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1. Introduction

1.1. Owerview

Kalman filter based methods have been enormously successful in both state and
parameter estimation problems. However, a major disadvantage of such methods is
that they do not naturally take constraints into account. The ability to constrain a
system often has a number of advantages that can play an important role in state
and parameter estimation: they can be used to enforce physicality of modeled
systems (non-negativity of physical quantities, for example); relatedly they can
be used to ensure that computational models are employed only within state and
parameter regimes where the model is well-posed; and finally the application of
constraints may provide robustness to outlier data. Resulting improvements in
algorithmic efficiency and performance, by means of enforcing constraints, has
been demonstrated in the recent literature in a diverse set of fields, including
process control [1], biomechanics [2], cell energy metabolism [3], medical imaging
[4], engine health estimation [5], weather forecasting [6], chemical engineering [7],
and hydrology [8].

In the probabilistic view of filtering methods, constraints may be introduced
by moving beyond the Gaussian assumptions that underpin Kalman methods and
imposing constraints through the prior distributions on states and/or parameters.
This, however, can create significant computational burden as the resulting
distributions cannot be represented in closed form, through a finite number of
parameters, in the way that Gaussian distributions can be. In this paper, we
circumvent this issue by taking the viewpoint that ensemble Kalman methods
constitute a form of derivative-free optimization methodology, eschewing the
probabilistic interpretation. The ensemble is used to calculate surrogates for
derivatives. With this optimization perspective, constraints may be included in a
natural way. Standard ensemble Kalman methods employ a quadratic optimization
problem encapsulating relative strengths of belief in the predictions of the model
and the data; these optimization problems have explicit analytic solutions. To
impose constraints the optimization problem is solved only within the constraint
set; when the constraints form a non-empty closed convex set, this constrained
optimization problem has a unique solution.

In this introductory section, we give a literature review describing existing
work in this setting, we describe the contributions in this paper, and we outline
notation used throughout.



1.2. Literature Review

Overviews of state estimation using Kalman based methods may be found in
[9, 10, 11, 12]. The focus of this article is on ensemble based Kalman methods,
introduced by Evensen in [13] and further developed in [14, 9]. The extension of
the ensemble Kalman methodology to parameter estimation and inverse problems
is overviewed in [15], especially for oil reservoir applications, and in an application-
neutral formulation in [16]. Equipping Kalman-based methods with constraints
can be desirable for a variety of inter-linked reasons described in the previous
subsection: to enforce known physical boundaries in order to improve estimation
accuracy; to operationalize filtering of a model which is ill-posed in subsets of
its state or parameter space; and to provide robustness to noisy data and outlier
events.

In extending the Kalman filter to non-Gaussian settings, a number of methods
may be considered. Particle filters provide the natural methodology if propagation
of probability distributions is required for state [17] or parameter [18] estimation.
In the optimization setting, there are three primary methodologies: the extended
Kalman filter, the unscented Kalman filter and the ensemble Kalman filter.
The extended Kalman filter is based on linearization of the nonlinear system
and therefore needs the computation of derivatives for propagation of the state
covariance; this makes them unattractive in high dimensional problems. Unscented
and ensemble Kalman filters, on the other hand, can be considered as particle-
based methods which are derivative-free. In the unscented Kalman filter, the
particles (sigma points) are chosen deterministically and are propagated through
the nonlinear system to approximate the covariance, which is then corrected using
the Kalman gain to compute the new sigma points. In the ensemble Kalman
filter, the particles (ensemble members) are chosen randomly from the initial
ensemble and are propagated through the dynamical system and corrected using
the Kalman gain without needing to maintain the covariance.

In [19], and more recently in [20], overviews of different ways to impose
constraints in linear and nonlinear state estimation are presented. To ensure that
the estimates satisfy the constraints, moving horizon based estimators that solve
a constrained optimization problem have been proposed [21, 22]. The paper [23]
proposed a recursive nonlinear dynamic data reconciliation (RNDDR) approach
based on extended Kalman filtering to ensure that state and parameter estimates
satisfy the imposed bounds and constraints. The updated state estimates in this
method are obtained by solving an optimization problem instead of using the
Kalman gain. The resulting covariance calculations are, however, still similar to



the Kalman filter: that is, unconstrained propagation and correction involving
the Kalman gain, which can affect the accuracy of the estimates. To eliminate
this deficiency, [24] proposed a Kullback-Leibler based method to update states
and error covariances by solving a convex optimization problem involving conic
constraints.

On the other hand, the paper [25] combined the concept of the unscented
transformation [26] with the RNDDR formulation. In the prediction step, they
propose step sizes to scale sigma points asymmetrically to better approximate the
covariance information in the presence of lower and upper bounds. Then, for the
update of each sigma point, they solve a constrained optimization problem. One
disadvantage of this procedure is that the chosen step sizes for scaling the sigma
points can only ensure the bound constraints. The paper [1] also tested various
algorithms based on constrained optimization, projection [27] and truncation
[5] to enforce bound constraints on unscented Kalman filtering. The paper [28]
developed a class of estimators named constrained unscented recursive estimators
to address the limitations of the unscented RNDDR method using optimization-
based projection algorithms for obtaining sigma points in the presence of convex,
non-convex and bound constraints.

As mentioned earlier, since the corrected covariance is used to compute
the sigma points, unscented formulations always require enforcing constraints
in both propagation and correction/update steps. In contrast, ensemble-based
methods only require constraints to be enforced in the update step. In this context,
the paper [8] tested projection and accept/reject methods to constrain ensemble
members in a post-processing step, after application of the unconstrained ensemble
Kalman filter. In the former, they project the updated ensemble members to the
feasible space if they violate the constraints and in the latter they enforce the
updated ensemble members to obey the constraints by resampling the dynamic
and/or data model errors. On the other hand, [29, 30] proposed updating the
state estimates in ensemble Kalman filtering by solving a constrained optimization
problem while truncating the Gaussian distribution of the initial ensemble. The
paper [6] demonstrated how to enforce a physics-based conservation law on an
ensemble Kalman filtering based state estimation problem by formulating the filter
update as a set of quadratic programming problems arising from a linear data
acquisition model subject to linear constraints. Here we develop this body of work
on constraining ensemble Kalman techniques, providing a unifying framework
with an underpinning theoretical basis.



