume that f* in (5.8) has no model error.

2. Partial Observation. We assume that f* misses data in the first quarter of the interval,
ie. flk =0forl=0,...,L/4. Also, assume that there is no model error.

3. Model Error. Assume there are model errors.

4. Wrong Noise Assumption. Suppose that the measurement noise nl’c is uniformly dis-

tributed on the interval [_\/\/ii;’ %] Thus, the model, which assumes a Gaussian

noise, has a wrong noise assumption. Notice that we add a v/3 to keep the variance
at the same level as the Gaussian.

For each of the four cases, we compute the posterior means in Table 3 with the optimal
hyper-parameter \, selected by the L-curve method, and report the L% error of the function
estimators. Additionally, for each of them, we consider different levels of observation noise
oy in 1071 ~ 107%, so as to demonstrate the small noise limit of the posterior mean.

We access the performance of the fixed prior and the data-adaptive prior in Table 3
through the accuracy of their posterior means. We report the interquartile range (IQR, the
75t 50" and 25" percentiles) of the L?) errors of their posterior means in 200 independent
simulations in which ¢4 are randomly sampled.
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Two scenarios are considered: ¢y 18 either inside or outside the FSOI. To draw samples
of e outside the FSOI, we sample the coefficient ¢* of ¢ppye = Z =1 jd)J from the fixed
prior N'(0,I;). Thus, the fixed prior is the true prior. To sample gzbtme inside the FSOI, we

sample ¢yrye = Zé 1 €5y with ¢, from N(0, I3), where {1; = St vij¢;} has v.j being

the j-th eigenvector of Ap.

Note that the exploration measure, the matrices Ap, Ac and B are the same in all these
simulations because they are determined by the data {u*} and the basis functions. Thus,
we only need to compute b for each simulation.

Figure 2: Interquartile range (IQR, the 75t 501" and 25" percentiles) of the Lz errors of
the posterior means. They are computed in 200 independent simulations with ¢4, sampled
from the fixed prior (hence outside the FSOI), in the presence of four types of errors.
Top row: the regression matrix A is computed from continuous {uk} Bottom row: A is
computed from discrete data. As o, — 0, the fixed prior leads to diverging posterior means
in 6 out of the 8 cases, while the data-adaptive (DA) prior leads to stable posterior means.
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Figure 2 shows the IQR of these simulations in the scenario that the true kernels are
outside the FSOI. The fixed prior leads to diverging posterior means in 6 out of the 8
cases, while the DA-prior has stable posterior means in all cases. The fixed prior leads
to a diverging posterior mean when using the continuously integrated regression matrix
Ac, because the discrepancy between b and A leads to a perturbation outside the FSOI,
satisfying Assumption 3.1 (A3). Similarly, either the model error or partial observation
error in b causes a perturbation outside the FSOI of Ap, making the fixed prior’s posterior
mean diverge. On the other hand, the discretely computed Ap matches b in the sense that
b € Range(Ap) as proved in Proposition 5.7, so the fixed prior has a stable posterior mean
in cases of discretization and wrong noise assumption. In all these cases, the error of the
posterior mean of the DA-prior does not decay as o, — 0, because the error is dominated
by the part outside of the FSOI that cannot be recovered from data.

Figure 3 shows the IQR of these simulations with the true kernels sampled inside the FSOL.
The DA prior leads to posterior means that are not only stable but also converge to small
noise limits, whereas the fixed prior leads to diverging posterior means as in Figure 2.
The convergence of the posterior means of the DA prior can be seen in the cases of “Dis-
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Figure 3: IQR of the L?, errors of the posterior means in 200 independent simulations with
Orue sampled inside the FSOL.
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n

cretization” and “Wrong noise” with both continuously and discretely computed regression
matrices. Meanwhile, the flat lines of the DA prior in the cases of “Model error” or “Partial
observations” are due to the error inside the FSOI caused by either the model error or
partial observation error in b, as shown in the proof of Theorem 4.2.

