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Ensemble Kalman methods, introduced in 1994 in the context of ocean state estim-
ation, are now widely used for state estimation and parameter estimation (inverse
problems) in many arenae. Their success stems from the fact that they take an under-
lying computational model as a black box to provide a systematic, derivative-free
methodology for incorporating observations; furthermore the ensemble approach
allows for sensitivities and uncertainties to be calculated. Analysis of the accuracy
of ensemble Kalman methods, especially in terms of uncertainty quantification, is
lagging behind empirical success; this paper provides a unifying mean-field-based
framework for their analysis. Both state estimation and parameter estimation prob-
lems are considered, and formulations in both discrete and continuous time are
employed. For state estimation problems, both the control and filtering approaches
are considered; analogously for parameter estimation problems, the optimization and
Bayesian perspectives are both studied. As well as providing an elegant framework,
the mean-field perspective also allows for the derivation of a variety of methods used
in practice. In addition it unifies a wide-ranging literature in the field and suggests
open problems.
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1. Introduction

The ensemble Kalman methodology comprises an innovative and flexible set of
tools which can be used for both state estimation in dynamical systems and para-
meter estimation for generic inverse problems. It has primarily been developed by
practitioners in the geophysical sciences, with notable impact on the fields of ocean-
ography, oil reservoir simulation and weather forecasting. Despite its widespread
adoption in the geosciences over several decades, firm theoretical foundations are
only recently starting to emerge; the methodology is hard to analyse. The purpose
of this article is twofold: (a) to introduce a mathematical framework for the ana-
lysis of ensemble Kalman methods, describing what is known and highlighting the
many open mathematical challenges in the field, (b) to provide a literature survey
which bridges the domain-specific development of the methodology with emer-
ging mathematical analyses. In so doing we will also highlight the flexibility of the
methodology for use in widespread applications, beyond its historical development
in the geosciences.

The material is organized around the two separate themes of state estimation and
inverse problems; within each, both discrete-time and continuous-time approaches
are explained. The novel perspective which underlies all of this material is the
derivation of ensemble Kalman methods as particle approximations of carefully
designed mean-field models. The relationship of these mean-field models to exact
transport models, for Gaussian problems, serves to motivate their form.

In Section 1.1 we give an overview of the history of ensemble Kalman methods.
Section 1.2 describes the organization of the paper. In Section 1.3 we make brief
remarks about the pseudo-code that we make available as a supplementary resource.
The introduction concludes, in Section 1.4, with a summary of the notation that we
adopt throughout.
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1.1. Historical context

The Kalman filter (KF) is arguably the first setting in which the systematic integra-
tion of observational data with a dynamical system was considered, leading to both
discrete-time (Kalman 1960) and continuous-time (Kalman and Bucy 1961) for-
mulations; see Welch and Bishop (1995) for an overview. The Kalman filter applies
only in the setting of linear Gaussian dynamics and observations. In this setting it
computes the distribution of the state of the dynamical system, given observations,
exactly; this Bayesian perspective on the filter was highlighted in Ho and Lee (1964)
subsequent to the original derivation in Kalman (1960), which proceeded by com-
puting the best linear predictor of the state, given data. The extended Kalman filter
(historically denoted EKF, but the acronym ExKEF is also used and is useful) was
introduced in order to extend Kalman’s ideas to nonlinear problems; see the books
by Jazwinski (2007) and Anderson and Moore (2012) for overviews. The extended
Kalman approach is based on a linearization approximation; it hence fails to exactly
compute the distribution of the state of the dynamical system, given observations,
in general. Furthermore, it requires propagation of covariance matrices, which can
be very large for applications arising in the geosciences (Ghil ef al. 1981).

The ensemble Kalman filter (EnKF) was introduced in the celebrated paper by
Evensen (1994), which made the consequential observation that if an ensemble of
state estimators is employed then it can also be used to make an approximation of
the covariance. In geosciences applications this circumvents the computation of
large covariances, replacing them instead with low-rank approximations, with rank
determined by the number of ensemble members. The original paper developed the
idea in the context of ocean models, but was rapidly and concurrently developed
in a variety of geoscience application domains (van Leeuwen and Evensen 1996,
Burgers, van Leeuwen and Evensen 1998, Houtekamer and Mitchell 1998); van
Leeuwen (2020) provides a historical overview. These methods are sometimes
referred to as the stochastic EnKF: they require simulation of random variables to
implement. A different class of ensemble methods, known collectively as ensemble
square root filters, was subsequently developed (Anderson 2001, Whitaker and
Hamill 2002, Bishop, Etherton and Majumdar 2001, Hunt, Kostelich and Szunyogh
2007, Tippett et al. 2003, Sakov and Oke 2008). These methods are a form
of deterministic EnKF: they do not require simulation of random variables to
implement.

Central to our mathematical presentation of Kalman-based methods is the adop-
tion of mean-field and transport perspectives on the subject. The incorporation of
data within filtering constitutes (possibly approximate) application of Bayes’ the-
orem; Daum, Huang and Noushin (2010), Reich (2011), El Moselhy and Marzouk
(2012) and the survey by Cotter and Reich (2013) introduce novel approaches to
Bayesian inversion, rooted in transport and mean-field models. While El Moselhy
and Marzouk (2012) and Spantini, Baptista and Marzouk (2022) propose a direct
numerical approximation of the underlying optimal transport problem, Daum et al.
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(2010) and Reich (2011) pursue a homotopy approach. We note that the homotopy
approach is closely related to iterative implementations of the EnKF, as first con-
sidered by Li and Reynolds (2009), Gu and Oliver (2007) and Sakov, Oliver and
Bertino (2012); these homotopy approaches lead to continuous-time formulations
of the EnKF in the limit of infinitely many iterations, as first considered by Berge-
mann and Reich (2010a,b). Directly starting from the continuous-time filtering
perspective, mean-field models have been introduced independently in Crisan and
Xiong (2010) and Yang, Mehta and Meyn (2013).

The key connection between mean-field models and ensemble methods is that
the latter can be derived as particle approximations of the mean-field limit; this
viewpoint will play a guiding role in our presentation of the subject of ensemble
methods in this paper. In this context it is notable that the field of optimiza-
tion, which is linked to Bayesian sampling through MAP estimation (Kaipio and
Somersalo 2006), has also seen recent development using mean-field models; see
Carrillo, Choi, Totzeck and Tse (2018) for an overview and unifying mathematical
framework.

The methods covered in this survey provide only approximate solutions to the
underlying filtering, inference and/or optimization problem, in the mean-field limit.
The approximations invoked are based on assuming linear Gaussian structure,
where the mean-field models are exact, but applying the resulting methodology
outside this regime. In the context of the optimization and Bayesian approaches
to inversion, affine-invariant algorithms (introduced in Goodman and Weare 2010)
play an important conceptual role in understanding the power of ensemble Kalman
methods: affine invariance can be used to show universal convergence rates for
the class of all linear Gaussian problems. Empirically the affine invariance confers
advantages when ensemble Kalman methods are applied beyond the linear Gaussian
setting. In practice, this benefit must be weighed against the error resulting from
using ensemble Kalman methods outside the linear Gaussian setting.

Alternative methods, such as sequential Monte Carlo, can be designed to be
consistent with the underlying nonlinear filtering problem, and do not rely on being
exact only for linear Gaussian problems. Doucet, De Freitas and Gordon (2001)
and Chopin and Papaspiliopoulos (2020) survey the use of sequential Monte Carlo
methods for general discrete-time filtering and inference problems; Del Moral
(1997) and Del Moral and Guionnet (2001) prove convergence of sequential Monte
Carlo methods, including in some specific cases over long time horizons. However,
sequential Monte Carlo methods suffer from the curse of dimensionality and are
currently not directly applicable to high-dimensional problems as arising, for ex-
ample, from geophysical applications. This issue with the curse of dimensionality
provides an important motivation for the ensemble methods covered in this survey.
See Snyder, Bengtsson, Bickel and Anderson (2008), Bickel, Li and Bengtsson
(2008), Rebeschini and Van Handel (2015) and Agapiou, Papaspiliopoulos, Sanz-
Alonso and Stuart (2017) for detailed discussion of these issues. Related issues
also arise for Monte Carlo Markov chain (MCMC) when studying Bayesian inverse

Downloaded from https://www.cambridge.org/core. IP address: 10.3.192.216, on 17 Jul 2025 at 12:37:39, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/50962492924000060


https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0962492924000060
https://www.cambridge.org/core

ENSEMBLE KALMAN METHODS: A MEAN-FIELD PERSPECTIVE 127

problems (Kaipio and Somersalo 2006). See Hairer, Stuart and Vollmer (2014)
for an analysis of the degeneration of performance of standard MCMC methods in
high dimensions, as well as analysis of special MCMC methods tailored to infinite-
dimensional problems; the subject is reviewed in Cotter, Roberts, Stuart and White
(2013).

This completes our chronological overview of the historical context for the
development of ensemble Kalman methods, and the specific mathematical context
which will be our focus. Each of the four subsequent sections concludes with a
bibliographical subsection in which a deeper literature review is given.

1.2. Overview

Section 2 is devoted to the problem of state estimation for discrete-time (possibly
stochastic) dynamical systems, given noisy, and possibly indirect, observations.
We formulate the problem from the perspectives of both control theory and prob-
ability, and we provide a unifying approach to algorithms for these problems; the
approach rests on transport of measures and mean-field stochastic dynamical sys-
tems. Ensemble Kalman methods are then derived as particle approximations of
the mean-field models. Section 3 adopts a perspective that parallels the previous
section, but in the continuous-time setting. Ordinary differential equations (ODEs)
and stochastic differential equations (SDEs) are used to describe the state and
its observation process, and mean-field SDEs and ODEs, and related (stochastic)
partial differential equations ((S)PDEs), are used to provide the underpinnings of
algorithms; particle approximations of the mean-field systems give rise to interact-
ing systems of SDEs which describe ensemble Kalman methods. The formulation
in continuous time is useful both because in some applications state estimation
problems are most naturally formulated this way, and because they provide insight
into discrete-time algorithms, giving rise to cleaner analysis of phenomena present
in both discrete and continuous time.

Sections 4 and 5 are devoted to the use of ensemble Kalman methods for inverse
problems, including parameter estimation, demonstrating how a useful change of
perspective opens up the use of state estimation in this broader setting. Sections 4
and 5 consider discrete and continuous time respectively, and each parallels the
ideas developed for state estimation in Sections 2 and 3 respectively. Sections 2,
3,4 and 5 are all organized according to the flow of ideas displayed in Figure 1.1.
Indeed, starting from a probabilistic perspective, which describes the evolution
of the filtering distribution, it is possible to formulate mean-field maps whose
sample paths on state space are equal in law to the filtering evolution. Since it is
typically not tractable to identify these maps explicitly, it is of interest to determine
mean-field maps whose sample paths are only approximately equal in law to the
filtering evolution. This leads to the idea of second-order mean-field models whose
sample paths have law with first- and second-order moments which match those
of a Gaussian approximation of the Bayesian data incorporation step. Particle
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Filtering evolution Mean-field Second order Particle

sample path on N L
on measures mean-field approximation
state space

Figure 1.1. Organizational flow employed in each of Sections 2 (discrete time)
and 3 (continuous time), concerning state estimation. Sections 4 and 5 apply this
methodology to inverse problems, in discrete and continuous time respectively, by
formulating them as state estimation problems.

approximations of these second-order mean-field maps are then used to derive
implementable numerical algorithms which are the ensemble Kalman methods
implemented in practice.

Section 6 concludes the article, and in particular highlights open problems in the
area, of potential interest to the mathematical community. Appendix A is devoted
to pseudo-code for the algorithms introduced in this paper. Appendix B contains
background on the underlying Lorenz 96 model problems that we use throughout
the paper in a number of illustrative numerical experiments. Appendices C and D
provide foundational material on mean-field maps and on stochastic integration.
Appendix E contains some observations linking different flows, in the manifold of
Gaussian probability measures, that arise in the main body of the text.

1.3. Pseudo-code

Pseudo-code describing several of the algorithms that we present and deploy in this
paper is given in Appendix A.! The reader is encouraged to consult Algorithms 1
and 2, 3DVAR and the ensemble Kalman filter (EnKF) respectively, in the context
of the problem of state estimation for discrete-time dynamical systems presented
in Section 2. The scheme 3DVAR is employed in Examples 2.3, 2.5 and 2.16. The
ensemble Kalman filter is applied in Example 2.16. Ensemble Kalman methods
for inversion, as shown in Algorithms 3, 4 and 5, are presented in Section 4 and
applied in Examples 4.22 and 4.23.

1.4. Notation

Throughout we denote the positive integers and non-negative integers by N =
{1,2,...} and Z* = {0, 1,2,...} respectively, and the notation R = (—oo, c0) and
R* = [0, c0) for the reals and the non-negative reals. We let (-, -),| - | denote the
Euclidean inner product and norm, noting that |v|?> = (v,v). We also use | - | to
denote the resulting induced norm on matrices. We use : to denote the Frobenius
inner product between matrices, and | - | the induced norm on matrices. For any
function g: R4 +— R%, we let Dg(v) € R%*4 denote the Jacobian matrix of

! The code is available at https://github.com/EdoardoCalvello/EnsembleKalmanMethods/.
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first derivatives at v € R%, and let D?g(v)[-, -] denote the symmetric bilinear form
induced by second derivatives. We also use V, V. and A to denote the gradient,
divergence and Laplacian operations respectively.

Throughout the article we will distinguish operators acting on infinite-dimen-
sional spaces by using a calligraphic font. For example, G will denote the operator
acting on probability measures effecting a projection onto the nearest Gaussian;
in contrast, G: R% — R% will denote the forward model in a generic inverse
problem. We will use the mathsf font to distinguish matrices and functions between
Euclidean spaces that arise in continuous time from their discrete-time counterparts.
For example, > will denote a covariance arising in continuous time, whilst X will
denote a covariance arising in discrete time; and h will denote a function defining
the observation process in continuous time, whilst 4 will be the analogous function
in discrete time.

We use E and P to denote expectation and probability under the prevailing
probability measure; if we wish to make clear that measure x is the prevailing
probability measure then we write E™ and P”™. For a measure 7 we let TH7 denote
the pushforward measure induced by the map 7. We use Law(rv) to denote the law
of random variable rv. We let P = B(R%) denote the set of probability measures
on R?. Under the assumptions made in this article we are mostly able to work with
measures that have density with respect to Lebesgue measure, and so will blur the
distinction between measures and their densities. However, use of Dirac masses
will occasionally be useful.

We let 6, denote the Dirac mass on R, centred at point u € R¢. The notation
N(m, C) denotes the distribution of a Gaussian random variable with mean m and
covariance C. We let ® = G(RY) denote the set of Gaussian probability measures
on R4 (including indefinite covariances and hence all Dirac masses).

In the following let A, B, C be symmetric matrices. We write A > B when A—B
is positive definite and A > B when A — B is positive semi-definite. We will also
write A < Bwhen B—A > 0and A < Bwhen B—A > 0. For C > 0 (and
therefore a covariance matrix) we define (-, -)c and | - |¢, the covariance-weighted
Euclidean inner product and norm, by (u, v)¢ = (u, C~'v) and |v|é =(v,v)c.

2. State estimation: discrete time

In Section 2.1 we provide the set-up for the problem of state estimation in discrete
time. Section 2.2 introduces an algorithm for this problem based on a control-
theoretic perspective. Section 2.3 describes the Bayesian probabilistic perspective;
in this subsection algorithms are not presented but foundations for the creation
of algorithms are laid through the decomposition of the filtering cycle into an
iteration which alternates prediction and the assimilation of data. In Section 2.4
we introduce the important idea of Gaussian projection, and the resulting Gaussian
projected filter. Section 2.5 introduces various mean-field dynamical systems
which approximate the filtering cycle; a unifying transport map perspective is
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adopted. This leads, in Section 2.6, to definitions of the ensemble Kalman filter,
the ensemble adjustment filter and the ensemble transform filter, all derived as
particle approximations of specific mean-field models. We conclude in Section 2.7
with bibliographical notes in which we review relevant literature, and include
discussion of a variety of other algorithms for state estimation, relating them to the
perspective we adopt here.

We emphasize that all the mean-field methods we derive in this section for the
solution of filtering problems, and their continuous-time counterparts in Section 3,
are exact only in the linear Gaussian setting. They may be implemented beyond
this setting, however, and are empirically found to work well for many problems.
Theory to justify this observation is very much needed. Our exposition provides a
framework for such a theory.

2.1. Set-up

The objective of sequential data assimilation is to iteratively update the state of
a (possibly stochastic) dynamical system based on (possibly noisy, nonlinear and
indirect) observations and knowledge of the dynamical and observational processes;
we refer to this as state estimation. The typical setting is one in which the initial
condition is uncertain, but this uncertainty is compensated for by (typically noisy)
observations of a (possibly nonlinear and indirect) function of the state. These
observations often live in a space of lower dimension than the dimension of the
state space, meaning that the goal of state estimation goes beyond denoising, and
into the realm of control-theoretic considerations such as observability.

A useful starting point is to consider a stochastic dynamical system in which the
evolution of the state, and the relationship between the observations (which we also
refer to as data) and the state, are defined, respectively, by the equations

Vel = P + &, (2.1a)
Ynrt = h(Vps1) + Mnsts (2.1b)

taken to hold for all n € Z*. We assume that for each fixed n € Z*, the state
v, € R% and the observations Yn € R% . The maps W(-) and A(-) describe the
systematic, deterministic components of the dynamics and observation processes,
and are assumed to be known measurable functions (with respect to the Borel
algebra), bounded on compact sets. The initial condition for vq is assumed random
and the systematic components of the model are subjected to mean zero noise, &,
and n,+1. To be concrete we assume that vg, {£,,} ez and {1, }nen are mutually
independent Gaussians defined by

vo ~ N(mo, Co), & ~ N(0,Z)iid., 5, ~ N(O,T)iid. (2.2)

In practice we will have available to us the observation coordinates of a specific
true realization of the random dynamical system (2.1), from which we wish to
recover the specific true realization of the state that gave rise to these observations.
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We denote the true reahzatlons of the state of the system by the sequence {vn ez,
and the observed data by {yn}neN These are generated by vO, {§n}nez+ and

{nn}nEN’ specific realizations of the initial condition and state and observational
noise from the distribution defined by (2.2).
We let Y, = {y 5}1<5<n Our objective is to estimate the state vl at time n

from data Y,Jlf . Specifically, it is natural to think about this design objective in two
different ways.

Objective 1. Design an algorithm producing output v,, from Y,f so that {v,, },ez+
estimates {v), } .cz+, the true state generated by (2.1a).

Objective 2. Design an algorithm which estimates the distribution of random vari-
able v, |Y,J,f , the conditional distribution defined by (2.1).

In both cases we are interested in Markovian formulations which update the
estimate v,,, or the distribution v, (Y, ,Jf, sequentially as the data is acquired. Inthe next
two subsections we describe control-theoretic and probabilistic approaches to this
problem which, respectively, provide the basis for algorithms addressing Objectives
1 and 2. We note that fulfilling Objective 2 immediately implies resolution of
Objective 1, for example by taking the mean of vn|Y,1' as state estimator; but the
reverse is not typically true. However, Objective 1 is easier to address and is
especially relevant when noise levels are small; furthermore, its failure modes
serve to motivate approaches which are used to address Objective 2.

2.2. Control theory perspective

A very natural idea from control theory underlies ensemble Kalman filtering and
is encapsulated in the following algorithmic approach. This way of attacking state
estimation is most appropriate when |Cy|, |I'| and |X| are small so that the state
and observations are close to deterministic. To understand this setting we will first
study algorithms in which the covariances I" and X are set to zero, and then return
to the inclusion of noise later.

The algorithmic idea works as follows: from current state estimate v,, given
YJ, predict the outcome of the model and data, denoted by (V,41, /};,Hl), using the
update equations (2.1), but ignoring the noise; then correct the state estimate by
nudgmg the prediction using the mismatch between observed and predicted data
(yn RE n+1) This results in a deterministic map v, — V.41, assumed to hold for
all n € Z*, of the following form:

Vel = P(vn), (2.3a)
Bnst = h(Vns1), (2.3b)
Vel = Vel + KO, = ). (2.3¢)
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Equations (2.3a) and (2.3b) create predicted state and data from current estimate
v, of the state. The difference between the predicted data En+1 and the true data
yl ,1» the latter found from a fixed realization of (2.1), is then used to correct the
predicted state resulting in (2.3c). We can write the algorithm compactly in the
form

Viet = PO +K (37, = h(P(1))). (2.4)

n+1

Choice of the gain matrix K completes definition of an algorithm which we refer
to as 3DVAR.

Remark 2.1. The nomenclature ‘3DVAR’ was coined in the geophysics com-
munity, and stands for three-dimensional variational data assimilation. This is
natural for algorithms which incorporate spatially distributed data sequentially in
time, in the context where the state variable v varies across three spatial coordinates.
In our setting the state variable v is not required to have any spatial structure, but
the control formulation (2.4) reproduces the 3DVAR algorithm from the geophys-
ics community when it does. Hence we still refer to it as 3DVAR. We also note
that the method is perhaps more properly termed cycled 3DVAR: ‘3DVAR’ refers
to the assimilation of data at each observation time, and ‘cycled’ refers to doing
this sequentially in time as successive observations are acquired. Pseudo-code for
3DVAR may be found as Algorithm 1 in Appendix A. The variant on 3DVAR which
uses data distributed over several time steps is known as 4DVAR; see Section 2.7.

We note that the difference between the observed value yjl .1 and its estimator

—~

hpe1 = h(W(v,)) is often referred to as the innovation, and for this we introduce
the notation

(a3 V -

Sy =30 = s (2.5)
U
To illustrate 3DVAR we consider the linear setting.
Example 2.2. Assume that for matrices M, H of appropriate dimensions,
Y()=M- h()=H-: (2.6)

and consider the setting in which there is no noise present. The 3DVAR algorithm
(2.4) is appropriate in this setting and reduces to

Vel = Mv,, + K(yJf - HMvn). 2.7

n+l

Since there is no noise present, it follows that yj; = Hv  =HM vI,, and hence

n+l
that
vj;ﬂ =Mv2+K(yl+1 —HMVZ). (2.8)
Subtracting (2.8) from (2.7) and defining e, = v,, — VI,, we find that
en+1 =(I —KH)Me,.
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Function m

-40 30 20 -10 0 10 20 30 40
v

Figure 2.1. Graph of function m appearing in Lorenz ’96 model (2.9).

Since the goal of data assimilation is to recover the true state from partial obser-
vations, we wish to drive e, to zero as n — oo. Thus a key question, for given
forward dynamical model M and observation operator H, is whether it is possible
to design K to ensure that the spectrum of (/ — KH)M is inside the unit circle.
Such questions are at the heart of the theory of linear control. Thus the subject of
control theory is fundamentally aligned with Objective 1. i

In the following example we illustrate ideas similar to those from the preceding,
linear, example but within the nonlinear context. In subsequent subsections we will
show how the ideas can be generalized to an adaptive gain matrix K,,, leading us
to the ensemble Kalman methodology and to addressing both Objectives 1 and 2.

Example 2.3. To illustrate the 3DVAR algorithm (2.4) for state estimation, we
consider the Lorenz ’96 (single-scale) model from Appendix B. The unknown
v € CR*,RE) satisfies the equations

Ve ==V 1(Ve_p —ves1) —Vve+ F+ hym(ve), €=1...L, (2.9a)
Ve, =ve, €=1...L. (2.9b)

Here we set L =9, h,, = —0.8 and F' = 10. Function m is shown in Figure 2.1.2

We let ¥ denote the solution operator for (2.9) over the observation time interval
7, omitting the explicit dependence on 7 for notational convenience. We emphasize
that at the parameter values we have chosen, the solution to (2.9) is chaotic and
exhibits sensitivity to perturbations. Prediction is thus challenging. But we will
show that use of data enables accurate prediction.

2 We note that setting /1, = 01in (2.9) leads to the standard single-scale Lorenz *96 model. We have
hy # 0 leading to a non-standard version of the model. However, the specific choice of function
m(-) does not make any material difference to what is presented in this example; many functions
m(-) for which the equation is well-posed will lead to similar conclusions. However, the specific
choice of m(-) shown in Figure 2.1 is relevant within Example B.1.
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We consider observations {yjl }nez+ arising from the model

Vi =weh+ el

n+l
Tt i
Yn+1 = h(vn+1) /A
where {fl}nezn {Ul}neN are mutually independent Gaussian sequences defined
by
EN~ N, 0D iid., 7 ~N(,y*I)iid.
Because of the chaotic nature of the dynamical system defined by iteration of ¥, a
key question concerning the problem of determining the state vjl from YJ is whether
the observations compensate for the sensitive dependence of the state evolution,
enabling accurate recovery of the state; and whether there is then a choice of K in
3DVAR which enables this data to be used to accurately recover the state.
We assume that the observation function is linear: h(v) = Hv for matrix
H: R’ — RS defined by
Hv = (v1,v2,V4,V5,V7,V8) . (2.10)
The 3DVAR algorithm (2.3) reduces, in the setting of this example, to the mapping
Vur1 = (- KH)P(v,) +Ky! (2.11)
We define the filter by choosing gain K : R® — R? to be
Kw = (wi,w2,0,w3,w4,0,ws, we,0)". (2.12)

To interpret the algorithm, and motivate the choice of K, given H, notice that

KHv = (v{,v2,0,v4,5,0,v7,v8,0)7, (2.13a)
(I_KH)V = (O’ Oa V3,0, 0’ V6,0, 0’ v9)T’ (213b)
HK =1. (2.13¢c)

Applying the observation map H to the recursion (2.11) and using (2.13c), we find
that

Hv,q = yT = H(‘P(vjl) + 52) + 7]T

n+l n+l"°

Assuming that 0% and ? are small and neglecting the noise contributions shows
that

vl A HPO)) ~ H
Thus, ignoring small noise perturbations, yZH R~ Hvim. Thus (2.11) gives
Vurl & ([ =~ KH)®(v,)) + KHv . (2.14)

Then, using (2.13a), (2.13b) and (2.14),we see that the algorithm (2.11) has the very
natural (approximate) interpretation of iterating using the model ¥ to update the
unobserved components and using the observed true state to update the observed
components. This explains why the specific choice of K is reasonable.
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3DVAR on singlescale for true model given by Lorenz 96 singlescale
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5.0
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— dns

301 —— 3DVAR

0.0 0.0

(a)

3DVAR on singlescale for true model given by Lorenz 96 singlescale

15

10

v

o

— dns
->{—— 3DVAR
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

t
(b)

Figure 2.2. In both (a) and (b) the estimates of v := v3 in time produced by 3DVAR
using observation time interval 7 = 103 are displayed and compared with dns. In
(a) o and vy are set to 1073, while in (b) they are set to 10~!. The acronym ‘dns’
refers to direct numerical simulation of a true trajectory of the chaotic dynamical
system. In both cases, it is noteworthy that 3DVAR is able to synchronize with
the dns even though it is initialized far from the true initial condition. This is an
example of data assimilation overcoming sensitive dependence in a chaotic system.

Because of this interpretation it is natural to study the 3DVAR algorithm, for this
example, by displaying the output of 3DVAR on one of the unobserved components,
and comparing with the truth; the key question is whether the observed components
induce synchronization of 3DVAR with the truth in the unobserved components.
Thus, in the following numerical experiments, we display component v := v3.

Figure 2.2 illustrates the foregoing intuition about the behaviour of 3DVAR in
experiments conducted with the choice 7 = 1073, For small noise with standard
deviations of size 1073, we observe in Figure 2.2(a) the phenomenon of near-
perfect synchronization of the 3DVAR output with the truth. Although not shown
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3DVAR on singlescale for true model given by Lorenz 96 singlescale
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3DVAR on singlescale for true model given by Lorenz 96 singlescale
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Figure 2.3. In both (a) and (b) the noise standard deviations o and y are set to
1073, In (a) we display the estimates of v := v3 in time produced by 3DVAR
using observation time interval 7 = 5 x 10~!, compared with dns; (b) displays the
estimates obtained at unit time using assimilation at 7 = 5 x 10™" and 7 = 10°,
Again the acronym ‘dns’ refers to direct numerical simulation of the true chaotic
dynamics. 3DVAR successfully synchronizes with the dns at the smaller value of
7 but fails to do as well when the observation time interval 7 is larger.

here, this synchronization occurs in all components of the solution, observed and
unobserved, and thus the entire state of 3DVAR synchronizes with the truth, up to
a small error on the scale of the noise. The algorithm thus produces an accurate
estimate of the true state. In Figure 2.2(b) larger state and observational noise, of
standard deviation 107!, is considered. In this scenario 3DVAR still captures the
correct trend of the true dynamics, but there are clear overshoots and undershoots
in the estimates; this occurs because the noise is larger than in Figure 2.2(a) and
because noise is not accounted for in the 3DVAR algorithm.
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It is intuitive that the synchronization phenomena studied above will depend not
only on the size of the noise, but also on the observation time intervals 7. Figure 2.3
illustrates the effect of varying 7, in the setting where the noise standard deviation
is 1073, The simulations show that for the larger value of 7, 3DVAR does not
estimate the true state as accurately as for the smaller value. 0

Remark 2.4. A common source of error in application of data assimilation al-
gorithms in practice arises from the fact that the data is not produced by the
mathematical model used for assimilation. This is known as model misspecifica-
tion. For the majority of this paper we will make the perfect model assumption,
avoiding the model misspecification issue. However, we do illustrate model mis-
specification in Example B.1. In that example we assimilate data produced from
the Lorenz 96 multiscale model, but we use the Lorenz 96 single-scale model
(2.9) as the basis for 3DVAR; thus the model used for assimilation differs from (but
is close to) the model generating the data. The relationship between the multiscale
and single-scale models is detailed in Appendix B, where Example B.1 may also
be found. a0

The control-theoretic approach of 3DVAR addresses Objective 1. However,
when |Co, |I'| and |Z| are no longer necessarily small, so that the state and ob-
servations are subject to noise, it is natural to try and generalize the approach to
address Objective 2, taking account of non-zero covariances; Figure 2.2(b) from
Example 2.3 shows that this may indeed be needed when the noise is larger. A
natural stochastic generalization of the observer approach is as follows: from cur-
rent state estimate v, given Y,f , predict the outcome of the model and data from
the update equations (2.1), which we denote by (V,.+1, yn+1); then correct the state
estimate by nudging the mean of the prediction using the mismatch between ob-

served and predicted data (yjl 10 Yn+1). Given v,, computed from Y,f , this results in

state estimate v,,,; from YZ o defined through the following stochastic dynamical
system, assumed to hold for all n € Z*:

Vsl = P(vy) + &ns (2.15a)
Ynet = h(Vns1) + et (2.15b)
Vil = Vasl + Ky (YZ_H - §n+1) . (2.15¢)

Here vg, &, and 1,4 are random variables given by the known distributions in
(2.2). Note that the innovation J,, is now modified from (2.5) to read

S0 =y = V- (2.16)

The data {yl .1 nez+ is a fixed realization of (2.1). Given this data, equations
(2.15) then define a random map v, — v,4; which uses knowledge of the model
and the observed data to update our state estimate. The predicted state and data
(Vnsl, Yns1) are also referred to as the simulated state and data. Choice of the gain
matrix K, will complete definition of an algorithm. The key question we proceed
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to study in subsequent sections concerns the choice of {K}, },,ez+ when addressing
Objective 2. Before doing so we build on Example 2.3, studying the effect of
noise on the 3DVAR algorithm, which is aimed at addressing Objective 1, and for
which K,, = K is constant. The resulting Example 2.5 demonstrates the need for
an adaptive choice of K,, when noise is significant; it serves to motivate algorithms
which address Objective 2.

Example 2.5. We return to the setting of Example 2.3 and consider the effect of
including noise in 3DVAR as in (2.15). We again study the Lorenz ’96 single-scale
model (2.9) for unknown v € C(R*,R%), with L =9, h, = —0.8 and F = 10. We
let ¥ denote the solution operator for (2.9) over the observation time interval T and
consider observations {yjl}ne% defined by

vioo= ‘I‘(vl) + §Z,

n+l

t ot i
Yne1 = h(vn+1) R/ P
where {fi} neZts {7]:1} nen are mutually independent Gaussian sequences
£ ~NO,0%Diid., 75 ~N(©,y*Diid.,

with o = 0.1 and y = 0.1. We again assume that the observation function is linear:
h(v) = Hv for matrix H: R® — R® defined by (2.10). As in Example 2.3 we
choose fixed gain K,, = K with K: R® — R? defined by (2.12).

Figure 2.4 illustrates that this version of noisy 3DVAR produces trajectories that
resemble the true signal better than noise-free 3DVAR (2.11). However, the noisy
3DVAR does not perform better than the noise-free 3DVAR, in this setting where
true state and true observation noise levels are high, in a quantitative sense. To
demonstrate this, we compute the mean squared error between the estimates arising
from the 3DVAR algorithm (2.11) and the true states, and the mean squared error
between the estimates obtained using noisy 3DVAR algorithm (2.15) and the true
states. Given either method the error e is computed using the following formula,
in which, recall, {v} is the truth and {v,} is the output of the 3DVAR or noisy
3DVAR algorithm:

N

1 4 2

e= v — Vol (2.17)
Nd\};' n+n n'+n

Time t* = n*7 is chosen to remove error from the incorrect initialization, and focus
on quantifying error in the statistical steady state, after synchronization. Here N is
such that (n* + N)T =T and T — ¢* is chosen large enough to allow time-averaging
over a long enough window to capture the statistical steady state. In this case, we
compute this average for the estimates obtained after time t* = 3, up to 7' = 20, and
find errors espyar = 1.65 x 10° and €noisy3DVAR = 3.30 X 10°. Clearly use of noisy
3DVAR does not improve the error, in comparison with noise-free 3DVAR. 0
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Noisy 3DVAR on singlescale for true model given by Lorenz 96 singlescale

% — dns

15 Noisy 3DVAR

10 ; [:‘ }
T "Il f \ \ /)

: AU Al RS

° "f\/ \N”A \ "\/\1'w W

. | \(

0.0 255 5.0 75 10.0 125 15.0 175 20.0

t

Figure 2.4. In this experiment we set the noise levels o = 107!,y = 10~!. Again
the acronym ‘dns’ refers to direct numerical simulation. We display the estimates
of v := v3 in time produced by noisy 3DVAR against the true dynamics using
observation time interval 7 = 1073, This should be compared with Figure 2.2(b),
in which the noise-free 3DVAR is deployed to solve the same problem. Notice
that adding noise to 3DVAR has not improved the recovery of the true trajectory.
However, qualitatively the output of 3DVAR now resembles the true signal more
closely.

Example 2.5 highlights the need to quantify uncertainty and pass to a probabilistic
interpretation (Objective 2) of the filtering problem; and, in particular, to make
an informed choice of adaptive gain matrices K,. We turn to the probabilistic
interpretation in the next subsection; in later subsections we derive algorithms,
leading in particular to a specific choice of adaptive gain matrices.

2.3. Probabilistic perspective

We have shown that the 3DVAR methodology can recover the state of a (possibly
chaotic) dynamical system, even though the initial condition is not known, by
exploiting the observations. However, 3DVAR does not quantify uncertainty in
the state estimate; it is derived from a purely control-theoretic perspective. We
now introduce a probabilistic perspective which enables us to address the issue
of uncertainty quantification. Section 2.3.1 discusses the unconditioned dynamics
from the perspective of evolution of probability densities. In Section 2.3.2 we
define the filtering distribution and describe this from the perspective of evolution
of probability densities. Section 2.3.3 introduces the sample-path perspective on
algorithms for filtering, a central idea in this paper. In Section 2.3.4 we establish
some notation, used henceforth, that is important for the reader to internalize.

2.3.1. Unconditioned dynamics
To open our development of the probabilistic perspective we first consider the
unconditioned dynamics on state {v,, } ,cz+ defined by (2.1a). We refer to {v,, }nez+
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defined by (2.1a) as a Markov process. We let r, denote the probability density
of random variable v,, and derive an evolution equation for r,. Irrespective of
whether the evolution of the state {v,, },cz+ defined by (2.1a) is linear, the evolution
of {r,}nez+ is linear. Furthermore, the evolution of the state and its probability
density are uncoupled from one another. The evolution of the probability density
implied by (2.1a) is given by

rn+1 = Pry, (2.18a)

(Pr)(dv) = (/ p(u, v)r(du)) dv, (2.18b)
ueRdv

1
pu,v) = —§|v - lP(u)@). (2.18¢)

1
exp
Qn)dv/24/det(T) (
Thus, in particular, r, evolves in time n through application of a linear integral
operator. The situation when we condition the state on observations is different,
leading to nonlinear evolution of densities.

2.3.2. The filtering distribution

Here we introduce the filtering distribution with density u,,: the distribution of the
conditioned random variable vnlY,f. This captures the knowledge of the state of
the system, and uncertainties in the state, given the observations. To understand
how uncertainty in estimates of the state evolves, it is thus important to understand
how p, evolves with n. Unlike the unconditioned dynamics, this conditioned
dynamics has a nonlinear structure. Nonlinear evolution equations arise in filtering
through the incorporation of data. This nonlinearity renders filtering a challenging
mathematical and computational problem. To define this evolution, we first define
the linear operator

(Qu)(dv,dy) = g(v, y)u(dv)dy, (2.19a)

1
—§|y - h(v)|%>. (2.19b)

1
9. ) = 2m)d/2/det(D) xp <

Then we define the n-dependent family of two nonlinear operators

B, (m)(dv) :/ 6y+ (y)ﬂ(dv,dy)/ (/ 6y+ (y)n(dv,dy)),
yERdy n+l (V,y)GRdV xRy n+l
(2.20)

L(1)(@v) = q(v, y},,) u(dv) / < / q(v,yiﬂ)u(dv)). (2.21)
v

The nonlinear map u, — 41 is most easily described by first introducing f,+1,

the distribution of v,,41 |Y,j, and 7,1, the distribution of (v;+1, yn+ 1)|YJ. The map

from p, to [, is determined by equation (2.1a) and is linear, as a map from

€Rdv

Downloaded from https://www.cambridge.org/core. IP address: 10.3.192.216, on 17 Jul 2025 at 12:37:39, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/50962492924000060


https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0962492924000060
https://www.cambridge.org/core

ENSEMBLE KALMAN METHODS: A MEAN-FIELD PERSPECTIVE 141

the space of probability measures defined on R into itself, as discussed in the
preceding subsection; the map from 1,41 to 7,4 is defined by (2.1b) and is also
linear, now as a map from the space of probability measures defined on R%" into
the space of probability measures defined on Rév+dy: the map from 7,41 tO Up41
is defined by conditioning 7,41 on yjl .1 and is nonlinear, as a map from the space
of probability measures defined on R%"*%> into the space of probability measures
defined on R%. Using the preceding definitions of linear and nonlinear operators,

we have
Hn+1 = Ppin, (2.22a)
Tpet = Qln+1, (2.22b)
Hn+l = B(mps1). (2.22¢)

Concatenating, we find that

Mnst = Bp(QPun),  po = N(mo, Co). (2.23)

This map defines an inhomogeneous nonlinear map on the space of probability
measures on R . The map B,(QP-) may be decomposed into two maps: (i) the
prediction ‘P, which represents application of the dynamical model (2.1a); and (ii)
application of Bayes’ theorem?3 through operator £,,- = ,,(Q-), which corresponds
to use of likelihood defined by the observation model (2.1b). With this notation we
thus obtain

Hns1 = Pun, (2.24a)
Hne1 = Ln(Hps1)- (2.24b)

We refer to iteration of (2.24) as the filtering cycle. The cycle involves iterative
interleaving of prediction, using the dynamical model, a linear operation on meas-
ures, and Bayes’ theorem, using the observation model, a nonlinear operation on
measures.

It is important to appreciate that there is, in general, no closed-form expression
for u, defined by the iteration (2.24); thus (2.24) does not constitute an algorithm.
However, if ¥ and £ are linear then, since pg = N(mg, Cp) is Gaussian, it follows that
Hn+1s Tntls s are all Gaussian for all n € Z*, and closed-form expressions, based
on dynamical updates of means and covariances, are available. This linear Gaussian
setting is discussed in the following example, and linear Gaussian examples will
be used throughout the paper. However, the main thrust of the paper concerns
nonlinear and non-Gaussian problems; for these problems further ideas, which we
will explain in subsections below, are required to make actionable algorithms from
the iteration (2.24).

3 Often referred to as the analysis step in the geophysical data assimilation community. Bayes’
theorem is discussed in more detail in Section 4.
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Example 2.6. To define the Kalman filter we consider the setting (2.6), where
¥(-) and A(-) are both linear. Then (2.1) becomes

Vil = Mvy + &y, (2.25a)
Yn+1 = HVpi + Nt (2.25b)

For this problem the mapping (2.24) may be solved explicitly. In fact u,, and i, are
both Gaussian, and we write their mean—covariance pairs as (m,, C,) and (im,, C,,)
respectively. Then i+ is determined from y,, by the formulae

s = Mmy, (2.26a)
Cpe1 = MC,M™ + %, (2.26b)

the prediction step. Measure u,4; is determined from u, by the application of
a Bayesian update, solving the inverse problem defined by (2.25b); this inverse
problem is for v, given fixed realization of data y, .| = yl .1 enerated by (2.25).
Since the prior and posterior are Gaussian, we may complete the square to solve
the Bayesian inverse problem to give the following update formulae for the mean
and precision (inverse covariance):

T

Crtimnat = Clyiiy + HTT 7! y0 (2.272)
c;l=ClL+HT'H (2.27b)

By use of the Woodbury matrix identity, we obtain the following formulae, ex-
pressed in terms of covariances rather than precisions:

Mpy1 = n/’in+l + 5n+1HT(H6n+1HT + F)_l (yj;ﬂ - Hn"zn+l)a (2283)
Cns1 = Cost = Cost H (HC, HT +T) " HC 1. (2.28b)

The update equations (2.26) simply represent propagation of a Gaussian under the
linear dynamics defined by (2.25a); (2.28) corresponds to application of Bayes’
theorem, and in this particular linear setting to conditioning a Gaussian, using
the observations defined by (2.25b) with y,; = yT The Kalman filter update

n+l"

equations (2.26) and (2.28) are well-defined if I" > 0. 0

The Gaussian setting of the preceding example is very special. But the idea of
making a Gaussian approximation will play a central role in ensemble Kalman
methods, and as a consequence the explicit calculations in the example will be
generally useful. The perspective of invoking Gaussian approximations is intro-
duced in Section 2.4; it is subsequently developed to form the backbone of the
methodology highlighted in this paper.

