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CrossMark
Abstract
In this paper, we study efficient approximate sampling for probability distribu-
tions known up to normalization constants. We specifically focus on a problem
class arising in Bayesian inference for large-scale inverse problems in science
and engineering applications. The computational challenges we address with
the proposed methodology are: (i) the need for repeated evaluations of expens-
ive forward models; (ii) the potential existence of multiple modes; and (iii)
the fact that gradient of, or adjoint solver for, the forward model might not
be feasible. While existing Bayesian inference methods meet some of these
challenges individually, we propose a framework that tackles all three system-
atically. Our approach builds upon the Fisher—Rao gradient flow in probability
space, yielding a dynamical system for probability densities that converges
towards the target distribution at a uniform exponential rate. This rapid conver-
gence is advantageous for the computational burden outlined in (i). We apply
Gaussian mixture approximations with operator splitting techniques to sim-
ulate the flow numerically; the resulting approximation can capture multiple
modes thus addressing (ii). Furthermore, we employ the Kalman methodology
to facilitate a derivative-free update of these Gaussian components and their
respective weights, addressing the issue in (iii). The proposed methodology
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results in an efficient derivative-free posterior approximation method, flex-
ible enough to handle multi-modal distributions: Gaussian Mixture Kalman
Inversion (GMKI). The effectiveness of GMKI is demonstrated both theoret-
ically and numerically in several experiments with multimodal target distribu-
tions, including proof-of-concept and two-dimensional examples, as well as
a large-scale application: recovering the Navier—Stokes initial condition from
solution data at positive times.

Keywords: Bayesian inverse problems, sampling, derivative-free methods,
multimodal, kalman methodology, fisher—rao gradient flow, gaussian mixtures

1. Introduction

In this paper, we introduce the posterior approximation method called Gaussian Mixture
Kalman Inversion (GMKI), designed for solution of partial differential equation (PDE) inverse
problems for which forward model evaluation is expensive, derivative/adjoint calculations can-
not be used and multiple modes are present. In section 1.1 we give the context, followed in
section 1.2 with details of our guiding motivations. Section 1.3 describes the key ingredients
of the algorithm and section 1.4 the contributions. In section 1.5 we give a detailed literature
review and in section 1.6 we describe the organization of the paper.

1.1. Context

Sampling a target probability distribution known up to normalization constants is a classical
problem in science and engineering. In this paper, we focus specifically on targets resulting
from Bayesian inverse problems [ 1, 2] involving recovery of unknown parameter # € R? from
noisy observation y € R™, through forward model

y=G(0)+n. (D)

Here, G denotes the forward mapping which, for the problems we focus on, is nonlinear
and requires solution of a PDE to evaluate. The observational noise 7 is here assumed to
be Gaussian: n ~ N (0,%,)). By assigning a Gaussian prior N (rg, Xy) to the unknown 6, the
Bayesian framework leads to the posterior distribution

Ppost (9) X exp (_q)R (9>) 3 (2a)
1, -1
Pr(0) = (0)+ 5% * (0 o)l (2b)
1, 1
@ (0)=l%y" v =G@)l*. (20)

Here @ is the negative log likelihood. Minimization of ® is a nonlinear least-squares prob-
lem which defines the maximum a posterior (MAP) point estimator for the Bayesian inverse
problem. It is the goal of this paper to develop an efficient method for approximating ppost
defined by ®y in the specific setting which we now outline.

1.2. Guiding motivations

We give more detail concerning the motivations behind the specific posterior approximation
method developed here. Firstly we note that an appropriate unit of cost in solution of Bayesian
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inverse problems is the evaluation of G as this will be required multiple times for methods such
as Markov chain Monte Carlo (MCMC) [3] and SMC [4, 5]; when evaluation of G requires
running large scale PDE solvers fast convergence is paramount. Secondly, we note that mul-
tiple modes, caused by multiple minimizers of ®x, cause many methods to become slow [6],
expending multiple steps in one mode before moving to another [7, 8]; in addition, many
Gaussian approximation based methods are unable to capture multiple modes. Nevertheless,
exploring all these modes is necessary since missing one could lead to detrimental effects on
engineering or science predictions; thirdly we note that the gradient of &z may not be available
or even feasible. This might be because the computational models are only given as a black
box (e.g. in global climate model calibration [9, 10]), the numerical methods are not differenti-
able (e.g. in the embedded boundary method [11-14] and adaptive mesh refinement [15, 16]),
or because of inherently discontinuous physics (i.e. in fracture [17] or cloud modeling [18,
19]). In this paper, we address these three challenges by combining, respectively, Fisher—Rao
gradient flows, Gaussian mixture approximations, and Kalman methodology. The resulting
posterior approximation method, GMKI, is fast due to the uniform exponential convergence
of Fisher—Rao gradient flows, can capture multiple modes since Gaussian mixture approxim-
ations are employed, and is derivative-free thanks to the systematic Kalman methodology.

1.3. Key ingredients of GMKI

In sampling, it is widely accepted practice to construct a dynamical system for a density that
gradually evolves to the posterior distribution, or its approximation, after a specified finite time
or at infinite time. Numerical approximation of this dynamics, using either particle or para-
metric methods, leads to practical algorithms. These include sequential Monte Carlo (SMC,
specified finite time) [4], and MCMC (infinite time) [3] that are commonly used in Bayesian
inference. In recent years, gradient flows in the probability space have become a popular choice
of dynamical systems [20—22]; their study presents the opportunity to profoundly influence our
understanding and development of sampling algorithms.

In general, the convergence rates of different gradient flows can vary significantly. In this
paper, we focus on the Fisher—Rao gradient flow of the Kullback—Leibler (KL) divergence
[22-24]:

Ip:

ar = Pr(10gppos —log pr) — pip, [l0g ppost —log pr]. 3)

The Fisher—Rao gradient flow converges to its steady state, ppost, €xponentially fast, with a
rate of O(e™"); see proposition 1, [22, theorem 4.1], and also [23-25]. This convergence rate
is uniform and independent of pps, in particular its log-Sobolev constant, which typically
determines the convergence rates of other gradient flows, such as the Wasserstein gradient
flow. It is worth noting that the log-Sobolev constant may behave poorly when the posterior
distribution ppo is highly anisotropic or multimodal [7, 8]. Thus, we consider equation (3) as
a desirable flow for sampling general distributions.

We introduce numerical approximations of equation (3) to construct practical algorithms.
Particle methods represent the current density p, by a (possibly weighted) sum of Dirac meas-
ures evaluated at an ensemble of particles. The flow equation (3) can then be realized as a
birth-death dynamics of these particles [23, 24]. However, the birth-death rate depends on the
density, so it is necessary to constantly reconstruct p, from the empirical particle distribu-
tion. In [23, 24], kernel density estimators have been applied for the reconstruction, but their
performance may be affected when the dimension of the problem becomes large. Moreover,
birth-death dynamics alone cannot change the support of the distribution, so additional steps
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need to be added to explore the space [23, 24, 26]; such exploration steps change the dynamics
and may also lead to challenges in high dimensional problems.

Parametric methods, which reduce the gradient flow into some parametric density space,
constitute another common choice of numerical approximation. One way to do this is to project
the flow equation (3) into the Gaussian space [27-29], via a moment closure approach. The
resulting system for the mean and covariance is given by [22]:

a,
dr

dmy

a = CtEpu, [Vglog Ppost]

=G+ CE,, [VoVlog ppost] Cr, 4
where p; in equation (3) is approximated by a Gaussian p,, = N (m,, C;) in equation (4); here
a, = (my, C;) is the unknown parameter. We note that one may also derive the above flow by nat-
ural gradient methods in variational inference [30-32]; see discussions in [22]. Theoretically,
it has been shown in [22] that equation (4) converges exponentially fast to the best Gaussian
approximation of p,os in the KL divergence sense, when ppog is log-concave. Therefore, by
simulating equation (4), we get a Gaussian approximation of the posterior; this can be done
through direct time integration or ensemble methods.

More generally, for multimodal problems, Gaussian mixture approximations have been
studied in the literature under the variational inference framework [29, 33, 34]. These
approaches require the evaluation of the gradient and sometimes even the Hessian matrix of
log ppost> as shown in equation (4), which are not directly feasible for the type of problems
which are our focus in this paper.

On the other hand, Kalman methodology has emerged as an effective methodology for
sampling for both filter and inverse problems [35-42]. Similar to the parametric methods dis-
cussed above, it relies on Gaussian approximations; however, it additionally utilizes the struc-
ture of the problem, i.e. the least-squares form of the posterior as described in equation (2).
Notably, the Kalman methodology can lead to derivative-free algorithms such as the Ensemble
Kalman Filter, Unscented Kalman Filter, and Ensemble Kalman Inversion (EKI), all defined
in [42]. Moreover, the recent work on EKI and its variants in [43] can be interpreted as apply-
ing Kalman-type approximations to the Fisher—Rao gradient flow equation (3), although this
gradient structure was not explicitly pointed out in the original paper. The effectiveness of this
method has been demonstrated on large-scale inverse problems in science and engineering,
with up to hundreds of dimensions. However, since only Gaussian approximations are used,
the method may not be suitable for multimodal posterior distributions.

1.4. Contributions

The primary focus of this paper is to extend the Kalman methodology in [43] to Gaussian
mixture approximations of the Fisher—Rao gradient flow. This leads to GMKI, a derivative-
free posterior approximation method that converges fast and captures multiple modes for the
challenging inversion problems studied here. We make the following contributions:

(i) We propose an operator splitting approach to integrate the Fisher—Rao gradient flow in
time, which leads to an exploration step that explores the space freely and an exploitation
step that harnesses the data and prior information. We prove the resulting exploration-
exploitation scheme converges exponentially fast to the target distribution at the discrete
time level (section 2).

(i) We demonstrate a connection between the continuous time limit of the pre-existing
algorithm in [43] and Gaussian variational inference (section 3).

