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Abstract

We design and analyse the performance of a multilevel ensemble Kalman filter method
(MLEnKF) for filtering settings where the underlying state-space model is an infinite-
dimensional spatio-temporal process. We consider underlying models that needs to be
simulated by numerical methods, with discretization in both space and time. The mul-
tilevel Monte Carlo sampling strategy, achieving variance reduction through pairwise
coupling of ensemble particles on neighboring resolutions, is used in the sample-
moment step of MLEnKF to produce an efficent hierarchical filtering method for
spatio-temporal models. Under sufficent regularity, MLEnKF is proven to be more
efficient for weak approximations than EnKF, asymptotically in the large-ensemble
and fine-numerical-resolution limit. Numerical examples support our theoretical find-
ings.
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1 Introduction

Filtering refers to the sequential estimation of the state # and/or parameters of a system
through sequential incorporation of online data y. The most complete estimation of
the state u,, at time n is given by its probability distribution conditional on the obser-
vations up to the given time P(du,|y1, ..., y») [2,27]. For linear Gaussian systems,
the analytical solution may be given in closed form via update formulae for the mean
and covariance known as the Kalman filter [31]. More generally, however, closed
form solutions typically are not known. One must therefore resort to either algorithms
which approximate the probabilistic solution by leveraging ideas from control theory
in the data assimilation community [27,32], or Monte Carlo methods to approximate
the filtering distribution itself [2,11,15]. The ensemble Kalman filter (EnKF) [9,17,35]
combines elements of both approaches. In the linear Gaussian case it converges to the
Kalman filter solution in the large-ensemble limit [41], and even in the nonlinear case,
under suitable assumptions it converges [36,37] to a limit which is optimal among
those which incorporate the data linearly and use a single update iteration [36,40,44].
In the case of spatially extended models approximated on a numerical grid, the state
space itself may become very high-dimensional and even the linear solves may become
intractable, due to the cost of computing the covariance matrix. Therefore, one may be
inclined to use the EnKF filter even for linear Gaussian problems in which the solution
is computationally intractable despite being given in closed form by the Kalman filter.

The Multilevel Monte Carlo method (MLMC) is a hierarchical and variance-
reduction based approximation method initially developed for weak approximations of
random fields and stochastic differential equations [18,19,21]. Recently, a number of
works have emerged which extend the MLMC framework to the setting of Monte Carlo
algorithms designed for Bayesian inference. Examples include Markov chain Monte
Carlo [14,22], sequential Monte Carlo samplers [6,26,42], particle filters [20,25], and
EnKEF [23]. The filtering papers thus far [20,23,25] consider only finite-dimensional
SDE forward models. In this work, we develop a new multilevel ensemble Kalman
filtering method (MLEnKF) for the setting of infinite-dimensional state-space models
with evolution in continuous-time. The method consists of a hierarchy of pairwise
coupled EnKF-like ensembles on different finite-resolution levels of the underlying
infinite-dimensional evolution model that all depend on the same Kalman gain in the
update step. The method presented in this work may be viewed as an extension of
the finite-dimensional-state-space MLEnKF method [23], which only considered a
hierarchy of time-discretization resolution levels.

Under sufficient regularity, the large-ensemble limit of EnKF is equal in distribu-
tion to the so-called mean-field EnKF (MFEnKF), cf. [34,36,37]. In nonlinear settings,
however, MFEnKF is not equal in distribution to the Bayes filter, which is the exact fil-
ter distribution. More precisely, the error of EnKF approximating the Bayes filter may
be decomposed into a statistical error, due to the finite ensemble size, and a Gaussian
bias that is introduced by the Kalman-filter-like update step in EnKF. While the update-
step bias error in EnKF is difficult both to quantify and deal with, the statistical error
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can, in theory, be reduced to arbitrary magnitude. However, the high computational
cost of simulations in high-dimensional state space often imposes small ensemble size
as a practical constraint. By making use of hierarchical variance-reduction techniques,
the MLEnKF method developed in this work is capable of obtaining a much smaller
statistical error than EnKF at the same fixed cost.

In addition to design an MLEnKF method for spatio-temporal processes, we provide
an asymptotic performance analysis of the method that is applicable under suffi-
cient regularity of the filtering problem and L”-strong convergence of the numerical
method approximating the underlying model dynamics. Sections 5 and 6 are devoted
to a detailed analysis and practical implementation of MLEnKF applied to linear and
semilinear stochastic reaction—diffusion equations. In particular, we describe how the
pairwise coupling of EnKF-like hierarchies should be implemented for one specific
numerical solver (the exponential-Euler method), and provide numerical evidence for
the efficiency gains of MLEnKF over EnKF.

Since particle filters are known to often perform better than EnKF, we also include a
few remarks on how we believe such methods would compare to MLEnKF in filtering
settings with spatial processes. Due to the poor scaling of particle ensemble size in
high dimensions, which can even be exponential [7,38], particle filters are typically not
used for spatial processes, or even modestly high-dimensional processes. There has
been some work in the past few years which overcomes this issue either for particular
examples [5] or by allowing for some bias [4,45,48,49]. But particle filters cannot yet
be considered practically applicable for general spatial processes. If there is a well-
defined limit of the model as the state-space dimension d grows such that the effective
dimension of the target density with respect to the proposal remains finite or even
small, then useful particle filters can be developed [33,39]. As noted in [10], the key
criterion which needs to be satisfied is that the proposal and the target are not mutually
singular in the limit. MLMC has been applied recently to particle filters, in the context
where the approximation arises due to time discretization of a finite-dimensional SDE
[20,25]. It is an interesting open problem to design multilevel particle filters for spatial
processes: Both the range of applicability and the asymptotic performance of such a
method versus MLEnKF when applied to spatial processes are topics that remain to
be studied.

The rest of the paper is organized as follows. Section 2 introduces the filtering
problem and notation. The design of the MLEnKF method is presented in Sect. 3. Sec-
tion 4 studies the weak approximation of MFEnKF by MLEnKEF, and shows that in this
setting, MLEnKF inherits almost the same favorable asymptotic “cost-to-accuracy”
performance as standard MLMC applied to weak approximations of stochastic spatio-
temporal processes. Section 5 presents a detailed analysis and description of the
implementation of MLEnKF for a family of stochastic reaction—diffusion models.
Section 6 provides numerical studies of filtering problems with linear and semilinear
stochastic reaction—diffusion models that corroborate our theoretical findings. Con-
clusions and future directions are presented in Sect. 7, and auxiliary theoretical results
and technical proofs are provided in “Appendices A, B and C”.
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2 Set-up and single level algorithm
2.1 General set-up

Let (2, F, IP) be a complete probability space, where [P is a probability measure on
the measurable space (€2, F). Let V be a separable Hilbert space with inner product
(-,-yy and norm || - ||y = +/{-, -)y. Let V denote a subspace of } which is closed in
the topology induced by the norm || - ||y = +/{-, -)v, which is assumed to be a stronger
norm than || - ||y. For an arbitrary separable Hilbert space (KC, || - ||x), we denote the
associated LP-Bochner space by

LP(Q,K) = {u: Q2 — K | u is measurable and E[|lu|/}-] < oo}, for p € [1, 00),

where |ullzr@ ) = (E[||u||’f"c])1/l’, or the shorthand [lu||, whenever confusion is
not possible. For an arbitrary pair of Hilbert spaces /C; and K5, the space of bounded
linear mappings from the former space into the latter is denoted by

LKy, Kp) = {H 1K1 — Ky | Hislinear and || H Lk, ./cy) < oo},

where VHx]
XK
IH gy ky = sup  ———2.
xeknoy xllx,
In finite dimensions, (R™, (-, -)) represents the m-dimensional Euclidean vector space
withnorm | - | := /(-, -), and for matrices A € L(R™!, R"?), |A| := || AllL®m1 Rm2).

2.1.1 The filtering problem

Given ug € Np>2LP (2, V) and the mapping W : L7 (2, V) x Q@ — LP(Q2,V), we
consider the discrete-time dynamics

Up+1(@) = VY(uy, w), for n=0,1,...,N—1. €))
and the sequence of observations
(@) = Huy(@) + np(@), n=1,2,...,N. 2)

Here, H € L(V,R™) and the sequence {n,} consists of independent and identically
N (0, T')—distributed random variables with ' € R”>*"™ positive definite. In the sequel,
the explicit dependence on w will be suppressed where confusion is not possible. A
general filtering objective is to track the signal u,, given a fixed sequence of observa-
tions Y, := (¥1, y2, ..., Yn), 1.€., to track the distribution of u,|Y, forn = 1,.... In
this work, however, we restrict ourselves to considering the more specific objective
of approximating E[¢(u,)|Y,] for a given quantity of interest (Qol) ¢ : V — R. The
index n will be referred to as time, whether the actual time between observations is
1 or not (in the examples in Sect. 5 and beyond it will be called T), but this will not
cause confusion since time is relative.
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2.1.2 The dynamics

We consider problems in which W is the finite-time evolution of an SPDE, e.g. (35),
and we will assume that W cannot be evaluated exactly, but that there exists a sequence
(W8 LP(Q,V) x Q — LP(Q, V)13, of approximations to the solution ¥ := W
satisfying the following uniform-in-¢ stability properties

Assumption 1 Forevery p > 2,itholdsthat W : L? (2, V)xQ — L?(2, V), and for
allu, v € LP (L2, V), the solution operators {\Ife}j_?io satisfy the following conditions:
there exists a constant 0 < ¢y < oo depending on p such that

A 19w — V@) lr@ vy <cwlu — vlLrq.y) . and
(i) I @)llLr@.y) < co(+ lullLr@)-

For notational simplicity, we restrict ourselves to settings in which the map W (-)
does not depend on n, but the results in this work do of course extend easily to non-
autonomous settings when the assumptions on {\I/,Z}flvz | are uniform with respect to
n.

Remark 1 The two approximation spaces V C V are introduced in order to obtain
convergence rates for numerical simulation methods W* that are discretized in physical
or state space. See Assumption 2(i)—(ii) and inequality (41) for an example of how
this may be obtained in practice.

2.1.3 The Bayes filter
The pair of discrete-time stochastic processes (u,, y,) constitutes a hidden Markov

model, and the exact (Bayes-filter) distribution of u,|Y,, may in theory be determined
iteratively through the system of prediction-update equations

1
P(du,|Y,) = ——=—=L(uy; y)Pduy|Y,-1),

Z(Yn)
P(dup|Yy—1) = / P(dupup—1)P(dup—11Yy-1),
un,]EV

1
Laus y) = exp | = S0y, = Hu) 2},

Z(¥,) = / |l )Py ).
up€e

When the state space is infinite-dimensional and the dynamics cannot be evaluated
exactly, however, this is an extremely challenging problem. Consequently, we will
here restrict ourselves to constructing weak approximation methods of the mean-field
EnKEF, cf. Sect. 2.4.

@ Springer



76 A. Chernov et al.

2.2 Some details on Hilbert spaces, Hilbert-Schmidt operators, and
Cameron-Martin spaces

For two arbitrary separable Hilbert spaces /C; and /7, the tensor product 1 ® K5 is
also a Hilbert space. For rank-1 tensors, its inner product is defined by

v, u' @V, oK, = w, u)c, (v, V),  Vu,u' €Ky, Vv, v €Ky,

which extends by linearity to any tensor of finite rank. The Hilbert space K} ® K, is
the completion of this set with respect to the induced norm

lu ® v, ex, = lull, lIvi,- 3)

Let {ex} and {er} be orthonormal bases for K| and K;, respectively, and observe that
finite sums of rank-1 tensors of the form X := ), . «;je; ® é; € K1 ® K3 can be
identified with a bounded linear mapping

i,j

Tx : K — K1 with Tx(f) =Y aijf@ei. for feKs. 4)
i,j

For two bounded linear operators A, B : IC;‘ — K1 we recall the definition of the
Hilbert-Schmidt inner product and norm

~ A 1/2
(A.B)ys =Y (A&}, B&)k,. |Alns= (A, A)yy,

k

where {¢;} is the orthonormal basis of '} satisfying &;(é;) = & for all j, k in the
considered index set. A bounded linear operator A : K5 — K is called a Hilbert-
Schmidt operator if |A|gs < oo and H S(K3, K1) is the space of all such operators.
In view of (4),

2 A .
\Tx s = Z<Zaij€}§(€j)€i, Zai'jfez(ej’)ei'>
ko \ij i"j'
2
= Z loij|
i,J

= ”X”/Cl@]Cz‘

Ky

By completion, the space K| ® K, is isometrically isomorphic to HS(IC5, K1) (and
alsoto HS (K2, K1) by the Riesz representation theorem). For an element A € IC; ®/C)
we identify the norms

Al ek, = |AlHs,

and such elements will interchangeably be considered either as members of K| ® K
or of HS(KC5, KC1). When viewed as A € HS(K3, K1), the mapping A : K5 — K is
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defined by
Af =) Aijf@jei, for f €K;,
i,J
where A;; 1= (e;, Aé’;);cl, and when viewed as A € K1 ® K,, we use tensor-basis
representation

A= ZAijei ®éj.
i,J

The covariance operator for a pair of random variables Z, X € LZ(Q, V) is denoted
by
Cov[Z, X] =E[(Z-E[Z) @ (X —E[X])] e VRV,

and whenever Z = X, we employ the shorthand Cov[Z] := Cov[Z, Z]. For com-
pleteness and later reference, let us prove that said covariance belongsto V ® V.