2.3.3. The sample-path perspective

In Section 2.3.1 we demonstrated that the (typically nonlinear) state space evolution
of {v, }nez+ defined by (2.1a) may be alternatively viewed in terms of the linear
evolution of probability density functions r, defined by (2.18). In Section 2.3.2 we
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showed that, when conditioned on observations, the evolution of the probability
density function becomes nonlinear and is defined by (2.22) or (2.24). In this section
we address the question of finding an evolution in state space that is consistent
with this nonlinear evolution of densities defined by (2.22) or (2.24). Our aim is
to generalize the control-theoretic data assimilation algorithm given by (2.15) in
order to find such an evolution.

Throughout this subsection let v,, be a random variable distributed according
to Law(v,,), let v,,41 be a random variable with Law(v,.41) = P Law(v,,) and let
(Vi+1, Yn+1) be a random variable with law Q Law(v,41). Using Law avoids a
proliferation of notation for the different measures arising from the use of various
different algorithms to approximate the filtering cycle.

All of the algorithms that we will introduce in what follows are based on a
prediction of state, and possibly observation, from Law(v,). To this end, recall
(2.15), and for all n € Z*,

Vel = P(vp) + &5, (2.29a)
Vnt1 = h(Var1) + ns. (2.29b)

The distributions of v, and (V,,41, y.+1) given by these equations define P Law(v,,)
and Q Law(v,+1), respectively. A common theme in this paper is to augment these
equations for the predicted state and data with a final map, to generalize (2.15¢), of
the form

G}\n+1’ §n+l) = Vsl (2.30)

or
Vsl & Vgl - (2.3

These maps are chosen, respectively, to mimic (2.22) or (2.24). To be precise,
if v, ~ u,, the maps are designed so that v,,.; ~ p,+1, where u, and u,4; are
related by the filtering update (2.22) or, equivalently, (2.24). A key observation
is that these maps will necessarily depend on the distributions of v, and y,
rendering the associated Markov processes of mean-field type. Thus, in contrast
to the unconditioned dynamics, the state space evolution does not decouple from
the evolution of the associated probability density function; rather, it depends on
it. The resulting state space evolution is said to define a nonlinear Markov process.

Note that once (2.29) is augmented with either (2.30) or (2.31), we have a state
space evolution that describes the filtering process via the probability distribution
of v,,; the state space evolution can then be used as the basis for algorithms. Thus
the key question for such a program is the identification of either (2.30) or (2.31).
The existence of transport maps or, more generally, couplings, which define the
steps (2.30) or (2.31), follows under quite general conditions. But finding them
explicitly is generally difficult. Furthermore, the maps (2.30) and (2.31) are not
uniquely defined, in general. As a consequence of the difficulty in identifying
mean-field transport maps, the algorithms we study will be based on identifying
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maps (2.30) or (2.31), which only approximately achieve the filtering update (2.22).
However, all formulations considered in this survey will be of mean-field type.

In summary, we refer to equations (2.29), (2.30) or (2.29a), (2.31) as providing
a sample-path perspective. The resulting algorithms update state v,, — v,4; and
are designed to exactly (in theory), and approximately (in practice), reproduce the
probabilistic perspective encapsulated in the three steps of (2.22), or the two steps
of (2.24). These algorithms result in a sample path {v,}};_; with the property that
(possibly only approximately) Law(v,) = ue. This idea is central to the algorithmic
developments in the paper.

2.3.4. Important frequently used notation

The approximations we develop will be based on matching first- and second-order
moments. In the service of designing these approximations, it is useful to define
various first- and second-order statistics computed under the law of (V,41, Yut1)
First define the mean and covariance of V,,,1:

f”\n+1 = EV,,H, (2.32a)
En+l = E((Vnﬂ - mn+l) ® (Vn+l - n7n+l))- (232b)

Then define the mean of the predicted data, cross-covariance from predicted data
to state and covariance of the data:

On+1 = Byns1, (2.33a)
é\,‘zl = E((Vnﬂ - n’in+1) ® (,’y\n+1 - 6n+1))a (233b)
CP = E((Fs1 = 0ns1) ® Gnst = Ons))- (2.33¢)

From these covariances we define the matrix

K,=C» (C)7". (2.34)

n+l

This particular choice of K,,, known as the Kalman gain, plays a central role in the
mean-field maps which underpin ensemble Kalman methods through their particle
approximations. Note that if Eryl zl is not invertible, then its action may still be
defined through a pseudo-inverse.

It is sometimes useful to express the Kalman gain K, in terms of the variable
Znﬂ = h(v,+1) and without reference to predicted data y,,4;. For this purpose we
define the following correlation matrices, computed under the law of v,,4;:

Ons1 = Bh(Vpi1), (2.35a)
C'M = B((Tns1 = Mins1) ® (st = Ons1)),s (2.35b)
CM = BE((ps1 = 0ns1) ® (st — Ons)), (2.35¢)

Downloaded from https://www.cambridge.org/core. IP address: 10.3.192.216, on 17 Jul 2025 at 12:37:39, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/50962492924000060


https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0962492924000060
https://www.cambridge.org/core

ENSEMBLE KALMAN METHODS: A MEAN-FIELD PERSPECTIVE 145

Then, in place of (2.33) and (2.34), we have

CY cvh Y ~hh
Coli=Coiis G =Gy +T (2.362)
Kn=C¥M (Cit +T) 7, (2.36b)

Note that if I > 0, K, is well-defined without recourse to the use of the pseudo-
inverse.

Example 2.7. In the setting of the linear and Gaussian Example 2.6, we have
é::i’l = An+1HT7
C) =HCpH™ +T,
and the mean update (2.28a) may be written as

— T =~
Mpr1 = Mpy1 + Ky (yn+1 - Hmn+1)-

In particular, only the single covariance 5,l+1 needs to be computed. Note the
similarity of the resulting algorithm to the 3DVAR algorithm (2.8), in the linear
Gaussian setting, since in this linear case m,,; = Mm,. It differs only through
having a time-varying gain matrix K. i

This linear Gaussian setting provides some motivation for the Kalman gain. The
origin of this key concept in the more general nonlinear and non-Gaussian setting
will be described in the next subsection.

2.4. Gaussian projected filtering distribution

The Gaussian projected filter gives a Gaussian approximation of the true filtering
distribution. It is defined by the following three steps:

(i) taking input Gaussian at time n as Law(v,,) and pushing this measure forward
under (2.29) to find (typically non-Gaussian) measure Law(V,+1, Yn+1);

(ii) projecting this joint measure onto the nearest Gaussian (in a sense that we
will make precise);

(iii) conditioning this Gaussian on the data yl . to find output Gaussian at time
n+l1.

We note that conditioning a Gaussian random variable on linear functionals of the
random variable returns another Gaussian. Thus the algorithm maps Gaussians
to Gaussians. The resulting approximation of the filtering distribution plays an
important role in motivating the mean-field maps, introduced in Section 2.5, that
underlie ensemble Kalman methods. It is also of interest as a method in its own
right.

In what follows in this subsection we introduce the Gaussian projected approx-
imation to the evolution (2.23). In the case where W(-) and A(-) are linear, the
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resulting formulae deliver exact solutions of the filtering cycle (2.23), leading to
the Kalman filter as given in Example 2.6. The Gaussian projected filter also leads
to a derivation of the Kalman gain (2.34), beyond the linear Gaussian setting; an
alternative derivation, using the minimum variance approach, may be found in
Appendix C.3.

To describe the Gaussian projected approximation to the filtering distribution,
we define the map G, definition of which uses P = P(R?) and 6 = G(R?) defined
in Section 1.4.

Definition 2.8. Define G: P — G by
Gu=N@m*,Cc*), m*=FE*u, CH =E*((u-E"u)® (u-E"uw)),
where u ~ u. 0

Thus the map G applied to measure u simply computes the Gaussian with mean
and covariance calculated with respect to the typically non-Gaussian measure u.
Notice that G is the identity on Gaussians. Furthermore, G o G = G. We refer to
this as a projection onto Gaussians because it corresponds to finding the closest
point to given measure u, with respect to a Kullback-Leibler divergence:4

Gu = argmin . gdxr (u||m). (2.37)

We now use mapping G to find an approximation to the evolution (2.22) which
generates measures remaining Gaussian; intuitively this will be a good approxima-
tion whilst the measures {u,} evolving under (2.23) remain close to Gaussian. To
this end we consider random variable v,, ~ u$, where the probability measure &
evolves according to

uS = Bu(GQPUS), u§ =N(mg, Co). (2.38)

This may be decomposed as follows:

is,, =Pus. (2.39a)
7%, = Q. (2.390)
lurcz;+1 = Bn (gﬂrcz;+1)' (2'39C)

Map (2.38) defines a nonlinear Markov process, similarly to (2.23). It also maps
Gaussians into Gaussians. This fact follows from the fact that the nonlinear map
B,.(-), which represents conditioning, maps Gaussians into Gaussians. The map
uS — ,ufﬂ hence defines a deterministic mapping from the mean m,, and covari-
ance C,, of ,unG into the mean m,,41 and covariance C,,;; of ynG+1. We now identify
this map explicitly.

For v, ~ u$ we introduce the random variables V,,1, y,+1 defined by (2.29). Tt
then follows that v,,41 ~ ﬁfﬂ = Pu& and that (V,41, Yns1) ~ 7rf+1 = QPu¢. Note

4 For details see Section 2.7.
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also that /fiG and 7€ .1 are not Gaussian, but are defined by the Gaussian u$ and
hence completely determined by m,, and C,,. Thus the mean and covariance under

,ZIG are (Mp41, n+1) given by (2.32). Furthermore, gn | 1s defined by

m
GrC =N <IA"“}, ! ) (2.40)
On+l
n+1
where all relevant quantities are defined in Section 2.3.4.
We now condition the Gaussian Qﬂfﬂ, on the second component of the vector

En+1 E,:_{
@) &

n+l

taking value yz +1- From this we find the Gaussian measure ,ufﬂ (gnn +1)
characterized by mean m,4; and covariance C,; given by the following lemma.

Lemma 2.9. Assume thatI" > 0. Let m,, and C,, denote the mean and covariance
under the Gaussian projected filter. Consider equations (2.29) initialized at v,, ~
N(@m,,, C,,), and then (11,41, En+1) defined by (2.32); furthermore, define the mean
of the observed data and covariances given by (2.33). Then C‘Z fl > Oforalln € Z*

and
Mt = i + G2 (C0) 7 (Vi = Onen)- (241a)
Cni1 = C”+1 - Cn+1 (CA,yHy.l)_l (a;l)il)—r (2.41b)
where { y,i} arises from a fixed realization of (2.1). &

Proof. We first note that é‘;yl 11 > 0. Indeed, since by assumption I" > 0 and by
definition C" > 0, then C" +T > 0. Hence by (2.36) we have that C, > 0.
Now consider the distribution of the Gaussian er ., given by (2. 40) Conditioning
the resulting joint random variable on (v, y) € Rd xR% ony = y 1> 1LiS possible

to conclude from standard formulae for conditioned Gaussians that m,,41 and Cj41
are given by the expressions in (2.41). Ul

Equations (2.29), (2.32), (2 33) and (2.41) define a mapping from y,?, charac-
terized by (m,, C,), into ,un 1> characterized by (my1, Cni1). They comprise an
explicit set of formulae for the mapping (2.38): since Gaussians are determined by
mean and covariance, the map on measures is completely determined by the map
from (my, Cy) t0 (mp11, Cuyp).

We note that (2.41) can also be rewritten as

Mps] = Mps1 + Cn+1 (Chh] + F) 1(ytl - 5n+1), (2.42a)
Cps1 = Gyt = C21 (CM1 )TN (). (2.42b)

Equations (2.29), (2.32), (2.35) and (2.42) then also define the mapping from ,unG
into unG+ , and also comprise an explicit set of formulae for the updates of the mean
and covariance which characterize mapping (2.38).
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Finally we note that, using the definition (2.34) of Kalman gain, we can rewrite
(2.41) as

Mpp1 = Mpy1 + Ky (y;:H - 5n+1),
~ ~y T
Cn+1 = Cn+l -K, (Cn-l)-)l) .

Thus we see how the Kalman gain arises naturally within the context of this
Gaussian projected filter.

Remark 2.10. The preceding explicit formulae for (2.38) involve the computa-
tion of expectations under the non-Gaussian measure Law(V,,11, ynt1). For this
reason they do not constitute an algorithm. A possible approach to algorithmic
implementations involves quadrature to approximate the expectations, leading, for
example, to the unscented Kalman filter approach; details may be found in Sec-
tion 2.7. However, the formulation of explicit maps on Gaussians plays another,
important, role in this paper: we use it as a way of explaining the sense in which
the distribution of our mean-field models approximate evolution of measures under
the true filtering distribution; see Section 2.5.6. The explicit map on means and
covariances can also be used to derive the Kalman filter, which applies in the linear
Gaussian setting and is presented above in Example 2.6. 0

2.5. Mean-field maps

In the previous section we did not adopt the sample-path perspective, but rather
chose to represent the evolution of the filtering distribution, approximately, as
the evolution of Gaussians. In this subsection we introduce our first explicit
instance of the sample-path perspective, finding an evolution in state space which
approximately captures the evolution of the filtering distribution. Like the Gaussian
projected filter it uses a Gaussian ansatz, but in a different way, leading to a state
space evolution that is not Gaussian.

Note that elements of B(R¥) are infinite-dimensional objects, for any d. Thus the
filtering distribution defines a nonlinear evolution in an infinite-dimensional space.
This fact goes to the heart of the computational challenges faced when solving
the filtering problem. These computational challenges are further exacerbated
when d > 1. The manifold of Gaussians G(R9) is finite-dimensional, because
it is parametrized by the mean and covariance and hence has dimension %d(d +
3). The preceding subsection provides explicit finite-dimensional maps for the
mean and covariance which characterize the Gaussian projected filter u$ ,urﬁ 1>
an approximation which is (intuitively) accurate when the true filter is close to
Gaussian. Nonetheless, if d > 1 this method can still be prohibitive because the
algorithm acts on a space of dimension that grows quadratically in d.

To address the issue that the Gaussian projected filter may not be efficient if
d > 1, in this section we introduce a more ambitious aim: to find maps on
finite-dimensional spaces of dimension d with the property that (possibly only
approximately) their output is equal in law to the map on measures y, — pn+1
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given by the filtering cycle. We achieve this by studying transport maps that achieve
(2.30) or (2.31); we then weaken this requirement and ask only for transport maps
that approximately achieve (2.30) or (2.31) in a manner that we will make precise.
When combined with (2.29), either (2.30) or (2.31) gives a sample-path evolution
that can be used as the basis of algorithms to solve the filtering problem. This
transport map viewpoint leads us to the subject of mean-field maps, namely random
maps that depend on the law of the state being mapped. When approximated by
particle methods, these maps lead to methods that scale linearly with d, in contrast
to the Gaussian projected filter, which scales quadratically.

This section is organized as follows. We start in Section 2.5.1 with an introduc-
tion to transport maps. Section 2.5.2 describes two distinct transport approaches
which effect exact filtering: one based on the conditioning component of the
overall Bayesian inference step, a transport between probability measures on dif-
ferent spaces; and the other based on the prior-to-posterior map that constitutes
the Bayesian inference step of filtering, a transport between probability measures
on the same space. We refer to these maps which effect exact filtering as perfect
transport.> Sections 2.5.4 and 2.5.5 are concerned with approximations of these
two perfect transports, and are motivated in Section 2.5.3 with an explicit example.
In these approximations the pushforward under the transport map is designed to
match only the first- and second-order moments of the target measure. Hence these
approximations are closely related to, but different from, the previously defined
Gaussian projected filter; we elaborate on this connection in Section 2.5.6. That
subsection also includes Example 2.15, in which we identify mean-field formu-
lations of the Kalman filter; recall that this filter applies only to linear Gaussian
systems, and is defined in Example 2.6.

2.5.1. Transport maps

We start by setting up notation used throughout. Consider probability measures 7
and 7/ on R¢ and R? respectively, and recall from Section 1.4 the definition of
pushforward of a measure under under 7: R¢ — R¥': the statement 7’ = Thr is
a succinct way of stating that if Law(v) = 7 and v/ = T(v), then Law(v’) = 7’. A
transportT: R4 — R? from 7 to #” is a map with the property that the pushforward
of probability measure & under 7, Thn, is equal to probability measure ’. In the
following we refer to 7 as the source measure and n’ as the target measure defining
the transport. In our setting, 7’ will be uniquely determined by 7 and an observed
piece of finite-dimensional data. Thus 7 depends on 7, and so we may view T as a
mapping R? x B — R?’, suppressing, for the moment, explicit dependence on the

5 Perfect transport should not be confused with optimal transport, which identifies among all
(perfect) transport maps the one minimizing a certain cost functional such as that leading to the
Wasserstein distance. See Section 2.7, and Theorem C.6, for more details. We use perfect here
to distinguish from the approximate transport maps, based only on matching first and second
moment; these approximate transport maps underpin ensemble Kalman methods.
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observed data. We can compute the pushforward under 7’ on any measure in {3; but
when we compute the pushforward on 7 we obtain 7. We emphasize that transport
maps are not uniquely defined by their source and target measures, and require
certain conditions for their existence, which we assume here to be satisfied. The
underlying mathematical concept is that of coupling of measures. See Section 2.7
for discussion of transport, optimal transport and coupling.

We will also consider classes of approximate transport maps which do not
achieve transport from 7 to z’, but instead match first- and second-order moment
information (we will be precise below). Such maps will also depend on 7.

We now clarify an important notational issue. The dependence of (possibly
approximate) transport 7 on a measure in 8 does not affect the definition of push-
forward; we employ the following general definition of pushforward for measure-
dependent maps, taken to hold for all 7y, 75 regardless of any assumed relationship
between them:

TCm)fm =TGob| (2.43)

in particular, o
TC;mfn =T 0 . (2.442)
T(;0HGm) = TG AGn)| (2.44b)

In the preceding, pushforward under 7-dependent map 7'(-, 7) denotes regular
pushforward with no relationship assumed between 7 and the measure being pushed
forward. Note that we may define 7 : B(R?Y) — BR?) by T(n) = T(:; m)fx. The
(approximate) transport maps just identified can be recast as mean-field maps when
used in the context where source r is the distribution of the input to 7.

2.5.2. Perfect transport

Consider the idea of finding a transport map that acts on the joint space of state
and data, to effect conditioning with respect to the observed data. To this end we
consider the dynamical system, assumed to hold for all n € Z*:

Vel = P(vn) + &, (2.452)
Vil = h(Vps1) + Mnel,s (2.45b)
Vn+l = TS (Vn+1, yn+1;7rn+1,y;+l), (2.45¢)

where {yjl} arises from a fixed realization of (2.1). Recall that u,, = Law(v,),
Un+1 = Law(Vyy1) and mpq1 = Law(Vas1, Yns1)-

This is an example of the sample-path perspective, and (2.29), (2.30) in particular.
The first two equations, which coincide with (2.29), effect the mappings from y,,
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t0 [ins1 and from [,y to muep. Map® TO(,-) = TS(, -;nn+1,yil+1) is then an
explicit example of (2.30) defined to effect the desired conditioning of m,4; on
yjl 41 inorder to obtain ,,41. The letter S in TS denotes the dependence of the map
on the stochastic data y,.1. Thus equations (2.45) define a mean-field stochastic
dynamical system mapping v, to v,41: stochastic because of the noise in (2.45a)
and (2.45b), mean-field because the map TS in (2.45¢) depends on the law 7,4 of
(Vn+1, Yn+1), and hence on p,,. The three update steps in this mean-field stochastic
dynamical system lead to the following maps on measures:

Hn+1 = Plin, (2.46a)
Tn+l = Qﬁn+la (246b)
fnet = (T 41 (2.46¢)

This is simply a restatement of (2.22), noting that (T,f)ﬁ has been chosen so
that pushforward corresponds to conditioning ,.; on data yl .1 to obtain f4.
In particular, 7,5 (7,41) = (T3)# 7,41 has property 7,°(7,41) = Bu(mns1). Note
that the implied map from u, to u,4+1 is a nonlinear Markov process, because
of the dependence of T,f on m,4; and hence on y,. Furthermore, we have that
Law(vy) = ug for all £ € Z*. The important takeaway is that (2.45) defines a
sample-path picture of the evolution of the filtering distribution: it provides a map
in state space with law governed by the filter. We emphasize again that such a
sample-path representation is not uniquely defined.

Now consider a different approach to transport for filtering: we seek a transport
map that acts on the state space only to effect Bayes’ theorem, i.e. mapping prior
[n+1 to posterior u,+1. To this end we consider the dynamical system

Vel = P (V) + €n, (2.47a)
Vn+l = TP (Vn+l 5 ﬁn+la yjH,] ) s (2.47b)

again assumed to hold for all n € Z*. The first equation maps v,, ~ u, to
Vnsl ~ Hn+1, thus giving a sample-path realization of (2.24a). In the second
equation, the map TP (-) = TD(-;,ZZnH,yjHI) is chosen so that if V1 ~ s
then v,41 ~ Wn+1, thus giving a sample-path realization of (2.24b). Thus we have
another instance of the sample-path perspective, and (2.29a), (2.31) in particular.
Equation (2.47) constitutes another mean-field stochastic dynamical system:
stochastic because of the noise in (2.47a); mean-field because the map 7 in (2.47b)
depends on the law of v, itself, and hence on y,. The symbol D distinguishes
map TP from map T5: map TP is deterministic in the sense that it does not require

6 1t is convenient to use both the notation TS (-, -; 7,4 l,yjl +1)» to be explicit about important de-
pendencies in TS, and to use the notation T,f, for succinct statement of certain formulae when

dropping explicit dependence of T on 7,,,; and ylﬂ. We will use analogous notation for other
mean-field maps in what follows.
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stochastic data y,,,1, in contrast to 7°. Therefore we again have that Law(v,) =
for all £ € Z*, where the probability measure y,, evolves according to

Hn+1 = Plin, (2.48a)
finat = (T2 fiva. (2.48b)

This is simply a restatement of (2.24), noting that (T.” )* has been chosen so that the
pushforward corresponds to the apphcatlon of Bayes’ theorem to incorporate data

. In particular, 7,2 (f41) = (T} Dy4 7,41 has property 7,2 (itp11) = Lon(lns1).
The evolutlon (2.48) is another nonlinear Markov process, now because of the
dependence of TP on f,,;. Again, the underlying sample-path representation
(2.47) is not uniquely defined.

The two transport maps T and T introduce an important conceptual approach
to algorithms for filtering, but determining the maps can be as hard as, or harder
than, solving the filtering problem itself. Thus, in the next two subsections, we
turn to relaxations of the perfect transport effected by 75 and TP . We instead seek
mean-field maps which match only first- and second-order moment information;
this relaxation allows for approximate transport maps with simple affine forms (in
senses to be made precise). The perspective of matching first- and second-order
moments naturally suggests working with Gaussians, and hence we also relate the
approximate transport to the Gaussian projected filter.

2.5.3. Second-order transport: motivation

To motivate the more general ideas behind second-order transport, we first study
an explicit example. It is well known how to transform samples from a unit centred
Gaussian random variable on R into samples from a Gaussian random variable with
mean m # 0 and variance o # 1 by a simple scaling and shifting operation. An
appropriate generalization of such a procedure suggests consideration of the map

Vet = P(vn) +&n, (2.49)
Vet = h(Vni1) + Mt (2.49b)
Vit = Mt + Cy 3 Co P Gt = B, (2.49¢)

where m,,41, 6n+1 and Cy4 are determined by (2.32), (2.33) and (2.41), using
(2.49a) and (2.49b). Here {y, } arises again from a fixed realization of (2.1). This
is a specific instance of the sample-path perspective, and (2.29), (2.31) in particular.
In this case the sample-path evolution of v, has law which only approximates the
true filtering law.

The map v,, — v+ defined by (2.49) is a mean-field map because of the depend-
ence of m;.1, Cy1 and 5n+ 1 on Q Law(v,,). It may be viewed as an approximation
to (2.45) which is exact when Q Law(v,,) is Gaussian. To demonstrate exactness on
Gaussians it suffices to show that we obtain the desired mean and covariance after
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application of the map. It is clear from (2.49c¢) that Ev,,.; = m,+; and also that

E((Vn+l - mn+1) ® (Vn+1 - mn+1))

= C2C PE(pet = mipst) ® Wt — mu))C, 2 CL2

_cl» 5_1/25n+15_1/2C1/2

n+l " n+l n+l n+l

= Cuy1.

It is important to recognize that, in general, v,4; defined by (2.49¢) will not be
Gaussian-distributed since v,,41, defined by (2.49a), will not be Gaussian either.
However, although (2.49) does not provide a closed iteration on Gaussians, the map
from V,,41 to v, agrees with the same step in the Gaussian projected filter, at the
level of first- and second-order moments. But, because it is not a closed iteration
on ®G(R%), it is clearly not the same as the Gaussian projected filter.

Whilst the mean-field map from (2.49) is a relatively transparent way to achieve
the goal of matching first- and second-order moments in the transport step, there
is an uncountable set of ways of achieving this objective; the next two subsections
demonstrate this, identifying all mean-field maps effecting approximate transport
from within two specific classes of affine transformations. We will then highlight
a small subset that have been used in practice, each of which is useful in certain
specific contexts.

2.5.4. Second-order transport: stochastic case
The first class of approximate filters determined by mean-field maps have the
sample-path form

Vil = P(vy) +Ens (2.50a)
Yo+l = h(Vps1) + s, (2.50b)
Viu+l = TS (Vn+la§n+1;7rn+layz+1), (ZSOC)

where {y} arises from a fixed realization of (2.1). We identify TS : R% x R4 —
R4, where fns )= TS (5 ety y; +) approximates an exact transport map TnS ()=
TS(-; M1, yjl ,1)> defined previously, by matching the first- and second-order mo-
ments.

We next introduce” 7 = Law(V,,41, Yn+1) and assume that the exact and approx-
imate transport maps satisfy, respectively,

(T3Yn = Bu(n), (2.51a)
G((T)Fx) = Bu(Gn), (2.51b)
7 We temporarily drop explicit notational dependence on n+ 1 in 7 and in y*. This should not cause

confusion as the approximate map we derive is concerned simply with finding a pushforward that
approximates conditioning of Law(Vy11, Fp+1) 0N Vet = y 1.
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for all measures 7 on the product space R% x R% . Of course, T3 and T will
depend on 7 and then pushforward is to be interpreted as in (2.43) and (2.44). It
is intuitive that (2.51b) enforces map T; to satisfy (2.51a) when r is Gaussian; we
prove this in Lemma 2.11 below.

Perfect transport corresponds to asking that for all measures 7 on the space
R4 x R%, (2.51a) holds; second-order transport relaxes this and asks only that
(2.51b) holds. Whilst achieving (2.51a) may be harder than solving the filtering
problem directly, we will show that achieving (2.51b) is straightforward and leads
to computationally tractable methods. This gain in tractability comes at the price
of only achieving (2.51b) in place of (2.51a). However, it is intuitive that this price
will not be high for settings in which the filtering distribution, and the predictive
distribution on state and data, is not too far from Gaussian; we flesh out this idea
in Section 2.5.6 below.

Working to satisty (2.51b) allows us to find tractable approximate second-order
transport maps by seeking 7 in the form

TS Vs, Yur13 1 Y1) i= AVyyt + Byt +a. (2.52)

We allow the matrices/vectors A, B,a to depend on (7, y"); however, they are
assumed to be independent of (V,,11, y,+1). Making this assumption ensures that
the transport map is affine with respect to the realization of (V,41, Y,+1) (but not
their law). This in turn leads to tractable computations to determine A, B,a on
the basis of matching second-order moments of perfect transport. In addition to
computational tractability, the affine form of the transport map TS is motivated by
the following, which shows that the approximate transport is perfect when applied
to a Gaussian source.

Lemma 2.11. Consider approximate transport map f;f = TS et Ynats 7y
with the form (2.52), assumed to satisfy (2.51b). Then Ts depends on 7 only
through Gr. Furthermore,

(T)HHGm) = Bu(Gr);
thus, if 7 is Gaussian, equation (2.51b) implies (2.51a). O
Proof. We first note that (2.51b) is equivalent to insisting that

G((T)Gn) = Bu(Gn) (2.53)

for all measures 7; this follows because, noting the definition (2.43) and con-
sequence (2.44), the first and second moments of (f,f)ﬁgn and (i‘f)ﬂﬂ' agree,
because of the affine form (2.52) assumed for 7. Recall that (T;) depends on
(r,y"H = (Law(ﬁnﬂ, Vil yjm). From the identity (2.53), it is clear that T;f only
depends on & through Gr because changing 7 — Gr leaves the identity invari-
ant, as G o G = G. Now note that because Gaussians are preserved under affine
transformations,

(TS @t Fnst: 1 YD) G7) = G (TS Graat e, yH) ),
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or, in compact notational form,
THHGn) = G((T3)'n). (2.54)
The desired display in the lemma is then immediate from (2.51b). Ul

An affine transport map of the form (2.52), when combined with particle ap-
proximations, leads to practical implementable algorithms and achieves (2.51b) by
ensuring that (T,f )7 has first and second moments which agree with those of the
Gaussian projected filter; these are given by equations (2.32), (2.33) and (2.41)
when 7 is the law of (Vy41, Ynt1)-

In Appendix C.1, we identify the (uncountable) set of all possible A, B, a which
achieve the desired matching of first- and second-order moments. Here we focus
on the two specific choices given in Example C.5 from that appendix. The first that
we highlight corresponds to the choice

TS (";n+1737n+1;7?n+1’ ij) = Vet + Kn (yjH_] - §n+l),

with K,, = K(m,+1) given by (2.34). Thus we obtain the following mean-field
dynamical system, which corresponds to (2.15) in the setting where the Kalman
gain K, is defined by (2.34):

Vel = P(vp) + &, (2.55a)

Va1 = h(Vni1) + Nusts (2.55b)
—~ -1 —~

Vntl = Vnel + 531 (é\r}:zl) (yjm = Vns1), (2.55¢)

where {yi,} arises from a fixed realization of (2.1), and equations (2.32) and (2.33)
define the Kalman gain K, = 6:1{1 (6 ryl fl)‘l. We refer to this as Kalman transport,
noting that it serves as a derivation of the Kalman gain, beyond the linear Gaussian
setting. This is a specific instance of the sample-path perspective, and (2.29), (2.30)
in particular. Again, this is a case in which the sample-path evolution for v,, has
law which only approximates the true filtering law.

The second transport map from Example C.5 corresponds to the choice

TS(5 T Ty = 12 5-1/2 = -~
T (Vn+l,yn+l,ﬂn+l,yn+1) = Mp+tl +Cn+1Cn+1 (Vn+l _Evn+l)a

—

leading to the mean-field map (2.49), recalling that m,.;, Cy+1 and C,4 are
determined by (2.32), (2.33) and (2.41), using (2.49a) and (2.49b).

Remark 2.12. One important difference between the mean-field models (2.55)
and (2.49) is that the former involves inversion of matrices in data space and the
latter in state space. The relative dimensions of the two spaces plays a role in de-
termining which mean-field model is more appropriate as the basis of algorithms.
A second notable difference is that the mean-field model (2.49) does not require
generation of the stochastic data y,,,;. This is because we may employ the identity
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Ey,+1 = Eh(V,41) and use (2.35) and (2.36) to compute m,,41, C,41 and Cps1. Mo-
tivated by this observation, the next subsection studies a wide class of approximate

transport maps with the property that they do not require generation of stochastic
data. 0

2.5.5. Second-order transport: deterministic case

We now turn our attention to approximate filters defined by deterministic mean-
field maps. We seek to approximate the exact transport (2.47) by mean-field maps
with the sample-path form

Vsl = P(vy) +&n, (2.56a)
Vutl = TD (Vn+1 5 ﬁn+15 yzﬂ), (2.56b)

where {yjl} arises from a fixed realization of (2.1). As in the previous subsection
we drop explicit n-dependence on the measure 1,11 and on the data )’L +; When no
confusion arises from doing so. To this end we define, for v,,11 given by (2.29b),
i = Law(Vys1) and y' = y' . In the following, TP : R% — R® is defined by
TP()=TP(; @, y") and T;? : R% — R% is defined by TnD(-) =TP(; @, yh); thisis
a useful notational convention for the reasons explained in the stochastic transport
setting.

Analogously to the identities (2.51) in the previous subsection, we seek an
approximation 72 which, in comparison with the true transport map T2, satisfies

(TP)* i = B.(O), (2.57a)
G(TPYR) = B.(GOm), (2.57b)

for all measures i on the state space R%". As in the previous subsection, where we
studied approximate stochastic transport, we again seek maps with a speciﬁc affine
form Concretely, the maps are assumed to be affine in the palr Vs, hn+1) with
hn+1 h(V,u+1), leading to the assumed form TD( )= TD( u,y ™) with

fD(VnHa il\n+l M, yT) = RVpy1 + Sil\n+l +r, (2.58)

for (11, y')-dependent matrices/vectors R, S, r of appropriate dimensions. Note,
however, that R, S, r are assumed to be independent of the realization (vV,,41, Zn+1),
depending only on its law, so that the transport map is affine in (vV,,41, E,Hl ). With
this restriction, which will lead to practical implementable algorithms, we simply
ask that (2.57b) holds: the first and second moments of the output map agree with
those of the Gaussian projected filter, given by equations (2.32), (2.35) and (2.42).

As in the previous subsection, there are uncountably many choices of R, S, r
which we identify in Appendix C.2; Example C.12 highlights two important cases.
The first coincides with (2.49) since S = 0, but the second leads to a new mean-field
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map. To formulate this new map we first define K,=K () by
((CMh +T) + T2 (CMh +

n+l

K CV”Z

n+l

+)"A7 (2.59)
We then make the choice
7’:D(T;n+l, Zn+l;ﬁ’ yT) = ’V\n+l - En(’l/;rwl - E’]:l\n+l) + Kn(y-r - E;l\nﬂ),
with K, given by (2.36) and repeated here for convenience:
1
(Cht +1) 7,

The second mean-field map identified in Example C.12 is

K th

n+l

Vsl = P(vy) +En, (2.60a)
Tns1 = h(Pps1)s (2.60b)

Vi = Vet = Kn(tner = Bhyet) + K (v5, = Bl ), (2.60c)

n+1

where K,, and fn are computed under Law(v,,+1). This is another instance of the
sample-path perspective, and (2.29), (2.31) in particular. Again this sample-path
evolution for v,, has law which only approximates the true filtering law.

Remark 2.13. If the ensemble spread is such that the size of égfl is much
smaller than the size of the observational covariance I', then we may invoke the
approximation C Zfl + 1" = I". With this approximation it follows that K, ~ %Kn in
(2.59). Some deterministic ensemble Kalman filters are ¢ derived from mean-field
dynamics which exploit this approximation by setting K,, = +K,, in (2.60). We
then replace (2.60c) with the compact update step

Vit = Vsl + Ky < Your1 — (Ezn+l +77\n+1)) . (2.61)

Such a formulation corresponds to the control-theoretic perspective of (2.15), with
K, given by (2.36) and the innovation (2.16) replaced by

DI
Sn = Vi = 5 st + ). (2.62)

Filters based on this mean-field dynamics thus invoke an additional approximation
of perfect transport, over and above that stemming from matching only first and
second moments: they assume further that the observational noise dominates en-
semble variation. However, we will see that in the continuous-time limit described
in Section 3, this form of the innovation arises naturally and does not constitute an
additional approximation. 0

2.5.6. Second-order transport: summary

It is helpful at this point to take stock of two approximations to filtering that
we have introduced, Gaussian projected filtering and approximate transport, and
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discuss their inter-relations. For simplicity we do this in the context of mean-
field stochastic maps, but similar considerations extend to mean-field deterministic
maps. In this subsection we also include Example 2.15, demonstrating the existence
of mean-field maps for the Kalman filter which, recall, applies only in the linear
Gaussian setting.

Recall that

Mns1 = Ba(QPuy),  po = N(mo, Co), (2.63a)
1., = Bu(GOPUS),  u§ = Namno, Cy), (2.63b)

With the goal of discussing the inter-relations between Gaussian projected filtering
and approximate transport methods, we let u™*" denote the measure associated
with using the mean-field map TS to approximate the conditioning step in (2.22).
Using (2.51b) to rewrite the Gaussian projected filter, and using the construction
of the stochastic mean-field model (2.50), we obtain

1l = G(THHQPUS)), 1§ = Namno, Co), (2.64a)
pME = THEQPEME),  pF = N(mo, Co). (2.64b)

Remark 2.14. Equations (2.64) show that {uMF} is close to { ¥ } if the Gaussian
projection in (2.64a) is close to the identity where it acts on the output of one
step. Equations (2.63) show that {9} is close to {u,} if the Gaussian projection
in (2.63b) is close to the identity where it acts on the joint space of state and
observation. Together these two facts suggest that {u™ '}, {uS} and {u,} are all
close to one another if the two Gaussian projections can be viewed as being close to
the identity map, where they appearin (2.63) and in (2.64). This provides a potential
path for analysis of the mean-field model, away from the linear setting where it is
exact. Note also that (2.64a) shows that the Gaussian projected filter evolves within
the manifold of Gaussian probability measures; the mean-field model (2.64b) does
not. 0

Example 2.15. Assume that vy ~ N(mg, Cp), thatI" > 0, and consider the Kalman
filter setting of Example 2.6; in particular, (2.6) prevails, rendering ¥ and / linear.
The mean-field stochastic dynamical system (2.55) then takes the form

Vsl = Mvy + &y, (2.652)
Vnel = HVpst + st (2.65b)
Vat+l = Vn+1 + Cn+1H (HCn+1HT +I)” ( Vsl yn+l)’ (2.65¢)

where { ynLarises from a fixed realization of (2.25) and where C,, is the covariance
of v, and Cpy1 = MC,M™ + X is the covariance of v,,;;. The resulting dynamics
give a sample-path representation of the Kalman filter in that v,, ~ N(m,, Cy),
where m,,, C,, are as given in Example 2.6. This follows because the map defined
by (2.65) is well-defined, since I' > 0. Lemma 2.11 shows that the approximate
transport is exact in this Gaussian setting.
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Similar ideas can be applied to (2.49) and (2.60) to determine other mean-field
models with law equal to that of the Kalman filter. Furthermore, we observe that the
formulation based on (2.49) can be symmetrized to obtain, in the linear Gaussian

setting of (2.6),
Vsl = Mv, + &y, n € 2%, (2.662)
Vil = Mppt + Ap(Vag1 — Mpgr), (2.66b)
ol -1/2
An = (Coe) P[(Cos) P Crit (Coe )] (Coe) V2, (2.66¢)

with (ins1, Cusr,s C2, C ) defined by (2.32) and (2.35), and (41, Cpat) given
by (2.41). We note that the second component of the map may be written in gradient
form, and corresponds to an optimal transport from f,,41 into w41 in the sense of
the Euclidean Wasserstein distance of optimal transportation (see Section 2.7 for
details). Indeed, this is true for an entire family of weighted Wasserstein distances:

see Example C.7. To recognize the gradient structure, define

1 - —~
D,(v) = <mn+1’ v> + §<An(v —Mps1),V — mn+1>

and note that then

Vsl = My, + &, n € 24, (2.67a)
Vsl = VO, (Vyp1). (2.67b)
g

2.6. Ensemble Kalman methods

The mean-field formulations from Section 2.5 provide clear insights into many of
the design choices and mechanisms that underlie ensemble Kalman methods. In
this subsection we take the mean-field models and use particle approximations to
derive implementable numerical algorithms. When approximated by interacting
particle systems, the mean-field formulations of ensemble Kalman methods lead to
actionable algorithms.

We start, in Section 2.6.1, with the setting in which transport is perfect. These
algorithms are not, in general, implementable since determining perfect transport
is itself a difficult computational task and the subject of ongoing research; see
Section 2.7. Thus we turn to particle approximations of the transports designed
to match first- and second-order statistics. This leads to the (stochastic) ensemble
Kalman filter in Section 2.6.2, and to (deterministic) ensemble square root filters
in Section 2.6.3. The methods derived in this subsection involve approximating the
Kalman gain by computing covariances under the empirical measure defined by the
ensemble of particles. To avoid overloading notation, in the rest of this subsection
Cps1, Cust, EZ il and 6,{ 51 will denote covariances computed with expectation
under the empirical measure. With this notation in place, in the rest of this specific
subsection, K, will directly refer to the particle approximation of the Kalman gain,
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computed using the covariances with respect to the empirical measure, without
further specification needed. Throughout this section {yjl} arises from a fixed
realization of (2.1).