4
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(iii)) We apply Gaussian mixture approximations to the exploration-exploitation scheme. We
utilize the Kalman methodology to update the weights and locations of the mixtures.
This leads to our derivative-free algorithm, GMKI, for sampling multimodal distributions
(section 4).

(iv) We analyze GMKI by deriving the continuous time limit of the dynamics. Based on
the continuous dynamics, we study its exploration effects, establish its affine invariant
property, connect the methodology to variational inference with Gaussian mixtures, and
investigate the convergence properties (section 5).

(v) We demonstrate, on one/two-dimensional model problems as well as a high-dimensional
application (recovering the Navier—Stokes initial condition from solution data at positive
times), that GMKI is able to capture multiple modes in approximately O(10) iterations,
making it a promising approach for solving large scale Bayesian inverse problems. Our
code is accessible online (section 6).

1.5. Literature review

The review of relevant literature concerns SMC and MCMC, variational inference, gradient
flows and Kalman methodology.

15.1 SMC and MCMC. SMC [44] and MCMC [3] are common approaches used in
Bayesian inference for sampling posteriors. They lead to dynamical systems of densities that
progressively converge to the target distribution. For SMC, the dynamical system operates
over finite time intervals so converges fast in the density level, but numerical approximations
of the dynamical system can be challenging, with difficulties such as weight collapses. Such
issues are more pronounced in the case of multimodal posteriors, requiring a substantial num-
ber of particles and a good initialization for SMC to succeed, due to its lack of exploration.
Approximation of the finite-time dynamics in SMC via transport of measures has also been
investigated [45-47]. The Fisher—Rao gradient flow used in this paper can be seen as an infin-
ite time extension of SMC dynamics that allows efficient exploration while converging expo-
nentially fast in the density level. MCMC approaches typically require O(10*) model runs,
or more, for the type of PDE-based inversion arising in this paper; thus they are too costly.
Moreover, most MCMC approaches are based on local moves and face significant challenges
in the multimodal scenario.

1.5.2. Variational Inference.  Variational inference [48-50] addresses the sampling prob-
lem equation (2) using optimization, typically with a lower computational cost compared to
MCMC. The objective function, often chosen to be the KL divergence between the target
distribution and a variational distribution, is minimized to get a closest approximate distribu-
tion within the variational distribution family. Gaussian distributions and Gaussian mixtures
are often used as the variational distribution [33, 51-53]. The concept of natural gradients
[28, 30-33] has been widely used to derive efficient optimization algorithms for variational
inference. These algorithms typically require evaluations of gradient information for the log
density. We also note that the Gaussian and Gaussian mixture ansatz has been used in conjunc-
tion with the Dirac—Frenkel variational principle to solve time-dependent PDEs of wave func-
tions and probability densities [54, 55]. When the PDE is the Fisher—Rao gradient flow, these
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methods can recover the parameter dynamics obtained by natural gradient flow in variational
inference [56].

1.5.3. Fisher-Rao Gradient Flow. The Fisher—Rao gradient flow plays a key role in the design
of sampling algorithms studied in this paper. There is a vast literature on the use of gradi-
ent flows of the KL divergence in the density space, employing different metric tensors, for
sampling. We specifically focus on the Fisher—Rao metric, introduced by C.R. Rao [57], to
derive the gradient flow equation (3), as it is the only metric, up to scaling, invariant under
any diffeomorphism of the parameter space [58—60]. This invariance leads to a gradient flow
converging at a rate independent of the target distribution. In practice, the Fisher—Rao gradient
flow and its simulation by birth-death processes have been used in SMC samplers to reduce the
variance of particle weights [4] and accelerate Langevin sampling [23, 24, 26] and statistical
learning [61]. Kernel approximation of the flow has also been considered [46, 62]. Gaussian
approximation of the Fisher—Rao gradient flow is studied in [27], with close connections to
natural gradient methods in variational inference.

1.5.4. Kalman methodology. =~ The Kalman methodology encompasses a general class of
approaches for solving filtering and inverse problems. They are based on replacing the
Bayesian inference step in a filter, which may be viewed as governed by a prior to pos-
terior map, by an approximate transport map which is exact for Gaussians; inverse problems
are solved by linking them to a filter. Ensemble Kalman methods give rise to derivative-free
algorithms, and are appropriate for solving filtering and inverse problems in which the desired
probability distribution is close to Gaussian [35, 43, 63—65].

Beyond Gaussian approximations, a strand of research has extended Kalman filters to oper-
ate on Gaussian mixtures [66—73]. These methods model both prior and posterior distributions
using Gaussian mixture distributions, leveraging a componentwise application of the Kalman
methodology for each Gaussian component. Various techniques, such as recluster analysis
and resampling techniques [74-78], as well as localization techniques [79-81], have been
developed to enhance the robustness of these approaches. Nevertheless, existing methods in
this category are tailored to transform a Gaussian mixture prior into a Gaussian mixture pos-
terior; they can be understood as a Gaussian mixture approximation of the dynamics in SMC.
The resulting methods lack full exploration of the space of possible solutions. In contrast,
GMKI incorporates gradient flows, resulting in theoretical advantages manifest in its analysis.
In practice, GMKI’s exploration component enables effective traversal of the solution space,
leading to robust performance without weight collapse.

1.6. Organization

The paper is organized as follows. In section 2, we introduce the Fisher—Rao gradient flow
and the exploration-exploitation scheme for discretizing the flow in time. In section 3, the
Gaussian approximation approach for spatial approximation is reviewed. In section 4, the pro-
posed GMKI approach is presented, which relies on the Gaussian mixture approximation and
Kalman methodology. In section 5, the continuous time dynamics of the GMKI approach is
derived and analyzed. In section 6, numerical experiments are provided. We make concluding
remarks in section 7.
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2. Fisher—Rao gradient flow

In the following two subsections, we (i) briefly describe the Fisher—Rao gradient flow in the
time-continuous settings; and (ii) introduce our operator splitting approach for simulating this
flow in practice.

2.1. Continuous flow

In this paper we focus on the gradient flow arising from using the KL divergence

KL [p]| ppost] = / plog ( P ) df =E, [log p — 10g ppos] &)

Ppost

as the energy functional, along with the Fisher—Rao metric tensor MR (p) =14 = p1p; the res-
ulting gradient flow has the form (see [22, section 4.1])

Opy FR _1 0KL [PZHPPOSJ
M = WPl Fpost]
at (p[) (Sp
= Pt (lOg Ppost — log pz) - pt]Ep, [log Ppost — log Pt] . 6)

We have the following uniform exponential convergence result for this flow ([22, theorem 4.1];
see also related results in [23-25, 82]):

Proposition 1. Let p, satisfy equation (6). Assume there exist constants K, B > 0 such that the
initial density py satisfies

o—K(+102) < _Po(0) < K(1+10F). ™

Ppost (0)

and po, Ppost have bounded second moments
/|9|2p0 (0)d0 < B, /|e|2pposl (0)d0 < B. ®)

Then, for any t > log((l + B)K),
KL[py]| ppost] < (2+ B+ eB)Ke ™. ©)

Accurate numerical simulation of equation (6) thus has the potential to exhibit uniform
exponential convergence across a wide range of targets ppos.

2.2. Time-stepping via operator splitting

As a first step towards the derivation of an algorithm, we apply operator splitting to
equation (6). Abusing notation we let p, denote our approximation of p,, at time = t, = nAt,
where Ar denotes the time step, and solve sequentially

p . . . .

8/? = —p; (log p — Es logpi)s P, = P> ta <E<togr, (10)
and

—apf—w E; [l oy, = P << (11)
o = pt( 08 Ppost — I, [ 0og pposl]) s Pty = Py In STS Ingr.

7
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The map p,, = p,1 is then defined by setting p, 1 = p;,., . Further abusing notation we write
Pty = Pny1 and Py = pny1. Note that all of p,,p,11 and j,1 are functions of ¢. Both
equations (10) and (11) admit explicit solutions and we may write

—Ar

Pnr1 (0) < pa (0)° (12a)
Prnt1(0) o Pyt (0) ppost O (120)

Furthermore, using the first order approximation e’ ~ 1 — At and the explicit formula (2)
for ppost, we obtain the following time-stepping scheme:

Pt (0) o< pa (8)' 72, (13a)
Pt (0) % put1 (0) ppost ()™ o< pry (8) e~ 21P5(0). (13b)

It is worth mentioning that the first order approximation corrects the bias introduced by
the operator splitting, ensuring that pp.s Temains the fixed point of this time-stepping scheme.
Moreover, the step (13a) and equation (10) can be interpreted as the Fisher—Rao gradient flow
of the negative entropy term [E,[log p], which tends to increase entropy by expanding the distri-
bution to explore the state space. In contrast, equation (135) multiplies the current distribution
by the ‘posterior function’ to exploit the data and prior information, concentrating towards
regions of high posterior density. It is worth noting that the exploration-exploitation concept
distinguishes the present approach from SMC [4] and other homotopy based approaches for
sampling [83], which instead rely on the updating rule

Pnt1(0) o< pu (6) e AP

to deform the prior into the posterior in one unit time. The iteration equation (13) is first pro-
posed as the basis for sampling algorithms in [43] as a methodology to remedy the ensemble
collapse of EKI in long time asymptotics; however, the connection to gradient flows is not
pointed out. We note that the iteration equation (13) also connects to the tempering (or
annealing) approaches that are commonly used in the Monte Carlo literature [84—86]. Finally
equation (13) can also be interpreted as an entropic mirror descent algorithm in optimization
[87].

The exploration-exploitation time-stepping scheme equation (13) inherits the convergence
property of the continuous flow; see proposition 2. The proof can be found in appendix A.

Proposition 2. Under the assumptions in proposition 1, let p, solve equation (13), then for

anyn > |% , it holds that

KL[Pn”Ppoxt] <(2+B+eB)K(1— At)n' (14)

3. Gaussian approximation and Kalman methodology

In this section, we discuss the Gaussian approximation of the scheme equation (13) through
the Kalman methodology. In doing so we review the necessary techniques and pave the way
for constructing our Gaussian mixture approximations in the next section.

