Downloaded 12/04/20 to 128.118.190.54. Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/page/terms

SIAM/ASA J. UNCERTAINTY QUANTIFICATION © 2020 Society for Industrial and Applied Mathematics
Vol. 8, No. 4, pp. 1414-1445 and American Statistical Association

Kernel Methods for Bayesian Elliptic Inverse Problems on Manifolds*

John Harlim®, Daniel Sanz-Alonso*, and Ruiyi Yang}

Abstract. This paper investigates the formulation and implementation of Bayesian inverse problems to learn
input parameters of partial differential equations (PDEs) defined on manifolds. Specifically, we
study the inverse problem of determining the diffusion coefficient of a second-order elliptic PDE on a
closed manifold from noisy measurements of the solution. Inspired by manifold learning techniques,
we approximate the elliptic differential operator with a kernel-based integral operator that can be
discretized via Monte Carlo without reference to the Riemannian metric. The resulting computa-
tional method is mesh-free and easy to implement, and can be applied without full knowledge of
the underlying manifold, provided that a point cloud of manifold samples is available. We adopt a
Bayesian perspective to the inverse problem, and establish an upper bound on the total variation
distance between the true posterior and an approximate posterior defined with the kernel forward
map. Supporting numerical results show the effectiveness of the proposed methodology.
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1. Introduction. Partial differential equations (PDEs) on manifolds are used to model
a variety of physical and biological phenomena including pattern formation on biological
surfaces, phase separation in biomembranes, tumor growth, and surfactants on fluid interfaces
[26, 27, 15, 61]. In this paper we focus on the inversion of elliptic PDEs for two main reasons.
First, elliptic PDEs are ubiquitous in applications and they are used, for instance, as simplified
models for groundwater flow and oil reservoir simulation. The need to specify uncertain
input parameters of these models leads naturally to the inverse problem of determining the
permeability from the pressure under a Darcy model of flow in a porous medium [45, 43, 38,
48]. Second, elliptic models are widely used to test algorithms for forward propagation of
uncertainty [29, 16, 2] and Bayesian inversion [56, 21, 32]. Despite the applied importance
of elliptic inversion, the manifold setting that we consider is largely unexplored and may
allow for more realistic modeling in applications. For example, the variables of interest in
the groundwater flow problem may not be confined to a flat two-dimensional domain and
knowledge of the underlying flow surface may be limited to a point cloud of landmark locations.

*Received by the editors October 24, 2019; accepted for publication (in revised form) May 11, 2020; published
electronically November 24, 2020.
https://doi.org/10.1137/19M 1295222
Funding: The work of the first author was partially supported by NSF Grants DMS-1619661 and DMS-1854299.
The work of the second author was supported by the NSF Grants DMS-1912818 and DMS-1912802.
tDepartment of Mathematics, Department of Meteorology and Atmospheric Science, Institute for Computational
and Data Sciences, The Pennsylvania State University, University Park, PA 16802-6400 USA (jharlim@psu.edu).
*Department of Statistics, University of Chicago, Chicago, IL 60637 USA (sanzalonso@uchicago.edu.)
$Committee on Computational and Applied Mathematics, University of Chicago, Chicago, IL 60637 USA (yry@
uchicago.edu).

1414

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


https://doi.org/10.1137/19M1295222
mailto:jharlim@psu.edu
mailto:sanzalonso@uchicago.edu
mailto:yry@uchicago.edu
mailto:yry@uchicago.edu

Downloaded 12/04/20 to 128.118.190.54. Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/page/terms

KERNEL METHODS FOR INVERSE PROBLEMS ON MANIFOLDS 1415

The aim of this paper is to study the formulation and implementation of Bayesian inverse
problems to learn input parameters of PDEs defined on manifolds. Specifically, we study
the inverse problem of recovering the diffusion coefficient of a second-order, divergence-form
elliptic equation, given noisy measurements of the solution. While our interest lies in solving
the inverse problem, most of our efforts are devoted to studying the approximation of the
forward map (the operator that takes the input parameter to the solution of the PDE). Several
techniques to approximate the forward map have been proposed in the extensive literature on
numerical methods for PDEs on manifolds. For example, finite element methods [25, 14, 11],
level-set methods [7, 46], closest point methods [50], or mesh-free radial basis function methods
[49]. The implementation detail of each of the existing methods is different, but a unifying
theme is the need to have a representation of the manifold in order to approximate the
differential operator. Unfortunately, these approaches are difficult to implement when one
only has access to an unstructured point cloud of manifold samples and meshing is challenging,
or when the dimension of the ambient space is large but the manifold dimension is moderate.

In this paper, we avoid the problems associated with the representation of the manifold
by directly approximating the differential operator in the forward map with an appropriate
kernel integral operator. With a consistent kernel approximation to the differential operator
on the manifold, the numerical implementation can be performed naturally by discretizing
the corresponding integral operator on a point cloud of manifold samples without further
knowledge of the underlying manifold or its Riemannian metric. Building on this construction,
we propose a fully discrete, mesh-free approach to the numerical solution of Bayesian inverse
problems on point clouds. The idea of facilitating the discretization of PDEs on manifolds
by an integral equation approximation can also be found in the recent papers [40, 41, 36], all
of which build on manifold learning techniques and analyses. Our perspective in this paper
and in [36, 6] is in contrast to the one taken in [3, 4, 18, 17, 5]. Rather than identifying
the limiting continuum operator of different normalizations of graph Laplacians, our interest
is to define a suitable kernel to approximate a given anisotropic diffusion operator on the
underlying manifold.

We adopt a Bayesian approach to the inverse problem [39, 13, 56, 52], where we set a
prior distribution on the unknown PDE input parameter, and condition on observed data to
find its posterior distribution. The Bayesian approach is largely motivated by the following
advantages. First, the posterior covariance and posterior confidence intervals may be used to
quantify the uncertainty in the parameter reconstruction. Second, the Bayesian formulation
leads to a well-posed inverse problem [44, 56, 52| by which a small perturbation on the data,
the prior distribution, or the forward map leads to a small perturbation in the posterior
solution. Our main theoretical result is an example of the well-posedness of the Bayesian
formulation: we deduce a total variation error bound between the true posterior distribution
and its kernel-based approximation from a new error bound between the forward map and its
kernel approximation. The new forward map error bound, with a dependence on the diffusion
coefficient, builds on existing results on the pointwise convergence kernel approximations to
elliptic operators [17, 5].

The advantages of the Bayesian approach outlined above come with a cost: the need to
specify a prior distribution on the unknown. The choice of prior is crucial as it determines
the support of the posterior but, unfortunately, this choice is often only guided by ad hoc
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and computational considerations. In this paper we consider a two-parameter family of log-
Gaussian field priors on manifolds, defining the covariance through the Laplace—Beltrami
operator on the manifold [42, 24]. The two prior parameters allow the specification of the
smoothness and length-scale of prior (and hence posterior) draws, and the length-scale may
be learned from data using a hierarchical approach as detailed in our numerical experiments.
In addition to their flexibility, a further advantage of our choice of priors is that they allow the
infusion of geometric information from the manifold on the reconstructed input by expressing
it as a random combination of the first eigenfunctions of the Laplacian. Moreover, in the
absence of a full representation of the manifold, these priors can be consistently discretized
using a graph Laplacian [59, 33]. We refer to [8, 30, 33, 31] for recent applications and
references on Gaussian processes on manifolds. From a computational viewpoint, the use of
log-Gaussian priors and the existence of a continuum limit facilitate the design of Markov
chain Monte Carlo (MCMC) algorithms that scale well with the size of the point cloud, as
shown in a linear inverse problem in [31]. In this regard, a simple but powerful idea is to use
a proposal kernel that satisfies detailed balance with respect to the prior [20].