Additionally, we show in Figure 4 and Figure 5 the estimated posterior (in terms of its
mean, the 75! and 25" percentiles) in a typical simulation, when ¢y is outside and in-
side the FSOI, respectively. Here, the percentiles are computed by drawing samples from
the posterior. A more accurate posterior would have a more accurate mean and a narrower
shaded region between the percentiles so as to have a smaller uncertainty. In all cases, the
DA prior leads to a more accurate posterior mean (MAP) than the fixed prior. When the
observation noise has o, = 0.1, the DA prior leads to a posterior with a larger shaded region
between the percentiles than the fixed prior, but when o, = 0.001, the DA prior’s shaded
region is much smaller than those of the fixed prior.

Figure 4: The posterior (its mean, the 75 and 25" percentiles) when ¢ ¢ FSOL
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Figure 5: The posterior (its mean, the 75" and 25" percentiles) when ¢ € FSOL
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In summary, these numerical results confirm that the data-adaptive prior removes the
risk in a fixed non-degenerate prior, leading to a robust posterior with a small noise limit.

Remark 5.8 (Increasing data size) We have chosen a low number of data points in the
numerical tests, so that the inverse problems are under-determined and hence are meaningful
for a Bayesian study. In general, the blow-up behavior caused by a fized non-degenerate
prior will remain when the data size increases as long as the inverse problem satisfies the
conditions in Assumption 3.1 (i.e., under-determined with deficient rank, using a fized non-
degenerate prior, with error in the null space of the normal operator).

5.4 Limitations of the data-adaptive prior

As stated in Hansen (2000): “every practical method has advantages and disadvantages”.
The major advantage of the data-adaptive RKHS prior is to avoid the posterior being
contaminated by the errors outside of the data-dependent function space of identifiability.

A drawback of the data-adaptive prior is its reliance on selecting the hyper-parameter
A«. The L-curve method is state-of-the-art and works well in our numerical tests, yet it has
limitations in dealing with smoothness and asymptotic consistency (see Hansen (2000)). An
improper hyper-parameter can lead to a posterior with an inaccurate mean and unreliable
covariance. Also, the premise is that the identifiable part of the true kernel is in the data-
adaptive RKHS. But this RKHS can be restrictive when the data is smooth, leading to an
overly-smoothed estimator if the true kernel is non-smooth. It remains open to use a prior
with £z* as its covariance, as introduced in Lang and Lu (2023), with s > 0 to detect the
smoothness of the true kernel. We leave this as potential future work.

Also, the data-adaptive prior in this study is for linear inverse problems, and it does
not apply to nonlinear problems in which the operator depends on the kernel nonlinearly.
However, the covariance of our data-adaptive prior corresponds to a scaled Fisher informa-
tion matrix. Thus, for nonlinear inverse problems, a potential adaptive prior is the scaled
Fisher information, which has been explored as a regularization method in Li et al. (2020a).
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6. Conclusion

The inverse problem of learning kernels in operators is often severely ill-posed. We show
that a fixed non-degenerate prior leads to a divergent posterior mean when the observation
noise becomes small if the data induces a perturbation in the eigenspace of zero eigenvalues
of the normal operator.

We have solved the issue by a data-adaptive RKHS prior. It leads to a stable posterior
whose mean always has a small noise limit, and the small noise limit converges to the
identifiable part of the true kernel when the perturbation vanishes. Its covariance is the
normal operator with a hyper-parameter selected adaptive to data by the L-curve method.
Also, the data-adaptive prior improves the quality of the posterior over the fixed prior in
two aspects: a smaller expected mean square error of the posterior mean, and a smaller
trace of the covariance operator, thus reducing the uncertainty.

Furthermore, we provide a detailed analysis of the data-adaptive prior in computational
practice. We demonstrate its advantage on Toeplitz matrices and integral operators in the
presence of four types of errors. Numerical tests show that when the noise becomes small, a
fixed non-degenerate prior may lead to a divergent posterior mean, the data-adaptive prior
always attains stable posterior means.