Proposition1 Ifu € L*(Q2, V), then C := Covlu] e V® V.

Proof By Jensen’s inequality,

ICllvey = IE[(u — E[u]) ® (u — E[uD] lvev
<E[ll(u—E[u]) ® u —E[u)llygy]
= |lu —E[u

2
L2(Q,V)

2
]“LZ(Q,V)

= [lull — IE[u]l} < oo.

2.3 Ensemble Kalman filtering

EnKF is an ensemble-based extension of Kalman filtering to nonlinear settings. Let
{ﬁo,i}i"i | denote an ensemble of M i.i.d. particles with vo; 2 ug. The initial dis-
tribution PP, can thus be approximated by the empirical measure of {ﬁo,i}?i - By
extension, let {U,, ; },-Ai | denote the ensemble-based approximation of the updated dis-
tribution u,,|Y, (atn = 0 we employ the convention Yy = @, sothatug = ug|Yp). Given
an updated ensemble {0y, i}f‘i |» the ensemble-based approximation of the prediction
distribution u,,4 1Y, is obtained through simulating each particle one observation time
ahead:

Upnt1i =V 0p), i=1,2,..., M. 5)

We will refer to {0+ L,-}f‘i | as the prediction ensemble at time n + 1, and we also
note that in many settings, the exact dynamics W in (5) have to be approximated by a
numerical solver.
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Next, given {0;,+ l,i}iAi | and a new observation y, 1, the ensemble-based approx-
imation of the updated distribution u,1|Y,+1 is obtained through updating each
particle path

yn+l,i = Yn+1 + Mnt1,is

A MC MC =~
Upt1,i = — K,y H)vg1,i + K5 Y4140

(6)

where {Un+1,i}?i | is an independent and identically N (0, T") — distributed sequence,
the Kalman gain

K = (Cn+1 >(S !

is a function of
Siv1 = HCIGH* +T,
the adjoint observation operator H* € L(R™, V*), defined by
(H*a)(w) = (a, Hw) forall a e R" and w €V,
and the prediction covariance

CY = Covylvnsil .

with

Covylup, vy] = (Epmlup @ vyl — Eyluy] ® Eplvn])

M—1

1 M
Enlva] = 52> vni @)
i=1

and the shorthand Covys[u,] := Covysluy, u,].
We introduce the following notation for the empirical measure of the updated
ensemble {ﬁn,,‘}ini]:

M
'c = Z ®)

and for any Qol ¢ : V — R, let

' To] —f din'® = —Zw(vm

Due to the update formula (6), all ensemble particles are correlated to one another
after the first update. Even in the linear Gaussian case, the ensemble will not remain
Gaussian after the first update. Nonetheless, it has been shown that in the large-
ensemble limit, EnKF converges in L”(€2) to the correct (Bayes-filter) Gaussian in
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the linear and finite-dimensional case [37,41], with the rate O(M —1/2y for Lipschitz-
functional Qol with polynomial growth at infinity. Furthermore, in the nonlinear cases
admitted by Assumption 1, EnKF converges in the same sense and with the same rate
to a mean-field limiting distribution described below.

Remark 2 The perturbed observations y, ; were originally introduced in [9] to correct
the variance-deflation-type error that appeared in its absence in implementations fol-
lowing the original formulation of EnKF [16]. It has become known as the perturbed
observation implementation.

2.4 Mean-field ensemble Kalman filtering

In order to describe and study convergence properties of EnKF in the large-ensemble
limit, we now introduce the mean-field EnKF (MFEnKF) [36]: Let vy ~ P, and

1 = W (vp),
Predict ’Zln-H = ]E[Ijn_;,_l] , 9
Cuy1 =E[(Wns1 — Muy1) ® Wyt — Mny1) ]

Sn-i—l = Hén+1H* +TI
- [ x o—1

Update | Kn+1 = Cott H7S, 1 (10)
Yntl = Yn+l + NMn+1

77n+l = (I - kn—Q—lH)'jn-ﬁ—l + Kn+lyn+l-

Here n,, are i.i.d. draws from N (0, I'). In the finite-dimensional state-space setting, it
was shown in [36,37] that for nonlinear state-space models and nonlinear models with
additive Gaussian noise, respectively, EnKF converges to MFEnKF with the L”($2)
convergence rate O(M —1/2y a5 long as the models satisfy a Lipschitz criterion, similar
to (but stronger than) Assumption 1. And in [23], we showed for that MLEnKF con-
verges toward MFEnKF with a higher rate than EnKF does in said finite-dimensional
setting. The work [34] extended convergence results to infinite-dimensional state space
for square-root filters. In this work, the aim is to prove convergence of the MLEnKF for
infinite-dimensional state space, with the same favorable asymptotic cost-to-accuracy
performance as in [23].

The following L”-boundedness properties ensures the existence of the MFEnKF-
process and its mean-field Kalman gain, and they will be needed when studying the
properties of MLEnKF:

Proposition 2 Assume the initial data of the hidden Markov model (1) and (2) satésﬁes
ug € Np=2LP(L, V)._ Then the MFEnKF process (9) and (10) satisfies vy, v, €
Np>2LP (2, V) and || Ky || L®m, vy < o0 foralln € N.

Proof Since vy = ug, the property clearly holds for n = 0. Given Un € LP(Q, V),
Assumption 1 guarantees v,y € L (2, V). By Proposition 1, C,,+1 € V ® V. Since
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HCypi1H* > 0and T > 0, it follows that H*S,, € L(R™, V*) as

| H* Sn+1||L(]Rm Vo < TH* |l @m v S, +1|
<IHllLwrmIT ™

< 00.
Furthermore, since V* C V* it also holds that || H* S l|| L(®m,v*) < 0o and

- = o1
I Knt1llL@gn vy < ICustllLevs vyl H*S, (llL@m v+
< Casrllvev I H*S, ) L@ ve

< Q.

The result follows by recalling that V' C V and by the triangle inequality:

lVnt1llLr@, vy < lUnsillLr,v)

+ 1 Kns1llLwn, vy (1H Ot e, mmy + 9t ll e, mm))
< Q.

]

We conclude this section with some remarks on tensorized representations of the
Kalman gain and related auxiliary operators that will be useful when developing
MLEnKEF algorithms in Sect. 3.3.

2.4.1 The Kalman gain and auxiliary operators

Introducing complete orthonormal bases {e;}7 | for R, and {¢;} for V, it follows
that H € L(V, R™) can be written

m o0
=2 Z el © ¢
i=1 :
with H;j := (e;, H¢;). And since || H ||y rm) < 00, it holds that
o
> Hy¢r eV, forallie{l1,2,....m).
Jj=1

For the covariance matrix, it holds almost surely that Cn HEV®VCVRV,soit
may be represented by

e¢]

Cn+l = Z n+1 zj¢l ®¢J’ where Cn+1 ij - : (¢u Cn—',—l¢ )
i,j=1
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For the auxiliary operator, it holds almost surely that
Rn+l = Cn+1H* € L(Rm V)v

so it can be represented by

n+l ZZ Rn+1 11¢i ®ej, where Rn+1 ij Z Cn+1 ikHjk-
i=1 j=1

Lastly, since (SMS)~! e L(R™, R™) and KM€ e L(R™, V) almost surely, it holds
that

MC \—1
nHU (ZHlkRnHkJ)+I‘,]andKn+ll] ZRnHlk( M >k,-'

3 Multilevel EnKF
3.1 Notation and assumptions

Recall that {¢}7° | represents a complete orthonormal basis for )V and consider the

hierarchy of subspaces V, = span{qbk},]cvi |» Where {N,} is an exponentially increasing
sequence of natural numbers further described below in Assumption 2. By construc-
tion, Vo C V| C --- C V. We define a sequence of orthogonal projection operators
{Pe:V — Vy} by

Ny

Pev = Z(¢j, v)yg; € V.

j=1
It trivially follows that V, is isometrically isomorphic to R™¢, so that any element
v* € V, will, when convenient, be viewed as the unique corresponding element of
RN whose kth component is given by (¢, vty for k € {1,2,..., Ng}. For the
practical construction of numerical methods, we also introduce a second sequence of
projection operators {I1, : V — V,}, e.g., interpolant operators, which are assumed
to be close to the corresponding orthogonal projectors and to satisfy the constraint
I,V = PV = V. This framework can accommodate spectral methods, for which
typically IT, = Py, as well as finite element type approximations, for which IT; more
commonly will be taken as an interpolant operator. In the latter case, the basis {¢;}
will be a hierarchical finite element basis, cf. [8,47].

We now introduce two additional assumptions on the hierarchy of dynamics and
two assumptions on the projection operators that will be needed in order to prove the
convergence of MLEnKF and its superior efficiency compared to EnKF. For two non-
negative sequences { f¢} and {g,}, the notation f; < gy means there exist a constant
¢ > 0 such that f; < cgy holds for all £ € N U {0}, and the notation f; ~ g, means
that both f; < g¢ and g¢ < fy are true.
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Assumption 2 Assume the initial data of the hidden Markov model (1) and (2) satisfies
ug € Np>2LP (K2, V). Consider a hierarchy of solution operators (Wl LP(Q,V) x
Q — LP(R2,V,)} for which Assumption 1 holds that are associated to a hierarchy of
subspaces {V,} with resolution dimension Ny ~ k! for some k > 1. Let hy ~ N, ~1/d
and Aty = hy' for some y; > 0, respectively denote the spatial and the temporal
resolution pararneter on level ¢. For a given set of exponent rates $, yy, y; > 0, the

following conditions are fulfilled:

Q) 18 w) — V@) lr@y) S A+ lulrqv)ht’?, forallp > 2 and u €
Np=2LP (2, V),
(i) forallu e V,

2 2
I = Poully S lullvh? and (T, — Poully S lullvil?,

(iii) the computational cost of applying IT, to any element of V is O(N;) and that of
applying W* to any element of V is

Cost(¥%) = hz(dyﬁy’),

where d denotes the dimension of the spatial domain of elements in V, and
dyx +v > d.

