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Abstract

The ensemble Kalman inversion (EKI), a recently introduced optimisation
method for solving inverse problems, is widely employed for the efficient
and derivative-free estimation of unknown parameters. Specifically in cases
involving ill-posed inverse problems and high-dimensional parameter spaces,
the scheme has shown promising success. However, in its general form, the EKI
does not take constraints into account, which are essential and often stem from
physical limitations or specific requirements. Based on a log-barrier approach,
we suggest adapting the continuous-time formulation of EKI to incorporate
convex inequality constraints. We underpin this adaptation with a theoretical
analysis that provides lower and upper bounds on the ensemble collapse, as
well as convergence to the constraint optimum for general nonlinear forward
models. Finally, we showcase our results through two examples involving
partial differential equations.

Keywords: ensemble Kalman inversion, Tikhonov regularisation,
derivative-free optimisation, convex inequality constraints

1. Introduction
Mathematical models have been employed to describe a wide range of physical, biological, and

social systems and processes, enabling the analysis and prediction of their behaviors. When
applying a model to a specific system, calibration becomes crucial, aligning the model with
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observational data. This calibration, often referred to as inversion, serves as the foundation
for various applications such as numerical weather prediction, medical image processing, and
numerous machine learning methods. In the realm of inversion techniques, two prominent
categories are variational/optimisation-based approaches and Bayesian/statistical approaches.
This work focuses on a method that bridges these two approaches—the ensemble Kalman
inversion (EKI) framework introduced in [27, 35]. EKI utilizes an ensemble Kalman-Bucy
filter iteratively to address inverse problems.

Nevertheless, the fundamental version of EKI lacks the capability to integrate additional
constraints on parameters. Such constraints frequently emerge in various applications due to
additional insights into the system. Since the estimation of the EKI is usually not feasible,
incorporating constraints into the EKI is a significant task. The subsequent discussion will
specifically address the efficient integration of convex inequality constraints to the EKI. One
approach to incorporate constraints to the EKI has been done in [14]. Here, the authors intro-
duce a projection method in the discrete-time EKI and derive a continuous-time limit. Since
the resulting continuous-time limit admits discontinuities in the right hand side, the authors
proposed a smoothed system using a log-barrier approach and derive convergence for linear
forward models.

In the following paper, we extend the log-barrier approach from [14] to a broader class
of convex inequality constraints. Moreover, we also incorporate Tikhonov regularisation and
provide a convergence analysis for nonlinear forward models.

1.1. Literature overview

From its very beginning [20], the ensemble Kalman filter (EnKF) has found extensive use in
both inverse problems and data assimilation scenarios. Its widespread application is attributed
to its easy implementation and resilience with respect to small ensemble sizes [4, 5, 25-27,
31]. Stability has been addressed in works like [40, 41], and convergence analysis, grounded in
the continuous-time limit of EKI, has been developed in [8, 9, 11, 35, 36]. However, achieving
convergence results in the parameter space often necessitates some form of regularisation. We
primarily focus on Tikhonov regularisation, extensively analyzed for EKI in [15], for instance.
Recent advancements include further analysis on Tikhonov regularisation for stochastic EKI
and adaptive Tikhonov strategies to enhance the original variant [45]. In the context of large
ensemble sizes, a mean-field limit analysis is presented in [12, 18].

The addition of constraints to the EKI has been analysed more and more in recent years,
for example [1, 24]. An extensive survey of existing methodologies for handling linear and
nonlinear constraints in Kalman-based methods is available in [2, 39]. One popular method is
to project the estimates of the EKI into the feasible set [28, 43]. The advantage of this method
that the theory can be expanded to non-linear constraints.

Many of these variations find motivation by interpreting the updates in Kalman-based meth-
ods as solutions to corresponding optimisation problems. For additional insights, refer to [2].

For our analysis we consider preconditioned gradient methods that are based on [6, 7, 37,
38]. The idea of preconditioning by the sample covariance matrix is also applied in other
particle methods for inverse problems such as interacting Langevin dynamic [19, 21, 22],
Consensus based sampling [13] and Fokker—Planck dynamics [33, 34]. In these applications
the preconditioning through the sample covariance is often motivated by the property of
remaining invariant under affine coordinate transformations which is beneficial for solving
ill-conditioned optimisation problems.
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Finally, we will also incorporate covariance inflation into our algorithm. While the
ensemble collapse, which is the convergence of the particles to their mean value, leads to
an improvement in the gradient approximation, it also leads to a degeneration of the precon-
ditioner and therefore the EKI may get stuck in a solution that is far from global optimality.
Variance inflation is a tool which allows us to control the speed of the collapse [3, 40].

1.2. Preliminaries

In the present paper, we consider an inverse problem of the following form
y=Gu)+n. (1.1)

The goal is to recover the unknown parameter u € X, where y € RX denotes the observed data
and 1 ~ N(0,T") is Gaussian additive observational noise with I' € RX*X symmetric positive
definite. Moreover, we consider a possibly nonlinear forward map G : X — RX mapping from
the parameter space X to the observation space RX. Throughout the manuscript we assume that
the parameter space is finite dimensional given by X := R¢. We follow a minimisation based
approach to solve the inverse problem, where our goal is to find a minimiser of the Tikhonov
regularised potential

&% () = 216 ) — ¥+ 5l 1.2
Here, Cy € R?*“ denotes a symmetric positive definite regularisation matrix and A >0 is a
regularisation parameter. Moreover, given a symmetric positive definite matrix 3 € R¥*K we
define the rescaled norm ||x||s := (x,X " !x), x € RX, where (-,-) denotes the euclidean inner
product over RX. Moreover, we will use || - || to denote the Frobenius norm. In the following,
assume that the observation y, the regularisation matrix Cy and the regularisation parameter A
are given and we do not consider a parameter choice rule for A and Cy. Hence, we suppress
the dependence of ™ on these quantities. In this work we follow the approach of applying
EKI as derivative-free optimisation method for finding a minimiser of the potential ®¢.

1.3. Inverse problem under constraints

In many practical scenarios the unknown parameter u € X is subjected to physical constraints.
In what follows, we will assume that the set of feasible parameters is given as set of inequality
constraints of the form

Q={uecX:hu)<0,j=1,...,m}, (1.3)

where A; : R? — R are convex functions for all j = 1,...,m. Note that one important example
would be the set of linear inequality constraints

Q={ueX:(cu+<0,j=1,...,m},

where ¢; = +e;, §; € R, j =1,...,m and ¢; denotes the j-th unit vector. Then ¢; denotes an

upper and lower bound on the j-th component of u. Defining h;(u) = (cj,u) + J; for all j =

1,...,m we are back in the representation (1.3). Our goal is to solve the inverse problem (1.1)
under convex-constraints u# € {2 by solving the constrained optimisation problem

in "8 (u). 14

min (u) (1.4)

We make the following assumption on the considered objective function ®'¢.

3
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Assumption 1.1. The functional ®"¢ is C?(X,R ) as well as

(i) p-strongly convex, i.e. there exists > 0 such that
D (x1) — D8 (xp) = (VD™ (x3) ,x1 —x2) + %Hx] —x||?, forall x;,x, € X.

(i1) L-smooth, i.e. there exists L > 0 such that the gradient V®™# is global L-Lipschitz con-
tinuous:

qu)reg ()Cl) —Vvoree ()Cz) || < LH)C] —xZH for all x1,x, € X.

