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Abstract
The ensemble Kalman filter method can be used as an iterative particle numer-
ical scheme for state dynamics estimation and control-to-observable identifi-
cation problems. In applications it may be required to enforce the solution to
satisfy equality constraints on the control space. In this work we deal with this
problem from a constrained optimization point of view, deriving corresponding
optimality conditions. Continuous limits, in time and in the number of particles,
allows us to study properties of the method. We illustrate the performance of
the method by using test inverse problems from the literature.
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1. Introduction

We are concerned with the following abstract inverse problem or parameter identification
problem

y=6w+n ey

where G : X — Y is the (possible nonlinear) forward operator between the finite dimensional
Hilbert spaces X = R and Y = RX, with d, K € N, u € X is the control, y € Yis the observa-
tion and 7 is observational noise. Typically, 1 is not explicitly known but only information
on its distribution is available. Throughout the paper we assume that 7 ~ N(0,T "), i.e.
the observational noise is normally distributed with zero mean and given covariance matrix
I'"! € RE*X_ Given noisy measurements or observations y and the known mathematical model
G, we are interested in finding the corresponding control u. Inverse problems, in particular in
view of a possible ill-posedness, have been discussed in vast amount of literature and we refer
to [1] for an introduction and further references.
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We are interested in particle methods for solving numerically (1). In particular, in the fol-
lowing we will investigate the ensemble Kalman filter (EnKF). While this method has already
been introduced more than ten years ago [2], recent theoretical progress have been done both
for the continuous time limit [3—7] and the mean-field limit on the number of the ensemble
members [8—11].

Solving inverse problems or identification problems arising in realistic applications usually
requires to consider constraints on the unknown control, as well as on the data. This has been
demonstrated in the recent literature in several research fields, as for instance in weather fore-
casting [12], milling process [13] and process control [14]. Including constraints in Kalman
filtering is usually done via optimization techniques, see e.g. [15]. Recently, algorithms for
the ensemble Kalman filter for constrained problems have been studied in [16, 17]. In particu-
lar, in [16] the authors propose to solve the constrained compromise step for all the ensemble
members that do not fulfill the constraints. However, we notice that no optimality conditions
have been formally derived and that the solution of a large number of constrained optimization
problems may be required. Instead, in [17] the authors focus on linear box-constraints and, via
a projection-based method, derive a new variant of the EnKF and study the continuous time
limit.

Here, we follow a similar approach to [16] by incorporating equality constraints in the com-
promise or update step of the unconstrained EnKF. Using the Lagrange theory for optimization
problems, we derive first order necessary optimality conditions and discuss the link to game
theory. The formulation of the optimality conditions shows that the unconstrained EnKF auto-
matically satisfies linear equality constraints. Our analysis is therefore mainly focused to the
case of nonlinear equality constraints. Under suitable scaling assumptions, we then compute
the corresponding continuous time limit of the optimality conditions, which leads to a system
of differential algebraic equations (DAEs). This reformulation allows us to perform an analysis
of the method. A further continuous limit is analyzed in the mean-field limit, i.e. in the regime
of infinitely many ensembles.

The main contributions can be summarized in the following points:

o We explicitly derive the ensemble Kalman update for inverse problems which automat-
ically encapsulates and satisfies general nonlinear equality constraints. In this way, we
avoid the possible solution of many constrained optimization problems for those ensemble
members which do not satisfy the constraints.

e We compute and analyze the corresponding continuous limits, in time and in the number
of the ensemble members, of the constrained ensemble Kalman update formula.

The paper is organized as follows. In section 2 we briefly review the derivation of the EnKF
and then we compute first order necessary optimality conditions for the constrained optimiza-
tion problem, assuming only equality constraints. In section 3 we study continuous limits, in
time and in the number of ensembles, of the optimality conditions, providing an analysis for
the resulting system of DAEs and mean-field equation. In section 4 we investigate the ability
of the method to provide solution to an inverse problem with two types of equality constraints.
Finally, we summarize the results in section 5. We report in appendix A detailed elaboration
of computations in the proof of proposition 2.5. Appendix B is aimed to list the most used
mathematical symbols throughout the paper.

2. Ensemble Kalman filter for constrained problems

A particular numerical method for solving (1) is the ensemble Kalman filter (EnKF), which has
been originally introduced to estimate state variables, parameters, etc of stochastic dynamical
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systems. The estimations are based on system dynamics and measurement data that are possibly
perturbed by known noise. Therefore, in order to apply the EnKF to the inverse problem (1),
this is usually rewritten as a partially observed and artificial dynamical system based on state
augmentation, e.g. see [16, 18, 19].

Let us introduce the new variable w = G(u), so that (1) can be reformulated as

w = G(u)
y=w+mn.

Taking y"*! =y and n"*! = n as the given data and the given noise, respectively, we obtain
the following dynamical system:
n+1

't =u"

Wt =g" (2)
yn+1 _ wn+1 + ,',’n+1.

Remark 2.1. We stress the fact that here n is an artificial time index, while in the case of a
dynamic inverse problem physical time is included in G. Moreover, in the following we keep
the notation y"*! even if we consider the free noise case where no perturbation in time is added
to the initial noisy observation.

In the following we briefly recall the derivation of the EnKF. We use a compact formulation
of the artificial dynamic process by defining v = (u, w)T € R‘TK, E(v) = (u, G(n))T € RK
and the observational matrices H = [0, I] € RE*@+K Ht = [I,0] € R*@+K)_ We note that
Hv = w and Hv = u. Then, we rewrite (2) in the typical setting where the EnKF is applied
for the solution of the inverse problem (1):

vt = B(v")
+1 +1 +1 (3)

Let us introduce {v>"}/_, the J particles (ensembles) at time n. The objective of the EnKF is to

reach a compromise v ! between the background estimate v/"*! of the model and additional
information provided by data y"*!, for each ensemble member. The state of the particles at time
n + 1 is predicted using the dynamics model (3) to obtain

vl — gy, j=1,..., . (4)

Let C"*! € R@+K)*W@+K) be the empirical covariance matrix characterizing the uncertainties
on predictions v/"*!. We have

J J
1 A _ A _ _ 1 A
n+1 __ * oin+1l _ Sn+l oin+1l _ on+l on+1 _ = Sin+1
C —]g(v VT ® (v vViTh, v —ng .
k=1 k=1
It is also easy to check that

e
=g G ©
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where, using the definition of =,

7 J
Cﬁjl _ %Z (ujqn _ ﬁ") Q (uj,n _ ﬁ"), Cﬁ:vrl _ ;Z (ujvn _ ﬁ”) Q (g(uj,n) _ Gn)
k=1 k=1
1< o o
Ci' =G -G @ G -G
k=1

are the empirical covariance matrices depending on the ensemble set {u/" ?:1 at iteration n
and on {G(u”")}’_,, i.e. the image of {w"}/_, at iteration n, and where we define by @" and

G" the mean of {u"}/_, and {G(w")}/_,, namely

J J
=n 1 o on 1 j
u = j;ul , g = j;g(u] )

Remark 2.2. The empirical covariance matrix of the ensembles is in fact computed by
n+1

information at iteration step n. However, we keep the notation C; .
The compromise that is sought should have v/"*! close to ¥/"! and H¥" ! close to y" .
Then v"*! is defined by the solution of the following minimization problem:

j 1 : jn 1 n 1 S
vt = argminJ " (v) := 5”)’ - Hy|[f + EHV — VG (6)