We have also discussed the limitations of the data-adaptive prior, such as its dependence
on the hyper-parameter selection and its tendency to over-smoothing. It is of interest
to overcome these limitations in future research by adaptively selecting the regularity of
the prior covariance through a fractional operator. Among various other directions to be
further explored, we mention one that is particularly relevant in the era of big data: to
investigate the inverse problem when the data {u*} are randomly sampled in the setting
of infinite-dimensional statistical models (e.g., Giné and Nickl (2015)). When the operator
Ry[u] is linear in u, the examples of Toeplitz matrices and integral operators show that
the inverse problem will become less ill-posed when the number of linearly independent
data {u*} increases. When Ry is nonlinear in u, it remains open to understand how the
ill-posedness depends on the data. Another direction would be to consider sampling the
posterior exploiting MCMC or sequential Monte Carlo methodologies (e.g., Robert and
Casella (1999)).
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Appendix A. Appendix

A.1 Identifiability theory

The main theme in the identifiability theory is to find the function space in which the
quadratic loss functional has a unique minimizer. The next lemma shows that the normal
operator Lz defined in (2.7) is a trace-class operator. Recall that an operator Q on a
Hilbert space if it satisfies ), (Qey, ex) < oo for any complete orthonormal basis {ej}72 ;.

Lemma A.1 Under Assumptz'on 2.1, the opemtor L L?) — LZ defined in (2.7) is a
trace-class operator with Tr(L f S r)dr.

Proof We have p(r) = ZlngN Jo ‘g uM)(x,r + )| p(dx) by (2.4). Then,

N 2 [t + a)glI(o.s + 2)n(da) < Colr) A p(s)

l<l~c<N

for and 7, s € S, where C' = Z maxi <<k Sup, ,eq |9[u*](x,y)|. Thus,

ral G(r,s) 1 -1
G(r,s) = ——5 < Cp(r)” Ap(s),
p(r)p(s)
for each r, s € S. Meanwhile, since Q2 is bonded, we have |S| < co. Hence [g G(r,r)p(r)dr <
C|S| < oo. Also, note that G is continuous since g[u*] is continuous. Then, by (Lax, 2002,
Theorem 12 p344), the operator Lz with integral kernel G has a finite trace Tr(Lg) =
fs G( r)dr < oo. |

Theorem 2.3 characterizes the FSOI through the normal operator Lz.
Proof [Proof of Theorem 2.3] Part (a) follows from the definition of ¢” in (2.10). In fact,
plugging in f¥ = Ry, [u*] + & + n; into the right hand side of (2.10), we have, Vi) € L?),

(6", 4) 12 = % > (Ry[uf], Royp [u )y + (Ry[uf], &)y + (Ry[w*], mel) v

1<k<N
= (, Lgdurue) 1z + (W, €)1z + (1, ") 2,

where the first term in the last equation comes from the definitions of the operator Lz
n (2.7), the second and the third term comes from the Riesz representation. Since each
Nk is a Y-valued white noise, the random variable (¢,e”>Lg = & 3 cpen(Ry[uf], ni)y is
Gaussian with mean zero and variance (7727<’¢,£§1/1> L2 for each ¢ € L/Q). Thus, €7 has a
Gaussian distribution N'(0, 07 L).

Part (b) follows directly from loss functional in (2.9).

For Part (c), first, note that the quadratic loss functional has a unique minimizer in
H. Meanwhile, note that H is the orthogonal complement of the null space of Lz, and
E(Ptrue + ¢°) = E(true) for any ¢° such that £§¢0 = 0. Thus, H is the largest such
function space, and we conclude that H is the FSOL

Next, for any ¢? € Eé(Lf,), the estimator ¢ = L’g_lqbp is well-defined. By Part (b),
this estimator is the unique zero of the loss functional’s Fréchet derivative in H. Hence it
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is the unique minimizer of £(¢) in H. In particular, when the data is noiseless and with
no model error, and it is generated from @irye, i.e. Rg,,,. [u¥] = f*, we have ¢P = Ledtrue

from Part (a). Hence &5\ = £§_1¢>D = Qrue. That is, ¢yye € H is the unique minimizer of
the loss functional £. [ |

The proof of Proposition 5.6 is an extension of Theorem 4.1 of Lu et al. (2022).
Proof [Proof of Proposition 5.6] Let 1 = 22:1 Vikd; with VT BV = I. Then, vy, is an
eigenfunction of Lz with eigenvalue )y if and only if for each 7,

(01 Mtoi) 1z = (00 Lz = Y {00 Lgdi)zVie = D Al ) Vi,

1<j<1 1<5<1

where the last equality follows from the definition of A. Meanwhile, by the definition of B
we have (¢, Ak¢k>Lg = 2221 B(i,j)Vik A for each i. Then, Equation (5.7) follows.