We note that while the above assumptions are formulated globally, our theoretical analysis
requires these assumptions only locally in 2. The smoothness property implies the following
useful descent condition

L
D% (x1) — D8 (x) < (VD™ (x3),x1 —x2) + §||x1 —x2||2, for all x1,x, € X

which is a standard property used to prove convergence of first order optimisation methods.
Moreover, since $™¢ is assumed to be p-strongly convex it also satisfies the Polyak-Lojasiewic
(PL) inequality of form

V[V (x) |2 > @7 (x) — ¢ ("),

for some v >0 and all x € X, where x* is the unique global minimiser of ®™¢. We provide a
detailed derivation in lemma A.1. It is well-known that under L-smoothness and the above PL
inequality the gradient descent method converges linearly towards the unique minimiser x*
[29].

Remark 1.2. Usually the strong convexity of (1.2), that we assume in assumption 1.1 can be
achieved through large enough regularisation parameter A. However, due to this large choice
of \ the computed solution of the regularised problem might be irrelevant for the initial poten-
tial §||G(u) — y||?.. There have been several discussions on the strong convexity of Tikhonov
regularisation as well as other forms of regularisations for which we refer to [17, 30].

In section 5.2, we present a nonlinear example with Tikhonov regularisation to obtain a
strongly convex potential.

Note that under assumption 1.1 the optimisation problem (1.4) is convex and therefore any
point u* € () that satisfies the Karuhn-Kash-Tucker (KKT) conditions, i.e. there exists A* € R™
such that u* € (Q satisfying

o V() + 0 A V() =0,

o Nhi(u*) <Oforallj € {1,...,m},
o \; >0forallje {1,...,m} and 377 | Nh;(u*) =0,

is the unique global minimiser of "¢, also called the KKT point of (1.4).

4
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1.4. Our contribution

In this manuscript we will apply the EKI as derivative-free optimisation method for solv-
ing (1.2) under convex inequality constraints on # € X. The EKI for solving optimisation prob-
lems under box-constraints has been introduced in [14], where the authors provide a conver-
gence analysis for linear forward operators without regularisation. The purpose of this work is
to make use of the gradient flow structure of EKI presented in [44] for extending the conver-
gence analysis of linear EKI under box-constraints to nonlinear EKI under convex inequality
constraints. Moreover, our proposed scheme allows to incorporate Tikhonov regularisation.
We make the following contribution:

e We suggest a new adaptation of EKI, enabling the integration of convex inequality con-
straints on the unknown parameters using a log-barrier penalty approach. The adaptation
incorporates Tikhonov regularisation as well as covariance inflation.

e Under strong convexity and smoothness, we provide a convergence analysis of our adapta-
tion, where we analyse feasibility, ensemble collapse and convergence to the unique KKT-
point.

e We demonstrate our findings through two examples based on partial differential equations
(PDEs). In order to keep the implementation of the proposed scheme efficient we apply an
adaptively increasing penalty parameter during the algorithm.

The paper is organised as follows. We introduce our adaptation in section 2. In section 3 we
quantify the ensemble collapse of our scheme as well as verify the feasibility of the com-
puted solutions. We analyse the convergence of our scheme in section 4; before presenting
our numerical experiments in section 5. Finally, we summarise our work with a conclusion in
section 6.

2. Ensemble Kalman inversion

We consider the EKI to solve the inverse problem (1.1), where we will focus on the continuous-
time limit of the scheme, cp. [36]. The framework is the following.

Firstly, we define an initial ensemble uy = (u(()j) Vi=1,....0> u(()j) eX,j=1,...,J,0ofsize J > 2.
In the continuous-time formulation of EKI, the particle system u, = (u,(j ) )j=1,...,; then moves

according to the dynamical system

d,:{(t/') = e (6() ). =t @1

with initial state u,. Here, we have defined the following empirical means and covariances
within the particle system u,, t > 0,

J

Qu . %Z(ufﬂ ~ 1)@ (Gu) — (Gu)),
j=1

J

J
_ 1 N o= 1 ;
Uy — Jj_gl ufj), G(u,) = 7 E G(ul(j)) .

j=1
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Following [15] we can incorporate Tikhonov regularisation into the particle system using
the time evolution

du,(j )
dr

— oot (G (u(j)> —y) —Clu)N2cy WY, j=1,.0, 2.2)

where A >0 and Cy € R symmetric positive definite. The values correspond to the regu-
larisation parameters introduced in (1.2). We note that both dynamical systems (2.1) and (2.2)
may be implemented more efficiently by utilising the representations

J
Z<G(uz(j)) 3,6 = G)r® —a),
k=
6(“:)6‘0_]1451) = <M,(J),Ml(k) — at)Co (ul(k) — 1?{)7

CHOT (G —y) =

~I =

which avoids the explicit computation of the sample covariance matrix.
In case of a linear forward map G the EKI dynamics (2.2) can be written as system of
gradient flows

du,(j )
dr

— C(u) VO©E (uu)) . (2.3)

which are coupled through an adaptive preconditioner given by the empirical covariance mat-
rix C(u,). In case of a nonlinear forward operators, this representation in general only holds
approximately. Indeed, by Taylors theorem it can be justified that C**% ~ C(u,)DG* (u)),
where DG denotes the (Frechet) derivative of G (see [44, lemma 4.5]). It follows that (2.2)
can be viewed as derivative-free approximation of the preconditioned gradient flow (2.3) also
in the nonlinear setting. To be more precise, we make the following sufficient assumptions on
the nonlinear forward map to justify the approximate gradient flow structure of EKI.

Assumption 2.1. The forward operator G is locally Lipschitz continuous, with constant cj;, >
0 and satisfies the linear approximation property

G(x1) =G (x2) + DG (x2) (x; — x2) + Res (x,x2) , 2.4
for all x;,x, € X. The approximation error is bounded by
[Res (x1,%2) [|2 < bres[[x1 — 223, (2.5)

where b > 0 is independent of x| and x;.

2.1. Ensemble Kalman inversion under box constraints

In the following, we will revisit the EKI Algorithm under box-constraints and modify the
formulation with the goal of minimising (1.2) under box-constraints. We refer to [ 14, section 3]
for more details. In the following, we consider the constrained optimisation problem

. 1
min ® (1), ()= ]G ) -, (2.6)
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where B={u € R?: a; <u; < b;,i = 1,...,m},m < d, denotes the considered box. In [14] the
authors incorporate the box-constraints into the algorithm using an element-wise projection
into the box defined as
a;, ifu; < aj,
(P(u), = ui, ifu€lapbi], i=1,...,m,
b;, ifu; > b,‘,
(P(u), =ui i=m+1,....n
Following the idea of projected gradient methods [6, 38], EKI under box-constraints in discrete

time proceeds by projecting the ensemble of particles into the box as introduced in [14]. The
authors define the following variables

y=r (). =3 (). o= 3 0(i)

as well as the empirical covariance matrices

a3 (0(u)) ~60) o (6(42) ~G7).
j=1

j=

The update formula of the EKI under box-constraints then consists of a prediction step and a
projection onto the box B.

N —1
i, =+ G5 (Eog+nr)  (v=6(uh)). @7
u(/ 77)( @) ) .

n+1,p n+1p

Taking the limit #— 0 one obtains the continuous-time formulation of EKI under box-
constraints given by a coupled system of ODEs

du(j) Vi(l/l,(j)), . ( (j))l E (ai7bi)7
( 3 ) = ﬂ[omxvl(uf”))v( i), @)i=a,  i=l.m,
C oo il )i, ()i = b,
©)
du .
( dlt >.:ui i=m+1,...,n, (2.8)
L

where
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which in the linear setting again simplifies to

Vi (ut(j)) = [—6(u,) Vo (ut(f))} .

l

Roughly speaking, the dynamical system (2.8) evolves similarly to EKI (2.1), but forces the
particles to stay within the box by deactivating directions pointing outside of the box at the
boundary. The resulting system of ODEs occurs with two cruical problems, which are dis-
continuities of the RHS of (2.8) and the fact that straightforward preconditioning may lead to
forcing directions which are no descent direction with respect to the potential . The latter
one is a well known problem for preconditioned gradient methods [6]. To overcome this issue,
the authors propose to consider a smoothed coupled system of ODEs given by

duy” D) 2o~ 1 ()
v () 3 ) i (). 2.9)
i=1 i\ U;
where h;(u) =a; —u; fori = 1,...,m and h;y,,(u) = u; — b; for i = 1,...,m. The purpose of

introducing this form of smoothing is the resulting connection to the unconstrained optimisa-
tion problem

2m
min 7P (u) — log (—h; .
min 78 () = 3_log (~hi (1)
using a log-barrier penalty approach. Indeed, assuming that the forward model is linear and
the constraints are described by boxes, one can prove that the solution of (2.8) solves (2.10) in
the long-time limit [14, theorem 3.4]. In the following, we want to generalize this result to the

Tikhonov regularised optimisation problem under more general convex inequality constraints.