1.3. Our Contribution

The preceding literature review demonstrates that the imposition of constraints
on state and parameter estimation procedures is highly desirable. It also indicates
that ensemble Kalman methods offer the most natural context in which to attempt
to do this, as extended Kalman methods do not scale well to high dimensional state
or parameter space, whilst the unscented filter does not lend itself as naturally to
the incorporation of constraints.

In this paper we build on the application-specific papers [8, 6] which
demonstrate how to impose some specific constraints on ensemble based parameter
and state estimation problems respectively. We formulate a very general
methodology which is application-neutral and widely applicable, thereby making
the ideas in [8, 6] accessible to a wide community of researchers working in inverse
problems and state estimation. We also describe a straightforward mathematical
analysis which demonstrates that the resulting algorithms are well-defined since
they involve the solution of quadratic minimization problems subject to convex
constraints at each step of the algorithm; these optimization problems have a
unique solution. And finally we showcase the methodology on two applications,
one from biomedicine and one from seismology.

Section 2 outlines the ensemble Kalman (EnKF) methodology for state
estimation, with and without constraints. In section 3 the same program is carried
out for ensemble Kalman inversion (EKI). Section 4 describes the numerical
experiments which illustrate the foregoing ideas.

1.4. Notation

Throughout the paper we use N to denote the positive integers {1,2,3,---} and
Z" to denote the non-negative integers N U {0} = {0,1,2,3,---}. The matrix
Iy denotes the identity on RM. We use | - | to denote the Euclidean norm, and
the corresponding inner-product is denoted (-, -). A symmetric, square matrix A
is positive definite (resp. positive semi-definite) if the quadratic form (u, Au) is
positive (resp. non-negative) for all v # 0. By |- |p we denote the weighted norm
defined by |v|% = v*B~1v for any positive-definite B. The corresponding weighted
Euclidean inner-product is given by (-,-)p := (-, B7!-). We use ® to denote the
outer product between two vectors: (a ® b)c = (b, c)a.



2. Ensemble Kalman State Estimation

2.1. Filtering Problem

Consider the discrete-time dynamical system with noisy state transitions and
noisy observations in the form:

Dynamics Model: v = U(v;)+&;, j€ZF
Data Model:  y;41 = Hvjy1 + 111, JjE€EZ
Probabilistic Structure: vy ~ N(mg,Cp), & ~ N(0,%), n; ~N(0,T)
Probabilistic Structure: vy L {{;} L {n;} independent

We assume that H;,H, are separable Hilbert spaces. Then v; € H;, and
U : H; — H,; is the state-transition operator. The operator H : H; — Hs
is the linear observation operator and y; € Hs. The covariance operators Cy, X are
assumed trace-class on H;, and I' on H, which ensures that the initial condition
vy and the noises §; and n; live in #H;, H; and H, (respectively) with probability
one. The objective of filtering is to estimate the state v; of the dynamical systems
at time 7, given the data {yg}ﬁzl. Throughout this paper we derive our theoretical
results in the setting where H; and Hs are finite dimensional; however the update
formulae we derive are well-defined in the general Hilbert space setting and this
fact is important because it means that the methods derived have a robustness to
mesh refinement and similar procedures arising when the problem of interest is
specified via a partial differential equation, or other infinite dimensional problem.

Remark 2.1. We restrict attention to linear observation operators H because this
leads to solvable quadratic optimization problems within the context of Kalman-
based methods. In principle, a non-linear observation operator could be used, but
the optimization problems defining the algorithms arising in this paper might not
have a unique solution in this setting.

2.2. Ensemble Kalman Filter

The ensemble Kalman filter is a particle-based sequential optimization approach

to the state estimation problem. The particles are denoted by {U](-n) N, and
represent a collection of N candidate state estimates at time j. The method
proceeds as follows. The state of all the particles at time j + 1 are predicted
using the dynamics model to give {T)ﬁ)l}fle. The resulting empirical covariance

of the particles is then used to define the objective function Igyer jn(v), which



encapsulates the model-data compromise. This is minimized in order to obtain
the updates {vj(i)l}évzl
The prediction step is

o =) + €Y n =1, N (1a)
N0
Mj+1 = D0 Uj1 (1b)
n=1
A Lgniam) = (s = T
Cip = N ) (Uj+l - ij) (Uj+1 - mj+1) - (1c)
n=1

Here we have fj(-n) ~ N(0,%) i.i.d.. Because the empirical covariance contains only
N — 1 independent pieces of information, (1c) is sometimes scaled by N — 1 and
not /V; making this change would lead to no changes in the statements and proofs
of all the theorems, and would only affect the definition of covariance within the
algorithms.

Let R(@-H) denote the range of éj+1. The update step is then

Ug(‘i)l = argmin Jiger jn () )

where
. 3 yﬂ(‘i)l —Hulf +5|v - 6]('1)1 |26 if v — 63('2?1 € R(Cj11).
Iﬁlter,j,n(v) = 41 .
00 otherwise.

(3)

It can be useful to rewrite the objective function for the optimization problem in
an equivalent and more standard form for input to software:

N . AT
o7 (HTF_lH + C’j_+11>v—< J_+11 A](Jr)l + HTT- 1Tyj(+)1> v if v — o +1 € R(Cjs1).
00 otherwise.

The y](i)l are either identical to the data y;1, or found by perturbing it randomly.