Here, we recall that T~ € RE*K ig the covariance matrix characterizing the uncertainties on
data y"*! and that we assume 17 ~ N(0, T'""). Throughout the work, we also assume that T'"!
is positive definite. We notice that the first term of J/"(v) corresponds to the least squares
functional ¢ given by

|
P(uy)i= 5Ty = Gw)|I* ™

Further, J/(v) can be written as

, 1 _ _ . _
THW) = v (HTH+ ) v — (et T +HTPTy"“)Tv+J
(8)

where 7 collects all the terms independent of v. The EnKF update formula is derived by impos-
ing first order necessary condition V77" (v) = 0. For an extensive discussion, we refer e.g. to
[16, 19]. In particular, we point-out here that the derivation of the EnKF update formula through
(8) requires that the empirical covariance C" ' is positive definite. This is a strong assumption
which cannot be guaranteed in a general fashion and it is usually overcame by introducing
a shifting of C"™" as C"™' = C"™! 4 cI, where I € RU+K*@+K) jg the identity matrix, and
study the limit of € — 0. We refer to [16]. For the derivation of the EnKF update formula for
constrained problems we will follow this approach, see proposition 2.5 in the following section.

We recall here that in order to help the reader, we report a list of the main mathematical
symbols in appendix B.
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2.1. Equality constraints on the control space

We consider imposing equality constraints in the space of the control and formulate those as
A(u) = Opn €))

where A is the vector valued differentiable operator A : u € R? — A(u) € R™, containing the
m < d constraint values.

Remark 2.3. Throughout the paper, we use the subscript (¢), £ = 1,. .., N, to denote the /th
component of vectors and vector-valued functions on RV,

LetJ4 = [VuAqy ..., Vudum] " be them x d Jacobian matrix of the operator A. In order
to satisfy constraint qualification for equality constraints, we require that if u* is a feasible
point then J 4(u*) has full rank, i.e. m. In other words, u* is a regular point of the constraint.

Theorem 2.4 (see [20, 21]). If u* is a feasible point and Jo(0*) is a full rank matrix,
the constraint qualification LICQ holds at w*. Hence, the Lagrange multipliers theorem gives
necessary optimality condition.

In order to formulate the constrained optimization problem associated to the minimization
of (8), we define also the extension of the operator A to the space R“K as A:v € RITK
A(v) = A(H"v) € R™. Then observe that the Jacobian J 1 € R™@HE) of the operator Ais
J i = [J.4,0] with 0 € R™X since O Aw =0,for t=d +1,....,d+Kandk=1,...,m.
Moreover, if u* is feasible and J 4(u*) has rank m, then J ;(u*) has also rank m.

The optimization step becomes then

minJ*(v), subjectto A(V) =O0mn, j=1,...,J. (10)
v

It is clear that (10) requires to solve J constrained optimization problems sequentially, at each
iteration step n. We point out that the objective functional (8) is convex.

Proposition 2.5. Let V"' be an optimal solution to the constrained optimization problem
(10) for a given j and n, satisfying the constraint qualification for the differentiable equality
constraint defined by A. Then W' = H-v"t! satisfies the first order necessary optimality
conditions

uj,n+1 :uj,n + Cﬁ¢l(cr‘fv—;1 + I\fl)—l(yn—i-l _ g(uj,n)) + Cn-‘rl(cnwl + wal)—l

uw W
X CﬁxlTJL(uj,n—&-l)Aj,n—&-l _ C:L“—:-IJL(uj,n-i-l)Aj,n—&-l
Ay =0gm. (11)

Proof. We apply Lagrange multiplier technique to the objective [7/"'(v) defined by (8) with
shifting of the empirical covariance C"*' s C**':= "' 4 cI, where I € RUHO*(@+K) jg
the identity matrix and € > 0. Then we study the limit ¢ — 0. We observe that, thanks to the
shifted matrix, HTT'H + C’C,’J“rl is strictly positive definite. Consequently, the objective J/"
is strongly convex and there is existence and uniqueness of the solution to the minimization
problem.

Detailed computations required in the following proof are given in appendix A.

The constrained minimum of J/"(v) corresponds to a stationary point of the Lagrangian
function

LV, ) = J/"(v) + ATAW)
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where the vector A € R™ contains the Lagrange multipliers. Variations of the Lagrangian
function £ with respect to v and X are

Vo8V, \) = (HTI‘H 4 Cg“") v— (HTrTy"+1 n C';“’lw"“) +ATY )T
VAL(v, A) = Aw).

If (vin ! A+ e RAEK » R™ is an optimal solution then it satisfies Vy £(v/AH1 A+l —
Oparx and VL(v/" 1, A1y = O, that are the first order necessary optimality conditions.

Due to the assumption of a regular point, the system of optimality conditions is determined.
In particular, imposing V, £(v>"+1, X"y = 04k, it is possible to determine

vit! — (HTTH + C?”l)_1 (HTTy ! 4 o)
—1\ ! . .
_ (HTFH+CZ+1 1) J}(vjqn+1)>\j,n+1. (12)

Now we apply the Woodbury matrix identity to the term multiplying v*"*! and to the last term
in (12), cf appendix A. Instead, for the term multiplying y**' in (12) we observe that

1\ L _
(HTI‘H Woas ‘) H'T = C"'HT(HC ' HT +T7')
Then we get, cf appendix A,

yintl — gintl + CZHHT (HcnglHT + I‘—l)_l(ynﬂ _ H‘A,j,nJrl)
_ (Cn—H _ Cn+1HT(HCn+lHT +I‘_l)_1HC"+l) J‘|’_(Vj,n+l))\j,n+1
€ € € € A .

(13)

If we multiply the previous equation by the observation matrix H* and compute the limit
€ — 0, we obtain the update formula for the control, cf appendix A:

uj,n—H _ uj,n + Cﬁxl(cnwtvl + F—l)—l(yn—i-l _ g(uj,n))

+ Cﬁxl(ca—;l + F—l)—lcﬁxlTJL(uj,n—H))\j,n«H _ CﬁleL(uj’n+l)>\j’n+l,

coupled to A (u*" 1) = Ogn, which provide a set of necessary optimality conditions for the
constrained optimization problem (10). (]

Observe that control update (11) is the classical ensemble Kalman filter update formula,
given by the first two terms in the right-hand side, perturbed by the last two terms due to
the constraint (9). Moreover, (11) depends also on the multipliers and their values must be
determined as part of the solution.

Corollary 2.6. Consider the assumptions of proposition 2.5. If the feasible set is convex,
then the optimization problem (10) is convex, and this implies that the necessary optimality
conditions (11) are also sufficient. In particular, this holds true for affine equality constraints.
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2.1.1. A game theory viewpoint and existence results. Proposition 2.5 is stated for a fixed
ensemble member j at a fixed iteration n, by assuming that the other ensembles play a role
of parameters in the optimization problem. This is closely related to the fact that problem
(10) can be seen from a game theoretic point of view. In fact, if we interpret each ensemble
memberj € {1,...,J} as a player which chooses a control variable v"*! in its set of feasible
controls given by the constraint A (vj*"“) = 0 while seeking to minimize its payoff function
J#" which depends, via the covariance matrix C™*!, on all other players’ controls at iteration
n,ie. v/, cf remark 2.2. Here, we indicate v/"! = {vk"1: k = 1,... J k # j}. Observe
that each player has no knowledge on the strategy adopted by other players. Moreover, we
notice that we are in presence of a repeated game.