Outline and main contributions. We close this introduction with an outline of the rest of
the paper, summarizing the main contributions of each section.

e In section 2 we give a brief introduction to the Bayesian formulation of inverse prob-
lems, and formulate the problem on a manifold. The main novel contributions of this
section are (i) to introduce a kernel-based approximation to the forward map and an
associated approximation with the posterior in the continuum (subsection 2.2); and (ii)
to employ the kernel approximations to formulate a Bayesian solution to the inverse
problems on point clouds (subsection 2.3). These kernel and point cloud approxima-
tions are inspired by manifold learning and data analysis techniques.

e Section 3 contains the main theoretical contributions of this paper. Theorem 3.1 gives
an error bound between the true and kernel-based forward maps, and Theorem 3.6
establishes a bound on the total variation distance between the posterior and its kernel-
based approximation. The main novelty of Theorem 3.1 is to generalize the analysis
in [17] to account for anisotropic diffusion and, more importantly, to explicitly track
the dependence of the diffusion coefficient in the error bounds. Understanding this de-
pendency is necessary in order to guarantee the closeness of the true and approximate
posterior distributions shown in Theorem 3.6.

e In section 4 we discuss the practical implementation of the methods, provide guidelines
for the choice of tuning parameters and for the posterior sampling, and conduct three
numerical experiments of increasing difficulty to illustrate the applicability of our
approach. We also consider in subsection 4.5 a hierarchical formulation of the inverse
problem, where the prior length scale is learned from the data, when in the absence
of such knowledge.

e We close in section 5 with conclusions and open directions for research that stem from
our work.

Notation and setting. Throughout this paper M will denote an m-dimensional smooth
Riemannian manifold embedded in RY. We will denote by C* := C*(M) the space of k-times
differentiable functions on M and by C¥® := CH*(M) the space of k-times differentiable
functions whose kth partial derivatives are Holder continuous with exponent a. We will
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assume that the manifold M is compact and has no boundary, thus avoiding the technicalities
necessary to deal with boundary conditions. The theoretical and computational investigation
of the point cloud approximation to PDEs supplemented with boundary conditions is a topic
of current research [40, 41, 36]. Due to the lack of boundary conditions, the elliptic problem
that we consider is unique up to a constant. We will enforce uniqueness by working on the
space L3 := L3(M) of mean-zero square integrable functions on M.

2. Bayesian inverse problems on manifolds and point clouds. We start in subsection
2.1 by recalling the Bayesian formulation of elliptic inverse problems in a given manifold.
We then introduce in subsection 2.2 a kernel-based approximation to the forward map and
a corresponding approximation to the posterior, both of which will be analyzed in section
3. Finally in subsection 2.3 we introduce a point cloud approximation of the kernel forward
map leading to a formulation of the elliptic problem on point clouds without reference to the
underlying manifold. We will investigate numerically the implementation of elliptic Bayesian
inverse problems on point clouds in section 4.

2.1. Bayesian elliptic inverse problems on manifolds. We consider the elliptic equation
(2.1) LFu = —div(kVu) = f, xeM,

where £ is a function on M. Here and throughout, the differential operators are defined with
respect to the Riemannian metric inherited by M from R?. We are interested in the inverse
problem of determining the diffusion coefficient x from noisy measurements of u of the form

(2.2) y =D(u) +n,

where the observation map D : L? — R will be assumed to be known. Examples of ob-
servation maps will be discussed in subsection 2.1.2. We adopt a Bayesian perspective to
the inverse problem, described succinctly in what follows; we refer to [39, 56, 52] for a more
detailed account. In short, the Bayesian formulation of inverse problems involves specifying
a prior distribution 7 for the unknown PDE input x and a distribution for the observation
noise 7. Once these distributions have been specified, the solution to the inverse problem is
the posterior distribution of the variable xk conditioned on the observed data y. For simplicity
of exposition, we will assume throughout that the observation noise is centered and Gaussian,
n ~ N(0,T) for given positive definite I' € R’*”.

Writing k£ = €, we take a Gaussian prior for # supported on a Banach space B. A
specific form of prior, widely used in applications, will be described in subsection 2.1.1. Our
assumptions on x and f in section 3 will guarantee the existence of a unique solution to (2.1)
in the space L of mean-zero square intergrable functions on M. This, in turn, allows us to
define a forward map F : 0 € B+ u € L3. Provided that the map G := Do F : B — R7 is
measurable and that the prior is supported on B, the posterior m¥ can be written as a change
of measure with respect to the prior

dm¥

(2.3 T0) xexp (5l - GO)).

with | - |2 := (-,I"1.). Equation (2.3) shows that the posterior distribution 7 is defined
by reweighting the prior, favoring unknowns 6 that produce a good match with the data
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y through a likelihood function (the right-hand term), implied by (2.2) and the assumed
Gaussian distribution of the noise 7.

For our theoretical results in section 3 we will take B = C* and assume that f € C3“ for
0 < a < 1. These assumptions guarantee [37] that almost surely with respect to the prior,
the diffusion coefficient & is uniformly elliptic, and the unique solution of (2.1) in L3 lies in
C><, allowing us to establish a stability result for an approximation of the forward map. We
believe, however, that these strong regularity conditions can be relaxed.

2.1.1. Matérn-type prior. Here we describe a choice of prior that is widely used in ap-
plications in the geophysical sciences and spatial statistics [55]; in subsection 2.3.1 we will
introduce a point cloud approximation to this prior used in our numerical experiments in
section 4. Since (2.3) implies that the support of the prior determines the support of the pos-
terior, it should both capture the geometry of the manifold M and have enough expressivity
to include a wide class of functions. This motivates us to choose the prior from a flexible
two-parameter family of Gaussian measures on L?. Precisely, we will consider priors of the
form

(2.4) T=N(0,Cr5), Crs=c(r)(7I+Am)"%,

where Apq := —div(V:) is the Laplace-Beltrami operator on M, 7 > 0,5 > 3 are two
free parameters, whose intuitive interpretation will be given below, and ¢(7) is a normalizing
constant. Let {(\;, pi)}32, be eigenvalue-eigenvector pairs for A with A;’s increasing. Then

by the Karhunen—Loéve expansion, random samples of m admit a series expansion

(2.5) v=c(m)2> (1 + X)L,
=1

where &; E (0,1) (i.i.d. is independent and identically distributed). The eigenfunctions
of the Laplacian contain geometric information on the underlying manifold and, therefore,
constitute a natural basis for functions on the manifold. By Weyl’s law, A; =< i%/™ and so the
requirement s > 7 is to ensure that samples from 7 belong to L? almost surely. Moreover,
the parameter s controls the rate of decay of the coefficients and hence characterizes the
regularity of the samples. The role of 7 is more delicate. If we write the coefficients as
v = (T4N) 2 = 7'_5/2(1+%)_5/27 then we can see that the v;’s will be small for A;’s that are
much larger than 7. In particular, the only significant v;’s are those where the corresponding
Ai’s are on the same order of 7 and hence 7 determines the significant basis functions in the
expansion (2.5). Since the eigenfunctions {¢;}$°; represent increasing frequencies, 7 can be
interpreted as a length-scale parameter. It can be seen from (2.5) that 7 also affects the
amplitude of the samples and this motivates us to choose the normalizing constant so that v

has a fixed variance, which we set to be 1:
1
Doty (T4 X))

Such priors are widely used when M is a domain in a Euclidean space and are related
to the Whittle-Matérn distributions [24]. In [42] the authors also considered their extension

(2.6) e(r) =
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to manifolds. It can be shown that for s large enough, samples from 7 belong to C* almost
surely. And since the embedding of C* into L? is continuous, the restriction of 7 to C* is again
a Gaussian measure [10]. Hence for our purpose, we choose s so that 7 is a Gaussian measure
on C%. In particular we will need later in section 3 the result from Fernique’s theorem [28]
that there exists o > 0 such that

/ exp (a]|0]24) dn(6) < oo.
B

Remark 2.1. Choosing a prior with parameter 7 that is far from the true length-scale of
the unknown parameter would lead to poor Bayesian inversion. This can be problematic if
such prior knowledge is not available, but may be at least partially alleviated by considering
a hierarchical formulation specifying a joint prior on both 7 and 6, so that the length-scale is
learned from data simultaneously with the unknown 6; implementation details of the hierar-
chical formulation will be given in subsection 4.5.

2.1.2. Observation maps. Here we give two examples of observation maps that we shall
consider. For theoretical considerations, we assume that the observation map is of the form
D(u) = (£1(u), ..., 0;(u))", where each ¢ is a bounded linear functional on L?. A widely used
example is the smoothed observation at a point z;: {;(u) = [ K(z;,z)u(x)dV (z), where K is
a kernel such as the Gaussian kernel [9]; this type of observations arise in practice when the
data are gathered from a collection of spatially distributed sensors located in the vicinity of
landmark points ;. Equally common is the pointwise evaluation [32, 23]: ¢; = u(z;). Notice
that pointwise evaluation is not a bounded linear functional on L? but can be approximated
by smoothed observation arbitrarily well for continuous u’s. We remark that the boundedness
assumption of ¢; is only a technical one and for the numerical experiments in section 4 we will
consider only pointwise evaluations.