2.6.1. Perfect particle filters

The mean-field equations (2.45) could, in principle, be approximated through
a particle approximation of the mean field leading to the following conceptual
(because map T is not known explicitly) algorithm: let J = {1,...,J} and
consider, for (n, j) € Z* X J, the interacting particle dynamical system

W =w () + 7, (2.68a)
=) _ 3 (=) )]
Yo =hE) +ml (2.68b)
(J) S (<) () ¥
Vsl = =T ( Vit1e yn+1’ﬂn+l’yn+l)’ (2.68¢)
J
n+1 Z::‘ Afff. ygzl (2.68d)

This evolves the particles {v(] )} jeJ into {v \}jeJ. Here the {f(] )} are, for each
J, random variables given by the known dlstrlbutlon of &, specified in (2.2) and,
furthermore, are drawn independently with respect to each (, j) € Z* x J. Similar
considerations apply to the {77(’ )} which, additionally, are independent of the {§£ii >}.
It is intuitive that the large J limit of this system recovers the mean-field dynamics

(2.45) and, in particular,
12
=5 Z 8,0~ Hn. (2.69)
j=1

Applying a similar idea to (2.47) leads to the following conceptual (because map
TP is not known explicitly) algorithm. Consider, for (n, j) € Z* x J, the interacting
particle dynamical system

v =) + &), (2.70a)
() _ D () t
vl =T (O B Vi) (2.70b)
J
1
Hpr = 5 2,050 - (2.70c)
=1

This evolves the particles {v(J )} jeginto {vi{jl } jes. The same assumptions are made
about the {f;’ )} as for the preceding interacting particle dynamical system. It is
again intuitive that the large J limit of this system recovers the mean-field dynamics
(2.47), and the evolution (2.48). In particular, it is intuitive that (2.69) holds for this
particle approximation too. We reiterate that in practice these algorithms are, in
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general, not easy to use. More specifically, finding particle-based approximations
757 and TP+ to the desired transport maps such that

lim 7%/ =75, lim 77/ =7P

J—o0 J—o0
in an appropriate sense is a computationally challenging task and the subject of
ongoing research. This leads to the next two subsections in which we replace 75
and TP, in the interacting particles systems (2.68) and (2.70), by the previously
introduced affine approximate transports TS and TP, respectively.

2.6.2. Stochastic ensemble Kalman filters

Particle approximation of the mean-field dynamical system (2.55), effecting Kal-
man transport, bring us to the stochastic EnKF (ensemble Kalman filter). This
method may be derived by writing down a particle approximation of the mean-
field stochastic dynamics defined by (2.55). We evolve the particles {v(J )} jeJ into

{v;{z | }jed according to the following stochastic interacting particle system, holding

for (n, j) € Z* x J:

T =) el ez, 2.71a)

if.ﬁ)l = h(’fle) + 77;]31’ nez, (2.71b)

51]31 Afc]+)1 +Ka(V) _5’{721)’ (2.71¢)
L

CERPILCTEL @7o

Here the Kalman gain from (2.34) is approximated using the empirical measure

+1, but it is still denoted by K,, to avoid proliferation of notation; details fol-

low below. The same assumptions regarding {‘f(f )} and {n(] ) } are made as for
(2.68). We let E; denote expectation under x3. For the basic 1mplementati0n of
EnKF (2.71) the desired covariance matrices, and Kalman gain (2.34), are then
approximated by expectation under 7 41> SO that®

Cn+l = En+l ((le - Eiz+1;n+1) ® (ynﬂ - E‘rjl+13’\n+l)>’
@fl = En+1 ((ynﬂ - Ei+1yn+1) ® (§n+1 - Ei+1yn+1))’

K, = Cn+1 @fl)

Note that a pseudo-inverse may be required to define K,,. An alternative, avoiding
the pseudo-inverse, is to use a particle approximation in formula (2.36b), leading

8 The empirical covariance computations are often modified to accommodate the widely adopted
convention of scaling by 1/(J — 1), instead of 1/J, in view of the matrix being computed from
J — 1 independent increments about the mean.
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to the use of

Cr‘:j—ll = ;jl+1 (Va1 = EpyiVet) ® ® (h(Vne1) = Efmh(vml)))’ (2.72a)
M =B (h@pa1) =B hGnst)) ® (h(pat) =B, hTas1))),  (2.72b)
K,=C (CMh +T)7, (2.720)

to compute the gain K,,. The advantage of this latter formulation is that it ensures
positivity, and hence invertibility, of the covariance in data space, if I is positive
definite. It is hence typically preferred.

Pseudo-code for the stochastic EnKF may be found as Algorithm 2 in Ap-
pendix A.

Example 2.16. We return to the set-up of Example 2.3, and now demonstrate
performance of the stochastic EnKF on the same Lorenz 96 model. Indeed,
we again study the Lorenz *96 (single-scale) model for unknown v € C(R*, RF)
satisfying equations (2.9) with L = 9, h, = —0.8 and F = 10 and function m as
shown in Figure 2.1. We consider observations {y,, },cz+ arising from the model

— T
n+1 =¥ +£,
yn+1 h( n+1) +77n+1’

where W is the solution operator for (2.9) over the observation time interval 7, and
{g;} neZ+ {nll} nen are mutually independent Gaussian sequences defined by

E~NO, 0% iid., 75 ~N(©O,y*D)iid.,

with o = 0.1 and y = 0.1. We again assume that the observation function is linear:
h(v) = Hv for matrix H: R® — R® defined by (2.10).

Figures 2.5(a) and 2.5(b) demonstrate the performance of stochastic EnKF in
this experimental setting with 7 = 1073 and using J = 10? and J = 5 x 107,
respectively, against the performance of 3DVAR with no noise; note that the EnKF
uses a time-varying estimate of the gain K,, whilst 3DVAR uses the fixed K
given in Example 2.3. These experiments illustrate that using sufficiently large
ensembles, the ensemble Kalman filter outperforms 3DVAR on such a nonlinear
filtering problem where the true state and observational noise levels are high. Here
outperforms refers to mean squared error in recovery of the state. To demonstrate
this improvement quantitatively, we compute (a) the mean squared error between
the estimates yielded by 3DVAR and the true states, and (b) the mean squared error
between the ensemble mean of stochastic EnKF and the true states. In particular
we report time-averaged mean squared errors obtained from both 3DVAR and
stochastic EnKF given by use of formula (2.17) from Example 2.5 using t* = 3
and T = 10. An ensemble size of J = 102 yields egpxr = 1.05 X 10°, while for
J =5 x 10% we obtain egykp = 5.24 x 1071, For comparison, the error obtained
using 3DVAR is e3pyar = 1.85 x 10°. 0
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EnKF on singlescale for true model given by Lorenz 96 singlescale

—— 3DVAR
-10 —— ENKF, J=100

0 2 4 6 8 10
(a) EnKF with ensemble size J = 102

EnKF on singlescale for true model given by Lorenz 96 singlescale

~10 —— EnKF, J=500

0 2 4 6 8 10

(b) EnKF with ensemble size J = 5 x 102

Figure 2.5. In this experiment we set the noise levels o = 107!,y = 1071, We
display the estimates of v3 in time produced by EnKF (using ensemble average)
and 3DVAR against the true dynamics using observation time interval 7 = 1073,
Again ‘dns’ refers to direct numerical simulation. The results show that the EnKF
provides a more accurate estimate of the trajectory, albeit at higher cost in terms of
number of model evaluations.

2.6.3. Ensemble square root filters

The variants on the EnKF described in this subsection are known as ensemble square
root filters; they are based on mean-field maps (2.49) and (2.60), approximated by
interacting particle systems.

Remark 2.17. Square root filters are sometimes referred to as deterministic en-
semble Kalman filters, to distinguish them from the ensemble Kalman filters de-
scribed in the preceding subsection (see the discussion of this, and bibliographical
information, in Section 1.1). However, we have already used the terminology
‘stochastic’ and ‘deterministic’ to distinguish between different variants on the
mean-field models that we describe in Sections 2.5.4 and 2.5.5 respectively. With
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the exception of the discussion in Section 1.1, we simply refer to square root filters
for the methods introduced in this subsection. We note, however, that they are
deterministic in the sense that they do not require generation of random variables.

We introduce two families of square root filters: of adjustment and transform
type. We emphasize again that the choice of which method to use in practice
is determined by implementation details such as the number of particles J, the
dimension of state space d,,, and the dimension of the observation space dy. These
implementation details, although important, are not the focus of this paper. 0

Ensemble adjustment Kalman filters. We introduce two different particle-based
approximations of mean-field models. Both methods are examples of a general
class of algorithms known as ensemble adjustment Kalman filters: EAKF. The
starting point for the first of these EAKF methods is the mean-field map (2.49a),
(2.49¢), repeated here for convenience:

Vel = P (V) + €n, (2.73a)
3 1/2 7=1/2 ~ ~
Vpel = Mpp +C 5 C (Vn+1 = Bvpgn), (2.73b)

n+l “n+l

where m,,41, 5n+1, and C, are determined by (2.32), (2.35), (2.36) and (2.41).°

As in the previous subsection the methods evolve particle ensemble {vﬁlj) }jesinto
{v;jzl } jed, via the predictive ensemble {’\751]:1 } jes. However, they do not employ
simulated data {)7(,1]21 jeJ; rather, they make use of {71\;]21 } jed» Where Z;” = h(i?(nj)).
To define the methods it helps to introduce new notation. Slightly modifying the
notation in the preceding subsection, we now let B3, denote expectation with respect
to the empirical measure

J
- 1
eI
=

We let V.41 denote the random variable with this distribution and, as before,
hpy = h(’V\nH)- -
Next we define matrix V;, comprising scaled ensemble deviations in state space:
—~ 1 e — —~
Vo= —=(0 B0 00 BV, 7 —ET,) € RV,

"I
We then define the analogous matrix H,, in observation space:
_ 1 ~ - - - ~ -
Hy=— (1 =B 1Y —Ephy, ... b —Ejhy) e RO,

VI

9 Although the identity (2.41) is derived in a subsection concerning the Gaussian projected filter, it
is contained in Lemma 2.9, the proof of which simply concerns conditioning of Gaussians.

Downloaded from https://www.cambridge.org/core. IP address: 10.3.192.216, on 17 Jul 2025 at 12:37:39, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/50962492924000060


https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0962492924000060
https://www.cambridge.org/core

ENSEMBLE KALMAN METHODS: A MEAN-FIELD PERSPECTIVE 165

With this notation in hand, we have, with expectations computed under E,

C"=V,H, (2.74a)
CM" = H,H, (2.74b)
and the ensemble-based approximation of the Kalman gain matrix is'©
1
Kp =V H (Hp HL, +T) 7. (2.75)

This is a linear algebraic reformulation of the Kalman gain approximation resulting
from (2.72). By making a particle approximation of (2.73), using (2.32), (2.35),
(2.36) and (2.41), we obtain

v =W+l nezt, (2.76a)
Ml =B Vet (2.76b)
Mps1 = Mpe1 + Ky ( Vsl En+1hn+1), (2.76¢)
v = + CECTP Y i), (2.76d)

where K, is given by (2.75); furthermore, C n+1 and Cy41 are computed empirically
using

—~

Coet = Vet V3o Cot = Vot (1+ HY T Hyy) ™ V]

n+l n+l-

2.77)

The first of these two formulae follows similarly to (2.74); the second of these two
formulae is derived as follows: !

Cpst = G = C1 (CM 2 T)H(C) T (2.78a)
= Vot Vit = Vot Ly (Hpt By +T) ™ Hyd V7 (2.78b)
=V (I =B, (A BT, +T)  Hoy ) VT, (2.78¢)
= V(T +H T Hy) VT (2.78d)

The EAKF (2.76) takes as starting point (2.49). If instead we apply a particle
approximation to the mean-field dynamical system (2.60), we obtain a second

10 Here too, the empirical covariance computations are often modified to accommodate the widely
adopted convention of scaling by 1/(J — 1) instead of 1/J.

11 Using, in the last line, the identity I - WT (WWT + I)~1W = (I + WTW)~!, which holds for all
(not necessarily square) matrices W.
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version of the EAKF:
W =w(b) 4D nezt, (2.792)
)y =h(@). (2.79b)
st =B, Vet (2.79¢)
Maet = et + K (), = En+1hn+1) (2.79d)
Vi = muet + () = i) = Ka (1)), = B B (2.79)

By making an empirical approximation of the formula (2.59), the matrix K, is
defined using the identification

gn = n+1Hn+1[(Hn+1H 1+F) (ﬁnﬂHT | +I—.)1/2F1/2]—1

Remark 2.18. The key difference between (2.76) and (2.79) is that the former
involves inversion in state space, and the latter in data space. The relative size of
the two dimensions dictates which is preferable. U

Ensemble transform Kalman filters. The two EAKFs just defined both involve
application, and inversion, of matrices which are applied on the left and act on state
space. A different class of algorithms, known as ensemble transform Kalman filters
(ETKF), involve matrix multiplication from the right, and consequently inversions
take place in the ensemble space of dimension J. In many applications this is far
smaller than the dimension of the state or data spaces, and then use of this version
of the methodology is preferred. The aim is to determine matrix Z, € R’*/,
and to derive Kalman gain K,, from Z,, so that the following interacting particle
system produces an ensemble of particles {v(J ) } jes with empirical covariance
C,+1 defined by the second item in display (2.77)

Wo=w)+&). nezr, (2.80a)
Mns1 =B Vet (2.80b)
Mpt1 = Myy1 + Ky ( Yol E‘,Jl+1’]/;n+l)’ (2.80c)

5;]31 = Mpyp + Z n+1 — Mps1 ) (Zn)ij- (2.80d)

To this end we define the matrix of ensemble deviations

1
V, = —(vi,l) - EJ WVns v Ei’nvn, R o Einvn) e RV,

"I
where the expectation Ein is with respect to the empirical measure (2.69) and v,
is a random variable with this distribution. It then follows from (2.80d) that

Vst = Vo1 Zo. (2.81)
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If we define
-1/2

Zy=(I+H T Hyy) " e R, (2.82)
then, as desired, Vn+1VnT+] = Cy41 as defined by (2.77), by virtue of (2.78). The
calculations in (2.78) can also be utilized to verify that the empirical Kalman gain
matrix defined by (2.75) satisfies

Ky=VonZiHy T

n+l

Using this formula for K,, in (2.76) leads to an algorithm which matches first-
and second-order statistics of the Gaussian projected filter, at n + 1, requiring only
matrix inversions in space of dimension defined by the number of particles J.

We finally note that (2.80c) and (2.80d) can be combined into a single trans-
formation step of the form

J
v =350 (S0 (2.83)
i=1

where S,, € R/*/ replaces the matrix Z, in (2.80d) such that

J J
— 0 _ (i)
Mpy1 = Z n+1 Z n+1(Sn)ij
Jj=1 i,j=1

holds in addition to (2.81) with Z,, replaced by §,,.

Remark 2.19. Formulation (2. 83) has a number of attractive features. First, it
clearly reveals that the analysis {v 1} jey lies in the span of the space spanned

by the predictions {vn +1} jed> Which is relevant whenever J < d,. Second, all
particle implementations of the ensemble Kalman filter and many of its extensions
can be put into the framework (2.83) with the (possibly random) matrix S chosen
appropriately. Third, it encodes a coupling between the prediction { g l} ] eJ and

the analysis {vn +11jeJ at the level of their associated empirical measures i and
sy, respectively. See the following bibliographical section for more details. u

2.7. Bibliographical notes

Ideas from feedback control underlie the material in Section 2.2, addressing Ob-
jective 1. Control theory is an enormous subject in its own right and we cannot
do justice to it in this paper. For the study of linear control theory, as illustrated
in Example 2.2, see Astrom and Murray (2021) and Sontag (2013) for engineering
and mathematical treatments respectively. For the control-theoretic approach to
the state estimation problem see Luenberger (1964, 1971).

Our study of control-theoretic methods has focused on 3DVAR. Recent analysis
of the 3DVAR method rests heavily on ideas arising from determining modes for
dissipative evolution equations, an idea with roots in the paper by Foias and Prodi
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(1967) and unified in the book by Temam (2012). The use of these ideas in data
assimilation was introduced in Olson and Titi (2003) and developed further in
Hayden, Olson and Titi (2011) and Foias, Mondaini and Titi (2016). The papers
of Law and Stuart (2012), Law, Shukla and Stuart (2014), Law, Sanz-Alonso,
Shukla and Stuart (2016a) and Sanz-Alonso and Stuart (2015) essentially establish
the stability of these deterministic results to small noise perturbations; see also
Moodey, Lawless, Potthast and van Leeuwen (2013) for related analysis. In the
context of using observations to control the instability of chaotic systems, all of
this work may be seen as building on the study of synchronization by Pecora and
Carroll (1990), reviewed in Ashwin (2003).

In Section 2.3 we introduce the probabilistic approach to filtering, addressing
Objective 2. In low-dimensional systems, particle filters provide a flexible and
efficient tool for attacking probabilistic filtering; see Doucet et al. (2001). However,
in this paper our focus is on high-dimensional problems and Kalman-based methods
specifically. The books by Reich and Cotter (2015), Asch, Bocquet and Nodet
(2016), Law, Stuart and Zygalakis (2015), Harlim and Majda (2010), Abarbanel
(2013) and Evensen, Vossepoel and van Leeuwen (2022) provide overviews of a
variety of filtering methods, and ensemble Kalman methods from Section 2.6 in
particular.

The Kalman filter (Kalman 1960) from Example 2.6 led to arguably the first
systematic analysis of an algorithm for incorporation of discrete-time data into
estimation of a discrete-time stochastic dynamical system; it applies only to linear
Gaussian systems. The monograph by Jazwinski (2007) provides an introduction to
nonlinear filtering in both discrete and continuous time; in particular, it discusses
the extended Kalman filter (ExKF), found by applying the Kalman filter to a
linearization of the state and data dynamics. However, the ExXKF does not work
well in high dimensions (Ghil ef al. 1981), motivating the use of mean-field maps,
as introduced in Section 2.5, and the ensemble-based methods from Section 2.6
which approximate them. The approximation of mean-field maps by interacting
particle systems is reviewed in Sznitman (1991).

We refer the reader to the excellent monographs by Asch et al. (2016) and Evensen
et al. (2022), which emphasize important implementation details not covered in
this paper, relating to these ensemble Kalman methods; these include techniques
such as inflation and localization that are central to the success of these methods in
high dimensions. We also refer to Vetra-Carvalho et al. (2018) for a comprehensive
review of the algorithmic details of ensemble Kalman methods. Here we point to
two implementation details that are of particular practical importance. The first
concerns the use of ensemble square root filters from Section 2.6.3. The matrix
Z, in (2.81) is not uniquely defined by the requirement V.. 1VnT+1 = Cj41. Formula
(2.82) constitutes one possible choice, which leads to a symmetric Z,,. See Livings,
Dance and Nichols (2008) for more details. Second, finite particle implementations
of the stochastic EnKF from Section 2.6.2 entail that the random realizations

?njjl appear in the Kalman gain K,, as well as in the innovation term in (2.71c).
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As first observed by Houtekamer and Mitchell (2005), this leads to a systematic
underestimation of the ensemble spread, which vanishes in the J/ — oo limit, but
can affect the performance of the EnKF for small particle sizes. In Section 5.6
we will highlight the same effect when discussing finite particle implementations
(Niisken and Reich 2019, Garbuno-Inigo, Niisken and Reich 20200) of the ensemble
Kalman sampler for Bayesian inversion, based on the mean-field model proposed
in Garbuno-Inigo, Hoffmann, Li and Stuart (2020a).

Particle-based extensions of the classical Kalman filter to nonlinear filtering
problems include the unscented Kalman filter and the ensemble Kalman filter.
While this paper focuses primarily on ensemble Kalman filter techniques, the
unscented Kalman filter is an approach based on application of quadrature to the
Gaussian projected filter from Section 2.4; see Julier, Uhlmann and Durrant-Whyte
(2000) as well as Sarkka and Svensson (2023). A discussion and evaluation in the
context of ensemble square root filters may be found in Wang, Bishop and Julier
(2004).

Much of the development of ensemble Kalman methods reflects the historical
roots of the subject in the geophysical sciences, the atmosphere-ocean sciences
in particular, including Lagrangian data assimilation, and in the modelling of
subsurface flow (Burgers et al. 1998, Houtekamer and Mitchell 1998, Anderson
2001, Bishop et al. 2001, Whitaker and Hamill 2002, Tippett et al. 2003, Hunt
et al. 2007, Li and Reynolds 2009, Sakov et al. 2012, Bocquet and Sakov 2014,
Evensen 2019, Bocquet and Sakov 2012, Bocquet et al. 2017, Gurumoorthy et al.
2017, Sampson, Carrassi, Aydogdu and Jones 2021, Kuznetsov, Ide and Jones
2003, Salman, Kuznetsov, Jones and Ide 2006). We also mention the randomized
maximum likelihood (RML) approach to Bayesian inference, which is closely
related to the analysis step of a stochastic EnKF and was also developed primarily
through application in the geophysical sciences (Kitanidis 1995, Oliver, Cunha and
Reynolds 1997, Oliver, Reynolds and Liu 2008).

There is also a body of literature concerning the analysis and development of
ensemble methods with an emphasis on applications in complex and turbulent
flows: Grooms, Lee and Majda (2014, 2015), Robinson, Grooms and Kleiber
(2018), Lee, Majda and Qi (2017), Gottwald and Majda (2013), Kelly, Majda
and Tong (2015), Tong, Majda and Kelly (2016a,b), Kelly et al. (2015), Harlim,
Mahdi and Majda (2014), Majda and Tong (2018), Fertig, Harlim and Hunt (2007)
and Harlim and Hunt (2007a,b). The conceptual fluid dynamics models of Lorenz
(1996) (often referred to, collectively, as Lorenz *96 models) have been particularly
influential in germinating this body of work, and we use them exclusively in our
illustrative Examples 2.3, 2.16, 2.5, 4.23 and B.1. Furthermore, we will make use
of the relationship between the multiscale and single-scale version of the model as
developed in Fatkullin and Vanden-Eijnden (2004).

Recently ensemble Kalman methods have been developed for potential use in
machine learning (Haber, Lucka and Ruthotto 2018, Kovachki and Stuart 2019,
Guth, Schillings and Weissmann 2022, Grooms 2021, Gottwald and Reich 2021,
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Yang and Grooms 2021, Pidstrigach and Reich 2023); see also Bocquet et al.
(2017) and Chen, Sanz-Alonso and Willett (2022b) for research at the intersection
of machine learning with ensemble Kalman methodology.

In this survey we started with mean-field equations, in Section 2.5, and then
discretized the mean-field limit using J particles in subsequent subsections. It
is of interest to demonstrate that the discrete formulations which arise actually
converge to the mean-field equations in the / — oo limit. This has indeed been
established for the ensemble Kalman filter when applied in the linear Gaussian
setting in which the mean-field limit exactly recovers the filtering distribution (Le
Gland, Monbet and Tran 2011, Mandel, Cobb and Beezley 2011, Kwiatkowski and
Mandel 2015) and indeed some of these results also apply in the nonlinear setting.
In the continuous-time setting, long-time error estimates, exploiting ergodicity
of the Kalman—-Bucy filter itself and propagation of chaos ideas to extend to the
ensemble Kalman approximations, are developed in Del Moral and Tugaut (2018);
see Section 3.7 for further details concerning continuous time. Law, Tembine and
Tempone (2016b) have studied related work concerning the mean-field limit of
ensemble Kalman methods in the context of non-Gaussian problems. Ding, Li
and Lu (2021) and Ding and Li (2021a,b) studied particle approximation of mean-
field limits beyond the Gaussian setting, primarily in the context of the solution
of inverse problems; see the discussion in Section 5.6. Hoel, Law and Tempone
(2016) and Chernov et al. (2021) studied the use of multilevel approximation of
the mean-field limit, coupling ensemble approximations at different levels of space
or time discretization.

In Section 2.5.3 we introduce the idea of second-order transport: approximations
of the perfect transport maps that effect filtering. The non-uniqueness of second-
order transport maps is studied in continuous time, for linear Gaussian stochastic
differential equations, in Taghvaei and Mehta (2020); this work is closely related to
our analysis in the first two subsections of Appendix C. Non-Gaussian extensions
are discussed in Taghvaei and Hosseini (2022). We also highlight that it is possible
to construct second-order transport maps 7', which satisfy conditions different from
(2.51b) and (2.57b), respectively. For example, one could request that

G((T3Hr) = GB(n).

This approximation has been utilized by Lei and Bickel (2011). The analogous
deterministic approach has been put forward by Todter and Ahrens (2015) and
has been explored further, for example, in Acevedo, de Wiljes and Reich (2017).
Alternatively, one can also replace the definition (2.37) of the Gaussian projection
operator G. To this end, recall that the Kullback—Leibler divergence between
probability measures 7y and 7, on R is defined as

dr
dKL(mllﬂz)=/7r1(du)10g ﬁ(u);
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in particular, it is not symmetric in its two arguments. Gaussian variational infer-
ence (Bishop 2011) is, for example, based on the definition

G = argmin ;. sy (x]|10) (2.84)

in place of (2.37); note, however, that the minimizer of (2.84) may not be unique,
whilst the minimizer of (2.37) is always unique.

While we follow the moment matching perspective on the derivation of en-
semble Kalman filter methods in this survey, we mention in passing that there is
an alternative perspective based on linear minimum variance estimators. See van
Leeuwen (2020) in the context of the stochastic ensemble Kalman filter, and Ap-
pendix C.3 as well as Lei and Bickel (2011) for nonlinear extensions. The Bayes
linear methodology is an alternative approach of interest (Goldstein and Wooft
2007).

Even in the mean-field limit / — oo, the ensemble Kalman filter provides
approximations only to approximate transport-based filters. They are only exact
in the linear Gaussian setting (Le Gland et al. 2011); recent works develop new
tools of analysis to extend this to nonlinear filtering problems that are close to
Gaussian (Carrillo, Hoffmann, Stuart and Vaes 2024, Calvello, Monmarché, Stuart
and Vaes 2024). As mentioned in Section 1.1, sequential Monte Carlo methods
can be designed to be consistent with the underlying nonlinear filtering problem,
as defined, for example, by perfect transport-based filters. Foundational analysis
of these particle methods is undertaken in Crisan, Del Moral and Lyons (1999)
and Del Moral (2004); but we reiterate that, in contrast to ensemble Kalman-based
methods, they do not scale well to high dimensions. We also point to Del Moral,
Doucet and Jasra (2006) for an application of the sequential Monte Carlo method
to Bayesian inference problems; the approach therein is closely related to iterative
implementations of the EnKF that were subsequently developed in Li and Reynolds
(2009), Gu and Oliver (2007) and Sakov et al. (2012).

Despite only providing approximations to the exact filtering distribution, i.e. from
the perspective of Objective 2, accuracy and stability results for the ensemble Kal-
man filter, viewed as a state estimator and hence from the perspective of Objective 1,
have been derived. See, for example, Gonzdlez-Tokman and Hunt (2013), Kelly,
Law and Stuart (2014), Tong et al. (2016a,b) and Del Moral and Horton (2023).
Mechanisms for finite-time filter divergence have also been identified (Gottwald
and Majda 2013, Kelly et al. 2015).

Extending the ensemble Kalman filter to strongly nonlinear and high-dimensional
state estimation problems constitute an area of active ongoing research. The cur-
rent state of the art has been summarized in van Leeuwen er al. (2019) in the
context of high-dimensional geophysical applications. Extensions of the transport
framework (2.47), which build on approximating the perfect transport maps T2 in
(2.47b) in an asymptotically consistent manner, include the work by Reich (2013),
Cheng and Reich (2015), Spantini et al. (2022) and Zech and Marzouk (2022).
In an alternative line of research there have been several proposals to construct
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hybrid methods, which aim to adaptively bridge between the ensemble Kalman and
particle filters, including the work by Stordal et al. (2011), Frei and Kiinsch (2013),
Chustagulprom, Reich and Reinhardt (2016) and Nerger (2022).

In this context, the transformation formula (2.83) proves to be rather useful since
most existing particle-based methods can be covered by appropriate choices of S,
where S, is typically the realization of a random matrix. See Reich and Cotter
(2015) for more details. For example, a resampling step in a sequential Monte
Carlo method gives rise to a matrix S, with a single non-zero entry equal to one in
each of its columns. More generally it holds that, for all j € J,

DS = 1.

ied

In particular, the matrix S, can be chosen to correspond to an optimal coupling
between two discrete random variables (Reich 2013), which builds a link between
filtering and optimal transport also explored in Corenflos, Thornton, Deligiannidis
and Doucet (2021). The subject of optimal transport is given a comprehensive
treatment in Villani (2008); see also Villani (2021). Computational aspects of
the subject including entropy-regularized optimal transport are discussed in Cu-
turi (2013) and Peyré and Cuturi (2019). Entropy-regularization is linked to the
Schrodinger bridge problem, and connections with data assimilation are developed
in Reich (2019). See also Section 1.1 for discussion of transport-based methodolo-
gies within the context of ensemble Kalman methods. See Example C.7 and Reich
and Cotter (2015) for the connection between the map (2.67) and optimal transport.
For a derivation of the standard formulae for mean and covariance of conditioned
Gaussians used in the proof of Lemma 2.9, see Eaton (2007).

Finally we observe that we do not discuss, in this paper, the smoothing approach
to state estimation from data in model (2.1). This approach aims at finding the entire
sequence {v¢}7_, from the data Y,i. Thus state estimates depend on data in their
future. To read about smoothing, see Evensen et al. (2022) and Sanz-Alonso, Stuart
and Taeb (2023). We note here that there is a smoothing counterpart of the 3DVAR
algorithm (see Remark 2.1) known as 4DVAR because, for physical systems, it uses
data distributed in the three space dimensions and one time dimension.

3. State estimation: continuous time

This section is devoted to deriving, and studying properties of, continuous-time
analogues of concepts introduced in the previous Section 2. We start in Section 3.1
by defining the set-up. Thereafter the subsections mirror those from Section 2,
describing the relevant continuous-time analogues; in particular, we conclude in
Section 3.7 with bibliographical notes.

All problems arising in practice are implemented as algorithms in discrete time,
so it is important to establish motivation for the continuous-time formulations.
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There are two primary reasons for introducing them. The first is that continuous-
time limits of the discrete algorithms provide a way to understand and interpret
the behaviour of the discrete algorithms; results about accuracy, stability and
uncertainty quantification, which shed light on the relative merits of different
algorithmic approaches, are often cleanest in the continuous-time setting. The
second is that many problems arising in practice involve physical processes which
evolve in continuous time; the data informing these models is typically discrete in
time, but when the observations take place at very high frequency, it is insightful
to consider the idealization of continuous-time data. Both of these motivations
underlie the developments in this section.

3.1. Set-up

We start by recalling the discrete-time set-up (2.1) for state-observation coevolution:
for all n € Z* we have

Vet = P(vy) +&n,
Yn+l = h(vn+1) + i+l

we assume that vo, {£,}nezr and {0, }nen are mutually independent Gaussians
defined by

vo ~ N(mo, Co), & ~ N(0,2)iid., 75, ~N(O,T)iid.

We introduce a small increment in time, denoted by A¢. From the map W(-) defining
the systematic component of the state dynamics, we now define an infinitesimal
analogue f(-). We also introduce the rescaled observation operators h(-) from the
original nonlinear observation operator A(-), and we introduce state/observational
covariances (I, %) by rescaling (I', X):

YY) =v+Atf(v), h)=Ath@), (3.1a)
Y=Atz, T'=Atl. (3.1b)

By virtue of our assumptions on ¥ and #, functions f and h are assumed to
be known measurable functions (with respect to the Borel algebra), bounded on
compact sets. In the linear setting W(-) = M-, h(-) = H- we will also introduce an
infinitesimal vector field f(-) = F- for matrix F, and rescaled linear observation
operator H:12

M =1+AtF, H =AtH. (3.2)

The observation {y, } is best thought of, in the scalings we introduce, as capturing
increments of a process {z,}. To capture this, and extend it to the specific realiz-
ation of the data appearing in the algorithms, and the artificial data used in some

12 Note the difference, conceptual and notational, between the discrete-time objects (h(-), H,I', X)
and the related continuous-time objects (h(-),H, ", X).
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algorithms, we introduce the variables z,,, z,t, Zn by assuming that

Yn+l = Znel — Zn = AzZpst, (3.3a)
y1T1+1 = Zjz+l - Zjl = AZZH’ (3.3b)
§n+l = En+l - En = AEn+1 . (3.3¢)

—

Note that z,,, zj,, Zn have dimension d, = dy. We assume that 7o = zg =70 =0.
Then z,,, zj,, Zn are uniquely defined from y,,, yz,, Y, Tespectively.

In the following we define t,, = nAt. With the scalings above in hand, we may
view the state v,, and observation y, as relating to approximations of continuous-
time processes v(-) and z(-): v, = v(t,), zn =~ z(t,). We also introduce continuous-
time process v(-), which will be used in the prediction steps of algorithms, and
(z"(-), Z()), which denotes the continuous-time observed data that we are condition-
ing on, and predicted data, respectively. We assume that z(0) = Z7(0) = 7Z(0) = 0.
Under the rescalings above, and in the limit A+ — 0, the data assimilation prob-
lem may be reformulated in terms of SDEs. Furthermore, the related mappings
on measures, and discrete-time algorithms that stem from them, may be reformu-
lated in terms of SPDEs and SDEs respectively; we now go on to identify these
continuous-time stochastic processes.

Applying the rescalings in (3.1) and the reparametrization of y,; in (3.3a), we
obtain the system

Vel =V + Atf(vy) + &, (3.4a)
Zntl = Zn + Ath(Vyg1) + nsts (3.4b)

for all n € Z*, where we assume that vo, {&, }nez+ and {9, }n,en are mutually
independent Gaussians defined by

vo ~ N(mg, Co)s  &n ~ N0, AtZ) iid., 1, ~ N(O, AT) i.id.

Note that (3.4) is a variant on the Euler—-Maruyama discretization of a vector-valued
SDE. Indeed, by taking the Ar — 0 limit it is clear that the natural continuous-time
analogue of equations (2.1) is the SDE

dv = f()dt + V=AW, v ~ N(mo, Co), (3.52)
dz =h(v)dr+VrdB, z(0)=0, (3.5b)

taken to hold for all + € R*. The vector fields f(-) and h(-) describe the system-
atic, deterministic components of the dynamics and observation processes and are
assumed to be known. The systematic components of the model are subjected to
white noise defined through the independent standard Brownian motions W and
B, in R% and R% respectively, and correlated across the state and data spaces via
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the covariances 2, . The initial condition for v is Gaussian and independent of W
and B. Analogous to the discrete-time setting, we assume that

Co>=0, >0, I>0. (3.6)

Note that, for each fixed r € R™, the state v(¢) € R% and the observations z(¢) € R%.

Throughout we use T again to denote a specific realization of a process, as in
the discrete-time setting. We assume that we have available to us a sample path
{Z%(t)},ew of the observation coordinates of a realization of the SDE (3.5). From
this sample path we wish to recover the true realization of the state {v'(f)};cr+
which gave rise to it. These observation and state sample paths are generated by
vg, {WT'},cr+ and {BT},€R+, specific realizations of the initial condition and the
Brownian motions driving the state and observation components of (3.5). We also
introduce ZT(¢) = {z7(s)}o<s<:.

Analogously to the discrete-time setting, it is natural to establish two distinct
objectives, both related to recovery of the state from the observation.

Objective 1. Design an algorithm that produces output v(¢) from Z%(t) so that
{v(t)};cr+ estimates {VT(I)}t€R+, the true signal generated by (3.5a).

Objective 2. Design an algorithm which estimates the distribution of random vari-
able v(1)|Z7 (1), the conditional distribution defined by (3.5).

As in discrete time, we are interested in Markovian formulations that update the
estimate v(¢), or the distribution v(¢)|Z(¢), sequentially as the data is acquired. All
of the algorithms we describe depend only on the increments of the process z'(¢),
hence the fixing of z'(0) = 0is immaterial. In the next two subsections we describe
control-theoretic and probabilistic approaches to this problem which, respectively,
provide the basis for algorithms addressing Objectives 1 and 2. Following the
road map from the previous section in the discrete-time setting, we then proceed
to study exact transport leading to mean-field equations related to Objective 2;
we then study second-order approximations of exact transport, and finally reach
ensemble Kalman methods through particle approximations.

3.2. Control theory perspective

As for the time-discrete problem, we again start with the control-theoretic approach
based on the small uncertainty assumption. Specifically we assume that the three
covariances appearing in (3.6) are small so that the states and observations can be
well approximated as deterministic. In this setting we derive a continuous-time
analogue of the 3DVAR methodology.

Applying the rescalings (3.1) to (2.3) we obtain, in the deterministic setting,

Trel = Vi + ALL(V), (3.7a)
En+1 = En + Ath({)\nﬂ)a (37b)
Vu+l = {;n+1 + K(AZ,TH_I - A/Z\n+l) . (3.7¢)
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The observed increments Azl .y are defined in (3.3b), and are derived from a
specific fixed realization of (3.5). For fixed observed increments Azjl 1> €quations
(3.7) define a deterministic map v,, — v,41. Taking the continuous-time limit, and
eliminating Z, we obtain the following estimator v for v given Z7,

dv = £(v)dt + K(dz' — h(v) dr), (3.8)

where z' (the data) is obtained from a specific fixed realization of (3.5):

dv’ = foNdr+ VEaw®,  vT(0) ~ Nmo, Co), (3.9a)
dz" =hovT)de + VL dB', z7(0)=0. (3.9b)

Equation (3.8) defines a continuous-time analogue of the 3DVAR algorithm (2.4)
and gain matrix K should be viewed as a parameter to be chosen. The equation
has the form of a controlled ordinary differential equation (ODE); typically it is
initialized with v(0) ~ N(m, Cp).

We now include the effect of uncertainty, allowing for non-zero covariances in
(3.6). Accounting for noise in the expressions for v,,1 and Z,,41 in (3.7), we obtain
the following rescaling of (2.15):

Vn+l =vp+ Atf(vn) + ‘fna
En+1 = En + Ath({"\rﬁl) + Nn+l»

Vsl = Vel + Ky (AZZH - A2n+1),

for all n € Z*, where we assume v, {&, }nez+ and {1, }new are mutually independ-
ent Gaussians defined by (3.1). We may now formally take the At — O limit and
obtain the following continuous-time analogue of (2.15), namely the controlled
SDE formulation

dv = f(v)dt + V=AW + K(dz' - d2), (3.10a)
dz =h(v)dt + VI dB. (3.10b)

where z' is given by (3.9). The standard Brownian motions W, W*, B and BT,
in R%, R%, R% and R% respectively, are all independent of one another. As
in the discrete-time analogue, encapsulated in (2.15), the choice of a (now time-
dependent) gain matrix K remains to be determined and is crucial for the success
of such a methodology; and as in discrete time, a time-evolving gain matrix is often
desirable. To determine K we adopt a mean-field perspective, as we did in discrete
time. To this end we now discuss the evolution of probability measures describing
the conditional distribution of v()|Z'(¢).
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3.3. Probabilistic perspective

We start, in Section 3.3.1, by discussing the unconditioned dynamics and intro-
ducing the Fokker—Planck equation associated with the state space evolution. In
Section 3.3.2 we take the formulation of the filtering iteration in discrete time, from
Section 2.3, and take a continuous-time limit to derive the Kushner—Stratonovich
equation; we study the linear Gaussian setting, and the Kalman—Bucy filter, as a
special case. In Section 3.3.3 we introduce the sample-path perspective, central to
the algorithmic approach developed in this paper. Section 3.3.4 defines notation
that will be useful throughout the remainder of this section on continuous-time data
assimilation.

The derivation of continuous-time limits in the previous two subsections is
relatively straightforward. However, there is an important practical and theoretical
issue which we need to address. As mentioned at the start of Section 3, continuous-
time observations z'(¢) are typically an idealization of discrete-time data collected
at instances 7x = k0, 0 > 0, k € N only.1® In order to make use of continuous-time
algorithms and theory it is then useful to construct a continuous-time approximation
7% to be concrete we will use piecewise linear interpolation. With this set-up we
need to deal with two small parameters: the time-step Af used in (3.1) to obtain
a continuous-time limit, and the data sampling interval 6. The following remark
addresses choices that we make in these notes about the manner in which we take
the limit (Az, §) — 0.

Remark 3.1. There are results for continuous-time filtering which imply that
the desired limiting equation can be found in either It6 or Stratonovich forms by
considering different orders of the limits Ar — 0 and 6 — 0; see the bibliographical
notes in Section 3.7. Many theoretical results are derived by first taking 6 — 0 and
then Ar — 0. From a practical and theoretical perspective, however, it is sometimes
more convenient to first consider the limit Ar — 0 followed by the limit 6 — 0.
We will utilize the latter sequence of limits in the following subsection in order to
derive a set of evolution equations for the conditional probability measure u(v, t)
solving Objective 2. These equations will in turn guide our choice of the gain
matrix K in (3.10a). We emphasize that the choice about the order in which to take
the limits (At, ) — 0 is problem-dependent and should be considered carefully
whenever continuous-time modelling is employed.

When the data z" arises itself from numerical simulations of a continuous prob-
lem, then it is most convenient to set = At, and hence 7 = #x; this is implicitly
used in the derivation of the continuous-time sample-path equations in the two
preceding subsections. 0

13 Non-equally spaced data is also of relevance in this context, but we do not consider it here.
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3.3.1. Unconditioned dynamics
First consider the continuous-time limit of the evolution associated with P from
(2.18b), (2.18c) which, with the scaling adopted in this section, is defined by

(Pu)(dv) = (/ p(u, v),u(du)) dv, (3.11a)
ueRdv

pu,v) v —u-— Atf(u)|§>. (3.11b)

1 1
= exp| ——
QA L) p( 241
Now view r, given by (2.18a) as approximating r(¢,). Recall that the underlying
continuous-time limit of the sample-path evolution is given by the SDE (3.5a). Thus
the time evolution of the probability density r(-,?) is given by the Fokker—Planck
equation*

Or=-V-@rf)+ %V (V- (r2)). (3.12)

Note that, as in discrete time, this evolution is linear and decoupled from the state
space evolution (3.5a). We refer to the latter as a continuous-time Markov process.