In a non-cooperative and simultaneous game, we recall that {Vj’"Jrl :j=1,...,J} repre-
sents a Nash equilibrium if for every v satisfying the constraint one has J#" (v, v=#+1) >
T (vt oyt forj=1,...,J.

In general, a Nash equilibrium may not exist and need not to be unique. Conditions for the
existence of Nash equilibrium are recalled in the following theorem.

Theorem 2.7 (Nikaidé and Isoda [22]). Let T' = {X;, fi})_, be a game with nonempty,
compact and convex strategy sets X; C R" and continuous payoff functions f; : X; — R, which
are quasiconvex in x' for every fixed x~' forall i = 1,...,N. Then I has (at least) one Nash
equilibrium.

We recall that quasiconvexity is implied by convexity. Then the Nikaidd and Isoda theorem

is satisfied for problem (10) if the feasible set is convex. In fact, the payoff function (8) is convex

. -1, . . . i .
since HTTH + C""! " is positive semidefinite, and consequently 7/ is quasiconvex for each
j=1,...,J. Inparticular, there exists at least one equilibria for affine equality constraints. For
further references, we refer to [23-25].

2.2. The case of linear equality constraints

Let us assume that the constraint .4 on the control space is linear. Then we can write A (u) =
Au, with A € R™*4_Tn this case we need to assume that A € R”*¢ is a full row rank matrix
in order to have satisfied the condition of regular point. The linearity of the equality constraint
guarantees an expression to evaluate the multipliers explicitly by substituting the update for-
mula given in (11) into the constraint (9). The following result holds true in the case of linear
equality constraints.

Proposition 2.8. Let A:R? = R" be a linear operator and {w'}/_, be a set of initial

ensembles such that A (u/°) = Ogn. Let {w""t'}/_ be the ensemble set computed via the
unconstrained ensemble Kalman filter update. Then A (uj’"+1) =0pm,Vj=1,...,J

Proof. We prove the statement by induction on n. Notice that J 4 = AT since the constraint

is linear. It is easy to check that if {u’"}7_, satisfy the constraint then C'HITAT = Ok and

C{’J”AT = Opaxn. Then the update formula given in (11) reduces to
wth = w4 et (O I‘*1)71 (y't' — G’'™)

which represents the unconstrained ensemble Kalman filter formula. Substituting into the
constraint we have Au/"t! = Au/" = Ogn since also AC" ! = Opuxx. O

uw
We point-out that the previous result is a direct consequence of the well-known subspace
property of the classical unconstrained EnKF formula, which states that the ensemble iterates

7
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Figure 1. Application of the unconstrained ensemble Kalman filter based on the discrete
formulation, assuming that the control function satisfies a linear equality constraint given

H T
as symmetry with respect to x = 7.

are a linear combination of the initial ensemble members, namely they stay in the subspace
spanned by the initial ensemble [19].

We provide an experimental evidence of the result in proposition 2.8. We consider the
inverse problem of finding the force function of a linear elliptic equation in one spatial dimen-
sion assuming that noisy observation of the solution to the problem are available. This is a
standard problem in the mathematical literature on the EnKF for inverse problems, e.g. see [6,
16, 19].

The problem is prescribed by the following one dimensional elliptic PDE

d2
—@P(x) + p(x) = ulx), x¢el0,7] (14)

endowed with boundary conditions p(0) = p(7m) = 0. We assign a continuous exact control
u(x), being symmetric with respectto x = %, namely u(x) = u(—x + ). Introducing a uniform
mesh consisting of d = K = 28 equidistant points on the interval [0, 7], we let u’ € R? be the
vector of the evaluations of the control function u(x) on the mesh. Noisy observations y € R¥

are simulated as
y=p+n=Gu +n,

where G € R¥*4 s the finite difference discretization of the continuous linear operator defin-
ing the elliptic PDE (14). For simplicity we assume that 7 is a Gaussian white noise, more
precisely  ~ N(0,~7%I) with v € Rt and I € R?*¢ is the identity matrix. We are interested
in recovering the control ut € R? from the noisy observations y € RX only.

Let us consider u(x) = sin(3x), Vx € [0, 7]. In figure 1 we show the solution to this problem
provided by the unconstrained ensemble Kalman filter. The initial ensemble set {u/°}7_, is
artificially built in order to satisfy symmetry with respect to x = 7, after being sampled from a
Brownian bridge, e.g. as in [6]. This implies thatm = % = 27 constraints are taken into account.
We solve the inverse problem by updating the ensemble members with

wrth = w4t (Cuh T o (y — G™))

for J = 100 and a noise level v = 0.01. The filter method converges, meeting the discrepancy
principle in very few iterations, and allowing each ensemble member and the corresponding
mean to satisfy the constraint.

Proposition 2.8 guarantees that the constrained optimization problem (10) is solved by the
unconstrained ensemble Kalman filter when the constraint A4 is linear, independently on the
linearity of the model G. As consequence, analysis and continuous limits of the ensemble

8
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Kalman filter with linear equality constraints coincide with the recent results [4, 6, 7, 10, 11]
for unconstrained problems, and in the following we will focus on nonlinear constraints only.

3. Continuous limits of the constrained ensemble Kalman filter

In this section we investigate continuous limits of the constrained version of the ensemble
Kalman filter, when nonlinear equality constraints are taken into account. These limits allow
us to reformulate the fully discrete filter into the framework of ordinary and partial differential
equations, thus making the method computationally simpler and amenable to an analysis of its
properties.

3.1 Continuous time limit
In order to compute the continuous time limit equation, we make the following assumptions,

see e.g. [6, 11].

Scaling assumption 1. The covariance matrix I'"', accounting for uncertainties due to
data, is scaled by a scalar parameter Af.

Scaling assumption 2. The multipliers X*"*! are scaled as AN,

We notice that the second assumption is in fact not restrictive since multipliers are unique
up to a multiplicative constant.

Proposition 3.1. Under the scaling assumptions 1 and 2, the constrained ensemble Kalman
filter (11) formally converges to the semi-explicit system of differential algebraic equations
(DAEys)

. o
0/ = C T (y = 6w) — Cuud; (w/) N (15)

Oz = A (W(D),
in the limit At — 07,

Proof. Using the scaling assumptions, the solution (11) to the constrained optimization
problem can be reformulated as

W

_ AtCﬁilJL (uj,n—‘rl) Aj,n+1 + R (uj,n—‘rl’ Aj,i’H’l) (16)

w = w o A A T (v - gai)

where R is a term of order O(A#?), in fact
R(uj,n—‘rl’ Aj,nJrl) _ AIZCﬁ$I(Atan~VFVI 4 1-\—1)—ICE;V}]TJL(uj,n-‘rl)Aj,H*FI.