3.2 The MLEnKF method

MLEnKF computes particle paths on a hierarchy of finite-dimensional function spaces
with accuracy levels determined by the solvers {W¢ : LP(Q, V) x Q@ — LP(Q, Vy)}.
Let vﬁ and ﬁﬁ respectively represent prediction and updated ensemble state at time n of
a particle on resolution level £, i.e., with dynamics governed by W*. For an ensemble-
size sequence {M,}L 7—o C N\ {1} that is further described in (18), the initial setup for

MLERKF consists of a hierarchy of ensembles {v0 } | and {(f)g ; " Ag l)l 1} /- For
=0, {v0 l} | is a sequence of i.i.d. random variables w1th ”0 ~ Prgu,, and for € >
1, {(v0 i ﬁé ; 1)} ~isa sequence of1 i.d. random variable 2-tuples with ﬁg ™~ Prigug

and pairwise coupling through ¥ Uo = I,— 1v0 ;- MLEnKF approximates the initial
reference distribution Py |y, (recalhng the convention Yy = @, so that ug|Yy = ug) by
the multilevel-Monte-Carlo-based and signed empirical measure

s ML
= — Z ”Oz Z 2(8 — 513(();1).
Similar to EnKF, the mapping

(D9 DM (@ 0 DM} e (@ DI @ 1 D8 i)
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represents the transition of the MLEnKF hierarchy of ensembles over one prediction-
update step and

L M,
1
AML
LTINS 35 3
represents the empirical distribution of the updated MLEnKF at time n. The
MLEnNKEF prediction step consists of simulating all particle paths on all resolution
one observation-time forward:

0 0,~0
vn—i—],i =V (vn,i’woai)’

for{ =0andi =1,2,..., My, and the pairwise coupling

Z 1 —1
n+l i =V (vn i’ a)g,,’), (11)
vn_i,-l’i = \II (ﬁn’iv w[,i)v

for £ = 1,...,Landi = 1,2,..., M. Note here that the driving noise in the
second argument of the dynamics W¢~! and W* is pairwise coupled, and otherwise
independent. For the update step, the MLEnKF prediction covariance matrix is given
by the following multilevel sample-covariance estimator

L
n+l ZCOVMZ[Un+1] COVM/& [Un+l] (12)

£=0

and the multilevel Kalman gain is defined by

Kn+1 Cc +1H (Sn+1) , where SnJrl : (HCn+1H T+, (13)
where
(HCY HY = Z Xiqiq; (14)
X >0
with (A}, g;)""_, denoting the eigenpairs of H C%Ll H* € R™ The new observa-

tion y,41 18 a531m11ated into the hierarchy of ensembles by the following multilevel
extension of EnKF at the zeroth level:

0 _ 0
Yng1,i = Ynt1 + My

0
n+] i (I H0K11+1H)vn+1 i + HOKn+1yn+] i’
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fori =1,2,..., Mywith {’12+1,z i 1 , and for each of the higher levels, ¢ = 1, , L,
the pairwise coupling of perturbed observations

~0 14

Yntti = Yntl F 100

AZ 1
Vnt1,i = (I = I 1Kn+1H)Un+l i+ e 1Kn-ﬁ—lyn+l i 15)
(Z
n+1 i (1 l_[EKn+111)vn+l i + 1_Izl(n+1yn+l i’

fori = 1,..., My, with the sequence {nﬁ +1,;4i,¢ being independent and identically
N(0, I')—distributed. It is precisely the multiplication with the Kalman gain in the
update step that correlates all the MLEnKF particles. In comparison to standard MLMC
where all samples except the pairwise coupled ones are independent, this global corre-
lation in MLEnKF substantially complicates the convergence analysis of the method.

Remark 3 Although unlikely, the multilevel sample prediction covariance CM 1 may
have negative eigenvalues and, worst case, this could lead to SML _ CML H*+T

n+1 — n+1
becoming a singular matrix. The impetus for replacing the matrix (H CanrLl H*) with
its positive semidefinite “counterpart” (H C }1\/2‘1 *)¥ in the Kalman gain formula (13)

is to ensure that S%:“l is invertible and to obtain the bound |(S,1:/£“1) I <r=1.

The following notation denotes the (signed) empirical measure of the multilevel

ensemble {(vn ll, ﬁe )

1}6 =0°

n _— 850 + (8@-5@1) (16)
ML Z 0, Z Z

and forany Qol ¢ : V — R, let

AMM[g] = / i Z Z (e — 0Gih).
We conclude this section with an estimate that relates to the computational cost of
one MLEnKF update step.

Proposition 3 Given an MLEnKF hierarchy of prediction ensembles

{(vn+l l) {(vn—H i’ n+1 1)1 ZI}E 1}

the cost of constructing the multilevel Kalman gain K%Ll

Zf:o mN¢My. And if Assumption 2(iii) holds, then the cost of updating the £th level
ensemble

is proportional to

L My -1 AZ My
(vn+1 i’ n+1,i)i=1 = (vn+l,z’ n+l, l)l 1
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by (15) is proportional to mNy M.

Proof Notice that it is not required to compute the full multilevel prediction covariance

C%}l in order to build the MLEnKF Kalman gain, but rather only

L

RML = cMLET =Y (CovM[ (e, 1, Holy 1= Covag [ol7 ), H' ) ) (17)
=0

(The advantage of storing R%}] € RNLX™ rather than C}ﬂ“l € RNeXNL s the dimen-
sional reduction obtained for large L, since then N >> m.)

For the Kalman gain, the cost of computing Cosz[vﬁ o H vﬁ al € RNexm g

proportional to m Ny M. There are also the insignificant one-time costs of constructing

and inverting SM, and the matrix multiplication R) (SME)~!. In total, these costs

are proportional to Ny m?.

The cost of updating the £th level ensemble by (15) contains the one-time cost
of the matrix multiplications [Ty K }ﬂ“] which by Assumption 2(iii) is proportional to
f; 41.; 1s proportional to Ny, since
vﬁ+l,i € V¢, and the cost of computing (I'IgK}lv_Ih)(HvﬁH’i) and (HgK%H)ﬁﬁHi are
both proportional to mNy. O

mNg. For each particle, the cost of computing Hv

3.3 MLEnKF algorithms

A subtlety with computing (17) efficiently is that the summands will be elements of
different sized tensor spaces since

Covpr, [ve™!, Hu ™1 e RV while  Covyy, [vS, Hv'] € RVexm

for¢ = 1,2, ..., L. The algorithm presented below efficiently computes (17) through
performing all arithmetic operations in the tensor space of lowest possible dimension
available at the current stage of computations. When Proposition 3 applies, the com-
putational cost of the algorithm is O(m Z§=o My Ny). For ease of exposition, we will

in the sequel employ the convention v, !

_ A~ i
=0, =O0foralln,i.

@ Springer



86 A. Chernov et al.

Algorithm 1 Computing the auxiliary variable RM"

Input: Observation operator H € L(V, R™) and prediction ensemble {(vn i ﬁ 1)1—1 }l o

Output: RM.

Initialize RMT = 0 € RNL>",

for(=0to L —1do
Update the submatrix R,I)/“‘(l : Np,:) € RNexm consisting of the Ny first rows and all columns of
RML 45 follows:

R}YIL(I Ny, o) = R,IYIL(I : Ny, 2) +C0vMe [vﬁ, val] — COVMHI [vﬁ, val].

end for
Lastly, add finest level sample covariance:

RME = RME 4 Covy, [vk, HoE .

return R,IY[L.

In Algorithm 2, we summarize the main steps for one predict-update iteration of
the MLEnKF method.

Algorithm 2 MLEnKF predict-update iteration

Input: Hierarchy of projection operators {ITy : VV — Vy}, observation H € L(V, R™), observation noise

covariance matrix I', and multilevel update ensemble {(Al Al, f)ﬁ z)zM:[l }%:O'
Output: multilevel update ensemble {(Un+11 i AﬁJrl I)%l}ﬁ‘ 0

Predict:
for ¢ =0to L do
fori =0to M, do
Compute particle pair paths (v
end for
end for
Update:
Compute RML by Algorithm 1, and Kn_’_1 by (13) (using that R,l;/l_’]j1 = C}qvﬂ“l H*).
for ¢ =0 to L do
fori =0to M, do
Generate the perturbed observation y y

n+1 i n+1 ;) according to (11).

and update the particle pair (”n+1 i n+1 ;) by (15).

n+1,i
end for
end for . o
~l— Z ¢\L
return {(vn+l,t’ n+1, t)t_l}ﬁ =0

4 Theoretical results

In this section we derive theoretical results on the approximation error and computa-
tional cost of weakly approximating the MFEnKEF filtering distribution by MLEnKF.
We begin by stating the main theorem of this paper. It gives an upper bound for
the computational cost of achieving a sought accuracy in L”(€2)-norm when using
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the MLEnKF method to approximate the expectation of a Qol. The theorem may be
considered an extension to spatially extended models of the earlier work [23].

Theorem 1 (MLEnKF accuracy vs. cost) Consider a Lipschitz continuous Qol ¢ :
V — R and suppose Assumption 2 holds. For a given ¢ > 0, let L and {M@}fzo be
defined under the constraints L = [2d log, (8’1) /B1 and
h(ﬁ+dyx+)’z)/2h ﬁ lf B > d)/x + v,
MZ = h(lg+de+Vr)/2L2h /3 lf ﬁ — d)/x + v, (18)
dyy 2 d ' 2 .
héﬂ"‘ e tvi)/ hL(ﬁ+ vatvi)/ , lf 18 < dyx + Vi

Then, forany p > 2 andn € N,

1AM 0] — falelllr ) < log(e)|"e, (19)

where we recall that ,&}YH‘ denotes the MLEnKF empirical measure (16), and ﬁn

denotes the mean-field EnKF distribution at time n (meaning 5,, ~ an ).
The computational cost of the MLEnKF estimator

Cost ([LnML[go]) = XL: M, Cost (\Iﬂ)

=0

satisfies
e, if B>dy:+,
Cost (@) 1¢1) = { e 2 llog)F, if = dy:+ 1,
e 2yt vd/B - if B < dy, 4+ y;.

The proof of this theorem is presented at the end of this section, and it depends upon
the intermediary results presented prior to the proof.

Remark 4 The constraint dy, + y; > d in Assumption 2(iii) was imposed to ensure
that the computational cost of the forward simulation, Cost(¥¢) =~ h;(dy"ﬂ”), is
either linear or superlinear in Ny. In view of Proposition 3, the share of the total cost
of a single predict and update step assigned to level £ is proportional to M;Cost(W*).
This cost estimate is used as input in the standard-MLMC-constrained-optimization
approach to determining My, cf. (18). However, it is important to observe that in
settings with high dimensional observations, m > Ny, the input in said optimization
problem needs to be modified accordingly, as then the cost on the lower levels will be
dominated by m rather than Cost(W?).

The first result we present is a collection of direct consequences of Assumption 2:

Proposition 4 If Assumption 2 holds, then for allu, v € Np>2LP (2, V), and globally
Lipschitz Qol ¢ : V — R,

. _ 2
Q) 198 W) — U W)@y S A+ IollLe@.v)hl?, forall p = 2,
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. 2

(i) [E[p(¥ @) — oW @))]| S llu = vllLr@.vy + A + lullLe@v)hl, forall
p=2

(iii) and for alln > 1, the MFEnKF prediction covariance (9) satisfies

] . )
I =T Callvey S 1% @l 20 vy kY

Proof Property (i) follows from Assumption 2(i) and the triangle inequality. Property
(i1) follows from the Lipschitz continuity of ¢ followed by the triangle inequality,
Assumption 1(i), and Assumption 2(i). For property (iii), Proposition 2, Jensen’s
inequality, definition (3), and Holder’s inequality implies that

(I = o) Callvey = IE[U — M) By — E[0,]) ® (Un — E[0,D] lvey
<[l = ) (v, — IE[73n])“L2(Q,V)”1_)11 —E[v,] ||L2(Q,V)
<N =)0l 2@ ) 1Vnll L2,y

Since (I — Pp)on = (I — P)W (0p_1), Assumption 2(ii) implies that

I =T @Dl 20,y < 1T = POY@-Dll20,v)
+ (T — POV (0n-Dll20.v)
~ 2
< 20 B )l 20,y k!

m}

Similar to the analysis in [23,36,37 41] we next introduce an auxiliary mean-

field multilevel ensemble {(vZ T ) } /—0> Where every particle pair (vn e ﬁﬁ ;)

n, i n, i
evolves by the respective forward mappings W*~! and W* usmg the same driving noise
realization as the corresponding MLEnKF particle pair (vn iU, l) Note however that
in the update of the mean-field multilevel ensemble, the hmmng form MFEnKF covari-
ance C, and Kalman gain K, from Eqs. (9) and (10) are used rather than corresponding
ones based on sample moments of the multilevel ensemble itself. That is, the initial

condition for each coupled particle pair is identical to that of MLEnKF
(ﬁgtl’ﬁgz)_(ﬁgzl’agt) (20)
and one prediction-update iteration is given by

5e-1 -1
. = w0 wp),
Prediction { _’I}‘H ol n,i !

n+l i

_"I] (U,,pwlz), (21)

y2+1 i = Yn+l + 77,,+1 i’
Update Ijn_;,_l i (I Hf 1K11+1H)vn+1 i + HZ lKn+1yn+1 i’ (22)
1_)5+1 i =~ HZK”'HH)U n+l,i + HZK"'HynJrl i’
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for¢ =0,1,...,Landi = 1,2, ..., M (similar to before, we employ the convention
=91 := 0). By similar reasoning as in Proposition 2, it can be shown that also
13,‘;, ﬁf; € Np=2LP (R, V) for any £,n € N U {0}. One may think of the auxiliary
mean-field multilevel ensemble as “shadowing” the MLEnKF ensemble.