In [43], the authors used Gaussian distributions to approximate the evolution of densities
defined by equation (13). More precisely, assume p, = N (m,, C,). Then, the first exploration
step equation (13a) leads to

R ~ - 1
Pn+1 :N<mn+lacn+l) N<mn71_AtCn> . (15)

8
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The distribution still remains Gaussian. However, the second exploitation step equation (135)
will map out of the space of Gaussian densities, unless ®¢ is quadratic. In [43], the Kalman
methodology is employed to approximate equation (135), which is similar to the analysis step
in the Kalman filter. More precisely, the methodology starts with the following artificial inverse
problem:

x=F(0)+v, (16)

where we have

x= [ryo] F(0) = [gée)] s, = [ZO" 200} : (17)

Here, we set the prior on 6 as p,+1(6), and the observation noise v ~ A(0, 1%, ). Following
Bayes rule, the posterior distribution of the artificial inverse problem is

_ A (0)p(xl0)

p(x) o pns1 (0) e 2O =,y (6), (18)

p(0]x)
which matches the output of the step equation (135). Here we used the fact that equation (2)
can be rewritten as

D (0) = 55 (v~ F(O) . (19)

The Kalman methodology for approximating the posterior p(f|x) may now be adopted. One
first forms a Gaussian approximation of the joint distribution of 6 and F(6) + v, via standard
moment matching, yielding

) ; (20)
where 7,41, E',H_] are as specified previously, and
% =E[F(0)], Cryy = Cov[0,F(0)],

o] [m Co1 C™
G ~ . n+1 An+1 Sn+l
P (Q,f(a) =+ V) N < |:)C:| ’ |:’_x‘”+1:| ? [CHxT (o

1 5 (2D
AtV

n+1 n+1
In the above, the expectation and covariance are taken over 6 ~ j, 1. These integrals can be
computed using Monte Carlo methods or quadrature rules.
Then, one can condition the joint Gaussian distribution equation (20) on the event F(6) +
v = x, to get a Gaussian approximation of the posterior p(f|x). In detail, using the Gaussian
conditioning formula, one obtains

An’fH =Cov[F () +v]=Cov[F(0)]+

Pn+1 (9) ~ PG (0|]:(9) +v= x) :N(e;anrla Cn+1)7 (22a)
where
e N1
Mt =i+ Oty (G ) (6= Fn). (23a)
. o i =l NT
Cop1=Cop1 — C (Cﬁﬁrl) (Cﬁil) : (23b)

Combining the two updates equations (15) and (23) leads to a Gaussian approximation
scheme for solving the discrete Fisher—Rao gradient flow equation (13). The scheme is based

9
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on the Kalman methodology and is derivative free. Some theoretical and numerical studies of
this scheme can be found in [43].

Remark 1. We can connect the Gaussian approximation based on the Kalman methodology
and the approximation equation (4) obtained by Gaussian variational inference. To do so we
consider the continuous time limit of equation (23), calculated in [43, equation (A.2)], as

~ . dC
E:C?XE;l(xfx,), d—tt
where X, =E,, [F(0)], Chr = E, [(0 —m) ® (F(0) —EF(#))] and the expectation is taken
with respect to the distribution p,(6) = N'(6;m,, C;). We can view equation (24) as a derivative-
free approximation of equation (4) through the statistical linearization [42, section 4.3.2]
approach. More precisely, by Stein’s identity which utilizes the integration by parts formula
for Gaussian measures, we have the relation E,,, [V F(6)] = C; ! C%*. Statistical linearization

— e () (24)

makes the approximation Vy.F () ~ C, ! (Af?x for all f; the approximation is exact when F is
linear. Based on it, we can approximate the right hand side in the equation of the mean in
equation (4) as follows:

CE,, [Volog ppost] = CE,, [VeF (0) S, (x— F (8))] = CHS, ! (x— %), (25)

where in the first identity we used the fact ppog < exp(—31 ||Z;1/2(.7~'(9) —x)||?), and we used
the statistical linearization approximation in the last derivation.

The stochastic linearization essentially approximates V¢ (6) by a constant vector (which
is why the term linearization is used); under this approximation, the Hessian VyVyF(0) is
zero®. Based on this fact, we obtain, for the equation of the covariance in equation (4), that

Ci =GB, [VoVo10g ppos] Ci & €, — CE,, [V F (0) 5 'V F (0)'] €,

R N, (26)
~C - 57! (cfX) .

Thus, we recover equation (24). In this sense, we can understand the Kalman methodology

in the continuous limit as applying a statistical linearization approximation to the dynamics
obtained in variational inference.

4. GMKI

In this section, we study the use of Gaussian mixture models to approximate the evolution
Pn — pu+1 defined by equation (13). We assume that at step n the distribution has the form of
a K-component Gaussian mixture:

K
Pn (9) - Zwtl,k-/\[(g;mn,kv Cn,k) )
k=1

where wy, ; > 0, Zszl wp = 1. It remains to specify updates of the weights and Gaussian
components, through the map defined by equation (13). In the two subsequent subsections, we
consider steps (13a) and (13b) respectively.

6 We can also interpret this step through the Gauss—Newton approximation.

10
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4.1. The exploration step

The first step equation (13a), p,11(6) o p,(6)' =, is not closed in the space of K-component
Gaussian mixtures. Thus, we choose to approximate p,+; by a new Gaussian mixture model

K
i1 =~ PIY = anJrl,kN (e;r/thrl,kaCnJrl,k) .
k=1
Note that p,(0)' =2 = p,(0) *'p,(0). We will determine the parameters of the new
Gaussian mixture model by applying Gaussian moment matching’ to each component
p,l(H)*A’wmkN(@;mmk, Cu i) in pn(0) "2 p,(0). More specifically, we first rewrite the power
of a Gaussian mixture as follows:

X 1—-At
ﬁn+1 (9) X (Z Wn)k./\/'(e;mn,kacmk))

k=1

K K —Af
Z Wn,kN(e;mn,kacn,k> <an,i~/\/‘(9;mn,i7cn,i)>

i=I

k=1
where
(2m) " N (moCo) )
) 2 _ At Wp sy ke, G
Sk (8) = ———w Adet(Cpp) 2 ( e — ) :
(l — At)i Zi:l Wn,iN (e;mn,h Cn,i)
We approximate each component above by a Gaussian distribution:
Cn,k ~ ~ ~
Jnk (9)N 9§mn,k71_7m ~ Wn+1,kN (G;mil+l,kacn+l,k) ) 27
where we set
Cok
wn+1k—/fnk (9 7 )de (280)
mn+l k= W1 k ofn k < sy, k7 ) d9 (28b)
n+
~ 1 ~ —~ T Cn,k
Cotip= = (0 — Mpg1k) (0 — Mygr )" fux ()N | 0;my i, de. (28¢)
W1,k 1—At

Here, we determine W1k, Myt 4, and E’Hl,k by moment matching of both sides in
equation (27). These integrals can be evaluated by Monte Carlo method or quadrature rules.
Then, we normalize {W,414}X=F so that their summation is 1. The updates (28) determine

~GM
pn+1

7 Such approximation along with our exploitation step will connect our GMKI to Gaussian mixture variational infer-
ence (GMVI) and natural gradient; see remark 2.
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4.2. The exploitation step

The second step equation (130) leads to

Pt (0) x lénG-li\-/[l (9) e~ A1Px(0)
K
X anﬂLl,kN (937/7\1n+1,k, Cn+1,k) e_A@R(Q),
k=1

Now, the goal is to approximate the above p,y; by a K-component Gaussian mixture
ZkK: Wit 1N (03141 1, Crg1 ). We adopt the Kalman methodology described in section 3,
to update each Gaussian component individually such that

N ~ ~ —AtDR(0) ,
Wi 1 g N (9;mn+1,k,cn+1,k> e AR vy N (03114 Corrn) . (29)

More precisely, following (23), for each 1 < k < K, we obtain the mean and covariance updates
as

mn+1k*mn+1k+cn+1k( 1 k) (X = Xng1,0) 5

R R r (30)
Cn+1,k:Cn+1,k n+1k< n+lk) ( Zﬁ-lk) 3
where
~ ~0x ~r 1
Tk =EIFO)]  GhLig=Covld,F(O)]  Clpy=Cov[F(O)+ L v,

with 6 ~ N (0; 111 4, 6n+1’k). The weight w,,41 4 is estimated by matching equation (29) via
integration

Witi k= Wn+1,k//\/ (e;r/hn+1,k76n+1,k) e A1P(0) g, 31)

Equations (28), (30) and (31) define our GMKI algorithm, which leads to an iteration of
Gaussian mixture approximations of equation (13) without using derivatives. As mentioned
in section 3, the updates involve Gaussian integration equation (28), (30), (31), which can
be approximated via Monte Carlo or quadrature rules. In this paper, we use the Monte Carlo
method to approximate equation (28); these integrations do not require the forward evaluations
so are inexpensive. Furthermore, we use the modified unscented transform detailed in [43,
definition 1] to approximate equations (30) and (31), which requires (2Ny + 1)K forward eval-
uations; these evaluations can be computed in parallel. The detailed algorithm is presented in
appendix B.