Now we interpret the parameter Ar as an artificial time step for the iteration, i.e. we take
At ~ N; ! where N, is the maximum number of iterations. Assume then W ~ w/(nAt) and

9
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N~ N(nAf) forn > 0 andj = 1,...,J. Computing the limit Az — 0, (16) is a first order
implicit—explicit approximation of the following system of ordinary differential equations
(ODEs):

d . A o
o = CunL(y = G)) = Cud )N, j=1.... J. (17)
Imposing that the constraint needs to be satisfied at each time ¢ > 0, we obtain the system of
DAEs (15) endowed with initial conditions u’® = u/(0) € R? such that A(u/°) = Ogn. O

In the previous proposition we have seen (11) as first order implicit—explicit time discretiza-
tion of (15). However, we stress again the fact that ! is actually computed with information
at time level n, and therefore explicitly, while it appears in the term which is treated implicitly.
Nevertheless, Cﬁj ! can be written in terms of the average quantities, which typically change
in a small time scale, justifying therefore the use of an explicit evaluation.

Corollary 3.2. Assume that G = G, with G € LR, RX), with LR?,RX) space of linear
operators mapping R? to RX. The DAE system (15) can be written in terms of the gradient of
the least squares functional ® (7), obtaining

d . A o
—u/ = —Cyy(Vy O, T (aHN
" w(Vu @', y) + J,(u)A’) (18)
Opn = A®/(1)).

Proof. Due to the linearity of the model G, we observe that Cyy = CuwuGT and use
Vu®W,y) = —G'I'(y — GW) to rewrite (15) as (18). O

In view of the discussion in section 2.2, it is easy to show that in the case of a linear equality

constraint A(u) = Au € R™, the DAE system (18) reduces to
d j

v = —CuuVu @, y) (19)
which is the preconditioned gradient flow equation for the least square functional ®, studied
e.g. in [4, 6, 7]. We expect that (19) still allows each ensemble member to satisfy the linear
constraint if the initial condition is feasible, again as consequence of the subspace property of
the EnKF which holds also in the continuous dynamics [6].

We observe that the differential equation in (18) can be written as

d

&uj = —Cuu Vol (w/, N, y)

no (20)
T, N, y) = Dl y) + > N Ap)
k=1

and therefore it still has the structure of a preconditioned gradient type flow, where the flow ®
is perturbed along the direction of a linear combination of the constraints. However, while ® is
convex, W is not necessarily convex even if the constraint is since the method lacks information
about the sign of the multipliers.

3.1.1. Analysis in the case of a linear model. DAE systems are usually characterized by two
indices, namely the perturbation index and the differentiation index. Special DAEs are the
Hessenberg-type, having the property that perturbation and differentiation indices coincide.
In particular, a DAE is said to be of high order index if their perturbation and differentiation

10
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indices are greater than or equal to 2. Under suitable sufficient conditions it is possible to
guarantee that a DAE has indices equal to 1 [26].

Proposition 3.3. Let I = [ty,T] C R, ty < T be a compact time interval. Let x : [ — R%
and y : 1 — R%. Consider the semi-explicit DAE system

d
ax([) = f(f, X(f), y(f)),

0gey = &(L,X(1), y(1).

Assume that

(a) fis Lipschitz continuous with respect to x and y with Lipschitz constant Lg uniformly with
respect to t;

(b) g is continuously differentiable and Jg =[Vyg1,..., Vyga 1T is non-singular and
bounded for all (t,x,y) € I x R& x R%,

Then, the semi-explicit DAE system has perturbation index 1. If additionally the inverse
of Jé is bounded for all (t,X,y) € I x R% x R%, then the semi-explicit DAE system has
differentiation index 1.

Using proposition 3.3, the following results hold true for (18), in which we recall that the
dependence of the algebraic equation on the multipliers is given implicitly by the differential
variables, namely A(u/()) is in fact A(u/(z; NY)).

Corollary 3.4. Consider the semi-explicit DAE system (18) for each fixed j=1,...,J.
Assume that condition (b) in proposition 3.3 holds for the vector valued function A with respect
to the algebraic variables X. Then, system (18) has perturbation index 1. If additionally the
inverse ofJﬁ] is bounded for all (w/, Ny € RY x R™, then system (18) has differentiation index
1.

Proof. Continuous differentiability of the vector valued function A with respect to the
dynamical variable w gives a sufficient condition to the right-hand side of the dynamical
equation in (18) to be Lipschitz continuous with respect to W and V, for each fixed j=1,...,J.
Then, the statement follows as application of proposition 3.3. (]

Corollary 3.5. For each fixed j=1,...,J, consider the DAE system (18) with initial
condition W(0) = W', Let (0/, \) be the solution of the perturbed system

d . Lo~ . .
3V = ~CaVal@, N,y) + 81, w(0)= u’

Orn = A@) + 85(1)

ont € [0,T] C R and with ¥ defined in (20). Then, under the assumptions of corollary 3.4,
Ly, Ly > 0 such that the following bound holds true:

1
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/() —w/(n)|| < <||uj’0 - +T (LILZ max ||62(7)| + max ||51(T)||>>
0<T<t 0<T<t
x exp (Li(1 + Ly)1)
Proof. The assumptions of corollary 3.4 guarantee that the implicit function theorem can
be applied to the algebraic equation Ogm = A(@/) + ;. Therefore, we can solve for X’ € R™,
Vi € [0,T], 0/ € RY, obtaining A/ = A(@/, §,). Moreover, A is locally Lipschitz continuous

with respect to w/ and §, with Lipschitz constant L,. Then for the multipliers we get the
bound

IN(6) = N = [|A@/(2), 0pn) — AGW(1), 8)|| < Lo (J[w/(e) — @/(0)]| + [|82()]]) -

Let L; be the Lipschitz constant of the right-hand side of the dynamical equation. We
have

W) — @) < W — &) + Ly / W) — @)
0
+ I = N dr + | / 51 dr]
0
< i — @O + L (1 + Ly) / Iw(r) — @) dr
0

t t
+L1L2/ ||52(T)||d7'+/ 16,(7)|| dr-
0 0

Then the statement follows easily by application of the Gronwall’s lemma. ([

The DAE system (18) is derived by starting from the first order necessary optimality condi-
tions stated in proposition 2.5. We recall that these conditions are also sufficient if the feasible
set is convex, see corollary 2.6. Now we study the large time behavior of the solution of the
DAE system (18).

Let us introduce the following notation. We define m(¢) and m(¢) be the mean and the second
moment of the ensembles, respectively, at time 7 > 0, namely

J J
_ 1 . — 1 ) )
m(t) = 7.2 w(), m@) = 72 w() @ w(n).

j=1 j=1
Further, foreachj = 1,...,J, we define

/() = /() —m@), r'@) =u/@) —u (21)

be the ensemble spread and the residual to a value u*, respectively. We observe that the
evolution in time of m and m are governed by

12
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d 1<~ d . 1< A o
—m — _ —n/ — _ _ J T J J
() J;j S Jj§:lj Cuu (Va@@, y) + JT,()N)

J J
1 . 1 o
= —Cuu qu) j JEZI uj, y + 7 ;:1 JL(UJ)AJ

m J
_ 1 ; A
~Cuu | Va®@Y) + D 7> Al Vadw @) |

k=1" j=1
d — 1 J . . 2 J d . )
™0 = 7;“1(’) D) = j; (dtu’(t)> @ wi(r) 22)
2 ! ; L. .
— _.71_21 Cuu (Vu@(ul, y) + JL(uJ))\J) @ w/(f)