Note that C;; is an operator of rank at most N — 1, and thus can only
be invertible when N — 1 is larger than the dimension of H;. For moderate-
and high-dimensional systems, it is often impractical to satisfy this condition.
However, the minimizing solution can be found by regularizing CA’jH by addition
of el for e > 0, deriving the update equations and then letting ¢ — 0. We give
the resulting formulae, and then justify them immediately afterwards, in the
following subsubsection. Alternatively it is possible to directly seek a solution in
R(@jﬂ), which is a subspace of dimension N — 1; this is done in the subsequent

subsubsection.



2.2.1. Formulation In The Original Variables The well-known Kalman update
formulae arising from solution of the minimization problem (3) are as follows:

Sj+1 = Héj+1HT —+ r (4&)
Kiy = CA‘]-H[{TSJZ:1 (Kalman Gain) (4b)
g =y snn =1, N (4c)
ot = (I = K B0l + KjylPon =1, N (4d)

Here 77](") ~ N(0,I') ii.d. and the constant s takes value 0 or 1. When
s = 1 the yj(-i)l are referred to as perturbed observations. The choice s = 1
is made to ensure the correct statistics of the updates in the linear Gaussian
setting when a probabilistic viewpoint is taken, and more generally to introduce
diversity into the ensemble procedure when an optimization viewpoint is taken.
Derivation of the formulae may be found in [31]. In brief the formulae arise
from completing the square in the objective function Igyer ;. (-) and then applying
the Sherman—Morrison formula to rewrite the updates in the data space rather
than state space; the latter is advantageous in many applications where Hs has
dimension much smaller than ;.

We summarize with the following pseudo-code:

Algorithm 1 EnKF Algorithm
. Choose {vJ"}_,, =0

n=1>
. Predict {8V}, Cjyy from (1)
. Update {vj(i)l}ﬁy:l from (4)

: ]+ J+1, goto 2.

N N

An equivalent formulation of the minimization problem is now given by means
of a penalized Lagrangian approach to incorporate the property that the solution
of the optimization problem lies in the range of the empirical covariance. The
perspective is particularly useful when further constraints are imposed on the
solution of the optimization problem.

Theorem 2.2. Suppose that the dimensions of Hy and Hy are finite. Let j be in
Z" and 1 <n < N. Definey = yj(-i)l — H@§1)1. Then the update formulae (1), (4)
may be given alternatively by

n) _ ~(n . (1 1
v(~+)1 - (,+)1 + argmin ( |y — HV |} +=(a, v')) (5)
/ / (ap')eA 2 2



where A = {(a,v") € Hy X Hy : éjﬂa = '} and the argmin is projected from the

pair (a,v’) onto the v’ coordinate only. Moreover v](-i)l = lir% ve with
€E—

. 1 (n) 2 1 ~(n) 2 )
€ y H - - =
v al;gemlln(2]y] 1= U|F+2]v] 1 U‘Ce
and CA'6 = CA'j+1 +el.

Proof. For notational convenience denote C' = é’j+1 and see that the minimization
(5) is performed under the constraint Ca = v’. Then notice that (a,v") =| v/ |26

with ¢/ lying in the range of the operator C; this is a convex constraint. The
restriction of C over the constraint set is positive definite which means that
the quadratic objective function, now depending only on v/, is strongly convex.
Therefore the problem has a unique solution and its Lagrangian is written as:

1 1 .
LV a,\) = §|y’ — HV'[2 + 5(@, V') + (X, Ca — ')
To express optimality conditions compute the derivatives and set them to zero:
1
~H'T 'y — HV') + 54— A=0,
1 ~
'+ C\=0,
2
v' — Ca = 0.

The last two equations imply that C (2XA + a) = 0. Thus we set A\ = —%a and drop
the second equation, replacing the first by

—H'T Yy — HCa) +a = 0.

Solving this for a gives
”3(1)1 = 3(-1)1 +v
]+1 +Ca
JH +C(H'T'HC + ) *H'T Yy
J+1 +C(H'T'HC + 1) 1HTF71(3JJ('1)1 HA;Z*)I)
= (I — K H)ol) + Kyl
It remains to show that K ; agrees with the prescription given in the formulae

above. To see this we note that if we choose S to be any matrix satisfying
Kjy = CHTS™! then

HT'S™ = (H'T'HC + 1)"'HTT !
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so that
(H'T'*HC + I)H" = H'T'S.

Thus
H'T'HCH" + H" = H'T'S

which may be achieved by choosing any S so that
IY(HCHT +T)=T"'S
and multiplication by I' gives the desired formula for S;;.

Concerning the alternative representation of the solution, we note that
HTT-'H + C-' is strictly positive definite and hence the related quadratic
function is strongly convex. As a consequence we have existence and uniqueness
of the solution, and the optimality condition becomes,

€

(HTT'H + C Yo, = HTT Y\, + C'alY),
Then if we apply Woodbury matrix identity we obtain

ve=(C.— C.HT(HC.HT + T)"HC)(HTT 4\, + C7'5(7))

J

and rearranging the terms:
ve=(I - CH"(HCHT + 1) *H)o\?, + C.HT(HC.HT + 1)\,

Finally, as A — A1 is continuous over the set of invertible matrices, letting € — 0
gives:
lim v = (1 — K H)Oy + Ky

which concludes the proof. n

2.2.2. Formulation In Range Of The Covariance The form of the minimization
problem for each individual particle has a special structure which follows from the
fact that the predicted covariance is computed empirically and is a sum of rank
one matrices. This allows us to seek the solution of the minimization problem as a
linear combination of a given set of vectors, and to minimize over the scalars which
define this linear combination. This reformulation of the optimization problem is
useful if the number of ensemble members /N is much smaller than the dimension
of the data space, where the inversion of S takes place to form Kalman gain K.
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In order to implement the minimization in the N dimensional subspace we
note that Iier jn(v) is infinite unless

5 _ A
v—"0,1 = Cja

for some a € R™. From the structure of C;,; given in (1c) it follows that

v = 17](11 Z bel™, M = AJ(JF} M1 (7)

Here each unknown parameter b, € R and b := {b,,}¥_, is the unknown vector
to be determined. This form for v follows from the fact that

1 m
=N Z ) @elm (8)
m=1

which in turn implies that
1 N
0= 3 bue §)

Note that the unknown vector b depends on n as we need to solve the constrained
minimization problem for each of the particles, indexed by n =1,..., N; we have
suppressed the dependence of b on n for notational simplicity.

