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KERNEL REPRESENTATION OF KALMAN OBSERVER AND
ASSOCIATED H-MATRIX BASED DISCRETIZATION

MATTHIEU AUSSAL'® AND PHILIPPE MOIREAU®™

Abstract. In deterministic estimation, applying a Kalman filter to a dynamical model based on
partial differential equations is theoretically seducing but solving the associated Riccati equation leads
to a so-called curse of dimensionality for its numerical implementation. In this work, we propose
to entirely revisit the theory of Kalman filters for parabolic problems where additional regularity
results proves that the Riccati equation solution belongs to the class of Hilbert-Schmidt operators. The
regularity of the associated kernel then allows to proceed to the numerical analysis of the Kalman full
space-time discretization in adapted norms, hence justifying the implementation of the related Kalman
filter numerical algorithm with H-matrices typically developed for integral equations discretization.

Mathematics Subject Classification. 47D06, 49M41, 93B53.
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1. A DETERMINISTIC OPTIMAL CONTROL FRAMEWORK FOR PDE-MODEL
ESTIMATION

1.1. Introduction

Kalman filters have been very popular since their introduction in the 60s [31, 32] for estimating dynamical
systems from available measurements. They were originally designed and justified for finite-dimensional linear
systems of ordinary differential equations (ODE) with linearly generated observations. Moreover, the initial
formalism encompasses stochastic formulations associated with Gaussian independent disturbances where the
resulting estimator is proved to be the Best Linear Unbiased Estimator but also the Minimum Mean Square
Error estimator or the Least Squares Estimator [8]. Surprisingly, the exact same formulation of the Kalman
filter can be derived in a completely deterministic context [7], offering a theoretical alternative to adjoint based
minimization of least squares functional [12, 18, 40] known in the data assimilation community as the 4D-
Var approach [36, 37]. This time the Kalman estimator is defined as the observer equivalent to minimizing a
moving-window least squares functional integrating a data fitting term, under the constraints of the dynamics.
As a result, the initial dynamics is corrected by a feedback incorporating the available measurements, feedback
computed from an operator solution of a Riccati dynamics. When considering PDEs evolution problems, new
challenges appear to define adequate notions of solution of the initial problem, of the Riccati dynamics, and of
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2 M. AUSSAL AND P. MOIREAU

the estimator — also called observer — dynamics, even in the deterministic context, and with additional subtlety
in the stochastic context, see [7] or the survey [19]. Moreover, refined question of regularity arises, in particular
concerning the Riccati operator. These questions have been widely studied in the literature, see [9, 21, 34] and
references therein, with new results in the class of Hilbert-Schmidt [14, 15, 20] obtained recently for certain
classes of parabolic equations. Building on these new results, we here proposed a complete vision of Kalman
theory for PDEs, from its deterministic definition and its essential properties up to its complete full space-time
numerical analysis in the space of Hilbert-Schmidt operators, completing in the sense the initial works of [14, 26].
Moreover here, in circumstances of adequate regularity, we aim at proving that the continuous Riccati operator
is associated with a regular kernel which can be discretized using Hierarchical matrix algebra [10, 30], as well
known when discretizing integral equations [2] but also experimented with Algebraic Riccati Equations [27].
Here, we mathematically justify in the context of the Kalman filter previous numerical experiments [38], while
proposing numerical improvements in the H-matrix treatment of the Riccati operators. This allows to overcome
— here for parabolic problems — the classical curse of dimensionality that faces the Kalman filter for PDEs,
sometimes limiting its use with respect to the least squares minimization using adjoint based methods [43]. In
fact, with our approach, we can consider discretization with millions of degrees of freedom and approximate the
corresponding Riccati operators, whereas classical research directions are more inclined to follow reduced basis
methods model approximation [5, 17, 42, 44] or reduced covariance strategies [16, 35, 46] to be computationally
effective.

1.2. Model setting
1.2.1. A general parabolic initial value problem

Let Z and V two separable Hilbert spaces with V dense in Z. Denoting Z’ and V' their respective topological
dual spaces, we assume a compact injection i : V — Z such that we identify

VGZ=Z' gV,
and we denote ||-||z and |-y with associated scalar product (-,+)z and (-,-)y. By contrast, the duality pairing
on V' x V is denoted by (-, -)y.
We consider an operator A € L£(V', V) associated with a continuous and coercive bilinear form ain VxV — R
V(v,w) €V, (Av,w)y = a(v,w),
with
Jet, | Vv eV, a(v,v) > CstHU”%‘
With a slight abuse of notation, we also consider A as an unbounded operator from D(A) to Z with
DA)={veV:3IBe Zst YweV,alv,w) = (B,w)z}.
We denote A* of domain D(A*), the adjoint operator. The fractional power AP, 0 < p < 1, are defined following
[33] - see also Section II-1.4 of [9] and we further restrict our study to the classical case D(A2) = D(Az*) =V,

studied and illustrated in [41]. Given T > 0, we consider a dynamical system in Z represented by the following
dynamics

{Z'+Az:BV, in (0,7) (1.1)

z(0) = 2o,
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where we use the short notation Z = %z. The quantity (0,7) > t — v(t) € U is typically an unknown contri-
bution to the dynamics — namely a so-called model error — and U is also assumed to be a Hilbert space with
associated norm ||-||z¢. For the sake of simplicity, we consider a model-error operator B € L(U, Z).

The operator (A, D(A)) is obviously maximal accretive, hence — by Lummer-Philips theorem [45] — is the
generator of a C%-semigroup of contraction @ such that

d

D(A), Az=-——
Vze D(A), Az "

(@(t)2) =0+

Moreover, @ is analytical Theorem 3.6.1 of [49] — see Definition 2.3 and Theorem 2.11 of [9].
For the sake of completeness, we recall the various notions of solution of the non-homogeneous linear evolution
equations (1.1) that will be used in this work — see for instance (][9], Part II).

Definition 1.1 (Notions of solution). Given [0,7] 3 ¢t — 5(t) and zp regular enough, we list 4 different types
of solution of

(1.2)

24+ Az =p6(t), in (0,7)
z(0) = 2.

(i) z is a strict solution of Problem (1.2) in L2((0,7T); Z) if z belongs to H'((0,T); Z) NL2((0,T); D(A)) and
(1.2) is satisfied in the strong sense.
(ii) z is a mild solution of Problem (1.2) in L2((0,7); Z) if z € C°([0,T]; Z) is given by the Duhamel formula

z(t) = P(t)zo + /Ot &t — s)B(t) ds. (1.3)

(iii) z is a weak solution of Problem (1.2) if (1.) z € L2((0,T); Z), (2.) for all ¢ € D(A*), (¢, 2(-))z belongs to
H(0,T) and (3.) for almost all t € (0,7),

Vg€ DAY), S 20)z + (A0, 2(0)z = (4.60)z. (1.4

(iv) z is a variational solution of Problem (1.2) if (1.) z € L%((0,7);V) and (2.) & € L%((0,7);V’) and (3.)
for almost all ¢t € (0,7,

Yw €V, <%+Az—ﬁ7w>v:0.

We now recall the classical existence results.
Theorem 1.2 (Solution existence). We list different cases of solution of Problem (1.1) or (1.2):

(i) Given zg € D(A) and B € L2((0,T); D(A)) (or B € HY((0,T); Z) resp.), Problem (1.2) has a unique strict
solution which belongs to H((0,T); Z) N C°([0, T]; D(A)) (or to CL([0,T]; Z) N CO([0, T); D(A)) resp.).
(ii) Given 2o € Z and B € L2((0,T); Z), Problem (1.2) has a unique weak solution which coincides with the
mild solution given by the Duhamel formula and the variational solution.
(iii) Given zo € Z and 8 € L2((0,T); V"), Problem (1.2) has a unique variational solution.

Proof. We here aggregate several classical results. For (i), we refer for instance to II-1 Proposition 3.3 of [9],
For (ii), we refer to II-1 Proposition 3.2 of [9] and for (iii), we refer to II-2 - Theorem 1.1 of [9]. O
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1.3. Uncertainties and observation modeling

We are now going to introduce some model uncertainties in a deterministic framework of estimation. Let us
consider that we are interested in the prediction of a natural system that follows the dynamics (1.1). We denote
the target trajectory {Z(t), t € [0,T]}, obtained from (1.1) with unknown initial condition and model error v.
More precisely concerning the initial condition, we separate the unknown part ¢ from the known part 2y of z(0)
such that

We typically assume to have an a priori on the level of uncertainty in ¢ namely ||{||z = O(a) with o known.
Another choice could be to assume, as it is for ill-posed inverse problems, that the initial condition belongs to
a more regular space Vs, typically

Vs GV CZ,

with the injection is : V5 — V at least continuous. In this case, the estimation procedure should benefit from
knowing that ||C||y, = O(«).

The source error is typically assumed to belong to L2((0,7);U) or more strongly to L°°((0,T);U) with for
instance

Va.e.t € [0,7], [7(®)llu = O) or 722 (o.rya0) = OK?T).

To circumvent this lack of information on this system, we assume to observe the given target trajectory, hence
we expect to estimate the associated initial condition and the model error from the available measurements.
We model the measurement procedure, by an observation operator C, such that a given measurement y € ) is
modeled from the application of C' on a given z € Z, namely

C:Z3zm—ye). (1.5)

For the sake of simplicity, we restrict ourselves to bounded observation operators. The available noisy measure-
ments are y° and they are a perturbation of the unavailable perfect measurements § = C'% such that, n = % — g
belongs to L>°((0,T);)) or more strongly to L>°((0,7);)) with for instance

Va.e.t €10, 7], [n(t)lly = O©) or lInlliz(o,r)p) = O(T).

We recall that compensating the lack of knowledge on (é ,7) by the known data y°®, consists in being able to
invert the operator

U ZxL2(0,7) 3 (Cv) sy [[o,T] S5t C@(t)(—i—/t Co(t — s)v(s) ds} € 2. (1.6)
0

The operator ¥ can be injective but is not surjective as A is analytical hence @ is regularizing. Therefore,
inverting W is ill-posed.