J 7 7
1 . , 1 , 1 L. ,
= —2Cu | V4@ ; g v euw,y® ; E 1 w | + ; E JLuHN @ w
=

j=1 =1

I T o
—2Cy | Vu® (m,y @ m) + jj:ZIJL(uJ))\J ®u

where we have used the linearity of V,®. While the evolution in time of & is governed by

=1

d . 4 1 o
&e/(t) = —Cu (GTI‘Ge/ + JL )N — jZJ«T‘l(“ 1 )

) m ) ) m 1 J
= —Cuu (GTI‘GeJ )N Vadp@) = > jz Afk)vuA(k)(u‘*)> ,

k=1 k=1" =1
(23)

j=1,...,J, respectively. The covariance matrix can be written in terms of the mean and the
second moment of the ensembles as

Cu(®): (W'(@),....0'@®) €R! x -+ x R — m(t) — M(r) ® m(r) € R

(24)

Equations (22) and (23) are coupled with J algebraic equations imposing the validity of the
constraint for each ensemble member. In particular, we stress the fact that the systems for
the ensemble mean, second moment and spread are not closed, due to the presence of the
multipliers and since the constraint is nonlinear and needs to be satisfied by each ensemble
member. This requires the knowledge of the evolution in time of the ensembles. Further, it is
not ensured that the mean of the ensemble satisfies the constraint.

13
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We prove the following results for the residuals in the space of the control.

Proposition 3.6. Let u”’ € RY be an initial condition of the DAE system (18) such that
AW0) = Ogm, forall j = 1,...,J. Then there exists a steady state (0>, \>*°) € R? x R" of
the DAE dynamics which is a KKT point of the minimization problem

min®(w,y) subjectto A(a) = Ogm
ucRd

for a given'y € RK. Moreover, if A(u) = Ogm is a convex feasible domain, then w’*> provides
a first order approximation of W* being an optimal solution of the minimization problem.

Proof. We have that a steady state (0'°°, N**) of the DAE system (18) solves

Oz = Vud(@,y) + 3 N"Vudp @),  Opn = AW™).
k=1

For a given y € RX, this is a KKT system and they are the first order necessary optimal-
ity conditions for w'> as solution to the minimization problem min, g ®(u,y) subject to
A(u) = Opm. If the set A(u) = Ogn is convex, the KKT conditions are also sufficient. Then
W is a solution of the minimization problem. ([

Since the typical estimator of the EnKF is provided by the mean of the ensemble, we discuss
properties of the ensemble mean.

Proposition3.7. Letu’ = {u/*}/_, be aninitial condition of the DAE system (18) such that
AW) = Opm, for all j = 1,...,J. Then there exists a steady state (M, A\, ..., X*) e
R? x R™ x - - - x R™ of the dynamical system (22) of the first moment m which is a KKT point
of the minimization problem

min &(m,y) subject to Au') = - = A@’) = Ogn

TL—

for a given'y € RX. Moreover, if A(u) = Opn is a convex feasible domain, then m™ provides
a first order approximation of an optimal solution of the minimization problem.

Proof. We have that a steady state (W™, A", ..., X™) of (22) solves
m 1 J ) )
0z = Va5 + > -3 N VA @), 0z = A@'™) = = Au!™)
k=1" j=1

where the w">°’s are the steady states of (18). For a given y € RX, this is a KKT system and
they are the first order necessary optimality conditions for m* as solution to the minimization
problem min, ®(im, y) subject to A(u') = - - - = A(u’) = 0. If the set A(u) = Ogn is convex,
the KKT conditions are also sufficient. Then m™ is a solution of the minimization problem. []

Remark 3.8. The optimization problems in propositions 3.6 and 3.7 are the same if the
constraint is linear.

From proposition 3.7 it is clear that the steady state of the mean of the ensembles depends on
the steady states of the ensembles. Moreover, proposition 3.7 does not guarantee that the mean
of the ensembles at equilibrium satisfies the constraint. A sufficient condition to guarantee that

14
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A(@mM™) = Opn is that the KKT point belongs to the set C,;, = Oga~a, which is a set of possible
equilibria for (18) and (22). In fact, we note that a concentration of the particles at any point
of R? is a stationary solution of the dynamics. In this case ||&/>|| =0, for all j=1,...,J.
Therefore the question whether or not all the equilibria are necessary in the kernel of Cg,, is to
be discussed. This is true in the unconstrained ensemble Kalman filter as proved in [11].

The following counterexample shows that not all the equilibrium solutions of (18) belong
to the set Cyy = Ogaxs. We consider the case of a one-dimensional control and two ensembles
u,v € R,sothatd = 1 and J = 2. In addition, we take a scalar quadratic and convex constraint
Au) = %hl u® + hou, with ;> 0. In order to study the steady state of the mean and the second
moment of the ensembles, we need to couple the evolution equation (22) with the system of
DAEs (18), obtaining

d
au = —Cu (=G T'(y — Gu) + i Au+ hy\),

d
av = —Cu (=G'T'(y — Gv) + hypv + hop) ,

0= A(w) = A(v),

d h
"= "Cu (—GTF(y — Gm) + 31 Ot + ) + hy (A + u)) ,

d— — . h
37 =—2Cu (—GTF(ym — Gm) + ?‘ (N? + pv?) + hy A+ /w)> .

(25)
Here, A and p are the two multipliers related to u and v, respectively. We compute the steady
states of (25) by solving it = 0, 0 = 0, A(u) = 0, A(v) = 0, m = 0, m = 0 obtaining the null-

clines in the phase space (u, v, \, 1, 7, m). Solutions are provided by either C,, = m — m> = 0
or

u=(GTG+ MmN "(GTy—hN\),
v =(GTTG + hp) ' (GTTy — hyp),

7= (GTTG)"" (GTFy - % it + ) — % O+ u)) , (26)
= __ AT -1 T h 2 2 hy
m = (GTT'G) Gl“ym—E()\u +/w)—7()\u+/w) ,

where A and p are solutions A(u#) = 0 and A(v) = 0, respectively. The equilibrium or fixed
points are the intersections of the nullclines and therefore the question becomes whether or not
(7, m) always belongs to the set where 1 — > = 0. It is easy to observe that this is possible
if and only if A = p, since then

= (GG + A\ (GTTy — hy)\),
= (GTTG + h\) ' (GTTy — hy\) 7.

We can then conclude that this counterexample shows that, even in the simplest one-
dimensional setting, the constrained EnKF provides feasible solutions to the constrained

15



Inverse Problems 36 (2020) 075006 M Herty and G Visconti

optimization problem which do not collapse. This consideration opens the question on guar-
anteeing that the collapse of the ensemble to the mean occurs, i.e. the equilibria lie on the set
where ||&-®|| =0, forj=1,...,J.

A sufficient condition for the existence of a monotonic decay to a bound for the ensemble
spread is guaranteed by the following result, which holds in the space of the control.

Proposition 3.9. Letuw/’ € RY, j = 1,...,J, be an initial condition of the DAE system (18)
such that Aw/°) = Ogm. Assume that A : R? — R™ is convex and quadratic. Then the quan-
tity }Z;Zl |le/(0)||? is decreasing in time and thus in particular we have }Z;zl le/(n)]|* <
Dy 2 fort > 0, provided that N(t) = A(t) > 0,Vj=1,...,Jand t > 0.