2.2. Tikhonov regularised EKI under convex inequality constraints

Motivated by the continuous-time formulation of EKI under box constraints using the
smoothed system (2.9) we are now ready to present our considered dynamical system for solv-
ing
in P8 2.1
min (u), (2.10)

where Q ={u € X: hj(u) <0, j =1,...,m} describes our set of inequality constraints. We
emphasize that the formulation of (2.10) can also be applied to standard EKI without Tikhonov
regularisation by setting A =0. However, our theoretical justification crucially depends on
A>0.

To be more precise, we make the following assumptions on the feasible set ) for convex
and continuously differentiable functions 4; : X — R.

Assumption 2.2. We assume that for each j = 1,...,m the function h; : X — R is convex and
continuously differentiable. Moreover, we assume that the interior of {2 is non-empty, i.e. there
exists u € X such that hj(u) <0 foreachj =1,...,m.

Remark 2.3. Note that by assumption 2.2 it follows that for any u € X with /;(u) = 0 we have
that Vh;(u) # 0. If Vh;(u) =0 for some u € X with h;(u) =0, by convexity of &; it would
follow that min,cx h;(#) = 0, which is in contradiction to assumption 2.2.

8
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We firstly reformulate the constrained optimisation problem as unconstrained problem
using the log-barrier penalty approach

min 798 (u E log (—
u€Rd

where 7 > 0 is a penalty parameter. This optimisation problem can equivalently be rewritten
through

D (u) — — 1 2.11
5161%}1 Z og(— (2.11)

We define ®(u) = ®¢(u) — L 3" log(—h;(u)). Observe that ®° is strongly convex in Q
due to "¢ being strongly convex and the assumption that /; are convex. Hence, for any 7 >0
there exists a unique global minimiser u7 € €2 of ®”. Note that ®”(u) is not well-defined for
u ¢ Q\ 09, and hence we are working with the convention that ®” (1) = +oc for u ¢ Q \ 95.
Moreover, using duality arguments one can even bound

O (uT) — DB (1) < — (2.12)
T

where u, denotes the unique minimiser of the constrained problem (2.10), we refer to [10,
section 11.2] for more details.

Remark 2.4. We can see in (2.12) that the computed solution from solving problem (2.11) is
approaching the true KKT point u, as we increase our penalty parameter 7. However, as 7
increases the computation of the minimiser of (2.11) using an iterative optimisation method
becomes more expensive. This is a well-known problem for penalty methods which is due to
small steps of the applied scheme which are needed close to the boundary in order to ensure
feasibility. Depending on the implemented optimisation scheme, one may need to check feas-
ibility in each iteration and successively decrease the step size. In practical implementations
one usually solves the optmisation problem for fixed but sequentially increasing values of the
penalty parameter 7 = 73. Here, one may use the solution of the preceding experiment as initial
point for the next sequence.

We will further discuss how to apply this methodology in EKI in section 5.1. In regard to
our algorithm we propose a method to use an adaptively increasing choice of 7 which keeps
the computational run-time low.

In the following, we set A = 1 for simplicity. For solving (2.11) we incorporate the gradient
descent direction of the log-barrier penalty into the dynamical system of Tikhonov regularised
EKI leading to the dynamical system

du’) ~u,Gp—1 @) o S
= {—C,’ r (G(u, )—y) Cu)Cy }+ “Clu ;h, ,

(2.13)

for >0 and j =1,...,J. Let us emphasize that our considered dynamical system differs
from (2.9) in more than just the additional regularisation term. Firstly, we are incorporating
the log-barrier function with respect to #; instead of for each particle u(’ ). This leads structural
advantage when theoretically analysing the dynamical behavior of the ensemble mean. As
result, the feasibility of the scheme with respect to the convex inequality constraints can only
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be guaranteed for the ensemble mean. However, in practical scenarios it may be necessary to
impose feasibility for each particle which could be guaranteed by the dynamical system

W et (0 () ) e 6l + 1c<>zh(1())wz ().

In what follows, we will focus on the dynamical system given by (2.13). As second difference
to (2.9), we introduce a preconditioning of the gradient descent direction resulting from the
log-barrier term by the empirical covariance. This preconditioning ensures the well-known
subspace property of ensemble Kalman methods. This means, that the particle system solv-
ing (2.13) remains in the linear subspace spanned by the initial ensemble. We define

S:= ué‘+span{u((]j) —Uy,j = l,...,J} ,

where ug = iip — Priip with the projection matrix Pr = E(ETE)~'ET onto E &R/
denotes matrix with columns consisting of the centered initial particles, i.e. E=

{u(()l) — U, . .. ,u(()J) — ﬁo} . Therefore, the constrained optimisation problem (2.10) changes to
: reg
uéanrIWISCI) (u), (2.14)

in case J < d.
Lemma 2.5. Let (u(()j) )j=1,....s be the initial ensemble. Then any solution (ut(j) ,120) of (2.13)
remains in the affine subspace S, i.e. u,(/) €Sforallt>0andj=1,...,J.

Proof. The proof of the first term has been shown in [15]. For the latter part we obtain

1~
;C(MI)A

m
i=

1 L L9 o wne @ (a9 —a
oy Vi) =232 iy e = i Ve () (u? )

1

Hence, the latter term also remains in the space spanned by the centered particles and therefore
the particles remain in the affine space S. O

Finally, we make the following assumption which is necessary to ensure feasibility and even
the possibility for implementation. We need to ensure that the dynamical system is initialized
with a feasible particle system.

Assumption 2.6. We assume that the mean of the initial ensemble (u(()j ) )j:Lm, ; lies in the
interior of the feasible set (2, i.e. we assume that /;(zip) < 0 for all i = 1,...,m. Furthermore,

we assume that ||u(()j)|| Lcforallj =1,...,J and some ¢ > 0.

If the initial ensemble is not feasible, we may project the particles onto (2. Hence, we assume
without loss of generality that assumption 2.6 is satisfied.

2.3. Covariance inflation

One fundamental key step in analysing EKI algorithms is to quantify the ensemble collapse,
which is the degeneration of the spread in the particle system. While the gradient approxima-
tion improves when the particles are close to each other, the preconditioner degenerates as well

10
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and the scheme may get stuck when being far away from the optimal solution. The dynamics
of the ensemble mean is given by

m

du, _ ~u,Gr—1 (A - 1 1~ 1 .
E—[—Cf (G () —y) = Clu) G u,]+7c(u,)§hi(ul)w,(u,).

For motivating EKI as derivative-free optimisation method, we split the dynamical system into
a (preconditioned) gradient flow and an approximation error, written as

1
h; (i)

Vh; () + Err (u,(l), s ,ur(J)>

dﬁl =~ Teg (- 15 -
= [ew)ver @) +;C<uz>;

= —C(u) V() + Err (uf”,...,u}’)) .