1.4. The advection-diffusion example

As an illuminating example all along this article, we consider an advection-diffusion problem. We introduce
a bounded domain Q C R? of C? boundary where we will define solutions of an advection-diffusion equation
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with an unknown source term error. We introduce a strictly positive known continuous function f € C°(Q) with
vV € Q, f(x) > 0 but a potentially unknown time dependent v € L2(0,T)

Oz(z,t) — b(z) - Vz(z,t) — Az(z,t) = f(x)v(t), (x,t) € 2 x(0,T),
z(z,t) =0, (x,t) € 92 x (0,T), (1.7)
z(x,0) = zo(x), x €,

where b € HY(Q) NL>°(Q) is a given velocity field such that V - b = 0. The model defined by the dynamics (1.7)
enters the framework introduced in Section 1.2.1 with Z = L2(Q), V = H} (),

A=v-V+A, DA =H*(Q)NHHQ),
and a model error operator given by
B :R>2ve f(x)r e LA(Q),

of corresponding adjoint operator
B* : L3(Q) 2 ¢(z) / f(x)p(r) € R.
Q

Note in particular that D(A2) = D(Az*) =V as justified in [41].
About the measurements, we typically consider to observe the system over a subdomain w. Therefore, we
have

C:L*Q)3pm ¢, € LP(w), C*: L*w)>3p~— L1y(x)u(x) € L*(Q).

In this case, ¥ — defined by (1.6) — is injective. Indeed, let us consider ({,v) € Z x L2(0,T) such that
y = U(¢,v) = 0. We first have, using the equation (1.7) satisfied in w C Q , that

fl@w(t)=0, (x,t)€wx(0,T).

As f is strictly positive, we deduce that v = 0. Then, from classical observability inequalities for parabolic
equation from interior measurements — see [28] and references therein — we have

T
0 w
Finally, by backward uniqueness of the solution z2(T) =0 = ¢ = 0.

1.5. Least squares estimation
1.5.1. least squares criterion

A classical estimation approach consists in formulating the estimation problem as an optimal control problem,
hence minimizing a least squares criterion balancing the uncertainties. We thus introduce, for v € R,

T
Fel6w) = 50CO+ 5 [ [ - Caea o) + Il ds. (18)
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where we denote by 2|¢,(s), a trajectory of (1.1) for a corresponding initial condition z(0) = 2 + C.

On the one hand, the bilinear and symmetric form as is a penalization terms aiming at controlling the
regularity of the estimated initial condition of such ill-posed problem. Moreover as will be assumed to be
coercive and bounded in V,, with typically the existence of 0 < £ < a~! such that

e?¢]

2 <as(¢,Q) <a?¢l3,.

Denoting Ay the Friedrichs extension of the triple (Z, Vs, as), we introduce
D(As) = {’U eV ‘ df € Zs .t as(v,w) = (f,w), w e VS},

and — again with a slight abuse of notation — the operator Il = A;! can be either consider as a bounded
application from Z to D(A;) or from V. to V,. The term

a’S(<7<) = <HO_1<7<>V53

where (-,-)y, stands for the duality product, is a generalized Tikhonov regularization term [23] enforcing a
regularity in V, C Z. The operator Il will be called the a prior: initial covariance operator, as we typically
expect that the target trajectory satisfies

(51 Qv, < a3, <1

On the other hand, the parameter « is a scaling positive parameters to balance uncertainty in the data infor-
mation with respect to uncertainty in the source and in the initial condition. In practice for a given I L and
K, 7y is adjusted with respect to the estimated observation noise scale 9.

In this setting, our objective is typically to find the trajectory associated with

min Ir(Cv),

CEVs
veL?((0,T);U)

and we emphasize that minimizing _#; must be understood as a minimization under the constraint that z¢ ,
follows the dynamics (1.1).

Theorem 1.3. There exists one, and only one minimizer couple ({r,7r) € Vs x L2((0,T);U) of the criterion

s
(§T7 DT) = argmin /T(C’ V)'

Ve xL2((0,T);U)

Moreover,

Cr = 110qr(0),  r(t) = K72B*Gr(t), t € (0,7), (1.9)
where (Zr,Gr) is the unique solution

Zp + Azp = Kk 2BB*qr, in (0,T)
Gr — A*Gr = —C* (y(i — CZ. (1)), in (0,7
Zr(0) = 2o + Iyq-(0),

‘?T(T) =0,

(1.10)
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and Zr is thus the solution of (1.1) associated with (Cr, Dr).

Proof. From (1.3), we see that (1.8) defines a quadratic functional in the Hilbert space Vs x L2((0,7T);U).
Moreover, from Duhamel’s formula

Izic Oz < 1I¢lz + Vel o < ¢, + VEllvlio.mw,

ensures that #,((,v) is Fréchet differentiable and we directly infer that

Ir(Coyn) > Fr(Covn) + (D 20 (Crymn), (G — Crve — V1)>VS><L2((O,T);LI)

1
+ 5 (&G = @I, + K = vl o,mye0)

where €2 is the coercivity constant of II; ! Namely, Hr is a strongly convex function.

Therefore, there exists one, and only one, optimal estimation ({r, 7r) such that

(C_Tv DT) = argmin /T(Cﬂ V)'

VexL2((0,1)U)

Note that ((r, 7r) are indexed by T' as I is.
Let us now introduce for all z € L2((0,T); Z) and y € L2((0,T);)) the adjoint dynamics

Gr — A*qr = —yC*(y — Cz), in (0,T) (1.11)
gr(T) =0

which is also well posed as it is considered backward in time. Namely, we have ¢, € C°([0,T], Z) from Theo-

rem 1.2. The adjoint variable allows to easily compute the Fréchet derivatives with respect to ¢ and v. We find

for a given ((,v) € Vs x L2([0,T),U)

v€ € Vs <DCfT(C7V)?§>VS = <C’H51§>Vs + (qT(())?g)Zv

and

T
W € LO.TVU) (Do () i)z = [ R0 Ok+ (@0, Bult)z

At extremum, we obtain the Euler equation associated with the minimization

T
V(¢v) € Ve x L2((0,T)iU), (g Crs Gy, +(@(0)>C)z+/0 K2 (72 (), v(t))u + (ar (1), Br(t)z dt =0, (1.12)

where ¢r is the adjoint variable associated with the optimal trajectory zr = z¢, 5, and the available
measurements 3°. This leads to the so-called two-ends problem defining the optimal dynamics of the estimator:

Zr + AZy = BQB*qr, in (0,7)
dT —A*qr = _C*R(yé - Ci(t)), in (07T)
z7(0) = 2o + Ioqr(0),

3(T) = 0.

(1.13)
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where Q = k21 and R = y1y. O

Remark 1.4. Note that here, the proof is compatible with the semigroup theory solutions whereas a slightly
different approach based on the notion of variational solution could have been possible. In particular, the
variational frameworks allows to introduce the Lagrangian associated with the dynamics constraint hence to
illuminate the adjoint equation definition. We refer to the first chapters of [7] that adapts to observation theory
the variational evolution equation control framework initially developed in [39].

Remark 1.5. In general (1.13) is solved using a gradient descent approach. Defining the gradient from Riesz’
representation theorem in the space V, x L2((0,T);U), the gradient descent approach reads

¢EHt = F = P IV e 7 (CF, V), k>0
=0k = pP RV, 20 (CR VR, k20

from (¢%, %) = (0,0), can be proved to be convergent for an adequate relaxation parameter p < 1, small enough.
This gradient descent consists in solving, from (¢%,2°) = (0,0) and for k > 0, the weakly coupled system

SR AR — (1 R BUk 4 gk BQB g, in (0,7) (1.14a)
2PHH0) = (1 — p")2%(0) + p*IToqk(0) |
and
GETT = AGET = A O (S — Ok, in (0,7) (1.14b)
k107 — .
qr ( ) =0

Note that the existence of a solution of (1.13) can be understood as the limit of the well-posed dynamics
(1.14a)—(1.14b).

1.5.2. Singular value decomposition

In this section, we want to give one example of possible choice of Il among many others. In this respect,
let us consider the compact operator T = A~ : Z — Z. We introduce (e,)nen and (f,)nen respectively the
orthonormal basis associated with the diagonalization of T*T and TT™* respectively. We denote (p,)nen the
sequence of positive eigenvalues which decrease to 0.

We recall the following decomposition

TZ_Z’“” fnzen, TZ—Z,U/nzeann

n>0 n>0

with (em, en)z = Omn, (fms fn)z = Omn, and T'f, = ppen, T en = pnfrn. We can then define
(TT*)’z = Z 12 (2, en) 2 €n,

and given s > 0, we introduce

V, = Im((TT*)* {zeZ)Z Ze" oo}.

n>0
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1

Note that we have in particular V1 =V as we initially restrict our study to the case where D(Az) = D(A2*) = V.

We further assume that there exists sg > % such that

Vs > sg, Z,uis < 4o0.
n>0

Then, we propose to define Il as

Iz = ZaQ 252, en)z €n- (1.15)
n>0

If s > 0, Iy is compact. Moreover if s > sg, Il is a Hilbert-Schmidt operator (see the recalled definition in
Sect. 2.1). Finally,

Il

(o2 2y, = Y a0 (2 en)% = o221},

n>0
hence ensuring that a4 is bounded and coercive in V.

1.6. The Kalman sequential estimator

The principle of optimal sequential estimation [7] is to avoid solving (1.13) by decoupling the corresponding
two-ends dynamics. In this respect, we will find a Cauchy problem formulation of the so-called optimal sequential
estimator — also called optimal observer — defined by the following:

Definition 1.6 (The optimal sequential estimator). For all time ¢ > 0, considering the optimal trajectory z
associated with the minimizer of _#;, the optimal sequential estimator 2 is defined by

VE>0, 2(t) = z(t). (1.16)

We are going to prove that the optimal sequential estimator is in fact given by the estimator proposed by [32],
and often called Kalman-Bucy estimator or simply Kalman estimator, here generalized to PDE formulations
[7]. Yet, we need to introduce the so-called Riccati operator solution to a Riccati dynamics before characterizing

the dynamics of 2.