Proof. For the sake of simplicity we consider a scalar constraint, i.e. m = 1. To prove the

statement, it is sufficient to show that 1 < J 5: . le/(n]|* < 0. Using (23), we compute

J J
1d1 . 1 . d .
- ]t 2:_ Jt,—Jt
sz 1ol JZ<e<>dte<>>
J=1 J=1
J

__ %Z (e/(1), CwGTTGe/(1))

=1

J J
1 . . . 1 ) )
-5 <e/(t), Cuu ()\JVUA(u/) -5 )\‘VUA(u‘)> > :
j=1 (=1
Let us consider the first term in the right-hand side. Using the structure of Cy, we have
1< ! ‘
— jz e/(1), CuGTTGe! (1)) = Z (e/(1), € (1)) (e"(1), GTTGe/ (1)) .
— =t

Since GTT'G is symmetric and positive semidefinite, it is possible to find a set of eigenpairs
(', v L, with ,u’ > 0 and v’ orthonormal basis such that e/ = Z?zl alivi,Vj=1,...,J,and
G'I'GV = 'V, foralli=1,...,d. Then

J

J d 2
_%Z <ef(t), ek(t)>< k), GTI‘GeJ(I) Z (Z \//?04’*@”) <0

kj=1 i=1

For the second term in the right-hand side, using the assumption N@) = A@®) > 0 and the
convexity of the constraint, we obtain

J
_,Z <e (®), Cuu (wv A’) — - ZA‘V A(u‘)>> = —%Z (1), Cuu VuA(e))) < 0.

j=1 j=1
[l

Under stronger assumptions, it is possible to prove convergence of the residual in the control
space.

Proposition 3.10. Let u’ ¢ RY j=1,...,J, be an initial condition of the DAE sys-
tem (18) such that AW) = Opm. Assume that A(u) = Opn is a convex feasible domain
and A:RY— R™ is convex and quadratic. Assume that G'T'G is positive definite. Then
limt_,oo}zle |r/(0)||> = 0, provided that N(f) = A() > 0,V¥j = 1,...,Jand t > 0.
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Proof. By assumption GTT'G is positive definite and thus we have a unique global minimizer
u” of the constrained minimization problem

m1n<I>(u y) subjectto A(ua) = Ogm

uckd

for a given y € RX. For simplicity and without loss of generality we consider the case of a
scalar constraint, i.e. m = 1. We study

d 1 A L d o
<hy HKWZ(iNE:Wﬂﬂ wl = §:<wm_u’5wm>

Jj=1

I~ . .
- jz <uj(t) - U*’ Cuu (vu(uj’ Y) + )‘JVUA(U)‘U:UJ(I))>
j=1

1 J

- 72 (v —u",CWuGTTG( —u"))

j=1

AL :

72 ll*, )\]Cuuvu (.A(ll)|“:“j - A(ll*))> <0.
j=1

O

The assumptions that GTT'G and the empirical covariance Cy, are positive definite are strong
and in general not satisfied. To deal with the positive definiteness of Cy, usually a constant or
time-dependent inflation of the covariance is considered [4, 17, 27].

3.2. Continuous limit in the number of ensembles

Typically, the EnKF method is applied for a fixed and finite ensemble size. It is clear that the
computational and memory cost of the method increases with the number of the ensembles, but
there is a substantial gain in accuracy. The analysis of the method was also studied in the large
ensemble limit, see e.g. [8—11, 28-31]. In this limit a slow down of the ensemble spread has
been observed. In this section, we derive the corresponding mean-field limit of the continuous
time equation (18) and provide an analysis of the resulting PDE equation.

We follow the classical formal derivation to formulate a mean-field equation of a particle
system, see [32—35]. Let us denote by

f=ft,u,A): Rt xR x R" - R* 27)

the compactly supported on R? x R™ probability density of the pair (u, A) at time ¢ and
introduce the following moments of f at time ¢ with respect to u and X\, respectively, as

m ()| _ u my()| u®u
Lh(l)} = //Rdem [)\] ft,u, A) dudA, l:Ag(l):l = //Rdx]R’" {A@)\] f(t,u, X) dudA

(28)
Since (u, A) € RY x R™, the empirical measure is given by
ft,u,\) = Z S/ — wd(\ — ). (29)
J_
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This formulation allows for a representation of the covariance operator (24) as

C( = // u®uf(,u, A)dudi— // uf(t,u, A)dud // uf(t,u, \)dud
RA xRmM Rd xRm Rd xRmM

=my(1) —m (1) @my () = 0.

Let us denote ¢(u, \) € C(?O(Rd x R™) a test function. We compute

d

d 1< o
a@ (fro) = E/R‘Jj—zl o(u—u)d(AN — AN)p(u, X)dud

J
= - ;Z Vap@/, X)) - C (V@ y) + J(u)N)

j=1
T // - Ve - € (Vu®(,y) + JLWA) f(2,w) dudA
R xR™

coupled to the mean-field of the algebraic constraint. Finally the mean-field kinetic equation
corresponding to the DAE system (18) reads:

O ft,u, X)) — Vy - [CO(Vu@(u,y) + I f(£,u, N)] = 0

(30)
// A) f(z,u, A) dudA = Ogn.
R4 xR™M

Proposition 3.11. Let f(t,u,\) be a solution in distributional sense of the mean-field
equation (30) at t > 0 for compactly supported initial probability distribution f(t = 0,u, \).
Then, f(u,A\) = 6(u — V)O(X — ) is a steady state solution in distributional sense of (30)
provided that either C = Ogaxa or (v, ) is a KKT point of the minimization problem

min®(w,y) subject to A(u) = Opn.
ucRd

Proof. Let o(u,A) € C°(R? x R™) be a test function. Then, weak steady state solutions,
say > (u, A), to (30) satisfy formally

/ / Vup,A) - € (Vud(,y) + JL@N) df ) = 0
Rd xRM
// e, M)A d >, A) = Ogn
]RdX]Rm

Substituting /> with flu, A) = d0(u — v)d(\ — p), we easily obtain that the above conditions are
satisfied when either C = Ogaxa or V@, y)|u=y = — (JR(WA) [u=v.x~, and simultaneously
AW)|y—y = Opn. 0

The previous proposition states that, as in the discrete case, not all the steady states are in
the kernel of C due to the presence of the multipliers.

It is clear that the mean-field equation (30) does not provide a closed differential system of
the moments. In order to show an energy decay estimate, we perform a preliminary moment
analysis in the simple setting of a one-dimensional control and scalar constraint. Thus, similarly
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to the previous section, we assume that (1, \) € R x R and consider a strictly convex quadratic
constraint A(u) € R. We write

qu)(u,)’) = b1M + b2’ VuA(u) — h]l/l + I’lz, h] > 0.