2.2. Kernel approximation of the forward and inverse problem. In this subsection we
introduce a kernel approximation LF to the operator L£*. Instead of directly discretizing the
differential operators on M, the new kernel operator is defined by an integral that can be
discretized by Monte Carlo integration as described in the next subsection. Our kernel ap-
proximation is inspired by the following construction and result found in [17].

Let

Goulz) = e % /Mh (‘””_:'2) W(@)dV (F), h(z) = \/Ziﬂe ,

where dV denotes the volume form inherited by M from the ambient space R?. Then Lemma
8 in [17] shows that, for u sufficiently smooth,

INNEYY

(2.7) Geu(z) = u(z) + e (wu(z) — Apu(z)) + O(e?), r e M.

Here, Ay := —div(V:), and w is a function that depends only on the embedding of M. Now,
note that by direct calculation

(2.8) L = —div(kVu) = vk [Ap(uvE) — uA V],
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and that the expansion (2.7) for \/k and uy/k yields

uG\k = uvk + e (wuvk — uA pVk) + 0O(e?),

G (uv/k) = u/k + e(wuvk — Ap(uv/k)) + O(e?).
Subtracting the second equation from the first equation above and using (2.8) gives that
- £
=

This equation motivates the following definition of the integral operator LF:

UGk — G:(u/k) = € [Apm(uvk) — uApmv/k] + O(e%) L+ O(e?).

£iu(@) == YD (u()G V() — Glula) V()

_ wﬂri—’"ﬂ /M exp (J"”;;"P) w(@)R(D)[u(@) — w(@)]dV (@),

which satisfies

LEu(z) = L(z) + O(¢), x e M.

We will make rigorous this formal derivation in section 3.
We next consider the following analogue to (2.1), defined by replacing the differential
operator £" with the kernel approximation Lf :

(2.9) Louc=f, z€M.

Lemma 3.2 below guarantees the existence of a unique weak solution u. € L3 to (2.9) provided
that f € L? and that the original PDE is uniformly elliptic. In other words, the solution u,.
satisfies

(2.10) /ﬁgugv:/ fv Yvelj.
M M

We define F. as the map that associates § = log(x) with the solution u. to (2.9). Denoting
G. = D o F., the approximate posterior 7¢ has the following form:

dr?

T xesp (—5lu - G.0R).

(2.11)

In section 3 we will establish a bound on the total variation distance between the posterior
distribution 7¥ defined in (2.3) and its approximation 72. We note, however, that the sample-
based discretization of the kernel operator £—that we will introduce in the next subsection—
will involve another layer of approximation not accounted for by the theory in section 3, but
necessary in practice.

Remark 2.2. As will be seen in section 3, a weak solution to (2.9) is sufficient for all the
results to hold. We remark that one can show, using a Fredholm alternative, the existence of
a unique mean-zero strong solution with the additional condition that f has mean zero.
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2.3. Kernel-based elliptic inverse problem on a point cloud. In this subsection we as-
sume that we are given a point cloud X = {z1,...,2,}, sampled independently according
to an unknown density ¢ on M, but that M is otherwise unknown. In applications, x; may
represent landmarks on the underlying manifold, that may correspond to sensor locations.
We consider the inverse problem of determining the value of the unknown input parameter x
at the points z; € M given the observed data y. Again we will follow a Bayesian perspective,
defining a suitable prior m, over functions on the point cloud, as well as a sample-based ap-
proximation to the composition map G. = D o F.. We discuss the priors in subsection 2.3.1
and the approximation to G. in subsection 2.3.2.

2.3.1. Prior on point cloud functions. We now present the choice of priors that we will
use for our numerical experiments in section 4. These will be defined in analogy to (2.4),

replacing A by a graph Laplacian. More explicitly, given n points z1,...,x,, we set the
prior to be

(2.12) m =N(0,Cry), Crs=cu(T)(TI+An)7%,

where A,, € R™*™ is a graph Laplacian constructed with xy, ..., x, and ¢,(7) is a normalizing

constant. We refer to [59] for a detailed account of graph Laplacians and to [53] for extensive
theoretical and computational motivation for our choice of priors. Note that draws from m,, are
functions defined intrinsically in the point cloud M,, rather than on the (unknown) manifold
M. The two paremeters T and s play the same role as discussed above in (2.5). Again samples
from m, can be expressed by Karhunen—Loéve expansion,

vn = ea(M)2 (T + M) ",
=1

where {(AE”), @En)) »_, are the eigenvalue-eigenvector pairs for A,, and &; b (0,1). Simi-

larly as in (2.6), we normalize the draws so that the variance per node is 1:
n

OGPV
For practical considerations, we advocate to set A, as the self-tuning graph Laplacian

proposed in [62]. To illustrate the idea, let X = {x1,...,2,} be the given point cloud. Then
the symmetric graph Laplacian is constructed as the matrix

(2.13) A, =1—A"Y28471/2

en(T) =

where S € R™ "™ is a similarity matrix and A is a diagonal matrix with entries A;; = Z?Zl Sij-
We set the entries of the similarity matrix S to be

|zi — 4]
s =0 (it )
where d(i) is the distance from z; to its kth nearest neighbor, and k is a tunable parameter.
The idea is similar to the standard Gaussian similarities except that the local bandwidth
parameter is allowed to change adaptively based on the density of the points z;’s. Moreover,

the bandwidth parameter is specified through &, a positive integer, which can be easily tuned
empirically.

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



Downloaded 12/04/20 to 128.118.190.54. Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/page/terms

1422 JOHN HARLIM, DANIEL SANZ-ALONSO, AND RUIYI YANG

2.3.2. Posterior on point cloud functions. In this subsection we discuss how to discretize
the posterior by constructing a point cloud approximation of G.. We first approximate L by
discretizing the integral

Tu(z) == /M exp (-W) w(2)u(2)dV ()

by a Monte Carlo sum with a reweighting which employs a kernel density estimation. Precisely,
we have

(2.14) u(z;) ~ — Zexp ( — xﬂ‘ ) Vi(@))u(z;)g:(z;) 7,

where the approximate density, applying (2.7) that Ge.q &~ ¢ up to an error of order ¢, is given
by

1 i — xp|?
= e o (5520).

The approximation in (2.14) can be interpreted as combining a kernel density estimation [60]
with importance sampling [1, 51]. In section 4 we will use this observation, where the point
clouds come from uniform grids. Then Lfu evaluated at the point cloud is approximated by

(2.15)
Crues) ~ HZmﬁ DY el o) — )] = Lo,

dmnez2

More concisely, we can write LZ,, in matrix form in a series of steps. Define P to be the kernel
matrix with entries P;; = exp (—|:UZ - :r:j|2/45). Let @ be a vector with entries Q; = Z?zl P;;
and define W to be the matrix with entries W;; = Pij\/n(xi)m(a:j)Qj_l. Then we have

1
(2.16) LE, = -(D=W),

where D is a diagonal matrix with entry D;; = Z?’Zl W;;. Notice that the above construction
resembles that of the unnormalized graph Laplacian. Indeed, if x = 1, then (2.16) is exactly
the unnormalized graph Laplacian up to a factor of the density [17].

Given the above discretization, we consider the following analogue to (2.9), by replacing
LE with L, and restricting f to the point cloud:

(2.17) L pun = fu,

where f, is the n-dimensional vector with entries f(x;), or an approximation thereof when
[ is not smooth. One can see from (2.16) that Lf,, is self-adjoint and positive semidefinite

under the weighted inner product (u,v), := %Z]:l w(x;)v(xi)ge (7). Hence Lf, admits a
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nonnegative spectrum {\;}?_; with A; = 0 and an orthonormal basis of eigenfunctions {v;}? ;
wih respect to (-, )4, with v; = 1. We then set the solution to be

(2.18) un =3 n,
i=2

where the f, = > | fiv;. Notice that the mean-zero condition of u translates into (u, 1), = 0,
taking into account the density. By the orthogonality of the v;’s, we see that the solution u,, in
(2.18) satisfies (uy, 1), = 0 and moreover, {v, . ..,v,} forms a basis for £2 = {v : (v,1), = 0},
which is the discrete analogue of L. One can also check that u,, satisifies (LE ,un, v)q = (f,v)q
for all v € 2, is consistent with (2.10). We remark that if in addition (f,1), = 0, then u,,
given by (2.18) is a strong solution of (2.17), in analogy to Remark 2.2.