5. Theoretical analysis

In this section, theoretical studies of our GMKI methodology are presented, through a continu-
ous time analysis. In section 5.1, we discuss the exploration effect of the first step equation (28)
of our GMKI. In section 5.2, we investigate the convergence properties of our GMKI method
in scenarios where the posterior follows a Gaussian distribution, as well as in cases where it
corresponds to a Gaussian mixture with well-separated Gaussian components. The analysis
of the continuous time limit also allows us to connect GMKI with other variational inference
approaches based on Gaussian mixtures. A schematic of properties of GMKI is also shown in

12
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Mode repulsion
— Mode repulsion & capturing

Exponential
convergence

Convergence

Figure 1. Schematic of properties of GMKI. The Grey curve represents the posterior dis-
tribution. Blue curves represent Gaussian components of the Gaussian mixture approx-
imation. From left to right: Gaussian components can exhibit exponential convergence
toward their respective Gaussian modes if these modes are well separated (see propos-
ition 7); the repulsion between distinct Gaussian components in the iteration of GMKI
helps explore the space and capture multiple modes (see section 5.1); when multiple
Gaussian components converge towards a single Gaussian mode in the posterior distri-
bution, they can provide a good approximation of the Gaussian mode (see proposition 6);
GMKI can capture multiple modes even when these modes are intertwined (see numer-
ical examples in section 6.1).

figure 1. In section 5.3, we discuss the affine invariance property of our GMKI. We summarize
the conclusions of the theoretical studies in section 5.4.

5.1 Exploration effect

In the derivation of GMKI, the first step equation (28) is designed to approximate the explor-
ation phase of the Fisher—Rao gradient flow equation (13a). In this subsection, we investigate
whether the exploration effect still persists with the approximation made by GMKI. In fact,
equation (28) tends to expand the distribution for exploration in the following two ways: (1)
repulsion between Gaussian components; and (2) by an increase of the entropy. The repulsion
effect can be understood through the following continuous time limit analysis. In this analysis
we abuse notation, replacing the subscript # in the discrete iterations by ¢, which equals nA¢
in the continuous limit of the means, covariances and weights of the the Gaussian mixture.

Proposition 3. The continuous time limit (At — 0) of the exploration step equation (28) is

My = — /N(Q;mala Cix) (8 —myy)logp, (6)d0, (32a)
Cop=— / N (0;m 1, Crr) ((0 —mg) (0 —m )" — c,,k) logp; (0)d6, (32b)

Wt,k = —Wt,k/ [N (9§mt,ka Ct,k) — Pt (9)]10gpt (0) do. (32¢)

Here p,(0) = Zszl wikN (0;my i, Co).

The proof is in C.1. The continuous time limit of the evolution equation of the mean
equation (32a) suggests that, if K > 2, m, , will move towards the direction where p, is small.

13
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Indeed, let us consider a specific scenario where Ng = 1, K =2 and m, | < m;, In this case,
we have that

I’h,’] = _/(9_m[,l)N(Q,m[’l,Ct’l)logpt(g)de

:f/ (0 —m )N (0;my,1,C,1)logp, (0)do
9>mr,1U6<mr,l (33)

= —/ (0 —my 1) N (0;my1,Cr1) (log p: (0) —log p, (2my,1 — 0)) dO
0>m

<0,

where the third equality results from the change of variable 6 — 2m,; — 6. And the last
inequality is due to the fact that

Wl,lN(e;mt,laCt,l)+Wt,2N(9;mt,27Ct,2)
WZ,IN(H;mZ,Iu Ct,l) + Wt,z/\/ (2mt,1 - e;mt,Za Ct,z) .

The right hand side is non-negative, since when 6 > m;, ;, we have |m, » —2m, | + 60| = (m; 2 —
my 1)+ (0 —myy) > |m;, — 0] and hence N'(2m, 1 — 0;m,5,C,2) < N (0;my2,C, ). Similarly,
we can also establish that 77, » > 0. Hence these two Gaussian means are repulsed.

We can also understand the exploration effect through the increase of the entropy; see pro-
position 4. The proof can be found in C.2.

log p; (0) —log p; (2m;,; — 0) = log

Proposition 4. The entropy of the Gaussian mixture

K
Pt (9) = Zwt7kN(9§mt,ka Ct,k)

k=1

obtained from equation (32) is non-decreasing; indeed:

Wt k

s

K )

d w . . w . . -

5 / —pilogpdo = ( w5 [CZkCn;Ct,kC,,k‘D >0 (34)
k=1

5.2. Convergence analysis

To provide insights for the convergence of GMKI, we consider its continuous limit in time.
Similar to equation (32), the continuous time limit of our GMKI is given in proposition 5. The
proof is in C.3.

Proposition 5. The continuous time limit (At — 0) of the proposed GMKI defines the evolving
Gaussian mixture measure

K
Pt (9) = Zwt,kN(o;mt,h Ct,k)

k=1
where
H = — C,J{/./\f(ﬁ;m,JC7 Cix) Vologp, (0)do + 62}22;1 (x—%x), (35a)
Cix=—Cix ( / N (0;myx,Cix) VoValogp; (6) d0> Cy—Chy, ', (35b)

Wi =— w,’k/ N (0;myx,Crx)) — pe (0)] [log p; (8) + Pr (0)] d6. (35¢)

14
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Here
35,71{ - E [f (9)] 3 tk == COV [9 .7:(9)] 3 With 9 ~ ./\/'(mt7k, Ct,k) . (36)

Remark 2. We can also connect the continuous limit in proposition 5 with the classical vari-
ational inference approach based on Gaussian mixtures. In fact, equation (35) can be obtained
by combining natural gradient methods in the Gaussian mixture context and derivative-free
Kalman approximation (similar to remark 1); see appendix C.8.

To gain insight into the convergence properties of the continuous flow, we first study
equation (35) for the Gaussian posterior case; the proof can be found in C.4.

Proposition 6 (linear inverse problems). Assume G(0) = G - 0 is linear, and the posterior is
Gaussian with the form

1
Pr (9) = 5 (9 - mpost)T post (9 mPOSt)

Then, the KL divergence between the Gaussian mixture

K
9) = Zwt,kN(9§mt,k7Cz,k>

k=1
obtained from equation (35) and ppoy is non-increasing:
K /.2

Wik T
Lipillppos] == D | %+ winfy Gl + 2241 | CLC G | <0, 3D)

d
—K
dr i1 \ Wik
Furthermore, the mean and Fisher information matrix of stationary points peo(6) =
Y i Woo yN (03 Mmoo i, Coo k) satisfy that

K

VopooV
S WooktMook = Mpost,  FIM[pog] = / Mde Crose (39)
k=1

Remark 3. Proposition 6 shows that, if the posterior is Gaussian, then the KL divergence of the
GMKI is non-increasing in time. Furthermore, the Gaussian mixture converges to a distribution
Poo from which the correct Gaussian statistics can be extracted. Nevertheless, from our current
proof, it is not yet known whether p, converge to ppos. We leave this question for future study.

Finally, we provide some formal analysis for the convergence of our GMKI in scenarios
where the posterior distribution is close to Gaussian mixture with the same number of com-
ponents, namely

Ppost (8) o< exp (— ) Zwk (0;mg, CY) withlgig wi > 0.

For simplicity, we assume these Gaussian components are well separated. It is technical to give
a precise definition of the well-separatedness of different Gaussian components; our argument
here is purely formal and serves to provide insights for the behavior of GMKI. Suppose the
kth Gaussian component AV (0;m;(0), C¢(0)) in GMKI is close to its corresponding mode (e.g.
the kth mode) of ppos While becoming well separated from other Gaussian components. In
such case, we may simplify the continuous time limit equation (35) by neglecting the inter-
action between different Gaussian components. The simplified continuous time dynamics and
its property are presented in proposition 7, with derivations in appendix C.5.
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Proposition 7. Consider the simplified continuous time dynamics

i = Coae (C7) ™ (mf — myg), (39a)

Cox = Cox— Cox(C1) ' Cup, (39b)
K

Wik = Wik <1ogw;§ —logw . — Y wyi(logw) — 10gw,7,-)> . (39¢)
i=1

Then, myy, C;, and wy will converge to my, C;, and wy, exponentially fast.

The proof of proposition 7 can be found in appendix C.6.

5.3. Affine invariance

Sampling methods are said to be affine invariant if the algorithm is unchanged under any
invertible affine mapping. It is a consequence of such a property that convergence rates across
all Gaussians with positive covariance are the same. More generally affine invariant algorithms
can be highly effective for highly anisotropic distributions [88, 89]. This effectiveness stems
from their consistent behavior across all coordinate systems related by affine transformations.
Specifically, the convergence properties of these methods can be understood by examining the
optimal coordinate system, which minimizes anisotropy to the fullest extent, across all affine
transformations. With this in mind, the following is of interest in relation to GMKI:

Proposition 8. The continuous time limit in proposition 5 is affine invariant. Specifically, for
any invertible affine mapping ¢ : 0 — 0 = A0+ b, and define corresponding scalar, vector,
and matrix transformations

~ ~ = T
Wik = Wik My = Amnk +b Cz,k = ACthA ,

and function transformations

ﬁ(’é) = }'(A*I (é—b)) By (5) = B (A*I (é—b)) .
The evolution equations of Wy, My and Z’,,k remain the same, retaining the structure of the
GMKI evolutions in equation (35).

The proof of proposition 8 can be found in appendix C.7.

5.4. Summary of theoretical analyses

Combining insights from propositions 3, 6 to 8, we anticipate that the repulsion between dis-
tinct Gaussian components will enable the proposed methodology GMKI to capture possible
modes of the posterior distribution more effectively. Moreover, the algorithm will converge
efficiently to modes of the posterior when these modes are well separated. Finally, we note
that the affine invariance property of the GMKI shows that it will be effective for the approx-
imation of certain highly anisotropic distributions.

6. Numerical study

In this section, we present numerical studies regarding the proposed GMKI algorithm. We
focus on posterior distributions of unknown parameters or fields arising in inverse problems
that may exhibit multiple modes. Three types of model problems are considered:
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(i) A one-dimensional bimodal problem: we use this problem as a proof-of-concept example.
Our result demonstrates that the convergence rate remains unchanged no matter how over-
lapped the two modes are. This implies the independence of the convergence rate regard-
ing potential barriers.