For EKI without constraints one can indeed verify that the ensemble collapses but not too fast
[44]. As result, the approximation error Err(ul(l), ey u,(])) will degenerate in time, while the
lower bound on E‘(ut) will ensure the convergence of the scheme.

In order to obtain more flexibility in controlling the speed of collapse from below and above,
we are going to introduce covariance inflation. In particular, we are applying the covariance
inflation introduced in [44, section 6] which inflates the particle system without changing the
dynamical behavior of the ensemble mean. Indeed, it has been observed theoretically as well
as numerically that this type of covariance inflation enhances the convergence speed.

The centered particles of (2.13) without covariance inflation satisfy

0 _ 5
o) o) e (-1

where both terms force the particles to collapse. In order to reduce the contracting forces, we
wish to relax these forces by changing the dynamical system of the ensemble spread to

d (ut(j) — ﬁ,)

L= —(1=p) (G () =G w)) — (1= ) Cw) &5 (uf — 7).

for p;, B; € [0,1) scaling the inflation strength. However, we aim to introduce this inflation
without changing the dynamical behavior of the ensemble mean itself, which is used as optim-
isation scheme. One possible way of achieving the covariance inflation without changing the
dynamical behavior of the ensemble mean is to consider the particle evolution of form

dﬁ’(:) = pps (1) + iﬁ(u» Emj > ;ﬁ[) Vhi (i), (2.15)
i=1""
where
Pp.B (u,(j)) = —/C\'t”’GF*1 (G (u(j)) —y) — 6’(14,) Co_lu,(j)
+ p, GO (G (u,(j)> e (u,)) +B,C () Cy! (u,(j) - u,) , (2.16)

with 0 < p, < 1and 0 < 3, < 1 for all £ > 0. This incorporation of covariance inflation may be
seen as artificial. However, it has a good intuition from an optimisation point of view. While in

1
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the original EKI each particle is driven by its own direction, the formulation (2.15) additionally
moves each particle into a joint direction. This interpretation can be seen more clearly when
assuming p; = [3; and rewriting (2.16) by

P (") = =(1=p) [ €0 (G (") —y) + Clu) G i’
¢

where the latter term is equal for allj = 1,...,J. In our theoretical analysis, we will consider an
inflation factor p, — 1 as t — oo and turn of the inflation for the regularisation term through
setting 3, = 0. Note that the presented results straightforwardly extend to 5, > 0. As stated
above the evolution of the ensemble mean remains

S~ T (G () —y) — C(w) G+ O () > 7 V@)
1 SN | ~
=v(u)+ ;C(ut) 2 7 () Vh; (i) ,
where we defined
V() = —CT~ (G (u) —y) — C(u) Cy iy (2.17)

However, the evolution of the ensemble spread changes to

d (u,(j ) L_t,) N . _ - .
———F=—(-pycrr (G (u,(j)) - G(u,)) —Cu) Gy (u,(J) - ﬁ,) .
We emphasize that the solutions of the inflated flow obviously still satisfy the subspace prop-
erty (see [44]). Note again, the dynamics of the centered particles with and without covariance
inflation are independent of 7, which will later lead to a speed of collapse independent of 7.
We summarize the incorporation of variance inflation in the following assumption.

Assumption 2.7. We consider the covariance inflated dynamics given by (2.16) where 0 <
pr < 1 with p, — 1 as t — oo and set 5, = 0 for all > 0.

Remark 2.8. This form of covariance inflation has been proposed in [44] to reduce the speed
of ensemble collapse, we are utilizing this approach to remain the most suitable rate of collapse
of order %

Furthermore, we highlight this effect in the numerical experiment in section 5.3, where we
compare the results using no covariance inflation, a fixed (but tuned) covariance inflation and
our proposed adaptive covariance inflation. We observe that adaptively increasing the covari-
ance inflation from O to 1 yields the most stable and efficient performance. As a result, we
observe significant acceleration of convergence for increasing covariance inflation and for the
adaptive approach a reduction of the computational time. We note that many other theoretical
and practical papers apply alternative forms of covariance inflation to encounter the ensemble
collapse, e.g. [16, 32].

3. Ensemble collapse and well-posedness

We define the centered particles as e,(j ) = u,(j ) u;. Next, we define the following Lyapunov
function V, (1) = ; le %He,(j) |* describing the deviation of the ensemble of particles from

12
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its mean and we will analyse its behaviour. To be more precise, we will prove that the ensemble
collapse with rate V,(r) € O(1/1).

Lemma 3.1 (upper bound). Let assumptions 2.6 and 2.7 hold. Furthermore, let

(u(()j))jzlwqj € Q be the initial particle system and let (u; ) 420), j=1,...,J, be a solu-
tion of (2.15). Then for all t > 0 it holds true that

V(1) < !
2omint 4/, (0)

Proof. The outline of the proof follows similarly to [44, lemma 4.3]. The time evolution of V,
is given by

0 _g
dVe(n) _2 i 0 _g ¢ (u” -~ ) )
dt J ’ dr

j=1

w%i 0 i (- ) (6(u) ~6)) T (6 () - Glw))
j Dy () (2 —) G5 (u? ).

\M\N

We observe that

22 u? i, ()~ ) (G(u,(k))—(}(u,))TF_l (G () = Gu)) = Cor=12

kj=1

and similarly

J
2 ; - o R
53—l — )@l — ey (u” — ) = 16w 63

k=1
such that
dve. (1) i, G = —1/2
T2 == 2(1 = p) GO 201G () €
§ 2
20 min 1 ) =2 20 min 2
<_T ‘7;“”’ — | T Ve (1),

where oy, denotes the smallest eigenvalue of C ! Then the claim follows by Lyapunov
theory. O

As discussed above, in order to prove convergence of the scheme as optimisation method
we will need to lower bound the covariance matrix which is used as preconditioner. We will
provide the following lower bound on the smallest eigenvalue of (C(u));>0 which prevents
the ensemble to collapse too fast.
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Lemma 3.2 (lower bound). Let assumptions 2.6 and 2.7 hold. Moreover, let (u(()j) )j=1,..0 €

be the initial particle system and let (u,(j) ,120),j =1,...,J, beasolution of (2.15). Moreover,
we assume that

no:= min (z,C(up),z) >0.
€S, [|z]|=1

Then, for each z € S with ||z|| = 1 there exists a t, > 0 such that.

(,Cu)z) > ”

(¢ +wmax (k;,0)) (t+b)

(1= P16 )iy Amax b= V. (0)~1

O min 20 min

(1 7“) — Mo cb
(1=a)b*ny,
andw =1—a > 0. Here oy and oy, denote the smallest and largest eigenvalue of C; " and

Amax denotes the largest eigenvalue of T.

for all t > t,. The constants are a =

, € = 20max, ki =

Proof. The outline of the proof follows similarly to [44, lemma 4.4], where we include an
adaptation for allowing adaptive covariance inflation (p;,# > 0). Consider the dynamics of the
empirical covariance matrix

ljd’) : d
T Z Zt ((./)) Z (1)< e/’ )

=1

,\

J
—2(1—p,) C“°1~ CG” 2C () Cy ' C (ur) -
Next let z € S with ||z|| = 1, then we note that

dcC (u;)
dr

(z 2) = =2(1 = p) [C7"2lIf = 21 ()l c, 3.1

Observe that
17 2)F < ICP 2l PIT ] < ICF 2] Ama

where A\nax denotes the largest eigenvalue of I'~!. We apply Cauchy-Schwarz and Holder’s
inequality to derive the following bound

1692 = (€72,8%2) = (

<=
‘M\

W 1.9 (6 () ~6) L0 -y (6(u2) - &)y

i=1

W — 5,2 —a,2(G (u(j)) -G,G (u(i)) -G)

J

I
Rl
KM\‘

<
I

Pj\

O a5 w? — 2116 (1) - GG («V) - G|

2
(/) = ||G(('j))G||>

(]) u
./:1

<
I

—
M\

/—\/T “.s\—
-
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which implies that

||61G’MZH% < Clzip)‘maxve (t)(z,C(u)z),

since

W g,z =7 (u(_/) _ u) (u(_/) B ﬁ)Tz.