Next, to compute (¢, E§_1¢>L%, we denote U = (¢1,...,1)" and ® = (¢1,...,¢)".
Then, we can write

V=V'0, ¢=> cpi=c®=cV T

1<i<l

Hence, we can obtain Bgps = (VAV )™ in (¢, Ea_lgb)L% = ¢! BypnsC via:

(¢, £§_1¢>Lg = <CT‘I’,£§_ICT‘I’)L3
= (VT LTV
=V, L0 sV e = cTVITAT IV e

where the last equality follows from (¥, Lz~ W) Lz = AL

Additionally, to prove Bpps = BZ_IB, we use the generalized eigenvalue problem.
Since V' BV = I, we have V! = V' B. Meanwhile, AV = BV A implied that B~1A =
VAV~L Thus, BTPAB~! = VAV~ = VAV, which is B}, . |

A.2 Gaussian measures on a Hilbert space

A Gaussian measure on a Hilbert space is defined by its mean and covariance operator
(see (Da Prato, 2006, Chapter 1-2) and Da Prato and Zabczyk (2014)). Let H be a Hilbert
space with inner product (-, -), and let B(H) denote its Borel algebra. Let Q be a symmetric
nonnegative trace class operator on H, that is (Qz,y) = (x, Qy) and (Qz,x) > 0 for any
x,y € H,and ), (Qey, e) < oo for any complete orthonormal basis {e;}72 ;. Additionally,
denote {\,ex}72, the eigenvalues (in descending order) and eigenfunctions of Q.

A measure on H with mean a and covariance operator Q is a Gaussian measure ™ =
N(a, Q) iff its Fourier transform 7(h) = [, @M r(dx) is eilah)=3(Qhh) fo, any h € H.
The measure is non-degenerate if Ker@ = {0}, i.e., Ay > 0 for all k. It is a product measure
7 = [12, N(ak, \i), where aj, = (a,e;) € R for each k. Note that 7(QY2H) = 0 if H is
infinite-dimensional, that is, the Cameron-Martin space QY/2H has measure zero.
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The next lemma specifies the covariance of the coefficient of an H-valued Gaussian
random variable. The coefficient can be on either a full or partial basis.

Lemma A.2 (Covariance operator to covariance matrix) Let H be a Hilbert space
with a complete basis {¢;}1, that may not be orthonormal, where n < co. Forl < n, assume
that the matriz B = (¢, ¢j)1<ij<i is strictly positive definite. Let ¢ = Y 1" | cip; be an H-
valued random variable with Gaussion measure N'(m, Q), where Q is a trace class operator.
Then, the coefficient ¢ = (c1,...,¢)" € R™*! has a Gaussian distribution N'(¢, B"'AB™1),
where

e=B""((¢,¢1),..., (¢ 60)"
A= [A(i, ) i<ij< = [(Pi, Qo) |1<ij<i-

Proof Without loss of generality, we assume m = 0: otherwise, we replace ¢ by ¢ —m in the
following proof. By definition, for any h € H, the random variable (¢, h) has distribution
N(0, (h, Qh)). Thus, we have (¢, ¢;) ~ N (0, (¢;, Q¢;)) for each i. Similarly, we have that
E[(¢, ¢i + ¢5)°] = (¢i + b5, Q(¢i + ¢;)). Then, we have

E[(¢, pi)(, ¢5)] = %(EW)’ di + 6;)?] — E[(¢, ¢:)%] — E[(9, ¢j>2])
- %(@z + ¢4, Qi + ¢5)) — (i, Qi) — (¢4, Q¢j>) = ($1, Qd;).

Hence, the random vector X = ((¢,¢1),...,(¢,¢)) " is Gaussian N'(0, A) with A(i,j) =
(¢i, Qp;). Now, noticing that X = Bc and B = B, we obtain that the distribu-
tion of ¢ = B71X is N(0,B"'AB™!), where the covariance matrix can be derived as
Elcc'] =E[B'XX"B™'|= B 'AB™. u

On the other hand, the distribution of the coefficient only determines a Gaussian measure
on the linear space its basis spans.