Before bounding the difference between the multilevel and mean-field Kalman

gains by the two next lemmas, let us recall that they respectively are given by
KME— cMb g ((HCMEES Y 1) and K, = C,H*(HC,H* +T)" .

Lemma 1 For the matrix (HC}:/H‘H*)+ . R™™ defined by (14) with the spectral
decomposition eigenpairs (A, qj);’?:l it holds that

((HCYYH*T — HCMVH| < | HI2 ) oy (23)

‘c};“ e

VeV

Proof Since (HCM-H*)* — HC, H* is self-adjoint and positive semi-definite,

(HCMUE** — HCMU )| = max q*{(Hc};“LH*)+ — HC}/ILH*}q

= max{— min A;, 0}.

{ Jirj<0 / }
It remains to verify the lemma when {j | A; < 0} # (. Let the normalized
eigenvector associated to the eigenvalue miny;, 2j <0} A j be denoted gmax. Then, since
(H R}?VI Lyt gmax = 0 and the mean-field covariance C, is self-adjoint and positive

semi-definite,
(HCM Y — HCMH| = — g3 HCY™ H max
= Q:naxHénH*CImax - ClmaxHC,IZ/ILH*qmaX
< [H(C, — CY" H*|

) - ML
< IH Iy mmy ’C” —G ”L(V V)

2 ~ ML
= ”H”L(V,R’") ‘Cn - Cn HV@V.

O
The next step is to bound the Kalman gain error in terms of the covariance error.
Lemma 2 There exists a positive constant ¢, < 0o, depending on ||H ||y gm), r=1,

and || 15,, ”L(Rm,V)’ such that

KML _ ¢ H <& ML _ A
H " le@myy = I "

VeV

Proof The proof of this lemma as is similar to that of [23, Lemma 3.4]. For complete-
ness, we have included a proof in “Appendix C”. O
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The next lemma bounds the distance between the prediction covariance matrices of
MLEnKF and MFEnKF. For that purpose, let us first recall that the dynamics for the
mean-field multilevel ensemble {(ﬁef1 Uy )lell }fzo is described in Egs. (21) and (22),

n,i
and introduce the auxiliary matrix

L
CY" =) " Covay, [51] — Covay, [65 1. (24)
=0

Lemma3 Foranye > 0, let L and {M, }5‘20 bedefined asin Theorem 1. If Assumption 2
holds, then for any p > 2 andn € N,

n CallLr@vey) S e+ ICYE — CMYI L@ vey).- (25)

Proof Introducing the auxiliary covariance matrix
CL := Cov[v}]
and using the triangle inequality,
Y™ = Callp < I1Cy = Callp, + ICYE = Cllp + G = Y1
The result follows by Lemmas 4 and 5. O

Lemma4 For any ¢ > 0, let L be defined as in Theorem 1. If Assumption 2 holds,
then foranyn € Nand p > 2,

_ — 2 2 2

max {15} — Ball o). 155 = Balliran | S 102, 26)
- —(— 2 2p_ 2

max {11, = 35~ ey, 186 = 0 v | SHE2 veen @)

ICE — Cullyey S e (28)

Proof Recall that initial data of the limit mean-field methods is given by o ~ fio and
that v§ = Iy, so that by Assumption 2(ii),

N 2 2 2
v — v§llLr@.y) < ”UO”LP(Q,V)hf/ .
By Assumptions 1(i) and 2(i),

- ¢ 2 2y 2 2
150 — 2Ellryy S Inet — 05 ey + (14 19—t llLe@. vkt 2,
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and by Proposition 4(iii),

on — il ) < |1 — an||L(v,v) 155 = DnllLr v
+ 1 = YK (H, + )l Lr@,v)

= ¢ (I35 = Ballrio.w) + 10 = TOCallvcy)

ST = Ballzr@ ) + W Gam D20 vy il

Inequality (26) consequently holds by induction, and thus also (27) by the triangle
inequality. To prove inequality (28),

ICE — Cullvey
= |e[@r -E[o]) @ @F —E[0 ] - @0 - ElBD © Gy~ EmD]|
= |E[ @k - B[] & @F - ElinD - G0 — B[ @ G0 — E[ﬁn])])(mv
< | @k - B[t ) @ 6F — B - G0 —E[5f ) @ @0 - E[an])HLl(va)
< (15 —E[55 | 12 + 152 — EB.DIDITE — ull2
<e.
O

We complete the proof of Lemma 3 by deriving the following bound for ||C ML _
CEl, :

Lemma5 (Multileveli.i.d. sample covariance error) Forany ¢ > 0, let L and {Mg}ﬁzo
be defined as in Theorem 1. If Assumption 2 holds, then for any p > 2 and n € N,

~ML ~L
1€, = CyllLr@.vey) S &

where we recall that CE := Cov[vk].

Proof Since the sample covariances in (24) are unbiased,
L
E[C})’IL] — Cov[F1 =Y Covldt] — Covlil 1,
£=0
and therefore B B B B
IEME = Iy = IEM™ —E[EM] 1,

@ Springer



92 A. Chernov et al.

Next, introduce the linear centering operator Y : L! (2,YV) —> Ll(Q, VeV,
defined by Y (Y) = Y — E[Y]. Then, by Eq. (24),

IEN—E[ Y] 1, =

L
Z (ColeZ CovM[[vl_l])
=0

p

L
Z |r (CovMZ[v ]1— CovM[[ﬁfl_l]> Hp

=0

=<

M~

I (Covar, [85, AcBal) ||, + | Y (Covar, [Aetn, 557 "1) | ,)
p p

~
Il
o

where A, := vt — 05! with the convention v, ! = 0, and

T (COVMZ[  Acn]) = Covi, [55, Acty] — Covly, Aciy,

T(COVM[[Agﬁn,ﬁﬁ_l]) Covar, [A¢y, 5711 — Cov[ Ay, 9611

By Lemmas 4 and 10 (the latter lemma is located in “Appendix A)”,

Iext — [ ey ] ||p<22 + 155 ) 1 AcTnlzy

L

1 11282 <
ZW||Aevn||zp ZM hy

=0 ¢ =0

We now turn to bounding the last term of the right-hand side of inequality (25).

Lemma 6 Foranye > 0, let L and {M, }é‘:o bedefined asin Theorem 1. If Assumption 2
holds, then for any p > 2 andn € N,

ML ~ML ¥4 ~{ l ~{
ICY™ = CY llr@.vev) <8 Ivs — Bell 20 (el 2r@.v) + 10l L20 (0, 1)-

1=0
(29)

Proof From the definitions of the sample covariance (7) and multilevel sample covari-
ance (12), one obtains the bounds

JeME — cML|, < Z ( |Cova, [vh] — Covag, [34111»
+ ||C0VMe[v£ ' = Cov 31, ).
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and
14 =0 M, ¢ ¢ 0 o =L
HCOVMK[U,!] — Covp,[v,] ) < My 1 ‘EMK [v, ®v,] — En,[v, ®v,] )
M, 14 1 -¢ —¢
o | B [0f1 © Eag [0f] = Eng [57) © En, [57]
¢ — p
=11+ I
The bilinearity of the sample covariance yields that
L <2|E =t 4 2 14 =t 30
1 < M (v, —v,) ®v,] ) +2 | Emlv, ® (v, —v,)] ) (30)

and

h<2 H Ep, [ — 591 ® Ep, [v]

R EACA LR

For bounding /1 we use Jensen’s and Holder’s inequalities:

| Emleof = 5 @ v

P _ P
L= E[H Ep, [(0f — 3% ® vf] v@y]

14 P
Y ¢
§IE[EM[ v, — U v ]]
11 n n V n V
_ ¢ =e|? el
- vn vn vn
% %
P 14
<ot —st]” o] .
2p 2p

The second summand of inequality (30) is bounded similarly, and we obtain

o (51, + 9,

The I, term can also be bounded with similar steps as in the preceding argument so

that also
2p < 2p> '

The proof is finished by summing the contributions of 71 and I, over all levels. O

14

n

14

n

~l

V4 —
L <2|v,—v Y

+
2p

£
n

14

Uy

~{
Uy

+

Izgzuvﬁ—ﬁ i
P

_The propagation of error in update steps of MLEnKF is governed by the magnitude
IC, — C%’IL |, i.e., the distance between the MFEnKF prediction covariance and the
MLEnKEF prediction covariance. The next lemma makes use of Lemma 6 to bound

the distance between the mean-field multilevel ensemble {(ﬁﬁ;] , ﬁf; ;) ;W:"'l }4%:0 and the
MLEnKEF ensemble {(01, 9¢ )M )L .

n, > “n,i’i
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Lemma 7 (Distance between ensembles) Foranye > 0, let L and {M,} 5:0 be defined
as in Theorem 1. If Assumption 2 holds, then for any p > 2 andn € N,

L
> U8y = Vglle@y) S Hoge)]"e. (1)
=0

Proof The proof is similar to that of [23, Lemma 3.10]. For completeness, a proof is
given in “Appendix C”. O

With the bound between MLEnKF and its multilevel MFEnKF shadow, that con-
veniently for analysis consists of independent particles, we are finally ready to prove
the main result.

Proof of Theorem 1 By the triangle inequality,

~ a N ~ ML ~ML ~L
12 101 — falelll, < 1AM el — 2, [0y + ity (9] — ity L]l

1A 0] = flell . 32)

~ML .. . .
where [, denotes the empmcal measure associated to the mean-field multilevel
ensemble {(vn P in l)) } 7—0>and u un denotes the probability measure associated to

vL . The two first summands on the right-hand side above relate to the statistical error,
whereas the last relates to the bias.

By the Lipschitz continuity of the Qol ¢, the triangle inequality, Lemma 7, and using
the conventions ¢(9,; 1y = 0 and (p(f)n_ 1) = 0, the first term satisfies the following
bound

|01 - 11| = i [o@h) — 0™ — (5 — o]

p

< i (Hw(v% — (i),
<c¢,2<

< |log(e)|"e.

e =t )
)4
i -],
p

For the second summand of (32), we employ the telescoping property

U—U

L
fulel = Y E[eli) - oG, ).
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and Lemmas 4 and 9 to obtain

Hlj”ML[(p] ) Hp < ZL: HEMg [so(f)ﬁ) — @i - E[w(ﬁ,‘i) - w(ﬁﬁ—l)] ] ”

p

< cZM V2 et —eii |

I/\

L

—1/22¢ —13 1
&Y M, s =0
=0

L
<SS MR <

~ 14

£=0

Finally, the bias term in (32) satisfies

IFinle] = Fnlelllp = VLo = fulell = |E[0GD) — o] se. (33)

where the last step follows from the Lipschitz continuity of the Qol and Lemma 4. O

Remark5 Theorem 1 shows the cost-to-accuracy performance of MLEnKF with a
disconcerting logarithmic penalty factor in (19) that grows geometrically in n. The
same penalty appears in the work [23], yet the numerical experiments there indicate a
rate of convergence that is uniform in n. The discrepancy between theory and practice
may be an artifact of conservative bounds used in the proof of said theorem. By
imposing further regularity constraints on the dynamics and the Qol, we were able to
obtain an error bound without said logarithmic penalty factor for an alternative finite-
dimensional-state-space MLEnKF method with local-level Kalman gains [24]. As an
alternative to imposing further regularity constraints, we also suspect that ergodicity of
the MFEnKF process may be used to avoid the geometrically growing the logarithmic
penalty factor. Recently, there has been much work on the stability of EnKF [12,13,46].

We conclude this section with a result on the cost-to-accuracy performance of EnKF.
It shows that MLEnKF generally outperforms EnKF.

Theorem 2 (EnKF accuracy vs. cost) Consider a Lipschitz continuous Qol ¢ : V —
R, and suppose Assumption 2 holds. For a given ¢ > 0, let L and M be defined under
the respective constraints L = [2d log, (e=YY/B1 and M = &=2. Then, for anyn € N
and p > 2,

1 Tol = nlelllr@v) S €
where [i /Ln MC denotes the EnKF empirical measure, cf. Eq. (8), with particle evolution
given by the EnKF predict and update formulae at resolution level L (i.e., using the

numerical approximation WL in the prediction and the projection operator Ty, in the
update).
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The computational cost of the EnKF estimator
Cost ([LnMc[(p]) := MCost (\IIL)

satisfies
COSt( MC[(p]> = 8—2(1+(d34x+)’t)/,3)_

Sketch of proof By the triangle inequality,

linle) = BCleller@) < |funle) - filel| |+ | itle) - 2l

LP(S) LP(S)
~MC

= I1+11+1I,
ol ”Lp(sz) T

where [ pL MC denotes the empirical measure associated to the EnKF ensemble {v }

and i ,un denotes the empirical measure associated to v,f. It follows by 1nequa11ty (33)
that I < e.