We denote by 7, the smallest eigenvalue of a(u,) and by ¢(¢) the corresponding unit-norm
eigenvector. We will show that 7, > 0 for all # > 0. The following holds

dll¢ @) |1 do (1)
0= dt =20, dt

> 3

and hence,

dr Adt
(600, dC(”CﬁW )+ (220 2 w)yo)
(00, 26 (0 4 20220 )

)
-2(1- Pt) Cip Ve (1) Amax (@ (1) , € (ur) & (1)) — 20max || C (1) 3 (1) |17,
=2(1=p1) ClzlpVe (1) Amax Tt = 20max;

2 (1 - pt) Clip)\max

2
g OR

where we used in the third step the symmetry of a(u,) and in the last lemma 3.1. Hence we
have an ODE of the form

dn, a; 2
el LS _
T bn, cn;,

1—pr) o Amaxd
where a; = (L=pr)ciy ,b (0) £ ,€ = 20max. Since p; — 1 as t — 0o, there exists a 7, such

that a, < a € (0, 13 for all t>t,. The solut1on of the ODE

dx () a
—L = ) —cx(t
a e
is given by
1—
x(1) = ; x(0) =, >0,

c(t+b)+(1—a)k (t+b)"

where k) is chosen such that the initial condition is satisfied (see lemma A.3). Since a € (0,1)
we have that x(¢) > 0 for all # > 0. Hence, we can run our ODE in time and choose #, as our
initial starting point. For such values of a we have that (4 b)* < (¢ + b) such that we obtain
the lower bound

x(1) =

l—a w
c(b+1t)+ (1 —a)max (k;,0) (t+b) - (¢ +wmax (k;,0)) (t+b)’

15
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where w = 1 — a > 0, which guarantees by comparison argument that
w
(¢c+wmax (k;,0)) (r+b)
forallt > t,. O

N =

Remark 3.3. We emphasize that the constants describing the upper and lower bound of the
ensemble collapse as well as ¢, from lemma 3.2 are independent of the penalty parameter 7.

Our next result shows that any solution u(¢) of (2.15), remains in the feasible set {2 for all
t > 0 and therefore, there exists a unique global solution. We provide the proof of the statement
in appendix A.2.

Proposition 3.4 (existence). Let assumptions 1.1, 2.1, 2.2, 2.6 and 2.7 hold and let

(u(()] )) ji=1,...,7 be the initial particle system. We assume that the feasible set is bounded, i.e. that

there exists R >0 such that Q C Bg(0). Moreover, we assume that |Vh;(u)|| < C(R) for
some constant C(R) > 0 depending on R and all u € Bg(0). Then the mean of any solution

(u,(j),t > 0) of (2.15) remains in the feasible set Q, i.e. u, € Q for all t > 0. Moreover; there
exists a unique solution of (2.15).

Due to proposition 3.4 under assumption 2.6 the mean of computed solutions is always
feasible and bounded. Hence, we also obtain that ||ul(’) || < B for some B >0, all >0 and
j=1,....J.

4. Gradient flow structure and convergence analysis

The dynamics of the particles given by the RHS of (2.2) can be approximated by the precon-
ditioned gradient flow

ey varE (u)).

This approximation is getting more precise, as the ensemble collapse is happening [44, lemma
4.5, lemma 6.4]. We consider in the following the approximation of (2.13) for the mean of our
particles given in [44, lemma 6.4].

Lemma 4.1 (gradient flow approximation). Consider the ensemble {u,(j) J=1,...,0} and
assume that assumption 2.1 holds, then the mean of the particles satisfies

- _ -~ 3
IC T (G —y) = Clu) VO @) | < biI V@ @) Ve (1)? @.1)
where b; is independent of J.
We are now ready to formulate our main result of convergence.

Theorem 4.2 (main convergence). Suppose that assumptions 1.1, 2.1, 2.2, 2.6 and 2.7 are
satisfied. Let u} be the unique global minimiser of (2.11), let (u(()‘i) )‘,':17___71 € Q be the initial
particle system with J > d and let (u,(j) ,t20),j=1,....J, be a solution of (2.15). Then there
exist cy,co > 0 and t > 0 such that

1

:
3 (i) — B (u7) < ‘1

O
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forallt >1, where vy := c + wmax(k;,0) > 0is independent of t and 7. The constants ¢, w and
k; are defined in lemma 3.2. In particular, we have that

lim ®° (@) — ®” (ul) =0.

— 00
Proof. Define V(1) = ®”(it;) — ®*(u7) and Err(r) = C*°T~ (G, —y) — C(u,)V® (), then
we have

dv(z)
dr

%
dr

= <vq)b (’zt)a >

m

= (V0 (@) [~CHT (G ) =) =€) Gy '] + -0 w) 3 s V)

i=1

= (V® (), —Err(t))
+ <V(I)b (ﬁ,),a(ut) ( V@ (u, l‘+ Zh >>
= (VO (), —Err (1)) + (V®’ (i) , —C (u,) VO (it,)) .
The first term can be approximated by Cauchy—Schwarz and using (4.1)

(VO (@), —Err (1)) < [V (i) ||| Err (1) || < [V (@) [|1J /@ (@) Ve (1)}

<[V (@) (1617 cup e[ Ve (1)* -

For the second term we obtain through lemma 3.1 and the PL-inequality, for which we give
more details in lemma A.1,

91

(VO (@), C () VE (1) <~ V8 () [[> < ~2pm, (8 (i) — 8 (u]))

where 1, > 0 denotes the smallest eigenvalue of a(u,) Using Young’s inequality it follows
that || V@ (iz,) || < 3[|V®* (&,)||* + 3. such that we obtain

dv(t
0 VP @) P+ 9 @) [y el Ve ()

S - (c +wmax (k1,0)) (1+b) Ve (@) |

( VO (@) + )buﬁ(

(ST

2
2”'"'"t+ v, (0)" )

for all ¢ > t,, where we have used lemma 3.2. For sufficiently large 7 > 0 we have that

3

1 ’ w
7||V(I)b ||2 blj\/cllp ( - 1) - <07

2t 1V, (0) 2(c+wmax (k;,0)) (t+b)
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for all £ > ¢, such that

dv (t) w PO 1 :
<— d “biJ\JcpB| ———
dr 2(c+wmax(k1,0))(H—b)”V (@) | a2V L V,(0)"!

wu 1 1 ’
< (ORI | e —
(c +wmax (k;,0)) (t+b) Q 21V clip <2<T;mt+ve(0)_l>

for all # > max{7,, }. Using Gronwall’s lemma we obtain that

1

Vi =2 ) -'w) < (1)

t+cp

for all r > max{7,1,}, where -y := ¢ +wmax(k;,0) is independent of ¢ and 7. O

Remark 4.3. The assumption J > d in theorem 4.2 is rather constraining, and usually not ful-
filled in practical situations. However, in the case J < d we have observed that the well-known
subspace property lemma 2.5 is satisfied. In that case we can consider convergence to a KKT-
point u* of (2.14) and the results in theorem 4.2 can be generalized straightforwardly to this
setting. We refer to section 4.3 in [44] for more details.

5. Numerical experiments

We now conduct two numerical experiments to test our methodology. In the first experiment,
we aim to estimate the source term in a 1D parabolic PDE, using measurements obtained from
its solution. However, this experiment is a linear inverse problem, therefore we incorporate a
non-linear perturbation term into the potential (1.2). Subsequently, in the second experiment,
our goal is to estimate the log-diffusion coefficient in a 2D elliptic PDE once again using
measurements of its solution. In the implementation we solve equation (2.15) using MATLABs
ODE solver ode45.