Lemma A.3 (Covariance matrix to covariance operator) Let H = span{e;}._, with
[ < 00 be a Hilbert space with basis such that the matriz B = (¢, ¢j)1<i j<i s strictly positive
definite. Assume the coefficient ¢ € R' of ¢ = Zé:l ci¢i has a Gaussian measure N'(0, Q).
Then, the H-valued random variable ¢ has a Gaussian distribution N(0,Q), where the
operator Q is defined by (¢;, Qpj) = (BQB); ;.

Proof Since {¢;} is a complete basis, we only need to determine the distribution of the
random vector X = ({¢,#1),...,{p, )" € R, Note that it satisfies X = Be. Thus, its
distribution is Gaussian N (0, BQB). [ ]

A.3 Details of numerical examples

Computation for Toeplitz matrix. Each dataset {u* = (uf,u})}; leads to an explo-
ration measure on S = {—1,0,1}:

>k lufl _ 1 _ > ug]
POV =5 P = o5 G+ ]}

P = o5 b+ 1)
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Since each u = (ug, u1) leads to a rank-2 regression matrix

v w0 u% ULUQ 0 ]

o 1 0 T _ 2 2

Lu = [0 1 u0:| s Lu Lu = |U1uo Uy + Uy ULUQ | ,
0 ULUQ u% ]

the regression matrices A = >, LIk L, of the three datasets are

0 0O 1 2 1 1 0 0 1 1 0
_ _ - -
Ay =10 1 0], A(Q):§ZLU,€LH,C:5 02 0], Az=|[1 2 1|. (A1)
00 1 Pt 00 1 0 11
Additionally, with B = Diag(p), the prior covariances A\.QY = B~1AB~! are
0 00 8 00 16 8 0
0 0 4 0 0 8 0 8 16

We analyze the well-posedness of the inverse problem in terms of the operator L, whose
eigenvalues are solved via the generalized eigenvalue problem (see Proposition 5.6).

e For the data set {u'}, the exploration measure p is degenerate with p(—1) = 0, thus,
we have no information from data to identify ¢(—1). As a result, Lf, = span{¢g, ¢3}
is a proper subspace of R3. The regression matrix Z(l) and the covariance matrix
Qg,u) are effectively the identity matrix I and 4/3. The operator Lz has eigenvalues

{1,1}, and the FSOI is L?). Thus, the inverse problem is well-posed in L%.

e For the dataset {u',u?}, the inverse problem is well-posed because the operator L
has eigenvalues {2, 2,2}, and the FSOI is Lg. Note that the data-adaptive prior QOD(Q)
assigns weights to the entries of the coefficient according to the exploration measure.

e For the data set {u3}, the inverse problem is ill-defined in L%, but it is well-posed in the
FSOI, which is a proper subset of L%. Here the FSOI is span{t1, 2}, which are the
eigenvectors of L with positive eigenvalues. Following (5.7), these eigenvectors {1}
are solved from the generalized eigenvalue problem A3y = ADiag(p)y and they are
orthonormal in L%. The eigenvalues are {8,4,0} and the corresponding eigenvectors
are 1 = (1,1,1)7, 19 = (—v/2,0,v/2) T, and 93 = (1,-1,1) .

The hyper-parameter selected by the L-curve method. Figure 6 shows a typical
L-curve, where R(A) = ||¢a ., and & represents the square root of the loss £(¢y). The
L-curve method selects the parameter that attains the maximal curvature at the corner of
the L-shaped curve.

Figures 7-8 present the )\, in the simulations in Figures 2—-3, respectively. Those hyper-
parameters are mostly similar, and the majority of them are at the scale of 107*. They
show that the optimal hyper-parameter depends on the spectrum of L, the four types of
errors in b, the strength of the noise, and the smoothness of the true kernel. Generally,
a large variation of \, suggests difficulty in selecting an optimal hyper-parameter by the
method. Additionally, the error in the numerical computation of matrix inversion or the
solution of the linear systems can affect the result when A, is small. Thus, it is beyond the
scope of this study to analyze the optimal hyper-parameter.
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Figure 6: The L-curve for selecting the hyper-parameter A,.
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Figure 7: The hyper-parameter A\, in the 200 simulations in Figure 2.
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