3.3.2. The filtering distribution

As in discrete time, we now consider the evolution equation for the state conditioned
on observations. Our starting point here is the iteration on measures, the filtering
cycle, defined by (2.24), under the scalings (3.1). We assume that § is an integer
multiple of Ar so that the {7} are a subset of the {z,}. In what follows we will
first fix 6 and let At — 0; in order to obtain the integer multiple property we
thus consider A+ — 0 along a subsequence. We replace the true observation path
z'(¢) with its piecewise linear approximation z>%(¢) based on linear interpolation
of values {z'(%)}. To be precise we assume that the derivative is cadlag.’s We
then have that the implied observation increments Azl ,1 are constant over the time
intervals [¢,,,+1) and are given by

dz"°
Az = (A (3.13)
dr
In this setting, the operators P and L£,,, defined by (2.18) and (2.21), respectively,
become
Puen= ([ o )a (3.140)
ueRdv

La()(dv) = g(v, Az} p(dv) / ( /R q(v, AzL])u(dv)), (3.14b)

dy

14 Here, and in what follows, we use the standard notation from continuum mechanics for the
divergence of vector and second-order tensor fields, and for the gradient of scalar and vector
fields; see Section 3.7 for references.

15 Continuous from the right, limits exist from the left.
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where, from (2.18) and (2.19) with the scalings (3.1),(3.3b),

_ 1 e 2
p(u,v) = YN NToy exp( 2At|v u Atf(u)|z>, (3.15a)
1 1
,A7) = ——|Az = Ath()|? ). 3.15b
q(v,Az) A Pae D CXP( 2Atl z t(V)|r> ( )

With these formulae in hand we may now derive the continuous-time analogue of
(2.24), for u(v, ).

For ease of exposition we assume that y has density p and derive the equation
satisfied by p. To do this we employ the split-step principle: we find the continuous-
time evolution equation associated with each of P and £,, (equations (3.14a) and
(3.14b) respectively) separately, and then add the right-hand sides of the resulting
evolution equations to obtain the desired continuous-time limit resulting from the
composition of £,, and P. We use r as a dummy variable to denote the density
being evolved, for both of the split-steps, and in both discrete (r,,) and continuous
(r(t)) time, in what follows.

First recall that the continuous-time limit of the evolution associated with P,
as defined by (3.14a) and (3.15a), is given by the Fokker—Planck equation (3.12).
Secondly, consider the second component of the split-step argument: we determine
a continuous-time limit of the evolution associated with £,, as described by (3.14b)
and (3.15b). The following lemma presents an evolution equation for r associated
with £,,, describing how observation of the piecewise continuous interpolated data
Z29(1) changes the density r(t, v).

Lemma 3.2. Assume that [ > 0. The continuous-time limit of the evolution
associated with £,,, as described by (3.14b) and (3.15b), is given by

dz9 | 2
8r = (h—Eh, —=—) r — ={In|f - Eln|}}r. (3.16)
a [ 2

O
Proof. Consider the discrete-time evolution
Fne1 = Lnrp, (3.17)
where L,, is defined by (3.14b) and (3.15b). By Taylor expansion we have

T 2
exp <—ﬂ|Azn+l - Ath(v)|r> =1- == -ho) ot O(AP).
Then, using expressions (3.14b) and (3.15b), we obtain
i 2
1 At|Az
c = |- —=|—= _p O(AP? , 3.18
(Lnrn)(v) C(AZ)< Y (v)r+ (AL7) | ra(v) (3.18)
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At
C(Ar) = 1-—
(A0 ‘/]RdV< 2 r

By integrating and noting that r,, is a density, it follows that

where
AZI&]
—h
Ar )

2

+ O(At2)> ra(v)dv.

Ar_|Az] 2
CAtH)=1-—E —ntl h(v)| + O(Atz), (3.19)
Y, -

where expectation is with respect to v distributed as random variable with density
rn. Hence, combining (3.18) and (3.17), we obtain, to leading order in At,
dz9

At
rut =raf (=20 S - SR - 0
r

here we have used that the data increments Azi .1 are given by (3.13) for fixed 6.
Taking the continuous-time limit Az — O with fixed observation interval 6 > 0
leads to the evolution equation (3.16). 0

Now taking the & — 0limitin (3.16), we obtain the following non-local nonlinear
stochastic evolution equation for density r(v, t):

. 1
dr = (h — Eh, odz')rr—§{|h|%—E|h||2-}rdt. (3.20)

Here o denotes Stratonovich integration; this form of integration arises in the limit
8 — 0 because the equation is derived by making a smooth approximation z"¢
of z" and passing to the limit. Recall that z* is given by (3.9). The equation is
non-local and nonlinear because E denotes expectation at time ¢ with respect to
density r(-, t).

We now wish to invoke the split-step principle and combine the evolutions (3.12)
and (3.20). However, before doing this we proceed to convert equation (3.20) into
its more common It6 representation. For this, the following lemma is crucial. In
proving it we will use the concepts of quadratic variation and covariation. For
an introduction to these concepts consult the lecture notes by Eberle, which are
referenced in Section 3.7. We note that quadratic variation and covariation are
first defined between scalar-valued process and can then be lifted to define (i) the
covariation of an inner product {x, y) between vector processes x and y, which
is scalar-valued, (ii) the quadratic variation of vector process x, which is matrix-
valued, and (iii) the covariation of vector process x with scalar process z, which is
vector-valued.

Use of quadratic variation and covariation leads to a succinct, streamlined proof.
Furthermore, in Appendix D we provide explicit calculations for the reader who is
interested in understanding the details of the conversion by means of the definitions
of Itd6 and Stratonovich integrals as limits. In particular, the concepts underlying
the quadratic variation and covariation calculations in the following are derived
from first principles in Lemma D.1.
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Lemma 3.3. Assume that I > 0 and that 7 is given by (3.9). The It6 and
Stratonovich interpretations of the stochastic forcing term in (3.20) are related
through

1
dr = (h — Eh, odz")rr — 5{|h|% —E|h|Z}rd

= (h —Eh,dz" — Ehds)rr. o

Proof. Using the formula for the [t6—Stratonovich conversion between two semi-
martingales, we have

(h —Eh, odz")rr = (h —Eh,dz")rr + ld[((h — Ehyr, 2], (3.21)

where [ (-, -)] denotes covariation of the inner product (-, -). Note that (3 9b) implies
that the quadratic variation of z' is given by the matrix identity [z',z] = I
Furthermore, because of (3.20), the conversion formula (3.21) and the fact that
d[z", '] = Idr, it follows that the covariation between scalar r and vector z'
satisfies the vector identity

d[r,z'] = (h = Eh)r dr. (3.22)

Consider : R — R% so that derivative ' (r) may be identified with an element
in R4 . Then, for any such differentiable ¢,

A (), 2] = W/ (), d[r, 2 Dr. (3.23)

We now apply this identity in the setting where /(r) = (h — Eh)r, noting that r
defines the expectation in this definition. Thus

Y'(r)6r = (h — Eh) 6r — </h6rdv)r.

Hence the covariation in (3.21) satisfies, using (3.23) for the first equality and (3.22)
for the second equality,

d[{(h = Ehyr,z")r] = (h ~Eh,d[r,z"Dr - < / (h,d[r,z"Dr dv) r
= |h = Eh|}r df — E(¢h,h — Bhyr)r d
= {|h - Eh|} — E|h — Eh|2}r dt.
Using this identity in (3.21) and rearranging, we find that
1
(h — Eh, odz")rr — 5{|h|% —E|h|z}rdt = (h—Eh,dz" - Ehdt)rr,
which in turn leads to the following desired It representation of (3.20):

dr = (h —Eh,dz" — Bhdr)rr. (3.24)
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Using the Itd form of the equation from the preceding lemma, the Fokker—Planck
equation (3.12) and the split-step principle deliver the following.

Theorem 3.4. Assume that ™ > 0 and that z' is given by (3.9). The time evolution
of the density p(-, t) for the random variable v(¢)|Z f(¢) is characterized by the Itd
SPDE

dp =-V-(pf)dr + %V (V- (p2))dt + (h—Eh,dz' —Ehdt)rp.|  (3.25)

O

Equation (3.25) is known as the Kushner—Stratonovich equation. Equation (3.25)
is to be interpreted in the Itd sense with respect to the driving noise z'(f). The
equation is nonlinear, unlike the unconditioned dynamics governed by the Fokker—
Planck equation (3.12). The corresponding Stratonovich formulation follows im-
mediately from (3.20) in combination with (3.12):

1 1
dp = (—v (p)+ 57 (V- (%) = Z{Ihl7 - E|h|%}p) dr (3.262)
+(h—Eh,odz")rp. (3.26b)

Example 3.5. We consider the setting where

fG)=F- h()=H (3.27)

in equations (3.5) so that
dv = Fvdr+VEdW, v(0) ~ N(my, Cy), (3.282)
dz =Hvdr+VrdB, z(0)=0. (3.28b)

Now consider data z'(¢) generated by

v = Fvide+ VEdw', vT(0) ~ Nimy, ), (3.29a)
dzf =Hvfdr+VraB', ') =o. (3.29b)

We are interested in the filtering distribution for v(¢)|Z T(2).

Because of the linearity and additive Gaussian noise, this filtering distribution
is Gaussian and is given by the Kalman—Bucy filter, the continuous-time analogue
of the Kalman filter described in Example 2.6. Indeed, if I > 0 in (3.28), then
the density p(-, 1) associated with the random variable v(r)|Z'(¢), with z' given by
(3.29), is Gaussian with mean m(-) and covariance C(-) given by

dm = Fmdt + CH T~ Ydz" = Hm dr), m(0) = my, (3.30a)
dC = FCdt+CFT dt +3dt - CH'T"'HC dt, C(0) = C,. (3.30b)
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These equations for the mean and covariance of the Kalman—Bucy filter may be
obtained by taking the continuous-time limit of the Kalman filter from Example 2.6
under the scalings (3.1b), (3.2) and (3.3b).

The Kalman—Bucy filter also yields an exact solution of the Kushner—Stratonovich
equation (3.25) under (3.27). Indeed, if p(-, 0) is initialized at the Gaussian with
mean mg and covariance Cy then p(:, t) solving the Kushner—Stratonovich equation
(3.25) has solution given by the Gaussian N (m(t), C (t)). ]

3.3.3. The sample-path perspective

Similarly to the discrete-time setting, a key idea in developing algorithms for filter-
ing in continuous time is the sample-path perspective. We will seek to identify (for
implementable algorithms only approximately) mean-field SDEs with the property
that their solution v(¢), has Law(v(t)) equal to that given by the density r governed
by the Kushner—Stratonovich equation (3.25). Analogously to discrete time, the
mean-field SDEs will couple to the solution of the equation for evolution of the
density; the resulting processes are termed nonlinear Markov processes. We will
first introduce Gaussian projected filters and then discuss mean-field models de-
rived through the sample-path perspective. To these ends we now introduce some
important notational conventions.

3.3.4. Important frequently used notation

The notation we define here is used primarily to discuss exact (and approximate)
mean-field models, here evolving in continuous time, to (approximately) solve the
filtering problem. In discrete time, expectations may be taken under the law of
the (possibly approximate) discretely evolving mean-field model, or under the pre-
dictive distribution found from pushing this law forward under the model. This
distinction disappears in continuous time, and we simply need to compute expect-
ations under the (possibly approximate) continuously evolving mean-field models
that we will introduce later. To this end we define, with m = Ev,

C:=E((v-m)®(y—m), (3.31a)
C" = E((v - m) ® (f(v) = Ef(v)), (3.31b)
ch = E((v — m) ® (h(v) — Eh(v))). (3.31¢)

All expectations are under the mean-field model for v. The covariances should be
viewed as functions of time ¢. In deriving continuous-time models from discrete-
time models, we will also use discrete-time analogues, computed under the law of

random variable v,, and denoted by C,,, C Zf and C} h,

3.4. Gaussian projected filtering distribution

As in discrete time, the Gaussian projected filtering distribution plays an important
conceptual role in understanding later filtering algorithms. The evolution equations
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for the mean m and the covariance matrix C follow naturally from a continuous-
time limit of the associated discrete-time filtering formulations. We summarize the
resulting equations in the following.

Theorem 3.6. Assume that ' > 0, and that z' is given by (3.9). Consider
the discrete-time Gaussian projected filter, namely the map from (m,,C,) to
(mp+1, Cny1) defined by choosing v,, ~ N(m,, C,) and then using (2.29), (2.32),
(2.35) and (2.42). Under the rescalings (3.1), and in the limit A+ — 0, we obtain
the following continuous-time limit of this map:

dm =Ef(v)dr + C*"r~1(dz" — Eh(v) dp), (3.32a)
dc =" dt +(C"NHTdr +=dr — "' (M T dr, (3.32b)

where the expectations and covariances are computed under N (m(t), C(t)), using
(3.31). o

Remark 3.7. Note that the preceding equation implicitly defines gain matrix
K=c"r ! (3.33)
This specific choice of gain will play a central role in what follows. U

Proof of Theorem 3.6. The Gaussian projected filter is defined by evolution of
mean and covariance given by equations (2.32), (2.35) and (2.42), repeated and
reordered here for convenience:

;ﬁn+l =E¥Y(v,),

Cns1 = E(P(vn) = ins1) ® (P(vy) = Mps1)) + 2,
_ ~oh (A -1 ~
Muy] = Mpy + C;;fl (C,};fl + F) (J’,TH] - Ehn+l),

C'n+1 = 6n+1 - EVh 6hh1 + F)_l (E;:ill)—r’

n+1 ( n+
C'h = B((Vns1 = EVna1) ® (st — Ehpa)),s
CM" = B((hns1 — Ehns1) ® (hpst — Bhps)).

n+l =
Recall that Eml = h(V,41). Expectations in the prediction step are with respect
to the law of v, ~ N(m,,C,), and expectations in the analysis step are with
respect to the law of v, given by (2.29a), assuming that v,, ~ N(m,,, C,); thus
Law(Vy41) = P Law(vy,).

We now impose the rescalings (3.1) on these equations. The reader’s attention is
drawn to the fact that 47 = Arh when reading the next formula in order to understand
the scalings with A¢; a similar notational shift from regular font to mathsf occurs in
other formulae that follow it, and is crucial to understanding orders of magnitude
with respect to Ar. Under the rescalings and using that &,,; = O(Ar'/?) and has
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mean zero,
C"h1 = AtE((vy, — Bv,, + &, + O(AY) ® (h(vy,) — Eh(v,,) + Dh(vy)én + O(AY)))
= AtE((v,, — Ev,,) ® (h(v,,) — Eh(v,,))) + O(Ar?)

= AtC’" + 0(AP).
Similarly
Clh = APE((h(va) — EN(v,)) + O(A1'/2)) ® (h(v,) = EN(vy) + O(A'/?)))
= 0(AP).
Thus, since I = A",
C (Gt +T) ™ = ot o), (3.34a)
Crh(CMh +T) ' Ch = AT ()T + 0. (3.34b)

Furthermore, since ¥(v,,)) = v,, + At f(v,) and .1 = Bv,, + AtEf(v,),
E(Y(vn) = ine1) ® (F(vn) = ifine1)) = Cu + MO + AL(C1T) T+ O(AP).
Using these approximations, and the fact that Azj1 b= O(A1'/?), we obtain
Myl = my + AfEf(vy,),
Cos1 = Co + AIC) + At(CVf )T+ AZ +O(AP),
Mus1 = et + COMT 7N (AZL | = ATBR(T,41)) + O(AP?),
Cs1 = Coat — ALCIPTH (M T+ O(AP),
=E((vp —my) @ (f(vn) —Ef(vn))),
C)" = E((vn — my) ® (N(v,,) — EN(v,))).

In the following, C*", C*/ are functions of time, defined by (3.31), and C*", C)/
are discrete-time analogues computed under the law of v,,.
Combining the prediction and analysis steps, we find that

Mue1 = My + AMEF(v,) + COT 7N (AZ] | = AEBR(D,41)) + O(AP?),
Cps1 = Co + MGy + A (CY) T + AIZ - AT (M) T + 0(Ar),

Taking the At — 0 limit, we deduce the continuous-time analogue of equations
(2.32) and (2.35), namely (3.32) as desired. ]

Example 3.8. In the linear setting (3.27), the Gaussian projected filter (3.32)
reduces to the Kalman—Bucy filter from Example 3.5. i
3.5. Mean-field evolution equations

In the preceding subsection we approximated the evolution of the filtering dis-
tribution by the evolution of a Gaussian. Here we take a different approach,
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seeking a sample-path perspective, identifying mean-field SDEs which (possibly
only approximately) have solutions with law given by the filtering distribution. We
develop a continuous-time analogue of the discrete time mean-field approach from
Section 2.5.

In Section 3.5.1 we describe work concerning the derivation of explicit mean-
field SDEs equal in law to the filtering distribution; this is a departure from our
discussion of this topic in discrete time where no explicit maps were identified in the
general setting. Sections 3.5.2 and 3.5.3 describe a variety of explicit approximate
mean-field SDEs, based on matching first- and second-order moment information,
and arising from rescaling of the discrete-time setting.

3.5.1. Perfect transport

Here we seek a mean-field dynamical system with law given by that of the Kushner—
Stratonovich equation. The analogue of the discrete-time transport map 7’5, is to
find transport evolution equations for v and 7 in the form of a mean-field SDE. We
will seek to achieve this in the specific sample-path form

dv = f(v)dr+ VEdw + a(v;p)dt + K(v; ,o)(dzJr - d?), (3.35a)
dz =h(v)dt + VI dB, (3.35b)

where p is the time-dependent density of v. Note that (3.35b) simply generates
simulated data from the state v. On the other hand, (3.35a) combines the underlying
known model evolution with a nudged innovation term, based on the difference
between the observed and simulated data, and a correction to the drift f. The
nudging and correction terms are defined by gain K and drift correction a. The
goal is to choose drift correction a and gain K such that the induced time evolution
of the density p of v agrees with the density p given by the Kushner—Stratonovich
equation (3.25). We thus find a controlled SDE, similar in form to that proposed
in (3.10) but with an additional drift term and with mean-field dependence.

Remark 3.9. We emphasize that, as in the discrete-time transport formulation,
there is a considerable degree of non-uniqueness in the choice of transport in
general, and here in the choice of a and K specifically. We make specific, simple,
choices in the theorem that follows. Working in continuous time enables very
explicit identification of exact mean-field models; this is not possible in discrete
time. U

The following theorem identifies a sample-path perspective that exactly captures
evolution of the filtering distribution.

Theorem 3.10. Assume that [ > 0 and that there exists K = K(v; p) satisfying
the identity

~V - (pK™) = "Y(h = Eh)p. (3.36)
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Consider the stochastic mean-field dynamics given by

dv=f)dt+ VEAW + V- (KTKT)dt — KTV - K" dt + K(dzF — d2),| (3.37a)
dzZ =h(v)dt + VI dB, (3.37b)

where z' is given by (3.9). Assume that solution v has law with smooth density
and that the Kushner—Stratonovich equation (3.25) has smooth density as solution.
Then the law of v has density given by the Kushner—Stratonovich equation (3.25). ¢

Proof.  To simplify calculations we will first look at choosing @ and K to get agree-
ment, at the level of densities of v, with (3.24). A straightforward modification,
using the split-step principle again, then provides the generalization to (3.25). This
split-step approach enables us to consider only the case where f(-) = 0 and 2 = 0.

Note that, in (3.35), z is a fixed, given, trajectory and we are interested in
the evolution of the probability density induced for v by the randomness over the
distribution on trajectories z. Using (3.35b) in (3.35a), and recalling that it suffices
to set f and X to zero, we obtain

dv=a(v;p)dr + K(v;p)(dzJr —h()dr - \/FdB). (3.38)

Applying Fokker—Planck analysis, modified to the mean-field setting, shows that
the time evolution of the density p of v under (3.35) is provided by the nonlinear
(because of dependence of a, K on p) SPDE to be interpreted in the It6 sense:

dp=-V-(p(a—-Kh))dt —(V-(pK"),dz" Y +V - (V- (oKTKT))dr.  (3.39)

Note that, although z' is a fixed trajectory, it contributes to the diffusion term in
this Fokker—Planck equation, explaining the factor 1 rather than 1/2. This arises
as a contribution from the quadratic variation of the path of z' to the evolution of
p. For further details on the derivation of (3.39), see Lemma D.2 in Appendix D.
To get agreement with (3.24), a and K have to be chosen such that

p((h = Eh), I (dz" — Ehdr))
=-V-(pla—Kh)dr —(V-(pKT),dz" ) + V- (V- (pKTKT))d.

Equating the two terms involving the data z" shows immediately that K(v; p) has
to satisfy the (vector-valued) PDE (3.36). From this, equating the terms that do not

16 Here we use the standard convention from continuum mechanics that the divergence of a matrix is
to be interpreted via computation of derivatives with respect to the second index; see Section 3.7
for references to relevant continuum mechanics textbooks. Strictly speaking, equation (3.39) is
an SPDE only if we now view z' as a random variable rather than a fixed realization.
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involve the data z', it follows that a(v; p) has to satisfy

V- (pa)=V (V- (pKTKT)+V - (pK(h - Eh))
=V (V- (oKTKT)) = V- (K[V - (0K "))
=V-(p(V-(KTKT") - KTV -K")).

A natural choice for a is provided by asking that the term on which the divergence
acts is zero. This yields

a=V-(KTK")-KTV-K", (3.40)

a solution for a with no explicit dependence on p; note, however, that a does depend
on p implicitly through the dependence of K on p.

With these choices of a, K, and applying the split-step principle so that the mean-
field dynamics are consistent with (3.25) rather than (3.24), we obtain a version
of the feedback particle filter; in particular, we find the equation in its stochastic
mean-field formulation given by (3.37), where K = K(v; p) solves (3.36) and p
evolves according to the Kushner—Stratonovich equation (3.25), an equation which
also defines the law of v. U]

Remark 3.11. There is an interesting interpretation of the contribution a to the
drift term in (3.37): it is simply the It6-to-Stratonovich-like correction with regard
to the v-dependence in K(v; p). However, there is a subtlety that the equation
for p itself depends on the data z' and the correction does not account for the
p-dependence of K(v; p): the Stratonovich correction is only with respect to v-
dependence of the drift, while an It6 interpretation is retained with respect to the
p dependence. We refer to Appendix D.3 for discussion of this unusual form of
stochastic integration. There we also derive the full Stratonovich correction (with
respect to both v and p dependence) of the exact mean-field model. U

Remark 3.12. The mean-field equations (3.37) require a gain K(v; p) which sat-
isfies (3.36). Let E denote expectation with respect to random variable v distributed
according to probability measure with density p. Using appropriately regular test
functions ¢ : R4 — R4 chosen to have mean-zero under E, equation (3.36) can
be rephrased in the weak form?”

E(KTVy) =T"1ch; (3.41)

here C"¥ denotes the covariance between h under E and, in what follows, we also
let C*" denote covariance between v and h. The particular choice ¢(v) = v —Ev
leads to

EK =C"'r1. (3.42)

17 Recall that the conventions from continuum mechanics that we use to define the divergence and
gradient of vector fields are discussed in Section 3.7.
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Note, in particular, that this identity can be satisfied by making the constant gain
ansatz that K is independent of v and is then given by

K=c""r -, (3.43a)
C"" = E((v - Ev) ® (h(v) — Eh(»))). (3.43b)

More generally speaking, we note that (3.41) is amenable to numerical approxim-
ations. This will be discussed further in Section 3.6.1 below. 0

We close this subsection with the mean-field formulation using deterministic
innovations:

1 1
dv = f(v)dr + VEdW + 5(V (KTK")—KI'V-K")dr+ K(dzT - 5(h +Eh) dt),

(3.44)
where z' is given by (3.9). The relationship between this equation and (3.37) is
analogous to the relationship between (2.61) and (2.15) already encountered in the
discrete-time setting. See Section 3.7 for discussion of the historical development
of the various exact mean-field models presented here.

3.5.2. Second-order transport: stochastic case

Recall that in the discrete-time setting there is an uncountable set of maps that
effect approximate transport, in the sense of matching the first- and second-order
statistics of the analysis map, using either stochastic or deterministic models. These
are elucidated in Appendix C. In the main text, however, we have concentrated on
a handful of examples. In this and the next subsection we study continuous-time
analogues of some of these examples, starting with the Kalman transport map
(2.55) recalled here, and reformulated, for convenience: 8

Va1 = P(vy) +N(O, X), (3.45a)
Y+l = h(Vys1) + N, ), (3.45b)
Vet = Vet + C(C 4T T (5 = Tt (3.45¢)

We now apply the rescaling (3.1) to obtain, using (3.34a),

Vsl = Vi + AL f(v) + VAIN(O, ),
Tt = Zn + Ath(Da1) + VAIN(O, 1),
Vil = Vet + O TN (AZ) | = AZua) + OAP).

n+l

18 The Gaussian notation used in the first two equations is shorthand for the first two equations
appearing in (2.15), together with the assumptions detailed following those equations. Thus we
use N(0, X) to denote an i.i.d. realization from the stated Gaussian distribution, and similarly for
other variables. We use variants of this notation in what follows.
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The preceding calculation, leading to O(Ar3/?) error, uses the fact that the noises en-
tering the equations for v,,,1, Z,+1 and zjl .1 are independent. Taking the continuous-
time limit, we obtain

dv = f()dt + V=dW + "' (dz" - d2), (3.46a)
dzZ =h(v)dt + VT dB. (3.46b)

Again W, B are independent standard Brownian motions of appropriate dimensions
and 7' is given by (3.9). This is an instance of a sample-path perspective that leads
to approximation of the true filtering evolution.

Remark 3.13. Note the recurrence of the continuous time gain K first identified
in Remark 3.7. In this subsection we have derived the mean-field equations (3.46)
from the associated stochastic discrete-time formulation (3.45). However, there is
another way to derive the gain, as outlined in Remark 3.12. 0

3.5.3. Second-order transport: deterministic case

We may apply a similar analysis to that in Section 3.5.2 but instead working in the
setting of deterministic transport, starting from the discrete-time transport (2.60).
We may rewrite and reformulate this equation here to obtain

Vnet = P0n) +NO.2), Tt = h(Tr1),

Vast = Vnrt = Kn(tnst = Bhpe) + Kn (v) | = Ehar),
where
(Cm+r)”, K,=C

C:;fl n+l ((Chhl + F) Fl/z(chhl + F)l/z)_l

Applying the rescalings (3.1) gives
Vpal = Vi + ALF(V) + VAIN(QO, Z)

Varl = Vst + C! ( Zhe ~ (h(Vn+1) + Eh(vn+1)At> +0(A),
where we have used
~ 1
K,=C"r'+o(An, K, = Ec;“r—l + O(AD).

Taking the continuous-time limit, we obtain

dv = f(v)dr + VEdWw + C*'r! <dzT - %(h(v) +Eh(v)) dt), (3.47)

where, once again, z' is given by (3.9).
These mean-field equations can also be derived directly from the general mean-
field equation (3.44), assuming a deterministic innovation, invoking the constant
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gain approximation K = K(p) and using (3.42). The reasoning is similar to that in
Remark 3.13.

Example 3.14. We now consider mean-field formulations of the Kalman—Bucy
filter from Example 3.5. First consider the evolution of random variable v initialized
at a Gaussian and satisfying

dv = Fvdt+ VEdW + CH'T~'(dz" - d2), (3.482)
dZ = Hvdr + V[ dB, (3.48b)

where C is the covariance of v and where z' is given by (3.29). Then direct
calculation shows that the mean and covariance of v satisfy equations (3.30). Thus
we have identified a sample-path perspective leading to a mean-field SDE for v
with law equal to that of the Kalman—Bucy filter.

Similar considerations, starting at (3.47), give the following variant of the pre-
ceding mean-field Kalman—Bucy filter:

. 1
dv=det+\/§dW+CHTF_1<dz' —EH(v+m)dt), (3.49)

where (m, C) are the mean and covariance of v and where z' is given by (3.29).
Again direct computations verify this. An important observation highlighted by
this example is that mean-field models consistent with a given measure evolution
are not typically unique. u

3.6. Ensemble Kalman methods

We now discuss several particle approximations of the mean-field equations derived
in the preceding subsections. We start with the mean-field equations (3.37), based
on perfect transport, before considering particle approximations for continuous-
time approximate sample path, and hence transport, formulations. Throughout this
subsection, z' is given by (3.29).

3.6.1. Perfect particle filters

As in Section 2.6.1, we define J := {1,...,J}. The desired approximation to
the mean-field model (3.37) evolves particle ensemble {v)} jeJ and its associated
empirical measure

J
1
Jipy = = .
OR ; 8o (3.50)
according to the interacting particle system
& = fFOD)dr +a¥ dr + VEdWY) + KU (dZ" - dZ), (3.51a)
dz) = h(vydr + VI dBY, (3.51b)
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where z' is given by (3.9) and the {W/} ;¢ and { BV} ;¢ are mutually independent
collections of i.i.d. Brownian motions in R% and R% respectively. The interaction
between the particles arises from the gain matrices

K9 = kI ), (3.52)

j € J, where the matrix-valued function K¥ approximates the solution K of (3.36);
the drift term @) is defined by (3.40) with K(v) replaced by K*(v; u”) and then
evaluated at v = v\/). The key analysis question underlying the particle meth-
odology is to show that the empirical measure (3.50) approximates the law of v
satisfying (3.37). This type of question is widely studied for numerous problems
in the physical, biological and social sciences; see Section 3.7.

Remark 3.15. In practice, this particle approximation of the perfect particle filter
is impractical except in low-dimensional systems. This is because of the challenge
of numerically approximating equation (3.36) for K, or its weak formulation (3.41).
In this remark we discuss various approximation approaches that make this problem
tractable.

We start with the numerical approximation of the weak formulation (3.41). Let
F denote a space of vector-valued functions mapping R% into R?, and that are
mean zero with respect to expectation E under density p.”® We make the ansatz
that KT = V¥, for some ¥ € F. Then (3.41) can be rewritten as

E(V¥Vy) =T"1c",

assumed to hold for all € F.

In order to obtain the desired numerical approximation K¥, let E’ denote ex-
pectation with respect to the empirical measure (3.50) and consider (K¥)T = V¥
and

E'(V®Vy) =r"1c"? (3.53)
with the correlation C"¥ approximated by
C" = E((h(v) - E'h(v)) ® (W (v) - By (»)).

The final step in the numerical approximation is to choose an appropriate finite-
dimensional subspace F* c F of dimension L < J and to determine ¥’ ¢ Fr
such that (3.53) holds for all ¢ € FL.

Alternatively we may return to the strong formulation (3.36). We again make
the ansatz K™ = VP, giving rise to the differential equation

L,¥ =-T"!(h-Eh)

19 'We will consider different choices for d but use the same notation for the space.
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with differential operator £,2° defined by
L,¥=p 'V (pV¥) = A¥ + V¥V log p.

Note that in the case of scalar observations, £, is the infinitesimal generator of a
diffusion process with invariant density p; in the vector case the same statement
holds component by component. This fact may be used to approximate the action
of £, via its heat semigroup, and this may be used as the basis for numerical
approximations. See Section 3.7 for references to the relevant literature. u

The two general approaches to approximating the gain matrix in (3.52), outlined
in the preceding remark, are interesting theoretically and perhaps hold promise in
the future as computer power grows, but they lead to very expensive computations.
To address this we now return to the constant gain approximation from Remark 3.12,
now in the particle setting. In the current context the identification of KY arises
from (3.53), by making the choice ¥(v) = (KY)T(v — Ev) and ¢/(v) = v — E'v.
These choices result in the following approximation of (3.43):

K =c'r 1, (3.54a)
C'" =B (v - E'v) ® (h(v) = E'h(v))). (3.54b)

Note that the constant gain approximation (3.54) also implies that the drift term
a’) in (3.51) vanishes. We summarize numerical implementation details in the
following two subsections.

3.6.2. Stochastic ensemble Kalman filters

We now consider the mean-field model (3.46) and its numerical approximation.
Since the drift correction a does not appear here, the only significant difference,
in comparison with the interacting particle approximation (3.51), arises from the
choice of the interaction term, K). This gain is now independent of j and
determined by (3.54). In summary, we obtain the following SDEs: for j € J =
{1,...,J} we have

A = D) dr + VAW 4+ " (d - dz), (3.552)
dz¥) = h(vydr + VI dBY. (3.55b)

Here, again, z' is given by (3.9) and the {W\/’} ¢, and {BY} ¢y are mutually
independent collections of i.i.d. Brownian motions. The {v¥ )}JJ.:1 provide a time-
evolving ensemble which approximates the filtering distribution via (3.50); the
equations are derived based on use of second-order transport approximation of per-
fect transport. Each equation for v(/) evolves according to the underlying dynamics
model, together with a nudging term based on the difference between simulated
data 7 and observed data z. The gain couples the particles together.

20 Not to be confused with operator £,, defined by viewing Bayes’ theorem, within filtering, as a
prior-to-posterior map at time .
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3.6.3. Deterministic ensemble Kalman filters
Similarly we may make an empirical approximation of the mean-field model (3.47)
as follows: for j € J := {1,...,J} we consider

. . . 1 .
dv) = FOD)dr + VEAWY) + ¢! <dzT = 5 (he) +E'h(v)) df> :

(3.56)

The notation is as in the preceding subsection and, in particular, the formula (3.50)
again gives the particle approximation of the approximate filter; now the relevant
approximate filter is defined by the distribution of (3.56).

3.7. Bibliographical notes

The entirety of Section 3 is framed in the language of SDEs; see Evans (2012) and
@ksendal (2013) for background in this area. In passing from discrete to continuous
time we often invoke ideas from the numerical solution of SDEs; see Kloeden and
Platen (1991) and Higham (2001) for introductions to this area. The conventions
from continuum mechanics, that we use to define the divergence and gradient of
vector fields, are the same as those adopted, and described in detail, in Gonzalez
and Stuart (2008) and Gurtin (1982).

Next we review literature in the control-theoretic approach introduced in Sec-
tion 3.2. For a general overview of control theory in continuous time see Sontag
(2013). Our presentation of control-theoretic methods for data assimilation focuses
on 3DVAR. Theoretical analysis of the continuous-time 3DVAR algorithm (3.8)
may be found in Law et al. (2014), Blomker, Law, Stuart and Zygalakis (2013),
Azouani, Olson and Titi (2014), Gesho, Olson and Titi (2016), Olson and Titi
(2003), Mondaini and Titi (2018) and Larios and Pei (2024).

We now review the probabilistic approach introduced in Section 3.3. The
Kalman—Bucy filter (Kalman and Bucy 1961) contains what is perhaps the first sys-
tematic derivation and analysis of an algorithm for the incorporation of continuous-
time data into estimation of a sample path of an SDE. Its extension to nonlinear
and non-Gaussian distributions is provided by the Kushner—Stratonovich equa-
tion (3.25). A heuristic derivation of both the Kalman-Bucy filter as well as the
Kushner—Stratonovich equation can be found in Jazwinski (2007), while Bain and
Crisan (2008) cover the field of continuous-time filtering in full detail.

The idea of Strang splitting, which we use to derive the Kushner—Stratonovich
equation, originates in Strang (1968); for an overview of splitting methods see
McLachlan and Quispel (2002). Furthermore, we rely on robustness results for
continuous-time filtering (Clark and Crisan 2005), which imply that smooth ap-
proximations z7® to stochastic observations z' are justified and that the order of
taking limits At — 0 and 6 — 0 can be accounted for by appropriate Stratonovich-
to-1t6 correction terms. An introduction to the required covariation formulae used
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in the proof of Lemma 3.3 and identity (3.23), which follows from covariation of
stochastic integrals, can be found in Eberle (2019). We note that robustness results
do not carry over to associated mean-field equations and filtering problems with
correlated noise (Coghi, Nilssen, Niisken and Reich 2023).

The numerical approximation of the Kushner—Stratonovich equation (3.25) has
a long history. Crisan and Lyons (1999) have demonstrated how (3.25) can be
approximated by a particle method; this is a generalization of the bootstrap particle
filter to continuous time (Crisan et al. 1999). See also Bain and Crisan (2008) for
a detailed discussion of alternative approximation techniques. Hu, Kallianpur and
Xiong (2002) discussed the solution of the unnormalized and linear version of the
Kushner—Stratonovich equation known as the Zakai equation.

A mean-field approach to the Kushner—Stratonovich equation (3.25) appeared
first in the work of Crisan and Xiong (2010), which utilizes robustness results and
smoothed data 7% in the § — 0 limit. The mean-field equations (3.44) were pro-
posed in Yang et al. (2013) (in the one-dimensional setting), while the stochastic
counterpart appeared first in Reich (2019). The mathematical relationship between
the various mean-field formulations has been analysed in Pathiraja, Reich and
Stannat (2021). Numerical implementations of the mean-field equations (3.37) are
discussed in Taghvaei, de Wiljes, Mehta and Reich (2017), while Taghvaei, Mehta
and Meyn (2020) provide a detailed analysis of the diffusion map approximation
discussed after (3.15). The constant gain approximation K = C*"I", which corres-
ponds to the ensemble Kalman filter, arises as a particular scaling limit from the
diffusion map approach, as discussed, for example, in Taghvaei et al. (2017). See
also the recent survey by Taghvaei and Mehta (2023).

The continuous-time ensemble Kalman filter formulations (3.55) and (3.56) ap-
peared first in Bergemann and Reich (2012). These formulations are based on
earlier work on homotopy formulations of the Bayesian inference step by Berge-
mann and Reich (20100) and Reich (2011). See also the subsequent derivations in
Law et al. (2015), which contains a unified derivation of the Kalman—Bucy filter,
continuous-time 3DVAR and continuous-time ensemble Kalman methods, starting
from their discrete-time counterparts.

Rigorous derivation of continuous-time ensemble Kalman filter formulations
from their discrete-time counterparts can be found in Lange and Stannat (2021a,b),
Blomker, Schillings and Wacker (2018) and Blomker, Schillings, Wacker and
Weissmann (2022). Derivation and analysis of the properties of continuous-time
limits in the context of solving inverse problems may be found in Schillings and
Stuart (2017); see Section 5.6. Numerical time-stepping methods for continuous-
time ensemble Kalman filter formulations are analysed in Amezcua, Kalnay, Ide
and Reich (2014).

Ding et al. (2021) and Ding and Li (2021a,b) have undertaken a systematic
analysis of the link between interacting particle systems and mean-field systems in
continuous time, mostly focused on the solution of inverse problems; however, the
methods developed are more widely applicable. Similar to the stochastic ensemble
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Kalman filter, particle implementation (3.55) leads to undesirable correlations
via the synthetic data 7', which appear both in the gain K¥ = C*"I""! and the
innovation term d3 = dz" — dz/), effectively giving rise to coloured noise. These
numerically induced correlations vanish in the limit J — oo.

Well-posedness, stability and accuracy results for the ensemble Kalman filter
first appeared in Kelly et al. (2014), where the incompressible Navier—Stokes equa-
tions were studied, using the continuous-time formulations of stochastic ensemble
Kalman methods first identified in Reich (2011) and reviewed in Law et al. (2015).
Subsequent analyses of related issues for variants on the continuous-time ensemble
Kalman filter may be found in de Wiljes, Reich and Stannat (2018) and de Wiljes
and Tong (2020). Del Moral and Tugaut (2018) have initiated a line of research
related to the use of particle approximations of mean-field models to understand
long-time error estimates for particle systems approximating the Kalman-Bucy
filter, the setting in which mean-field ensemble Kalman filters exactly reproduce
the true filtering distribution; see Bishop, Del Moral and Pathiraja (2018), Bishop,
Del Moral, Kamatani and Remillard (2019), Bishop and Del Moral (2019), Bishop,
Del Moral and Niclas (2020) and, for an overview, Bishop and Del Moral (2023).
The control perspective deployed in Law et al. (2014) and Azouani et al. (2014)
to study filter stability and accuracy has been unified and extended to ensemble
Kalman filter formulations in Biswas and Branicki (2024), utilizing a particular
form of covariance localization and additive inflation.

The classical Kalman filter can be viewed from the perspective of minimum
variance estimation (discussed in discrete time in Section C.3) and optimal control
(Kalman and Bucy 1961). This perspective has recently been extended to nonlin-
ear filtering in Kim and Mehta (2024a,b), which opens up new perspectives for
developing and analysing numerical algorithms.

4. Inverse problems: discrete time

In this section we adapt the ideas of Section 2 to solve inverse problems. We
start in Section 4.1 with statement of the inverse problem, followed in Sections 4.2
and 4.3 by discussion of optimization and Bayesian approaches respectively; these
are analogous to the presentation of control and probabilistic approaches to the data
assimilation problem in Sections 2.2 and 2.3.

The basic methodology we highlight is to formulate filtering problems which
(possibly only approximately) solve the inverse problem. Section 4.4 is devoted to
Bayesian probabilistic filtering methods that solve the inverse problem by morphing
the prior into the posterior in a finite time; Section 4.5 discusses filtering methods
which work on infinite-time horizons, exhibiting exponential convergence to ap-
proximate solutions of the optimization or Bayesian formulations of the problem
from arbitrary starting points. In both Sections 4.4 and 4.5 we demonstrate the use
of Gaussian projected filtering and ensemble Kalman methods to solve the filtering
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problems that arise. In Section 4.6 we present numerical examples illustrating
ensemble Kalman methods for inverse problems. We conclude in Section 4.7 with
bibliographical notes.