1.6.1. Riccati dynamics

We introduce the spaces of linear auto-adjoint bounded operators
s ={eec@|Q=q},
and the cone in S(Z)
sH(2) = {Qes )|Vz € 2, (2, Qz)>0}

We then consider the following Riccati dynamics

{1’7+AH+HA*+HC*RCH—B*QB:0, t>0 w17

11(0) = ITo.
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for which we seek a solution in C°([0,T],ST(Z)), the set of all continuous mappings from [0,7] to S*(2),
endowed with the topology of pointwise convergence:

lim P,=P & Vze2Z, lim P,z = Pz.

n—-+o0o n—-+o0o

As for the evolution equation (1.2), we face several types of solution of (1.17), listed in the next Definition 1.7.
Before that, we need to introduce an operator over the set of bounded symmetric operator and its associated
domain. Let us denote

S(2)—8(2)

T 00 40+ ga

with, for any @ € S(Z), the corresponding bilinear form
vo(z1,22) = (Qz1, A 22) + (A"21,Q22), V(21,22) € D(AY),
so that T is defined with the domain
D(T) ={Q € S(2) | vp is continuous in Z x Z}.

Note that, going back to our definition of I1y from the singular value decomposition of A in Section 1.5.2, we
have that Il € D(Y) when s > 1. Indeed, we easily find in this case

(Hozl,A*ZQ) (A*217H022)

_ Zaz 2s 21,€n Y(A* Z2’en)+(22,6n)(A*217€n)]
n>0

_ Zaz 29 21,6n )(22, Aey) + (zg,en)(ZhAen)]
n>0

=Y a?u (21, en) (22, fo) + (22, €0) (21, f)]

n>0

< Cst Z [(Zlaen)(ZQa fn) + (32; en)(zla fn)] < 6st||251||2||252||Z-

n>0

Definition 1.7 (Notion of Riccati solution). We list 3 different notions of solution to Problem (1.17):

(i) A strict solution is a function IT € C([0,T]; S(Z)) solution to (1.17) where, for all t € [0, T}, II(t) € D(T)
and Y(P) € C°([0,T],S(2)).
(ii) A mild solution to (1.17) is a function IT € C°([0,T],S(Z)) that satisfies for all z € Z, t € [0, 7],

II(t)z = B(4) TP (t) — /0 t@(t—s)ﬂ(s)C*RCﬂ(s)@*(t—s) ds + /O t@(s)BQB*@*(s) ds.  (1.18)

(iii) A weak solution to (1.17) is a function IT € C°([0, 7], S(Z)) such that for all (21, 20) € D(A*), (I (-)21,22)z
is differentiable and verifies

d

a(H(t)Zl’ ZQ)Z =+ (H(t)zl, A*ZQ)Z =+ (H(t)A*Z1, ZQ)Z

+ (CH(t)Zl, RCH(t)ZQ)y — (B*Zl, QB*ZQ)L{ =0, te [O,T] (119)
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Then we have the following existence results of the Riccati operator II, also called covariance operator for
its interpretation in the stochastic filtering framework [7, 19].
Theorem 1.8 (Existence of Riccati solution). We list 2 cases of existence of a solution to Problem (1.17):

(i) Assuming that B and C are bounded and Ily € ST(Z), the Riccati dynamics (1.17) admits one and only
one weak solution II € CY([0,T],ST(Z)), which is also a mild solution in the sense of (1.18).

(i) Assuming moreover that Iy € D(Y), then the Riccati dynamics (1.17) admits one and only one strict
solution IT € C*([0,T],8T(Z2)).

Proof. The existence and uniqueness of a mild solution is justified in IV-1 Theorem 2.2 of [9]. The fact that this
solution is also a weak solution is given in IV-1 Proposition 2.1 of [9]. Finally, the existence of a strict solution
is proved for variational operator in IV-1 Proposition 3.2 of [9]. O

Remark 1.9 (Time-dependent observation and control operators). Theorem 1.8 directly extends to cases where
we have a time-dependent observation operator — time-dependent control operator resp. — as soon as t — C(t)
is continuous in time — ¢t — B(t) is continuous in time resp. —

We finally conclude this section by recalling the benefit of relying on variational semigroup to impose addi-
tional regularity properties for the Riccati operator IT, proved in IV-1 Theorem 3.3 of [9] using an initial result
from [24].

Theorem 1.10. Let IT € C1([0,T]; ST(Z)) be the strict solution to (1.17) initialized from (1.15). Then for any
t € (0,T) and z € D(A*2) we have I1(t)z € D(A2). Moreover if D(A2) = D(A*2) =V, then II(t) € L(V', V).

1.6.2. Comparison principle
Fundamental properties of the Riccati operator come from comparison principles. We have already seen

that for all ¢ > 0, II(t) € S(Z). Moreover, Theorem 1.8 also gives II(t) > 0, a property which can be easily
understood from the recast dynamics

. 1 1
I+ [A + 5H@)C*RC}H + H[A* + 3(HC*RC| — B*QB =0,
leading to the mild solution
~ ~ t ~ ~
I1(t) = &(t,0) [y P* (¢,0) +/ &(t,s)BQB*P*(t,s) ds, (1.20)
0

where dg(s,t), 0 < s <t <T is the evolution operator associated with the perturbed operator A + 1I(t)C*C
— see IV-1 Theorem 2.1 and I-1 §3.5 of [9]. From (1.20) indeed, we directly infer that I7(¢) > 0.
Then from (1.18), we infer that

II(t) < B() 1" (t) + / td)(s)BQB*(P*(s) ds, (1.21)
0

where the order relation in ST(Z) is obviously given by

Q1 <QxeVze 2, (2,Q12)z < (2,Q22)z.

We now recall the classical comparison result of Riccati operator proved in IV-1 Propisiton 2.2 of [9]
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Proposition 1.11. Consider for i = {1,2}, the two Riccati equations

II(0) = Iy ;

with Iy < Iy, Bi1Q1B1 < BQaBy, CyRyCy < Ci1RCh.
Then we have for all t > 0, II1(t) < II5(t).

By a direct use of Proposition 1.11, we obtain the following comparison
V>0, II(t) > I1.(1),
where II. — given our choice of II; — is the strict solution of

IT,+ Al + II.A* + II.C*RCII. =0, t>0
{ + AL + + > (122

Hc(o) = HO

Let us now specify I1., which is given by the following decomposition.

Proposition 1.12. The unique strict solution of (1.22) is given by
t -1
11,(t) = (1) (11" + / @' (5)C"ROB(s) ds) #*(1). (1.23)
0
Proof. On the one hand, we introduce the operator A solution of

{A+A@CRC<PA—O, t>0 1.24)

As IIj is a bounded operator, A € C*([0,T],ST(Z)) is the strict solution — see Theorem 1.8 and Remark 1.9 —
of the Riccati equation (1.24). Moreover, as a mild solution, A satisfies

t
A:R>t— Il — / A(5)P*(s)C*RCP(s)A(s) ds € ST(2),
0
On the other hand, we introduce
t
vt e [0,T], U(t)=I;" +/ &*(s)C*RCP(s) ds.
0

which is also C! in time since s — &*(s)C*RC®(s) € C°([0,T],ST(Z)). Moreover U > II; ' is invertible in
[0, T]. By composing the derivatives, we find that

d

&(U*I) = -U U = U 'o*C*RCPU !, in [0,T] (1.25)

Namely U~! = A in [0,7] by uniqueness of the strict solution of (1.24). In addition, we find that IIy =
D(t)A(t)P*(t) is solution of

Ix(t)z = AR D* (t)2
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= 2(1)[A(0) - /O A(5)B(s)C* RCB(s)A(s) ds|d*(t)z
= P(t)A(0)D*(t)z — /075 D(t — $)IIp(s)C*RCIIA(5)D*(t — s)z ds.

This ensures, by uniqueness of the mild solution of (1.22), that ITy = II... Therefore Il = ®AP* = U 1@*. [
To summarize, we have found in this section that, for all t > 0,

0<o(t) (H(;l +/t &* (s)C* ROD(s) ds)ilab*(t) < II(t) < B(t) T d*(t) +/t¢(s)BQB*d§*(s) ds, (1.26)

hence controlling the asymptotic behavior of IT.

1.6.3. Estimator dynamics

Once we have clarified the sense given to the covariance operator IT solution to the Riccati dynamics (1.17),
we are able to give to (1.16) a closed loop dynamics, as recall in the next theorems.

Theorem 1.13. Let A be the generator of C°-semigroup ®. Let C be a bounded operator and IT a mild solution
of the (1.17). There exists one and only one mild solution in C°([0,T]; Z) of the dynamics

{zi—l—AéA:HC*R(gﬁ —Cz), n(0,7T) 127
2(0) = %
in the sense that

2(t) = P(t)20 + /0 B(t — s)I1(s)C*[1°(s) — C3(s)] ds. (1.28)

Moreover, this solution is the unique weak solution in the sense that, (1.) z € L2((0,T); Z), (2.) for all q €
D(A*), (q,2(+)) belongs to HL(0,T) and (3.) for almost all t € (0,T),

Vg€ DY), T(5a)+ (5 AN) =2y — O O (D). (1.29)

Proof. Let us denote 8 : t — yII(t)C*y°(t) € L2((0,T), Z), and G : t s I (t)C*C € C°([0,T]; L(Z)). The
dynamics (1.27) is a specific case of

{z* +A2=G)x(t) + (), t>0 (1.30)

with 29 € Z and 8 € L?((0,T); Z). From II-1 Propostion 3.4 of [9], Problem (1.30) admits a unique weak in
H((0,T); D(A*)") N C°([0, T]; Z) which coincides with the mild solution in the sense of (1.28).
O

Note that we can also deduce that 2 is also the unique wvaritionnal solution in the sense that, (1.) z €
L%((0,T); V) and (2.) § € L?((0,7); V") and (3.) for almost all ¢ € (0,T),

Yw eV, <%2 + Aé,w>v =~(y° — Cz,CI (t)w)y (1.31)
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Theorem 1.14. The Kalman observer defined by (1.16) is the unique solution of (1.27). Moreover assuming
that ITy € D(Y), we have the fundamental identity

VEe[0,T), Zo(t) = 2(t) + ()G (2). (1.32)

Proof. From Theorem 1.3, we have the existence of a weak solution of the two-ends problem (1.13). From
Theorem 1.8, we have the existence of a strict solution of the covariance operator II € C1([0,00[; ST(Z2)).
Additionally, a weak solution of the Kalman estimator % exists from Theorem 1.13.