Then by the second equation in (30) we have

1 1
0= // <2h1u2f(t, u, \) + houf(t, u, )\)) dud\ = Ehlmz(t) + hom (1)
R2
which implies the following link between the first and the second moment due to the constraint:
h
my(t) = —Zh—zml(t). 31)
1

Then, it suffices to study the evolution of the first moment in order to obtain information on
the evolution of the second moment. Using the first equation in (30) we derive the following
evolution equation for the first moment:

%ml(t) = —C// V@@, y)f(t,u, \)dud\ — C// (hyuAf(t, u, \) + ho A f(t,u, ) dudA.
R2 R2
(32)

The evolution of the multiplier is computed from (30) obtaining for each k > 0

i// Nft,u, ) dud\ =0 = // )\"f(t,u,A)dudA:// M folu, Ny dud = Ay
dt R2 R2 R2

For an arbitrary small positive quantity ¢ we have

1
//]RZ(\/Eu)%f(t’ u, )‘) du d)\ < %mz(t) + ZAZ

Using the above relation and (31), from (32) we obtain the following bound for the evolution
equation of the first moment:

d K, h
—my(t) < L€C(l‘) mt)+— ), Le=¢chy— b, K. =—b,— -t Az — hZAl
dr L 2¢

€

with L. < 0 for e sufficiently small. Defining 7 (f) = m;(f) + ]L(—j, by application of the
Gronwall lemma we have

%ﬁzl(t) < LLCm (1) = m(t) < m(0)exp (Lg/ C(T)dT) —0.
0

Finally,
K. K,
Hn<——=|—
my(1) L ’Le

and the mean is hence bounded. Consequently, also the second moment m, is bounded by the
relation (31). This shows that, according to proposition 3.11, not necessarily all the steady
states are Dirac distributions on RY x R™.
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4. Numerical experiments

The simulations are performed for the case of linear models G by solving the system of DAEs
(18). The details on the scheme and on the setting of the experiments are as follows. Many
numerical methods for DAEs are known and based on Runge—Kutta and BDF methods, see
e.g. the monographs [36, 37]. Here, for the sake of simplicity, we employ straightforwardly
first order implicit—explicit (IMEX) time integration coupled to Newton’s method. The IMEX
discretization of (18) with time step At then reads as

W = w — ArCLL V@ y) — ArCL I 4T HAH

, (33)
Opn = A(u”"“).

This represents a possible high dimensional system of nonlinear equations for u/**! € R?
and A"t e R™, for j=1,...,J, tobe solved at each time integration step n. Inspired by the
derivation of (18) we consider the covariance matrix Cy, computed explicitly at time level n.
This is motivated by the fact that Cy, can be written in terms of moments. Observe that then
the IMEX discretization is (18) in the limit Ar — 0.

The differential point of view allows us to employ an adaptive time step to avoid stability
issues. In the numerical experiments we use

1
At ——————
'S nax; ([ CRGa))

where the 11;”s are the eigenvalues of C,, GTT'G. As we observe that C,,, GTI'G is characterized
by large spectral radius at initial time that reduces over time, the adaptive computation of At
allows also to reach equilibrium in less time steps compared to the choice of a fixed Ar.

We are interested to solve the inverse problem described in section 2.2 aimed to find the
force function of the linear elliptic equation in (14). This is a typical example used in the
mathematical literature to test the property of the ensemble Kalman filter [6, 11, 16, 19]. We
consider the same setup as in section 2.2, but in this case we take into account a nonlinear
constraint. In particular, we focus on a scalar (m = 1) quadratic constraint A : R? — R of the
form A(u) = JuTAu + uTh, with A € R**? and b € R given. In this setting, the gradient of
A is linear, VA = Au + b. Therefore, (33) can be explicitly solved by u/"*! obtaining

w = (T4 A L) T (07— AfCay V@, y) — AN Cuub) |
(34)

where I € R?*? is the identity matrix. Then, the scalar multiplier A" ! is computed by solv-
ing the nonlinear equation A(u”"*1) = 0 for each j = 1,...,J at each integration step. The
multipliers are finally inserted into (34) to determine the final update of the feasible ensembles
at time level n + 1.

In each example the exact force function is chosen as u(x) = sin(7x) and then suitable mod-
ified in order to satisfy the constraint. Also, the initial condition u/(0) = u/® on the ensembles
satisfies the constraints. The vector b, characterizing the linear term in the constraint, is always
randomly sampled from a Gaussian distribution with zero mean and standard deviation %

Information on the simulation results is presented in the following norms

1 J ‘ 1 J ‘
B0 = > €0’ RO = [ro]? (35)

J=1 J=1
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at each iteration, where the quantities e/(r) and r/(f) are the spread and the residual of the
ensembles, respectively, as defined by (21). The residual is measured by taking u* as the truth
solution uf.

Another additional important quantities is given by the misfit which allows to measure the
quality of the solution at each iteration. The misfit for the jth sample is defined as

9(1) = Gri(r) — m, (36)

where G is again the finite difference discretization of the continuous linear operator defining
the elliptic PDE (14). By using (36) we finally look at

|
I = 5> 9ol (37)
=1

Jj=

Driving this quantity to zero leads to over-fitting of the solution. For this reason, usually
it is suitable introducing a stopping criterion which avoids this effect. In the following we
will consider the discrepancy principle which check and stop the simulation if the condi-
tion ¥ < ||n||? is satisfied, with 7 measurement noise as described in the problem setup in
section 2.2.

4.1. Quadratic convex constraint

The first situation we consider is the case of a strictly convex constraint by taking A =1 €
R je.,

d
A) = Z ug, + byug).
k=1

In order to allow the force function u(x) to satisfy the constraint, we artificially modify it
d

on the grid introduced on the domain [0, 7]. In particular, we determine {u }/_, in such
a way ll%k) + b(k)ll(k) = —u(zd_k_H) — b(d—k+l)u(d—k+l), fork = 1, ey % The initial ensembles
are sampled from a multivariate normal distribution and then also artificially modified to satisfy
the constraint. We consider the same setup as in section 2.2, thus a noise level v = 0.01,d =
K=2%

In figure 2 we compute the solution obtained with J = 160 ensembles. The left plot shows
the solution p(x) of the PDE (14) and noisy observations. The reconstruction of p(x) is provided
in the center panel and it is obtained by using the mean of the ensembles represented in the right
panel. The gray areas gives information on the spread due to the ensembles. The constrained
ensemble Kalman filter accurately reconstructs both the control and its projection through the
PDE model.

The analysis of the solution is performed with three values of the ensemble size J €
{40, 80, 160}, see figure 3. In particular, we consider the behavior in time of the residual,
the misfit, the ensemble collapse and the value of the constraint computed on the ensem-
ble mean. We observe that increasing the value of the ensembles allows a more accurate
reconstruction. In fact, the solution is able to meet the discrepancy principle, i.e. the mis-
fit reaches the noise level, and the residual values decreases. However, the collapse to the
mean slows down causing the increase of the ensemble spread. This in turn does not allow
the mean to satisfy exactly the constraint when the simulation stops due to the discrepancy
principle.
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Figure 2. Solution provided by the constrained ensemble Kalman filter using J = 160
ensembles on the strictly convex nonlinear constraint.
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Figure 3. Time evolution of the residual (top left), the misfit (top right), the ensemble
collapse (bottom left) and the value of the constraint computed on the ensemble mean
(bottom right) for the strictly convex nonlinear constraint.