Hence we can now define the discrete forward map F., : R" — R" as the map that
associates 0, = log(kyn) = (log(k(z1)),...,log(k(zy))) to the solution u,. Approximating
the pointwise observation map is straightforward. We may also approximate the smoothed
observation map introduced in subsection 2.1.2 by Monte Carlo as follows:

n I ¢ .
6" (un) = =7 K (g, ) () ge ()~
k=1

In either case, denoting D, (u,) = (EYL) (up), - .. ,KS") (un))T and G¢, = D, o F_,, the graph
posterior has the following form

Y
dme

2.19
(2.19) -

02) o exp (30— GenlO) ).

A full analysis of the convergence of the sample-based posteriors 7, to the ground-truth
posterior 7¥ is beyond the scope of this paper. For a linear regression problem, the conver-
gence of such graph-based posteriors has been established in [31] and [33] using spectral graph
theory and variational techniques.

3. Analysis of kernel approximation to the forward and inverse problem. In this section
we study the error incurred by replacing the differential operator in the forward map by its
kernel approximation, and the effect of such an error in the posterior solution to the Bayesian
inverse problem. The approximation of the forward map is analyzed in subsection 3.1 and the
approximation of the posterior in subsection 3.2.

3.1. Forward map approximation. The main result of this subsection is the following
theorem which bounds the difference between the solution to the PDE (2.1) and the solution
to the kernel-based equation (2.9).

Theorem 3.1 (forward map approximation).  Suppose that f € C>* and k € C*, with «
bounded below by Kmin > 0. Let u solve Lu = f and u. solve LEu. = f weakly in L%. Then
for % < B < % and € small enough depending on 3,

lu = uell 2 < CAw)| fll e
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where C' is a constant depending only on M and

_ _ — 2 — 3
A(K’) = \/Kmii + /{mgl(HK/H?ﬁ + HK‘HC3) + K:miZl(H,{H(QjB + ||/{||CS) + K’miSn(HI{Hg’S + ||K‘||C3) H\/EHEMI

The novelty is to generalize previous analysis [17, 36] to the case of anisotropic diffusions
and, more importantly, to keep track of the dependence A(k) of the error bound on the
diffusion coefficient . As we will show in subsection 3.2, understanding this dependence is a
crucial ingredient in establishing an approximation result for the inverse problem.

The proof of Theorem 3.1 follows the classical numerical analysis argument of combining
stability and consistency, coupled with an H* norm estimate for solutions to PDE (2.1).
Lemma 3.2 below establishes the stability of solutions to the kernel-based equation (2.9),
Lemma 3.3 shows consistency, and Lemma 3.5 shows an H* norm bound on solutions to (2.1).
The proof of Theorem 3.1 will be given at the end of this subsection by combining these three
lemmas. To streamline the presentation we postpone the proofs of the lemmas to an appendix.

Lemma 3.2 (stability). The equation L5u. = f with f € L? and k € L? satisfying x(z) >
Kmin fOT a.e. x € M has a unique weak solution u. € L%. Moreover, there is C' > 0 independent
of € and k such that

(3.1) luell 2 < Ol fll 2.

The next lemma makes rigorous the argument in subsection 2.2 and characterizes the error
between £ and LF by accounting for its dependence on k.

Lemma 3.3 (consistency). Letu € C* and k € C*. Then, for i <pB< % and & sufficiently
small depending on 8, we have

1025 = £5Yull g2 < CllullgallV/ElZac™ "

Remark 3.4. In the proof of Lemma 3.3, found in the appendix, we cannot set [ = %
However we can choose 3 arbitrarily close to % so that the rate is essentially O(g). We remark
that the proof of Lemma 3.3 suggests that the C* assumption in [17] may not be sufficient.

The last lemma bounds the H* norm of the solution to (2.1) in terms of the diffusion
coefficient x.

Lemma 3.5 (H* norm bound). Suppose that k € C* and f € C>* with 0 < a < 1. Let
u € C° be the zero-mean solution to the equation Lu = f. Then

— _ — 2 — 3
lullFra < ClLF Iz [Kbmi + i (161185 + lllles) + mnl, (I6l1gs + Nelies)” + mi (18112 + lI5lles) ]

where C' is a constant that depends only on M.
We are now ready to prove Theorem 3.1.

Proof of Theorem 3.1. Recall that we need to show that

lu = el 2 < CAw)| fll e
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where u solves Lfu = f and u. solves L"u. = f weakly, and A(k) is defined in the statement
of Theorem 3.1. Notice that in the weak sense

LE(u—wue) = LEu— f=LEu— LM,

Hence using Lemma 3.2 for the first inequality, and Lemma 3.3 for the second one noting that
f € C> implies that u € C® [37], we have

lu = el e < Crp I(LE = LYl g2 < Ok lull gl Ve Zae™

min min

The result follows by combining this inequality with the bound on ||u|| 4 derived in Lemma
3.5. [ ]

3.2. Posterior approximation. In this subsection we characterize the total variation dis-
tance between the two posteriors:

T =g (-3l-g0k). 2= [ow(-

N

v - g(f))r%) dn(0).

N~ N =

dr? 1 1 9 9

dr (0) = ZGXP _5‘9 — G0t |, Ze = [ exp | —5ly — G-(0)|p ) dm (),
where Z and Z. are normalizing constants and recall that G(6) = (¢1(u),...,Ls(u))T and
G-(0) = (61(ue), ..., Ls(u:))T, where £;’s are bounded linear functionals on L.

The main result is Theorem 3.6 below. Its proof relies on Theorem 3.1 and a standard
argument [56, 32, 52] for the analysis of approximations of Bayesian inverse problems. In
particular, the proof makes use of the integrability of the function A(k) defined in Theorem
3.1 with respect to the prior 7, guaranteed by Fernique’s theorem [28].

Theorem 3.6 (posterior approximation). Let m be a Gaussian measure on C*, and suppose
that f € C3% for 0 < o < 1. Then for any i < B < % and € sufficiently small depending on
B,

dTV(ﬂ-ya Wg) S 0546715

where C' is constant depending only on M.

The proof of Theorem 3.6 relies on the following lemma, whose proof can be found in the
appendix by making use of the integrability of A(x) with respect to the prior.

Lemma 3.7. For i < B < % and € small enough depending on 5, we have

/

where C is independent of €.

1 1
exp (=3l = GO0 ) —exp (~lu— GO} ) am0) < C=47,
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Proof of Theorem 3.6. We have
1 1 1 1
drvtet,nt) = [ | ew (=3lv - 601 ) - o (-3l -0} )

/ 11
< - _ =
=/lz. z

dm(0)

2

exp (~3lu ~ G001 ) ar(0

1 1 1
+ [ 5 low (=5l - G0 ) e (<5l - ) ) | aro
Z -7, 1 1 1
AL [ S e (<5l - 0007 ) - exo (- @ )| anco)
2 1 ) 1 )
<~ [ |exp (=5l = GO} ) —exp (—5ly — GO} ) |dm(0).
Then using Lemma 3.7 it follows that
dTv<7Ty,7rg) S 0646_1,
where C' is independent of ¢. |
Remark 3.8. Similarly as for Lemma 3.3 our proof fails when § = % However one can

choose (8 arbitrarily close to % so that the rate in 3.6 is essentially O(e).

4. Numerical experiments. In this section we investigate numerically the point cloud
formulation of the inverse problem introduced in subsection 2.3. We start in subsection 4.1
by considering some aspects of the implementation. Then in subsections 4.2, 4.3, and 4.4 we
give three numerical examples, where the underlying manifold is chosen to be an ellipse, the
torus, and a cow-shaped manifold. In subsection 4.5, we study a hierarchical approach where
the prior length-scale parameter is learned from data.

4.1. Implementation. When it comes to practical applications, care must be taken when
one chooses the parameters. Central in our kernel method is the parameter €. While Theorem
3.1 characterizes the error in approximating £ with £ and suggests the consistency of the
estimator as € goes to 0, in practice one cannot take ¢ too small as we explain now. One can
indeed establish the consistency of Lg,, with L, using the same discrete estimation technique
as in [5, 6, 36]. We should point out that while the resulting discrete error bound in [5, 6, 36]
does not show any dependence on «, which is needed for proving the convergence of the discrete
posterior density estimate in (2.19) to (2.11), this result is sufficient for understanding the
consistency of Lf, with Lf. Specifically, for a point cloud with distribution characterized
by density q(x), defined with respect to the volume form inherited by M C R?, the discrete
estimate for fixed-bandwidth Gaussian kernel (e.g., see Corollary 1 of [5] with o = 1/2,5 =
0 in their setup) states that the sampling error for obtaining an order-e? of the density ¢
with g, is of order O(q(z;)"/?n=1/2e=(2*m/%)) and the error between L, and LF is of order

en
n~1/2¢=(1/24+m/4) " The fact that e appears in the denominator of these estimates suggests
that one cannot take € too small in practice and it also implies that ¢ should be adequately
scaled with the size of the data, n. Since a direct use of these estimates requires knowing the
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constants that depend on the volume of M that are difficult to estimate, we instead adopt an
automated empirical method for choosing e. Precisely, we follow [19] and plot

) Eon( 220

as a function of € and choose € to be in the region where log (T(E)) is approximately linear.