Now let us introduce n = 2 — zZr + II§y and v € D(A*), and compute

(0 v)z = —(2(t), A™0) , + (¥ () — C2(t), CH(t)v),,
+ (ET(t),A*v)Z — k2 (B*ch(t), B*v)u

+ ST 0a(3),0)

(1.33)

Moreover, as IT is a weak solution of (1.17) such that for all ¢t > 0 and v € D(A*), II(t)z € D(A*), we have
from (1.19)

—(I(t)qr(s),v)|  + II({)gr(t), A™v)z + (Gr(t), A" (t)v) 2
+y(CH ()G (t), CH(t)w)y — k™ 2(B*qr(t), B v)y = 0, (1.34)

(@ (), H(s)v)| = (a(t), A" II(t)v)z —v(y°(t) — Oz (t), CL (t)v) ;. (1.35)
Gathering (1.33), (1.34) and (1.35), we finally obtain
d * *
() v)z + (0, [A"+ C"RCI(t)]v)z =0, ¢ €[0,T]
n(0) =0,
whence, by Theorem 1.13, 7 = 0 in [0, 7], which concludes the proof O
We directly deduce from (1.32) that
VT >0, z:(T)=2(T).

As a consequence, the Kalman-Bucy estimator, solution of (1.27), is the optimal estimator in the sense of
Definition 1.16.

Remark 1.15. The condition IT, € D(Y) is a technical assumption facilitating the chain rule computations.
It can be relaxed by using only mild solutions and Duhamel formulae. However, the proof of Theorem 1.14 is
simplified in this case, and the next sections will be based on such regularity condition on I1j.
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2. KERNEL REPRESENTATION OF CONTINUOUS-TIME INFINITE DIMENSIONAL
RICCATI SOLUTIONS

We are now going to show an additional regularity property of the Riccati solution which for 11y regularizing
enough can be of Hilbert-Schmidt type as it is sometime highlighted for control problem — see for instance [20]
and references therein — or [13-15] for observation problems. The benefit of such property will be the existence
of an associated kernel, regular enough so that it will be numerically approximated and efficiently computed.

2.1. Hilbert-Schmidt Riccati solutions and Kernel representation

We denote by J2(Z) the spaces of Hilbert-Schmidt operators, over the separable Hilbert space Z. We recall
that

J2(Z) C K(2) C L(2),

where K(Z) is the space of compact operators. For any Hilbert basis (ey,)n>0 of Z.

(NI

2lle = V(I = (3 (en, 1170 2)

n>0

We point out that this definition can be shown to be independent of the choice of the Hilbert basis. Moreover,
if IT € J2(Z2) NSt (Z) then ||II|| < ||II||2. We have the following result taken from Theorem 3.6 of [14] — see
also [13, 15] and the seminal work [50].

Theorem 2.1 ([14]). Let us assume that (1) IIo € ST (Z)NJ2(Z), (2) BB* € ST (Z2)NJ2(Z) and (3) C*C €
St(Z). Then, the Riccati dynamics (1.17) admits one and only one mild solution II in the sense of (1.18) and

We now recall the following Kernel Theorems for Hilbert-Schmidt operators, see Theorem 12.6.2 and Theorem
12.7.2 of [4]

Theorem 2.2 (Kernel Theorem in L?). An operator IT from L2(Q) to L2(Q) is a Hilbert-Schmidt operator if
and only if it is associated with a kernel w € L*(Q x Q) such that

Vo e L2(Q), VxeQ, (IIp)(z)= /Q7r(xl7x)g0(x’) dz’.
and

1]z = [[7]|L2(0x0)- (2.1)

Theorem 2.3 (Kernel Theorem in Sobolev Spaces). Let (m,p) € N2. An operator II from H™(Q)" to HP ()
is a Hilbert-Schmidt operator if and only if it is associated with a kernel m € H™P(Q x Q) such that

v e H™(Q),  (y)(x) = (,7(,2)) mm.

Therefore in our framework, as we proved that II(¢t) € L(V',V) for t € (0,T), we can expect an additional
regularity for the kernel 7 associated with II. This will be specified in the next section for the advection diffusion
case.
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2.2. Kernel representation of the Kalman estimator for an advection-diffusion problem

Considering our specific advection-diffusion example of dynamics defined in (1.7), we have the following
representation theorem.

Theorem 2.4. Let IIy € D(Y) N Jo(L*(Q)) N L(H1(Q),H§(Q)). The Riccati dynamics (1.17) associated with
the model (1.7) admits one and only one mild solution I in the sense of (1.18) which is associated with a kernel
7€ CH[0,T]; L2(Q x Q) NL2([0, T); HY (2 x Q)) such that for all t € (0,T), (A, + A)7w(t) € L2(Q x Q) and
18 solution to the dynamics

Oy (a!, x, t)
—v(z') - Vym(a, z,t) —v(x) - Ver(a!, z, 1)
— (A + Ay)m(a!,x,t)
= K72 f(a) f(x)

—7/ n(t,x, 2" )m(t, 2", 2") da”, (', z,t) € A x Q% (0,T), (2.2)
m(x',z,t) =0 (2, 2,t),€ 002 x Q x (0,T),
m(x',z,t) =0 (2, z,t),€ Q x 90 x (0,T),
w(z',z,0) = mo(2', x), (2',z) € Q x Q.

where o € HY (2 x Q) is the kernel associated with the initial covariance operator Ily.

Proof. We introduce the sequence of eigenvalues (A, )nen of (—A) ™1, which is decreasing to 0. The corresponding
eigenvectors (U, )neN define an orthonormal basis of L?(),

From Theorem 2.1, The Riccati dynamics (1.17) admits a unique strict solution IT € C1([0,T]; S*(2)) with
also IT € C°([0,T]; J2(Z)). Therefore, we have for all t € (0,T), Y, > (tun, II*(t)u,) < +oo which implies from

Theorem 2.2 that I1(t) admits a kernel representation 7(t) € L2(Q x Q) . Moreover from Theorem 1.10, we also
have that for all t € (0,7T), I1(t) € L(V',V). Let us define for all n, h,, = \/Tu” and g, = vV A,u,. We know

that (hy,)nen is a Hilbert basis of V' = H=1(Q) and (g,)nen is a Hilbert basis of V = H}(£2). We thus have

Z(gmn2(t)hn) = Z(un,HQ(t)Un) < +o0,

n>0 n>0

which implies that IT(t) is a Hilbert-Schmidt operator from H~1(Q2) to H}(£2). Therefore this time, from Theo-
rem 2.3, I1(t) admits a kernel representation 7(t) € H*(Q2 x Q). In particular, 7 admits a trace at the boundary
(1 x Q)

Let us now characterize more specifically this kernel 7. First, we have for all t € [0,T], I1(t) € ST(Z), hence

V(x,2',t) € A x Qx[0,T], w2, 2,t) =n(z,2,t).

Second, we recall that, from Theorem 1.10, for ¢ > 0 and z € D(A*2) = H}(Q), P(t)z € D(Az) = HA(Q).
Therefore, for all ¢ € (0,7, and by density of H}() in L2(£2)

Vo € HY(Q),Y(x,t) € 992 x [0,T], / m(x', z,t)p(z") dz’ =0,
Q

= V(2 z,t) € A x 90 x [0,T] 7(z',2,t) =0,
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and by symmetry
V(z' 2, t) € 02 x Q x [0,T], (2 2,t)=0.
Third, let consider (z1, z2) € D(2) x D(§), using Fubini and the boundary property of ,
(ApT, 2122) D(ax) = —/ Var(x',z,t)z1 (2 ) V2o (z) do’ dz
Q

= / / m(x', @, t)z1 (2") Aze(2) da’ do = (II(t)z1, Azo) 4
aJa

We also find
(b Vom, z122)Di2x0) = // (2,2, t)21(2") Vs - (b(2)22(x)) do’ dx
/ / (2’ z,t)21(2")b(z) - Vza(z) d2’ dz
(t)z1,—b-Vz2) 5
giving

<b -Vaem + AI’/T, leQ>D(QXQ) = (H(t)zlvA*ZQ)Z .
Identically, we have

<b~vx/7T+Am/7T,leg> = (A*Zl,ﬂ(t)ZQ)Z.

D(QXQ)
Now, we recall that for all ¢t € (0,T"), II(t) € D(Y). Therefore, there exists a constant ¢ such that

[(b-Vaom +b-Vorm+ Apm + D, 2122| < | (T (t)21, A%20) 5 + (A%21, I (t)22) 2 | < cstllz1llLz () ll22llL2 ()
As 7(t) € HY(Q x Q), this implies that there exists a constant cg such that

[{Apm + Ay, 2120] < csel21 |z (o)l 22]lL2 ()

By density of D(2) ® D(2) in D(Q2 x ), we conclude that A,7(t) + Ay 7(t) € L2(Q x Q).
Additionally, we have

(CII(t)z1,CII(t)z2)y = / / / (t,z, 2"\ (t, 2", 2" )21 (2" )20 (x) d2” da’ da,
and also

(B*2z1,QB*z0)y = /Q/anzf(x')f(x)zl(:r’)@(x) dz’ dax.

Moreover IT € C([0,7]; ST (Z)) implies that d;m € L%(Q x Q), with

(Oym, z122) DA% Q) ://&w (t,x, ")z (2) 22 (2) da’” da’ = (II(t)21, 22)
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As IT is a weak solution of Riccati in the sense of (1.19), and D(Q) @ D(Q) is dense into D(Q2 x Q), we have for
all ¥ € D(Q x Q)

/ / [Bﬂr(x',x,t)— b(a') - V(2 z,t) — b(z) - Var(!, 2, t)
QJQ

— (A + Ap)m(a, x,t)’y/ m(t,z, 2" )m(t, 2", 2’) dz" + nfzf(x')f(m)}w(x,x’) de dz’ = 0.

w

ending the justification of (2.2).
O

Remark 2.5. Such non-linear integro-differential equation associated with the Riccati kernel was already
mentioned in Chapter 3, Section 5 of [39], but without justifying the necessary regularity conditions allowing to
write (2.2). In [50], the regularity question was fully treated, however with different arguments and a slightly
different Riccati equation.