5.1. Implementation of the penalty approach

We conclude the latter experiment with an implementation of an adaptive penalty parameter
7. Let u, be the KKT-point of (2.10) and u7 € R? the unique global minimiser of ®”. Then the
error (2.12) decreases as the penalty parameter 7 increases.

We will compute the solutions of (2.15) for several fixed penalty parameters 7 and compute
the errors to u, in the parameter space as well as the observations space. In proposition 3.4
we have verified that each solution of (2.15) remains feasible for fixed 7. However, in numer-
ical implementations this cannot be guaranteed anymore. Depending on the chosen numerical
solver one may need to validate feasibility in each discretisation step and successively decrease
the applied step size. Indeed, we observe that the ODE (2.15) becomes more and more stiff
with increasing 7. Hence, our applied ODE solver has to take smaller step sizes in order to
ensure feasibility and the algorithm becomes computationally slow. Taking this into account,
we also consider an adaptive choice of the penalty parameter 7, which is increasing over time,
when solving the ODE (2.15) in section 5.3.1. To be more precise, we consider the dynamical
system
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m

()
du, N (j)) 1~ 1 _
< =Dp.0 (ut + ~ C (u) iEZI 7 ) Vh; (i), (5.1

t

with (7;);>0 denoting our adaptive penalty parameter choice with lim,_, o, 73 = co. We will
observe in section 5.3.1 that this approach leads to significant reduction of the overall run-
time.

5.2. Pseudolinear example

In the following section, we present a nonlinear example with Tikhonov regularisation to obtain
a strongly convex potential. The example is based on a linear forward model where we add
a nonlinear perturbation to the model leading to a nonlinear inverse problem. The magnitude
of the nonlinear term is controlled by some € > 0. Then the regularisation parameter can be
chosen depending on ¢, i.e. A\(¢), such that we can keep the regularisation at a low level and
still obtain a strongly-convex functional by controlling the magnitude of the nonlinear term.

We consider an inverse problem of the form (1.2) where G(u)=Au-+
e[sin(uy),...,sin(ug)]’, where A € RK*K is symmetric and positive semi-definite and
£>0. We assume that sup,q, |[ul| <B and let Apa = max;;|A; |, Ymax = max;|y;|. For
A > ((4 4+ B)dmax + Ymax )€ + €7, the Tikhonov regularised loss function

1 A
@ (u) = 511G () = y|* + S llull®
is strongly convex and L-smooth, see lemma A.2.
For the linear model A we consider a one-dimensional heat equation given by the differential
equation

u(x,t) 0%u (1,x)

=f(x) (r>0,x€(0,1))

ot Ox?
u(0,x) =0 (x€(0,1))
u(t,0),u(t,1)=0 (t=0).

We aim to recover the forcing f given observations of the solution at specific grid points.
For this we introduce the solution operator of the PDE L = % — C?TZ and an equidistant
observation operator on [0, 1] x Rx¢ defined as O : Hj([0,1],R) — R‘é, p()—O()) =
(p(x1),...,p(xx))". Here p € H}([0,1],R) denotes a solution operator of the PDE. Then the
forward operator is given by A = O o L~!, and the inverse problem is respectively

u=Af+mn,

where 1 ~ N(0,T'), with T' = 0.1%1d.
The forcing is assumed to follow a Gaussian distribution with zero mean and covariance

_ls=t? 2

given by Cy := C(s,1) = o2 exp (— "), where (s,7) € [0,1] x [0, 1]. In this expression, o is
set to 10 and L. is set to 0.1. To simulate the random field, we employ a Karhunen-Logve
(KL) expansion truncated after 12 terms. Specifically, we express f(x,w) as follows:

8
flw) = ZA}/ 2o (x) & (w).
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Ensemble Collapse
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Figure 1. Ensemble collapse in the form of V.(r) of the particles for the EKI (red) and

EKI with CC (green line represents fixed covariance inflation; blue line increasing cov-

ariance inflation). The black dotted line depicts the rate 1~ !.

Here, )\; represents the largest eigenvalues of C(s,1), ¢;(x) denotes the corresponding eigen-
functions, and &; are standard normal distributed random variables. Furthermore we draw our
initial ensemble from the same random field by making J = 10 independent draws from f(x,w).
Note that the generated solution of the EKI will lie in fi- + £, where £ is the linear span of
the centered initial ensemble and f;- = f(0) — P¢f(0). For the simulation, we use a spatial step
size of h=0.01, hence we have 99 interior points and therefore the state space dimension is
d =99, a time step size of A =0.05, and only solved for one step size into the future.

We draw the initial forcing 7 from f(x,w) and compute our observations by solving the

PDE given this forcing.

We impose convex constraints (CC) in the form of an upper bound on the norm of our
solution, i.e. we set hi(u) = 3 ||ul|%, — 3|/f/||c, and require h(u?) <0 forallj=1,...,J and
t>0.

We compare our solution to the optimum of (2.11), where we use, MATLABs optimisation
tool fmincon. Additionally to the CC, we also impose the constraint of the subspace property,
i.e. we search a solution in fOL + &. For this to be satisfied, the computed solution u has to
satisfy the equation Pgu = fOL, where Pg is the projection onto £. We solve the ODE (2.15)
until 7= 10° and use ode45 as solver. We use 7 = 10* and a regularisation factor of 3 =0.01.

Furthermore, we consider three different types of covariance inflation
e Increasing covariance inflation p, = 1 — m.

e Constant covariance inflation p, = 0.8 for all > 0.
e No variance inflation, i.e. p, = 0 for all # > 0.

Figure 1 depicts the ensemble collapse of the particles in the form V(1) = ; Z]{ZI %He,(j 2.
We can see that the ensemble collapse for all methods with convex constraints happen with the

20
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Absolute error of computed solutions
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Tog(t+eap(1))

EKI without VI

Figure 2. Absolute error of computed solutions in the parameter (left) and observation
space (right). The red line illustrates the EKI, the green dash-dotted line EKI with CC
and constant covariance inflation of p; = 0.8, the blue dashed line considered an increas-
ing covariance inflation of p; =1 — and the pink line represents no level of

variance inflation, i.e. p; = 0.

1
log(r+-exp(1))

same rate ! as imposed by lemma 3.1. All three methods perform similarly well and only
differ from the EKI due to constants.

In figure 2 we illustrate the error in the parameter space and observation space. The solutions
computed by all methods with convex constraints converge to the KKT point ], whereas the
EKI without constraints does not converge, since it does not take the constraints into account.
Furthermore, we note that the methods with a positive amount of covariance inflation perform
similarly well. In regard to the performance of the algorithms this is an important observation
since the ODE (2.15) get stiffer with higher value of covariance inflation and therefore also
computationally slower. Since the experiment with p, = 0.8 is performing similarly well as
with p, =1 — m one should preferably implement a fixed value of covariance infla-
tion. Moreover, we note that the experiment without variance inflation, converges up until time
T = le4 similarly fast as the experiments with variance inflation, but slows down afterwards.

In the left image of figure 3 we illustrate the computed solutions. We only illustrate the
solution computed with p =0.8, the dashed-green line, since it is very similar to the one for
increasing covariance inflation and the one without variance inflation. We can see that that it is
visually identical to the KK'T-point u], whereas the EKI solution, has more discrepancies. This
can also be seen in the right image, where we illustrate the weighted norm of the solutions. The
dotted black line, illustrates the upper bound, i.e. § [|ff||c(s, 7). We can see that the norms of all
three solutions with CC (blue, green and pink line) increase over time but after reaching the
upper bound they stay below this bound, whereas the EKI does not satisfy the bound, which
explains why the error in figure 2 does not decrease.