In the following three subsections we demonstrate the local kernel method for solving
inverse problems through three numerical examples. In the first two examples, the embeddings
are known and we set the model analytically, i.e., we first choose the ground truth ! and uf,
and then compute the corresponding f as

: 0 1 0 i
(4.1) f=div(e"Vu) = VAT ( g/ detgd; u)
where ¢ is the Riemannian metric on M. The third example will be an artificial surface where
the embedding is unknown. We will then generate the truth using our kernel method. We
will use the preconditioned Crank—Nicolson (pCN) algorithm to sample from the posterior
[21, 8, 31]. This is a Metropolis—Hastings algorithm with proposal mechanism to move from
Up, to u) given by

(4.2) up ~ (1 - 02)1/2 Up + €™, €~ = N(0, Crs)s

where ¢ € (0,1) is a tuning parameter. Note that if w, ~ m, then u) ~ m, showing that
the prior is invariant for this kernel. Moreover, it is not difficult to see that detailed balance
holds, and as a consequence the Metropolis-Hastings accept/reject mechanism involves only
evaluation of the likelihood function. The advantage of pCN in our setting over a standard
random-walk or Langevin algorithm is that the rate of convergence of pCN does not deteriorate
with n; this has been established rigorously for a linear inverse problem in [31].

Remark 4.1. At each iteration of the MCMC algorithm, the forward map involves an
eigenvalue decomposition of a different matrix for different 6’s as shown in subsection 2.3.2.
Hence large n’s are not favored for computational purposes and this can be an issue for high-
dimensional M'’s where the number of points grow as n'™ if one discretizes each dimension by
n.

4.2. One-dimensional elliptic problem on an unknown ellipse. In this subsection we
take M to be an ellipse with semimajor and semiminor axis of length ¢ = 3 and 1, embedded
through

(4.3) L(w) = (cosw,asinw)?, w e 0,27,
and the Riemannian metric is
g11(w) = sin? w + a® cos® w.

The truth is set to be

ki = 2+ cosw, ul =cosw,
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and right-hand side f in (2.1) is defined through (4.1). One can check that both uf and f have
mean zero, i.e., fo27r ul (w) /g1 (w)dw = 027T f(w)y/g11(w)dw = 0. We generate the point cloud
{z1,...,zn} according to (4.3) from a uniform grid of w of size n = 400. The observations
are given as noisy pointwise evaluations at subsets of the point cloud:

Ej:u(xj)—i—nj, jZl,...,J,

where 7; ~ N(0,02) are assumed to be independent. We will take J = 100, 200, 400, re-
spectively with noise size varying as ¢ = 0.01,005,0.1. As discussed in subsection 2.3.1,
we construct the prior with a self-tuning graph Laplacian, using £k = 2 neighbors. We em-
pirically discover that such a choice of k gives the best spectral approximation towards the
Laplace—Beltrami operator on the ellipse, which has spectrum {z’2}i:0 with eigenfunctions
{sin(iw), cos(iw)}2,. We also tune empirically the parameters in (2.12) as 7 = 0.05 and
s =4.

In Figure 1, we plot the posterior means as functions of w € [0, 27| and the 95% credible
intervals for different o and J’s. While the point cloud Bayesian solution is only defined at
the discrete point cloud, to ease the visualization we represent the outcome as continuous
functions defined on w € [0,27]. We see that the truth is mostly captured in the Bayesian
confidence intervals. To quantify the error of reconstruction, we compute the relative ¢
distances between the posterior mean & and the truth xf. Moreover, we compute the solution
@ of (2.17) with & and its relative £3 distance to the true solution u'. As shown in Table 1, the
reconstruction error for u! is much smaller than the relative noise level defined as v/na /||uf|2.

Remark 4.2. Since our prior is on 6 = log(k), we are actually approximating log(2+ cos w)
with trigonometric functions and hence the truth &' is not simply the combination of the first
two eigenfunctions in the prior. In other words, although the truth ' is in the support of the
prior, the fact that its coordinates in the eigenbasis do not decay like that in the expansion
(2.5) makes it difficult to reconstruct.

Regarding Remark 4.2, we consider another prior with self-tuning graph constructed with
k = 0.2n points. This new graph Laplacian gives a worse spectral approximation to the
Laplace—Beltrami operator in the underlying manifold, as its spectrum saturates instead of
growing at the appropriate rate. In other words, the basis functions associated with the
high frequencies will be given more weight in the expansion (2.5). This can be beneficial in
practical applications since it effectively enlarges the support of the prior. Below in Figure
2, we solve the inverse problem using this new prior in the case ¢ = 0.1. The parameters
are tuned empirically: 7 = 0.75, s = 8. It can be seen that although the reconstructions
are rougher than those in Figure 1, they capture better the shape of s, with the help of
the higher frequencies. Essentially, larger 7 (corresponds to more nontrivial modes in the
representation in (2.5)) gives less bias but larger variance, which is consistent with the theory
of nonparameteric statistical estimation (e.g, section 1.7 of [58]).

Remark 4.3. We note that the inexact reconstruction is partially due to the ill-posedness
of the elliptic inverse problem [47]. As can be seen in Table 1, the reconstruction error for &
is much larger than that for %: a wide range of x’s around ' give solutions u which are “close
enough” to u! (within a range of order o) that the algorithm cannot distinguish. When o is
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Figure 1. Posterior means and 95% credible intervals for different o’s and J’s. Here R, ko.025, and ko.975
represent the posterior mean, 2.5%, and 97.5% posterior quantiles, respectively.

noise level.

Table 1

Relative error of & and @ for different noise levels, o’s, and number of observations, J, where & and 4 are
the posteriors means for k and u, respectively. In the last row, the relative noise level for each o is reported for
diagnostic purposes. Particularly, note that the reconstruction error for u' is much smaller than the relative

o 0.01 0.05 0.1
J 100 | 200 | 400 | 100 | 200 | 400 | 100 | 200 | 400
sl [ 0.60% | 0.80% | 0.62% | 2.85% | 1.96% | 2.18% | 5.46% | 3.90% | 3.45%
limul | 0.26% | 0.23% | 0.23% | 1.08% | 0.83% | 0.90% | 1.70% | 1.37% | 1.70%
o 1.41% 7.07% 14.14%
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o =0.1,J = 100. o =0.1,J = 200. o =0.1,.J = 400.

Figure 2. Posterior means and 95% credible intervals for o = 0.1 and different J’s. Here ko.025 and ko.975
represent the 2.5% and 97.5% posterior quantiles, respectively.

large, such a tolerance is larger and the inverse problem becomes more difficult. This issue,
together with Remark 4.2, explains why one cannot expect exact recovery of ! as seen in
Figure 1.

4.3. Two-dimensional elliptic problem on an unknown torus. In this subsection we take
M to be T? embedded in R? through

(4.4) t(wi,we) = ((2 + coswi ) coswa, (2 + coswy ) sinwa, sinwl)T, wi,ws € [0, 27],

and the Riemannian metric is

(w1, w2) = 1 0
g2/ =g (24 coswi)?| "
The truth is set to be
ﬁT(wl,wg) =2 +sinw;sinwy, ul = sinw sinws,

and f is again specified through (4.1). One can check that both uf and f have mean zero,
i.e., [uly/detg = [ fi/detg = 0. For computational reasons as in Remark 4.1, we generate
the point cloud according to (4.4) from a 20 x 20 uniform grid on [0, 27] x [0,27] and the
observations are given as noisy pointwise evaluations at all points. The graph Laplacian for the
prior is constructed with k£ = 16 neighbors and again we empirically tune the parameters: 7 =
0.08 and s = 6. Unlike the ellipse case, we cannot get an almost exact spectral approximation
given that we are only discretizing each dimension by 20 points. The eigenfunctions of the
graph Laplacian are wiggly in this case, for which reason we need a large s to ensure sufficient
decay of the spectrum to obstain relatively smooth reconstructions. In Figure 3, we plot
the posterior means and the standard deviations as functions on [0,27] X [0,27]; we note
that the uncertainty is large when the function sinwj sinws crosses 0. Table 2 quantifies the
reconstruction error as usual and the reconstruction error for u! is again much smaller than
the noise levels, which are 2%, 10%, and 20%, respectively. However, the reconstruction error
for ul decreases with decreasing ¢ while the error for k' does the opposite, a manifestation of
the ill-posedness.