From the kernel representation of the covariance operator, we can now specify the weak form and strong
form of the optimal estimator in the context of an advection-diffusion problem. We directly find from the weak
solution associated with (1.27) that

(até,w)LQ(Q) —(b-Vz,uw),, L2(@) - (V& Vw), //’WT o'z, w(@' 1) (v (2, t) — 2(z,t)) do’ dz. (2.3)

Then using the symmetry of II — and of its associated kernel m — we recall that

(CH(tyw, (y° - C’é’)) = / / (2, 2, w(@', 1) (v (z,t) — 2(2,t)) da’ dz
/ / (2, 2,t) (v (x,t) — 2(z,t))w(z’,t) da’ dz
o()C*(y° — C2)) 5,
which directly gives the strong form of the Kalman estimator for our advection-diffusion example:

Oez(z,t) —v(z) - VZ(x,t) — AZ(z,t) = "y/ yr(z', x, t) (y‘;(x',t) — 2(a',t)) da/, xe€Q,t>0,

2(z,t) =0, x € 0t>0
2(z,0) = Zo(x), ASEY

(2.4)

Here, we recognize a nonlinear integro-differential equation that we proved to define a well-posed problem.

Remark 2.6. For clarity, we have limited the kernel representation calculations to the initial advection-diffusion
example. However, an analogous representation could be performed for many other types of parabolic equations,
provided that IT is a Hilbert-Schmidt operator and, furthermore, IT € £(V’, V). This last property is justified by

Theorem 1.10, unfortunately — to our knowledge — under the restrictive condition that D(A2) = D(A*z) = V.

3. NUMERICAL ANALYSIS

3.1. Discretization of the direct model

We consider a spatial discretization of the model (1.1) using Ritz-Galerkin method, for instance a finite
element method. To be more specific with our example of advection-diffusion equation (1.7), we consider a
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Lagrange finite element discretization in a finite dimensional space V" ~ RNz, The orthogonal projection from
Z to Z" is denoted by P". We now introduce the operator A" defined by

V(u" ol e zh (AM o)z = a(u, o) = (Aul o)y,

We proceed identically with the model error and the observations. For the sake of simplicity, we restrict the
present article to the case where only the state needs to be discretized. Our discretize observation operator is
hence given by

ch=0oP™ e LY, 2

For the model error, the same reasoning applies but as in our specific example we have dim(Y/) finite hence,
there is no need to introduce a specific notation for its spatial discretization. We just introduce B* = P"B € Z B!
Therefore, our model dynamics (1.1) is spatially discretized in Z" C Z as

s Al = Bhy, in (0,T), (3.1)
Zh(o) :Phéo+<ha .
Of note, in a very general configuration, a full numerical analysis should also take into account the observation
sampling and discretization, and the model error discretization.
We now proceed to the full space-time discretization using a backward Euler time scheme. We consider the
following uniform discretization of the time interval [0, T): ¢, = kAt for k = 0,1,--- ,n, where T = nAt. We
have

Zh-r 7Zh'r
M Ahz,ﬁ_l = Bhu;§+1, O<k<n-1, (3.2)

z(’f = Phéo +¢h,
We denote
(PZ’T = (1zn + TAh)*"

which is clearly invertible as A" is maximal monotone. Moreover, we recall the following estimate ([25], Thm.
2.7)

h?2+7
VZ() S Z, ||¢(tn)2() — @Z’TZ()HZ < cgt HZ()Hz, n > 0. (33)

Finally, we also introduce 2 = P2, and
B" =71+ 1AM 'B" = 1077 B,
such that the discrete-time dynamics (3.2) rewrites

Zk+1 @h T h T Bh’TV}:—&-l’ 0<k<n-— 1’
2h =3t +(h
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3.2. Discretization of the estimator

Using a quadrature rule to approximate the integrals in (1.8), we obtain the following time-discretized
criterion:

(¢, (P IToP*) =1 ¢h) Zm\lvkllu

N |~

T (V) 1<ken) =

15 hor )
+ 5 Z T’y”yk C Z’f\Ch (Y[ )o<k<n H)} (3'5)

We denote by

Zh,'r o Zh,‘r Zh,‘r _ (Zh,'r) - (I/T)
kln = “k|¢, (V] )i1<k<n’ ln = \Fk|n/1sk<n, In = \PkJ1<k<n,

and by ((h T "h ") the minimizer of the full-discretized criterion _¢/»7. This minimizer generates a trajectory

Sh-
‘nT. As in the continuous case, we can easily prove the following theorem

Theorem 3.1. The minimizer ((In , ) of ZIT satisfies

7 _h,
C OQOlna l/kln:C?‘I'-Bhﬂ'*qkl'f'7 k:]_7 ,n,
where Q7 = k=21 Ny, R = y7lyn, I} = PMIT P and

_h,T —@hTZ

% 1n win+ BTQTB T 0<k<n-—1, (3.6a)
_h,T sh
Zoim = 20 + 3y (3.6b)
_h,T h,T* JL T * T
G = DTG+ CPRMT () - Ch AT, 0<k<n-1, (3.6¢)
Gyin = 0- (3.6d)

Proof. We recall that we are in the case of the minimization of strictly convex quadratic functional in finite
dimension under a linear discrete-time dynamics constraint, hence we have one and only one minimizer. We
then introduce the following Lagrangian

1
h,m _h,T h,T 1 7.
LT ) = 5 (s U1 ) 2 Zn I
1 n—1
S h
+ by Z ™lyy — C sz|n||y
n—1
h h h
+ Z(qk+l|n’zk-:1 &7z = BMTyf 1)z (37)
k=0

and minimizing #/»7 in the finite dimensional Hilbert space Z" x 4™ under the constraint of the discrete-
time dynamics (3.4), is equivalent to find the saddle point of Z"7. Derivating .#/7, we obtain in particular
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for 0 < k < n,

ve e zh, <hﬂzh<wﬂ$wm45ﬁ:ww — Ch 2 CM) 4 (ains €) 5 — (@01 ©17E) 5

When applied to the stationary point (Z |n’T, qln , 07 ), we get (3.6¢) for 0 < k < n — 1, while for k = n,

\ n

v§ € Zha <D h Tth( \n 7q‘}i;TaV|7;L)a§>Zh = ( "‘n’f)

n\n

leads to (3.6d). And for k& = 0,
veez" (D, h“g’”( 2 vq\n ") €) = (2 g|;>( 5)715)22 —m(yp" ~ C"= glg,Chf) (qmw@h ) 2

gives (3.6b) for the stationary point as soon as we extend the Lagrange multiplier definition up to (jg"; in (3.6¢).
Finally, we have

Yu elu, < hrghT( r:LT7Q|’;T7V|n)7/“L>u = (VZ|7;7M)Z,{_ (Bh’T*qZ-:Hn’M)

k\n

which coupled to

Vxe 2" (Do LT gl ) A 5 = (el — T2 = BRTYL )

i |n aQ‘n ,

gives (3.6a) at the stationary point. O

The analogous version of Theorems 1.13-1.14 in the fully discrete case is stated as follows:

Theorem 3.2. We have the following identity:

= AT H TG, YOSk <ntl, (3.8)

where (277, Ik are defined by

k k k>0
ZA,(f)L,T* — 23, (39&)
shart = shr= o rhrt ol ghat (yz _ Chéz,‘rf), n>0, (3.9b)
BT = T n>0, (3.9¢)
and

H(})L,T* — H(})Lv (310&)
Hhﬂ-Jr _ [(Hh777)71 Ch*Rh,Tch] _1’ n > O’ (3101:))
H,Z;—f _ gzsh THh 7—+¢h T* Bh’TQTBh7T*, n > 0. (3]_()(3)

We recall that @] hT s invertible, hence HnjH is positive definite if IT7/»™* is. This recursively ensures that
M= s well deﬁned and positive definite for all n.
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The discrete-time dynamics (3.9) defines the discrete-time optimal sequential estimator as we clearly follow
the definition (3.14) from the identity (3.8). The equations of (3.9) constitute what is called the prediction/cor-
rection algorithm for the discrete-time Kalman estimator as initially developed by R.E. Kalman in his seminal
paper [31]: (3.9) consists in the step of prediction of the observer and filter (3.10b), which is followed (or pre-
ceded) by the correction step given by (3.9b). This prediction/correction algorithm can be seen as a splitting

algorithm of the continuous-time dynamics (1.27). Indeed, we find that éﬁffr follows the one-step time scheme.

shi = gloTshort 4 ppior ol phor (yn+1 — gl shs T*), (3.11)

which is a consistent time scheme of order 1 in 7 of (1.27), as soon as the discrete covariance operator converges
to the continuous covariance operator as it will be proved in Section 3.3.
We also want to point out that a simple computation gives for all n > 0

Gh,T _ Hh,‘r+Ch*Rh,‘r
_ HZ’T+Ch*Rh(ChHZ’T70h* + Wh,‘r)(crhn”i;,‘rfch* + Wh,r)fl
—_ H:lz,‘rJr (Ch*Rh,‘rCh + (Hh,‘rf)fl)nh,rfch*(ChHTiLL,‘rfCh* + Wh,r)fl
= ot (o W) T (3.12)
An alternative formula of the Kalman gain. Finally, note that from the Sherman-Morrison-Woodbury identity,

we also have an alternative formula for H,}f_:l_ where the inversions are performed in the observation space,
namely for all n > 0

h,T h,T— h,T * h,T— b 1= ~h,7 7R, T—
oyt =T - Il e [eh T ot - W TR e T I (3.13)

Proof of Theorem 3.2. We proceed by induction:
e We have from (3.6b),

—h,T h,T sh,T _h,T
ZO|n = H(})lqO\n =z +H6L 0|n7
which is exactly the formula (3.8) for £ = 0.
e Let us assume that the formula (3.8) is satisfied for all ¢ € {0,1,...,k}. Since