Remark 4.1. In Sections 4.4 and 4.5 we present only mean-field statements of
the Gaussian projected filter and ensemble Kalman-based methods. The reader can
generalize the ideas in Section 2, based on interacting particle system approxim-
ations, to derive implementable algorithms from the ensemble-based mean-field
algorithms introduced. Similarly, the unscented Kalman filter can be used to de-
rive implementable algorithms from the Gaussian projected filters introduced here,
as discussed in Section 2.7. Pseudo-code for the schemes implemented in the
numerical examples of Section 4.6 may be found in Appendix A. u

4.1. Set-up

This subsection and Section 5 are entirely devoted to solution of the inverse problem
of finding unknown parameter u € R% from data w € R%, when w is related to u
via the equation

| w=Gw+y. | 4.1)

Here G: R% — R% is the forward model and y represents noise polluting the
data. We assume that G is measurable with respect to the Borel algebra on input and
output spaces, and is bounded on compact subsets of R%. The basic methodology
we highlight is to formulate filtering problems which (possibly only approximately)
solve the inverse problem.

Remark 4.2. The filtering problem from Section 2.1 requires solution of an
inverse problem, defined by (2.1b), at each step »; this inverse problem is a specific
instance of (4.1). Indeed, the map £, in (2.24b) denotes Bayesian solution of
this inverse problem, a concept we will define, in the more general setting of this
section, in Section 4.3. Furthermore, the smoothing problem, referred to at the
very end of Section 2.7, can also be formulated as an instance of the general inverse
problem (4.1). D

We will work in a setting where we assume a probabilistic model for the joint
random variable (z, w). We then assume that we have available to us w', the
observation coordinate of a specific realization (u', w’) under this probabilistic
model. This realization is itself generated by y', a specific realization of the
observational noise. We will consider two approaches to the inverse problem.

Objective 1. Design an algorithm producing output « from w' so that u estimates
u', the true state underlying the data.

Objective 2. Design an algorithm which estimates the distribution of random vari-
able u|w'.
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In Section 4.2 we define an optimization approach to determine an approximation
of u” from w', addressing Objective 1. In Section 4.3 we define the Bayesian prob-
abilistic formulation, which also underpins the algorithms derived in the remainder
of the section, addressing Objective 2.

4.2. Optimization formulation

Given matrices Cy > 0, ' > 0, vector mq and the specific data realization, namely
wT, we may define the nonlinear least-squares loss function ® and its Tikhonov-
regularized counterpart @ as follows:

D) = %le -Gwlt, (4.2a)

1
D(u) = D(u) + S |u - molg,- (4.2b)

Minimization of ®g constitutes a solution to the inverse problem. The specific
weighted norms used in the least-squares loss @, and the regularization leading
to @g, are best understood from the probabilistic formulation in the following
subsection; however, the remainder of this subsection can be understood without
recourse to this probabilistic formulation.

The Tikhonov regularized least-squares problem associated with the inverse
problem (4.1) may be viewed as an unregularized least-squares problem arising
from the modified inverse problem

wWRr = GRr(u) + YR,

where we write

WR = (}::0>, Gr(u) = (Gb(tu)>, MR = <(r) C(')())’ (4.3)

for yg being the generalized observation error. In particular, the cost functional
(4.2b) can be rewritten as

1
Or) = Swy — GRWIE,, (4.4)

N T
wh = (Z()) . (4.5)

Remark 4.3. A building block in many algorithms for minimization of ¥': R% —
R* is gradient descent. In basic form, this is an iteration for sequence {u, },cz+
defined by

for

Upsl = U — aV¥P(uy,). (4.6)

To solve the inverse problem, we can use iteration (4.6) with ¥ = ®@ or ¥ = ®g.
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In Section 4.5.2 we develop derivative-free affine-invariant algorithms? based
on Gaussian projected and ensemble Kalman filters. These algorithms offer an
alternative to (4.6); they only approximately minimize the least-squares objective,
in general. However, in the quadratic case they reproduce an exact mean-field
gradient descent algorithm, as we will show as this section unfolds. u

4.3. Bayesian formulation

We now consider the Bayesian approach to this inverse problem. We again assume
Co > Oand I" > 0, as in the previous subsection. To be concrete we assume prior
u ~ N(myg, Cp), that y ~ N(0, ") and that # and vy are independent. It then follows
that the likelihood w|u ~ N(G(u), ). Application of Bayes’ theorem shows that
the posterior distribution on u|w' is distributed according to measure y given by

p(du) = % exp(—®r(u)) du, (4.7a)

Z = exp(—Pg(u)) du. (4.7b)
Ru

We note that the least-squares-based optimization approaches to the inverse prob-
lem introduced in the preceding subsection can now be explicitly linked to the
probabilistic formulation of the inverse problem. In particular, minimizing ® is
referred to as the maximum likelihood approach, whilst minimizing ®g is called
the maximum a posteriori approach.

Example 4.4. Consider the case of linear forward model
G()=L-. (4.8)

Thus ®p is quadratic and it is straightforward to show that the Hessian of ®p is
greater than or equal to, in the sense of quadratic forms, C I, Since Cy 1> 0,
we deduce that g has a unique critical point and this critical point is a global
minimizer. It is then natural to define

L
Lr = < ) 4.9)
1
and note that, with this definition, Gg(-) = Lgr-. We then have
DOr(u) = l|wT — Lrul?
R 2 R R r*
Since @ is quadratic we deduce that the posterior u is Gaussian. We denote the
21 See Remark 4.18 for a discussion of the implications of affine invariance, in the discrete-time

setting. We will study affine invariance in detail in continuous time in Section 5; see Definition 5.11
and Remark 5.12.
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mean by mpos and the covariance by Cpos. Matrix Cpoy is readily defined via its
precision, the Hessian of ®g:

Com =S =LiR'Lk. (4.10)

post

As discussed above, Cp‘olSt > 0 so that Cpos > 0; in particular, Cpog is hence indeed

invertible. The minimizer of @ is at the mean my,os of the posterior, which solves
the normal equations

CoosMpost = LR ' wh. 4.11)

This representation of the posterior, which is Gaussian, is in terms of the precision
matrix and the mean. There is an alternative and useful representation formula for
the posterior covariance and mean, derived as follows. Consider the Gaussian
random variable (#, w) defined by choosing u ~ N(mg, Cy) and w|u ~ N(Lu,T).
Then the solution of the Bayesian inverse problem (4.7) is given in this linear setting
by the distribution of u|w'. By using standard conditioning formulae for Gaussian
random variables, we obtain

Mpost = Mo + CoLT(LCoL™ +T) "' (w' = Lmy), (4.12a)
Cpost = Co — CoLT(LCoL™ + )~ LCy. (4.12b)

These formulae are equivalent to (m, Cy) found from the Kalman filter Bayesian
update step (2.28) of Example 2.6, with the choices M =1, X = 0, H = L and
r=r. 0

Remark 4.5. A commonly used methodology for sampling from target distribu-
tion u on R% is MCMC. At abstract level this defines a Markov chain for density
Pn given by transition kernel /C(a), where « describes hyper-parameters that define
the specific method used. Thus

Pn+l = /C(Q)Pn (4.13)

This is a linear iteration for the density p,, designed to converge to the target
density, defined by the posterior, as n — oo. In Section 4.5.3 we show how mean-
field ensemble Kalman methods, which induce a nonlinear iteration on density p,,
may be used as an alternative to (4.13), defining an approximate Bayesian posterior
by iterating to infinity. Furthermore, this iteration will be shown to be exact for
Gaussian posteriors, and to benefit from affine invariance.?? U

4.4. Finite-time algorithms
The basic idea used in this subsection, to address the solution of inverse problems,

is rooted in a sequential formulation of Bayesian inference. From this sequential

22 Recall that discussion of the implications of affine invariance may be found in Remark 4.18, in the
discrete-time setting, and that in Section 5 we will study affine invariance in detail in continuous
time.
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formulation we derive a filtering problem whose solution, at a particular time, gives
the desired posterior. Section 4.4.1 describes the formulation, Section 4.4.2 the
use of Gaussian projected filters and Section 4.4.3 the use of ensemble Kalman
methods.

4.4.1. Formulation
To understand this sequential approach we define, for integer N > 1,

n 1
Op () = @)+ 5|u = molg,, (4.14)

noting that ®g y(u) = Pr(u). Now consider the sequence u, of probability
measures with negative log density given (up to an additive constant with respect
to variation of u) by ®g ,(u). Then the Bayesian inference problem (4.7) can be
reformulated as a sequence of N Bayesian inference steps where the prior y, is
morphed into posterior i, using the data likelihood exp(—®(u)/N) in each step:

e () o exp (—%@(u)) () (4.15)
Hence
1 (du) o exp (—%CD(M)) L1o(du). (4.16)
Thus
b () o exp(— D) o). “.17)

The initial prior is set to gy = N(mo, Cp) and the Nth posterior u delivers the
desired Bayesian solution to the inverse problem, given in (4.7).

Remark 4.6. Here we have introduced an iteration index » to morph from prior to
posterior. In what follows we will identify n with an artificial time and then import
ideas from filtering to solve the inverse problem. Notice that, in this approach,
the single inverse problem (4.17) of interest, is replaced by N inverse problems of
the form (4.15). This can be beneficial because each of the N inverse problems
(4.15) is easier to solve than the single inverse problem (4.17), because the defining
change of measure is closer to the identity.

A variant on this idea is to morph from prior to posterior by (possibly artifi-
cially) considering the data w as sequentially acquired and incrementally including
components of the data at each step n, again leading to a sequence of measures
{,un},]:]: o» With un equal to the posterior. i

Given this sequence of measures y,, it is possible to identify a stochastic dy-
namical system with filtering distribution y,,. Application of any filtering method
to this filtering problem, and ensemble Kalman filters in particular, then provides
a method to approximate the posterior distribution. These sequential formulations
of Bayesian inversion are well known and have, for example, been exploited in
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the use of sequential Monte Carlo methods for Bayesian inference; see Section 4.7
for details.

Remark 4.7. To employ sequential Monte Carlo methods based on (4.15) it is
necessary to invoke some form of approximation. The resulting outcome of such
approximations depends on the choice of positive integer N. Empirically it is found
that choosing N > 1 gives better approximations of the desired posterior (4.17);
however, this must be traded against the additional cost of taking N steps.
Standard particle filter-based sequential Monte Carlo methods do not always
scale well to high dimensions, in the same way that the particle filter for state
estimation scales poorly. Consequently, ensemble Kalman variants of sequential
Monte Carlo methods have an important place in the field, and we will deploy these,
and variants of them, after introducing the stochastic dynamical system underlying
sequential Monte Carlo. U

Our first step is to show how to realize (4.15) via a filtering problem which
we refer to as a transport problem:?? it transports the prior initial condition into
the desired posterior, through a discrete-time evolution. See Theorem 4.8 below
and note that in Section 5.4.1 analogous developments are made in continuous
time. The transport problem is exact: it introduces no approximations. To derive
algorithms we proceed to discuss approximations to the transport. We follow
discussion of exact transport with study of the Gaussian projected filter, applied in
this inverse problem context, in Section 4.4.2, and the continuous-time analogue in
Section 5.4.2. Study of Gaussian projection is then followed by discussion of the
application of mean-field Kalman transport algorithms to the transport problem in
Section 4.4.3; continuous-time analogues are covered in Section 5.4.3.

In the following development we define At so that

| NAr=1. (4.18)
Now consider the combined state-observation system in the form
Upsl = Up, (4.19a)
1
Wit = G(Uns1) + —Vn+1, (4.19b)

VAt

forn € {0,..., N—1}, where {y,4+1 },ILBI is ani.i.d. sequence with variance N(O, I').

It is intuitive that, since NAt = 1, ug ~ N(mg, Cp) and the observed data wio=wt

n+l
foralln € {0,..., N —1}, then up conditioned on WITV = {Wl+l}nN:?)l is distributed
as u, defined as in (4.7). Indeed, using (4.19b) for n € {0, ..., N — 1} corresponds
to making N independent noisy observations of G(ug), all with noise variance

At~!T; this is statistically equivalent to a single noisy observation of G(ug) with

23 Note that we have introduced transport ideas in Section 2 to underpin algorithms which approx-
imate the Bayesian inference that defines the analysis step in filtering.
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noise variance . Since ug is initialized as N(mg, Cy) (the prior), the problem
reduces to the Bayesian inverse problem for u|w'.

This intuition may be substantiated by using the discussion around equations
(4.14) and (4.15). In order to avail ourselves of the results from Section 2, we first
rescale the observation equation in (4.19) to obtain

Unpyl = Unp, (4.20a)
Yn+1 = MG (upy1) + Mnss (4.20b)

with 7,41 ~ N(O,Atl") and y,+1 = Atw,;;. Denote the observed data by Y,Jf =
{ y; 71> Where y;ﬂ = Ath. We may then show the following.

Theorem 4.8. Consider the dynamical system (4.20) and assume that Cy > 0,
[T > 0 and NAr = 1. Assume also that uyg ~ N(mg, Co) and 17,41 ~ N(O, Atl);
furthermore, assume that {77,1}nN:1 forms an i.i.d. sequence, independent of ug.
Then u;,, the law of unlY;Lf defined by (4.20), satisfies (4.15), and in particular uy
is equal to the posterior distribution y, if the data is chosen as yl = Atw', for
ne{l,...,N} <O

Proof. Let u, be the law of u,, |Y,Jf . Since (in the notation of Section 2) [t,,11 = uyn
we see that the mapping u, to u,4; is simply given by Bayes’ theorem: 4 =
L (uy). This observation yields the following identity, expressed in terms of p,
the Lebesgue density of measure u,,:

1, .
log pn+1 —log py, = ——|y,rl - AtG(u)l% + const.
2At
t
= —?|wT - G(u)||2_ + const.
Summing over n € {0, ..., N — 1}, using the fact that

1
log po = —Elu - m0|2C0 + const.,

we deduce that

log p, = =g, + const.,

with @g ,, given by (4.14). Choosing n = N gives the desired result concerning the
posterior. O

Thus we may approach the problem of (approximately) sampling from u by
(approximately) solving the filtering problem defined by (4.20), for u,,, until discrete
time n = N. In particular, we may use the Gaussian projected filter or ensemble
Kalman methods to approximate this filtering problem. In the next two subsections
we consider, respectively, these two approximation methods.
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4.4.2. Algorithms: Gaussian projected filter

We now apply the ideas from Section 2.4, which concerns the Gaussian projected
filter in the general setting, to the specific setting of the stochastic dynamical system
(4.20). Let E denote expectation under u ~ N(m,,, C,) and define

C4C = E((u — Bu) ® (G(u) — EG(u))), (4.21a)
CYY = E(G(u) — EG(u)) ® (G(u) — EG(u))). (4.21b)

Noting that prediction under (4.20a) is trivial, it follows that the predicted mean
and covariance satisfy m,+; = m, and C,y; = C,. Hence, using (2.42) in the
specific setting of (4.20) yields

st = my + ACYC (T + ArCSG) ™ wh —BG @), (4.22a)
Cur1 = Co — AICHC (I + ACTG) ™ (CHO)T. (4.22b)

Note that the difference between the data w' and the mean of G(x) under the
Gaussian at step n acts as a forcing term in the evolution of the mean from n
to n + 1, promoting a Gaussian which agrees with the data. This forcing term
is weighted by covariance information. The covariance of the Gaussian projected
filter is non-increasing from step to step since (i, Cp11u) < (u, C,u) forallu € R%:;
this reflects the fact that more information is received at each step n — n + 1 as the
unknown u is repeatedly observed.

Example 4.9. In the setting of the linear inverse problem (4.4), where G(u) = Lu,
the Gaussian projected filter equations (4.22) reduce to

Mps1 = My + AtC, LT (T + AtLC,LT) ' (W' = Lmy,), (4.23a)

Cps1 = Cp — AtC, LT (T + AtLC,LT) 'LC,,. (4.23b)
These equations may be iterated to map from (mg, Cy) directly to (m,, C,), obtain-
ing

my = mo +nAtCoL™ (T + nAtLCoLT) ' (w' = Lmy), (4.24a)

C, = Co — nAtCoL™ (T + nAtLCoLT) ' LCy. (4.24b)

These formulaec may also be obtained by applying Bayes’ formula, in the linear
setting, to (4.16) and using (4.18), namely NAr = 1. The Gaussian posterior
measure g = N(mpost, Cpost) given by (4.10) and (4.11) may now be found by
choosing mean and covariance (mpost, Cpost) = (my,Cn). This follows from
Section 2 because the Gaussian projected filter recovers the Kalman filter, which is
exact for linear Gaussian problems. 0

4.4.3. Algorithms: ensemble Kalman filter
Recall that mean-field models lead to ensemble Kalman methods through particle
approximation. In this section we simply highlight use of one of the mean-field
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models, in the context of inverse problems, namely the stochastic Kalman transport
approach from Section 2.5.4 and its deterministic variant from Section 2.5.5. We
leave details of particle approximations of these mean-field models to the reader,
and to Appendix A for related pseudo-code.

Employing the state-observation model (4.20) within the stochastic Kalman
transport model (2.55), we obtain the mean-field dynamical system, for i.i.d. unit
Gaussian sequence {&,,} in R,

- [T
Unst = iy + AICHG (ACC 4T <wT — Guy) - A—t§n>, (4.25a)

C“C = B((up, — Bity) ® (G(un) — EG(un))), (4.25b)
CS% = E((G(un) - EG(un)) ® (G(uy) — EG(up))). (4.25¢)

Note that, here, expectation E is computed under the law of u, itself. As for
the Gaussian projected filter (4.22), the evolution promotes a distribution which
is compatible with the data, here with a forcing term, weighted by covariance
information, applied to the evolution of the state u#,; but unlike the mean-field
evolution equation for the mean, there is additional noise for the state evolution.
Recall Theorem 4.8. Since the ensemble Kalman transport algorithm used here
provides an approximation of the filtering distribution for the dynamical system
(4.20), it follows that the random variable uy provides an approximation to the
posterior distribution g, provided that uy ~ N(mg, Cp), the prior distribution. This
statement can be made exact in the linear case, as the following example shows.

Example 4.10. Assume G(u) = Lu for L € R%*9 50 that the posterior distribu-
tion of the Bayesian inverse problem u is given in Example 4.4. Then the solution
of the mean-field model (4.25) satisfies uy ~ u. This is a specific instance of
what we observed in Example 2.15, namely that the mean-field model reproduces
the Kalman filter on linear Gaussian problems. We note also that the Gaussian
projected filter is identical to the Kalman filter in this case; see Example 4.9.

Although it is implicit in Example 4.4, in this specific inverse problem context
we demonstrate the equivalence with the Kalman filter explicitly. To do this we note
that, in the linear setting, equation (4.25) defines a closed evolution in the set of
Gaussian probability measures. The updates for the mean m,, and covariance C,, of
uy, then coincide with the Kalman filter, and hence the Gaussian projected filter, in
this linear case given by equations (4.23). Indeed, by taking the expectation under
the law of u,, of (4.25a), it is readily checked that in the linear setting we obtain
(4.23a) for the mean update. To obtain the evolution equation of the covariance,
recall that

Chst = E((ns1 = Mps1) ® (Uns1 — Mps1)). (4.26)

Substituting into (4.26) the expression for u,,.1, given by (4.25a) in the linear setting
G(u) = Lu, and the expression for m,.1, given by (4.23a), and then computing the
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expectation yields (4.23b). It follows from the calculations of Example 4.9 that
unN ~ H. 0

We conclude this subsection by stating the corresponding deterministic transport
formulation. We employ the approximation (2.61). This holds in our case provided
At is small enough. Choosing K, as implicitly defined in (4.25), we obtain, with
expectation E computed under the law of u,, itself, the following mean-field model:

- 1
Uns1 = iy + AICEG (A1CSC +T) ! (wT - 5(Gun) + EG(un))>, (4.27a)

CiC = B((un — Buun) ® (G(un) — EG(upn))), (4.27b)
CSY = E(G(un) — EG(un)) ® (G(un) — EG (). (4.27¢)

4.5. Infinite-time algorithms

Algorithms which (approximately) transport prior to posterior in finite time, as
described in the preceding subsection, are attractive. However, they can be quite
rigid as they do not benefit from strong stability to perturbations. An alternative,
pursued in this section, is to seek algorithms which converge to the desired solution
on an infinite time horizon, from arbitrary starting points, and which exhibit expo-
nential stability. This is hard to achieve in general, but can be achieved exactly for
Gaussian problems. When applied beyond the Gaussian setting this hence leads to
a methodology consistent with the application of ensemble Kalman filter approx-
imations, which themselves invoke a Gaussian ansatz and yet are used beyond the
Gaussian setting. Section 4.5.1 describes the infinite time horizon formulation. In
Section 4.5.2 we consider this infinite time horizon perspective for the solution of
optimization problems associated with the inverse problem (4.1). Section 4.5.3
considers the same perspective for Bayesian inversion.

4.5.1. Formulation

To motivate what follows, we consider algorithms that solve the optimization
problem by extending ideas from the previous section to iterate a filtering problem
over an infinite time horizon. To explain this idea, recall the identity (4.16), restated
here for convenience:

ftn(du) o< exp (—%@(u)) po(du).

We note that if we evaluate this identity at n = N then we obtain the Bayesian
posterior distribution; the resulting algorithms are based on solving the associated
filtering problem on interval n = 0,1, ..., N. Now we observe that if, instead, we
iterate n — oo for fixed N (and hence fixed Af), then u, will converge to a sum
of Dirac measures supported at global minimizers of @ that are contained in the
support of uo. Thus we can iterate algorithms such as the Gaussian projected filter
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from Section 4.4.2, or the ensemble Kalman filter from Section 4.4.3, to n = oo, in
order to obtain an approximate solution of the optimization problem for @, within
the support of ug.

In the following example we study both the Gaussian projected filter and the
ensemble Kalman filter in the linear Gaussian setting. We consider their application
when we iterate n — oo for fixed N. The two algorithms coincide in this linear
Gaussian setting. Studying their properties gives insight into the proposed iterative
approach to optimization. In particular it motivates the use of regularization and
variance inflation, as introduced following the example.

Example 4.11. We consider the setting of Example 4.9, where the linear inverse
problem with G(u#) = Lu is considered, making the additional assumption that
LCoLT has full rank. The Gaussian projected filter equations (4.22), iterated over
n steps, give the single-step update (4.24). Since LCyL " has full rank, this delivers
the following closed-form update in the image of L:

-1
1
Lmy = Lmy+ AtLCoL™ <—r + AzLCOLT> (w' = Lmy), (4.28a)
n

-1
1

LC,L" = LCyL" — AtLCyL" <—r + AtLCOLT) LCyL™. (4.28b)
n

If we fix At and let n — oo, then we see that

Lm, =w' +0(1/n),
LC,L™ = 0(1/n).

We notice from the previous example that there are two issues when letting n — oo
for fixed Az. First, the mean converges to a point m., solving Lme, = w', rather
than a minimizer of the regularized functional ®g(-). Secondly, the convergence
rate is only of order 1/n. i

We now seek to address the two problems identified in this example, to develop
improved methodology.

Regularization. The first problem identified in Example 4.11, namely that regu-
larization disappears when taking n — oo, can be addressed by considering the
iteration defined by

pn(du) oc exp(=nAr®g(u)) po(du) (4.29)

instead of the iteration defined by (4.16). Recalling Gg, ['g defined by (4.3) and
assuming that g > 0, then a sequence of measures y, given by (4.29) may be
generated by the filtering distribution associated with the following modification
of (4.20):

Un+l = Un, (4.30a)
Yn+1 = AtGRr(Upt1) + Nt (4.30b)
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Here 1,41 ~ N(O,Afl'g), and we consider the setting where the observed data
is yjl b = Atw;. Note that wjz is the fixed vector defined in (4.5). We may
apply sequential filtering techniques, such as the Gaussian projected filter and
the ensemble Kalman filter, to the filtering problem defined by (4.30). Since u,
converges to a Dirac delta distribution centred about the minimizer of ®g, within
the support of uo, this addresses the first problem. However, the rate of convergence
remains of order 1/n so that the second problem is not addressed; this is verified
explicitly for the linear case in the forthcoming Example 4.15.

Variance inflation. The second problem identified in Example 4.11 is algebraic
convergence. The root cause of the algebraic convergence is the collapse of the
covariance C, to zero. Therefore, in order to accelerate the convergence rate,
we need to modify the sequential update steps to ensure that the covariance of
(approximate) filters does not collapse to zero; at the same time we must ensure
that the mean m,, still converges, exactly in the linear setting and approximately in
the general nonlinear case, to the minimizer of ®g as n — co.

In order to achieve this non-collapsing covariance we modify (4.30) by adding
a form of variance inflation to the evolution of the parameter u,,, and consider the
stochastic dynamical system given by

Uptl = Up + é:n, (4.31a)
Yn+1 = AtGRr(Ups1) + Nt (4.31b)

Here &, ~ N(O, BAt%,), B > 0 and 1,41 ~ N(O, At'g) for covariance inflation
matrix 2, to be defined. Note that if 8 = 0 we simply recover (4.30).

We now discuss the choice of 2,,. Because the true covariance that we wish to
recover is that of filtering distribution, it is natural that 2, is defined in terms of the
covariance of the filter. Defining Y,I = {y; Ho_, with y; = Atw;e, we may consider

the filtering distribution defined by random variable unlYJ. We let C,, denote the
covariance under this filtered random variable. We then set ,, .= C,,.

Remark 4.12. With this choice of C,,, equation (4.31) defines a form of mean-
field model for state-observation evolution. Previously in this paper the state-
observation models we have considered have not been of mean-field type; we
only introduced mean-field models as the basis of sample-path-based algorithms
to (approximately) solve a filtering problem. Here, in contrast, the mean-field
dependence of the proposed model (4.31), with %, := C,, is through the filtering
distribution associated with un|Y2 . Thus, even before we develop mean-field
models to approximate the law of the filtering distribution via sample-path-based
algorithms, the underlying state-observation model is linked to filtering.

Although the filtering distribution depends on the history Y,I ,equation (4.31) can
be rendered Markovian by coupling it to the evolution of the filtering distribution
Un 7 Uni1, and noting that C,, is computed under y,,.
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We note that, in practice, identification of the exact covariance of the filtering
distribution is not possible. Thus, in the Gaussian projected filter and ensemble
Kalman filter that follow, we will use approximations of C,; however, we will also
denote these approximations by C,, to avoid proliferation of notation. 0

We now derive implementable algorithms to approximate the filtering distribu-
tion defined by (4.31).

Gaussian projected filter. ' We begin by applying the ideas from Section 2.4, which
concerns the Gaussian projected filter in the general setting, to the specific setting
of the stochastic dynamical system (4.31). Using (2.42) in the specific setting of

(4.31) yields
Mps1 = My, (4.32a)
Crs1 = (1 + BAL)C,, (4.32b)
—~ oy oy -1 —~
Mpst = itipet + AtCRS L (MCRS +TR) ™ (Wh = Onat), (4.32¢)
— — — —1,=
Cunt = Gt~ MCR, (MEGS,, +T2) ™ (E5) . @324)
Here we define
Op+1 = EGRr(Un+1), (4.33a)
C4C . = B((fins1 = Eilne1) ® (GR(@ne1) = EG(ins1)), (4.33b)

CR¥,1 = E(GR(iins1) — EGR(Hine1)) ® (GRr(ins1) = EG (1)), | (4.33¢)

where, in (4.32), all expectations are with respect t0 41 ~ N(ins1, Cps1). Note
that we have used the covariance of the Gaussian projected filter to define the
variance inflation required to determine (4.32b), since we do not have the covariance
under the true filtering distribution.

Ensemble Kalman filter. Instead of the Gaussian projected filter, we may use the
ensemble Kalman filter. We use the covariance C,, of the ensemble Kalman filter
to define the variance inflation since, again, we do not have the covariance under
the true filtering distribution. With these considerations in hand, application of the
stochastic Kalman transport mean-field model (2.55) to (4.31) yields

Upsl = Up +En, (4.34a)

Y+l = AtGR(Un+1) + Nn+1s (4.34b)
-~ ~u o/ -1 —~

Unst = Tine1 + Cogor (ACRS +TR) ™ (Atwh = Fnet). (4.34c¢)

Here &, ~ N(O, BAtC,), a1 ~ N(O, AtT'g) and expectations appearing in (4.33),

to define ((’7\1‘3(31 o 5}{%0, are computed under the law of iz,41.
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Remark 4.13. Recall the mean-field dynamical system (4.31) and consider its
filtering distribution. In Section 4.5.2 we show that in the linear case the mean of
the filtering distribution converges to the posterior mean of the underlying Bayesian
inverse problem, and hence to a minimizer of the Tikhonov regularized least-
squares function ®g. For 8 = 0 convergence is algebraic, whilst it is exponential
for g > 0. Furthermore, in Section 4.5.3, we show that for a particular choice of
B, in the linear case the filtering distribution converges to the Bayesian posterior
distribution defined by the inverse problem.

Recall that the Gaussian projected filter (4.32) and the mean-field ensemble
Kalman filter (4.34) exactly reproduce the evolution of the filtering distribution, for
linear Gaussian problems. As a consequence everything stated in this remark for
the filtering distribution applies also to the law defined by (4.32) and by (4.34). U

We also note that it is possible to use corresponding deterministic transport
formulations in place of (4.34). We employ the approximation (2.61). This holds
in our case provided At is small enough. Choosing K, as implicitly defined in
(4.34), we obtain the following mean-field model:

Unsl = Un + En, (4.35a)
_ .1 A _

Up) = Uny + ALK, <WR - 5 (GR(unH) + 0n+1)> > (4.35b)

Ky = CiC  (ACSC, +TR) ™. (4.35¢)

Here &, ~ N(O, BAtC,,). All expectations used to define (61"£l+1, Eggﬂ, 5n+1)
are given by (4.33), computed under the law of u,,,;. This also exactly solves the

filtering problem defined by (4.31), in the linear Gaussian setting.

Remark 4.14. We note that it is possible to replace (4.34) with the mean-field

model
Untl = Up + %(un — Euy,), (4.36a)
Yns1 = AtGR(ps1) + s (4.36b)
Uns1 = ey + CaC L (AICGC, +TR) ™ (AWl = T (4.36¢)

Here the expectation on u,, is with respect to the approximate filtering distribution
generated by this model. Now note that the predictive mean and covariance defined
by (4.34) are governed by (4.32a), (4.32b). The same equations govern the evolution
of predictive mean and covariance of (4.36) provided that we choose y to be the
unique positive solution of the equation y + y>/4 = AtS. Thus the resulting
methodology will coincide with the Gaussian projected filter and with the ensemble
Kalman filter on linear Gaussian problems. 0

Downloaded from https://www.cambridge.org/core. IP address: 10.3.192.216, on 17 Jul 2025 at 12:37:39, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/50962492924000060


https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0962492924000060
https://www.cambridge.org/core

ENSEMBLE KALMAN METHODS: A MEAN-FIELD PERSPECTIVE 211

4.5.2. Algorithms for optimization formulation

Recall that we have introduced the non-standard mean-field dynamical system
(4.31). We have also described how the filtering distribution of the dynamical sys-
tem may be approximated by the Gaussian projected filter (4.32) and the mean-field
ensemble Kalman filter (4.34). In this subsection we substantiate the statements
made about these algorithms in Remark 4.13. We initially discuss algorithms with
algebraic convergence, for § = 0; and then we introduce a generalization of the
analysis to S > 0 which allows us to obtain exponential convergence.

Algebraic convergence. Here we consider the setting of (4.31) where 8 = 0. Recall
that for this choice of , the stochastic dynamical system (4.31) reduces to (4.30).
The following example illustrates that in the linear case where Ggr(-) = Lg-, we
recover an algebraic rate of convergence of the filtering distribution to a Dirac
distribution at the posterior mean, when fixing A¢ and taking n — oco. This is
analogous to Example 4.11, which considers algorithms based on L, not Lg.

Example 4.15. Assume that u is initialized at a Gaussian N(mg, Cy) and assume
also that Co, Mg > 0. Consider the setting where Gr(-) = Lg- for matrix Lg €
R(@w*dwxdu Now consider the filtering distribution u,, V4l given in (4.30), with Y
data defined y, = Arw',, with wl, as in (4.5).

The desired filtering distribution is Gaussian N(m,,, C;;). We now show that
the iteration (m,,, C,) — (mp41, Cpy1) converges to the posterior distribution, and
does so at an algebraic rate. The reader should compare this with Example 4.11
which, using filtering based on G rather than G g, and again in the linear case, also
results in algebraic convergence; furthermore, convergence is only in the image
space under the forward map L.

To prove convergence to the Dirac distribution we first identify the update equa-
tions for (m,,, C,). Note that the predictive mean 7,,,1 and covariance 5n+ 1 defined
by (4.30a) trivially satisfy

Muy1 = My,
Cus1 =Gy

To find (m,+1, Cy41) it is again convenient to derive the formulae using precision
rather than covariance matrices. To this end we view the Gaussian N(71,,41, 5n+1)
as prior distribution for the linear inverse problem defined by (4.30b) with data
realization y; b = Atw;. Note that the likelihood, being linear and Gaussian,
is conjugate to the prior, so that the resulting posterior, which is the filtering
distribution on u,.1|Y T is Gaussian with mean and covariance (Mus1, Cuat),

+1°
which can be found byncompleting the square:

-1 _ ~-1 Tr-1
Cho =Co o + ALl g LR,
-1 i Tr-1
C 1Mp+1 = Cn+1mn+1 +AtLRFR w

¥
n+ R’
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We therefore find that
C,l=Cyt +nAtLET R L. (4.37)

Recall that the posterior covariance Cpose = (L; I_l‘e1 Lg)~! from (4.10) is positive
definite. Hence it follows that the covariance converges to zero algebraically fast:
C, =0(1/n).

Now note that

Cylmy = Cy'lmo + nAtLRT g wh,

so that
my = (Cy' +nAtLET R LR) ™ (Cylmo + nATLET ' wh).
We deduce that since the posterior mean is given by (4.11),
my, = CL,EF,}IW; +0(1/n) = mpos + O(1/n), (4.38)

again exhibiting algebraic convergence. Combining (4.37) and (4.38) yields the
result. 0

Exponential convergence. Example 4.15 shows that when § = 0, filtering based
on (4.31) leads to convergence to the posterior distribution at an algebraic rate, in
the linear setting, when fixing A¢ and taking n — co. We now exhibit, when 8 > 0,
an exponential rate of convergence to a Gaussian with correct posterior mean and
a B-dependent scaled posterior covariance.

Proposition 4.16. Assume that u( is initialized at a Gaussian N(mg, Cy) and
assume also that Co, g > 0. Consider the setting where Gg(-) = Lg- for matrix
Lg € Réwtd)xdu Now consider the filtering distribution u,|Y, defined by (4.31)
for § > 0, with data ¥,| defined by y;, = Arw',, where w, is defined in (4.5). Then
the filtering distribution is Gaussian N(m,,, C;,) for all n > 1. For any fixed At > 0,
the mean and covariance converge at an exponential rate (1 + Az3)™", as n — oo,
to the limits mo = mpos and

B

= — Coosts
1+ pAr P

where (mpost, Cpost) are the posterior mean (4.11) and covariance (4.10). O

[ee)

Remark 4.17. Motivated by this proposition we may use the Gaussian projected
filter (4.32) or the stochastic or deterministic Kalman transport algorithms, (4.34)
and (4.35) respectively, to approximate the filtering distribution implied by (4.31).
In so doing we generate approximate solutions of the Tikhonov regularized optim-
ization problem defined by (4.1). Furthermore, the exact solution is recovered in
the linear Gaussian setting. U

Remark 4.18. It is a remarkable fact that the rate of convergence is independent
of the properties of the limiting Gaussian posterior distribution, and in particular of
the conditioning of the posterior covariance. This desirable property is a result of
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the affine invariance of the Gaussian projected filter and ensemble Kalman methods
that we deploy in this subsection. Affine invariance is a subject we will study in
more detail in the context of continuous-time approaches to inversion, developed
in Section 5. In this context we note that Definition 5.11 may be extended to
discrete-time algorithms. 0

Proof of Proposition 4.16. We first identify the update equations for (m,, C,).
Note that the predictive mean m,,,; and covariance C,,| defined by (4.31a) satisfy

Mp41 = Ny, (4.39a)

Cps1 = (1 + BADC,. (4.39b)

To find (m41, Cpy1) it is convenient to derive the formulae using precision rather
than covariance matrices. To this end we view the Gaussian N(77,,41, 5n+1) as
prior distribution for the linear inverse problem defined by (4.31b) conditioned
on specific realization of the data wjl b = w; Note that the likelihood, since
linear and Gaussian, is conjugate to the prior so that the filtering distribution on
Uptl |WZ + is Gaussian with mean and covariance (1,1, C,1) which can be found

by completing the square

C;l=C L+ ALET R L, (4.40a)
Cylimnst = Cp s + ALLET R W (4.40b)

Combining (4.39) and (4.40) shows that (m,,, C,) update according to the for-
mulae

1
-1 -1 -1
cl = (1 +,8At)C” + AL g,

_ 1 _ _

We can therefore write

1 n n—1 1 k
Cl=——) '+ AL L,
n <1+,3At> 0 <k=0<1+,8At>> RER R
and so

1 " 1+ BA 1\
col - (1+BAt> C0—1+%<1_ <1+ﬁm) )L;r,;lLR. (4.41)

Recall the posterior covariance Cpost = (LITe r,;l Lg)™! givenin (4.10). Itis clear that

the precision converges exponentially fast to erolst, scaled by (1 + BAr)/, and hence

that the covariance converges exponentially fast to the appropriately scaled Cpos.
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Similarly we may write the expression for the mean as

1\ 1+ BAt 1"
C—l — C—l 1_ LTr—l T,
n M <1+/5’At> 0 MoF g ( <1+/3At) ) R R VR

so that the exponential convergence of the mean to the steady state mp,s given by
(4.11) may be deduced, using the expression (4.41). U

Remark 4.19. Recall the Hessian S of ®g, defined in (4.10). Using the formulae
for the predictive mean and covariance, it is also easy to deduce that the expression
for m,4; is given by

| BAt I
Ml = <1+ﬁAt> e <1+,3At> STLRMR Ve

and hence
BAt
1+ BAt

Myl = My + ( ) .81 (Smn + L;rlglw;). (4.42)

Since V®g(u) = Su + LLTz'wh, and D?®g(u) = S, the iteration (4.42) may be
viewed as a Gauss—Newton scheme for minimizing ®g. 0

4.5.3. Algorithms for Bayesian formulation

Again recall that we have introduced the non-standard mean-field dynamical system
(4.31) and shown how the filtering distribution of the dynamical system may be
approximated by the Gaussian projected filter (4.32) and the mean-field ensemble
Kalman filter (4.34). In this subsection we substantiate the statements made about
these algorithms in Remark 4.13 in relation to Bayesian sampling. In particular
we show that they exactly recover the posterior in the linear Gaussian setting by
choosing

1

1—Ar
The following is a direct corollary of Proposition 4.16. As in Remark 4.18, we note
that the rate of convergence, in this case to the posterior distribution, is universal
across all Gaussian posteriors.

B = (4.43)

Corollary 4.20. Assume that u is initialized at a Gaussian N(mg, Cp) and assume
also that Coy,'g > 0. Consider the setting where Gr(-) = Lg- for matrix Lg €
R@w+d)xdu  Now consider the filtering distribution u,|Y, defined by (4.31) for
B given by (4.43), with data ¥, defined by y}, = Atw},, where w', is defined in
(4.5). Then the filtering distribution is Gaussian N(m,,, C,,) for all n > 1. For any
fixed Ar > 0 the mean and covariance converge at an exponential rate (1 — Ar)",
as n — oo, to the limits Mo = Mpost and Coo = Cpost, Where (mpost, Cpost) are the
posterior mean (4.11) and covariance (4.10). o
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Remark 4.21. Motivated by this corollary, in the context of (4.31) we may use the
Gaussian projected filter (4.32) or the stochastic or deterministic Kalman transport
algorithms, (4.34) and (4.35) respectively, to generate approximate solutions of the
Bayesian inverse problem defined by (4.1), in the general nonlinear setting. Of
course, because these algorithms employ Gaussian approximations, this does not
produce the exact filtering distribution. Furthermore, to make resulting algorithms
tractable we will predict in (4.31a) using the covariance C,, of the Gaussian pro-
jected filter or the Kalman transport algorithm, rather than the covariance under
the true filtering distribution, which is not tractable: see the final paragraph in
Remark 4.12. We note, however, that in the linear Gaussian case all the algorithms
are exact and hence recover the true posterior. u

4.6. Ensemble Kalman methods for inversion: examples

In this section we have so far concentrated entirely on mean-field models, leaving
the details of deriving particle approximations to the reader. In this subsection,
however, we make a brief foray into finite particle ensemble approximations of
the mean-field models introduced in our discussion of inverse problems. The
algorithms we employ can be found in Appendix A as Algorithms 3, 4 and 5.

Algorithms 3 and 4 are based on finite particle approximations of the mean-field
model in (4.25). Algorithm 3 is based on iterating until N satisfying NAr = 1
and, at that time-step, aims to approximate the posterior. Algorithm 4 performs the
same iteration but to N, assumed to satisfy No,Af > 1 so that it approximately
solves an optimization problem; see the discussion at the start of Section 4.5.1.
Algorithm 5 is based on (4.34) with S given by (4.43), and aims to approximate
the posterior by iterating to Noo: NeoAf > 1.