5.3. 2D-Darcy flow
We consider the following elliptic PDE

—V - (exp(u) Vp) =1,
p=0,

xeD

5.2
x€e oD’ 5-2)

21
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Computed solutions Norm of computed solutions
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Figure 3. Estimated computed solutions (left) and weighted norm of the of the computed
solutions (right).

where D = (0, 1)2 denotes the domain. Given observations of the solution p € H)(D)N
H?*(D) :=V, our objective is to estimate the unknown diffusion coefficient u' € C'(D) = X.
Additionally, we assume that the scalar field f € R is known and define an observation operator
for K randomly chosen points in X , i.e. O(p) = (p(x1),...,p(xk)).

The observations are represented by the equation

y=0(p)+n.

The noise on our data, denoted by 7 is assumed to be Gaussian, representing a realisation of
N(0,T), where T' = 0.1%1d.
Thus, our inverse problem is given by

y:g(“)‘f‘%

where G = O o Gand G : X — RX denotes the solution operator of the PDE (5.2). We solve the
PDE on a uniform mesh of the size 32 x 32 using a FEM method with continuous, piece wise
linear finite element basis functions. Consequently, the parameter space is of size d = 1024.
As prior belief distribution we consider the random field

u(rw) = 3 N e (W& W),

i=1

where \; = (72 (k7 + 7) + 72)704 and e;(x) = cos(mxk;) cos(mxyl;) withT =0.01,0 = 2,5 =
25, (kj,L)jeqi,....sy €415+ ,s}2. The variables &; are i.i.d standard normal variables.

We select our underlying groundtruth by drawing u' from the prior distribution.
Furthermore, we consider Box-constraints (BC) in the form of upper and lower bounds on
the solution, i.e. the solutions have to satisfy (u,(j )) i € [a,b], where a = minu® + 0.3| minu|
and b = maxu' —0.3|maxuf|forallj =1,...,J,¢ > 0 and components i = 1,...,d.

Again we use MATLABs optimisation tool fmincon to compute the KKT point of (2.11)
and solve the ODE (3.1) with ode45. We compare different levels of covariance inflation to
illustrate the effect of adding the inflation, we choose

22
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Absolute error of computed solutions Absolute error of functionals
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Figure 4. Absolute error of computed solutions in the parameter (left) and observation
space (right). The red line illustrates the EKI, the green lines EKI with BC and different
levels of constant covariance inflation, where the level increases for a darker shades of

green, the blue line uses increasing variance inflation in the form of p; = 1 — W

and the pink line has no variance inflation.

(i) Increasing covariance inflation p; = 1 — W'
(i) Constant covariance inflation p, = 0.1 for all > 0.
(iii) Constant covariance inflation p, = 0.5 for all > 0.
(iv) Constant covariance inflation p, = 0.8 for all # > 0.
(v) Constant covariance inflation p, = 0.95 for all > 0.
(vi) No variance inflation, i.e. p; =0 for all # > 0.

The particle size is set to J = 10 and therefore, the approach seeks a solution in the subspace
uy +span{u(()j) —ug,j=1,...,J}

We set a fixed penalty parameter 7 = 10*, a regularisation factor of 3= 0.01 and compute
the solutions up until 7 = 10°.

In figure 4 we can see similarly to the experiment in section 5.2 that the errors to the KKT
point u] of (2.11) of the methods with BC perform similarly well and both converge to 0,
whereas the original EKI does not converge. Furthermore, we can see that with an increasing
amount of variance inflation the convergence rate also increases. However, the closer the fixed
variance inflation factor p, = p is set to 1, the more involved is the computation and the ODE
solver ode45 takes a longer execution time. We emphasize that the adaptive choice p, — 1 can
significantly reduces this execution time.

Figure 5 illustrates the estimated solutions of our methods. We can see that the EKI (bottom
left) is outside the bounds, whereas our method with BC satisfies both upper and lower bound
and looks very similar to the KKT-point obtained by MATLABs fmincon solver.

5.3.1. Adaptive penalty parameter.  For our last experiment with adaptive penalty parameter
we consider a mesh of the size 6 x 6, since we have to compute the solutions for several differ-
ent values of 7, which is computationally expensive. Therefore, we have d =36. We take the
same upper and lower bounds as above. Furthermore, we compute the solution of (5.1) until
time 7= 10° and consider fixed covariance inflation of the magnitude p, = 0.7. We consider
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utruth Optimiser solution
0.05 0.05
0 0
-0.05 005
40 40
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-0.05
40

Figure 5. Estimated solutions of the EKI (bottom left) and EKI with BC, where p; =
! e (bottom right) and optimiser (upper right). Upper left illustrates the true

1- (0.17+1

solution u'. The grey planes illustrate the upper and lower bound.

Absolute error of computed solutions

Absolute error of functionals
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Figure 6. Absolute error of computed solutions in the parameter (left) and observation
space (right). The red line depicts the EKI. The dotted/dashed blue lines illustrates the
EKI with BC for different fixed values of 7 € {1, 10,100, 1000,10000}. The dashed
green line depicts the error of the the Box-constraints algorithm with adaptive increasing

T.

five different fixed penalty parameters 7 € {1, 10,100, 1000,10000} and one adaptive pen-
alty parameter, 7(f) = ¢+ 1 to compare this solution with the one for the highest fixed penalty
parameter, 7 = 10000. The remaining variables are the same as above.

In figure 6 we illustrate the errors in the parameter space and observation space to the
KKT-point u,. We can see that as the fixed penalty parameter 7 increases, the error decreases
as described by equation (2.12). Furthermore, for the adaptive choice of T we can see that in

24



Inverse Problems 40 (2024) 095009 M Hanu and S Weissmann

the beginning the error vanishes slower then for fixed 7 = 10000, but reaches the same error
level at 7= 10°.

This results indicates that the adaptive choice of penalty parameter is a suitable alternative,
since it results in a less stiff ODE that needs to be solved. The computational time of the
adaptive choice was 4-times faster than the fixed penalty parameter.

6. Conclusion

Based on a log-barrier approach we introduced an adaptation of the EKI that allows the incor-
poration of convex inequality constraints for nonlinear forward problems. Through the inclu-
sion of Tikhonov regularisation as well as covariance inflation we provided a convergence
analysis for our method, which includes the quantification of the ensemble collapse as well
as convergence as optimisation method. Our numerical experiments confirmed the results. In
one experiment we consider a nonlinear forward problem given as linear problem with addi-
tional nonlinear perturbation. The magnitude of nonlinearity affects the amount of regularisa-
tion needed to obtain a strongly convex objective function and thus, satisfies our assumptions
needed for theorem 4.2. In our second numerical experiment we considered the 2D-Darcy flow
and showcased a method to address the problem of large penalty parameters that are needed
in barrier-methods.

For future work we look to apply convex inequality constraints into subsampling
approaches for the EKI [23]. Moreover, it would be interesting to incoporporate the proposed
approach to particle based sampling methods such as the ensemble Kalman sampler [21].
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Appendix

A.1. Proofs of lemmas

Firstly, we show that strong convex functions fulfil the PL—inequality

Lemma A.1. Let & : R? — R be strongly convex, then ® satisfies the PL-inequality, i.e.

V[V @) [P > @ (x) - @ (),
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forv = i > 0 and all x € RY, where x* is a stationary point.

Proof. Since @ is strongly convex, there exists a ;4 > 0 such that
()2 P00+ -0 VW + Sy, VryeR’
which implies
()~ B() < (-3 VB () — Sl -y’ ey e R

Note that ||a — b||* = ||a®|| — 2{a,b) + ||b||? for all a,b € RY. Therefore, we have (a,b) —
Hla*|| = 316*|| — %lla— b||*. Setting @ = (x — y)\/p and b = ﬁvfb(x), we obtain

B(1) () <5 =V = 31 (=) V- = Ve )P

Vi Vi
%nvwx)nz.