_h,T 7¢h'rh

T h, 7 NT h‘r*—h‘l'
i + BT QBN

kln Djn

we deduce
shr (pilﬂ' (ZZ T 4 HI?’T QZIT) + Bh,TQTBh,T*q]icll;

Zk+1|n

Taking into account the equations giving 2Z’T+ and I7 ,}g Tt from QZ’T_ and I7 ,}g '™ respectively, we obtain

224:1|n _ ¢h~r< ~h,T+ GZ,T( Ah‘r )>
+¢h¢ (Hh T+ _|_Gh TChHhT ) k‘%l +Bh,TQTBh,T*qZ£1‘n
@h-rA+ @h‘rGhT<yk C’h(é’ Hh-r QZ\;))
+¢h THh T-’qu‘ + BMTQTBM T*qlicl—;—lm
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We deduce from the hypothesis on k,
Zkt1in

sh,T _ T sh, T+ h,T ~h,T h h, T 77h, 7+ = h, 7 T Rh,7* =h,T
= BT BTGLT (4] — O ) + OUT I TG+ B QTBR gL

The equation (3.10b) giving 732;71— from 22 Tt implies that

_h,T _ shyr—  mh, T ART 5§ ohyrshT h,7 y7h, 7+ -h,7 h,m T Rh,7* =h,T
Zhin = & — P0Gy (yk M 2, )+@1 1L Gy, + BT QTBYTG L,

Replacing tjgl’; using (3.6¢), we obtain
sh, _ sh,7— h,T ~h, 5 h
B = A oG (yk ¢ Zk\n)

+Q5hT h,7+ (@h T —Z;'l‘n + Ch*RhoT <y —Ch TZklﬂ)) JrBh,TQTBh,T*(jZ+T1|n

sh,7— h,T h,T h,T * T
2 — P (Gk — oyt e R )(y —Chzk|n>

h,7 rrh, 7+ zh,T* h, 7 T Rh,T* h,T
+ (@l B QTB ) gy,

Using (3.10c) defining IT", iy from IT)" 7T+ we deduce that

_h, sh, _h, h, h, h,7+ b ph, h
Zeiim = At +Hk+1 B i ¢1T(GkT—HkT C RkT) ( —-C zkln)
Therefore, we have proved that zk +1| = 73,}; VAT ,}; T q‘Z V1> namely the formula (3.8) is satisfied at step

k + 1, which ends the proof by induction.
O

From Theorem 3.2, we see that the discrete-time Kalman filter is exactly the discrete-time optimal sequential
estimator in the sense of the following definition.

Definition 3.3. The discrete-time optimal sequential estimator is defined by

VneN, zhm=z"" (3.14)

n nln’

This definition then allows to justify the discrete-time Kalman filter optimality in a purely deterministic
framework, far from the original stochastic setting envisioned by R.E. Kalman in his seminal work [31].

3.3. Space-time convergence analysis

From the prediction-correction splitting time scheme (3.10) we can deduce a one-step recursive formula for
the discretized covariance operator I1/»"~. Indeed by combining (3.13) and (3.12), we have for all n € N
Hn+1 @h THh T— @h T 4 BM TQTBh T HT]Z,,TJrCh*Rh,TChH:LL,T*’ (315)
which ensures that the discretized covariance operator I1M7+ satisfied a discrete-time version of (1.18) with for
alln € N

n—1 n—1
o)™ = QLTI o™ + Y T BT QT BT R = N " T T O RO I T Ol T (3.16)
k=0
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In fact, (3.16) mixes I1"7+ and IT"™~. However, using (3.9c) or (3.13), we will prove — see the next proposition
proof — that

Yn >0, |7 — 17| = O(h).
Moreover, a variant of (3.16), namely

n—1
h,r— _ Hh,7 77T Hh,T* h,m ph, 7 AT Rh,T* g, T*
ol = ol Iy el + N el BT QT BT )
k=0

n—=k’

n—1
— Z ¢kaH£,T+Ch* [Rh,TOhHZ,POh*Rh,T + Rh,T]chHZ,T+¢h,T* (3.17)
k=0

recursively ensures that I1"7~ satisfies
Vn >0, 0< I <|I)m||+T|B"| (3.18)

and identically from (3.9¢), II"»™ >0
We can now propose a full space-time numerical analysis of the Riccati solution, in the spirit of what was
done in [26] for a space discretization only.

Theorem 3.4. Let IT be the solution of Problem (1.18) in C1([0,T], J2(2)), and (II"" ™ )pen € (Jo(Z")X the
solution of (3.16). We have

lim sup [|[II}"" — PMII(ty)P"* |2 = 0.
h,7—0 k€[o,n)

Proof. Our proof is inspired by Theorem 3 of [26], with the additional treatment of the time discretization. We
first compute

n—1
h, T rh, T Hh,T* h, T ph,7 AT Rh,7* 5, T*
LTI IR+ 3 BT BT QT BT,

VB — PRIT(6,) P = \
k=0

n—1
h,t h,7+ ~hx ph,T ~h 7h, T— Fh,T*
—E o ITTCTRYTCMILT D
k=0

tn
— Pho(t,) Ty d* (t,) P"* — / P"®(s)BQB*®*(s)P"* ds
0

tn
+ / P"&(t, — s)I1(s)C* RCII(s)®* (t,, — s)P"™* ds
0

2

Therefore, we have

n—1
hor— h h h h, h,
||Hn TP H(tn)P *”2 < e T 6guad + Z[ek,;—bs + ek-,;—rr]
k=0

where

eﬁlit = ||¢Z’TH617T@Z’T* — Phds(tvL)Hqu)*(tn)Ph*HQa
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and

tn tn
€l ad = H / Phé(t, — s)II(s)C* RCII(s)®* (t, — s)P"™ ds — / P"®(s)BQB*®*(s)P"* ds
0 0

= TP"(t, — t,) I (t,)C*RCII (t)®" (t, — tx)P"* =Y rP"®(t,) BQB*&* (i) P"*
k=1

2
are combined with a summation of terms of the form

s = | LT CM R T O I T BT — wPMO(t, — ) I (t)C* RCII ()" (t, — i) P,
and

ek - ||@h TBh TQTB]’L -r*qv)h T* Tph@(tk+1)BQB*@*(tk+1)Ph*Hz.

We now proceed to the estimation of each term. Using Lemma 3 of [26], we first have

lim el = lim | @7 [P" ITo PP |07 — PR (®(t,,) To®* (t,)) P"*]|, = 0.
T—0 T—0

Identically, we show from B"™ = 7¢"""P"B and Q™ = 71k ~2 = 771 that

hn%r 1ek J— hm ||¢k+1[PhBQB*Ph*]¢Z: — P"®(t)41) BQB*®* (ty41)| P"*||, = 0.

T7—0 T~>0
The term associated with the observation operator is more intricate. First we decompose
h,T h, 7+ ~h* pT,h ~h 7h, T+ Fh, T
< || @, 1 O R T

— TP"®(t, — t)) 11 (tx)C* RCII ()" (t, — ti) P,
+ H@Z,Ikﬂlil,7+ch*{Rh,‘rchﬂrf;,‘r—ch*Rh,T}Chnh T+¢)h TkHQ?

ek: obs

Then, we remark that
HRh,TChH:LL,T—Ch*Rh,TH — O(TQ).
We obtain

lim 7~ tel7 = lim H@h T ALY PP CrROPR )T T
h—0 S n n

70 39 — P"®(t,, — t) I (t,)C* RO (t)* (tr, — tx) P,
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Following the exact same computation as in Proof of Theorem 3 of [26] we obtain

|7 " PP ROPM T o
— P"®(ty, — ) I (t,)C* RO ()" (t, — ti) P,
< ck|myT = P () P|, + & || PP PR IT(te) — I (t) |,
+ || @07 [P I (8) C* RCTT () PP
— PM&(t, — tg) I (t,)C* RCII (ty)®(t, — t1,)| P"

I

Again, the last term tends to 0 from Lemma 3 of [26], whereas the second term goes to 0 with h.
Finally, let us analyze the error ef,  introduced by replacing the integral form with a quadrature rule. We
introduce

Iy :[0,t] 35— &(t — s)II(s)C*RCII(s)P*(t — s),
which belongs to C°([0,¢],S*). Indeed, it is the mild solution of

[y(s) + AT (s) + TA*(s) + Ei(s) =0, s€(0,t)
I'(0) = &(t) I, C*SCII P*(t)

with
Ei(s) =d(t — s)Z(t)C*SCI(t)P(t — s) + P(t — s)II(t)C*SCE(t)P(t — s)
and Z = IT € C°([0,T],S™) since in our case IT € C*([0,T],S™). Furthermore, taking (21, 22) € Z, we have
vry (21, 22) = (I'(0)21, A%22) 2 + (A%21,1(0)22) =

= (CH()@* (t)Zl, Cnoé*(t)A*Zg)y + (CH()@* (t)A*Zl, CH()QS*(t)ZQ)y

= (CH()@* (t)zh CH()A*@* (t)Zz)y + (CHQA*é* (t)Zh Cﬂods*(t)ZQ)y
We have chosen I1y € D(T), hence vy, is bounded and

[or) (21, 22)] < ICI o B 21 2 2] 2,

hence, I'(0) € D(T) which implies that T'; € C*([0,¢],ST). From Peano’s Kernel Theorem [22],

tn
/ Ty, (s) ds—> 7Ty, (ter1)
0

Therefore, we find that

T—0
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Combining all the estimations, we finally get that there exists "7 satisfying limy, -0 €™ = 0 and a constant
Cst such that

M7 = PMI(t) Pl < 7 + e Y 7l ™ = PP (1) P o,
k=1

which yields the theorem by Gronwall’s inequality. O

Note that convergence analysis of Riccati problems has been widely studied, in particular when considering
space discretization [34], even with more general unbounded observation and control operators. Our result,
in the wave of [14, 26|, gives convergence in the class of Hilbert-Schmidt operators. This will validate our
choice of numerical tools, aka H-matrices, adapted to such operators with kernel. Moreover, our choice of
time discretization corresponds to the discrete-time Kalman filter hence fills the gap between the deterministic
approach and the Kalman filter as it is understood in a stochastic framework, when the time-sampling is studied,
see for instance the recent analysis in [1].