In Example 4.22 we study a one-dimensional nonlinear inverse problem; work-
ing in one dimension enables comparison of the true posterior distribution with
approximations arising from the various ensemble Kalman inversion schemes de-
scribed in preceding subsections. We also demonstrate an optimization approach
to inversion, in the context of Example 4.22. Subsequently, in Example 4.23, we
return to the setting of the Lorenz *96 dynamical system, now to estimate unknown
parameters rather than the state; our focus is on studying ensemble Kalman meth-
ods from the perspective of the optimization approach to the parameter estimation
problem.

Example 4.22. Recall Example 4.9 concerning the linear Gaussian inverse prob-
lem; there we show that the exact posterior is obtained either by iterating (4.23)
N times or by evaluating (4.24) at n = N. Although derived in the context of
the Gaussian projected filter, the example also applies to mean-field ensemble
Kalman methods since they, like the Gaussian projected filter, are exact for linear
Gaussian problems. However, in the nonlinear case this equivalence does not hold
exactly, because of approximations that are made by the Gaussian projected and
ensemble Kalman filtering methods. In this example we study the effect of these
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approximations by examining the behaviour of particle-based ensemble Kalman
methods applied to a nonlinear inverse problem.

We consider the setting of (4.1) with a nonlinear forward map G: R — R, given
by

7 7
Gu) = Ebﬁ - Euz + 8u. (4.44)

The observational noise is assumed to be of the form n ~ N(0,1). Assuming
observation w' = 2 results in likelihood

1 1
—— exp <——(G(u) - 2)2) . (4.45)
2r 2

Furthermore, assuming a Gaussian prior of mean —2 and variance 1/2, the posterior
on u|w is proportional to

L exp <—1(G(u) 22 —(u+ 2)2> . (4.46)
2 2
We note that the forward map G(u) is monotonic and the posterior (4.46) is uni-
modal: in Figure 4.1(a) we display the posterior distribution. We also show the
Gaussian prior and the likelihood (4.45).

Figure 4.1(b) shows the ensemble Kalman inversion iteration (4.25) from Sec-
tion 4.4, which is designed to transport prior to posterior in finite time, fixing N
iterations and Ar so that NAr = 1; see Algorithm 3. Recall that the iteration exactly
recovers the posterior, in the mean-field limit, when applied to linear Gaussian
inverse problems (Example 4.9), but that here the inverse problem is nonlinear and
non-Gaussian. We employ this algorithm with J = 2 x 10 ensemble members. We
run Algorithm 3 with two choices of N: N = 4 x 10 and hence At = 2.5 x 1074,
and with N = 1 and hence Ar = 1. Figure 4.1(b) shows that the one-step approach,
with N = 1, leads to a very poor approximation of the posterior. In contrast, the
scheme with N = 4 x 10? yields reasonable approximation quality of the posterior;
see Remark 4.6. In this panel we also run Algorithm 4 for the finite number of
iterations Noo = 10°, with Az = 2.5 x 107*. The result reflects the theoretical
interpretation: iterating n — oo leads to solution of the optimization formulation
of ensemble Kalman inversion and, as discussed in Section 4.5, results in conver-
gence to a Dirac centred at the minimizer of the least-squares functional @, the
maximum likelihood estimate found by maximizing (4.45); this simply delivers the
point G~1(2).

Figure 4.1(c) shows the ensemble Kalman inversion iteration (4.34) from Sec-
tion 4.5, namely Algorithm 5. This is designed to approximate the true posterior,
when 1/8 = 1 — At: indeed, Corollary 4.20 shows that in the linear setting the
mean-field model (4.34) converges to the true posterior in limit n — oo, with this
choice of 8. Our numerical results, which are conducted with this choice of 3,
show that use of the Algorithm 5, when applied to the nonlinear inverse problem,
produces an excellent posterior approximation; this demonstrates that the linear
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Figure 4.1. The plots display the results obtained for the inverse problem described
by the one-dimensional nonlinear forward map (4.44). (a) The prior, likelihood
and posterior. (b) Comparison of the true posterior PDF with the approximation
obtained using the finite ensemble Kalman inversion iteration (4.25), as detailed
in Algorithm 3, with Az = 2.5 x 10™* and At = 1, iterated to time n = N where
NAt = 1. Panel (b) also includes results found from applying the optimization
Algorithm 4, iterating over Ny, = 10° steps with Az = 2.5 x 10~%; in this case, the
ensemble approaches the Dirac measure supported on the minimizer of the unreg-
ularized least-squares loss @, given by the peak of the likelihood. (c) The posterior
approximation using the ensemble Kalman inversion iteration with covariance in-
flation as described by the mean-field model (4.34), as detailed in Algorithm 5,
with 8 = 1/(1 — At) for parameter At = 2.5 x 10™4; the algorithm is iterated over
Ne = 10° steps. It is clear that this scheme yields the highest-quality posterior
approximation.
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theory is indicative of the behaviour of the algorithm beyond the linear Gaussian
setting. 0

Example 4.23. As in the examples from Section 2, we again consider the Lorenz
’96 (single-scale) model for v € C(R*, RE) satisfying the equations

Ve ==V 1(Ve_o —Ves1) = ve+u+h,mQve), €=1...L, (4.47a)

Vesr =ve, €=1...L. (4.47b)

As before, we set L =9, h,, = —0.8 and 1 = 10. We recall that function m is shown
in Figure 2.1. In Section 2 we focused on recovering the state v from partial and
noisy observations. Here we concentrate on recovering the parameter u.2*

Our objective is to recover parameter u from time-averaged data. We assume
that the system is ergodic so that infinite time-averages produce averages over the
invariant measure. Furthermore, we assume that convergence in time, of averages,
is governed by a central limit theorem. We let G7: R — R? denote the mean and
variance, defined via averaging over time 7 and over the L components of v, of
the state of system (4.47). In principle Gr depends also on initialization, but this
effect is negligible for T large, and zero for T = oo, by ergodicity. In particular,
with system state v evolving according to

v =wel, (4.48)

n+l

where W is the solution operator for (4.47) over the observation time interval 7,
with true parameter # = u", the action of forward operator Gz on u is defined as

follows:
_ (M

L
I=

| < - s 1
w1 = Z\j';, Wz:L,MZZ(VZ;l_‘_};) ’ ﬁZZMZV;;l,
=1 n=1

n=1 1

with, for Mt =T,

ol

where we have used v,L ; to denote the /th variable in vector vl,

We consider finding u from an observation w € R? arising from the model
w=Ge(u)+vy. (4.49)

In practice the specific realization w', from which we invert to find , is found by
integrating G to a finite time 7 = 100, not T = co. Variable y ~ N(0, ) accounts
for the resulting central limit theorem correction. To solve the parameter estimation
problem for u, we use ensemble Kalman methods in Algorithms 3, 4 and 5. We do
not have access to G, and so, instead, the algorithms are implemented by using

24 We have used the notation u instead of F, for the forcing parameter, to align with the notation for
the unknown parameter used throughout the section concerning inverse problems.
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Gt with T = 10, initialized after a burn-in time of duration * = 10. The burn-in
phase itself results from an initial condition chosen at random from a Gaussian
distribution with mean 0 and standard deviation 40. In the experiments shown we
take ' = 021, with o = 107", All the ensemble Kalman inversion schemes are
initialized from a prior Gaussian of mean 0 and standard deviation 10, and use an
ensemble of size J = 30.

In Figure 4.2 we display the ensemble approximations obtained via application
of the EKI methodology for optimization, namely Algorithm 4. In practice, the
scheme is run for a finite number N, of iterations. Indeed, in Figure 4.2(a) the
scheme is applied with A = 5 x 1072 and run up to N, = 40 iterations. On the
other hand, in Figure 4.2(b) the scheme is run for 20 iterations with Az = 1. In both
settings ensemble collapse occurs as the number of iterations grow. The ensemble
mean, displayed as the central line in each box plot, converges to a point yielding a
qualitatively good estimate of the true forcing parameter, with an error of O(107").

In Figure 4.3 we show an application of Algorithm 3 with Az set to 5 x 1072,
running for N = 20 steps (NAz = 1), and of Algorithm 5 with 1/8 = 1 — At and
At =5 x 1072 for N, = 40 steps. For linear inverse problems, the output of both
algorithms at these specific steps delivers the posterior distribution exactly in the
mean-field limit, by Example 4.9 and Corollary 4.20. As noted in the previous
paragraph, such a posterior approximation should be interpreted with caution for
this nonlinear inverse problem. However, we show in Figure 4.3 that the ensemble
means accurately predict the true forcing up to an error of O(10~!) and that,
furthermore, the two ensembles are similar. However, interpreting the posterior
distributions in this case is harder as we do not have access to the true posterior. We
note that in Example 4.22 we were able to demonstrate that Algorithm 5 delivered
a better posterior approximation than Algorithm 3 and it would be interesting to
determine whether such a conclusion holds more generally. u

4.7. Bibliographical notes

Sequential Monte Carlo methods may be used to approximately morph one prob-
ability distribution (source) into another (target), using empirical approximation
and a discrete-time homotopy (Del Moral et al. 2006, Chopin and Papaspiliopoulos
2020). In general the methodology does not scale well to high-dimensional prob-
lems (Beskos, Crisan and Jasra 2014). However, some success has been achieved
in this direction (Kantas, Beskos and Jasra 2014), and a basic underlying theory
is described in Beskos, Jasra, Muzaffer and Stuart (2015). Our presentation in
this paper is confined to the setting of ensemble Kalman methods because of their
empirical success and scalability to high dimensions.

The development of ensemble Kalman methods for inverse problems was pion-
eered in the study of reservoir simulation, in the context of learning subsurface
properties from localized flow measurements (Chen and Oliver 2012, Gu and
Oliver 2007, Li and Reynolds 2009, Emerick and Reynolds 2013a,b, Evensen
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" EKI for Optimization: Ensemble Collapse
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Figure 4.2. The figure displays box and whisker plots for the ensembles produced
by Algorithm 4 with Ar =5 X 1072 (a) and Az = 1 (b). The box and whisker plots
represent the ensembles by depicting the ensemble mean, as a line within the shaded
region. Furthermore, the edges of the boxes represent the first and third quartiles,
i.e. the values of ensemble members corresponding to the median of the first half
of the samples, and the median of the second half of the samples, respectively.
Finally, the whiskers mark the furthest samples lying within a distance from the
box of 1.5 times the distance between the first and third quartiles (the interquartile
range). In both cases we note ensemble collapse onto a value close to the truth
underlying the data.

2018). Subsequent work has studied parameter estimation in chaotic dynamical
systems, such as those arising in weather forecasting using ensemble methods for
joint state and parameter estimation (Pulido ef al. 2018, Bocquet, Brajard, Carrassi
and Bertino 2020, Gottwald and Reich 2021), and by matching to time-averaged
statistics (Schneider, Lan, Stuart and Teixeira 2017, Cleary et al. 2021, Dunbar,
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EKI for Bayesian Inversion
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Figure 4.3. The figure displays box and whisker plots for the Bayesian posterior
ensemble approximation produced by Algorithm 3 with At = 5 x 1072 and Algo-
rithm 5 with Az = 5 x 1072, The box and whisker plots represent the ensembles by
depicting the ensemble mean, as a line within the shaded region. Furthermore, the
edges of the boxes represent the first and third quartiles, i.e. the values of ensemble
members corresponding to the median of the first half of the samples, and the
median of the second half of the samples, respectively. Finally, the whiskers mark
the furthest samples lying within a distance from the box of 1.5 times the distance
between the first and third quartiles (the interquartile range). The posterior mean
in both cases is close to the true value of the parameter underlying the data; the
size of the posterior spread is also similar. Note, however, that in this problem we
do not have a true posterior distribution against which to compare.

Garbuno-Inigo, Schneider and Stuart 2021), motivated by climate modelling. The
chaotic dynamics that underlie weather and climate models lead to complicated
energy landscapes for minimization and sampling (Lea, Allen and Haine 2000).
Huang, Schneider and Stuart (2022b) and Dunbar, Duncan, Stuart and Wolfram
(2022) demonstrate the benefits of using ensemble methods for such problems,
rather than computing exact derivatives: the ensemble approach effectively works
in a smoothed energy landscape.

The idea of transporting prior to posterior, as developed in Section 4.4.1, is
widely used in the statistics literature; see Chopin and Papaspiliopoulos (2020) and
Del Moral et al. (2006) for a unified perspective and for citations to earlier works
which characterize the deformation of one measure to the other either through in-
crementally building up the available data, or through a temperature-like annealing
parameter in the likelihood. In the context of data assimilation, and ensemble Kal-
man methods in particular, these ideas were developed by Li and Reynolds (2009),
Gu and Oliver (2007), Daum et al. (2010), Reich (2011) and Sakov et al. (2012).

Iglesias, Law and Stuart (2013) highlight how the invariant subspace property of
finite ensemble Kalman methods (Anderson 2001) may be viewed, in the context
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of inverse problems, as a form of regularization: the iteration remains in the linear
span of the initial ensemble. Thus it is possible to study maximum likelihood
estimation, regularized by restriction to this subspace. More recent methodology
is developed in the context of optimization in Huang et al. (2022b), although the
methodology therein is not affine-invariant; it is also developed for sampling in
Huang, Huang, Reich and Stuart (2022a), resulting in an affine-invariant meth-
odology. See those papers for details concerning uniqueness of, and exponential
convergence to, steady-state solutions in the linear Gaussian setting. Here we have
adopted the approach of Huang ef al. (2022a) to both optimization and sampling,
which yields exponential convergence under both settings, as discussed in Propos-
ition 4.16. A geometric picture of iterative ensemble Kalman methods for inverse
problems has been developed by Qian and Beattie (2024), who consider the funda-
mental observed and unobserved subspaces defined by linear inverse problems and
their interaction with the invariant subspace defined by ensemble Kalman iteration.

The stochastic perturbations utilized in (4.31) are closely related to multiplicative
ensemble inflation methods, as widely used in ensemble Kalman filter implement-
ations (Asch et al. 2016, Evensen et al. 2022). The effects of additive inflation
and variable step-size implementations of ensemble Kalman inversion have been
studied in Chada and Tong (2022) and in Weissmann, Chada, Schillings and Tong
(2022).

The optimization and sampling approaches for inverse problems can in principle
be combined with ideas from stochastic annealing (Kushner and Yin 2003) and
stochastic gradient descent (Goodfellow, Bengio and Courville 2016). Haber et al.
(2018), Kovachki and Stuart (2019) and Pidstrigach and Reich (2023) demonstrate
the use of ensemble Kalman methods for inversion, when combined with stochastic
gradient descent, and mini-batching in particular, as well as the application of
ensemble Kalman methods beyond the setting of the L,-loss functions @ and ®g
considered here.

However, despite the growing use of ensemble Kalman methods to solve inverse
problems, it is important to appreciate that all ensemble Kalman-based methods
invoke approximations which amount to matching only first- and second-order stat-
istics, at some point in the algorithmic development. For this reason the methods
are intuitively only useful as samplers for problems with posterior distribution
close to a Gaussian. This idea is carefully explained in Ernst, Sprungk and Stark-
loff (2015) where the mean-field limit of ensemble Kalman methods for inverse
problems is compared with the desired posterior distribution; as is the case for
state estimation, analysis is required to justify use of ensemble Kalman methods
beyond the linear and Gaussian regime. We also highlight that our analysis in this
paper, which focuses on the mean-field limit, does not capture important aspects
of the performance of ensemble Kalman methods at finite ensemble size, and the
important practical issue of covariance localization; these issues are studied in Al-
Ghattas and Sanz-Alonso (2023). Furthermore, Tong and Morzfeld (2023) study
the relationship between localization, in the solution of inverse problems using
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ensemble Kalman methods, and the subspace property explained in Iglesias et al.
(2013, Theorem 2.1). As an alternative to localization, the concept of dropout
combined with variable step-size has been shown to lead to optimal algorithmic
performance in Liu, Reich and Tong (2025).

The idea of using ensemble methods for performing the optimization step within
variational data assimilation was introduced in Zupanski (2005). The connection
between iterative applications of the ensemble Kalman filter and optimization were
first investigated in Iglesias et al. (2013), and developed to include constraints in
Albers et al. (2019) and Chada, Schillings and Weissmann (2019), and Tikhonov
regularization in Chada, Stuart and Tong (2020). Recall from Section 4.5.2 the
algebraic rates of convergence arising in the basic optimization method arising
from iterating to infinity. This undesirable feature of optimization methods based
on statistical linearization of mean-field gradient descent can be ameliorated to
some extent by the use of adaptive time-steps, connections to the Levenberg—
Marquardt algorithm and the use of stopping criteria; see Iglesias (2015, 2016)
and Iglesias and Yang (2021). Recent work of Parzer and Scherzer (2022) has
developed a systematic theory for early stopping using ensemble Kalman inversion
including incorporation of Nystrom methodology. Other interacting particle system
approaches to optimization have been proposed, including feedback particle (Zhang
2013, Zhang, Taghvaei and Mehta 2017), unscented Kalman approaches (Huang
et al. 2022a,b) and consensus-based optimization (Tsianos, Lawlor and Rabbat
2012, Carrillo et al. 2018, Fornasier, Huang, Pareschi and Siinnen 2020, Ha, Jin
and Kim 2021).

Finally we note that Kalman methods have been related to approximate Bayesian
computation (ABC) methodologies, utilizing a linear regression ansatz (Sisson,
Fan and Beaumont 2018, Nott, Marshall and Ngoc 2012). Such methods are in
turn closely related to Bayes linear and best linear unbiased estimators (BLUE)
as discussed in Goldstein and Rougier (2006), Goldstein and Wooff (2007), Lei
and Bickel (2011), Nott et al. (2012), Snyder (2014), Goldstein (2014), Reich and
Cotter (2015) and Latz (2016). BLUE is discussed in more detail in Appendix C.3.

5. Inverse problems: continuous time

In this section we derive continuous-time limits of the ideas developed in the
preceding section for the solution of inverse problems. As a consequence the
ideas may also be viewed as adaptations of Section 3 to the solution of inverse
problems. We start in Section 5.1 by recalling the inverse problem, followed in
Sections 5.2 and 5.3 by discussion of the optimization and Bayesian approaches re-
spectively, focusing on gradient flows; this flow perspective provides a conceptual
basis for thinking about the algorithms for inverse problems that we will sub-
sequently develop. Section 5.4 is devoted to Bayesian probabilistic filtering meth-
ods which solve the inverse problem by morphing the prior into the posterior in finite
time. Section 5.5 discusses filtering methods which work on infinite-time horizons,
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exhibiting exponential convergence to approximate solutions of the optimization
or Bayesian formulations of the problem, from arbitrary starting points. Analog-
ously to Section 4, we demonstrate application of Gaussian projected filtering and
ensemble Kalman methods to solve the filtering problems defined in Sections 5.4
and 5.5; the comments from Remark 4.1 apply here too. We conclude in Section 5.6
with bibliographical notes.

5.1. Set-up

Recall the inverse problem (4.1) of recovering u from w, where

| w=Gw+y, |

introduced in full detail in Section 4.1. Under the assumptions laid out in Sec-
tion 4.3, and in particular Gaussianity and independence of unknown parameter
u and noise 7, and given a specific realization w' of data w, we have a posterior
distribution on the random variable u|w’ which is defined by?

u(du) = %exp(—q)R(u)) du, (5.1a)
Z = » exp(—Pg(u)) du. (5.1b)
Here
Du) = %M -Gt (5.2a)
Dr(u) = D) + %m - molg,» (5.2b)

for prior mean vector vector myg, prior covariance matrix Cy > 0 and noise covari-
ance matrix [ > 0.

Rather than solving the Bayesian inverse problem, which can be prohibitively
expensive, optimization methods may be developed to find a point estimate of u|w’
as minimizer of ® over a compact set, or as minimizer of ®g over the whole space
R% . The next two sections show, respectively, how we may develop continuous-
time gradient flows which minimize ®g, or @, and gradient flows which find the
posterior distribution p.

5.2. Optimization formulation: gradient flows

The goal of this subsection is to study gradient flows to minimize an objective
function. For us particular focus is on the choice of @ or @ as objective, but since
some of the considerations are quite general, we frame aspects of the discussion in
a general setting.

25 The normalization constant Z is the probability of the observed data under the model, sometimes
called the evidence.
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Deterministic viewpoint. Consider the standard gradient descent, applied to an
energy function ¥: R% — R*, namely
du

o = V¥, (5.3)

Note that this may be found as the continuous-time limit of the discrete-time
gradient descent algorithm (4.6), choosing @ = At, letting u(nAt) = u,, and taking
the limit Ar — 0.

Along solutions of (5.3),

d du
3 Y = <V‘P(u), E> (5.4a)
dul?

Equation (5.3) is said to possess a gradient flow structure in parameter space R%
because the vector field driving the evolution of u is tangential to the gradient of
the energy W(u) in the standard Euclidean metric; this is the geometric reason for
the non-increasing property of W(u) along trajectories.

Geometric perspective on the space of probability densities. We now define gradi-
ent flow structure from a probabilistic viewpoint, studying evolution of probability
densities. Again we need both an energy and a metric. To this end we introduce
some notation that will be useful in the probabilistic formulation of (5.3). It will
also be used more generally in subsequent discussion of other gradient flows on the
space of probability density functions.

We denote the manifold of all smooth probability density functions on R% by
B, = P, (R%). We may then define the tangent space T,B, to B,, at p € P, by

T,P, = {0‘ € CO(R%): o (u)du = o}. (5.5)

Rdu

Given the tangent space 7,,B.., we define its dual?®

T,P% = {lﬁ € C¥(R%): /Rd Y(u) p(u) du = 0}- (5.6)

In this article, for simplicity of exposition, we will define underlying metric
structure via the positive operator M(p): T,B, — T,B}. A precise mathematical
treatment requires further assumptions on the considered set .. See the biblio-
graphy for relevant literature on this topic. Operator M(p) may be linked to an
underlying Riemannian metric tensor g, : T, X T,B+ — R; however, since this

26 This informal definition of tangent space, and its dual space, requires careful handling for probab-
ility measures on non-compact manifolds, such as R%; see citations to the literature in Section 5.6.
The dual is also known as the cotangent space.
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metric tensor plays no role in our presentation, we will work directly with M(p),
and with its inverse M (p)~': T,Bs — T,PB.. Note that M(p)~! maps into the
tangent space 7,°B,., implying that it maps into functions that integrate to zero over
R see (5.5).

Probabilistic viewpoint. We now demonstrate gradient structure inherent in the
probabilistic viewpoint on the ODE (5.3), arising from allowing the initial condition
u(0) to be random. We will show that the Liouville equation governing the evolution
of the probability density function associated with the random variable u(¢) also
has a gradient structure. In so doing we must exhibit an appropriate energy and
metric.

We assume that u(¢) has smooth probability density p(u, t) for all > 0. Then p
satisfies the Liouville equation

op =V - (pVY). (5.7)

The energy and metric defining the gradient structure for equation (5.7) are
&= [ Waopadu (580
M(p)™'y = =V - (pVy) € T,Bs. (5.8b)

Operator M(p) corresponds to an underlying Wasserstein-2 metric structure.
The standard variational derivative?” of £ is given by

o0&
— =Y.
op
The restriction of this variational derivative to the dual space T,,'B is provided by
o0&
— =¥ - E[Y]. (5.9)
OP |1,%;

In the context of the Wasserstein-2 metric structure as presented here it is not
necessary to distinguish between these two formulations of the variational deriv-
ative; however, the second formulation allows for unique solvability of the elliptic
equation required to define M(p). For the Fisher—-Rao metric structure considered
later in Section 5.4, the second definition will play a more direct role. Hence we
can rewrite (5.7) as

dp=V- <pV§>. (5.10)
op

This may be written abstractly as

o€
Op = —M(prl%(p). (5.11)

27 The variational derivative is identified by writing £(p + o) — £(p) as a linear operator acting on
o (plus higher-order terms in o for energies £(p) which are not linear in p).
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From this it follows that

d o0& dp dp 0p

—E&)={= —)=- —,—)<0. 5.12

) <5p(p), az> <M(p)at i (5.12)
Hence the energy is decreasing along trajectories and the gradient structure is

apparent.

Remark 5.1. It is interesting to compare the gradient structure (5.12) on B,
to the gradient flow structure on R% defined by (5.4). The state space gradient
flow on R% ensures decrease of W(u(r)) along trajectories whilst the probability
space gradient flow on P, ensures decrease of the expected value of W(u(t)) across
a distribution of trajectories found from random initialization of the state space
problem. a

5.3. Bayesian formulation: gradient flows

In this section we study the Langevin SDE, for standard Brownian motion W,

du = —V®g(u)dt + V2dW. (5.13)

This is a noisy version of (5.3) in the case where ¥ = ®@g. It may also be found as
a sample-path instantiation of the continuous-time limit of the MCMC algorithm
(4.13), typically arising when « is the standard deviation of the proposal, choosing
a = At, letting p(-, nAt) = p,(-) and sending At — 0; see Section 5.6 for details.

The probability density function for the SDE (5.13) is governed by the Fokker—
Planck equation

Op =V -(pVPR)+V-(Vp) (5.14a)
=V . (pVOr + pVinp), (5.14b)

This equation has the density of the Bayesian posterior distribution (5.1) as steady
state. This can be seen by noting that the right-hand side is divergence of a quantity
which is zero if

V(®g +1Inp) = 0.

This quantity can in turn be made zero by choosing

p o« exp(—Dr),

so that p is given by the posterior distribution (5.1). As a consequence of the
fact that the posterior is a steady state of the Fokker—Planck equation (5.14), the
Langevin SDE (5.13) plays an important role in understanding algorithms for
Bayesian inversion.

The machinery we established in the previous subsection, concerning gradient
flows in the space of probability measures, is very powerful and demonstrates
that any evolution equation of type (5.10) with appropriate potential £ induces a
gradient flow on P, with respect to the Wasserstein-2 metric. The Fokker—Planck
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equation (5.14) associated with the Langevin equation (5.13) may be cast in this
framework by making the choice

Elp) = /(d)R +1np)pdu (5.15)
with variational derivative given by
o6&
— =Dr + In p.
6p

Remark 5.2. We observe that, for KL[-||-] denoting the Kullback—Leibler diver-
gence,

KL[p|lx] = /plog<§> du = E(p) +log Z, (5.16)

where 7 is the posterior density associated with posterior measure u given by
(4.7)?8 and the normalization constant Z is defined in (5.1b). It is thus possible to
choose the energy to be KL[p||7], since shifts by a constant in the energy do not
change the evolution equations (5.10) and (5.11).

By the property of a divergence, the global minimizer of £(p) is attained at p = 7
and hence solves the Bayesian inverse problem. It is thus of considerable value to
have identified a gradient flow to minimize £(p) since such minimizers solve the
Bayesian inverse problem. Theory concerning equation (5.14) as a gradient flow
is contained in Section 5.6. 0

In summary, the Fokker—Planck equation may be written in the abstract gradient
form (5.11). We choose

Ep) =E&(p) = /((I)R +In p)p du, (5.17a)

M)y = =V - (pVy) € T,Bs. (5.17b)

This should be compared with (5.8) with the choice ¥ = ®g: the metric structure
defined by M is the same, but the energy £(p) has an additional term accounting
for the Brownian motion appearing in (5.13).

5.4. Finite-time algorithms

The idea used in this subsection, to address the solution of inverse problems, is
a continuous-time analogue of Section 4.4. From a sequential formulation of
Bayesian inference we derive a filtering problem whose solution, at a particular
time, gives the desired posterior. Section 5.4.1 is devoted to the formulation,
Section 5.4.2 to the use of Gaussian projected filters and Section 5.4.3 to the use
of ensemble Kalman methods.

28 This notation is used throughout Section 5 and is not to be confused with the notation used for the
joint law of state and data in previous sections.
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5.4.1. Formulation

Employing the reparametrization (3.3a) in (4.20) and taking the continuum limit
yields the SDE

du =0, (5.18a)
dz = G(u)dt + VT dB, (5.18b)

with B a standard Brownian motion in R%. Given a specific realization of the
observation process Z'(), we define Z7(¢) = {z"(s)}o<s<s» and consider the filtering
distribution for the random variable u(t)|Z'(r). However, there is a twist on the
standard filtering setting: we are interested in the case where the data has constant
derivative dz'(r)/dt = w'. Since the path z' has zero quadratic variation the
probability distribution is found by setting z7(r) = tw’ within the Stratonovich
formulation of the non-local evolution equation for the density. Referring to (3.20),
we see that this yields the following evolution for density p(u, t) of u®)|Z(1):

o1
dip =(G ~EG,w")rp - ~{IGIt ~EIG|t}p. (5.19)

Here E denotes integration with respect to density p(-,¢) so that the equation is
non-local with respect to variable # and nonlinear with respect to density p. This is
the analogue of the Kushner—Stratonovich equation for the filtering problem defined
by (5.18), since the unconditioned variable u has trivial dynamics and since we are
studying the case where the data z'(f) = rw" has zero quadratic variation and is in
fact differentiable. We may then show the following.

Theorem 5.3. Consider the dynamical system (5.18), and assume that Cy > 0,
"> 0, up ~ N(mog, Cp), and that uq is independent of Brownian motion B. Let
p(:, t) denote the probability density function associated with the random variable
u(®)|Z' (1) evolving according to (5.18), with data chosen as Z'@®) = tw', for
t € (0,1). Then the density p(:,t) satisfies (5.19), or equivalently for @ given
by (4.2a),

0ip = —(®—Ed)p. (5.20)

Furthermore, this equation has solution given by the formulae

1
plus1) = s exp(=10) polw). (5.21a)
Z(1) = / exp (—1@(u)) po(u) du; (5.21b)
Reu
in particular, p(-, 1) is equal to x, the density of the posterior distribution p. &
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Proof. Let pg denote the probability density function of the prior N(mg, Cp).
Recall that u(r) has density given by equation (5.19) with initial condition p|;—¢ =
po. Now note that, recalling definition (5.2a) of @,

1
(G -EG,wHrp - 5{|G|%—1E|G|%},o (5.22a)
1 1
= <<w*, Gr - §|G|%)p - E<<w*, Gr - §|G|%>p (5.22b)
= —(® - E®)p. (5.22¢)

This establishes the equivalence of (5.20) with (5.19).
Note now that (5.21b) gives

dZ

— =-E® Z,

dr
where expectation is under p. Hence it follows that differentiating (5.21a) gives
(5.20). Since this is equivalent to (5.19) and since (5.19) characterizes the law of
u(?)|Z"(r) when dz'/dr = w', the result is proved. J

The theorem establishes that the evolution equation (5.19) can be rewritten in the
form (5.20), from which a gradient structure is apparent. Indeed, equation (5.20)
can be written in the abstract form (5.11) with

E(p) :=/d>pdu, (5.23a)
M) 'y =py e T,Bs (5.23b)

for ¢ € T,*B}. Note that the metric structure differs from what we have seen in
(5.17). In particular we no longer use the Wasserstein-2 metric: the metric defined
by the choice (5.23b) of M(-) is known as the Fisher—Rao metric. The Fisher—Rao
metric requires a more careful consideration of the variational derivative of £(p)
as provided by (5.9). In particular, using

o0&

=% _@_E[®] TP
P 1,91 nr

in (5.23b) implies that the integral of the right-hand side of (5.23b) over R% ig
zero so that it is, indeed, an element of the tangent space 7,,*B, given by (5.5).

Remark 5.4. The gradient flows defined by (5.8) and (5.17) both arose from
considering the evolution equation for the probability density function associated
with an evolution equation for u € R9% the state space, namely equations (5.3) and
(5.13) respectively. In contrast, while (5.20) describes the evolution of the density
p(:, 1), we did not derive it directly as the evolution equation for a random variable
u(t) in state space. However, we may seek to find such an evolution. To this end,
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we postulate a mean-field differential equation

du

E = g(uep)

Here p is the probability density function associated with the random variable u;
since u is governed by a deterministic ordinary differential equation, the randomness
in u originates from the initial condition #(0). We now ask how to choose g so that
the evolution equation for the probability density of u(¢), started from a random
initialization, evolves according to (5.20). The evolution of this density will satisfy
the associated nonlinear Liouville equation

Ou ==V - (pg(-, p)). (5.24)
Equating (5.20) and (5.24), we obtain the condition
V- (pg(:, p)) = (P - E(®@))p (5.25)

on g. Whether or not this equation can be solved for g depends on properties of p,
of @, and hence G; furthermore, even if solvable, the solution may not be unique.
We note that, writing g(u, p) as the gradient of a p-dependent potential E, so that
g(u, p) = V,E(u, p) renders (5.25) as a linear divergence form of elliptic equation
for E. This elliptic equation is parametrized by probability density function p and
should be viewed as holding everywhere on R%.

We have sought a state space model for u, which is an ordinary differential
equation, albeit of mean-field type. It is also possible to seek stochastic evolu-
tion equations, such as birth—death processes or mean-field stochastic differential
equations. u

5.4.2. Algorithms: Gaussian projected filter

To further elucidate the structure of Gaussian projected filtering for the inverse
problem, we study its continuous-time formulation from Section 3.4 when applied
to the specific state-observation model (5.18). To this end, first recall the discrete-
time model (4.20), which has continuous-time limit (5.18). Taking the limit A — 0
in (4.22), the Gaussian projected filter for (4.20), we obtain the following evolution
equations for mean and covariance:

(ii—’? = C*OT ' w' —EG(u)), (5.26a)
(zi_f — _CuGr—l(CuG)T’ (5.26b)
C“C = E((u — Bu) ® (G(u) — EG(n))). (5.26¢)

Here all expectations are computed under u(t) ~ N(@m(t), C(¢)). This is the
continuous-time Gaussian projected filter for the inverse problem (4.1).

As in the discrete-time case, the evolution for the mean promotes a Gaussian
which is compatible with the data, through an innovation term which is weighted
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by covariance information. We now illustrate the filter by considering equations
(5.26) in the setting of linear G, when they may be solved exactly.

Example 5.5. Consider the setting of Example 4.4 in which G(-) = L-. The
Gaussian projected filter (5.26) becomes

d

d_’? = CL T\ (w' = Lm), (5.27a)
d

d—f - —CL'r'LC. (5.27b)

Note that this coincides with the Kalman—Bucy filter (3.30) for the specific filtering
problem defined by (5.18) and with observed data dz'/dr = w'.

Now note that (5.19), the Kushner—Stratonovich equation, is solved by the
Kalman-Bucy filter in the linear setting where G(u) = Lu. It follows that the
solution p is given by the Gaussian N(m(t), C(t)), where m(t), C(t) solve the Gaus-
sian projected filter equations (5.27). In particular, the posterior measure u is
Gaussian and given by N(m(1), C(1)). To see this explicitly, note that, from The-
orem 5.3, and in particular equation (5.21), in the linear case G(-) = L-, the solution
of (5.19) is given by

t 1
p(u,t) < exp <—§|WT _ Lu|? - §|u - m0|2C0>. (5.28)

Completing the square shows that this density corresponds to Gaussian N(m(t), C(t))
with mean and covariance satisfying

C)'m() = LT 'w' + Cy 'my, (5.292)
cy'=cy' +tLTIL. (5.29b)

Note that since Cy > 0 it follows that C; '~ 0, and hence (5.29b) shows that, for all
t>0,C(t)"" > 0 and hence that C(r) > 0 for all # > 0; hence C(¢) is well-defined
by (5.29b) and m(r) is well-defined by (5.29a). It simply remains to show that m(t)
and C(r) given by these formulae solve (5.27) when m(0) = mg and C(0) = Cy.

We thus turn our attention to equations (5.27). Note that C(¢) solving (5.27b)
satisfies C(0) = Cy > 0. Hence C(0)~' > 0. Thus, by continuity, C(¢) remains
invertible for some positive interval of time ¢ € [0, 7) and, on this interval, direct
computation with (5.27b) shows that

dc!

= LTr 'L (5.30)

From this it follows by integration that C~!(¢) > Co ' > 0 for all ¢ and hence that
we may take 7 = co. Furthermore, the integration also shows that the solution of
(5.30), solving (5.27b), delivers (5.29b) as desired.
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‘We then notice that, from (5.27a),

d .
c—ld—’? LT W = LT Lm
=Ly - dc™ m
d

d T T

and integration, together with use of the initial conditions, shows that (5.27a)
delivers the desired identity (5.29a).

It is also useful to write (5.29) using an explicit formula for C(¢) rather than the
precision C(t)~!. To this end, fix any ¢ > 0 and consider the Gaussian random
variable (u, w) defined by choosing u ~ N(mg, Cy) and w|u = N(Lu,t~'T"). Then
the density p given in (5.28) is the solution of the Bayesian inverse problem defined
by the distribution of u|w. The mean and covariance may be found from (4.12) by
replacing " by ¢~!T to yield

m(t) = mo+ CoLT(LCoL™ +t~'N)~'w' = Lmy), (5.31a)
C(t)=Co— CoLT(LCOL™ +1~ M)~ LCy. (5.31b)

We also observe that the expression (5.31b) for C(¢) may be derived from (5.29b)
by use of the Woodbury matrix identity. i

Remark 5.6. We obtained (5.26) as the continuous-time limit of its discrete-time
formulation (4.32). However, the same evolution equations can be derived from
the gradient flow (5.20) through a sequence of approximations. This perspective is
outlined in Appendix E. i

5.4.3. Algorithms: ensemble Kalman filter

We now study the inverse problem using Kalman transport from Section 4.4.3,
taking the continuous-time limit. We consider the specific state-observation model
(5.18), and recall the discrete-time model (4.20) which has continuous-time limit
(5.18). Taking the limit At — 0 in (4.25), the ensemble Kalman filter for (4.20),
we obtain the following evolution equations:

du = Cc*Sr-Ywhdr — d2), (5.32a)
dZ = G(u)dt + VI dB, (5.32b)
C"C = B((u - Bu) ® (G(u) — EG(n))). (5.32¢)

Here B € R% is a standard Brownian motion and expectation is under the law of u
itself. As in the discrete-time case, the evolution for the state u promotes a solution
which is compatible with the data, through an innovation term which is weighted
by covariance information.

Downloaded from https://www.cambridge.org/core. IP address: 10.3.192.216, on 17 Jul 2025 at 12:37:39, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/50962492924000060


https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0962492924000060
https://www.cambridge.org/core

234 E. CaALVELLO, S. REICH AND A. M. STUART

Remark 5.7. To obtain the resulting continuous-time formulation we may also
start from the continuous-time state estimation methodology from Section 3.4 and
apply it to the specific state-observation model (5.18). The SDE (5.32) may then be
seen as a consequence of (3.46) applied to this state-observation model. However,
special care is required in deriving the equation this way since the observations z
in Section 3 were assumed to have non-vanishing quadratic variation; in contrast,
in this section we have dzT/ dr = w', with w' constant, and hence zero quadratic
variation. 0

To obtain further insight into the mean-field dynamical system (5.32), we once
again consider the linear setting.

Example 5.8. Consider the SDE (5.32) in the setting where G () = Lu for matrix
L € R%*du_Then u(l) ~ 4 where u is given in Example 4.4. To see this recall
that the Gaussian projected filter is exact in the linear setting, by Example 5.5,
and hence delivers the desired posterior at time ¢ = 1, by Theorem 5.3. Thus it
suffices to show that the mean and covariance of u from (5.32) satisfy the Gaussian
projected filter in the linear setting, given by (5.27). We first note that

du=CLT " (w"dr = Ludt — V[ dB), (5.33)

where C is the covariance of u. By the Itd6 formula, m = Eu satisfies (5.27a). It
follows that e = u — m satisfies

de=-CL' T 'Ledt —CL'T/24B.

A second use of the It6 formula shows that C = E(e ® e) satisfies (5.27b). The
desired result is established. 0

We can also derive continuous limits of deterministic transports. Taking the
At — 0 limit in (4.27) results in the mean-field ODE formulation

i_”: = cuor-1 <wT - %(G(u) + ]EG(u))), (5.34a)
C"C = B((u - Bu) ® (G(u) — EG(n))). (5.34b)

Again the state evolution has a covariance-weighted forcing term which promotes
evolution towards the data. As before, we may study this formulation in the linear
setting.

Example 5.9. Consider the mean-field model (5.34) in the setting where G (u) =
Lu for matrix L € R%*4«_Then u(1) ~ u, where the posterior distribution is given
in Example 4.4. To show this we note that the Gaussian projected filter is exact in
the linear setting, by Example 5.5, and hence delivers the desired posterior at time
t = 1, by Theorem 5.3. Thus it suffices to show that the mean and covariance of u
from (5.34) satisfy the Gaussian projected filter in the linear setting; this is given
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by (5.27). We first note that the mean under (5.34) satisfies
dm

v CLT'w' = Lm),

which is (5.27a). Using this, it also follows that e = u — m satisfies

de 1
—=——CL'T'L
a2 ¢

from which it follows that the variance satisfies (5.27b). 0

Remark 5.10. Note that the nonlinear Liouville equation associated with the
mean-field model (5.34) has the form

0rp ==V - (pgxF), (5.35a)

exr(u, p) = CHOr ! <wT - %(G(u) + EG(M))). (5.35b)

This evolution equation approximates the evolution of the filtering distribution,
except in the linear Gaussian setting when it is exact. On the other hand, as in
Remark 5.4, we may seek a mean-field differential equation of the form

du
— = ,0), 5.36
ar g(u, p) (5.36)

which exactly replicates the filtering distribution in general. To do this requires
that we choose g to solve (5.25):

V- (pg(:, p)) = (© - E(®))p.

In the linear Gaussian setting we can identify a solution of this equation by asking
that (5.36) replicates (5.34), since we know the latter is exact in the linear and
Gaussian setting.