The expression (7) for v in terms of the e(™ can be substituted into (3) to
obtain a functional Jgier jn(b) to be minimized over b € RY, because v is an affine
function of b. Equation (7) may be written in compact form as

U—U]+1+Bb (10)
where B is the linear mapping from RY into #; defined by
1 N
= 2 b
We now identify Jhjer ;. (b). We note that (9) is solved by taking
by = (™ a).

Now note that

1 ) 1 1 Y
g lv=0 =50, Cna) = 5 3 B

m=1
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Using this and (10) in the definition of Igyer j»(v) We obtain

Jﬁlter,j,n(b) - Iﬁlter,j,n (63(1)1 + Bb)

and hence, from (3),

L o
Tateerjn(0) =5 | 9§ — HOJh — HBb [f 45 |b|2 (11a)
1 1 RN
=" (BTHTr—lﬂB + Nf)b - (j_ffTHTr—l(yJQ1 — H{}))) b+ const.
(11b)

Once b is determined it may be substituted back into (10) to obtain the solution
to the minimization problem.

The preceding considerations also yield the following result, concerning the
unconstrained Kalman minimization problem; its proof is a corollary of the more
general Theorem 2.4 from the next subsection, which includes constraints in the
minimization problem.

Corollary 2.3. Suppose that the dimensions of Hyi and Ho are finite. Given the
prediction (1a), the unconstrained Kalman update formulae may be found by
minimizing Jeer jn(b) from (11) with respect to b and substituting into (10).

We summarize the ensemble Kalman state estimation algorithm, using
minimization over the vector b, in the following pseudo-code:

Algorithm 2 EnKF Algorithm formulated in range of covariance

Choose {v§"}_,, j =0

Predict {173('117 WAV from (1)
Optimize {b(™}N_, as argmin of (11)
Update vy = o\, + Bb™ from (10)

j+J7+1, goto?2.

2.3. Constrained Ensemble Kalman Filter

In this subsection we introduce linear equality and inequality constraints on the
state variable into the ensemble Kalman filter. We make prediction according to
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(1), and then incorporate data by solving the minimization problem (3) subject
to the additional constraints

Fv=f, (12a)
Gv = g. (12b)

Here F and G are linear mappings which, respectively, take the state v into the
number of equality and inequality constraints; the notation < denotes inequality
componentwise.

2.3.1. Formulation In The Original Variables The preceding considerations lead
to the following algorithm for ensemble Kalman filtering subject to constraints

(the theoretical justification for using this algorithm follows from Theorem 2.4
below):

Algorithm 3 Constrained EnKF Algorithm
Choose {v{}_,, i =0

n=1»

Predict {aj(i)l}ﬁ:l, Cj41 from (1)
Update {Uj(i)l}N | from (4)

n—=
forn=1:N
if Ug('1)1 violates constraints in (12)

v\« argmin of (3) subject to (12)
end if
end for

Jj 4 J+1, goto?2.

2.3.2. Formulation In Range Of The Covariance The linear constraints (12) can
be rewritten in terms of the vector b, by means of (10), as follows:

FBb=f—Fo\?,, (13a)
GBb < g— Go). (13Db)
We may thus predict and then optimize the objective function Jgjer jn(b),

given by (11), subject to the constraints (13). Implementation of this leads to
following algorithm for ensemble Kalman filtering subject to constraints:
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Algorithm 4 Constrained EnKF Algorithm formulated in range of covariance

1: Choose {v{"}N_, j=0

2: Predict {17§1)1,e(”)}7]:7:1, from (1)

3: Update b™ < argmin of (11), v\, = Aj(i)l + Bb™ from (10)
4: forn=1: N

5 if vj(-’}r)l violates constraints in (12)

6: b™ < argmin of (11) subject to (13)

7 Update vy = o\, + Bb™ from (10)

8: end if

9: end for

10: j <7+ 1, go to 2.

Justification for the use of this algorithm, working in the constrained space
parameterized by b, is a consequence of the following:

Theorem 2.4. Suppose that the dimensions of Hi and Hs are finite. The problem
of finding v](-i)l as the minimizer of Igierjn(v) subject to the constraints (12)
is equivalent to finding b to minimize Jayer jn(b) subject to the constraints (13)
and then using (10) to find U](-:L_)l from b. Furthermore, both of these constrained
minimization problems have a unique solution provided that the constraint sets
are non-empty.

Proof. For notational convenience set 0 = 17](-1)1, y = yj(-i)l, y =y—Ho,C =0y
and C€ = Cj+1 + el.

Denote
* : 1 / /2 1 !
v* =argmin 5 |y — Hv F—|—§<a,v>
subject to e Ca =/ (14)
o[ =f—F%v
oGV =< g—Gv
_ : 1 H 2 1 ~ |2
Ve =argmin §|y— v|F+§|v—v a
subject to e Fv = f (15)
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and
1 1 N
J(U)_§!y HU\%+§\U—U%
1 1 .
Jw) =2 ly—HoR s vl

The part of the statement of Theorem 2.4 concerning existence of a minimizer
is a consequence of the Lemma 2.5 stated and proved below. The second part,
concerning the equivalence of minimization over b and over v (or v') was shown
prior to the theorem statement. This concludes the proof. O

Lemma 2.5. Suppose that the constraint sets of (14) and (15) are non empty,
then v* exists and is unique and for all € > 0, v, exists and is unique. Furthermore
limv. = v* + 0.
e—0
Proof. To prove existence and uniqueness of the solution of (14), notice that it
can be reformulated as
argmin J(v' +0)
subject to e Cla =’
o[ =f—F0v
oGV =X g—Gv

and that the restriction of C' over its range is strictly positive definite. Hence J
is a strongly convex function being minimized over a non empty closed convex
set. From standard theory v* exists and is unique. Then as C. is strictly positive
definite, the same type of arguments provide existence and uniqueness of v..