For the second term, the Lipschitz continuity of the Qol ¢ implies there exists a
positive scalar ¢, such that [p(x)| < ¢, (1 + [|x]ly). Since 5nL € LP(R2, V) for any
n € Nand p > 2, it follows by Lemma 9 (on the Hilbert space R) that

ALNT 2L —1/2 2L <
1< | EnleGD1 ~E[o@D]|, o <M Peg ||, | S
For the last term, let us first assume that for any p > 2 andn € N,
br — vk Se 34
Uﬂ n LP(Q,V) ~ ’ ( )

for the single particle dynamics ﬁL 1 and ﬁ,f] respectively associated to the EnKF
ensemble {v }M | and the mean-field EnKF ensemble {v } |- Then the Lipschitz

continuity of @, the fact that 9 v 1 v 1€ LP(Q2,V) for any ne N and p > 2 holds
(when assuming (34)), and the trlangle inequality yield that

AL 2L
n

<

c <e¢
L~ ¢

I1] = HEM[go(ﬁ,f)—w(ﬁ,f)]‘ L@y "~

All that remains is to verify (34), but we omit this as it can be done by similar steps
as for the proof of inequality (31). O

5 MLEnKF-adapted numerical methods for a class of stochastic partial
differential equations

In this section we develop an MLEnKF-adapted version of the exponential Euler
method, for the purpose of solving a family of stochastic reaction—diffusion equations.

@ Springer



Multilevel ensemble Kalman filtering for spatio-temporal... 97

For a relatively large class of problems, we derive an L? (€2, V)-convergence rate
for pairwise coupled numerical solutions, cf. Assumption 2, which will needed when
implementing MLEnKF.

5.1 The stochastic reaction-diffusion equation
We consider the following stochastic partial differential equation (SPDE)

du = (Au+ f(u))dt + BdW, (t,x) € (0,T] x (0, 1),
u(0, -) = uop, 35)
u(t,0) =u(,1) =0, te(0,T],

where 7' > 0, and the reaction f, the cylindrical Wiener process W and the linear
smoothing operator B will be described below. Our base-space is K = L?(0, 1), we
denote by A : D(A) = H*(0,1) N H}(0,1) — K the Laplace operator A with
homogeneous Dirichlet boundary conditions and H* (0, 1) denotes the Sobolev space
of order k € N. A spectral decomposition of —A yields the sequence of eigenpairs
{(hj, $/)}jen where —Ap; = Aj¢; with ¢; := +/2sin(jx) and A; = 722 K =
span{¢;}, it follows that

Av=Y"—1j(pj, v)ke;, Vv e D(A),
jeN

and eigenpairs of the spectral decomposition give rise to the following family of Hilbert
spaces parametrized over r € R:

K, :=D({(—A)") = {v : [0, 17 = R v is B([0, 1])/B(R)-measurable

and ZA?’ |(¢j, v);c|2 < oo}

jeN

withnorm || - [Ix, := [[(—A)"(-)|lx. Associated with the probability space (£2, F, IP)
and normal filtration {F;};¢[0,7], the Ixc-cylindrical Wiener process is defined by

W(t, ) =Y Wi,

jeN

where {W; : [0, T] x @ — R} ;e is a sequence of independent F; /B(R)-adapted
standard Wiener processes. The smoothing operator is defined by

B:=) 1"9;®¢;, (36)

jeN

with the smoothing paramter » > 0. It may be shown that BIC, = K, 4, and this
implies that B becomes progressively more smoothing the higher the value of b.
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In the remaining part of this section, we assume the following conditions on the
nested Hilbert spaces V C V and regularity conditions on the initial data uo and the
reaction term f hold:

Assumption 3 The Hilbert spaces V C V are of the form V = K, and V = K,, for
a pair of parameters rq, r2 € R satisfying

max{0,b —1/4} <ri <rp <b+1/4,

the initial data ug is Fo/B(V)-measurable and up € N,>2 L7 (2, V), and the reaction
satisfies

f eLip(k,)) = {g e C(Kr, . Kr)) g () — gk, - oo} .

u,velly, ,uFtv |l — U”/Crl
Under Assumption 3 there exists an up to modifications unique (2, F, P,
{Ft}ie0,71)-mild solution of (35), which in this setting corresponds to a mapping

u:[0,T] x [0,1] x € — R that is an F;/B(K,,)-predictable stochastic process
satisfying

t t
u(t) = e*u(0) + / A=) £ (u(s))ds + / A=) BAW, (37)
0 0

P-almost surely for all r € [0, T]. Moreover, for any p > 2 and r € [ry, 2], it holds
that

lu(T, Hrr.c) < CA+ lluollLre.k)) (38)

where C > 0 depends on p, r, and T, cf. [28].

Remark 6 The Dirichlethomogeneous boundary conditions imposed in (35) only make
pointwise sense provided u(t,-) € Ky/24s for some § > 0 and all t € (0, T], IP-
almost surely. In lower-reglarity settings, e.g., when u(¢, -) ¢ C(0, 1), said boundary
condition should be interpreted in mild rather than pointwise sense.

5.2 The filtering problem
We consider a discrete-time filtering problem of the form (1) and (2) with the above
SPDE as underlying model with W (u,) denoting the mild solution of (35) at 7 > 0

given the initial data u, € N,>>L”(£2, V). The underlying dynamics at observation
times 0, T', 2T, . .. is thus described by the dynamics

Up1 = W(uy),
and the finite-dimensional partial observation of u,, at time nT is given by

yn = Hup +nn, np ~ NO,T) iid. L up, (39)
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where Hu = [H(u), ...,Hm(u)]T € R™ with H; € V*fori = 1,2,..., m. Note
further that Assumption 3 implies that V C Ky = K, so we may represent the mild
solution in the basis {¢;} at any observation time n7":

un =Y uy¢j. where u = (uni1.05)x.
jeN

5.3 Spatial truncation
Before introducing a fully discrete MLEnKF approximation method for the filtering

problem, let us warm up by having a quick look at an exact-in-time-truncated-in-
space approximation method. It consists of the hierarchy of subspaces V, = P,V =

span({¢}.-;). Iy = P and
Ny )
\Ill(un) = Peoups1 = Zufqﬂzlq&j, forany u, € V.
j=1

To verify that this approximation method can be used in the MLEnKF framework,
it remains to verify Assumptions 1 and 2(i)—(ii), and to determine the rate parameter
B > 0. The Eq. (37), the regularity f € Lip(/XC,,), the inequality

At
Nl forall reR and 130, (40)
veic oy Ivllic,

and Jensen’s inequality imply that for any p > 2, there exists a C > 0 such that

19 o) — W v llr@.vy < 1% (uo) — W (vo)llLr(o.v)

< lluo —vollLr,v) +

T
‘ /0 AT (f(u(s)) — f(u(s))ds

LP(Q,V)

T
< lluo — vollLr(@.v) +/ | f(u(s)) — fs)lrr,vds
0
T
= lluo —vollzr(@,v) + C/ lu(s) —v()lILre,vds.
0
Hence by Gronwall’s inequality,

W (o) — W (vo)llr.v) < Clluo — vollLr@.v)s

which verifies Assumption 1(i). Assumption 1(ii) follows from (38). To verify that
Assumption 2(i) holds with rate 8§ = 4(r» — r1), observe that for any p > 2,
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W o) — Wwollr@yy = Il Y A ui’éjlLr.x)
J>Ng

< )\-;\1207”)” Z A'Szu(]])(p]”Lp(Q,K:)
J>Ng¢

—2(ry—
SN, r rl)”ul”LP(Q,V)

2 —
< A+ lluolliprv)hs >,

(41)

where the last inequality follows from (38) and iy = N, I Assumption 2(ii) follows
by a similar shift-space argument. (Relating to Assumption 2(iii), we leave the question
of the computational cost of this method open for the time being, but see Sect. 6.2 for
treatment in one example.)

5.4 A fully-discrete approximation method

The fully-discrete approximation method consists of Galerkin approximation in space
and numerical integration in time by the exponential Euler scheme, cf. [29,30]. Given
a timestep Aty = T /Jy, let {Ue,k},{fzo C V¢ with Uy o = Peug denote the numerical
approximation SPDE (35) on level . It is given by the scheme

Ueksr = MO Uy + A7 (45 — 1) fuUp)

(k+1)Aty
+ 7)[ / eA((k-f—])Al‘(—s)BdW(s)’
kAty

=!Rpx

where Ay := P¢A and f; := Py f. The jth mode of the scheme Ué;’;,() = (Uex, b))k
for j =1,2,..., Ny, is given by

1 — —Aj Al

U(j) _eijArzUZ(/}c)_i_

P = (W) +RE. @)

J

fork=0,1,...,J, — 1 withi.i.d.

) 1— e—ZAjAtg
Rﬁ,k ~ N |0, 2)»1r+2b ’ 43)
J

for j € {1,2,...,N¢}, k € {0,1,...,Jp — 1} and £ = 0, 1,... In view of the
mode-wise numerical solution, the £th level solution operator for the fully-discrete
approximation method is defined by

Ny
Tl ==Y U} o;.
j=1
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5.4.1 Coupling of levels

For a hierarchy of temporal resolutions {At, = T /J;} with J, = 2¢ Jo, pairwise
correlated solutions (\TJZ_] (ugp), Pyt (up)) are obtained through first generating the fine-
level driving noise {Ry }x and the solution \I'Z(uo) by (42) and thereafter computing
the coarse level solution conditioned on {Ry  }x. Since J; = 2J,_1, it follows that

(k+1)Ate—
Po_y / eA((k+l)At(—1—s)BdW(s)
kAty_1

2k+1)At,
— eAk_]At(PK71 / eA((Zk-i—l)At(—S)Bdw(s)
2k Aty

2(k+1)Aty
+ Py / €A((k+1)At[717S)BdW(S).
(2k+1) Aty

Consequently
Ré—l,k‘(REQk’ Repk1) = e8Py Ry o + Po—1 Re ok,
and the conditional coarse-level solution W¢~! (u0)|[{Re i}k is of the form
Ur—1 1 = 1810,y o+ ALY (eA“‘A"‘] - 1) Se—1(Ue—1.%)

Ap1 A
+ e 1Py 1Ry ok + Pe—1Re 2k 41

fork =0,1,..., Jg—1 — 1, and with the initial condition U,—_1,0 = Pr—1uo. In other
words, the scheme for the jth mode of the coarse level solution is given by

Uéj)uc sy Dy Lo et (fe1 (U k))(j)
—1k+1 = =1k Py , (44)
e A,AreR(j)k + Réj2)k+1’
forj=1,2,...,Ne—1andk =0,1, ..., Jy_1 — 1, and the coarse level solution takes

the form

RC S
Tl—1 J
v (o) = Z Uy g, ®

This coupling approach may be viewed as an extension of the multilevel coupling of
Ornstein—Uhlenbeck processes for stochastic differential equations [43].