In order to derive this result, we note that (5.35b) takes the form

gkr(u, p)=CLTT™! <WT - %L(u + m)> (5.37)

in the linear setting and p is Gaussian with mean m and covariance C. Hence the
right-hand side of (5.35a) can now be evaluated explicitly, giving rise to

|
V- (pgkr) = —pu—m)"C~'CLTT! (W' - EL(u + m)> +cip
! 2
= §|LM —w'lfp+cop
with normalization constants

c = —%E((u —m) LT ' L(u + m))
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and

1 N
)= —EEOLM —w I%)

Hence we have shown that gk satisfies (5.25) for ®(u) = §|Lu —w|2 in the linear
Gaussian setting. See Section 5.6 for more details. 0

5.5. Infinite-time algorithms

We now develop the ideas in Section 4.5 in the continuous-time setting. In particu-
lar we study algorithms posed on the infinite time horizon to solve the optimization
problem of minimizing ®g given by (5.2), or to find the Bayesian posterior dis-
tribution given by (5.1). In Section 5.5.1 we consider this infinite time horizon
perspective for the solution of optimization problems associated with the inverse
problem (4.1). Section 5.5.2 considers the same perspective for Bayesian inversion.

5.5.1. Algorithms for optimization formulation

This rather lengthy subsection is broken into paragraphs concerning preconditioned
gradient flow, statistical linearization, gradient descent and statistical lineariza-
tion, algebraic convergence and exponential convergence. The initial development
on preconditioning enables us to introduce affine invariance and the discussion of
statistical linearization enables us to connect preconditioned gradient descent with
ensemble Kalman methods. Then, as in Section 4.5.2, where similar issues are
discussed in discrete time, we initially discuss algorithms with algebraic conver-
gence. We then introduce generalizations which allow us to obtain exponential
convergence.

Preconditioned gradient flow. We start by generalizing the standard gradient des-
cent introduced in Section 5.2. Given objective function ¥: R% — R* and given
symmetric positive definite preconditioner B € R%*% we introduce the equation

du

— = —-BV%¥(u). 5.38
O (u) (5.38)
Note that, along solutions of (5.38),
d du
—Yu) = ({V¥Wu), — .
T (u) < (), dt> (5.39a)
dul?
=—|— . (5.39b)
dr |

Equation (5.38) possesses a gradient flow structure in parameter space R% with
respect to a Euclidean metric weighted by B; this weighted metric changes the
underlying geometry of the gradient flow, in comparison to the standard setting of
equation (5.3), but it once again leads to the non-increasing property of ¥(«) along
trajectories.
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Now consider the affine transformation u — i given by
i=Au+b, (5.40)

where A is an invertible matrix and b a vector. An important issue in all vector
space optimization problems is the relative scaling of the components of the vector.
A highly desirable feature of an algorithm is that it should be insensitive to such
scaling issues. This can be addressed by looking at differences between (i) the
algorithm for u rewritten in terms of i given by (5.40), and (ii) the same algorithm
applied directly to variable i optimizing ¥(ii), with the latter defined by

¥@i) = YA @ - b)). (5.41)

Definition 5.11. 'When the two ways (i) and (ii) of using reparametrization (5.40)
lead to the same algorithm, for all choices of A, b, we say that the algorithm is
affine-invariant. 0

Remark 5.12. Affine-invariant algorithms are highly desirable as they are not
sensitive to the scaling of the variables. At the optimum, which is unknown
a priori, this scaling is not known and hence cannot be used to improve algorithms.
Hence algorithms which are blind to such scaling are highly desirable. u

Applying the transformation (5.40) to (5.38) leads to

% = —ABVY(A~'(@ - b)), (5.42)

the descent approach underlying algorithm viewed as in (i). In contrast, applying
the same gradient descent to ¥ given by (5.41) leads to the descent approach
underlying algorithms viewed as in (ii):

dii

e —BATTVY(A (@ - b)). (5.43)
The two equations (5.42) and (5.43) only agree if
AB=BA™ "

and such an identity cannot hold for all A, for a fixed B. Thus the basic gradient
descent (5.38) is not affine-invariant. However, it is a remarkable fact that, by
generalizing (5.38) to allow for mean-field dependence, we can achieve affine
invariance.

To this end, consider the mean-field generalization of (5.38),

(ji—L; =—-B(p)V¥(u), (5.44)

where p(-,t) is the probability density function associated with the law of u,
assuming that ug = u(0) is drawn at random from probability density function pg(-).
If we assume that B(-) is positive definite symmetric for all possible input densities,
then arguments similar to those above show that W(u) is non-increasing along
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trajectories of (5.44). Furthermore, similar arguments show that the algorithm is
affine-invariant if, for all invertible A € R%uXdu

AB(p) = B(p)A™",

where p is the density of i related to u, with density p, by (5.40). This identity
holds for all invertible A € R%*4u if B(-) is chosen to be the covariance associated
with its argument. We have thus discovered the affine-invariant mean-field gradient
descent

du
— =—CV¥®), 5.45
m (u) (5.45)

where C is the covariance operator under the law of u(z), and u(0) is chosen at
random from probability measure with density pg.

Algorithms based on solving (5.45) are not themselves ensemble Kalman meth-
ods, although we have drawn inspiration from the power of mean-field methods to
motivate the approach. In the next paragraph we introduce the idea of statistical
linearization, leading to a variety of ensemble Kalman methods for optimization;
and in the paragraph following it we use this idea to approximate (5.45) by an en-
semble Kalman version of gradient descent which obviates the need for computing
adjoints of the forward model G(-) in the setting where W(-) = ®(-) given by (5.2).

Statistical linearization. A basic building block in the Gaussian projected filter and
mean-field ensemble Kalman models for inverse problems that we have presented
in Sections 4.4.2 and 4.4.3, and their continuous-time analogues in Sections 5.4.2
and 5.4.3, is the object

C“S = E((u — Bu) ® (G(u) — EG(u))), (5.46)

here viewed as evolving in continuous time. Also of interest is the regularized
analogue of C*C arising when Gg, as defined in (4.3), is used in place of G. In
a methodology based on exact properties only for first- and second-order statist-
ics, it is natural that C*C should appear when solving the inverse problem: the
correlation between the parameter u#, which we wish to estimate, and G (), which
we observe, albeit polluted by additive noise. One way of understanding the role
of C*C in algorithms for inversion is through the idea of statistical linearization,
providing a link between ensemble methods and derivatives of the objective func-
tion. The underlying principle is that the differences used in ensemble methods,
and covariances in particular, act as a surrogate for derivatives.

The expectation defining (5.46) is computed, for the algorithms we consider,
under the distribution of a Gaussian (for the Gaussian projected filter) or a more
general distribution (for the mean-field ensemble Kalman model). To get some
insight into the connection between ensemble methods and derivatives, we first
consider the setting where u ~ N(m,C). Note that such u# can be written as
u=m+ \/Ef where & ~ N(0, ). With this assumption on u, (5.46) may be
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reformulated as
C"C = E((VC&) ® (G(m +VC&) — EG(m +VC¢))), € ~N©O,1). (547)
Using this we obtain the following connection between C*“ and derivatives of G.

Lemma 5.13. Assume that the second derivative of G is small: there is € < 1
such that

sup [D*Gw)[¢, ]| < elZ)?

ueRdu
Then C“C given by (5.47) satisfies
C““ = CDG(m)" + O(e).
Thus, when C~! > AI, for some A > 0 independent of €,

DG(m) = (C*TC~ '+ 0(e). (5.48)

Proof. Note that
G(m +VC&) = G(m) + DG(m)VCE + O(e),
EG(m + VC&) = G(m) + O(e).
From (5.47),
C*C =E((VC&) ® (DGmVCE +0(e)), € ~ N, D),
and the desired result follows. O

Remark 5.14. Another perspective on the preceding lemma is via Stein’s identity.
This states that

C“S = C(EDG)T

for (5.47) when expectation is computed under a Gaussian measure N(m, C). The
identity can be verified via integration by parts. Given the assumption stated in
Lemma 5.13, EDG(u) = DG(m) + O(¢) and the approximation result (5.48) also
follows. 0

When D?G is indeed small, it is reasonable to use (5.48) as the basis for an
approximation to DG(-) at points in an O(1) ball around the mean. We now take
this idea further and consider random variable u € R% (not necessarily Gaussian)
and compute C and C “G a5 covariance of u and cross-covariance of u with G ()
respectively. We refer to use of the approximation

DG@u) ~ (C*C)TC™!, forallu € R%, (5.49)

as statistical linearization. The approximation can be invoked to replace the
derivative within any standard optimization or sampling algorithm to solve the
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inverse problem (4.1). Doing so results in a mean-field algorithm; that algorithm
in turn can be approximated by particle methods. Statistical linearization allows
the conversion of standard single particle optimization and sampling algorithms
for inverse problems, with dependence on the derivative of the forward model, into
derivative-free interacting particle system optimizers and samplers. An important
application of this methodological approach is in the development of ensemble
Kalman approximations of Gauss—Newton and Levenberg—Marquardt algorithms;
pointers to the literature will be given in Section 5.6. We now turn to the use of
statistical linearization in gradient descent, perhaps the most basic setting in which
it can be used for optimization.

Gradient descent and statistical linearization. We provide further insight into the
statistical linearization approach from the previous subsection by applying it in the
context of gradient descent. Recall ® and ® defined in (5.2). We consider the
regularized least-squares function so that W(-) = ®g(-) in (5.3); but similar ideas
may be developed in the unregularized setting where W(-) = ®@(-). Recall that in
the regularized setting

1
Dr(u) = d(u) + §|u - m0|2co.

Note that
V®u) = DGw) T (Gw) -wh, (5.50a)
Vorw) = DGw) TN (Gw) —wh) - Cy'mo — u). (5.50b)
Thus we obtain, from (5.3),
d _
d—”t‘ = -VOr(u) = DGw) T w' - Gw) + C; ' (mo — u).
Similarly, the covariance preconditioned gradient flow (5.45) becomes
d
d—’: = —CV®r(u) = CDGw) T~ (W' = Gu) + CCy (mo — w). (5.51)

We now approximate this equation using statistical linearization.
From (5.49) we deduce the equivalent (assuming C is invertible) approximation

CDGu)" ~ C*C  forallu € R%.
Combining this with (5.50), we obtain
CVD(u) ~ C*°T 1 (Gu) - wh. (5.52)

Making this approximation in (5.51) gives the following ensemble Kalman approx-
imation of mean-field gradient descent for ®@g:

d .
d_”t‘ = "o (w' = G(u)) + CC;  (mo - w). (5.53)
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Remark 5.15. It may be verified that the affine invariance of (5.45) is preserved
under the statistical linearization ansatz. To see this, note that if G(-) = L-, then
the covariance matrix C*¢ = CLT so that

C*ST-lw' = Gw) = CcL T 'w' = Lu).
From this it follows that, in this linear setting,
CYST-1w' = G(u)) = —CVD(u),
1
Ou) = §|Lu s

Hence (5.32) is also affine-invariant. Similar arguments also show that (5.34) and
(5.53) are affine-invariant. In fact, this property holds for all the ensemble Kalman
approaches to inverse problems developed in the previous section (discrete time)
and the current section (continuous time). 0

Algebraic convergence. We now observe that statistical linearization is exact for
linear problems, and provide explicit calculations in this linear case. Recall Gg, I'r
defined by (4.3) and assume that 'g > 0.

Example 5.16. Statistical linearization is exact in the linear setting: if G(«) = Lu
then DG(u) = (C*C)TC~!. Thus, in the setting of Example 4.4, the preconditioned
gradient flow (5.45) with W = ®@g reduces to (5.53) with G(-) = L-:

du

yri CLT ' w' — Luy+ CC ' (mo — u). (5.54)
This equation leads to the following closed equations for evolution of the mean and
covariance:
dm Tr=lg,f -1
m =CL T (w' = Lm)+CC, (mg—m), (5.55a)
9 o aeLTLe - cCiC = —2CLEM R LrC 5.55b
Fr v T 7 R' R ~R%- (5.55b)
It is readily verified that the precision satisfies equation
dc™!
T 2LLTR L (5.56)
and hence the precision grows linearly in time to infinity. As a consequence, the
covariance decays to zero at algebraic rate O(1/1). i

Exponential convergence. To obtain exponential convergence we must overcome
covariance collapse; to this end we study the idea of covariance inflation, introduced
in discrete time in (4.31), in the continuous-time setting. Again recall Gg, g
defined by (4.3) and assume that g > 0. We then consider the continuous-time
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limit of (4.31) to obtain

du = /BT dW, (5.57a)
dz = Gr(u)dt +\Tr dB, (5.57b)

where W and B are independent standard Brownian motions on R% and R%v
respectively. To determine 3 set Z') = {Z?(S)}SE[O,T] and define > = C, where C
is the covariance of random variable u(r)| Z*(r). When we apply the SDE (5.57) to
solve the inverse problem, we take Zi(s) = sz2 for all s > 0.

Remark 5.17. As for the discrete-time model (4.31), equation (5.57) defines an
unusual form of mean-field model through dependence on the filtering distribution.
As a consequence, the filtering distribution is determined by a non-standard variant
of the Kushner—Stratonovich equation which takes the form

1 1 )
dip =5V (V- (pC()) — F{IGrlf, ~EIGrIE, }o +(Gr —~EGR. wi)r p-

This may be derived from (3.26) with f = 0, ¥ = C(p) (the covariance under p),
h=Gganddz () = w; dr. Note that appearance of the covariance matrix C(p)
adds a further non-local nonlinearity which is not present in the density evolution
(5.19) that arises without covariance inflation. 0

We now derive continuous-time limits of the Gaussian projected filter (4.32) and
the ensemble Kalman filters (4.34) and (4.35), derived in Section 4.5 for solution
of the inverse problem (4.1). Starting with the Gaussian projected filter and taking
the limit Az — 0, we obtain

‘L—’? = ChOT R (wh —EGr)), (5.58a)
C;—f = BC - ChCTR! (Cuo)T, (5.58b)
Ci¢ = E((u — Bu) ® (Gr(u) — EGr(w))), (5.58¢)

where all expectations are with respect to u(¢) ~ N(m(t), C(t)). Using the explicit
form of ®g, this set of equations may be shown to be equivalent to

d
S = ChOr ' ~BG@) + CC mo = m), (5.5%)
dc

5 —BC- cer-lcv YT - ccy'c. (5.59b)

As in discrete time, we are using the approximation of the covariance of the filtering
distribution implied by the Gaussian projected filter; this is since we do not have
access to the exact covariance.

Example 5.18. To highlight links with preconditioned gradient descent, we now
investigate these equations in the linear Gaussian setting. With G(-) = L., we
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obtain from (5.59) the following equations for the mean and covariance matrix

evolution:
dm Tr-1g,,% -1
m =CL T (w' = Lm)+CC, (mo—m), (5.60a)
dc
5 =BC- CL'T'LC-CCy'C=BC—CLRTR'LRC. (5.60b)

These evolution equations for mean and covariance are now compared to the cor-
responding equations derived in Example 5.16, concerning statistical linearization.
Equations (5.55) in that example arise from statistical linearization of precondi-
tioned gradient descent, and exactly recover preconditioned gradient descent in
the linear setting. We note that the evolution equations (5.55a) and (5.60a) for
the mean agree, while the covariance matrices C defined by (5.55b) and (5.60b)
undergo different evolutions. 0

In the proposition which follows, we now show that the different evolution
equation for the covariance (5.60b) leads to exponential convergence; this should
be contrasted with the algebraic convergence resulting from (5.55b).

Proposition 5.19. Assume that uq is initialized at a Gaussian N(mg, Cy) and
assume also that Cy, g > 0. Consider the setting where Ggr(-) = Lg- for matrix
Lr € R@w*dxdu  Now consider the filtering distribution u(¢)|Z¥(r) defined by
(5.57) for B > 0, with data Z%(t) defined by Z'(s) = sw;e, where wg, is defined in
(4.5). Then the filtering distribution is Gaussian N(m(t), C(t)) for all + > 0. The
mean and covariance converge at an exponential rate exp(—ft), as t — oo, to the
limits me = Mpost and Coo = BCpost, Where (mposi, Cpost) are the posterior mean
(4.11) and covariance (4.10). o

Remark 5.20. It is a remarkable fact that the rate of convergence is independent
of the properties of the limiting Gaussian posterior distribution, and in particular of
the conditioning of the posterior covariance. This property is the continuous-time
analogue of what we observed in Remark 4.18. The desirable universal convergence
rate property is a result of the affine invariance of the Gaussian projected filter and
ensemble Kalman methods studied in this subsection. u

Proof of Proposition 5.19. We first note that § > 0 implies that equation (5.60b)
for the covariance has two equilibria: an unstable one at C = 0 and a stable one
satisfying

- -1
Coo =B(LRTR'LR)™ = BCpos- (5.61)
The exponential convergence to Cs, for 8 > 0 can be best seen by considering the
evolution for the precision matrix C~':
dc!
dt

=—BC '+ LR Lg. (5.62)
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Direct calculation of the time-derivative of C~'(z)m(t) shows that

d

a(c—lm) = —BC \m+ LyTg'wi.
Thus C~!(f)m(t) converges exponentially fast to limit éL; Fl}lw;. Since C(¢) itself
converges exponentially fast to SCpos, it follows that m(#) converges exponentially
fast to posterior mean mpog given by (4.11). ]

Remark 5.21. For 8 = 0, we find algebraic convergence which we also found
in equation (5.56), from Example 5.16, for the preconditioned gradient descent
formulation. It should be noted that (5.56) contains a pre-factor of two which is
not present in (5.62) so, even when S = 0, the evolution for mean and covariance
does not coincide with that arising from preconditioned gradient descent. 0

We now turn to ensemble Kalman methods, starting with the stochastic version.
We take continuous-time limits in (4.34) to obtain

du = \/BC AW + C4OT Rl (wh, dr — d2), (5.63a)
dZ = Ggr(u)dr + Tk dB, (5.63b)

where CI‘{,G is computed using (5.58c), and C is the regular covariance, both under
the law of u. As in discrete time, we are using the approximation of the covariance
of the filtering distribution implied by the Gaussian projected filter; this is since we
do not have access to the exact covariance. Here W and B are independent standard
Brownian motions on R% and R%+ respectively. The corresponding deterministic
transport formulation is found by taking the continuous-time limit in (4.35) to
obtain

du = BC AW + CHOT ! (w; ~ %(GR(M) - EGR(M))> dr, (5.64)

where W is again a standard Brownian motion on R% and where C ILQG is computed
using (5.58¢), and C is the regular covariance, both under the law of u.

Remark 5.22. 'We note that it is possible to replace (5.57) by the filtering problem
associated with the model

1
du = Eﬁ(u - Eu) dt, (5.65a)
dz = Gr(u)dt + 'R dB. (5.65b)

This results in the same Gaussian projected filter and ensemble Kalman methods
as before, in the linear Gaussian setting. We note that using the filtering problem
associated with (5.65) leads to analogous ensemble Kalman methods to (5.64)
or (5.63); these can be obtained by directly replacing the term \/ﬁ_C dW with
%ﬁ(u —Eu)dt in (5.64) and (5.63). 0
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5.5.2. Algorithms for Bayesian formulation

In Section 4.5.3 we derived Gaussian projected filter and ensemble Kalman methods
that converge exponentially fast to the exact posterior distribution of the inverse
problem (4.1) in the linear, Gaussian setting. This is achieved by choosing 5 =
(1 — Ar)~! as stated in (4.43). A similar argument in the continuous-time setting
thus leads to the choice 5 = 1. We have the following corollary of Proposition 5.19.

Corollary 5.23. Assume that u is initialized at a Gaussian N(mg, Cp) and assume
also that Cy, g > 0. Consider the setting where Ggr(:) = LR for matrix Lg €
R@w+du)xdu  Now consider the ﬁltermg dlstrlbutlon u(®)|Z* (t) defined by (5.57)
forg =1, w1th data Z7(¢) defined by z (s) = swi r» Where w is defined in (4.5).
Then the filtering distribution is Gaussian N(m(t), C(¢)) for all t > 0. The mean
and covariance converge at an exponential rate, as t — oo, to the limits 7, = mpog
and Co = Cpost, Where (mpost, Cpost) are the posterior mean (4.11) and covariance
(4.10). O

Preconditioned gradient flows. While the above extension to Bayesian inference
problems is straightforward and leads to an exact recovery of the posterior distri-
bution in the linear Gaussian setting, the resulting methods deliver only approxim-
ations in the general nonlinear setting. This, of course, is a theme throughout this
article. In the remainder of this subsection we take a different approach to deriving
algorithms for sampling which are exact in the linear Gaussian setting. We start
by considering preconditioned gradient descent, and its Langevin analogue; we
then note that application of statistical linearization gives approximations of these
evolutions which are exact in the linear Gaussian setting, and hence also exhibit
desirable convergence properties, in the linear Gaussian setting.
First recall the preconditioned gradient descent (5.45) for ¥ = ®g resulting in

d
d—bt’ = —CVDR). (5.66)

This methodology for optimization may be extended to a sampling methodology
by considering the preconditioned mean-field Langevin SDE defined by

du = -CVOgu)dr + V2C dW. (5.67)

Remark 5.24. We note here that it may be verified that (5.67) is invariant under
affine transformations of type (5.40). Thus (5.67) provides an attractive gener-
alization of standard Langevin dynamics (5.13) for sampling from the posterior
distribution, because of the properties of affine-invariant algorithms highlighted in
Remark 5.12. Although the desired posterior distribution is approached only in the
limit # — oo, the fact that the convergence is exponential, with universal rate across
all linear Gaussian inverse problems, makes the approach potentially competitive.
Theory concerning this equation is discussed in Section 5.6.
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Use of the statistical linearization approximation (5.49), which we discuss next,
converts both (5.66) and (5.67) into mean-field ensemble Kalman methods which,
through particle approximations, lead to implementable derivative-free methods. [

Inexact gradients. It is possible to apply statistical linearization (5.52) to the pre-
conditioned Langevin equation (5.67), resulting in the evolution equation

du = C4OT ! (wh = Gr(w)) dr + V2C dW. (5.68)

Here C I”QG is computed using (5.58c), and C is the regular covariance, both under
the law of u. Like (5.63) and (5.64), this equation converges exponentially fast
to the posterior distribution in the linear Gaussian case. However, the form of
the mean-field stochastic differential equation is fundamentally different: here the
Brownian noise arises in state space R%, whereas in the ensemble Kalman methods
it appears in data space R%.

Exact gradients. This paragraph concerns analysis of (5.66) and (5.67) when the
exact gradients of @, and hence ®p, are available. We start by considering the
geometric properties of (5.66). We assume that u(¢) has smooth probability density
p(u,t) for all t > 0 and recall that we denote the manifold of all smooth probability
density functions on R% by . Then p satisfies the Liouville equation

8;p =V - (0CVDR). (5.69)

Again the appearance of the covariance matrix C = C(p) renders (5.69) a nonlinear
and non-local partial differential equation on .. We will show that the evolution
of p on B, has gradient flow structure of the form given in (5.11).

In order to see this gradient structure we need to identify the energy functional
which is being minimized and then introduce a metric structure in which (5.69) is
a gradient flow. In this case we may choose

E(p) = E(p) = / ®rp du, (5.70a)
M)~y = =V - (pC(p)VY) € T, P, (5.70b)

We refer to the Kalman—Wasserstein metric as the metric induced by this metric
tensor, generalizing the Wasserstein-2 metric introduced in Section 5.3. Note that
the variational derivative of £ is given by

% _ o
6p
Hence we can rewrite (5.69) as
o€
Op=V- (pC(p)V(S—). (5.71)
0

Downloaded from https://www.cambridge.org/core. IP address: 10.3.192.216, on 17 Jul 2025 at 12:37:39, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/50962492924000060


https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0962492924000060
https://www.cambridge.org/core

ENSEMBLE KALMAN METHODS: A MEAN-FIELD PERSPECTIVE 247

Note that

d o€
S = /R 5ot

= - / p’cw/zvE
Réu 6p

:_/ <V§,C(p)V§>pdu
Rdu \ 0P 6p

2
du

<0.

It is interesting to compare the gradient structure on P, to the gradient flow
structure on R% defined by (5.38) with B = C(p). The state space gradient flow on
R% ensures decrease of ®g(u(r)) along trajectories, whilst the probability space
gradient flow on B, ensures decrease of the expected value of ®g(u(t)) across
a distribution of trajectories found from random initialization of the state space
problem.

The preceding calculations demonstrate that any evolution equation of type (5.71)
with appropriate energy functional £ induces a gradient flow on .. In particular,
using the energy functional

&0 = [ @ +inpp
defined in (5.15), we observe that the associated evolution equation (5.71) becomes
Oip =V - (pC(p)VOR) +V - (C(p)Vp). (5.72)

This nonlinear and non-local Fokker-Planck equation governs evolution of the
probability density funtion for the mean-field SDE (5.67). Now recall Remark 5.2,
in which we note that KL[p||n#] and £(p) differ by a constant, and where 7 is the
posterior density associated with posterior measure u given by (4.7). Thus the
global minimizer of the gradient flow associated with (5.15) is attained at p = &
and hence solves the Bayesian inverse problem.

Finally, itis also useful to see the nonlinear and non-local Fokker—Planck equation
(5.72) written in the abstract gradient form (5.11). In this case we may choose

E(p) =E(p) = /(d)R +1np)p du, (5.73a)
M)~y = =V - (0C(p)VY) € T, P (5.73b)

Remark 5.25. The Kalman—Wasserstein gradient flow structure for the Fokker—
Planck equation associated with (5.67) is not maintained under the statistical linear-
ization leading to (5.68). The resulting Fokker—Planck equation implied by (5.68)
is not of gradient descent type in *B,, except in the case where G (u) is linear. [
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5.6. Bibliographical notes

The notion of gradient flow plays a central role in this paper. The subject is
enormous and we cannot do justice to it here. We point the reader to the book
by Hirsch, Smale and Devaney (2013) for the study of gradient flows in Euclidean
space and to Ambrosio, Gigli and Savaré (2008) for gradient flows in metric spaces,
including spaces of probability measures. The paper by Chen et al. (2023) contains
an overview of gradient flows for probability measures, focused on applications to
Bayesian inversion.

Continuous-time limits of ensemble Kalman filters were first derived in Berge-
mann and Reich (2010a) and Bergemann and Reich (20100) and further explored
in the context of continuous-time transport in Reich (2011). A connection between
the non-stochastic Kalman transport equations (5.34) and preconditioned gradient
descent was first identified in Bergemann and Reich (20100) for finite ensemble
sizes, and in Reich and Cotter (2015) for the mean-field limit. Pidstrigach and
Reich (2023) have adopted the continuous-time setting. See also Yang, Blom and
Mehta (2014) for related formulations based on the feedback particle filter approach
to continuous-time filtering.

Schillings and Stuart (2017, 2018) studied the use of ensemble Kalman methods
for optimization problems, taking a continuous-time limit, making a connection to
preconditioned gradient descent and exploiting an invariant subspace property (see
e.g. Iglesias et al. 2013, Theorem 2.1) inherent in the basic form of the ensemble
Kalman methodology. This led to work on approximate sampling from the precon-
ditioned Langevin equation in Garbuno-Inigo et al. (2020a,b), Niisken and Reich
(2019) and Liu, Stuart and Wang (2022); in particular, Niisken and Reich (2019)
and Garbuno-Inigo et al. (2020b0) demonstrated a finite ensemble size correction
to the mean-field limit introduced in Garbuno-Inigo et al. (2020a). Garbuno-Inigo
et al. (2020a) used the non-standard Kalman—Wasserstein metric, first introduced
in Reich and Cotter (2015), to provide a framework to analyse the preconditioned
Langevin equation. It remains open to fully develop the mathematical foundations
of gradient flows using this metric. These papers demonstrate the role played by
the ensemble in preconditioning the dynamics. This makes a link to the important
paper by Goodman and Weare (2010), which introduced the concept of affine-
invariant ensemble samplers, an idea developed further in Leimkuhler, Matthews
and Weare (2018).

Chada, Chen and Sanz-Alonso (2021) review the optimization perspective and
provide a unifying framework, going beyond gradient descent-based methods.
In particular, framing ensemble Kalman-based optimization methods in terms of
statistical linearization, as we do in Section 5.5.1, originates in that paper. Reich
and Weissmann (2021) and Pavliotis, Stuart and Vaes (2022) show how to construct
a derivative-free Langevin sampler using localized ensembles; the use of localized
ensembles to train neural networks may be found in Haber et al. (2018). An
alternative interacting particle system approach to solving inverse problems and
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optimization tasks is the use of consensus-based methods (Tsianos et al. 2012,
Ha et al. 2021, Fornasier, Klock and Riedl 2024, Carrillo et al. 2018, Carrillo,
Hoffmann, Stuart and Vaes 2022, Chen, Jin and Lyu 20224, Pinnau, Totzeck, Tse
and Martin 2017, Fornasier et al. 2020). Ding et al. (2021) and Ding and Li
(2021a,b) have undertaken a systematic analysis of the link between interacting
particle systems and mean-field systems, mostly focused on the solution of inverse
problems; however, the methods developed are more widely applicable.

Recall that (5.26) is a derivative-free approach to approximately solving the
Bayesian inverse problem by application of the Gaussian projected filter. In Ap-
pendix E we show that these equations may also be derived from the Fisher—Rao
gradient flow (5.20), deriving equations for the mean and covariance evolution
from it, and then by invoking a number of approximations. In Appendix E, as a
step in this derivation, we obtain the equations

‘:1—”; = —E(®(u)(u — m)), (5.742)
i—f = —B(@u)(u — m)(u —m)") + CE(D(u)), (5.74b)

which may be viewed as a closed evolution when expectation is computed under the
Gaussian defined by (m, C). These closed equations also define a derivative-free
approach to approximate the Bayesian inverse problem, different from (5.26). It is
natural to ask which of (5.74) and (5.26) is preferable; computational experiments
underpinning the work in Chen et al. (2023) indicate that (5.26) is more robust
in various settings. Discussion of the Fisher—Rao gradient flow projected into the
manifold of Gaussians is contained in Chen et al. (2023).

Theory showing that the Fokker—Planck equation (5.14) arises as a continuous-
time limit of the MCMC method (4.13) was initiated in Gelman, Gilks and
Roberts (1997), for the random walk Metropolis algorithm, and followed up for
the Metropolis-adjusted Langevin equation in Roberts and Rosenthal (1998). See
Roberts and Rosenthal (2001) for an overview of this field. Most of the analysis
is done at the level of weak convergence of sample paths and hence works directly
with (5.13) rather than with its density, which is governed by (5.14).

6. Conclusions and open problems

This paper presents a unifying perspective on the derivation, interpretation and
analysis of ensemble Kalman methods through use of the ideas of mean-field
models, second-order approximate transport and particle approximation. Both
state estimation and parameter estimation (inverse problems) are studied; similar
ideas may be developed for joint parameter-state estimation problems but are not
discussed in this paper. The ideas have been presented in discrete time and,
through specific parametric scalings, continuous-time limits have been identified.
Our unifying approach constitutes a novel presentation of the subject, and creates
a framework for the mathematical development of the subject area.
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Ensemble Kalman methods have been enormously impactful in the geosciences,
where they originated, and are starting to be used in numerous other application
domains. However, if they are to realize their potential for widespread adoption
and application, many research challenges remain. These challenges are both in
mathematical analysis and in the development of methodology. One of the biggest
challenges is the following: some theory, and abundant numerical evidence, show
that ensemble Kalman methods perform well at state estimation and at parameter
estimation. However, there is very little theory, or empirical evidence, which
identifies situations in which the statistical information in the ensemble constitutes
valid approximate Bayesian inference. The recent papers by Carrillo et al. (2024)
and Calvello er al. (2024) make first steps in this direction. In mathematical
analysis a number of other substantial challenges are presented by ensemble Kalman
methods, which we list here.

e For state estimation, determine conditions under which the filtering distri-
bution is well-approximated by mean-field models based on second-order
transport. Find sharp error estimates and appropriate metrics for the analysis.
Furthermore, identify which problems satisfy these conditions.

e Forinverse problems, determine conditions under which the optimizer of a (to-
be-identified) loss function is well-approximated by the mean or sample path
of mean-field models based on second-order transport, in both the transport
and iterative approaches to inversion. Find sharp error estimates.

e For inverse problems, determine conditions under which the Bayesian pos-
terior is well-approximated by mean-field models based on second-order
transport, in both the transport and iterative approaches to inversion. Find
sharp error estimates and appropriate metrics for the analysis. Furthermore,
identify which inverse problems satisfy these conditions.

e For all of the preceding three scenarios derive error bounds for particle
approximations of the mean-field models. When low-rank structure is present
in covariances prove that ensemble Kalman methods can correctly identify it,
and exploit the low-rank structure in the analysis of particle approximations.

o In all of the particle methods arising above, compare the cost/error trade-off
with that arising for other methods, to determine when ensemble Kalman
methods are competitive.

o All of the algorithms in this paper are studied in idealized scenarios, in
the absence of widely employed techniques such as covariance inflation and
localization. Developing analyses which account for covariance inflation and
localization will be highly desirable.
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On the methodology side there are also a number of significant challenges, which
we also list here.

o Given the ability to compute an ensemble of evaluations of the combined state-
observation dynamical system, determine the optimal (in terms of cost/error
trade-off) way to combine the ensemble to either estimate the state given an
observation sequence, or the filtering distribution.

¢ Given the ability to compute an ensemble of evaluations of the forward model,
what is the optimal way to combine them to either estimate the parameter
given an observation, or the posterior distribution, for the corresponding
inverse problem.

e What role might be played by machine learning in addressing the design of
algorithms, and in particular in addressing the preceding questions.

e Develop an overarching interacting particle and mean-field framework that
subsumes ensemble Kalman and alternative particle filters as well as deriva-
tive-free and consensus-based optimization methods, and use the framework
to create new methods.

e Develop principles for the deployment of covariance inflation, and generaliz-
ations of localization, so that the resulting methodology is widely applicable
and does not need application-specific principles to be applied. Different
ideas may be needed in the inverse problem setting.

e Expand the preceding scenarios beyond the additive error models discussed
in the survey, to include classification and other machine learning tasks.

Acknowledgements

EC is grateful to the Kortschak Scholars Program within the CMS Department at
Caltech for financial support. The work of SR is supported by Deutsche Forschungs-
gemeinschaft (DFG) — Project-ID 318763901 — SFB1294. The work of AMS is
supported by NSF award AGS1835860, and by a Department of Defense Vannevar
Bush Faculty Fellowship, which also supports EC. In addition, AMS and EC are
supported by the SciAl Center, funded by the Office of Naval Research (ONR),
under grant no. N0O0014-23-1-2729. The work of EC was also supported by the
Resnick Sustainability Institute.

The authors are grateful to Dmitry Burov for helpful advice regarding the nu-
merical experiments; they are also grateful to Arnaud Vadeboncoeur, Eviatar Bach,
Ricardo Baptista and Daniel Sanz-Alonso for helpful discussions which improved
this paper. The authors thank Mark Asch for careful reading of the paper, and
useful feedback. Finally AMS is grateful for hospitality offered at the University
of Chicago, by Guillaume Bal, Peter McCullagh, Daniel Sanz-Alonso and Rebecca
Willett, where he delivered lectures based on a preliminary version of this paper in
May 2022.

Downloaded from https://www.cambridge.org/core. IP address: 10.3.192.216, on 17 Jul 2025 at 12:37:39, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/50962492924000060


https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0962492924000060
https://www.cambridge.org/core

252 E. CaALVELLO, S. REICH AND A. M. STUART

A. Pseudo-code

In this appendix we provide pseudo-code describing several of the algorithms that
we present and deploy in this paper. Algorithms 1 and 2, 3DVAR and the ensemble
Kalman filter (EnKF) respectively, are applied in the context of the problem of
state estimation for discrete-time dynamical systems presented in Sections 2.2
and 2.6. The scheme 3DVAR is employed in Examples 2.3, 2.5, 2.16 and B.1. The
ensemble Kalman filter is applied in Example 2.16. Ensemble Kalman methods for
inversion, as shown in Algorithms 3, 4 and 5, are presented in Sections 4.4 and 4.5,
and applied within Examples 4.22 and 4.23. We refer to Algorithm 3 as Ensemble
Kalman Inversion (Transport), as it arises from the approach to inversion described
in Section 4.4.3; we refer to Algorithm 4 as Ensemble Kalman Inversion (Iteration
to Infinity), as it arises from the approach to inversion described in Section 4.5;
Algorithm 5 corresponds to an ensemble Kalman inversion method employing
inflation by the covariance computed under the filtering distribution, as outlined in
Section 4.5.3. We refer to Algorithm 5 as Ensemble Kalman Inversion (Inflated
State).

Algorithm 1 3DVAR

Input: Initial vo € R? and fixed gain matrix K € R%
forn=0to N - 1do

Xdy,

Prediction:
Va1 = ¥ (vn).
Analysis:
Vel = Vet + K (3], = h@a1)).
end for

Output: Estimates {v,,}"" .
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Algorithm 2 EnKF

Input: Ensemble size J, initial ensemble {vgj )}]J.:l.
forn=0to N —1do
Prediction: for j =1,...,J do

v =Yoo+l &) ~No,x).

n+l

Compute

n+l J
=1
~ 1<
Gt =} S0 =) 0 (5 ).
J=1
Kt = Gy (CLy +1)

Analysis: for j =1,...,Jdo

Voh =) +al w ~No.D),
0 _ =0 ) =)
Vsl = Vanl + Kt (yn+1 - h(vn+l))'

end for _
Output: Ensembles {vE{) J._l forn=0,...,N.
=
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Algorithm 3 Ensemble Kalman Inversion (Transport to Finite Time)

Input: Data w', N and Ar such that NAz = 1, ensemble size J, initial ensemble
WDy

{uo j=1

forn=0to N - 1do

Prediction: for j =1,...,J do

55,531 =u;]’
Compute

I3 -0) LS (-0
Mns1 = 7 ;unjﬂ’ Onsl = = ;G(unjﬂ)’
= l.J () ()
Gt =7 ;(%ﬁl —ni1) © (G (i) = 1),
= L5 ) )
Co5 =2 SUG@D) - 5un) © (G () - 5o

j=1

Analysis: for j =1,...,Jdo

o . . . r
T = 6@l ends i ~N(o.4),

n+1
0 _ =0 ~uG ~GG -l v =)
un+l - Mn+1 + AtCrL:+l (Atcn+l + r) (W - Wn+1) :

end for '
Output: Ensemble {u%)}]J.zl.
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Algorithm 4 Ensemble Kalman Inversion (Iteration to Infinity)

Input: Data w', Ne, At, ensemble size J, initial ensemble {uf)j )}JJ-:r
while n < N, do
Prediction: for j =1,...,J do

ﬁizl =uyl.
Compute
14 1< :
o = 20T G = 3 G0,
J=1 Jj=1
~ 1N oy 4 R
Cot = 7 Z(ﬁ(;ﬁl —flint1) @ (G(”/ijﬁ) = Ons1),
j=1
_ 1< . ‘
Cgff = J Z(G(”A(rffl) - 6"+1) ® (G(ﬁfﬁl) - 5"+1)'
J=1

Analysis: for j=1,...,Jdo
: ; ; ; r
~() _ =) )] )
Wn+1 _G(un+1)+nn > Mn NN<0, Al>’

W9 =7+ MEHG (MESS + 1) (wh - D).

n+l = Tn+l n+l n+l
end while .
Output: Ensemble {”5{130 {:1.
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Algorithm 5 Ensemble Kalman Inversion (Inflated State)

Input: Data wR, No, At, ensemble size J, initial ensemble {u(] ) JJ 1

while n < N, do
Prediction: Compute

J
1
m, = le(j) Z(u(l) mn) ® (M(,) _ mn)

j=1
forj=1,...,Jdo

: At
7D 2 ) 4 ), 5,”~N<0, Cn>-

n+1

Compute

J=1 Jj=1
~ 1< R 4 ~
CI@H -7 Z(Aﬁfﬂ ~lns1) ® (Gr (uA(,Ql) — One1),
j=1
—~ 1< R ~
CI(Q;,EH = ‘7 Z(GR (Aﬁzj-zl) - 0”“) (GR (A(]) ) - 0n+1)-
j=1

Analysis: for j =1,...,Jdo
=) — AIGR("(]) ) +n£lj)7 (]) N(O A[rR)

yn+l
(]) A(J) G ~G - T _ =)
n+l n+1 Clbé n+l (AICR,nH + rR) (AIWR - yn+1) .

end while

Output: Ensemble {u(J ) }.
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B. Lorenz ’96 models

To illustrate the problems of both state estimation and parameter estimation we
use, throughout this paper, variants on the Lorenz *96 model. In particular, we use
both the Lorenz *96 multiscale system, introduced in Section B.1, and a single-
scale closure derived from it in the scale-separated case, described in Sections B.2
and 2.7. If we (i) generate data with the single-scale model, and assimilate using
the same model, we are able to test algorithms in their basic (perfect model)
form; on the other hand, if we (ii) generate data with the multiscale model, and
assimilate using the single-scale model, this allows us to study the effect of model
misspecification on data assimilation. Section B.3 contains an example of type (ii),
whilst Examples 2.3, 2.5 and 2.16 are of type (i).