4. H-MATRIX BASED ALGORITHM
4.1. Matrix-based algorithm

We consider a spatial discretization using Py, Lagrange finite elements and denotes by (¢;)1<i<n, the asso-
ciated basis functions where N, = dim(V"). Typically for a given v" € V" we associate the vector of degrees of
freedom in v € RN= such that

Vi1 N,
vt = @vh(x):vagpi(a:), x € Q.
i=1

VN

z

Note that here, we consider only the degrees of freedom associated with an actual unknown of the problem,
namely after elimination of the Dirichlet conditions for instance. We then define for all V* x V* 3 (v u) ~
(vh,u") € RN: x RN=,

vITMM P = (" a2z, VETK M = (0f, u)y,
The discretization of the bilinear form reads similarly
VITAM = a(o uh), VX Vs (0P ul) ~ (v ") € RN: x RN:.
We further introduce the invertible matrix
@)?’T — (M 4 TAM M,
and
B"T = r(M" + 7A")"'M"B",
where with dim(U) < oo,

Vsl ~ vt e RN:) v"TMB"w = (v/', P"Bv)z.
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Moreover, the operator Q7 is already finite dimensional leading to Q™ = k277 11.
Finally for the observations, as we assume that they are available at each discretization node, hence C” is
simply the matrix selecting the observed nodes, such that

yETMA O = (g, CP2n)y, VI x VM2 (2" y") ~ (2", y") € RN: x RN
with
VIME e = (W, y8)y, Y x VP s (i yh) ~ (vE,vh) € RNy x RN

Then, C"* is discretized by (M")~1C*TM”, = and R™™ by R"™ = y7M!,

obs*
We now proceed to the matrix-based formulation of the discrete-time Kalman filter following the initial

algorithm introduced by [32]. It starts with the initialization-step:

257" ~ Pu(%0), (4.1a)
7™ = MM (APTAR) = M", (4.1b)

and then alternates with a correction-step:

Zb vy =y + T CPTRAT (ngrl - Ci;ﬂ)’ n = 0. (4.2a)
e = ()t + ChTRTC T n>0. (4.2b)

followed by a prediction-step:

AT = el n >0, (4.3a)
HZ:[; _ (I)fll"rHjL(I)ill,'rT + ]_D)h,ﬂ'Q'r]_j)h,‘rT7 n >0, (4.3b)

Note that the above algorithm is well defined because @’f’T is here an invertible matrix. This implies, indeed,

that I and II'"]} are invertible for all n.
We deduce by mixing the prediction step (4.3) and the correction step (4.2), a one-step time scheme for the
covariance matrix

HZ’J:T _ CD}IL’THZ’T+(I)§L’TT + Bh’TQTBh’TT
— @l RO T (CPIITECT 4 (RPT) TN T O TR >0, (4.4)

where we have used the Sherman—Morrison—Woodbury formula [48].
Let us now compute, with the obtained matrices and

T = (L + (M) TIAY) =1 — r(MP) 1AM 4+ O(7?),
the Taylor expansion

h, 7+ rh hyr+ 0\ fh
I VLS | (Ao VU

_ (Mh)—lAh (HZ’TJ'_M}L) _ (HZ’TJ'_M}L) (Mh)—lAh,T

T
+ Bh,TQTBTMh
N (HZ’T+Mh) (Mh)flchTM(f)LbSCh(Mh)fl (HZ,T+Mh)T + O(T2),
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which is consistent with the Riccati dynamics of I1(t,,). This confirms that the M"-symmetrical matrix I1%7+M”"
is the matrix representative of II™»7+. The same result holds for II»7~M" is the matrix representative of II/>™~.
We deduce that I1"7~ and II"™* are in fact the degrees of freedom representative of the kernel 77~ (z,2’) €
HY(Q x Q) and 77 (z,2') € H(Q x Q) which converges in L2(2 x ) to the kernel 7(x, 2, t,,). In other words,
using Py, finite elements, we have

V(zi, x;) € Tny T =77 (24, 2) = T7

n,ij n,ji
and identically

V(wi,25) € Tpy TPTE = a7 (2g,25) =TT

4.2. H-matrix representation

Hierarchical matrices have been first introduced recently (see e.g. [10, 11, 29, 30]) in the context of Partial
Differential Equations in order to compress the matrices that typically come from their discretization when using
the Boundary Element Method. The main intuitive idea behind this is that the matrices discretize operators
acting on spatial functions. The operators under consideration are typically obtained by discretizing convolution
operators with Green functions or kernel operators. In the construction of H-matrices, the spatial unknowns
are recursively scattered into smaller and smaller boxes in a dyadic tree. The interactions between groups of
unknowns of different boxes at different levels correspond to additional diagonal blocks in the matrix and can
be approximated using a low-rank representation. It turns out that this approximation can be very accurate for
regular kernels and leads to a compressed approximation to the original block. Namely, if one considers a block
B of size m x n in the original matrix, and approximate it to the desired accuracy by a matrix B of rank 7, one
can compute r pairs of vectors (u;, v;)1<i<, such that

-

~ B = T

B_B—E U, -
i=1

Since, u; € R™ and v; € R", storing B requires only r(m + n) data which is much lower than mn if the rank r
is much smaller than min(m,n).

Remarkably, H-matrices not only provide a way to compress matrices in a problem but allow the user to
perform algebraic operations, such as additions, multiplications or matrix inversions. Those operations are by
now classical and we refer to [10, 30] for their practical implementations which lead to a complete algebra. A
native MATLAB version, openHmx, developed by M. Aussal! is also available on an open source basis inside the
Gypsilab software [2].

We have proved that the covariance operator of the Kalman filter is associated with a kernel of certain
regularity, see Theorems 2.3 and 2.4. We have also shown a comparison principle (1.26). Since @ is the semigroup
associated with the heat-like equation, our comparison principle ensures that the operator has lower and upper
bounds represented by low-rank operators generated by the first modes of A and the directions introduced by
B. All these theoretical elements justify that the Kalman filter algorithm defined by (4.1)—(4.3)—(4.2) can be
well approximated by an H-matrix representation once the following conditions are satisfied:

C1 - the covariance initialization (4.1b) can be proved to be well approximated by an H-matrix;
C2 — the H-matrix linear algebra can recursively detect the H-matrix evolution compression when performing
(4.2b) and (4.3Db).

For the first condition C1 we know that FEM -based matrices as in (4.1b) are well represented by the H-matrix
formalism, with a controlled tolerance [6]. We have introduced a method to obtain a hierarchical representation

TThe software can be dowloaded at https://github.com/matthieuaussal/gypsilab/tree/master/openHmx
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of a sparse operator and its inverses. We consider a spatial partition of the degrees of freedom with a binary tree
leading to the classical 2x2 block partition. For a sparse matrix, during the subdivision steps, far interactions
lead to empty leaves (without data) and close interactions lead to sparse leaves. Only the sparse leaves are
subdivided recursively to the deepest part of the tree. This choice allows us to limit the size of the full leaves
that appear during the inversion of the sparse leaves to optimize the hierarchical storage of the inverse matrix.
For example, in Figure 4, a hierarchical sparse matrix is similar to a renumbering with hierarchical permutations,
and the inverse is well compressed. Only the diagonal leaves are full (red) and the rank of the extra-diagonal
leaves is weak (blue), regardless of the size of the block.

To satisfy the second condition C2, we develop an iterative strategy to follow the evolution of the H-matrix
representation through the prediction and the correction to preserve the hierarchical structure over time. In
particular, the correction requires special treatment. Considering II,, ; an H-matrix representing the covariance
matrix at the unknowns degrees of freedom, and C a sparse matrix, representing the reduction matrix from
the unknowns degrees of freedom to the measurement degrees of freedom, Kalman filtering must first calculate
the reduction product CII, ;CT. This operation is performed in the hierarchical domain, converting the sparse
restriction matrix into an H-matrix. However, if the number of measurements is much smaller than the number
of unknowns, the standard algebra may no longer be efficient enough to move from one space to another. This is
because the transition matrices C become rectangular, which has a large impact on memory and computational
cost, as the low-rank representation loses effectiveness. For example, using a low-rank representation P = XY'T
with P € M™ X € M™ and Y € M"™", the case m < n leads to m =~ r, which is clearly inefficient. To
circumvent this limitation in this particular case, we develop a special H-matrix builder, with a recursive
construction directly from the result of CII, ,;CT, instead of successive algebraic operations. Finally, the H
matrix algebra is used at each step of the algorithm, constantly transitioning from state space to measurement
space and vice versa. This allows us to maintain a maximum compressibility rate of the operators throughout
the process, enabling the computation of large systems. We note that our approach has an analogy with the
much more comprehensive H-matrix study [27], but the structure of our matrix equation differs as we consider
the H-matrix of the discrete-time Kalman filter.