Now we prove the second part of the lemma. We note that v* + ¥ matches the
constraints of (15). It follows that for all € > 0, J.(v.) < J(v* +v). Then let us
prove that J.(v* + 0) - J(v* + 7). First denote by A\; < --- < Ay_; the strictly

€E—
positive eigenvalues of C' (recall that C' is symmetric positive semidefinite and that
rank(C) = N — 1 almost surely). Hence C-1 = S0} " Taah + Zzlm Ha) Lapal
where the a;’s are the eigenvectors of C (the first and second sums respectively
gather the vectors of the range and of the nullspace of C') . As v* lies in the range
of C, it holds that | v* +7 — 0 ]26:| v* %: Yo i (afv)?. Now as the ay’s
do not depend on ¢, by letting € tending to zero, this quantity will tend to

1 ~
kz_:l)\—akv =[v* 3=l v +0 -7

Q)’\"
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Therefore it holds that J.(v* +v) — J(v* + ¥). From this we deduce that there

e—0
exists 0 > 0 such that for all 0 < e <9, J.(v.) < J(v* +0) + 1.

Then set w, = v. — 0 = w? + w! where w? lies in the nullspace of C
and w! in its range (recall that for a symmetric matrix nullspace and range
are orthogonal) and see that Ji(v.) = § | ¥’ — Hw, [f +5 | we [%. It holds
that 1 | w. |26 < Je(ve) < J(v* +0) + 1 for e sufficiently small. Furthermore

¥ 1 . . . .
| we |26:| w? |2a + | w} |26: 2wl P+ | w! %, and since this quantity is

bounded from above we deduce that w? - 0 and that w! is bounded. Let

(6m)men be a sequence of positive real numbers such that e, e 0, and from
the preceding extract a converging subsequence (denoted (€,,)men for simplicity)
such that (w! )men converges to a limit denoted w*. As w! lies in R(C'), we can

use the eigenvalue decomposition of C' to show that | w! |52 — |w* |26 This

m 1 Cep m—00
limiting identity, and the fact that w? has limit 0, may be used to establish the
first equality within the following chain of equalities and inequalities:
* A~ . 1 1 .
Jw'+0) = lim = |y — Huwe, [p +5 | w,, 5 < lm J., (ve,)

< lim J. (0" +70) = J(v" + 7).

1
m
Now note that w* matches all the constraints of (14). Indeed w. lies in the
range of C' which is a closed space, also v,,, — 0 = w? 4wl T w*. It is clear
that v, — ¥ matches the equality and inequality constraints of (14) for all m and
hence passing to the limit we have that w* satisfies the equalities and inequalities.

From the uniqueness of the minimizer of (14) we have that w* is equal to v*.

In particular this means that v* is the unique cluster point of the original sequence

(w! )men. Since the original sequence was arbitrarily chosen, we conclude that

limv, =v* + 7. ]
e—0

Remark 2.6. Notice that the proof remains true if we take general convex
inequalities. We simply need the constrained sets to be closed and convex; however
we have restricted to linear equality and inequality constraints for simplicity and
because these arise most often in practice.

3. Ensemble Kalman Inversion

3.1. Inverse Problem

In this section we show how a generic inverse problem may be formulated as
a partially observed dynamical system. This enables the machinery from the
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preceding section 2 to be used to solve inverse problems.
We are interested in the inverse problem of finding u € H; from y € Hy
where

y=G(u)+n, n~N(@OT).

Time does not appear (explicitly) in this equation (although G may involve
solution of a time-dependent differential equation, for example). In order to use
the ideas from the previous section, we introduce a new variable w = G(u) and
rewrite the equation as

w =G(u),
Y =w +1).

The key point about writing the equation this way is that the data y is now
linearly related to the variable v = (u,w)? and now we may apply the ideas of
the previous section to the model by introducing the following dynamical system,
taking y;11 = vy as the given data:

Ujr1 =Uy,
Wij+1 :G(u]>7
Yjr1 =Wjp1 + Mjt1-
If we introduce the new variables
v=(u,w)’, T(v) = (u,G(u)" (16a)
H=1[0,1], H"=]II,0], (16b)
and write v; = (uj, w;)", we may write the dynamical system in the form
vj+1 =¥ (vy) (17a)
Yirr =Hvjp + 1541, (17b)
which is exactly in the same form as in the previous section. We note that

Hv=w, H'v=u.

3.2. Ensemble Kalman Inversion

The prediction step and the Kalman gain are defined as in (3), and the solution of
the optimization problem is given by (4). We now simplify these formulae using
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the specific structure on W, v, H arising in the inverse problem and given in (16);
this results in block form vectors and matrices. First we note that

C...= Jj+1 j+1 Tirq = Jj+1
J+1l — (Cuw )T Cuww | JHL— | - :
J+1 j+1 W1

Here
_ 1 Y (n) - (n)
“j-ﬁ-lzﬁzuj » Wit1 = ZG uj ") = G
n=1
and
1 X _
G = 5 X" = ) ® (G™) - G),
R )y _ A )y _ A
1= N;(G(uj ) —Gj) @ (G(u; ) — Gy),
v LN ) - ) -
TN ;(% — Uj1) ® (Uj — Ujt1)-

The covariance C}} denotes the empirical covariance of the ensemble in data
space, C}; denotes the empirical covariance of the ensemble in space of the
unknown u, and C}}; denotes the empirical cross-covariance from data space to
the space of the unknown.

Noting that S = (C}%4 +T')~" we obtain

uw + 1)~
K. 1:< ]wtul( j+1 ) (18)
a O +T) !