B.1. Lorenz 96 multiscale model

Let v € C(R",RY) and w € C(R*,RE*Y). We write down an ODE for (v, w)
in which each variable v, € R is coupled to a subgroup of fast variables w, =
{we,; }]J.:1 € R’; further (discrete) boundary condition couplings impose period-
icity in L and link {wy ; }JJ.:1 to {W€+1,j}]J-:1- The particular form of the system
of ODEs is as given in Fatkullin and Vanden-Eijnden (2004). For { = 1...L and
j=1...J,the ODEs are

J
. _ _ 1
Ve = ge(vV) + hyie, e = j;wm, (B.1a)
. 1
We,j = Erj(VZ,Wt’), (B.1b)
where
8e(v) = —ve1(Ve2 —Vver1) —ve + F, (B.2a)
rive,we) = —we jri(We js2 = We j—1) = We,j + hyve, (B.2b)

and we impose the boundary conditions

VerL = Ve, WesL,j = Wejs  We jrd = Weal,j- (B.3)
Here € > 0 is a scale-separation parameter, h,,h, € R govern the couplings
between the fast and slow systems, and F' > 0 provides a constant forcing.
B.2. Lorenz ’96 single-scale model

Letv = {ve}l . w={we}l and w = {w,}}_,. Then we may write (B.1) in the
form

<.
Il

GW)+ hyw, (B.4a)

<.
Il

éR(V, w), (B.4b)
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Dynamics of one slow variable and associated fast variable of the Lorenz 96 multiscale model
15

—— dns

10

v

o

0.0 2.5 5.0 7.5 10.0 12.5 15.0 175 20.0
t
Figure B.1. Dynamics of a slow variable and an associated fast variable. Here
‘dns’, in blue, labels the slow variable computed by direct numerical simulation;
the related fast variable is shown in grey.

for suitable definitions of G, R. If € <« 1 then the dynamics for the w governed
(B.4b) evolve on a much faster time-scale than the dynamics for the v governed by
(B.4a). Thus it is a reasonable approximation to think of v as frozen in (B.1b). If
we assume that the dynamics of w with v frozen are ergodic with invariant measure
1V (dw) (a measure in w, parametrized by v), then the averaging principle (Vanden-
Eijnden 2003, Abdulle, Weinan, Engquist and Vanden-Eijnden 2012, Pavliotis and
Stuart 2008) suggests that we may make the following approximation of w:

M(@©) ::/W,u"(dw).

If we also invoke the approximation M,(v) = m(v,), which is empirically shown to
be valid for large J in Fatkullin and Vanden-Eijnden (2004), then we arrive at the
single-scale Lorenz *96 model (2.9). This program of analysis for the Lorenz *96
model, and studies of the validity of the resulting single-scale approximation, was
established in the paper by Fatkullin and Vanden-Eijnden (2004). The function
m(-) is not given explicitly, but may be fitted to data in various different ways, as
explained in Fatkullin and Vanden-Eijnden (2004). Figure 2.1 shows such an m,
fitted using Gaussian process regression methodology as detailed in Section 4.3 of
Burov, Giannakis, Manohar and Stuart (2021).

B.3. Example
The following example relates to the discussion in Remark 2.4.

Example B.1. Throughout this example weset L =9, J =8, h, = -0.8, h,, = 1,
F =10 and € = 277. Note that equation (B.1a) has the form of the single-scale
Lorenz model (2.9) for v with the function m(-) replaced by a coupling to the fast
variables w governed by (B.1b). In Figure B.1 we display the dynamics of a slow
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3DVAR on singlescale for true model given by Lorenz 96 multiscale

12.5 — dns
100 A I —— 3DVAR
Il | A
A n
| I\ f™
|\
| ‘”’
-75
0.0 255 5.0 75 10.0 125 15.0 17.5 20.0
t
(@
3DVAR on singlescale for true model given by Lorenz 96 multiscale
12.5

10.0

7.5

5.0

0.0

-2.5 —— dns
50 3DVAR, 7=1073
_ 0
s e 3DVAR, T=10
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
t
(b)

Figure B.2. (a) Estimates of v3 in time produced by 3DVAR using 7 = 1073,
displayed against the true dynamics. (b) Estimates at each unit time obtained using
3DVAR with assimilation at 7 = 10° and 7 = 1073, Again the acronym ‘dns’ refers
to direct numerical simulation. 3DVAR successfully synchronizes with the direct
numerical simulation at the smaller value of T but fails to do so as well when 7 is
larger. It is noteworthy that the synchronization takes place here in the context of
model misspecification: the data is generated by the multiscale model, but 3DVAR
is applied using the single-scale model.

variable and one associated fast variable of the Lorenz 96 multiscale model (B.1);
at the parameter values chosen the system is chaotic.
We consider observations { yIL}ne% arising from the model
O o' = PV, wh),

n+1’ " n+l
T T
yn+1 - h(vn+1)’
where Wy is the solution operator to the multiscale model (B.1)—-(B.3) over the
observation time interval . We then take the data from the multiscale model
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and assimilate it into the single-scale model (2.9), recalling the specific function
m shown in Figure 2.1, and discussion in the preceding subsection concerning
elimination of the fast variables in favour of a simple closure, using the averaging
principle.

We now discuss data assimilation using this multiscale data. As in Example 2.3,
we assume that the observation function is linear: 4(v) = Hv for matrix H: R —
RS defined by (2.10). As before, we choose the gain K : R® — R? to be defined by
(2.12) and employ the 3DVAR algorithm (2.11) with ¥ the solution operator over
time-interval 7 for the single-scale model. Thus model misspecification is present,
because data Y comes from the multiscale model.

Asin Example 2.3 we display the results of 3DVAR on the unobserved component
v3. Figure B.2(a) shows the behaviour of the algorithm for 7 = 1073, Despite the
fact that the data is generated from the multiscale model, whilst assimilation is
conducted using the single-scale model, 3DVAR produces an accurate estimate of
the true state with, after synchronization, the only discernible errors being slight
under- and overshoots. Figure B.2(b) shows the effect of varying 7, the time
between observations. As in Example 2.3, the assimilation is significantly worse
when 7 is larger. U

C. Mean-field maps

In Section C.1 we discuss the existence, form and properties of mean-field maps
which carry out the program of approximate transport described in Section 2.5.4;
these maps require access to simulated data and are hence referred to as stochastic
second-order transport maps. In Section C.2 we discuss the existence, form and
properties of mean-field maps which carry out the program of approximate transport
described in Section 2.5.5; these maps do not require access to simulated noisy data
and are hence referred to as deterministic second-order transport maps. The two
approaches provide fundamental underpinnings of ensemble Kalman methods as
we develop them in this paper, but were not adopted in its historical development.
Section C.3 is devoted to the minimum variance approximation, a way of deriving
the Kalman transport map (2.55), which is part of the historical development of
the subject but does not play a central role in our presentation and analysis of the
subject.

C.1. Mean-field maps: simulated data

We note that the maps of interest in this subsection take Law(V,41, Yn+1) into
Law(v,1). Since the analysis is independent of any specific value of discrete-time
n, we drop the subscript n+ 1 throughout the analysis; this streamlines the notation.
Similar considerations apply in Sections C.2 and C.3.

Let (v,y) ~ , where

el )
o (CV)’)T ny,
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Define
m =i+ CC) 'y - o), (C.1a)
C=C-C™C”) {C™)T. (C.1b)
Note that these are the mean and covariance of the Gaussian random variable v
conditioned on y = y' under the assumption that (v, y) is distributed according to
the Gaussian measure Gr; see (2.41). The quantities in the above identities are as
defined in Section 2.3.4, with the caveat that the subscripts n + 1 have been dropped

for clarity of exposition.
Our goal is to identify maps of the form

v=Av+By+a, (C.2)

so that if (v, y) ~ =, then v has mean m and covariance C given by (C.1). We make
the following assumptions on the covariance under Gz and on the matrices A, B
and vector a.

Assumptions C.1. The covariance under G is invertible. The matrices A, B and
vector a may depend on y' and measure 7 but not on the random variables (v, y);
thus (C.2) takes the explicit form

v = A(r, yW + B(r, y)y + a(r, y1). 0

Recall the discussion of pushforward of measures in the introduction to Sec-
tion 2.5. Under Assumptions C.1, pushforward under the map (C.2), when chosen
to match the desired first- and second-order statistics, defines a nonlinear map on
the space of measures, and in particular on r itself. In what follows, all expectations
are computed under 7. Since the covariance under Gr is strictly positive definite,
so are the marginal covariances C and C?” (see Stuart 2010, Lemma 6.21). Thus
we may define the conditional mean and covariance by (C.1), as well as Kalman
gain K, and conditional covariance C, given by

K =C" (™), (C.3)
C=C" - (CT(O)'CY; (C.4)
we note that the conditional covariances C and C are also strictly positive definite

(see Stuart 2010, Lemma 6.21). From equations (C.1a) and (C.2), the following is
immediate.

Lemma C.2. Let Assumptions C.1 hold and let (v,y) ~ . If v given by (C.2)
has mean given by (C.1a), then

a=(-AEv+Ky" - (B+K)Ey. o
As a consequence it follows that

v=Ev+ AW -Ev) + By -Ey) + K(y' — Ey), (C.5)
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and that
E((v —Ev) ® (v — Ev)) = ACAT + BC**BT + AC"B™ + B(C"*)TAT.
Thus, to match the covariance of the conditioned random variable, we obtain
C=ACAT + BC*B™ + AC™ BT + B(C*")TA™. (C.6)

Theorem C.3. Let Assumptions C.1 hold and let (v,y) ~ n. If a is given by
Lemma C.2, then v defined by (C.2) has covariance (C.1b) if and only if real-
valued matrices A and B are related by the identity

FC'FT=C-BCB", (C.7)

where
F=AC+B(C"™)". (C.8)
o

Proof. We complete the square on the right-hand side of (C.6) to obtain
(AC + B(C*™)")C~(AC + B(C*™))T = C',

where
C'=C-BCB'.
Rearranging gives the desired result. U
Define

B={BeR¥. " >0},
noting that this set is non-empty and contains an open (and hence uncountable) set
of B, since C > 0. For B € B consider the eigenvalue problem
C'e® = (52", (0,07 = 5;;.
Note that this has d, real solutions, up to sign changes in the eigenvectors and
assuming the s to be non-negative. We now seek to express F in terms of B € B.
Writing the SVD given by FC~/2 = UEVT, where U,V € R%*%" are orthogonal
matrices and & € R%*4v g a diagonal matrix, we see from (C.7) that
UE*UT = C,

so that U has columns given by the {(,0(")}1‘.1:1 and corresponding diagonal entries of
5, +5%. We define
U=V, ..., o), E=dag(xsV,..., s (C.9)

Corollary C4. For every B € B, the choices of A such that the pair (A, B)
satisfies the criterion of Theorem C.3 are defined as follows. For U, E as given in
(C.9), set

F=UEV'C!?,
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where V is an arbitrary orthogonal matrix in R%*%_ Then
A=(F-B(C™)")C " o

Example C.5. Among the uncountably many possible solutions for pairs (A, B),
we highlight two. The choice B = 0 is interesting because it does not require the
data variable y in the definition of v. The choice A = [ is interesting because it
does not require action of an operator acting on v.

The first, with B = 0, allows the choice F = C!/2CY/2 and then A = C'/2C-1/2,
Thus the map (C.5) becomes

v =Ev+ C'2C 2@ - En) + C*(C*) ' - Ey) (C.10)
=m+C'2C™12 - Ev). (C.11)
The second comes from setting B = —K, which leads to the possible choice

F = C and A = I, under which the map (C.5) becomes
v=7+C(EC) O - ).
We refer to this as the Kalman transport solution. 0

Given the plethora of solutions for matrices (A, B), all of which effect the desired
measure transport from 7 into the approximation for the conditional, it is natural to
ask how to choose a specific pair (A, B). One possibility is to use optimal transport.
To this end we define, for positive definite W € R% >4,

1
Iw(A, B) = JE{(v - V), Wy =)).

Theorem C.6. Let v be given by (C.5). Consider the problem of finding min-
imizers of Iw (A, B) over pairs (A, B) satisfying (C.7) and (C.8); we refer to the
resulting map evaluated at such an (A, B) as an optimal transport in the W -weighted
Euclidean distance. For any positive definite W, such minimizers satisfy B = 0. In
particular, the Kalman transport solution is not an optimal transport solution. <&

Proof. We formulate the optimization problem over the pair (¥, B) since, because
C is invertible, there is a bijection between (A, B) and (F, B). Let : denote the
Frobenius inner product. Then, under constraint (C.8),

Iw(A, B) = Jw(F) + const., (C.12a)
Jw(F)=-F: W, (C.12b)

where const. denotes a matrix independent of A, B, F' (with exact value changing
from instance to instance). To see this, note that

V-V =-0-EV)+A[@ -EV) +B(H -Ey) + KO —Ey).
Now, using (C.6),
E(v -7 ®(Wv—-7)=C—-CAT —AC — C"B™ — B(C")" + C + const.
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Noting that
1
Iw(A,B) = EE((V -MNW-v): W,

and that D: W = DT : W for all D since W is symmetric, identity (C.12) follows
from (C.8). It then also follows that minimization of Iy (A, B) subject to the
constraints given by (C.7) and (C.8) is equivalent to minimization of Jyw (F) subject
to the constraint (C.7).

To effect this latter minimization we introduce the Lagrange multiplier L €
R4 *dv which is symmetric because the constraint is symmetric, and define

Jw(F,B,L)=—-F: W+L: (FC"'FT + BCB™ - C).

Differentiating with respect to F, B and L respectively gives

W +2LFC' =0, (C.13a)
2LBC =0, (C.13b)
FC'FT + BCB™ = C. (C.13¢)

Since F, W and C in (C.13a) are all invertible, the Lagrange multiplier L is
necessarily invertible. Furthermore, since C is invertible because X is invertible, it
follows from (C.13b) that B = 0 as required. ]

Example C.7. Define symmetric matrix P, and from it symmetric A, by
p=(C'2CCY?12, A =c'2pC'.

We notice that if B = 0, as required for an optimal transport solution, then
with this choice of the pair (A, B), equation (C.13c) has as a solution F = AC and
(C.13b) is satisfied. Furthermore, (C.13a) delivers the Lagrange multiplier L. Note
that the solution is independent of the specific choice of positive definite W. 0

C.2. Mean-field maps: no simulated data

Let v ~ i and assume that y = h(v) + n, where n ~ N(0,T’) is independent of
v. Implicitly we have defined the joint distribution 7 of (v, y). We note that then,
expressed in terms of 4 := h(V) and quantities defined in (C.1),

C"" :=E(@ - Ev) ® (h — Eh) = C",
C" =E(h —Bh)® (h—Eh) = C*Y - T.
Thus we may rewrite (C.1) as
m =i+ C""C" + ) ' - Eh), (C.14a)
Cc=C-C"™C"+1)"(C"M. (C.14b)
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In so doing we have eliminated reference to y and our goal becomes the identifica-
tion of maps of the form

v=Rv+Sh+r, (C.15)

so that if v ~ i then v has mean m and covariance C given by (C.14). We make the
following assumptions on the covariance under Gz and on the matrices R, S and
vector r.

Assumptions C.8. The covariance under Gr is invertible. The matrices R, S alld
vector 7 may depend on y' and measure 7 but not on the random variable (v, h);
thus (C.15) takes the explicit form

v = R(nm, yT)V+ S(nm, yT)Z +r(m, yT). 0

With these assumptions the pushforward under map (C.2), when constrained to
match the desired first- and second-order statistics, defines a nonlinear map on the
space of measures, and in particular on measure u. In what follows all expectations
are computed under 2. We note that matrix C is invertible and that K in (C.3) may
be rewritten as

K=C""(C"+1)7".
From equations (C.14a) and (C.15) the following is immediate.

Lemma C.9. Let Assumptions C.8 hold and let v ~ . If v given by (C.15) has
mean given by (C.14a), then

r=(-REv+Ky' - (S+K)Eh. o
As a consequence it follows that
v=Ev+R@ - Ev) + Sh - Eh) + K(y' — Eh), (C.16)
and that
E((v — Ev) ® (v — Ev)) = RCRT + SC""'ST + RC*"S™ + S(C"")TR.  (C.17)
Thus, to match the covariance of the conditioned random variable, we obtain
C = RCR™ + SC"ST + RC*"'ST + S(C*")"R. (C.18)
Define
¢ =M — (& () V.
Theorem C.10. Let Assumptions C.8 hold and let v ~ . If s is given by

Lemma C.9, then v defined by (C.15) has covariance (C.14b) if and only if real-
valued matrices R and § are related by the identity

EC'ET=C-5CST,
where
E=RC+S(C"™T. o
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Proof. We complete the square on the right-hand side of (C.18) to obtain
(RC +S(C*™)T)C™!(RC + S(C"™)T)T + SCS™ = C.
Rearranging gives the desired result. U]
Define
S={SeR¥ . Cc-SCST > 0},
and for S € S consider the eigenvalue problem
(€ =SCSTH D =@, @Oy =5y,

noting that this has d, real solutions, up to sign changes in the eigenvectors and
assuming the 0 to be non-negative. We now seek to express E in terms of S € S.

Writing the SVD given by EC~'/2 = WQZT, where W, Z € R%*4v are orthogonal
matrices and Q € R%»*% g a diagonal matrix, we see from (C.7) that

WQWT = C - SCS™,
so that W. has columns given by the {t//(i)}flzvl and corresponding diagonal entries
of Q, +0®. We define
w=@wW,. D)), Q=diag(zo?, ..., o). (C.19)

Corollary C.11. For every S € &, the choices of R such that the pair (R, S)
satisfies the criterion of Theorem C.10 are defined as follows. For W, Q as given
in (C.19), set

E=wQz'C'?,
where Z is an arbitrary orthogonal matrix in R%*% Then
R=(E-S(C"™NC. o

Example C.12. AsinExample C.5, we highlight two examples, here correspond-
ingto § = 0 and to R = [. The first, with § = 0, allows the choice E = cl2ci
and hence R = C/2C~1/2. We thus obtain (C.10) again.

The second comes from setting R = . This leads from (C.17) to the following
equation for S:

SEhhST + EvhST + S(Evh)'l' — _5vh(5hh + F)—l(é\vh)'l"
We seek a solution for S in the form
§ = _Cvhy-!
and determine Y. We obtain the equation
y Iy T —y Ty ="+ )"
Thus, pre-multiplying by Y and post-multiplying by ¥ ", we obtain
Y(CM" +T) YT -y — YT +CM =0,
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which factorizes to give
YC" +D) ' - D"+ Y)Y C"+ ) - DT =T.

Thus, taking the symmetric square root, we have

¥(C" +T)"' - (" + )2 =T,
Hence

¥(C" +T)' = =TV CM" + )12,
Rearranging gives

Y(C" 4Ty = TV2(CM 4 1)~ V2 4 (CP7 4 T)V2(CM 4 T)~ 12,

Thus
Y = (@2 4(CM + D)2+ )12,

We obtain S = -K , where
K = C''((C" +T) + T2 CM 4 1) 1/2) 1,
The map (C.16) becomes
v=v—K(h-Eh)+C""(C" +T)"'(y' - Eh)
=9 - K(h-Eh) +K@' —Eh)
=m+ @ — i) — K(h — Eh). 0

C.3. Minimum variance approximation

In the two preceding subsections we identified an uncountable set of transport
maps that match the second-order statistics of true transport. Among all these, the
Kalman transport (2.55) has a particular appeal because it is constructed around
the Kalman gain familiar from filtering in the linear Gaussian setting. In this
subsection we show how the principle of minimizing the variance within a class of
linear estimators of the state, given observation, leads to this choice of transport
map. We believe that the second-order transport approach, which we highlight in
the main text, provides a more fundamental viewpoint on the mean-field models that
underpin ensemble Kalman methods; however, the minimum variance perspective
is widely adopted in the statistics and geophysics communities (see Section 2.7)
and hence has an important place in the subject of ensemble Kalman methods.
Recall that the Kalman transport approach leads back to the map (2.15¢), motiv-
ated by control-theoretic considerations, and identifies a specific choice of Kalman
gain K, a choice which depends on the law of the predicted state and data. In
the Gaussian case the Kalman transport map (2.55) exactly generates the desired
transport, a fact that we discuss in Example 2.15. The general form of approxim-
ate stochastic second-order transport maps which we study using the second-order
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transport approach in the main text is (2.50). Our goal here is to motivate a specific
choice of T in (2.50c), in particular to derive (2.55c¢). In this subsection we achieve
this by first defining, and identifying, the best linear unbiased estimator, BLUE for
short. From this we will derive Kalman transport.

Lemma C.13. Assume that I" > 0. Let all expectations be computed under

Law(Vy41, Yns1), and consider mflﬁr , in the form
BL

Define Cn+1 , C ,and C y , by (2.32) and (2.33), and define
(@', B) = E[Vpe1 — m™ |2

Then mfﬁrl is said to be the BLUE of v,y given y,,, if vector a’ and matrix B are
independent of (V,,41, y,.+1) but may depend on Law(V,,41, Y,+1), and are chosen to
minimize [(a’, B). Then

n+1 =Evy + Cn+1 ( n+1) (yn+l - Eyn+l) (C.20)
Furthermore, the estimator (C.20) is unbiased, that is,
B (Tt~ m2%,) = 0.
and its covariance with respect to Law(V,i+1, Yn+1),
~ T
Cpst = E((Vner = myy) (Fner —mypiy) ),
is given by

)@

n+l

CP = Cpp1 = C”

n+1

(G

n+l

)" (€21
o

Proof. Noting that we may, without loss of generality, reparametrize the proposed
form of m)- | as

mﬁl;] = Evnﬂ ta+ B(yn+l - Eyn+l),

we see that the desired objective to be minimized over vector—matrix pair (a, B) is

1_ . ~ ~

J(a,B) = §E|Vn+l —Eviys1 —a - B(yns1 — Eyn+l)|2
—~ ~ 1
= §E|Vn+l —Evp|* + §|a|2
1 - —~ —~ ~ ~ ~
+ SEIBGnst = Ee)l” = EPuet = BVt BGnet = EJe))
1_ . _ 1 1

= SEWnet ~Evuui [’ + 5lal’ + 5(BBD): CY - B: €Y.

Clearly the minimizer with respect to a is achieved by setting a = 0. Differentiating
with respect to B, noting that C ryl f | 1s symmetric, shows that B = K, given by (2.34).
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That the resulting pair is indeed a minimizer, and not another critical point, follows
from the fact that C 5 11 is positive definite; this is implied by the assumption I" > 0.
Thus we obtain the estimator (C.20). A straightforward calculation shows that the
estimator is unbiased and that its covariance is given by (C.21). ]

We now connect the BLUE to an approximate (second order) transport map. To
this end, note that (C.20) may be viewed as mapping y, into mil, = = m*(V,p1).

With this notation we define m .1 by

ml+1 =m™ (yl+1) (C.22a)
= Evuet + O (C2) T (0F,, — EFun). (C.22b)

We may now make the following connection between BLUE and Kalman transport.

Theorem C.14. Let (V,11, yu41) be distributed according to measure 7,,.1. Then
the transport map (2.55¢) has the properties

Evny = m. i
T A
E((V"'H - mn+l) (Vn+1 - mn+]) ) - Eil’
where mn ., and C} are given by (C.22) and (C.21) respectively. o

Proof. Note that the transport map (2.55¢) can now be reformulated as
Vnel = Vnet + (mlu —my,).
Thus

o F I~ BL
Vsl =M+ Viel =Ny

The desired properties of the mean and covariance follow from Lemma C.13. [

Remark C.15. We now have two derivations of the Kalman gain, the approximate
transport derivation from Section 2.5.4, and the minimum variance derivation given
here. We include a third, dimensional, argument that motivates its form. Let
state denote the physical units associated with the state variable and data those
associated with the observation. Then the physical units of the gain matrix K
should equal state/data. We note that C>Y has units of data squared whilst the
units of C*” are the product of state and data. If we then constrain the gain to
be determined by covariance matrices involving the state and the data, it is natural
to choose it to be formed as C Cvy (c Cyy )=, where C CYY is an estimate of covariance
in the data, and C"” is an estimate of covariance between state and data. Making a
choice of this type leads to the right units for the gain, since the innovation has units
data, and relies only on use of first- and second-order statistics. This dimensional
argument motivates the form (2.34), as derived in both Sections C.3 and 2.4. 0
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D. Stochastic calculus considerations

In Section D.1 we demonstrate how to change between Itd and Stratonovich integ-
ration in the Kushner—Stratonovich equation. Section D.2 contains the statement
and proof of a lemma needed in the proof of Theorem 3.10. In Section D.3 we
study the diamond form of stochastic integral discussed in Remark 3.11.

D.1. Derivation of the Kushner—Stratonovich equation

In Section 3, where we derived continuous-time limits from discrete models, we
used the two small parameters ¢ and Ar. The first characterized the data frequency
and the second a time-increment. In this appendix we make the choice § = At and
study the limit A — 0 to derive continuum models. Studying this limit enables us
to convert between different modes of stochastic integration in an explicit fashion;
this may be helpful to some readers as it avoids the need to invoke abstract results
on covariation. In particular we now restate Lemma 3.3 and then prove it from first
principles.

Lemma D.1. Assume that T > 0 and that 7' is given by (3.9). The It6 and
Stratonovich interpretations of the stochastic forcing term in (3.20) are related

through
1
dr = (h — Eh, odz")rr — 5{|h|’ﬁ—E|h|%}rdt (D.1a)
= (h —Eh,dz" — Ehdr)rr. (D.1b)
o

Proof. Consider (D.la) and the term r{h — Eh, odzT)r in particular. Define the
corresponding Itd and Stratonovich integrals

T T
1= [ rh-Bnar s= [ rh-shoed.
0 0

We aim to write S as the sum of / and an added correction. Consider the space

X ={o € L'®R™:R: |loll,1 = 1}
of probability density functions. We first choose an increasing sequence (¢;) j=1,....N
with At :=t;,1 — t; such that NAt = T. We next define

T i

. . oo
Ar,j — rtj+| - I’tj, Ahl‘j — htj+1 - hlj’ AZt, - th+l - Zl‘]

Now recall the driving evolution equation (3.9b) for z', namely
dz" =h'ydr + VraB'. (D.2)

From this, recalling the properties of Brownian motion B, we deduce the discret-
ization
Azl = hOv))AE+NTAg, + 0(AFP), (D.3)
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where &;; are independent mean-zero normal random variables with variance /4, for

each j. The fact that this discretization is accurate up to terms of O(Ar>/?) follows
from It6—Taylor expansion (Kloeden and Platen 1991). Recalling the definition of
the Stratonovich stochastic integral as a limit, we consider the following finite sum
approximation of S:

N
_ N T Ty iy + 1 i\ .
Sar = ZT<h - / —o—hdv, Az ; (D.4)

J=1

this converges in the LIZP(Q; C([0,T]; X)) sense to S as At — 0 (and thus as
N — o0). Now expanding the sum in (D.4), we obtain

N

Sau=y (r,j N A;’f ) <h _ / <r,j + %) hdv, Azj'j> (D.52)
Jj=1 r

1 N
r,j<h - / ri;hdv, Azjj> =9 Artj<h - / rih dv,Azjj> (D.5b)
j=1 r j=1 r
1 AR i
-3 Z rtj</ Aryh dv,Aztj>r -2 ZArtj<‘/ Ar,jhdv,Azlj>r. (D.5¢)
j=1 j=1

Now, we note that by discretizing (D.1a) or (D.1b), we can write

N

Ary, :r[j<h—/r,jhdv,Azj‘j> +O(AD).
r

By substituting this expression in the expanded sum in (D.5), we notice that the
last term in (D.5c¢) is of order O(NA#*/?). We can thus write (D.5) as

Sar = Ing + J1 a0 + Jans + O(NAP?), (D.6)

where we have defined

N
Ins —Zrt <h—‘/rtjhdv,Azj> ,
J=1 r
1 N 2
Jiar = EZr,j <h—‘/r,jhdv,Az;fj>r ,
j=1
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The first term in the sum (D.6), Is;, converges in the L]% sense to I as At — 0. Now
considering the term J; A, and using the discretization (D.3), we have that

<h—/rtjhdv,AzI.>
‘It

.
rtjAt<h—/rtjhdv> r—1/2§t_,§,jr—1/2<h—/r,jhdv>

O(AP?).

1 2

24

Jl,At ’”tj

N —

1= 10 T

~.
Il
—

Since Y%, O(Ar*/?) = O(Ar'/?), taking the A — 0 limit and using the independ-
ence of the &, for each j, we see that

1 [T T
Jiar — 3 / [r(h —Bh) T~ 12EeeT T 12(h - ]Eh)] dt = / glh - Eh|% dr,
0 0

in the L sense. Similarly for J, s, we have that

1

Jz,At=—§ e </ It <h—/r;jhdv,AZZj> hdv,AZIj>

= r r

T, /rt]<<h—/r,jhdv,Azj_> h,Azj_> dv

J r J r
r,jAt/r,th 1/2§ ft 1/2< /rtjhdv> dv
Jj=
N
ZO(AW

1
2

| =

MZ [ MZ

,_.

Since Z;V: 1 O(AP?) = 0(At'1?), taking the Az — 0 limit and using the independ-
ence of the &; for each j, we see that, in the L]%) sense,

1 T
Jo.ac —>—§/ r/rhTr—l/ZE(ggT)r—”z(h—Eh)dvdt
0

Tr
=—/ ~E|h —Eh[2 dr.
0 2

Finally, by taking the Ar — 0 limit on both sides of (D.6), we conclude that

T}" TI"
S:I+/ —|h—Eh|%dz—/ ~E|h —Eh[2 dr.
0o 2 0o 2
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Hence, by using the above Stratonovich-to-ito correction in (D.1a), we obtain
dr = r(h — Eh, odz")r — §{|h|’ﬁ — Elh[2} dt
= r(h—Eh,dz"r + %lh ~Eh2dr - %E|h ~Eh2dr - %{|h|% —Eln|*} dt
= r(h — Eh,dz" — Ehdr)r. O

D.2. Lemma for proof of Theorem 3.10

We now establish the following lemma, the conclusions of which are used in the
proof of Theorem 3.10.

Lemma D.2. The probability density for the solution v of (3.38), with respect to
randomness induced by the law of 7 and the initial condition v(0), with z' a fixed
data sample path, is given by (3.39). O

Proof. Recall that in equation (3.38) the evolution of z' is given by (D.2), with
BT and B independent draws from unit Brownian motion in R% . Thus

dv = a(v; p)dt + K(v; p)(hv") = h(v)) dt + VT dBT = V[ dB).

We wish to find the probability density function p(v,t) for v, with respect to
randomness induced by the law of B and the initial condition v(0), but with v’, B
fixed signal and observational noise sample paths. Let ¢: R4 — R be smooth and
note that the It formula shows that

dg(v() = (LH)(1)) dt + (K(w(t); p(-, DVT(AB' = dB), Vo(v(1))),

where?°

Ly () = ((a(v; p) + Kv; p)(h(") = h()), V) + K(v; p)TK (v; )T YV,

and the integrals are to be interpreted in the It sense. Note the factor 1 in the second-
order term, arising because of the independent quadratic variation contributions
from both B and BY. Taking expectation E with respect to B and initial condition
v(0), with BT fixed, for @ and K functions of v and P, yields, using again that 7' is
given by (3.9),

dE¢(v) = E((a + K(h(v") = h)), Vo)dt + E(KVT dBT, V¢)) + EKTK™ : VV¢ dr
=E((a — Kh), V¢)dr + E(K dz,V¢)) + EKTK " : VV¢dr.

Noting that the expectation operation corresponds to multiplication by p(v, ¢) and
integration over v € R%, integrating by parts shows that p satisfies the desired
equation (3.39), in a weak sense. L]

29 Here we let £ denote the infinitesimal generator of the diffusion process.
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D.3. Diamond integration

In this section we use notation analogous to that established in the proof of
Lemma D.1. Consider equation (3.37), repeated here for convenience:

dv=f()dt + VEAW + V- (KTKT)dt - KTV - KT dt + K(dz' - d2),| (D.7a)
dzZ = h(v)dt + VT dB. (D.7b)

Our focus here is on the contribution K(dz' — dz), recalling that z' is governed by
(D.2). We first choose an increasing sequence (¢;);=o,.... n—1 With At := ;41 —¢;
such that NAt = T. The Itd integral interpretation of this contribution, on time
interval (0, T), is as the L]%D limit of

N-1

— . T _ AT
In = K(sz,Ptj)(AZ;j Asz)-
j=0

We define the Stratonovich integral interpretation as the L% limit of

N-1
Viju Vi Prjy + 01 _
Sar = ZK( Jl2 J; 112 ]>(AZIJ-_AZU);
=0

as is standard, we use o to denote Stratonovich stochastic integration. Finally we
define the diamond integral interpretation as the L]% limit of

Nl Ve T Ve .
Rpr = Z K(%;p”) (AZ;}_ - AEtj)-
j=0
Note that this is akin to a Stratonovich integral, but only with respect to variation
of K with respect to v, not p. We use ¢ to denote this unusual form of stochastic
integration.

Throughout this subsection we move between these three forms of stochastic
integration. To shorten the presentation we will sometimes use the = symbol when
in fact we mean equality up to an additive constant which disappears in the At — 0
limit. Note that the evolution equation (D.7) for v is driven by z" and Z, whereas the
Kushner—Stratonovich equation (3.25) for p is driven only by z'. This difference
will have implications for the calculations that follow, in which we compute inter-
conversions between the different stochastic integrals. The first result highlights an
interesting interpretation of the contribution

a=V-(KFK")-KIV-K"

to the drift in (D.7), namely that it is simply the Itd-to-diamond correction, giving
a compact re-interpretation of the mean-field model.

Lemma D.3. Let p solve the Kushner—Stratonovich equation (3.25) and let z be
given by (3.9). The Itd interpretation of equation (3.37) and its interpretation with
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respect to the ¢ form of stochastic integration are related through the following
equivalence. The system

dv = f()dr+ VEdW + V- (KTK)dt — KTV - KT dr + K(dz' - d2),
dz=h(v)dt + VI dB,
where K = K(v, p), is equivalent to
dv = f(v)df + V=AW + K o (dz' — d2),
dz =h(v)dt + VI dB. o
Proof.  We first recall the evolution equations for z and Z:
dzf = h(v")dr + VL dBT,
dz =h(v)dt + VI dB.

Noting that v is driven by (z' — ) and that we are inter-converting between Ito and
diamond integration, so that the noisy driving of the p equation does not play a
role, we see that it suffices to consider the L]% limits of the two quantities

N-1
Ini= ) Ky p) V2T Aty
j=0

N-1
Ra= Y K(V’f“ vy >\/2FA
Ar = — Py ISt;s

=0 2
where the &;; are i.i.d. draws from a unit Gaussian. By adding and subtracting the
1t6 contribution, we obtain
N-1

Vi
RAt:ZK< J ]2 ’ptl>V2rA é‘:l‘]
7=0
N-l vt,+1 +th
= K(ve;5 pe )N2M AL, Z ———p1; | — KOs 00,) | V2D AL,
j=0
N-1 1 s
=In+ D ( 3DVK O 000y, = vi) + Olvey., = ve, ) | V2T ALy,
7=0

where the last line follows from a first-order Taylor expansion. Using a discretiz-
ation of the evolution for v, and neglecting the terms that do not contribute to the
quadratic variation when computing the L]% limit, we substitute for v;;,, — v, to
obtain

'
EDVK(vtj;ptj><K(vtj;ptj>x/2rAz VA, (D8)

MZ

IAt

~.
Il
o
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We now consider the correction term resulting from (D.8), which is determined by
expectation of the summand with respect to the random increments &, scaled by
At~!. Dropping the v and p dependence of K and the ;j dependence for notational
convenience, its kth component is given by3°

[E(DVK)(Krl/Zf)rl/zf]k = [E(BviK)[Krl/zf]irl/zg]k
= [E@y, K)(Ku (T )62,

= E(Ki (M) )00, K)kn (T pmém
= (aviKkn)ranil-

But,

(aviKkn)ranil = avi(l<knrlnl<il) - Kknrln(av,—Kil)
=[V-(KTK")]x = [KTV - (KD

Recalling that the only contributions in Rp; that do not vanish under the At — 0
limit are the ones given by (D.8), taking the A+ — 0 limit of Ry, yields
T
R = I+/ (V- (KFK")—KI'V-(K"))dt,
0
where the convergence is in the L2(Q; C([0,T];R%)) sense; this concludes the
proof. UJ

The preceding lemma relates diamond integration to It integration; the follow-
ing lemma relates it to Stratonovich integration.

Lemma D.4. Let p solve the Kushner-Stratonovich equation (3.25) and let Z
be given by (3.9). The interpretation with respect to the ¢ form of stochastic
integration of equation (3.37) and its Stratonovich interpretation are related through
the following equivalence. The system

dv = f(v)dt + VEAW + K o (dz" - d2),
dz = h(v)dr + VT dB,
where K = K(v, p), is equivalent to
dv = f()dt+bdr+ VEdW + K o (dz — d2),
dz = h(v)dr + VT dB,
where the term b = b(v, p) satisfies

b(v.p) = gDpK(h — Eh). o

30 Using Einstein summation convention, as described for example in Gonzalez and Stuart (2008),
so that index repeated twice is summed over.
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Proof. To make the inter-conversion between diamond and Stratonovich integ-
ration we need only consider the quadratic variation contribution induced by z",
since the equation for p is driven only by z' and not by Z. Recalling (D.2) and its
discrete form (D.3), we see that it suffices to compare the L]% limits of

N-1
Ve +
RA[ZZK< 112 ’plj>vFA tj>
=0
o o (Vi F P+ Py NN
Sar = Z K L) FAtg].
=0

Here f:j are i.i.d. draws from a unit Gaussian. By adding and subtracting the
diamond contribution, we obtain

K<Vn+1 tVy ptmz Pt,)ﬂ !

J=
Nl vl‘ﬁ.[ +vl, pl,+1 pt,- vtj+l +v
= Rp; + ; > -K T’pt’ VI Az ,
j=0
Thus

Sar — Rar =

N-1
1 Vl.+ + Vs,
Z <§DPK(%;ptj>(ptj+l _pl‘j)+0(|pl’j+l _ptj|2)> VAt :]’

j=0

where the last line follows from a first-order Taylor expansion in p. In the following
we will use a discretization of the Kushner—Stratonovich equation (3.25) given in
Theorem 3.4, and repeated here:

dp = -V -(pf)dt + %V (V- (p2))dt + (n—Eh,dz' —Ehdt)rp.  (D.9)

Substituting an increment for p, in time, and summarizing the terms that do not
contribute to the quadratic variation in the LI% limit as O(At), we obtain

Sar — Rar =
N-1

1 Viju Vi -1 t T
2\ 3PoK (=501, ) {0, T (hy, —Bhy). VPAGE] ) + O(Ar) | VFATE] .
j=0

We now perform a first-order Taylor expansion in v of D, K. Disregarding O(Ar3/?)
terms which will vanish in the A — 0 limit, we obtain

N-1
1 - %
Sp, = Ra; + Z EDpK(vtj;,otj)(,otjr '(h,, — Ehy,), VTAzg] )T At€] . (D.10)
=0
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We now consider the correction term resulting from (D.10), which is determined
by expectation of the summand with respect to the random increments £, scaled
by At~!. Indeed, dropping the v and p dependence of K, foreach j =0,...,N -1,
its /th component is given by3!

1 - +
E ED/)K(vt,’pl‘,)<pI,r 1(hl‘j _Ehtj)’ \/F§Z>\/F§tj
1

1
= EptjE([r_l/z(htj - Ehtf)]k [é::/]k [DpK]lm[rl/Z]mn [éjz'r]]n)

1
= Eptj [DpK]lm[htj - Ehtj]m~

Thus, taking the At — 0 limit of Sy, yields
T
S=R +/ EprK(V;p)(h — Eh) ds,
0

where the convergence is in the L]%)(Q; C([0,T];R%)) sense; this concludes the
proof. U

E. Flows in the Gaussian manifold

Recall that we obtained (5.26) as the continuous-time limit of its discrete-time
formulation (4.32). Here we demonstrate that the same evolution equations can be
derived from the gradient flow (5.20) through a sequence of approximations. To
this end we first define, for any function g defined on state space R%,

C8® = E(g(u)D(u)) — E(g())E(D(u)).

Now consider random variable u with probability density function p evolving
according to (5.20). Then

d _ _ 8%
5 Bew) = CE™.

By making linear and quadratic choices for g, this identity leads to equations (5.74)
for the mean m and the covariance matrix C under p, repeated here for convenience:

dm
- —E(Qu)(u — m)),
C;_f = —E(®u)(u —m)u —m)") + CE(D(u)).

These equations do not define, in general, a closed evolution for the pair (m, C)
because, in general, p is not Gaussian. In order to find closed evolution equations,

31 Again using Einstein summation convention, but not with respect to index j, which simply denotes
a fixed time.
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we take the expectation on the right-hand side not with respect to p but with respect
to the Gaussian N(m(t), C(¢)). The resulting closed evolution equation for the pair
(m(t), C(¢)) is different from the continuous-time Gaussian projected filter (5.26).

We now show that the two closed evolution equations (5.74) and (5.26) can be
connected through a sequence of steps involving an integration by parts, which is
exact under conditions regarding the tail behaviour of ®(u), followed by a number
of approximations.

The integration by parts3? step in (5.74) results in

dm

e -CE(VO(u)),
ac B 2

pre CE(D“®(u))C.

Now we use the explicit expression (5.2) for ®(u) in terms of G(u) to derive
various approximations. First, using this expression, we utilize the Gauss—Newton
approximation of the Hessian D?®(u) to obtain

D>®(u) ~ DGw) T 'DG ).

We also replace V®(u) with its explicit expression, resulting from (5.2), to obtain
the modified evolution equations

d_": = —CEDGw) T Y (Gu)-wh),

G:Tf = ~CE(DGw)'T'DGw)C.

Secondly these equations are further modified by replacing expectations of product
terms by products of expectations to yield

‘il—"; = -CE(DGw) T'E(Gu) - w),
‘;_f = —CE(DGw) T 'E(DGw)) C.

The final step consists in eliminating the Jacobian DG (u) using
CE(DG(u)" = C“,

which is obtained by yet another integration by parts under the Gaussian N(m (%),
C(1)). Thus we have recovered the Gaussian projected filter (5.26).

32 Related to Stein’s identity.
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