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



Downloaded 12/04/20 to 128.118.190.54. Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/page/terms

KERNEL METHODS FOR INVERSE PROBLEMS ON MANIFOLDS 1431

o0 =0.01 (mean) o = 0.05 (mean)
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Figure 3. Posterior means (first row) and standard deviations (second row) of posteriors for different o’s.
horizontally. We have extended by interpolation the point cloud solution in order to ease visualization.

Table 2
Relative error of k' and @ for different noise level o’s. In the last row, the relative noise level is reported
for diagnostic purpose. Particularly, note that the reconstruction error for u' is much smaller than the relative
notise level.

o 0.0l | 005 | 01
Ir-rlle | 8.56% | 8.34% | 6.94%
Il | 18% | 28% | 4.8%

e 2% 10% | 20%

Remark 4.4. For this example we solved (2.17) by taking the pseudoinverse ,, = (Lgn)T fn
instead, as this is numerically more stable than taking the eigenvalue decomposition of the
asymmetric matrix Lg,. Moreover, i, is consistent with ul for this specific problem as
explained below. We have that w4, solves the following problem:

(4.5) G, = min {|Jull2 : u € argmin || LE, u— fu2} .

The fact that f has zero mean implies (fy,,1); = 0 in the large n limit. Then (2.17) has a
strong solution as mentioned in subsection 2.3.2 and so the characterization (4.5) implies that
iy, is also a strong solution, with >°7 | 4% = 0. Notice that the truth u' also satisfies i ut =0
and hence makes 4, consistent.

4.4. Two-dimensional elliptic problem on an unknown artificial surface. In this subsec-
tion we consider an artificial dataset from Keenan Crane’s 3D repository [22]. The dataset is
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made of 2930 points sampled from a cow-shaped surface homeomorphic to the two-dimensional
sphere. The purpose of this subsection is to demonstrate that our kernel method can be ap-
plied to more complicated manifolds. To avoid an inverse crime [39], we generate the truth
using all 2930 points but solve the inverse problem on a subset of size n = 1000.

To be more precise, we generate x from the Gaussian measure N(0, (71 + Aggz0)) ™,
where Asg3g is the self-tuning graph Laplacian constructed with & = 100 neighbors and
7 =0.7, s = 6. We then set u' to be 10(p3 — ¢), where s is the second eigenvector of Aggzg
and c is a constant chosen below. The factor 10 in the definition of « is only to match the
order of magnitude with . We then set f = L’QL%OUT. This would serve as our ground truth,
and now we solve the inverse problem on a random subset X of n = 1000 points.

On the point cloud X, the truth becomes /ﬁJT| x and uT| x. As mentioned above, the solution
u'|x needs to have zero mean to be consistent with our theory. Since we do not have access
to the Riemannian metric as in the previous two examples, we instead require <uU x,1)g =0,
which gives the choice of ¢ above. Again we consider noisy pointwise observations at all 1000
points. The inputs of the problem are now f|x and noisy u'|x. The noise level is 10%, which
gives 0 = 0.0186. The prior that we use has the same parameter 7 as used to obtain our
synthetic truth, but is defined using a graph Laplacian on X. Namely, we consider

Tn = N(O7 (0.71 + A1000)_6)¢

where Aqggg is constructed with k& = 80 neighbors. Figure 4 shows the plots of the poste-
rior mean, the truth, the error, and the standard deviation. The reconstruction errors are
15 — &fx|l2/l6T|x]l2 = 9.73% and ||z — uf|x|2/||ul|x|l2 = 16.24%. We remark that the
large relative error for u! is partly due to the fact that the point cloud of size 1000 does not
approximate the original one well and in particular

;
(4.6) LZBBOU”X # flx-
When we solve for @ in (4.6), i.e., solving

flx «
Lg,l(i)ou = flx,
we get ||@ — ul|x|l2/||uf|x]l2 = 17.01% and this is the best one can hope for in terms of
reconstructing u'|x. Hence we see that the above relative error has already reached the limit
of the method.

4.5. Hierarchical Bayesian formulation. As mentioned in subsection 2.1.1, the choice of
7 is crucial and would require some prior knowledge of the length-scale of the function to be
reconstructed. In this section, we demonstrate how one can learn the parameter 7 together
with x through a hierarchical Bayesian approach proposed in [24]. We emphasize that the
hierarchical approach may not be able to find the precise length-scale of the parameter to be
reconstructed, and hence should only be applied when little prior knowledge on the length-
scale is available. We will only focus on the point cloud inverse problem as in subsection
2.3.

We remark that our choice of priors in (2.4) and (2.12) differs from the ones used in [24]
by the scaling constants. In the continuum space, the familiy of measures defined by (2.4) are
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Figure 4. Reconstruction for the cow-shaped manifold.
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mutually singular, which leads to technical difficulties when designing hierarchical methods.

However, in the point cloud setting, the family of measures as in (2.12) are simply multivariate

normal and are equivalent. The formulation in [24] then carries over.
The idea is to consider a joint prior on (6,,7) that takes the form

(0, 7) = 7o(7)7(On|T) := 7o (7)1 (0r),

where 7 is a distribution on R™ and the conditional distribution 7, is taken as in (2.12).
Recall that m; has the form

T = N(O,C), Oy = ea(r)(r] + An) ™,

where ¢, (7) normalizes the draws so that u ~ m, satisfies E|u,|?> = n. Now we can define the
forward map F,, : R" x RT — R" that associates a pair (#,,7) with the unique mean-zero
solution u,, of (2.17). We notice that F), is essentially the same as before except the additional
7 that does not play a role in the definition. Denoting G,, = D,, o F},, the joint posterior IT¥
can be written as a change of measure with respect to the prior,

(4.7)
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4.5.1. Sampling. To sample from the joint posterior 6, 7|y, we will use a Metropolis
within Gibbs sampling scheme by updating 6, |7,y and 7|6, y alternately. Sampling of 6,,|7,y
reduces to the nonhierarchical setting, where we use the pCN algorithm. Sampling of 7|6,y
is more delicate since one first needs to make sense of this conditional distribution. Instead
of making the presentation too involved, we will only present the algorithm and refer to
[24] for more details. The idea is to use symmetric random-walk Metropolis-Hastings, with
acceptance probability to accept the proposal 7, given the current chain value v as

=ex —1 T) — mo(7)
(4.8) a(t,v) = p< 5 [H(7) H(V)]) o(7) AT,
where
_ - oo \: (T <07()0i>2
H(T)—ZE:ll gAi(T) + )

Here, {(A\i(7), i) }i—, are the eigenvalue-eigenfunction pairs of C7 ;.

From (4.8), we see that the algorithm favors length-scale 7’s that give small values of H (7).
As 7 approaches 0, the first eigenvalue of (71 + A,,)™® goes to infinity and so the normalizing
constant ¢, (7) approaches 0. However, the eigenvalues of (71 + A,)~°, except the first one,
do not change much since 7 is now a much smaller quantity. Hence when multiplied by ¢, (1),
they converge to 0. In other words A;(7) approaches 0 as 7 goes to 0 for ¢ > 2, which then
implies that ) ; log \i(T) — —oo. So the first term in H is minimized at 7 = 0, while the
second term (6, ¢;)?/A\;(7) favors large 7 by a similar argument as above. Then the minimum
of H is attained by balancing the two sums, using the coefficients (6, ¢;). Hence the algorithm
will give a 7 that is consistent with these coefficients, reflecting the length-scale of 6.

4.5.2. Numerical experiments. To demonstrate the hierarchical approach, we focus on
the ellipse case with three truths of different length-scales: k! = 5w gcos(5w) ccos(8w) it}
a fixed f = %Sin w. We fix f so that we are solving the same inverse problem with different
underlying truth x’s. In this case we no longer have analytic solutions for u and we use the
MATLAB PDE toolbox. The point cloud is generated as in subsection 4.2 with n = 100,
with pointwise observations with noise level ¢ = 0.01 at all points. We take mp = N (2,1)
and s = 4. In the hierarchical setting, it takes longer for the chains to mix, where we run the
chain for 3x107 iterations and use the last 5 x 10 samples for computations. We compare
the hierarchical approach with the nonhierarchical one, where we use a same 7 to reconstruct
the three xf’s. Figure 5 below shows the corresponding reconstructions.