5.4.2 Assumptions and convergence rates

To show that the fully-discrete numerical method may be used in MLEnKEF, it remains
to verify that Assumptions 1 and 2(i)—(ii) hold.
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Assumption 1(i): Let U, and Ug’k denote solutions at Eime t = kAty of the
scheme (42) with respective initial data Upo = Prup and Up o = Pvo fpr some
up, vg € LP(€2,V). Then, by (40), and the properties: (a) forall ¢ > O and v € V;

Aty
A7 A — Dolly = H / et uds
0

Aty A
5/ leMullvds < ollyAte,
y 0

and (b) f € Lip(V, V); there exists a C > 0 such that

1Ue,s, — Ue s llLr@vy < (1 + CAt)Ue 11 — Ue gp—1lLr0.v)
< (1+ CAt)T/2 | Py (ug — vo)llLr@,v)

cT
e " luo —vollLr(g,v)-

Consequently, for every p > 2, there exists a cy > 0 such that
|3 wo) - ¥ @o)| = cu llug - woll,
p

holds for all £ > 0 and ug, vo € LP(2,V).
Assumption 1(ii): Under the regularity constraints imposed by Assumption 3, it

holds for all £ € Nand Uy = 27i1 Ue(fzqﬁk that

max  |Ugillere,x,) < CA + luollzr.x,)), Yp =2andr € [r,r2),
kel0,1,.... J¢}

where C > 0 depends on r and p, but not on ¢, cf. [28, Lemma 8.2.21].
Assumption 2(i): We begin by introducing the auxiliary £th level exact-in-time
Galerkin approximation

t t
ub (@) = ey +f A9 £ (b (s))ds —i—/ A gw e 0, T],
0 0

and the notation W¢(ug) := u(T). Assumption 3 and [28, Corollary 8.1.12] imply
that for any p > 2 and r € [r1, 2]

sup H U (up) ‘
£>0

< u .
L S (I + lluoll Lr(a,x,))

The triangle inequality and (41) yield that

|wwo) - wo)

< | Yo - o)

+[ % wo) - Fwo)

LP(Q,V) LP(Q,V) LP(R2,V) ’
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and by [28, Corollary 8.1.11-12 and Theorem 8.2.25],! it respectively holds that for
any p > 2

W (u —@Z u <@ u p ]\]2(r1 rz)’

H (o) (o) o ’V)N( + lluollLr(,v) N,

and
'l -t ‘ <1+ o) g 2 45
H (o) (u0) @) S A+ lluoller@v) e (45)

This verifies Assumption 2(i) as it leads to the following bound: for any p > 2,

v 21— _
19 (o) — W o)l oy < (1 + luollLr.v) (NG + 077,

Assumption 2(ii) only depends on the projection operator, and thus follows from (41).

5.5 Linear forcing

For the remaining part of this section consider the linear case f(#) = u of the filtering
problem in Sect. 5.2. We derive explicit values for the rate exponents 8, yx and y; when
applying MLEnKF with either the exact-in-time-truncated-in-space approximation
method in Sect. 5.3 or the fully-discrete approximation method in Sect. 5.4.

The exact solution of the jth mode for this linear case is

—2b
) _ (A=apT, () () ) J _ 2(1-apT )
u, =€ a8, & N |:O, —2()»]‘ - (1—e i )i| 1wy’

Although we see that the underlying dynamics can be solved exactly, the filtering
problem is still non-trivial since correlations between the modes {u;ﬂil }; will arise
from the assimilation of observations (39), unless the observation operator is of the
special form H(-) = [Hi(-), ..., Hy ()] with all operator components of the form
H; = qb;f for some j € N.

Since the Galerkin and spatial approximation methods coincide in the linear setting,
meaning W = W, it holds by (41) that for any p > 2,

o~ 2 —
W (o) — W (uo) ey S (1 + luollr (., v))N, (rn=r), (46)

Let us next show that the time discretization convergence rate (45) is improved from
r1 —ry in the above nonlinear setting to 1 in the linear setting. We begin by studying the
properties of the sequence {P; g (up)}o>_, forafixed £ € N. The jth mode projected
difference of coupled solutions for m > ¢ is given by

N0

~ ~ _ , if j < Ny,
(Pe(¥™ (o) — 9" (o)), pjhic = § "™Im m=Jn-1 .
0 otherwise,

1 n the notation of the lecture notes [28], the parameters y, 8 and n, which describe different properties
than in this paper, take the values y =ry, f =b — 1/4and n = 2(y — B).
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and the difference can be bounded as follows:

Lemma 8 Consider the SPDE (35) with f(u) = u, and other assumptions as stated
in Sect. 5.1. Then for any itg € L*(Q, V) and m € N, the sequence

I = (Pucy (97 G0) = 0" o)) o 5) o J = 1.2,
can be split into three parts
I j= I j+ I j 2+ Inj 3
where Iy j 1, Im,j2, and Iy, j 3 for every j = 1,2, ... is a triplet of mutually inde-
pendent random variables and I, j1 = Ly j2 = In j3 = 0forall j > Ny_1.
Furthermore, there exists a constant ¢ > 0 that depends on T > 0 and A1 > 1 such
that for any m € Nand all j < Ny,_1,

—(J)
|1m,j,1| =< C|u()l | Aty

and 1y, j 2 and 1, j 3 are mean zero Gaussians with variance bounded by
At2
2 2
max (B[ 12 ;| B[22 ;5]) = T (47)

Proof See “Appendix B”. O

By Lemma 8 and Assumption 3, there exists a C > 0 depending on p, T, A1 and
b+ 1/4 — ry such that for any m > £ and ug € Np>2L(2, V),

|Pe (8™ o) — 5" (o)) |3

LP(QV) = < [ Pu—1 ( (" (ug) — B~ l(uo))|

LP(Q,V)
2
o0
Z(lm.j,l + A j2+ Inj3)dj
j=l LP(Q,V)
2 2 2
(o] (o] (o]
Zrn/l¢j ij2¢j Zm/3¢j
j=1 LP(Q,V) j=1 LP(Q,V) j=1 LP(Q,V)
o0 [o¢)
27,2 2 2
<32A12 lluollp gy +3 Z ialbi. i)y +3D 0% s b))y
j=l LP2(Q) j=l LP2(R)
2 2r
= 3¢? Atm ”uOHL”(Q v T 3 Z ( m,j,2 LP/2(Q) + [m,j,z L[’/Z(Q)> )‘j
o0
2(r1—b)—1
<32A2 | uolFp gy +2 D 457"
=1
2
<C (1 + ||M0||L/7(Q,V)) At,%. (48)
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Here, the sixth inequality follows from I, ;> and I, ;j 3 being mean zero Gaussians
with variance bounded by (47), which implies that for any p > 2, there exists a
constant C > 0 depending on p such that

2
2 Aty

= max | [y, ; <C—/—>
Lr2(Q) r€{2,3}” mirlrg) = AR

2
max |[/7 ;
re{2,3) H m.j.r

holds for all j € N. And the last inequality follows from the assumptionr; < b+1/4,
which implies that 2(r; — b) — 1 < —1/2 and hence

o0 o0

2(ri—b)—1 232(r1—b)—1
ij(rl ) < Z(] ) (rn=b)-1 _ ~q.
j=1 j=1

From inequality (48) we deduce that {P, ym (u0)}°°_, is LP (2, V)-Cauchy and that

m=£{

there exists a constant C > 0 depending on p, T, A1 and b + 1/4 — ry such that

o0
1Pe® (o) = B wo)lr@y < D IPeC®™ (wo) — O™ (wo))ll .1y
m=£+1

o0
< C( + luollLr,vy) Aty
mgl (49)

o0
< C( + lluollLr@v)Ate Y 27
k=1

= C( + luollLr@v)J;

In view of the preceding inequality and (46) we obtain the following L”-strong con-
vergence rate for the fully discrete scheme:

Theorem 3 Consider the SPDE (35) with f(u) = u and other assumptions as stated
in Sect. 5.1. Then for all p > 2 and £ € N U {0}, there exists a C > 0 such that

19 (o) — T o)l Lr(@.vy < CA+luollLr@.v) (N, 7+, Ve =0, (50)

where C depends on ry, r» and p, but not on £.

Remark 7 To the best of our knowledge, the L?-strong time-discretization convergence
rate (49) is an improvement of the literature in two ways. First, for p = 2, itis slightly
higher than O(log(At’l)At), which is the best rate in the literature, cf. [29]. And
second, this is the first proof of order 1 L”-strong time-discretization convergence
rate for any p > 2.
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5.5.1 Error equilibration

The temporal and spatial discretization errors of (50) are equlibrated through deter-
mining the base ¥ > 1 that induces a sequence {N; = Nok*} such that sz ri=r2)
J[l ~ 27%. The solution is k = 2"27"1/2_ which yields the following L”-strong
convergence rate in (50):

~ S
W (uo) — "IJE(MO)”L"(Q,V) S 1+ ”M()||L17(va))he(r2 rl),

In view of Assumption 2, MLEnKF with the fully-discrete approximation method
yields the convergence rate 8 = 4(r, — r1) and the computational cost rates y, = 1
and y; = 2(rp — r1) in the considered linear setting.

Remark 8 (MLEnKF time) Note that one could consider applying the SDE version
of [23] to a fixed finite approximation of the SPDE. However, in this case we would
be incurring a fixed baseline cost associated to that discretization. In comparison to
using a single level method, there would be a gain in efficiency, as a result of using
the multilevel identity with respect to the time discretization. But this would be still
substantially less efficient than accounting also for the spatial approximation in the
multilevel method, as we do in the method considered here.

6 Numerical examples

In this section we present numerical performance studies of EnKF and MLEnKF
applied to two different filtering problems with underlying dynamics given by the
SPDE (35). In the first example, the reaction term of the SPDE is linear, and in the
second example we consider a nonlinear, and thus more challenging, reaction term.

6.1 Discretization parameters and the relationship between computational cost
and accuracy

If we neglect the logarithmic factor in (19), as is motivated by Remark 5, then Theo-
rems 1 and 2 respectively imply the following relations between mean squared error
(MSE) and computational cost

R min(L,B/(dyx+y) A 1 if g #dy+w,
Cost( ML ) Mool — 13
iy el i, o] = ialellls S L3 if B = dy + .
and B/(B+dystve)
R VTVt N 2
Cost (MCT1) 1A 0] — i, lell3 < 1.
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In other words,

Cost (AM-[g]) ' if B> dy: + i,

1A 0] — i, [eI3 < { L3Cost (AM[p]) " itp=dy.+y, (D
~ dyx s
Cost (AM[p])~ PIArtr) ik 8 < dyy + .,

and
B/(B+dyx+vo)
12YClo1 = fualglI} < Cost ()Cl1) : (52)

For all test problems, we use the observation-time interval 7 = 1/2, N = 40 obser-
vation times, N; = 26+2 and, when relevant Jy = 2t+2 (i.e., for the fully-discrete
numerical method). The approximation error, which we refer to as the mean squared
error (MSE), is defined as the sum of the squared Qol error over the observation times
and averaged over 100 realizations of the respective filtering methods. That is,

100 N

MSE(MLEnKF) := — Z >

N
~ 2 R N
— Mol = fulel] ~ D 13" 6] - flell3,

i=1n=0 n=0

where { ,&1va [w]}}g‘{ is a sequence of i.i.d. Qol evaluations induced from i.i.d. realiza-
tions of the MLEnKF. And similarly,

100 N

1 R R 2
MSE(ERKF) := o= 3 3 | alFlo] un[w]ﬂ ~ Z 14N T] — i [o13.
i=1 n=0 n=0

In the examples below we numerically verify that the considered numerical methods
respectively fulfill (51) and (52), when the above computational cost expressions are
replaced/approximated by the wall-clock runtime of the computer implementations
of the respective methods. More precisely, we numerically verify that the following
approximate asymptotic inequalities hold:

Runtime(MLEnKF)~! if B >dyc + v,
MSE(MLEnKF) < { L3Runtime(MLEnKF)~! ifg=dy.+y, (53)
Runtime(MLEnKF)#/W@r+v) if B < dy, + v,

and
12AMC 9] — j1,[9]113 S Runtime(EnKF) A/ (B+dyaty), (54)

6.2 Linear filtering problems

We consider the filtering problem in Sect. 5.2 with the linear forcing f(#) = u in
the underlying dynamics (35), smoothing parameter b = 1/2, approximation space
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t=0 t=27° t=27"7
1 1 1
0.5 0.5 0.5
0 0 0
0 0.5 1 0 0.5 1 0 0.5 1
t=27"F t=27"° =2
1 1 1
0.5 0.5 /\ 0.5
0 0 ob—"
0 0.5 1 0 0.5 1 0 0.5 1
t=273 t=2"2 =271
1 1 1
0.5 0.5 0.5
0 /\ 0 ~ opb————m———m—

0 0.5 1 0 0.5 1 0 0.5 1

Fig. 1 Exact-in-time simulation of the SPDE in Sect. 6.2 over one observation-time interval with spatial
resolution Njg = 212

parameters 7| = 1/4 4+ v and r, = 3/4 — v with v = 10~%, observation functional

H =305 =2 sin(jn/2)¢},

J=1

observation noise parameter I' = 0.5, Qol

V231 - '
gty 2 j:)s(m) " 55
JjeN
and initial data
1 , 42
1 _ I DY A DA Sl S
up(x) =1-21x 2‘ = JEEN( 1) @) = D)2 ¢2j-1(x).