(i) A two-dimensional bimodal problem: we use this benchmark problem, introduced in [65,
90], to compare GMKI with other sampling methods such as the Langevin dynamics and
birth death process [24]. Our result shows that GMKI is not only more accurate but also
more cost-effective for this specific problem.

(iii) A high-dimensional bimodal problem: we consider the inverse problem of recovering the
initial velocity field of the Navier—Stokes flow. The problem is designed to have a sym-
metry which induces two modes in the posterior. We show that GMKI can capture both
modes efficiently; this indicates GMKI’s potential for addressing multimodal problems
in large-scale and high-dimensional applications.

Regarding the parameter of the GMKI algorithm (B), we will specify in detail the number
of mixtures K in each problem. For all experiments, we use the time-step size Az = 0.5 and
adopt J = 1000 points for the Monte Carlo estimation of equation (28).

6.1. One-dimensional bimodal problem

We first consider the following 1D bimodal inverse problem, associated with a forward model
y=G@) +n with y=1, G(#) =6

We assume the prior is pprior ~ N3, 22) and consider different noise levels:

Case A: n~N(0,0.2%);
CaseB: n~N
CaseC: n~N
Case D: 7~ N (0,1.5%).

Note that the overlap between these two modes is larger when the noise strength is larger. For
case A, the two modes are well separated, and for case D, the two modes are nearly mingled.

We apply GMKI with K =1, 2, and 3 modes, which are randomly initialized according to
the prior distribution; we assign them equal weights. In each iteration, the GMKI algorithm
requires 3, 6, and 9 forward evaluations, respectively. The reference posterior distribution is
obtained by evaluating the unnormalized posterior on a uniform grid and then normalizing it.

The results for different cases are reported from figure 2. Each row first shows the reference
posterior and posteriors approximated by GMKI at the 30th iteration, using different mode
numbers K = 1, 2, 3 from left to right. And the fourth figure shows the convergence in terms
of the total variation (TV) distance. When K = 1, we can only capture one mode, and this of
course will not be weighted correctly since it will have weight one by construction; when K =2
or 3, we can capture both modes. It is worth mentioning that GMKI converges in fewer than 30
iterations. The convergence behavior appears independent of the potential barrier. For case A,
where the two modes are well separated, the approximated posteriors by GMKI with K =2 or 3
match very well with the reference. This observation justifies our formal analysis in proposition
7. For cases B,C,D, we observe that GMKI is capable of capturing both modes, however, some
discrepancy will arise in the region where the modes overlap. These discrepancies persist when
increasing the mode number in GMKI from K =2 to K =3.
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Figure 2. The one-dimensional bimodal problem with 3J,, values of 0.22 (top), 0.5 (top
middle), 1.0% (bottom middle), and 1.5 (bottom). Each panel displays the reference
posterior distribution (grey square lines) and posterior distributions estimated by the
GMKI (blue lines) at the 30th iteration with mode number K = 1, 2, 3 (from left to
right) with mean my (colored) and initial mean (black) of each Gaussian component
marked. The fourth figure shows the total variation distance between the reference pos-
terior distribution and the posterior distributions estimated by the GMKI with mode
number K =1, 2, 3.

6.2. Two-dimensional bimodal problem

In this subsection, we consider the 2D bimodal inverse problem from [90, 91], associated with
the forward model

y=G(0)+n with y=4.2297, G(6)= (61 —00)"
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Figure 3. Two-dimensional bimodal problem with ppior ~ N (0,1). From left to right:
reference posterior distribution (left), posterior distributions estimated by 3-modal
GMKI (middle left) at the 30th iteration (means m (colored) and initial means (black)
are marked), BDLS-KL [24] (middle right) at the 1000th iteration, and total variation
distance between the reference posterior distribution and the posterior distributions
estimated by the GMKI (right).
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Figure 4. Two-dimensional bimodal problem with pprior ~ N ([0.5,0]7,1). From left
to right: reference posterior distribution (left), posterior distributions estimated by 3-
modal GMKI (middle left) at the 30th iteration (means my (colored) and initial means
(black) are marked), BDLS-KL [24] (middle right) at the 1000th iteration, and total vari-
ation distance between the reference posterior distribution and the posterior distributions
estimated by the GMKI (right).

Here 0 = [0, 1),9(2)]T. We assume the noise distribution is 77 ~ A/(0,1) and consider two dif-
ferent prior distributions:

Case At pprior ~ N (0,1);
Case B:  pprior ~ N ([O~570]T7[) :

For case A, the two modes are symmetric with respect to the line 9(1) — 9(2) =0, while for
case B, the two modes are not symmetric.

We apply GMKI with K =3 modes, which are randomly initialized based on the prior dis-
tribution and we assign these components with equal weights. In each iteration, the algorithm
requires (2Ng 4+ 1)K = 15 forward evaluations. The reference posterior distribution is obtained
by evaluating the unnormalized posterior on a uniform grid and then normalizing it. For both
case A and case B, the estimated posterior distributions obtained by the GMKI are presented
in figures 3 and 4. We observe a strong correspondence with the reference, where in GMKI,
mode 1 converges to one target mode, while mode 2 and mode 3 converge to another target
mode. Moreover, the evolution of the TV distance indicates rapid convergence.

As a comparison, the derivative-free affine-invariant Langevin dynamics (dfALDI) [64,
65] and derivative-free Bayesian inversion using multiscale dynamics [90] with 10° iterations
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have been used for sampling the posterior distribution for case A. Their results are repor-
ted in [90, figure 5], where dfALDI fails while multiscale dynamics can capture both modes
but with wrong weights. The local preconditioner, which involves employing local empirical
covariance with distance-dependent weights as introduced in [91], gives rise to an alternative
derivative-free affine-invariant Langevin dynamics sampling approach. That approach notably
enhances the sampling results in these scenarios. Moreover, for both case A and case B, we
apply the BDLS-KL algorithm proposed in [24], which is a gradient-based sampler relying
on the birth-death dynamics with kernel density estimators to approximate the Wasserstein—
Fisher—Rao gradient flow. For the implementation of BDLS-KL, we use At = 1072, T =10,
ensemble size J = 10°, and the RBF kernel k(x,x’) = exp(j |lx — x’[|*) with the bandwidth
h = med? /logJ adopted from [92]; here med? is the squared median of the pairwise Euclidean
distance between the current particles. The results are shown in figures 3 and 4. For both
cases, GMKI is not only more cost-effective but also more accurate compared to these exist-
ing approaches. Moreover, to study the behavior of GMKI in higher-modal problems, a two-
dimensional four-modal problem is presented in appendix D, leading to a similar conclusion.

6.3. High-dimensional bimodal problem: Navier Stokes problem

Finally, we study the problem of recovering the initial vorticity field wq of a fluid flow from
measurements at later times. The flow is described by the 2D Navier—Stokes equation on a peri-
odic domain D = [0, 2] x [0, 2], which can be written in the vorticity-streamfunction w —
formulation:

%—L:Jr(wV)wfyAw:fo,
op o (40)

1 T
(A)——Aw 4771_2/111—0 V—l:axz,—axl] +Vb.

Here v denotes the velocity vector, ¥ =0.01 denotes the viscosity, v, = [0,27T]T denotes the
non-zero mean background velocity, and f{x) = [O7cos(4x(1))]7 denotes the external forcing.

The problem is built to be spatially symmetric with respect to x(;y = 7. The source of the
fluid is chosen such that

Vxf(fryxe]") ==V < s(27 = xapxe) ') -

The observations in the inverse problem are chosen as the difference of pointwise measure-
ments of the vorticity value w(-)

@ ([rayxe)]") —w (27 = xayxe)]")

at 56 equidistant points in the left domain (see figure 5), at T =0.25 and T = 0.5, corrupted
with observation error 1) ~ N(0,0.121). Under this set-up, both wy([x(1),x(2)]") and —wo([27 —
X(1) ,x(z)]T) will lead to the same measurements. Thus the inverse problem will be at least bi-
modal.

We assume the prior of wp(x,6) is a Gaussian field with covariance operator C = (—A)~2,
subject to periodic boundary conditions, on the space of mean zero functions. The correspond-
ing KL expansion of the initial vorticity field is given by

wo (%,0) = Y 0 v/ Af (%) + 07 VA (%), 1)

leK
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Figure 5. The vorticity field w at 7=0.25 and 7=0.5 and observations
w(fxy,x@)]") —w(2m —x(1y,x2))") at 56 equidistant points (solid black dots).
Their mirroring points are marked (empty black dots).

Truth Truth (mirrored) Mode 1 Mode 2 Mode 3

o s Y

Figure 6. The true initial vorticity field wo(x; Oret), and recovered initial vorticity fields
wo (x;my) obtained by GMKI.

where L = {(I,,1,)|l; + 1, > Oor (I, + 1, = Oand I, > 0)}, and the eigenpairs are of the form

cos (I-x) sin (I x) ) 1
—_— l =

V2 Vo |1+

and Gfl),ﬂfl) ~ N(0,27%). The KL expansion equation (41) can be rewritten as a sum over
positive integers rather than a lattice:

0)=> 0V M (x), (42)
=1

where the eigenvalues ); are in descending order. We truncate the expansion to the first 128
terms and generate the true vorticity field wo (x; Orer) With rer € R1?8; we aim to recover the
parameter based on observation data.