Hence, @ satisfies the PL-inequality with constant ﬁ
O

The next statement considers our applied inverse problem based on a linear forward model
with nonlinear perturbation. It provides sufficient conditions for the Tikhonov regularized loss
function @8 to be strongly convex.

Lemma A.2. Consider the potential (1.2) where G(u) = Au+ ¢ [sin(uy),. .., sin(ux)]", where
A € RE*K gnd ¢ > 0. Further, assume that sup,cq ||ul| < B and let Apax = max;j|A;j|, Ymax =
max; |y;| and A > ((4 + B)amax + Ymax )€ + &2, then the Tikhonov regularised loss function

&% () = 121G () —y|[* + S P
is strongly convex and L-smooth.
Proof. The Jacobian Jg of G is given by
Jg(x) = (AT + ediag(cos(x),...,cos(xx)) .
Hence, the ith row and jth component of the row have the following structure

(o (x));. :A£: +¢€[0,...,cos(x;),...,0]
(JG (x)) -:A,'J + €cos (x,-) 5,-]',

2

where 0; ; denotes the Kronecker symbol. Hence, we have
L X .
5 ) = > (A +ecos (x) 8y) (Aj.x + esin (x;) — y;)
i j=I
And therefore, we obtain for the entries of the Hessian
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K

0P . .
Oxom = > (—esin (x;) 5504) (Aj,.x+esin (x;) — )
i =1

K
+ ) (A +ecos (x;) 8y) (Aj + £ cos (x7) 0) + A
j=l1

= (—esin(x;) 6y) (A;.x + esin(x;) — y;)

K K
+ ZAj’iAj’l + ZA",'ECOS ()Cj) (Sjl
j=1

j=1

K
+ Z ecos (x;) 0;A;, + g2 cos (xi)2 Oit+ A
j=1

Thus, the entries of the Hesse-Matrix are given by

(Horz));
_ Zle A7 —esin(x;) (Aix + esin(x;) — yi) +24; 2 cos(x;) + 2 cos(x;) > + A, if i =1,
SoI Aj A+ Apigcos(x) + Aj e cos(xi), if #1.

We can split the Hessian into two parts:
(Hq)reg)) == A A +M€’)\ 5
where

) —esin(x) (Ai.x +esin (x;) — yi) 4+ 24, cos (x;) 4 % cos ()2 + A, ifi=1,
“* 7 ) ecos (x1) + A ecos (x;), ifi 1L

Since ATA is positive semi-definite we continue to show that M. » is positive definite. We start
by lower bounding the diagonal elements of (M. ) by

(Ms)\)i’i 2 —€ (AmaxB +e +ymax) - 2Ai,i5 + )\7
where Apax = max;; |A;j], ymax = max;|y;| and B =sup, ., ||x|| < cc. On the other side, we
can bound the off-diagonal elements by

K
Z | (Ms,)\)i’l | < 2Amax5 .
=1

Hence, by assumption we have for alli € {1,...,K}

(ME,A)M z—€ (AmaxB+ 5+.Vmax) - 2Ai,i€ +A> 2Amax5 P Z | (ME,A)M | .
i

Therefore, M.  is positive definite and by that also Hgr:. Furthermore, we can upper bound
the diagonal elements of M, » by

(Ma,)\)m- e (AmaxB +e +ymax) +24A; e+ g2+ .
Hence, all entries of Hgr: are bounded, implying the L-smothness of ®™¢. O
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The next lemma provides the solution of the ODE needed to derive the lower bound on the
ensemble collapse in lemma 3.2.

Lemma A.3. Let a,b,c > 0 then the solution of the ODE

de(r) a 2
T——t+bx(t)—cx(t) (A.1)

is given by
x(f) = 1—a
Cc(t+b)+(1—a)k (t+b)"

where k; is chosen such that the initial condition is satisfied.

x(0)=x>0, (A.2)

Proof. The proof follows the ideas of lemma A.3 in [42]. We show that that (A.2) solves the
ODE:

a(  (—a)(c+all—ake+p)
dt ( (t+b) (1—(1)](1 (t+b)a)2

_ cta(l—a)k( (t+b)* l—a
c(t+b)+(1—a)ky (t+b)" ) \c(t+b)+ (1 —a)k; (t+b)*

_ [ ctca—cata(l—a)k( (t+b)""
N c(t+b)+ (1 —a)k (t+b)"

~cata(l—a)k(t+b)"" 1—l—cl—a)) X()
c(t+b)+ (1 —a)k(t+b)*

a(t+b) (c+ (1 —a)ki(1+b)"")
(4 b)(c(t+b)+ (1 —a)k (t+b)?) —cx(t) | x(z)

which is in the needed form of (A.1). O

A.2. Proof of the feasibility and unique existence of solution

Proof of proposition 3.4. Without loss of generality we assume that m = 1, i.e. there is only

one inequality constraint () < 0. The evolution of k(i) is given by

dh (u,)
dr

du;,
dr e

(V@) v () + (VR (@) , € () Vh (@)

= (Vh(@), (@)

where v is defined in (2.17). Let T > 0, then for any solution (i, )c[o,7), 2 (i) can be represented
by

h(ur):h(u0)+/0 (<Vh(“t)’v(“f)>+ih(lu,)

Suppose there exists 71 > 0 such that A(iir,) > 0. Since we initialize with A (%) < 0 by con-
tinuity of solutions and continuity of 4, it follows that there exists #yin € (0,7}) such that

(Vh (i), C (us) Vh (u,)>> dr.
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h(a,,, ) =0 and h(z,) < 0 for all ¢ < fyi,. Moreover, again by continuity it follows that there
must exists 6 > 0 such that

(Vh (@) v () + %ﬁm (@), C () Vh (@) > 0 (A3)

for all ¢ € (fmin — O, tmin) and therefore, also VA(#,) # 0 for all 7 € (tyin — 9, fmin)- Remember,
by assumption 2.2 we also have that Vh(a,,, ) # 0, see remark 2.3. Next, for s € [0, fyin) We
consider

v (us) < ICECNET™ N (NGl + 1) + 1€ () [1FIC5 Il

We can approximate the covariance E‘;"G by the following

J J
u l j l i —
1eCle < | 520 1P | 5216 (u?) — G2
j=1 i=1

using a same argumentation as in proof of lemma 3.2. We approximate the first term by

J
1 .
7 lePIP=Ve(s) < Ve(0)
j=l

and the second factor by
1< :
211G (u) = GIP < Ve (s) < Ve (0),
j=1

where we used lemma 3.1. Hence, we have ||v(u,)|| < B for all s € [0,#y;n] and some B > 0.
Similarly, using that ||VA(u)|| < C(R), we have that [(Vh(u,),v(us))| < B for s € [0, fmin] and
some constant B. Finally, we observe that

T h (i)

(Vh (i), C (uy) Vh (its)) <0

for all s € [0, fymin ). since (Vh(iy), Cug) Vh(its)) > 0 using lemma 3.2. Therefore, using

1
lim —— = —
N (ls)

since (i, —c) /0 for e — 0, and Vh(i,) # 0 for all ¢ € (fmin — 9, min], We obtain

. _ 1 1 _ -~ _
lim <Vh (utmin—s) v (ulmin—6)> + o <Vh (ulmin—a) ) C(ulmin—E) Vh (utmin_5)> =—00
e—0 T h(u[minfa)

which is in contradiction to (A.3). For the second part, we know by local Lipschitz-continuity
that locally there exists a unique solution of (2.15). Hence, as the local solution remains in §2
it is also a global solution. O
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