We note that H, ¢ € V* and ug € V. Figure 1 illustrates one exact-in-time simulation
of the SPDE.
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Fig.2 Runtime-to-MSE 10 4T
comparison for the filtlering '~ & 77T EnKF
problem in Sect. 6.2 using the —e—MLENKF
spatially-discrete method c S-2/3
1
L
2
1070}
10° 102
runtime [s]
5
12 <10
10 )
w
1%}
E _____
—e—MLENKF
-1/2
1076 TS
-1
---C,8
10° 102 10° 102

runtime [s] runtime [s]

Fig. 3 Left: Runtime-to-MSE comparison for the filtering problem in Sect. 6.2 using the fully-discrete
numerical method. Right: Graph of (Runtime(MLEnKF), MSE(MLEnKF) x Runtime(MLEnKF)/ L3) for
the fully-discrete numerical method. Note the y-axis here, and in future such plots, has linear scaling

By the approximation 8 = 2(rp — r1) =~ 2, application of the error equilibration
in Sect. 5.5.1 yields (dyy = 1,y; = 1) for the fully-discrete method and (dy, = 1,
y; = 0) for the spatially-discrete method. Figure 2 and the left subfigure of Fig. 3
display the runtime-to-MSE performance for the spatially-discrete and fully-discrete
methods, respectively.

The right subfigure of Fig. 3 displays the graph of

(Runtime(MLEnKF), MSE(MLEnKF) x Runtime(MLEnKF)/ L3),

(where MSE(MLEnKF) in the second argument denotes the “MSE” obtained for a
given “Runtime”). The numerical observations are consistent with the approximate
theoretical predictions (53) and (54).

The reference-solution sequence {,tin [(,0]},1:’:1 that is needed to estimate the MSE
in the above figures, is approximated by Kalman filtering the subspace Vi, C V),
which is an N1, = 2'*-dimensional subspace. This yields an accurate approximation,
since when the underlying dynamics (35) is linear with Gaussian additive noise, the
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full-space Kalman filter distribution equals the reference MFEnKF distribution [
Furthermore, EnKF and MLEnKF solutions are computed with ensemble particles at
no higher spatial resolution than Vs in the cost-to-accuracy studies.

6.3 A nonlinear filtering problem

We seek the mild solution to the following nonlinear SPDE with periodic boundary
conditions

du = (A — Du + sin(mu))dt + BAW,  (t,x) € (0, T] x (0, 1),
u(0, x) = 4(x — 1/2)* (56)
u(t,0) =u(t,1), t e (0,T],

where W and B are described below. Here, the operator —A = (I — A) is defined as
amapping A : H*(0,1) N Hy,, (0, 1) — K = L*(0, 1), where H, (0, 1) := {f €
HQO, D | (f— fQ)) e HO1 (0, 1)}. The periodic boundary condition is different from
the zero-valued boundary condition in (35), and, in order to spectrally decompose — A,
we now express the base-space I = L2(0, 1) by the closure of the span of the Fourier

basis
1, k = 17

dr(x) = { V2 cos(2knx), k=2,4,6..., (57)
V2sin2(k — Dmx), k=3,5,7,...

The operator — A is spectrally decomposed by

—Adr = My
with
1, k=1,
o= 31+ (2kn)?, k=2,4.6,...,

14+ Qk—-Dn)? k=3,57,...

As in Sect. 5.1, we introduce the family of Hilbert spaces parametrized in r € R

Ky == D((—A)") = {v 1[0, 1] — R |v is B([0, 1])/B(R)-measurable
and ZA?’ |(¢j, v);g]z < oo},

jeN

withnorm || - ||, := [[(—=A)" () llxc. As smoothing operator B, we consider (36) with
parameter b = 1/4, where W denotes an /i -cylindrical Wiener process [both B and
W are of course expanded in the currently considered basis (57)]. We consider the
approximation spaces
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t=0 t=27"% t=277
1 1 1
o o \/ o \,/
0 0 0
0 0.5 1 0 0.5 1 0 0.5 1
t=2F6 t=2""° t=2"1
1 1 1
]
0 0 0
0 0.5 1 0 0.5 1 0 0.5 1
t=273 t=2"2 t=271
e g 1 1
P e ]
0.5 0.5 0.5
0 0.5 1 0 0.5 1 0 0.5 1

Fig.4 Simulation of the SPDE (56) over one observation-time interval by the numerical scheme in Sect. 6.3.1
on resolutions Njg = Jio = 212

V=Ky and V = IC(1,U)/2,

where v = 1074, the Qol (55) and the observation operator
1 > V2
H=1 5= §¢3 + ]; ﬁ¢§k+1'

The spectral representation of the initial data

1 22
u(©,) =3 + kg Ll

implies that u(0, -) € K(j—y)/2. Figure 4 illustrates one simulation of the SPDE by the
numerical scheme described below.

By the Lipschitz-continuity of the reaction term, it follows that Assumption 3 is
fulfilled. Moreover, the well-posedness theory for the zero-valued boundary condition
for the SPDE (35) extends to the current setting, and so does the theory for the fully-
discrete exponential Euler method in Sect. 5.4, cf. [28].
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6.3.1 Numerical scheme

We apply the coupled fully discrete approximation method described in Sect. 5.4, but,
due to the nonlinearity of the reaction term f(u) = sin(wu), the spectral represen-
tation in the coupled scheme (42) and (44) needs to be approximated. Namely, the
approximation of [(fg(Ug,k))(l), ey (fg(ULk))(Nf)] is obtained by application of the
fast Fourier transform (FFT) as follows:

1. Given the spectral representation [U Z(]k) ) ,z(fze)] compute the physical-space-
on-uniform-mesh representation by the inverse FFT

[Ue.(0), Uk (1/Np). ..., Upi(1 = Ny D1 = IFFT[U, ... USPL.

2. Evaluate the nonlinear reaction term in physical space and approximate the spec-
tral representation by FFT

[ feWenN™, ..o, (fe(Ue) N
~ FFTLf (Uek(0)), f(Uer(1/Ne)), ..., fUex(1 — N1

The spectral approximation of the coarse-level reaction term is obtained analogously.
Due to the FFT approximation error in step 2. above, we cannot directly obtain the rate
parameter B from the analysis in Sect. 5.4. To infer 8, we instead perform numerical
studies of the L? (€2, VV)-convergence rate of the coupled-level difference of the FFT-
based fully-discrete method \Tlf(u) — lAI;‘f_l(u) towards 0, where the expectation is
estimated with the Monte Carlo method with M = 10° samples:

M 1/p
1 ~ ~p_ ~ ~p_
(M > 1% (o i) — U (uo: w,->||{;> ~ 0w = B Wl e,y -
i=1

- (58)
Recalling that hzl ~ Ny =~ Jy = 22 for the numerical solver W¥¢, we infer from the
results of the numerical study (58), which is provided in Fig. 5, that

1T ) —wwll, S, (59)

with 8 = 2. Further numerical studies, which we do not include here, indicate that
the right hand side of (59) may be decomposed into O(N,” LS J[l). On the basis
of these observations, the configuration of discretization parameters for this problem,
N¢ = Jy, is in alignment with the efficiency-optimized error equilibration strategy in
Sect. 5.5.1.

The left subfigure in Fig. 6 displays the results of the runtime-to-MSE studies of
EnKF and MLEnKF.

As pseudo-reference solution, we use the approximation

200

1 2
S WM gl ~ falel, n=1,2,...,40,
i=1

200
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10 ! ! ! ! ! !
1 2 3 4 5 6 7 8

Fig.5 Numerical estimates of the error || t (ug) — Pl (o) || p by the Monte Carlo method (58) for p = 2
(dash-dot), p = 4 (solid-circle), and p = 8 (dash-diamond). The solid line represents the reference function
fy=27tD

x107®
8 F
1074t 19l
L
2 4
—e—MLENKF
_C1S-1/2 ol
-1
---C,S
6 | 2 ¥
10 ‘ 0 ‘ ‘
10° 102 10° 10° 102 103
runtime [s] runtime [s]

Fig. 6 Left: Runtime-to-MSE for the nonlinear filtering problem in Sect. 6.3.1 using the fully-discrete
method. Right: Graph of (Runtime(MLEnKF), MSE(MLEnKF) x Runtime(MLEnKF)/ L3) for the fully-
discrete method

with the MLEnKF estimator ,unM} [¢] here being computed on a finer resolution than all
those considered in the runtime-to-MSE study. The right subfigure in Fig. 6 displays
the graph of

(Runtime(MLEnKF), MSE(MLEnKF) x Runtime(MLEnKF)/ L3).

Once again, the numerical observations are consistent with the theoretical asymptotical
behavior predicted by (53) and (54).

Remark 9 (MLEnKF versus Multilevel particle filters) To the best of our knowledge,
there does not exist a general multilevel particle filter for SPDE to this date. When
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the effective dimension on level £ is Ny, the general requirement for particle filters is
that the ensemble size on that level is bounded from below by ce™* particles, for some
constant ¢ > 0. Effective dimension refers to the dimension of the space over which
importance sampling needs to be performed [1,3,10]. For example, in the case of full
observations, the effective dimension can be equal to the state-space dimension. For
MLEnKEF, on the other hand, the level £ ensemble size is always bounded from above

by O(L*N éﬂ —dye=r/ (Zd)), even with full observations. The set of MLEnKF-tractable
problems is therefore substantially larger than the set of problems tractable by particle
filters.

7 Conclusion

We have presented the design and analysis of a multilevel EnKF method for infinite-
dimensional spatio-temporal processes depending on a hierarchical decomposition
of both the spatial and the temporal parameters. We have proved theoretically and
provided numerical evidence that under suitable assumptions, a similar asymptotic
cost-to-accuracy is obtained for MLEnKF as that one obtains for standard multilevel
Monte Carlo methods. This result has potential for broad impact across application
areas in which there has been a recent explosion of interest in EnKF, for example
weather prediction and subsurface exploration.
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Appendix A: Marcinkiewicz-Zygmund inequalities for separable
Hilbert spaces

In order to prove Lemma 5, we will need the following two lemmas for extending the

Marcinkiewicz—Zygmund inequality from finite-dimensional state-spaces to separable
Hilbert spaces.
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Lemma9 [34, Theorem 5.2] Let2 < p < coand X; € LP (2, V) be i.i.d. samples of
X e LP(R,V). Then

Cc
IEm[X] = E[X] 0@ < \/—%nx —ElXTlr@.y) (60)

where ¢, only depends on p.

Proof Let ry, ra, ... denote a sequence of real-valued i.i.d. random variables with
P(r; = £1) = 1/2. A Banach space K is said to be of R-type ¢ if there exists ac > 0
such that for every n € N and for all (deterministic) xg, x2, ..., x; € KC,

i 1/q
nd
K] 5c<2 llx; ||,C> .
1=

It is clear that all Hilbert spaces (and for our interest V), in particular) are of R-
type 2, since their norms are induced by an inner product. Following the proofs of
[50, Proposition 2.1 and Corollary 2.1], let {X’} denote an additional sequence of
ii.d. samples of X € L”(€2,V) for which the collection of r.v. {X;} U {Xl/.} also is
i.i.d. Introducing the symmetrization X =X - X l’ ), and noting that

E|:H Zn: riX;
i=1

E(X; — E[X]1 = E[E[X; | X]].

we derive by the conditional Jensen’s inequality that

i r i p
E| Y xi—E[X]| |<E E[Zfri {Xi}?_l}
i=1 v i=l1 %
7 P n p 7 p/2
<E Z)N(l =K Zr,')?i <cE (Z ||§,||$))
i=1 V| i=1 M i=1

n p/2
<c2’E (Z I1X; —E[X]n%,)

i=1

And by another application of Holder’s inequality,

M p/2
E <EéMPE (Z I1X; — E[X]Hé)

i=1

)4
% X; — E[X]
. M
i=l1 M

< eMTPPE[IX — EIXTI5] .
O
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Lemma10 Let X,Y € LP(2,V), for some p > 2. Then, for any 1 < r,s < 00
satisfying 1/r + 1/s = 1, it holds that

c
[Covm[X, Y] — CovlX, Y1lrr@vev) < —=IXllLrr@wIY lLrs@,v)

VM

Cpreps + 1

VM

M
where the upper bound for the constant c = 1 <2€ pt+ > only depends

onr,s and p.