Combining equation (18) with the update equation within (4) it follows that

{v n)}n 1 _>{Ug+1}n 1

and
{H oY, — {H P
and hence that
U, = HA, =l (e 4 T) 7 (52 - Gl)).

Thus we have derived the EKI update formula:

= uf" + ;‘Tl( 1T P) 1(93(‘1)1 - G(“gn)>)' (19)
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We note also that

wfth = G™) + O (O + 1) (it - G™)). (20)
However wﬁ)l is not needed to update the state and so plays no role in this
unconstrained EKI algorithm. (It may be used, however, to impose constraints
on observation space, as discussed in the next subsection.)
In summary we have derived the following algorithm for solution of the
unconstrained inverse problem:

Algorithm 5 EKI Algorithm

. Choose {u{"}Y_,, j=0
. Calculate forward model applications {G(ugn)) N

: Update {uﬁ)l}ﬁll from (19)
: J 4+ J+1, goto 2.

N N

3.3. Ensemble Kalman Inversion With Constraints

3.3.1.  Formulation In The Original Variables We now consider imposing
constraints on the optimization step arising in ensemble Kalman inversion. As in
the unconstrained case we do this by formulating the problem as a special case of
the partially observed dynamical system, subject to constraints, from the previous
section.

To this end we formulate the constraints in the space of the unknown and
the data as follows:

Flu = f*, (21a)
Fow = v, (21b)
G'u = g, (21c)
GYw = g%, (21d)

The algorithm proceeds by predicting according to equation (1), and then
optimizing (3), all using the specific structure (16), and with the optimization
subject to the constraints (21), written in the notation of the general Kalman
updating formulae in (23), detailed below; in particular the rewrite (23) of the
constraints expresses everything in terms of the variable v. We may summarize
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the constraints as follows, to allow direct application of the ideas of the previous
section. To this end define

P (?ﬁ;) _ (i) £w> (22a)
GrHY (v 0

c;:(GwH):(O Gw) (22b)

(o)

Then the constraints (21) may be written as

Fv=f, (23a)
Gv = g. (23b)

See Algorithm 6 for the resulting pseudo-code.

Algorithm 6 Constrained EKI Algorithm
Choose {u{"}Y |, j =0

Calculate forv:arld model application {G (u§-n))

Update {uﬁl}ﬁ:l from (19)

Update {w](.i’l},fj:l from (20)

forn=1: N
if vj(-i)l = (uﬁl,wﬁ)l) violates constraints in (23)

vj(i)l < argmin of (3) subject to (16), (23)

end if

end for

Extract uﬂ)l = Hol

J+1-
: J 4+ J+1, goto 2.

N
n=1

— =
— O

3.3.2. Formulation In Range Of The Covariance We describe an alternative way
to approach the derivation of the EKI update formulae. We apply Theorem 2.4
with the specific structure (16), (23) arising from the dynamical system used in
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EKI. To this end we define

1 n w
Tieein(8) =3 | 95h = G(u) = B [+ bl (24a)
1 1
- ( (B")'T'B + NI)b ((Bw)TF Lyl — G(u§”))))Tb+const.
(24b)
where b is the vector of N scalar weights b,, and
1 (m) -
B'b = — Z bm(uj - uj), (25a)
B"b = — Z b (G(uS™) = G;), (25b)
B*b
Bb = ( B ) (25¢)

Once this quadratic form has been minimized with respect to b then the
update formula (7) gives

gfl_u +N me( )7 (26a)
wi™ = Gd) ﬁ:: m(GS™) = G;). (26D)

Note that the vector {b,,} depends on the particle label n; as in the previous
section, we have suppressed this dependence for notational convenience. We may
now impose linear equality and inequality constraints on both u and w = G(u)
(i.e. in parameter and data spaces) and minimize (24) subject to these constraints.
To be more specific if we impose the constraints (23) expressed in the variable b:
FBb=f— Fo\?,, (27a)
GBb < g— GU]_H (27b)

Here F, G, f and g are given by (22), B is defined by (25) and

See Algorithm 7 for the resulting pseudo-code.
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Algorithm 7 Constrained EKI algorithm formulated in range of covariance

. Choose {u"}Y_, j=0

n=1»

N
n=1

1

2: Calculate forward model application {G (u§-n))

3: Update b(™ < argmin of (24), {uﬁ)l N | and {wé@l}ﬁf:l from (26)
4: forn=1: N

5. if vﬁ)l = (uﬁ)l,wj(-i)l) violates constraints in (27)

6 b < argmin of (24) subject to (27)

7 Update {uﬁ)l} and {w](i)l} from (26)

8 end if

9: end for

10: j <7+ 1, go to 2.

Remark 3.1. As in the previous section, the result holds true for general convex
inequality constraints; the linear case is considered for simplicity of exposition,
and because it is most frequently arising in practice.

Remark 3.2. The EKI algorithm, with or without constraints, has the following
invariant subspace property: define A = span(u(()"))ne{h.., ~y, then for all j in
{0,...,J}and forallnin {1,---, N}, then the ug-n) defined by the three algorithms
in this section all lie in A. This is a direct consequence of writing the update
formulae in terms of b and noting (26).

We can now state a result analogous to Theorem 2.4, and with proof that is
a straightforward corollary of that result, using the specific structure (16):

Theorem 3.3. Suppose that the dimensions of Hi and Ho are finite. Suppose
also that the specific structure (16) is applied. The problem of finding U§T1 from
the minimizer of Igierjn(v), defined in (3) and subject to the constraint (21), is
equivalent to finding b that minimizes (24), subject to (27), and then using (26) to
find ugi)l from b. Furthermore, both of these constrained minimization problems
have a unique solution provided that the constraint sets are non-empty.