In figure 4 we show the evolution of the minimum value of the multipliers, noticing that it
remains always positive. Moreover, the spread of the multipliers to their mean decays to zero.
This two results justify the ensemble spread observed in figure 3 and reflect the analysis pro-
vided in section 3.1.1, cf the discussion after proposition 3.7 and the statement of proposition
3.9
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Figure 4. Time evolution of the minimum value of the multipliers (left) and of the
multipliers spread around their mean (right) for the strictly convex nonlinear constraint.
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Figure 5. Solution provided by the constrained ensemble Kalman filter using J = 160
ensembles on the non-convex nonlinear constraint.

4.2. Quadratic non-convex constraint

The second situation we consider is the case of a non-convex constraint by taking A =

{I 0 } € R¥_Then the constraint reads as

0 -I
4 d
Adw) = Z u, + bgyug + Z bug — ug.
k=1 t=4+1

We use the same setup as in section 4.1. Now the force function u(x) is artificially modified

to satisfy the constraint by determining {u } ,:71:1 in such a way u(zk) +bwpug = u(zd_k )=
b+ 1y Wa—k+1), fork =1,..., %. We proceed similarly for the initial ensembles.

In figure 5 we compute the solution obtained with J = 160 ensembles. The left plot shows
the solution p(x) of the PDE (14) and the noisy observations. The reconstruction of p(x) is
provided in the center panel and it is obtained by using the mean of the ensembles represented in
the right panel. The gray areas gives information on the spread due to the ensembles. Compared
to the previous example, here we notice that the ensembles are widely spread around the exact
control function, cf the right plot in figure 5. The method does not reproduce a very accurate
control function but the application of the model still allows to obtain a good reconstruction of
the solution.

We perform the analysis of the method with five values of the ensemble size J €
{40, 80, 160, 320, 640}, see figure 6. Again we consider the behavior in time of the residual, the
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Figure 6. Time evolution of the residual (top left), the misfit (top right), the ensemble
collapse (bottom left) and the value of the constraint computed on the ensemble mean
(bottom right) for the non-convex nonlinear constraint.

misfit, the ensemble collapse and the value of the constraint computed on the ensemble mean.
We observe that the ensemble spread is decreasing in time very slowly, even with a small num-
ber of ensembles. This result also affects the value of the constraint computed on the mean of
the ensembles, which is far from zero. The residual shows a decreasing behavior in time only
with very large number of ensembles. However, in all cases the misfit is able to meet the noise
level and therefore the discrepancy principle holds. These results can be motivated by the use
of a non-convex constraint, and the method is providing a solution which minimizes the least
square functional but the mean does not exactly satisfy the constraint.

5. Summary and perspectives

In this paper, inspired by [16], we have focused on the formulation of the ensemble Kalman
filter to solve constrained inverse problems. We have worked in the setting of optimization
theory deriving first order necessary optimality conditions for the case of equality constraints
in the space of the controls. We have observed that the method relaxes to the unconstrained
one when linear equality constraints are considered. Therefore, we have mainly focused on
nonlinear constraints and analyzed the method by computing continuous limits, in time and in
the regime of infinitely many ensembles. The numerical results have shown that the method is
able to provide solution to constrained inverse problems with quadratic convex and non-convex
equality constraints.
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We recall that in order to set up the mathematical formulation of the problem studied in
this work, we have considered finite dimensional Hilbert spaces and equality constraints. As
future perspectives it would be of interest to extend this study to arbitrary and possibly infinite
dimensional Hilbert spaces, and to consider also inequality constraints.

Acknowledgments

This research is funded by the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation) under Germany’s Excellence Strategy—EXC-2023 Internet of Produc-
tion—390621612 and supported also by DFG HE5386/15.

Appendix A. Detailed computations in the proof of proposition 2.5

e Woodbury matrix identity:
M+UNV) ' =M"'—-M 'UN'"+ VM 'U)"'VM !,
for all matrices M, U, N, V.
Iy -1
e Application of the Woodbury matrix identity to (HT TH+ C*! 1) :
RS -
(HrH+Ct) =t - et + HERT) e
e From equation (12) to equation (13):
Vj,n-H :(HTFH + C2+171)71 (HTryn+l + C;l—l—l’l{,j,n-‘rl)
-1
- T nt-171 T (o jm1yyjintl1
(HTTH + € ) et
_ (HTI‘H n Cf“’l)_lczl“’lw?"“ n (HTI‘H Lot ) Ty
-1
- T nt-171 T (ojm1yyjntl1
(HTTH + € ) et
— (Cot' — crHT (D HCHT) THE ) et e
+CHHT(HC T HT 4T ) Ty
— (Crt - et T (0 4+ HE T T HC) vt e

"Hy

=/t — CIHHT(D + HC!T'HT)
+CHHT(HCHT 4T ) Ty
— (Crt - et (0 HC ) THC ) v e
£ £ [ [ A
:i\,j,i’H»l + Ci;+1HT (HC?+1HT + I\—l)fl(yi’k‘rl _ H‘A/.j,l‘l+1)
— (Crf - c T (HC T+ 1) HC ) g
€ € & &€ A

e From equation (13) to the constrained EnKF updated formula (11).
We multiply equation (13) by the observation matrix H*
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uj,n+1 _ HLVj,n+l _ HL{,j,n-&-l + HLCZ'HHT (HC?'HHT + F_l)_l(y"'H o H{,j,n—‘,—l)
_Ht (CZH — T (HCTHT + IH)*IHCZH) J}(Vj,nﬂ))\j,nﬂ_
and, since the map M — M ! is continuous over the set of invertible matrices, letting e — 0
Wt — gt L glert T (ch+1HT + 1“‘1) —'(yn+1 — "y
—H* (C"“ — C"M'HT (HC"T'HT + I‘")_lHC’“") JTvEHAREL
Noticing that
HEvH =gl gECTHT = ¢ HOTTHT = OB = Gt
ch—i-lJl‘I(Vj,n—i-l) _ CﬁxlTJI\(uj,n+l)’ HLCn-ﬁ—lJ}(Vj,n—&-l) _ Cﬁjﬁ}(u’"”“)
we finally obtain
Wil = i et )y - Gadty)

+ Cﬁ+1(cnw~;1 + 1-\—1)71Cﬁ;VHTJL(uj,nJrI)Aj,n-&-l o CﬁleL(uj’n+1)>\j’n+l.

W

Appendix B. List of most used symbols

Symbol Description

R, N Spaces of real numbers and positive integers

yeRE KeN Observations or measurements

ueR deN Unknown control

G:RY - RK Forward model

G:RY - RK Forward linear model

! e RK<K Covariance matrix of the noise

n~NO,T Normally distributed measurement noise

D(u,y) = %HI‘%(y — Gw)|]? Least square functional

AR R" meN Constraint functions

A RFE 5 R Extension of the constraint functions to the space R*tX

A c R4 Linear constraint functions

J4 e Rmxd Jacobian matrix of the constraints

weR!, je{l,....J} jth ensemble member

NeRm, je{l,...,J} Multiplier related to the jth ensemble member

Cuu € R Empirical covariance of the ensemble

Cuy € R&K Empirical covariance of the ensemble and its image with respect
the forward model

Cyw € REXK Empirical covariance of the image of the ensemble with respect
the forward model

m e R? First moment (or mean) of the ensemble

m ¢ R Second moment of the ensemble

e/ cR? Jjth ensemble spread to the mean

r' e R? Jjth ensemble residual

9 ¢ RE Jjth ensemble misfit
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