We employ GMKI with K = 3 modes, which are randomly initialized based on prior distri-
bution with equal weights. Since we have 3 modes and Ny = 128, in each iteration, we require
(2Ng + 1)K = 771 forward evaluations. We depict the true initial vorticity field w (x; Oyef), its
mirrored field (the mirroring of the velocity field induces the antisymmetry in the vorticity
field) and the three recovered initial vorticity fields wo(x;my) obtained by GMKI at the 50th
iteration in figure 6. Mode 1 captures the mirroring field of wy(x; 6rer) and mode 2 and mode 3
capture wy(x; Orer). Figure 7 presents the relative errors of the vorticity field, the optimization
errors ®g(my k), the Frobenius norm || C,, k|| and the Gaussian mixture weights w;, x (from left
to right). It shows that our GMKI converges in fewer than 50 iterations. Figure 8 displays the
marginals of the estimated posterior distributions associated with the first 16 theta coefficients

Ui (x) = CACR
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Figure 7. Navier—Stokes flow problem: the relative errors of the initial vorticity field, the
optimization errors ®g(m, x), the Frobenius norm ||C, ||, and the Gaussian mixture
weights w, x (from left to right) for different modes.
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Figure 8. Navier—Stokes flow problem: the true Karhunen—Loeve expansion paramet-
ers 0 (black crosses), and mean estimations of ; for each modes (circles) and the
associated marginal distributions obtained GMKI at the 50th iteration.

obtained by GMKI. The marginal distributions exhibit clear bimodality, and the approximate
posteriors have a high probability covering the true coefficients.

7. Conclusion

In this paper, we have presented a new framework for solving Bayesian inverse problems. The
framework is based on the Fisher—Rao gradient flow. Within this framework, we introduce a
novel approach, GMKI, which leverages Gaussian mixtures and Kalman’s methodology for
numerical approximations of the the flow. GMKI is particularly useful when the posterior
distribution has multiple modes and when the derivative of the forward model is not available
or computationally expensive.

We derive the continuous time dynamics of the GMKI, showing its connection to GM VI,
and studying its exploration effects and convergence properties. Our numerical experiments
showcase GMKI’s capability in approximating posterior distributions with multiple modes.
GMKI outperforms many existing Bayesian inference methods in terms of efficiency and
accuracy.

There can be numerous avenues for future research. On the algorithmic side, it is of interest
to refine the approximations employed by GMKI in regions where the mixture compon-
ents overlap significantly; see the experimental results in section 6.1. Moreover, although the
Kalman methodology achieves a derivative-free implementation, it may suffer from degen-
eracy issues when the modes of the distribution concentrate on a low dimensional manifold;
for a demonstration see appendix E. Therefore, improving the derivative-free methodology in
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such a scenario is important for enhancing GMKI. On the theoretical side, a thorough analysis
of the convergence of GMKI for general target distribution could offer valuable insights for
its practical application.
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Appendix A. Convergence of the exploration-exploitation scheme for the
Fisher—-Rao gradient flow

Proof of proposition 2. The solution of the Fisher—-Rao gradient flow equation (3) has an
analytical solution

P e p(0) 1 < 20 () )e_[
. 0) = — 0 ost 0 ’ -~z . A
P ( ) ZZPO( ) Pr ( ) Ppost (9) Z; \ Ppost (0> oy

where Z, is the normalization constant. The update equation (13) leads to

1 e Caean @1 () A
., 0) = — 0 (1—-Ar) o 0 1—(1—-Ar) 7 _ 7 A2
P ( ) ano( ) Pp l( ) ppost(e) Zn ppost(e) ( )

where Z, is the normalization constant. By comparing equation (A.2) and equation (A.1), we
have

on(0)=p,(0) for t=—nlog(l—Ar).
Bringing t = —nlog(1 — At) into equation (9) leads to
KL [py [l pposi] = KL [p—nlog(l—Al) ||P] <(2+B+eB)K(1-Ar)", (A.3)

when —nlog(1 — Ar) > log((1 + B)K). O

23


https://github.com/Zhengyu-Huang/InverseProblems.jl/tree/master/Multimodal

Inverse Problems 40 (2024) 125001 Y Chen et al

Appendix B. Gaussian mixture Kalman inversion algorithm

The detailed algorithm is presented in algorithm 1. There are four hyperparameters: the number
of mixtures K, the time-step size At, the number of particles J for Monte Carlo integration, and
the number of iterations N. Increasing K enhances the expressiveness of the Gaussian mixture
model but also increases computational cost. Therefore, we recommend choosing K based on
available computational resources and prior knowledge of the number of target modes. Once
all modes are captured, there is no need to increase K further. A larger J improves the accuracy
of integration approximations, but it also increases computational cost. In the experiments, we
adopt J = 1000. The time step Az lies within the range (0, 1). While a larger Ar accelerates
convergence, it may also cause numerical instability. However, we found that At = 0.5 strikes
a good balance between stability and efficiency. All of these parameters can be chosen adapt-
ively, which we plan to explore in future work. Moreover, in our implementation, we store
logw instead of w, and hence w will never actually reach zero. Additionally, for efficiency, we
avoid zero weights by setting a lower bound (e.g. 10~1°) for w.

Appendix C. Theoretical studies about GMKI

C.1. Proof of proposition 3

Update equation equation (28) and the normalization of weights {W,+1 « }x can be combined
and rewritten as

Wi [ N (01 1, Cu i) pry 1d0

Wn+l,k = fplfAtde ’ (Cla)

= ON (8, Co ) py '8

s =L (. o okl D, (C.1b)
IN(97mn,k;Cn,k) Pn do

~ 0 — m, 0 — i, T 0;my 1, C, ~Atgp

Cosin = J (0 —yp1 k) (0 = Ppgr ) N (03 1, Cok) i . Clo

[N (0; 4, Cit) pr 2'd0

Now we derive the continuous time limit of the exploration step; we ignore the hat notation
for simplicity.

"AVn—&-l,k — Wnk —w f [N (G;mn,kvcn,k) - pﬂ} pn_Atde
At wk At [ ph2dg
0; n 7Cn — Fn 1—Arl n
:Wn,kf[N( s Mk ,k) Af ]( tlogp, )d6 —I—O(At) (C.2)

= —wn’k/ N (0;my, 1, Cp i) — pu]log pudf + O (At),

where in the second identity, we used p; &' = e~A1°2P = 1 — Atlog p, + O(A?). Therefore
the continuous limit can be written as

S / N (0: 14, Co) — 1 (6)] Tog p, (6)d).
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Algorithm 1. Gaussian mixture Kalman inversion.

Input: initial guess {wo , mo k, Co,k}kK:I, time-step size Az, number of iterations N,
number of particles J for Monte Carlo, forward model F
Output: final solution {wN,th,hCN,k}kK:l
forn<0toN—1do
for k< 1to K do

Sample {9’}11 1~ N(O;my g, %) first step update

Wn+]k / lfn ( )
mn+1,k M+11JZJ lwfnk( )

~ P T i
Cot1 k= mzjzl (0 = ng1,ic) (0 = g1 i) fok (0)
end for
Wt 1,k
i Wt 1k
for k< 1to K do >Apply modified unscented transform [43, equation (37)]
Generate sigma-points (¢ = max{y, ﬁ})

Normalize Wy 41k 1=

0~
ek = Mu41,k

0, = fips 1k + ﬁ {\/ 6n+1,k:| 4 (1<j<Ny)

J

0 s g [V <<

J
Approximate the mean and covariance

Ttk = F (67)

Cn+l = (92 - ﬁ1n+1,k) (]" (6‘2) *fnﬂ,k)T

j

~_ . A . R T

Clyrp = Efﬁﬁa (-F (92) _xn-H,k) (}— (92) _xn-H,k) + izl’
Second step update

~ —1
My41,k = mn+l Kt CV!-H k (anx ) ()C—X,,Jrlyk)

~1
_ =~ 0T
Coy1h= Cn+1,k n+| k (Cﬁu k) Gk

B

~ —AtPg( 6
Wit 1k = Wnt1 k€ x(91)
end for
Normalize w, = et Lk
n+1,k Zf=1Wn+1,k

end for

Similarly, for m, ; we have

M1 — Mg [ (0 —my )N (0;mp 4, Cox) p, 21df

At At [ N (0314, Cox) pr 2'd6
_ . 1—Atrl
_ f(@ mn,k)N(eamn,kvcn,k)( ! ngn)de —i—O(AZ‘)
At (C.3)

__ / N (03 5, Coi) (6= mo i) og p (6)d6+ O (A1)

= —ka/./\/(@;mmk, Cux)Vologp, (0)d+ O (A1),
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where in the last identity, we used integration by parts; it is also known as the Stein’s identity.
Thus the continuous limit is

My = — /N(O;mﬁk, Cix) (0 —myy)logp, (0)d6.
Finally, for C, x, we have

6n+l,k_cn,k _ f|:(9_ﬁln+l,k) (9 mn-Hk - nk:|N 9 mnk7 nk) Atde
At B At [N (0;mp 1, Ci) pr 'd6
)

f[(ofﬁzmk)(efmww — Cok| N (0311, Cu) (1 — Atlog p,) dO
Atf/\f@mnk, nk( —Atlogpn)dﬁ

+ O (Ar)

J [0 = ins1) (0 = ins1,0)" = Cug | N (8504, Coi) (1 = Atlog p,) d6
h At

+ O (Ar)

= / (6= m0) (0 = m02)" = Cut| N (031, Coi) log pudt + O (A1)

. / N (8: M, Cox) Vo Vgl0g padfCos + O (A, (C4)

where in the fourth identity, we used equation (C.3) #liy41 4 = myx + O(Af). And in the last
identity, we used integration by parts. Finally, this leads to the desired continuous limit stated
in the proposition.