4. Numerical Results

This section contains numerical results which demonstrate the benefits of imposing
constraints on ensemble Kalman methods. Subsection 4.1 concerns an application
of state estimation (using EnKF) in biomedicine, using real patient data, whilst
subsection 4.2 concerns on application of inversion (using EKI) in seismology and
employs simulated data. When comparing results from the two experiments, recall
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that iterations of EKI correspond to an algorithmic dynamics intended to converge
to a single distribution (over ensemble members) on the parameters for which we
invert, whereas iterations of EnKF correspond to the incorporation of new data
at every physical measurement time, and thus the distribution (over ensemble
members) is not necessarily expected to converge as the iteration progresses.

4.1. State Estimation

Here we present an application of the constrained EnKF to the tracking and
forecasting of human blood glucose levels. We use self-monitoring data collected by
an individual with Type 2 Diabetes. We use the "P1" data set described by Albers
et al. in [32]; this dataset includes measurements of blood glucose and consumed
nutrition, and is publicly available on physionet.org. For more information on
the data, and on an unconstrained data assimilation approach using the unscented
Kalman filter, see [32]. We model the glucose-insulin system with the ultradian
model proposed by [33]. The primary state variables are the glucose concentration,
G, the plasma insulin concentration, I,,, and the interstitial insulin concentration,
I;; these three state variables are augmented with a three stage delay (hy, ho, h3)
which encodes a non-linear delayed hepatic glucose response to plasma insulin
levels. The resulting ordinary differential equations have the form:

dl, L, L. I

E:fﬂG)_E(vp_Vi)_g (28a)
i, L, L. I,

E—E(Vp—i)—a (28b)
dG

o fa(hs) + me(t) — fo(G) = f3(L)G (28¢c)
dhy 1

e E(Ip — hy) (28d)
dh 1

(7; - E(hl — hy) (28e)
dhy 1

i E(hQ — h3) (281)

Here mg(t) represents a known rate of ingested carbohydrates, fi(G) represents the
rate of glucose-dependent insulin production, f»(G) represents insulin-independent
glucose utilization, f3(I;)G represents insulin-dependent glucose utilization and
fa(hs) represents delayed insulin-dependent hepatic glucose production; the
functional forms of these parameterized processes can be found in the appendix,
along with a description of model parameters.
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In the EnKF setting, we write u = [I,,, I;, G, hy, ha, hs], and use (28) to define

F such that J

U
— = F(u,t, 0
dt (u’ ) )7

where 0 contains model parameters. We then extend the state vector in order to
perform joint parameter estimation: v = [u, R,]”.

For the purposes of this paper, the function mg(t) may be viewed as known;
it is determined from data describing meals consumed by the patient. Since insulin
(I, and I;) and delay variables (hy, ho, and hs3) are not measured, whilst glucose is
measured, we define the measurement operator to be H = [0,0,1,0,0,0,0]. The
discrete time forward model is obtained by integrating the deterministic model in
(28) between consecutive measurement time-points and applying an identity map
to R,. Because these time-points may not be equally spaced, and because the
time-dependent forcings (meals) will differ in different time-intervals, this leads to
a map of the form

vjy1 = V;(vy).
This is a slight departure from the methodology outlined in section 2, where ¥
does not depend on j (autonomous dynamics) but is a straightforward extension
which the reader can easily provide.

We present EnKF results from a single patient’s data when run with and
without constraints (Algorithms 1 and 3 respectively). We performed joint state-
parameter estimation, augmenting the state with parameter R, (see Appendix for
details of where this parameter appears) and adding identity-map dynamics for
parameter I7,. The following constraints were imposed:

10017 10000
0.01 10000
2000 40000
0.01| <v = | 10000 (29)
0.01 10000
0.01 10000
0 1000000 |

Figure 1 compares the overall distribution of updated state means over time
when running EnKF with and without these state constraints. While individual
particles in this experiment often violated the constraints, the overall updated
means did not. Nevertheless, enforcement of lower-bound constraints shifts up the
state distribution slightly. Note that upper bound constraints were never violated
in this experiment.
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Figure 2 shows a two-dimensional state projection of updated particles at
a given time step before and after applying the constrained optimization. Note
that particles may additionally violate constraints in unplotted dimensions—this
explains why one particle whose unconstrained update appears to live within
the constraints is in fact differently updated under the constrained optimization.
Time step 126 was selected for illustrative purposes, and was the measurement
event in which particles most often violated the constraints.

Figure 3 depicts the overall frequency of constraint violations. We observe
that the the measured state (blood glucose) never violated a constraint, nor did the
inferred parameter R,. However, other model states did often violate constraints,
and up to 30% (4/13) of particles simultaneously violated the constraints at a
single time-step.

By adding constraints, we ensure that all the simulations which constitute
the ensemble method are biologically plausible.

Updated State Means across measurement timepoints

5011 60
1 I
401 I
1 40
£30f, E
3. | 3
o 20 | o 20
1 I
10 | A
0 0
0 100 200 0 200 400 600 1 1.5 2
Plasmalnsulin Interstitiallnsulin BloodGlucose 104
60
[ EnkF
1 EnKF w/ Constraints
.40
c
>3
8
20
0
50 100 150 200 250 0 100 200 300 0 100 200 300
h1 h2 h3

Figure 1 The distribution of mean state updates when running EnKF with and
without inequality constraints. Black vertical lines denote lower bound state
constraints.
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Particle updates at measurement # 126

9 Unconstrained update | &

Constrained update |

40
°%

60

@
@

20

h1

Figure 2 Particle updates at a given time-step (here, measurement 126) are shown
using a traditional Kalman gain versus using the constrained optimization. The
black lines denote lower bound constraints on the states hi and hs.