The first row corresponds to the nonhierarchical approach where we fix 7 = 2, which is
finely tuned to match the length-scale of €*5(>%)  for all three problems. The reconstruction is
then acceptable for e®5(%) but is poorer for the other two. For <), the reconstruction still
fits the shape of the truth, but since the prior now has a length-scale much larger than that
of e“*() | the reconstruction is oscillatory. On the other hand, the reconstruction of ec°s(8«)
fails to capture the shape of the truth. This is because the prior now has a smaller length-
scale than that of () so that frequencies as high as cos(8w) barely belong to the prior.
The second and third rows correspond to the reconstructions of the hierarchical approach
and the corresponding sample paths for 7. We see that the credible intervals capture most
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x107 x107 x107

Figure 5. Posterior means and 95% credible intervals for different truths. Figures are arranged so that the
first two rows correspond to nonhierarchical and hierarchical, respectively, and the third row shows the sample
paths for 7. The three columns represent the truths e“3(*) o03(5w) geos(w) rogpectively.

of the truths and the reconstructions are much better for e“*(“) and ¢®5(«) than with the
nonhierarchical approach. Table 3 quantifies the reconstruction error. We notice that the
hierarchical approach performs worse than the nonhierarchical one for e®*69); this is because
the chosen 7 = 2 agrees with the length-scale of the true diffusion coefficient. This fact suggests
that the hierarchical approach only improves the performance when little prior knowledge of
the length-scale is known. From the sample paths for 7’s, we see that the chains have large
variance and do not concentrate on a particular value. This is due to the ill-posedness of the
inverse problem where «’s of different length-scales give equally good reconstructions of u and,
hence, the algorithm cannot distinguish between them. So in general the algorithm may not
give the precise length-scale but a possible range of it.

Remark 4.5. Notice that in the above the noise level has been set to be small. When the
noise level o is large, the performance of the hierarchical approach may be worse, as shown
in Figure 6. The reason is that the algorithm sees only the noisy data, which is the truth u
perturbed by noise. In other words, the length-scale of the data is corrupted by the noise,
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Table 3
Relative error of & and u for different truths. Here “NH” and “H” stand for nonhierarchical and hierar-
chical, respectively. In the last row, the relative noise level for each o is reported for diagnostic purposes.

P ocos(@) ocos(5w) ocos(8w)
Method | NH H NH H NH H
Inrle | 9.07% | 3.69% | 11.17% | 17.41% | 39.38% | 28.82%
Ll | 0.84% | 0.72% | 0.73% | 0.69% | 0.87% | 0.83%

s 1.87% 1.26% 1.27%
: — :

0 1 2 3 4 5 6 0 05 1 15 2 25 3 35 4
x10°

cos(w)

Figure 6. Reconsturction of e and sample path for T when o = 0.1.

which has length-scale converging to 0 (7 — oo) in the large n and J limit if the noise is
independent, i.e., I' = I. As shown in Figure 6, the chain for 7 oscillates in a wide range of
values, suggesting that the data contain little information on this parameter.

5. Conclusions and future work.

e This paper introduced kernel-based methods for the solution of inverse problems on
manifolds. We have shown through rigorous analysis that the forward map can be
replaced by a kernel approximation while keeping small the total variation distance to
the true posterior. Through numerical experiments we have shown that a point cloud
discretization to the kernel approximation may allow one to implement the inverse
problem on point clouds, without reference to the underlying manifold.

e An important question of theoretical interest when solving the inverse problem on the
point cloud is how to choose optimally the kernel bandwith ¢ in terms of the number
n of manifold samples. We conjecture that the convergence of the graph posteriors to
the ground truth posterior, and guidelines on the choice of kernel bandwith, may be
established by generalizing the spectral graph theory results in [12, 34] to anisotropic
diffusions, and using the variational techniques introduced in [33, 31]. The analysis of
these questions will be the subject of future work.

e We streamlined the presentation by working on a closed manifold with no boundary.
We expect that the numerical and theoretical results may be extended to Neumann,
Robin, and Dirichlet boundary conditions using the results and ideas in [36, 40, 54, 57].

e The practical success of the Bayesian approach is heavily dependent on the choice of
prior. Here, we have used Matérn-type priors that are flexible models widely used in
spatial statistics and the geophysical sciences [55]. While the hierarchical approach to
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the inverse problem [24, 35] is effective for learning the prior length-scale from data in
certain regimes as we have numerically shown, a more robust algorithm is needed and
this merits an extensive further investigation.

e A topic of further research will be the extension of the kernel-based approximation
to PDEs and inverse problems to other PDEs and ODEs beyond the elliptic model
considered here.

Appendix A. Proofs of lemmas.

Proof of Lemma 3.2. The proof proceeds by a standard Lax—Milgram argument. Through-
out, C > 0 denotes a constant independent of € and s that may change from line to line.
Consider the bilinear and linear functionals

B:Lix L} =R, F: L >R,
(u,v) = (u, LLv), vi= (v, f).

Clearly, B and F' are bounded. To show that B is coercive, note that by [54, Theorem 7.2]
there exists C' > 0 such that, for all ¢ > 0 v € L(M),

(A.1) (v, Lov) = Cllv]l 2,

where

Lov = %ﬂ /exp (- e = 53|2> (@) — v(@)]dV (7).

dme 4e
It follows that, for v € L2,
x — 7|2
== (-’ = ) @ R@(@)u(E) — o@DV (F)dV (z)
_ ex —|$_§j|2 k(x)k(Z)v(T)[v(T) —v(w T x
— g [ oo (L) VRERE @) - o@lav @)y @)

e [ [ (-0 V@) — v@ Py @av )

> nmi,,mle,gﬂ//exp (— 2 ;5:5'2) o(x) — 0(%)[?dV (2)dV (z)

= K/min<v7 £E’U> > C’{minHvHZLQ’

establishing the coercivity of B. The existence and uniqueness of a weak solution, as well as
the bound (3.1), follow from the Lax—Milgram theorem.

Proof of Lemma 3.3. Our proof follows the same argument as [17, Lemma 8] but keeps
track of the coefficients of the higher order terms. Let

3

Gou() :a?/h<’”“’_j’2> w@)dV (@), h(z) = ——e i,
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Let 0 < B < % We can localize the integration near  due to the exponential decay of e

m

=2
e 2 / exp (—M) w(@)dV ()
FeM:|i—x|>eB 4de
Ll B
<& Jull 2 exp dv (%)
ZEM:|T—z|>ef 2e
_m 1 B B
<e~ % |ull / exp (~3lal2) av (2)
THVETEM:|F|>A~1/2 2

<Ce™ % Jull 2PN (0, 1) > £5-1/2)

<Ce™ % |lull 2 exp (—es¥ 1) < Clullp22?,

where in the last inequality since 25 < 1, exp(—ce%’*l) decays faster than any polynomial in
€ and in particular for € small enough it decays faster than g2+, Therefore,

m |33_:i|2

Geu(z) =¢ 2 /jeM.i s h <€> w(2)dV () + O(||ul| 262).

Now we Taylor expand w near x. Let (si1,...,8,) be the geodesic coordinates at z and
w(Z) = u(Z(s1,...,8m)) = U(s1,...,8m) = u(s). Then

) ) ) m au m m 62~
u(@) — u(e) = als) ~ 50) = Y sig () + 530D sisy5 5 (0)
=1 v i=1 j=1 ]
I en e & 31
* 6 ; ]Z:; ; %153k 050505y, (0) +6(s),

where

1 1 1 1 1 m m m m 6411
= o1 i t1totstss)dtidtodtsdty.
(=) 24/0 /0 /0 / Zzzzssjsksgﬁsﬁsjaskasg( 1tatstas)dirdizdtzdts

i=1 j=1 k=1 ¢=1

Then expanding the fourth order term in G.u, we have

_m |5|2
€2 h d(s)ds
|s|<eP €
4_48 §2
< me / / / / / _7h ( ’) ||V4 (t1t2t3t48)Hdsdtldtgdtgdt4
sl <e?
_ mie? / / / / / (t1t2t3t4)dagh<|r‘> IV 4a(r) | drdt dtadtsdts
24 0o Jo Jo Jo Jir|<titatsed titst3tie
448 1 p1 gl
_me / / / / / K (r, 7|V (r) | drdr,
24 0 Jo Jo JoJ|r|<titatstsc?
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where we have used the notation 7 := (t1, ta,t3,t4) and d7 := dt1dtadtsdty. By interchanging
the order of integration and noticing that V*a(r) = V4u(z + &), where ¢’s are directional
vectors that are independent of z, we have

||Tu||igs<m4546> I [/ o KIS <>||dr] drdv(a)
<m4€46> / / / // !/r|<t1t2t3t455 K(r,7)dr
x [ /rldltmw K (r,7)| V()| 2dr
) LT
x [/|r<t1t2t3t4z-:f3 K(r, T)/ IVAu(x +§)|]2dV(x)dr] dr

_< 44/3> ”V4“”L2/ / // Mlmmmﬁ K(r, T)drrdf.