Proof Since Cov[X,Y] = Cov[X—E[X],Y—-E[Y]]and Covy[X, Y] = Covy[X —
E[X],Y — E[Y]], cf. (7), we may without loss of generality assume that E[X] =
E[Y] = 0. Using the triangle inequality,

M -1
T”COVM[X, Y] —Cov[X, Y],

1
SIEMX®YI-EXQY], + IEMX]IQ Em[Y]I, + MIIE[X Q@ Y]llvey-
Estimate (60) and Holder’s inequality yield

c
IEMIX QY] -E[X®Y]|, < —p||X®Y—E[X®Y] I

2c 2cp
T||X® Y”p = m|lx||pr”Y”ps~

Similarly, since E[X] = E[Y] = 0 by assumption, we obtain by (60) and Holder’s
inequality

CprCps
IEM[X1® Em[Y1llp < IEm[X1 pr | EM[Y 1l ps < %’”uxnmnmlps.

And, finally, for the last term

1 1 1
27 X @ Yllvey = X ® YL vey) = 5 IXILr@n Y L @1)-

Appendix B: Proof of Lemma 8

Proof Introducing the function g : (1, co) x (0, c0) — R defined by

l—e™s
g0, 9) =€ ——,
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consecutive iterations of the scheme (42) for j < N,, yield

UrE‘l‘],)Jm = g()\"/’ Al‘r”)U"f'lj)Jm_l + Rm"lmil
I . .
= (80j, M) UL, 5+ 80y ARY, L+ R,
In—1
Im j I —(k+1 i
= (80, M) " USH+ D7 (8(hj. Atw)) DR
k=0

where we recall that the initial data is given by Uy,,0 = Ppito wWith ug € L3(2,V).
And since J,,, = 2J,,_1, consecutive iterations of the coupled coarse scheme (44) for
J= Ny yleld

) _ ) ) —Ai Aty p(J) )
UnZi.5,, =80, Aty DU,y , | +e ™T"R G >+ R,
o
= (g0j, Atm—1)) Uriljll,Jm,l—Z
+ g()‘-jv A[m,]) (e_)\jAtm R,(n]’)‘]m_4 + ng{y)‘]m_3)

+e_A.jAtmR(j) 2+ R(])

m,Jm m,Jm—1

Iy i
= (§0j. Atm—p)) ™" UrEzj—)l,O
Jm—1—1

Inoi—k41) (3 j j
+ 3 (80 Aty_p)) )(e A'/AtmRr(pf,Zk+R;s1j,)2k+1)'
k=0

The jth mode final time difference of the coupled solutions for j < N, _; thus
becomes

(6)) ) 2~ Jim— [€))
Ung = UnZ1,0, = ((g(kj’ At)) ™" = (8(rjs Atm-1)) l) Uro

In-1—1

+ Y ((e0s )™
k=0

‘ .
— (&), Aty-1)) ) Ry 2k
(61)
Im—1—1
2k k ). i
+ 2 ((gw A1) g0, At) = (81 At-1) e *’A’"’)R;’,)Jm_z<k+1>
k=0
= Im,j,l + Im,j,2 + Im,j,3~
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For bounding these three terms, we need to estimate the difference between powers
of (g()x.,-, Atm))2 and g(A;, Aty,—1). Note first that

; A\, 1 — e hiBm | — =il 2
(8(Aj, Atm))z = ¢ 2XjAn 4 =Ml n ( )
)‘j )‘j
l _ e—}»jA[m—l 1 _ e_A‘jAlm 2 (62)
= e_}‘jAtm—l + +(1 _ )\J) ( ) .
Aj A
=g, Aty —1)

Remark 10 Equations (61) and (62) show that to leading order, the additive noise
from two consecutive iterations of the fine scheme equals the additive noise from
one corresponding iteration of the coupled coarse scheme. The strong coupling of the
coarse and fine schemes is crucial for achieving the order 1 a priori time discretization
convergence rate.

Since inf jejy Aj = A1 > 1, it holds for all j € N that

(80 Atm))* < gGhj Aty1) < 1 (63)

and

—)»_,' Aty

2 A I—e
|(8Ghy Atm))* = g0y Aty—p)| < (1= e Hr40) =5 <

(1—e*MA%)AW.
J

By the mean value theorem, it holds for any j, k > 1 that

2k k k—1 .
‘(g()\ja Atm)) - (g()\h Al‘m—l)) ‘ =< (g()\h Al‘m—l)) k (1 —e )LJAlm) Atm-
(64)
Furthermore,
-1
sup re M < e—, forany s > 0. (65)
A=A s
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By (63), (64), (65), and the mean value theorem, and recalling that Az,,_1 = 2At,,, it
holds forany 1 < k < J;,—1 and j > 1 and some 6 € [0, 1] that

1— e—)»jAtm—l

k—1
2k k s
‘(g(xj,mm)) — (g, Aty—1)) ‘5 <e AjAlm—1 4 v ) ki jAtL2
J

< e M k=081 A2

1 — e_}\jA[mfl k=2
+ (e—)njAtml + ij v ) (k — l)kAl‘mflAt,%l
J
< ek At2 + T2 At
T k=DAt " 2"
1472
= TAtm-
(66)
From (66), we conclude that for j < Nj,_1,
1+72
|Im,j,l| = —2 |U€()J())|Alm

For bounding the terms I, ;> and I, ; 3, note by (61) that both terms are linear
combinations of i.i.d. Gaussians from the sequence

. 1 — —)LjAlm
Doonfo =" ") k=o01.....7J,-1
Rm,k > 2k}+2b > =U Lo dm >

cf. (43), and hence, both terms mean zero Gaussians. Furthermore, I,,, ;2 and I, j 3
are mutually independent as any summand of the former term is independent of any
summand from the latter. Consequently, 1, j 2 + I, ;.3 is a mean zero Gaussian with
variance

E|Unj2 + nj?| =E[ 12 2| + B[ 12 5]

By the mutual independence of all terms in 1, ; 2, it holds for j < N, _; that

I 2 . 2
B12a] = 2 (e am) =~ (e, 8t 0)') 5[ (R, )]
k=0
1 _ _)\.jAtm 00 )
= ZST > ((g(/\j, At)* = (g, Atm—l))k)
J k=0
1 — —LjAty X
= 2;17 > [ (s0hjs M) ™ + (8Onjy A1) ™
J k=0
k
) ((g(,\j, At)) g, Atm_l)) } (67)
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By the strict inequality (63), we are dealing with three sums of geometric series:

[e'9) X 1
g0y M) 80, A1) = , (68)
> (e ’ ) 1= g0 A1) (80 Aty))?

~
Il
=}

1

4k
g()\' j s Atm) - L)
(60 Am) " = 1 (gGhjs At

WK

(69)

~
Il
=}

and
oo

2%k 1
g()\'7 Atm—l) =
1§)( ! ) 1—(g(kj,Atm—1))2

By applying g(A;, Aty) < g(Aj, Aty,—1) < 1 and the mean value theorem,

s 2— (g0, At)) = i, Aty — 2
3 (s At + (801, Aty_))* = (0 ’”i) (G- Am—1) ;
i= (1= (g0 1)) (1= (80 Atm-1)?)

2

2 (1= (8t Atm)* gGrj At 1)) = (g1 At))? = g0y, A1)
2 2

(1= (80 ) 80 A1) = (860 A1) = 8Ghj, At1))

4
) 5 (1 _ e—x_,m,,,)
+

1= g0y Atm1) (g0js At))* (1= g(rj, Atw))? 25

IA

where the second summand in the last inequality follows from (62). By (67), we obtain
that for all j < Ny,—1,

1 (1 — e=hidm)?
E[Ir%l,ja] = 3 34+2b
(1 =g, Atw)) A5
3 A 3
- A (L=t o
T 0= D3 (1—ehidm)? At "

- A 3 At,%l
S\ o) G
J
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The last term is bounded by a similar argument: For all j < Nj,_1,

5 ./m—l*] " = 1 B e_)\jAtm
]E[Im,j,g] = Z <(g(xj, Atw)) (e— Bt x—>
J

k=0
k ’ j 2
— (g(hj, At—1)) eAjAt’"> E[(Rf;f,)sz(kﬂ)) }
1-— 6‘)‘ Aty 20 2k k 2
= Y Z |:((g()\j, Aty))™ = (8(hj, Atm—1)) )
J k=0

. 2
2% 1— e)L]Al"l
+ (g(hj, Aty)) <x—
J

-3 M 3 Atr%l
= =1/ e

Here, the last inequality follows by observing that as for E[ ., 2]

l_e)»jAtm S 2% k 2 )\,] 3 Atl%l
WZ(@(% 8w = (80, Atw-)")” = 2(—M = 1) PRESTE
j k=0 J
and
(1 A. At,,, 3 o0 (1 _ e}»jAtm) 1
g0, At))’ At
)L3+2b ]; Jo S )\}Hb 1—gj, Aty) ™
(1 _ e)»jAtm) )\‘] )

At
)‘j'+2b ()», _ 1)(1 _ e)\.jAtm) m

_om A (N A
—M_I/\;Hb— A —1 k}+2b'

Appendix C: Additional proofs for completeness

Proof of Lemma 2 Recalling the notation RML — ML g and introducing the auxil-
iary operator R, := C,H*, we have

Ky — KMY = R,(HR, + 1)~ — RME((HRMY T 1)~
= R,(HR, + 1) — (HRMH*" + )71
+

(Cp — CMYYH*(HRMT )7L,
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Using the equality

(HR, +T) ' — (HRM)* + T)™' = (HR, + )" (HRY™) ™
—HR)((HRMYH' + 1),

we further obtain
Ky — KM = R, (HR, + D) " (HRMY ™ — HR,)(HRMYHT + 1)~
+(Co — CYMH*(HRYMHT +T)~!
= Ko (HRY™' — HR)(HRY™)T + 1)~

+(Co = CYMH*(HRYMHT + 1)1
Next, since (H RMY )T and I respectively are positive semi-definite and positive def-
inite,

I((HRYM)T + )7 <171 < o0,

and it follows by inequality (23) and

((HRY™)* — HR,| < [(HRM™)" — HRM| + |H(RM™ — R,)|
= [(HRM)T — HRMY| + |H(C) - C,) H|

that

&= &2, oy = (20Kl 1 D020

xID7Y I H Loy g

o —CMLH .
‘" " Lovsy)

<[[Ca—CM g1,
O

Proof of Lemma 7 We will use an induction argument to show that for arbitrary fixed
N € Nand p > 2, it holds for all n < N that

L
Z I — ﬁﬁum/(g,v) < |log(e)|"e, ¥p' <4NT"p.
=0

The result then follows by the arbitrariness of N and p.
By (20), we have that f)g = ﬁg, so that for any p’ > 2,

L
§ : ~l ~0
||v0 - U()”p/ = 0.
£=0
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Fix p > 2 and N € N, and assume that

L
oty =], S oz e, vyl <4t

=0

Then, by Assumption 1(i),

L L

¢ 4 ~L 34 -1 ’ N+1—
DIk =l <Y cwlldy ) — vyl S llog(e)" e, ¥p' <4NHITp,
=0 =0

(70)
Furthermore, by Lemma 2,

Al 4 % l 14
Uy, =Y, HV = ”I - HzK"H”L(V,V) ‘ Uy, =Yy v
6 |CY = G|, 15— Hugl,

forall £ =0, ..., L. Holder’s inequality then implies

N o Y
19 = Vpllpr < |1 = HKK"H”L()),V) vy = O llpr
+ &Y™ = Call 2 @ vy (I35 Iy + IH v gomy 105 12
(71)
Plugging (70) into the right-hand side of (29) and using Lemma 3, we obtain that for
all p/ <4N—np

L

ML ~ML 4 ~{ 4 ~{
ICY™ = CY My S &4+ D Mg — B llap (vgllap + 155 114p)
=0

< |log(e)|" Le.
Summing over the levels in (71), it holds for all p’ < 4N-n p that

L L
5k = 85y S D2 {vs = ol + Hog@ 1"~ e (15 lp + 1 Hllw o 1051251
=0 =0
L
< |log<e>|'He(1 + Y U5ty + 1 Hl o mmy ||vﬁ||2p/))
£=0
< log(e)|"e.

O
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