Rg
h3

h2

h1

Iteration

BloodGlucose

Interstitialinsulin

Plasmalnsulin

0 50 100 150 200 250 300 350
Iteration

Figure 3 Percentage map of the constraint violations, where each lower-bound
constraint is represented by a row. At each iteration, the percentage of particles
that violated a constraint is color-coded, with yellow representing the largest
proportion of constraint violations.
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4.2. Inverse Problem

Here we present application of the constrained EKI in seismology. We study
near-surface site characterization in which we invert for the shear wave velocity
profile of the geomaterials in the earth shallow crust, using downhole array data.
For forward modeling, we consider a semi-discrete form of the following wave
equation in a horizontally stratified heterogeneous soil layer:

o[ ,, . od(zt)] 02%d(zt)
azlcs(z) 0z ]_ o2

Here d(z,t) is the displacement field of the wave response as a function of spatial
variable z € (0, H) and time variable ¢ € (0,7]. The function ¢,(z) is the shear
wave velocity function. We impose the following boundary and initial conditions:

=0.

d(H,t) = do(t), 0d(0,t)/0z=0, d(2,0)=0, d(z0)/0t=0

where dy(t) is the prescribed displacement at depth z = H. Generally, the
shear wave velocity changes as a piecewise constant function with depth. If the
layering information, i.e., the total number of layers and their thickness, is not
available or is poorly characterized, it is desired to use a generic function for site
characterization, such as this:

Cs0 0<2<2
cs(2) = Qeso(1 + k(2 — 2))" 20<2<z.
acso(l 4+ k(z1 —20))" z21<z<H

See, for example, [34]. In the constrained EKI setting, u = (cy0, k, 20, 1, 21, &) and
G(u) = 0%d(0,t) /0t

For the numerical example studied here, G* and g" are determined by enforcing
the constraints 0 < ¢y9 < 1000, 0 < k£ <100,0< 20 <2,0<n<1,20< 2z < H,
and 1 < a < 10. We generate the initial ensemble by drawing samples from
uniform distributions and discard members that violate the enforced constraints.
In order to avoid very large velocities at z = z1, we also discard members with
¢s(z1) > 5000m/s. If we perform parameter learning using the unconstrained EKI,
the experiment fails at 7 = 1 because of incapability of the dynamic model to
propagate unphysical values of the shear wave velocity c,.

All results shown use Algorithm 7. Figure 4 shows the ensemble distribution
of u at j = 2 before and after enforcing constraints whilst Figure 5 shows the
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evolution of the updated ensemble. Note that parameter k saturates with an
ensemble close to the upper bound of 100 imposed through constraints on this
parameter; however experiments in which we imposed different upper bounds on
this parameter lead to different estimates for k, with little change to the estimated
velocity profile and we conclude that this parameter suffers from identifiability
issues. (Note that Figure 4 displays the updated ensemble distribution at a
single step in the sequence of ensemble updates, comparing the effect of imposing
constraints with neglecting them; in contrast Figure 1 shows the distribution over
all measurement time-points of the ensemble means. The figures thus illustrate
different phenomena).

Moreover, Figure 6a shows the map of violation for different constraints
enforced on parameters whilst Figure 6b shows the estimated generic ¢, profile
after 40 iterations compared to the true profile and the initial estimate. Figure 6a
shows the key role employed by the enforcing of constraints. In this case the
addition of constraints ensures that all the simulations which constitute the
ensemble method are physically meaningful, and also that the forward model
remains well-posed.

100 50

I Ungonstrained update 0
[ Cofjstrained update 4

30

80

count

20

10

z0/H
50

40

30

20

10

n o /H @

Figure 4 The distribution of parameters before and after enforcing constraints in
Algorithm 7 at iteration j = 2. Black vertical lines denote the lower and upper
bound constraints.
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Figure 5 Evolution of the updated ensemble with iteration. Black horizontal lines
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Figure 6 (a) The percentage map of the constraint violations for the first 20
iterations; (b) the estimated velocity profile (uj—40) compared to the true profile
(u') and the initial estimate (j—)
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5. Conclusions

Constraints arise naturally in many state and parameter estimation problems. We
have shown how convex constraints may be incorporated into ensemble Kalman
based state or parameter estimation algorithms with relatively few changes to
existing code: the standard algorithm is applied and for any ensemble member
which violates a constraint, a quadratic optimization problem subject to convex
constraints is solved instead. We have written the resulting algorithms in easily
digested pseudo-code, we have developed an underpinning theory and we have
given illustrative numerical examples.

Two primary directions suggest themselves in this area. The first is the use
of these methods in applications. As indicated in the introduction, our general
formulation is inspired by the two papers [8, 6] from the geosciences and we have
demonstrated applicability to problems from biomedicine and seismology; but
many other potential application domains are ripe for application of ensemble
Kalman methodology, because of its black-box and derivative-free formulation,
and the ability to impose constraints in a straightforward fashion will help to
extend this methodology. The second is the theoretical analysis of these methods:
can the inclusion of constraints be used to deduce improved accuracy of state or
parameter estimates; or can the inclusion of constraints be used to demonstrate
improved performance as measured, for example, by proportion of model runs
which are physically (or biologically etc.) plausible? Furthermore, although the
imposition of constraints is reasonable, it is not clear that it may not lead to
pathologies in algorithmic performance and ruling out, or understanding, the
occurrence of such pathological behaviour may be important.
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Appendix

We give the details of the ultradian model of glucose-insulin dynamics used as the
forward model in subsection 4.1. An example of the induced dynamics is given in
Figure 7.
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af ThO P ) g w
C;fj = falhs) +ma(t) = £2(G) = f5(1)G (32)
= Ly~ ) (33)
‘Z‘; = tld(hl — hy) (34)
s i}hz hy) (35)

where, for N meals at times {t;}, with carbohydrate composition {m;}}

N mjk
ma(t) =Y o exp(k(t; —t)), N =4#{t; <t} (36)
=1
and
fi(G) = F : the rate of insulin production (37)
' L+ exp(pZ +ar) P
fo(G) = Up(1 — exp(gv )) : insulin-independent glucose utilization (38)
2Vyg
f3(L;) = L(U + M) f5(Z;)G : insulin-dependent glucose utilization
32—03‘/90 1+(/‘€Ii)_’8732 : p )
(39)
fa(hs) = Hy : delayed insulin-dependent glucose utilization
T T eola(d — 1)) P &
(40)
11 1
- (= _ 41
=S T B (41)
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