By a change of variable r = tytotsts\/es, we notice that

2
r
/ K(T, T)d’l” = / (t1t2t3t4)_d€_%h (2‘2’22> dr = / h(\z|2),
|r|<titotstsel |r|<titotstsel titatstye |z|<ef—1/2

which can be bounded by a constant independent of € by the Gaussianity of h(|z|?). Hence

drdV(x)

(A.2) ITullz2 < ClIV ull 2

where C is a constant that does not depend on u or . Now following the same argument as
in [17] and keeping track of the derivatives of u, we have

Gau(w) = u() + ¢ [w(@)u(w) + Au(e)] + Ru(a),
where

Ru(x) = Tu(@) + O ( |Jullz + [ Vu(@)l| + [V2u(@)]| + [VPu(@)]]?)
Applying G. to uy/k, we have
(A.3) G- (uvk) = uv/k + ¢ [wu/k + A(uv/k)| + R, /-

By expanding the derivatives of u\/k and bounding them by the oo-norms of x and its deriv-
atives, we have

Ryyl@) = Tui() + O (IRl [lullze + ()| + [ Va(@)| + [92u(@) | + [Vou@)]]<2)
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where
ITuwllz < ClIVElea VA ull 26
By setting u = 1, we have
(A4) Gov/i = Vi + 2 [y + AVE] + O (Vi ere?)

By combining (A.3) and (A.4), we have

£ = Y2 [uG/i = Guluy)] = £+ O (il Vlere) + LmmE,

€

Hence it follows that
(L5 = £%ullz2 < Clullgallv/e|ge*

Proof of Lemma 3.5. First we multiply the equation by u and integrate over M. Inte-
grating by parts, we get

/fu = —/div(nVu)u = /K|Vu]2 > Fognin || V]| 2.
By Holder and Poincaré inequalities, there is a constant C' that depends only on M so that

(A.5) IVull 2 < Ol fllze < Crogll flls,

(A.6) lullze < Crollfllze < Chpillf|lms.

min min

Now differentiating the equation with respect to xj and testing against u,, , we get

/fcckucck = —/div <8ik(nVu)> Uz, = /%(RVU) - Vg,

= /szVu Vg, + Vg, - Vug, .

Using Young’s inequality that |ab| < ea® + ﬁbQ we get

1
[ et 2 o (90 4 1T )+ o Pt [
K
= (e — el o) 1Vt 30 — L2l g2,

Choosing € = and rearranging terms, we get

Kmin
2([[ray loo+1)

[V, 172 < Kl falloo (12 lloo + 1) [ Vull72 + QHmi/kauxk

< Frnll By lloo (1K lloo + DIVl Z2 + sl o 172 + fo 1w, |I72-
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Then we have

IV2ull72 = Z IVtuz, 172 < mel (IVEIZ + IVEllso) [Vullfe + mrull VA2 + sl Vulle
k=1

(A7) < OISl [ + i (151125 + lI5lles) ]

where we have used (A.5) and C only depends on M. Moreover, we have used the fact that

Kmin > € 1l which implies Ko < k02 if myp < np. Now we bound the norm of the third

derivatives by further differentiating the equation with respect to x; and integrating against
Ug,z;- We have again by Cauchy’s inequality

: 0?
/fmkzjumkm]- - /le <ax]axk (HVU)) umkrj

62
:/ O 0wy, (V) Vita,,

:/ [f@mkiju + /{kauxj + ﬁijuxk + ﬁVukaj] . Vuzkzj

1
> [Vt e = s e (1] Pt 32 + 1Vl

1 1
Lo e e e Y e e e

= Vttza, 172 (Fmin = €1llFara; lloo = 2]l oo = €3llKa, o)

1 1 1
- EHMMAIMHVUII%Q - E\Iﬁxklloo\lv%jlliz - g\lﬁxj!\ooHVuxklliz-
Now choosing
c Rmin c Rmin c Rmin
1= y &2= s 3= o oy
A([[Fzpa; lloo +1) A[[Falloo +1) A([[Fz; [l +1)

and rearranging terms, we get

IVttaya, 172 < 260, (I fora, 122 + ltaye, 172) + 4650 Ky, loo (lAaya, oo + 1) IVl Z2
A Ky lloo (0 lloo + 1) Vg, 72 + 4658 1a,lloo (I1iz, lloo + 1) [V, 172

Then we have

(A8)  [VPulfe = Va7

Jj=1k=1
< 26, (IV2FlZ + 1Vl Z2) + 4m®s 2 (192615 + V26 ]l oo) [ Vull 7

min mln

+ 82 (V1% + [Vl V203
(4.9) < O s [t + i (sl + Islles) + i (sl + llen)]
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where again we only keep the highest order in kpi,. Differentiating further and applying a
similar argument, gives that

IV ull7e < 4r (IV2FII72 + VPl 72) + 16m° w2 IVl 22 (V2512 + [V 6]loo)

T 48mk 2 V2l (VK12 + 192k ]oe) + 48m 2 [ Vol (1VA]12 + [ V)

min min

(A.10)
_ _ _ 2 _ 3
< C|fl3s [Hmi + o (15l1Es + lI5lles) + (151125 + [15lles)” + mot (15112 + [1#lcs) }

The desired result follows by combining equations (A.6), (A.5), (A.7), (A.9), and (A.10).

Proof of Lemma 3.7. By Lipschitz continuity of e™* when z > 0, we have

exp (=gl = GO0 ) —exp (5l - G(O))

1 1
<|5ly = GO - 5ly - GO

[(G(0)" + G=() )T H(G(8) — G- (6)) + 2y T7H(G(6) — G- (9))]

el

<

< SI07 2 (190)] +19-(0)1)16(6) = G-(6)| + T 21yl 1G(8) - G0,

where [T 7|3 is the operator 2-norm of I'"!. By Theorem 3.1, Lemma 3.2, and (A.6),

1G(8) = G=(0)] < /D 145112 11u — uell 2 < C\/ D G I2A@)]| ]| o™,
1G(0)] +1G=(0)] < /D112 (ull g2 + [lucllzz) < C\/ 11612 01 £ 2,

where u and u. are the zero-mean solutions associated with 6, and ||¢;]| is the operator norm
of £;. Here we have written A as a function of 6 and use the fact that ryin > e~ 0l So

[ oo (—3lu - 0:001) —exp (~5lu - 5012

< OIT ™ ae® [Z\IijIZIIfH%s/e9°°A(9)d7f(9)+ ZIIEjHQIIyIIHme/A(9)d7r(9)]~

dm ()

It now suffices to show [ (6”0”00 V1) A(0)dn(0) < co. Since k= e, we have
Ixllca < Cel®l= (|[6llca + 18124 + 10112 + 16]1¢4) .

where C'is a constant depending on the dimension m and a similar relation is true for ||/k||¢ca.
Keeping only the highest order term in el?l> we have

A(B) < C/Pu([6lcx)e 1101 Py []ca)el 1

< C\/Pl(y|¢9||c4)614l|9||c4p2(||9|yc4)eH9Hc47

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



Downloaded 12/04/20 to 128.118.190.54. Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/page/terms

KERNEL METHODS FOR INVERSE PROBLEMS ON MANIFOLDS 1443

where P; and P, are polynomials. Since 7 is a Gaussian measure on C*, by Fernique’s theorem

[28]

Y

/ (el v 1) A0 (6) < ox.

It follows that

/

exp (=3l = GO ) —exp (~3lu— GO} ) an0) < C=47,

where C depends on I', y, f, and the /;’s, but is independent of .
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