5. NUMERICAL ILLUSTRATIONS
5.1. The 1D heat example

We consider a 1D heat equation on the domain ©Q = (0,1) with homogeneous Dirichlet conditions. The
state space is therefore Z = L2(0,1) whereas V = H}(0,1). The observation domain is w = (0.3,0.6), namely
Y = L2(0.3,0.6). Therefore C' is the restriction operator to w and C* extend a function defined in w by 0 in
Q\w. Additionally, we define B € L(R, Z) such that for all z € [0, L] and v € R, (Bv)(z) = v1g(z). We then

have
Bz = / z dx.
Q

Concerning the initial condition of the covariance operator, we can choose in this 1D case
V(u,v) €V, as(u,v) = (Vu, Vo)rz(0)0,1)-

Indeed here, the eigenvalue associated with the Laplacian on (0, 1) with Dirichlet boundary conditions are given
by \; = 7%i% and u; = x + sin(inx) is a Hilbert basis of L?(0, 1). Therefore, by choosing ITy = —Ay ', we have

1 1
ITou; = —— and E —— < 0
2,2 2,2 )
) w24
i>1

hence, I1y € J» and obviously 11, € D(Y).
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% Estimation parameters

covInit = 1;
covObs = le-2;
covError = 1le-2;

% Dynamics
[L,U] = lu(M+dt*K);
PHI (U \ (L \ M));

% Kalmann operators

P = covInit * Mx*xinv(K)x*M;
Bdt = dt * (MpdtK \ B);

Q = covError/dt;

BQBt = Bdt*Q*Bdt’;

W = inv(C*M*C’) .*cov0Obs/dt;

% Implicit scheme
for t = 1:Nt+1
% Correction

Mz = inv(C*P*C’ + W);
yhat = yhat + P*(C’*(Mz*(zh(:,t)-Cxyhat)));
P = P - P*xC’*Mz*CxP;

% Prediction
yhat = MpdtK \ (M*yhat);
P = PHI*P*PHI’ + BQBt;

% Estimation parameters

covInit = 1;

covObs = le-2;
covError = 1le-2;
tol = le-6;

% Dynamics;

Mh = hmx (Xunk , Xunk ,M, tol);
Kh = hmx (Xunk , Xunk ,K,tol);
[Lh,Uh] = 1lu(Mh+dt*Kh);

PHIh = (Uh \ (Lh \ Mh));

% Kalmann operators

Ph = covInit * Mhx*inv (Kh)*Mh;

Bdt = dt * (MpdtK\B);

Q = covError/dt;

BQBth = hmx (Xunk , Xunk ,Bdt*Q,Bdt’,tol);

Wh = inv(hmx (Xmes ,Xmes ,C*M*C’,tol) ) .*(covObs/dt);

% Implicit scheme
for t = 1:Nt+1
% Correction

CPCth = hmxBuilderPrj (Xmes,b Xmes,C,Ph,C’,tol);
Mzh = inv(CPCth + Wh);

CtPzCh = hmxBuilderPrj (Xunk, Xunk,C’,Mzh,C,tol);
yhat = yhat + Ph*(C’*(Mz*(zh(:,t) - C*yhat)));
Ph = Ph - Ph *x CtPzCh * Ph;

% Prediction
yhat = MpdtK \ (M*yhat);
Ph PHIh * Ph *x PHIh’ + BQBth;

end

TABLE 1. MATLAB Code listing for a simple Kalman filter implementation and its corresponding
‘H-matrix version in GYPSILAB.
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From a numerical point of view, we discretize the problem with P, finite element and choose grids from
N =103 to N = 10* elements. We have N, = N — 2 and the initial covariance TI[""" = M"*(K")~'M" can be
stored in a full format. Then, II”7~ and II""~ can be computed in full format, following the algorithm built

n (4.2)—(4.3), and implemented as in the script presented in Table 1-(top) — see the illustrative time-steps of
the kernel evolution presented in Figure 1.

This allows to proceed to the numerical verification of Theorem 3.4. In this respect we consider a fine
discretization hy = 1074, 7, = 1073 and coarser discretizations 107* < hy < 1073, 1072 < 75 < 1072 with
T9/71 € IN. We expect to compute for ¢, = nto = k(ro/m1)m with 0 <n < T/7,

1
2
h2 rrhi,71,— phax* ha,ma, 4|, — ha h2 rrhi,71,+ pho* h2,72,—12 ha
HPh1 7, Ph1 — 11 l2 = e; 7[Ph1 11 Ph1 - 11} ] e, L)
1<i<N, ’

where P> € £(2", Zh2) is the orthogonal projection from 2™ to 2 and (e]*)1<i<y, is the finite element
basis of Z"2. Therefore, we get using matrices

[N

h2 rhi1,71,— phax* ha,T2,+ ||, — hoT rhe [phe1rhi, 71—\ fh1 Ph2 T\ fh2 ha,T2,—\1h2] P2
||Ph1 11, Ph1 -1 ll2 = e;”'M [Phll'ln M Ph1 M™ —1II7 M ]ei
1<i<N,

with PZ? = (MhZ)*lIZf — while IZ? € RN2XM 5 the interpolation matrix from the grid of step h; to the grid of

step ho — and its corresponding adjoint PZ?T.MhZ. We obtain
HP}?fHS]»Th_P:f* _ H:lbzﬁz,—HQ — HIZ?M}hHZhTIa_M}UIZ?T _ Mh2HZQ’TQ’_Mh2||F (5.1)

where ||| denotes the Frobenius matrix norm. This last identity allows us to investigate the convergence of
the Kalman filter algorithm in dense format when h and 7 tend to 0. The convergence results are presented in
Figure 2 (Top), hence illustrating Theorem 3.4.

In the same Figure 2 (Bottom), we also numerical illustrate the approximation by an H-matrix 1:[277’5’_ of
the covariance operator II"™~ as the tolerance e tends to 0. At final time 7' = 1 and ¢ = 1076, the H-matrix
I:IZ”” is only represented by a low rank matrix of d = 6 vectors (wg)i<k<q plotted in Figure 3. Namely we
have

d
rrh,me,— T ~ TTT—
HNT = g wkwk_HNT .
k=1

One existing numerical question is whether a low rank strategy based on Riccati operator reduction [35, 46]
could have given the same type of results directly without relying on the H-matrix machinery. We typically
could have thought on directly projecting the initial covariance matrix on

gm = Span(€0a S PR e’m)v

where (u;)1<;<m are the first m eigenvectors of the Laplacian with Dirichlet conditions and ey = (1 —7A) 1w €
D(A) € V is defined from the vector w = 1 used to construct B*. Indeed in Figure 3 we recognize e as very
close to the first vector w; in the low rank representation of l:[}]i;;’e’_. This is natural with respect to the
Duhamel-like formula (1.18) and the comparison principle in Section 1.6.2.
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FIGURE 1. Kernel evolution 7(x,2’,t) at different time step ¢ = 0, 7, 27, 57,107, 1007, approxi-
~ T~ with n € {0,1,2,5,10,100}.
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FI1GURE 2. Convergence results with respect to the space-discretization, time-discretization and
the H-matrix representation precision.

To investigate numerically this question, we can compute a sort of distance between the vector spaces &,,
and the space Wg = span(ws, -+ ,wg) as m increases. In this respect, we use the quantity introduced in [47]

O, =min | sup d(v,&y), sup d(v, Ws)
vEWs vEEm
llvll=1 lvllz=1
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o v —wlF
sup d(v,Wy) = sup inf ———=
B . T
vllz=1

Computing the distance, can be done numerically based on the following computation. We introduce the
Grammian matrices

Ag = ((wiswj)2hi<ig<d, Am = (Wi, u5)2)o<ij<m,  Anm = (Wi uj)z) 1<i<d -
0Zj<m

As we have the following decomposition

W1
Yw e Wy, w= Z wwi, withw=1 1 | € RY,
1<i<d Wy
we can compute
. wWTAgw + vTA,,v — 2wT Ay v
d(v,Wg) = inf d = dm”.

weRd vTAgv

As the minimum is obtained in w = A;lAd)mm we get

vTA,, v

fa-l VI(A = Ay AT M)V
Sugp d(’U, Wd) = Slﬁ{P R(Am - d7mA; Ad,vamvv) = ’ y
vEEm veR™

where we recognize the supremum of the Rayleigh quotient with real symmetric matrices, hence corresponding
to the largest eigenvalue of the eigenvalue problem

(A = A AT M)V = AV
Therefore by solving two eigenvalue problems, we easily compute numerically

0,, = min(max (A = Ay Ag Adms Ay ), o R(Aq = Mgy AL, Ad,w)),

veR™

giving a space-similarity index between 0 and 1, as plotted in Figure 3 (right). We see here that the first 3
vectors could have been envisioned a priori in the decomposition of 1:[};,’7’6’_, whereas, we need much more
eigenvectors to represent the additional 3 vectors. Our H-matrix formulation offers therefore a real new point
of view with respect to reduced-based strategy with a priori reduction of the covariance operator.

5.2. The 2D heat example

We now proceed to a 2D case 2 = (0,1)? with an observation domain w = (0.3,0.6)%. The eigenvalue
associated with the Laplacian on (0,1)? with Dirichlet boundary conditions are given by \; ; = m2(i% + j2)
and u; = x > sin(irz) sin(jrx). We choose Ty = Ayt € £L(L2(R2),H2(Q)). As H2(Q) C L>=(Q), we know that
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FIGURE 3. (Left) final normalized base of vector generating the low rank approximation H]%’T’e.

(Right) Dissimilarity index between subspace W"-* and &"F.
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FIGURE 4. H-matrix evolution for the heat equation.
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(a) geometry (b) mesh (¢) Initial solution

FI1GURE 5. Geometry, mesh and initial condition of the advection-diffusion problem.
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! T L miE
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FIGURE 6. H-matrix evolution for the advection-diffusion equation.

IIy € J2(Z) — see Section 1.8.4 of [3]. This is also confirmed by

1 1 r2(k?)
D D N I R B
(i,5)eN2 = BJ  kEN? (j,5)eN? kEN?
’i2+j2:k:2

where r2(k?) = #{(i,j) € N?|i? + j% = k?} < k2.
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Target Estimation Error
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FIGURE 7. Direct solution and corresponding state estimator for the advection-diffusion
problem: first time steps.
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We discretize the square with » = 102 in each direction, leading to 10° degrees of freedom for the full
discretized problem. Storing the dense matrix representation of TI”™* and II"™~ require at each iteration n.
However, with our H-matrix representation, we circumvent the curse of dimensionality and the memory cost
diminishes through time as the covariances become closer and closer to a low rank operator. This is illustrated
in Figure 4, where we plot the H-matrix representation through time.

5.3. An advection diffusion example

Finally, we propose a final illustration of our approach through the more involved advection-diffusion example
in a circular geometry see Figure 5. The advection field is orthoradial to be compatible with the boundary
condition and the target initial solution is a Gaussian function positioned north-east with observation on the
south-east quadrant. The H-matrix evolution is pictured in Figure 6 while the estimation results are presented
in Figure 7-8, illustrating the algorithm performance on this more advanced case.
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