C.2. Proof of proposition 4

The evolution equation of the entropy of p; is

d
e / —plog p,do

d
= dpt log p,dd

- _wavk//\/w;mt,k,C,,k)logp,dé
k

—Zwkmzkcgkl/(9—m,yk)./\f(g;m,,k,C,J{)logptdO
k

w . _ _ -
- Z i [c{k / (c,yk1 (0 —mig) (0 —mey) € — c,,k‘) N (: 04, Co) log prdf
_Z<+w,km,kCtkm,k+2tr CtkCtkC,kCt_k}> (C5)
Here we have used the fact dp’ df = 0 in the first identity. And in the second identity we used

the fact that >, w,; = 0 and used the continuous time limit equations equation (32).
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C.3. Proof of proposition 5

Combining proposition 3 and equation (30) leads to the following

~ ~ —1
- 0x X =
My 1,k — My k My 1,k — My k 4 Cn-‘rl,k (Cn—‘,-l,k) (x xn+1,k)

At At At
. / N (0,1, Co) Vi log py (6) 6+ CE (x— %) + O (A).
Cot1 i — Cug
At
—1
~ ~Ox Axx ~oxT
G — G B Cn+1,k (Cn-i-l,k) Cn+1,k
o At At
= —Cui / N (6; .5, Cox) VoVi10g p, () dOC, 1 — CL5, ' CO + O (Ad).
(C.6)

Using the above formula, we obtain the continuous limit. For the weights, we have

w'l+lvk f'/\/ (07’%7!"1‘] ks 6"1-‘,—] ,k) eiAZCDR(G)de
fﬁn+]e7Atq>R(0)d0

Wni1,k = (C7a)

Therefore,

Wi 1k — Wik Watlk — Watlk n Wit ik — Wnk
At At At

Ik [N <9§ﬁ1n+1,k,6n+1,k) _ﬁn+1:| e APrdg
Atpr,,Jr]e*A@RdG

= wn—l—l,k

+ Wnt1,k — Wnk + O(Af)
At - (C3)
R Ik [N <9§ﬁ1n+l,k,cn+l7k) _ﬁn+l:| (1 —Ardg)do
= Wn+1,k At

Wit 1k — Wnk
RS NS LS L d At
+ A7 +O(Ar)

= —wmk/ N (0;my 1, Cp i) — pu] (log pn + Pr)dl + O (Ar),

from which we readily obtain the continuous limit for the equation of the weights. Here in the
last step we used the result in C.1.

C.4. Proof of proposition 6

Under the Gaussian posterior assumption (i.e. @ is quadratic) and based on the formula in (25)
and (26), we get

65)}251 (x—Xix) = *Ct,k/N(a;mz,hCz,k)Ve‘I)Rd& (C.9)
CHe 'l = Cuy ( / N (0;my 4, C ) nggchda) cr. (C.10)
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Bringing equation (C.9) into the continuous time dynamics equation (35) and using integration
by parts (also known as Stein’s identities) leads to

F— / N (8 mez, Cos) Vo (log py + @) d6

=- /N(9§mt,k7 Cix) (0 —myz) (log p; + @) d6, (C.11a)

Cop=— /N(g;mt,k,ct,k)veve (log p, + Pg)do

== /N(Q;mt,k, Ct,k) ((9 - mt,k) (0 — mz,k)T - Ct,k) (log p; + ®g)do, (C.11b)

W,’k = — W,)k/ [/\/'(H;m,,k, C,)k> — pt] [lOg,O; + CI)R] dé. (Cl IC)

The evolution equation of the KL divergence between p; and pyos is then

d _d Pr _ [ dp
&KL[pthposl] = g/pzlog (pp%) d9—/ P (log p; + Pg)do

=> Wz,k/N(H;mr,k, Cix) (log p, + ) do
k

+ Zwkrhsz;kl / (0 —my ) N (0;myx, Co i) (log p, + Pr) dO
A (C.12)

We k : — — -
-3 My [c;k / (i 0 =m0 —m)" 3 =)
k

XN (H;mnk, Ct,k) (logp, + (I)R) d&]
2

w w . .
E 1,k T ~—1 1,k —1 —1
= — ( + W[ykm“kct’k my k + tr [C[vkct,k Ct’kct’k j| > .
k

Wtk 2

Here in the last identity, we used the equation of the continuous time dynamics in (C.11) to
simplify the formula.

Consider any stationary point po, = Zk wk,ooj\/ (0; M, 00, Ck,00) With nonzero wy . The
stationary point condition for the mean my o, (C.11a) is

//\/'(H;mk,omck,oo)Vg log poodf = —Cl;,lst (Mi,00 — Mpost) 5 (C.13)

where we used that [ N (0;mog k, Coo k) Vo Prdl = Cl;)'m(mk,oo — Mpost). The stationary point
condition for the covariance Cy o, (C.11b) is

/N(a;mkm, Croo) VoV l0g pocdd = —Cool,, (C.14)

where we used that [ N(6;ms x, Coo k) Ve VePrdd = C;Oil. Multiplying equations (C.13)
and (C.14) by wy o, and summing the results yields
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Mpost — Zwk,oomk,oo = post/zwk,ooN (0§mk,ooa Ck,oo) Vo longod‘9 =0,
k k

Cpfoit = —/Zwkmj\/(ﬁ;mkm,Ck,oo)ngelogpocdﬁ =FIM [poo] -
(C.15)

C.5. Derivation of the simplified continuous time dynamics equation (39)

In this section, we formally derive equation (39), assuming these Gaussian components in ppos
are well separated. When 6 is close to m;;, one may make the following approximation

Qg (0) = 10g ppost () = —log N (6, m;;, Cy;) —log (wy) . (C.16)
Combining the definition of ® in equation (19) with equation (C.16) leads to that
1 1 _
—5 (= FO)'S; (x—F ()~ —5 (6~ m;)" ;' (0 — m}) + constant. (C.17)

This implies that F(6) is approximately locally linear around m = m; with F(0) ~ Fy0 +c,
such that FIS51Fy = C; ' and C;FTS; ! (x — ¢) = m}. Based on the above derivation, when
the kth component N (6;m;,,C; ) in the Gaussian mixture approximation is concentrating
around m;, the expectation and covariance in the continuous time limit of the proposed
GMKI (36) can be approximated as

X =E[F (0)] = E[Fi0+c] = Funy i +c, (C.18a)
C% = Cov[0,F ()] = E[(0 — myy) ® (Fi (0 —myx))] = CoiFy. (C.18b)

Here the expectation are taken with respect to N (0;m, ., C,x).
Now we will simplify equation (35) by neglecting the interaction between well separated
Gaussian components to obtain equation (39). For the mean evolution equation (35a), we have

mt,k ~ fCtJ( /N(G;m,h C,7k) VQ IOg (WkN (G;m,,k, Ct,k)) d9 + 62)122;1 (x 7}171{)

= (R .19

~ Crk (Clt)71 (mg —mug).

The first approximation is obtained by substituting log p, with log(wxN (0;m, , C,x)), due to
the well separateness assumption; the resulting integral is zero so leads to the second identity.
The third approximation is obtained by using equation (C.18) and the relation FI % F =

C; ' and CIFTS ;) (x—¢) = my.
For the covariance evolution equation (35b), similarly we have
Cou~—Cip ( / N (0;my 4, Coi) VoVolog (Wi (0;my ., C,7k))d0> Co— Cliz 'l
= Cu—Ciz; 'l
= Ci—Cix(CH ™' Cop. (C.20)

The first approximation is obtained by substituting log p, with log(wxN (6;m;x,C;x)). The
third approximation is obtained by using equation (C.18).
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Finally, for the weight evolution equation (35¢), using the formula p,(6)=
> aniN(e?mz,i’ Ci;), we get

Wi = —W:,k/N(e;mz,k,Cz,k)logpz (9)(19+Wr,kZ/Wz,iN(H;mr,nCt,i)logpz (0)do
— Wik / N (0;my 4, Cri) @r (6) dO +wy i Z / wiiN (0;my;,C;) B (0)d6
i [ N (e, Cua) g lwia A (65m,4,C11)) 00
+ w,,kz/W,J/\/'(G;m,,i,Cr,i)log N (0;my;,Cy ;)] dO (€21
i [N (B, Cur) (g A (0, CF) + Tog ) 6

- / wiaN (0;my5, Co) (Iog N (6,m7, CF) + log (w})) dO

=Wk <long —logw, s — ZWW (logw} — logwm)) .

2

The first approximation is obtained by substituting log p, with log(wx N (6;m, x, C; x)) and using
equation (C.16) for approximating ®(#). Combining equations (C.19)-C.21) leads to the
simplified continuous time dynamics equation (39).

C.6. Proof of proposition 7

The mean, covariance and weight evolution equations (39a)—(39¢) admit analytical solutions

_ —1
Mg =m + e ((1 —e ) O e (0)*‘) Ce(0) ™" (mg (0) —my), (C.224)
Cl=c ' +e (ck 0~ -c). (C.22b)
* [ we(O e
()
Wy = (C.22¢)

* wi 0 e*’.
Wi (#)

i

They will converge to m;;, C; and w;, exponentially fast.

C.7 Proof of proposition 8

Consider any invertible affine mapping ¢ : 6 — 6 = A + b, and define corresponding vector
and matrix transformations

Ao =Ameg+b  C=ACAT,
density transformations

5(5) = p(0) =p (A—‘ (5— b)) A7Y N (5; ﬁl,,k,a,k) = N (0:mes, Coi) A7,
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function transformations

FO)=F(a(0-0))  F(0) = v (a7 (7-1)).
and their related expectation and covariance

wu=E[F(8)],  Ch=cov[.F ()], wih GoN (A Cu),
then we have

Vjlogp (5) =AV,logp(0)  V;Vglog 5(5) = ATV,logp(0)A™!

_ R (C.23)
}t,k = k\t,k ij = Actejc'

The evolution equations of 71, , 6:,10 w; x in equation (35) can be rewritten as
My =—AC,x / N (O;m.,Crx) Volog p, (0)d0 +ACHE, ! (x — k)
— Cu / N (B Co ) Vilog i (8) a8+ CHEL ! (x= o).
Cox=—ACyy ( / N (0;m,2,Cri) VgV log p, () do) CaAT — ACHE 1 CHTAT,
= Cu ( / N (5; it 6,7,() V;V;log 7, (5) d§> Co— Cis e
i =it [ IN B, Cua) = pu(6)] oz (6) + 2 (6)] 6
g / W (B €ua) 71 (9)] [1og (3) + e (7)) B

Hence the continuous time limit equation equation (35) of GMKI is affine invariant.

C.8. Connections between the GMKI approach and GMVI

GMVI seeks to identify a minimizer of KL[p%M|| ppos], Where

K
pM (0;a) = ZWkN(Q;mk,Ck)
k=1
is a K-component Gaussian mixture, parameterized by their means, covariances and weights
denoted by

ai—= [ml,...,mk,...,mk,Cl....,Ck,...,CK,w],...,wk,...,wk].

The derivatives of the KL divergence with respect to a are

aKL M B 0S|
L 3,(" 2l =Wy / N (0;m, Cr) (Vo log p™ — Vg log ppo) dO, (C.24a)
k
OKL [p®M (.. os
[p a(C a)lpp t} - %/N(&mk,Ck) (VoVe log p™M — V4V, logpposl) do,
k

(C.24b)
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GM (.. GM
OKL [p™ () [|pos :/N(a;mk,ck) <logp +1> de. (C.24¢)

Owg Ppost

The algorithm of natural gradient descent uses the finite dimensional version of the Fisher—
Rao metric tensor in the parameter space, also known as the Fisher information matrix with
the form

dog (C25)

Vap™ (0;a) @ V,p™ (6;a)

oM (0:a)
as the preconditioner for gradient descent. Here, we write down its continuous limit, namely the
natural gradient flow. To do so, we use the perspective of proximal point method and consider

. 1
a1 =—argmin, KL [pGM (+;a) prost] + E@ —ay,Fl(a,) (a— an)>7 (C.26a)
K
subject t0 Y Wy 1= 1. (C.26b)
k=1

By using the formula of derivatives in equation (C.24), the Lagrangian multiplier to handle
the constraint in the above optimization, and taking Ar — 0, we arrive at the following natural
gradient flow

i —wi [ N (6;my, Ci) (Vo log p™ — Vg log ppost) d6
Ck _ (FI (a)) ow f./\/ 3 s My, Ck) (V@V@ longM VoV logpposl) do ) (C.27)
Wk — f ( 9 s My, Ck) ) lOg (ppw) do

Computation of FI(a) is costly. For better efficiency, diagonal approximations of the Fisher
information matrix have been used in the literature [33], which leads to

Fl(a) ~diag (wiCy .. owiCy o wiCrhowi Xy, o Wi, . WXk,

1 1 1
X —, ) (C.28)
Wl Wik Wk

where each X is a 4th order tensor satisfying
1
XY= Zc,;‘ (Y+Y") !, vyeRNoxNo, (C.29)

Bringing the approximated Fisher information matrix equation (C.28) into the natural gradient
flow equation (C.27) leads to the following equation:

iy = —C / N (8:m, o) (Vg log g™ — Vg log poos) 46,

Cr=—C (/N(G;mk,ck) (VoVe log p™ — V Vg 10 Ppost) d9> G, (C.30)
oM

Wi = —wk/ (N (0;mi, Cr) — pGM) log <) dé.
Ppost

This is the natural gradient flow with diagonal approximations of the Fisher information mat-
rix; its discretization is the approximate natural gradient descent algorithm that has been used
in the literature.
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By comparing equation (C.30) with the continuous-time limit of our GMKI as presented
in equation (35), we observe that our GMKI can be seen as a derivative-free approximation
of the approximate natural gradient descent. The approximation is made through stochastic
linearization, for Vg log pposc and Vg Vg log ppos, based on the Kalman methodology explained
in remark 1.

For completeness, in the following part, we present a derivation of the diagonal approxima-
tions of the Fisher information matrix (C.28). Let Ny denote N (6;my, Cy) and d;; be the indic-
ator function which is zero if and only if k =i. We can get equation (C.28) by only keeping the
diagonal blocks of FI(a) and approximating the diagonals under the assumptions that different
Gaussian components are well separated. More precisely, for the diagonal block regarding the
weight {w}, we have

/ VWkp ® Vw,P do = /McN do ~ 6]“ /\/'kj\\/'/k 6k,i )
k Wi

Here we substitute pS™ by wkj\/'k during its integration with A;. We note that we will keep
using this approximation multiple times in the following derivations.
For the diagonal block regarding the mean my, we have

(C31)

de

/vmk,oGM@Vm,.pGMde:/wkw,-Nkok‘(e—mk) 0 —m) c!
p

M M
G pG

~ 6/( / WI%'/\/kZCk_1 (efmk) (G*mk)Tck_l do
! wilNk
= 0wk Gy . (C.32)

For the diagonal block regarding the covariance Cy, we have

/Vckp ®ch 40

wnNiN; (G710 =mi) (0= m)" ¢ =t ) @ (67 0 —mi) (0 —m) €7 = C71)
/ a0

4pGM
wwl(c*l(o—m)(e—m)Tc*l—c*l)(g(c*l(e—m)(e—m)Tc*l—c*l)
~5 / k?Vk k k k k k k k k k k 40
~ Ok,i 4Wk~/\/k
Y I _ I
= i wkM(Ck (H—mk)(ﬁ—mk)TCk'—Ck])®(Ck1(9—mk)(9—mk)TCk'—Ck')dﬁ.

(C.33)

It is worth noting that equation (C.33) is a 4th order tensor. To gain a more detailed under-
standing of this term, let us denote

//\/k O —m) (0 -m) ' - )

® (G (0—m) (0 —m) ' —C ) do

1(k< 0O-m) e =) n

:Z/N(y;OJ)C,:I/z(ny—I)C o (w1 ¢y
wherey:CI:I/z(O—mk).
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We can show that X, satisfies equation (C.29). To do so note that the (ij, Im) entry of X; has
the form

Xl = 3 30 ¢ PG Pl PG g

Vqu

X / (Vs = 0rs) (pYg = Op.g) N (v;0,1) dy

1 1210 1 /20 1 1) ~1/2
=2 20 G PG s O [Pl € ) (BrpBig + 0rgiy)

8.0,
1
=2 (G NG lom] + G m] G 0)

Therefore,
(XeY); = Xe[if, Im] Y[1,m]
I,m
- Z Y[l,m|C; ' [j,m] + Ct [i,m] Y[1,m) ' [j, 1)) (C.35)
=3 (c,;‘yc,;1 +C Y G,

The proof is complete.

Appendix D. Two-dimensional four-modal problem

In this subsection, we consider a 2D four-modal inverse problem, associated with the forward
model

4.2297

y=G(6)+n with y:[4.2297}’ 9(

2
(60 — 9(2))21 '
(O +02))

Here 0 = [0(1),0(2)]". We assume the noise distribution is 7 ~ A(0,1) and consider the prior
distribution pprior ~ N([0.5,0]7,1). The reference posterior distribution has four modes with
varying weights. We apply GMKI with K =3 and 6 modes, randomly initialized based on
the prior distribution, and assign equal weights to these components. The estimated posterior
distributions obtained by GMKI at the 30th iteration, along with the convergence in terms
of TV distance, are shown in figure D1. When K =3 only three target modes are captured;
when K = 6, all target modes are captured, and the approximation error becomes significantly
smaller.

Appendix E. Limitation of the GMKI

There can be multimodal problems with many modes concentrating on a low dimensional

manifold. GMKI may fail in such a case. To illustrate, we consider the posterior distribution

exp(—Bg(6)) in B2, where ®x(9) = \"0-2)" and 5, — 0.3, Clearly the mass is distrib-
7

uted along the unit circle, as depicted on the left side of figure E1. We sample this density with

GMKI and GMVI, described in equation (C.30). Note that GMKI can be seen as a derivat-

ive free approximation of GMVI so this study is for the purpose of understanding the effect
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Figure D1. Two-dimensional four-modal problem. From left to right: reference posterior
distribution (left), posterior distributions estimated by 3 and 6-modal GMKI (middle)
at the 30th iteration (means my (colored) and initial means (black) are marked), and
total variation distance between the reference posterior distribution and the posterior
distributions estimated by the GMKI (right).

Reference GMKI GMVI

—4 -2 0 2 4
61) B iy

Figure E1. Circle shape posterior: reference posterior distribution (left), posterior dis-
tribution obtained by 10-modal GMKI (middle), posterior distribution obtained by 10-
modal GMVI (right). Means my of Gaussian components are marked. In the middle,
the color appears lighter because the distribution is concentrated along a thin, elongated
line, resulting in a visually diluted eftfect.

of the derivative free approximation step. We and initialize both methods with 10 Gaussian
components with means randomly sampled from A (0,/) and the same identity covariance /.
The sampling results obtained by GMKI at the 30th iteration are presented in the middle of
figure E1. While the means of these Gaussian components migrate towards the unit circle, the
covariance associated with each Gaussian component are elongated in the tangent direction.
Consequently, the overall approximation of the target distribution is inaccurate. The covari-
ance of these Gaussian components bear resemblance to those seen in the Laplace approxim-
ation. Indeed, the Laplace approximation at any maximum a posteriori (MAP) of the target
distribution has the form A (;m, H'); here, m = [m (1), my)] lies on the unit circle and
()
H=-VyVePr(0) o= = 2 may  mame)

op |mayma)  mp,

(E.1)

It is worth mentioning that H exhibits singularity, particularly along the tangent direction of the
unit circle. Hence the Laplace approximation is degenerate and concentrates on the tangential
line of the unit circle at m.

To further explore this issue, we turn to use the algorithm for GM VL. This approach requires
the evaluation of the gradient and Hessian of log ppos. We approximate these Gaussian integ-
rations in equation (C.30) using the modified unscented transform, as detailed in [43, equation
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(37)]. Moreover we employ a time-step of Ar = 0.01, which leads to a stable numerical scheme
in our implementation. The outcome of GMVI at the 1000th iteration is depicted in the right
of figure E1. The result matches the reference well. Since the main difference between GMVI
equation (C.30) and the continuous time dynamics of GMKI is the derivative-free Kalman
approximation for the gradient terms Vg log ppost and VgV log ppos, we understand that the
Kalman approximation step leads to the failure of GMKI for sampling the above distribution.
It is the goal of future study to investigate other derivative free approximations that can cir-
cumvent this failure.
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