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CONVERGENCE OF DISCRETE-TIME KALMAN FILTER
ESTIMATE TO CONTINUOUS-TIME ESTIMATE FOR
SYSTEMS WITH UNBOUNDED OBSERVATION*

ATTE AALTO™®

“Department of Mathematics and Systems Analysis, Aalto University, Espoo, Finland
PInria, Université Paris—Saclay, Palaiseau, France; MEDISIM team

ABSTRACT. In this article, we complement recent results on the con-
vergence of the state estimate obtained by applying the discrete-time
Kalman filter on a time-sampled continuous-time system. As the tem-
poral discretization is refined, the estimate converges to the continuous-
time estimate given by the Kalman-Bucy filter. We shall give bounds
for the convergence rates for the variance of the discrepancy between
these two estimates. The contribution of this article is to generalize the
convergence results to systems with unbounded observation operators
under different sets of assumptions, including systems with diagonaliz-
able generators, systems with admissible observation operators, and sys-
tems with analytic semigroups. The proofs are based on applying the
discrete-time Kalman filter on a dense, numerable subset on the time
interval [0, 7] and bounding the increments obtained. These bounds are
obtained by studying the regularity of the underlying semigroup and the
noise-free output.

Keywords: Kalman filter; Infinite-dimensional systems; Boundary con-
trol systems; temporal discretization; sampled data
2010 AMS subject classification: 93E11; 47D06; 93C05; 60G15

1. INTRODUCTION

The minimum variance state estimate for linear systems with Gaussian
noise processes is given by the continuous-time Kalman filter. However, for
obvious reasons, in a practical implementation the continuous-time system
is often first discretized, and then the discrete-time Kalman filter is used
on the discretized system. The objective of this article is to expand the
recent results presented in [1] by the author on the convergence of the state
estimate given by the discrete-time Kalman filter on the sampled system
to the continuous-time estimate. There convergence results were shown for
finite-dimensional systems and infinite-dimensional systems with bounded
observation operators. The expansion in this paper covers systems with un-
bounded observation operators and systems whose dynamics are governed
by an analytic semigroup. In particular, we shall show convergence rate
estimates for the variance of the discrepancy between the discrete- and
continuous-time estimates.

Email: atte.ej.aalto@gmail.com.
*Manuscript submitted for publication.
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2 ATTE AALTO

We study systems whose dynamics are given by

dz(t) = Az(t) dt + Bdu(t), te Rt
(1.1) dy(t) = Cz(t) dt + dw(t),
2(0) ==z

where A : X — X, B: U — X, and C : X — Y. The Hilbert spaces X,
U = R?, and Y = R" are called the state space, the input space, and the output
space, respectively. The mapping A is the generator of a Cy-semigroup eAt
on X with domain Z(A), B : R? — X is the control operator, and C' : X — R"
is called the observation operator. The dynamics equations (1.1) are given
in the form of stochastic differential equations, see [17] by ksendal for
background. The input and output noise processes u and w are assumed
to be ¢- and r-dimensional Brownian motions with incremental covariance
matrices Q > 0 and R > 0, respectively. Without loss of generality, we
assume that there is no deterministic input, as it can always be removed by
the usual techniques. The initial state x € X is assumed to be a Gaussian
random variable with mean m and covariance Py, denoted x ~ N(m, Fp),
and u, w, and x are assumed to be mutually independent.

The purpose of this paper is to study the discrepancy of the discrete- and
continuous-time state estimates, defined by

(1.2) b7 = E(z(T) ‘ {y(%)};) and 2(T) := E(2(T) |{y(s),s < T}),
respectively, and in particular, find convergence rate estimates for the vari-
ance E(”éTn —2(T) ch) as n — oo when the observation operator C' is not

bounded, which typically occurs when we get a pointwise or a boundary
measurement from the computational domain of a system whose dynamics
are governed through a partial differential equation. However, we do assume
that C' € L(Z2(A),Y).

The state estimates 27, and Z(7T") are obtained by the Kalman(-Bucy)
filter — provided that the continuous-time Kalman filter equations are solv-
able. The Kalman filter was originally presented by Kalman in [13] for
discrete-time systems and by Kalman and Bucy in [14] for continuous-time
systems. The infinite-dimensional generalization has been treated for exam-
ple by Falb in [8], by Bensoussan in [4], by Curtain and Pritchard in [5], and
by Horowitz in [12]. Of course the infinite-dimensional setting gives rise to
many technical issues, such as unbounded control and observation operators
and the solvability of the corresponding Riccati equations. These problems
are tackled for example by Da Prato and Ichikawa in [6] and by Flandoli in
[9].

In the results of this paper we assume that the temporal discretization
can be done perfectly, so that the only error source is the sampling of the
continuous-time output signal. We refer to the review article [11] by Good-
win et al. for a discussion on the sampling of continuous-time systems and
in particular [19] by Salgado et al. for a study on the sampled data Ric-
cati equations and the Kalman filter. In practice, approximative numerical
schemes are used for solving both the state estimate Z7, and the correspond-
ing error covariance. For a discussion on this topic, see [3] by Axelsson and
Gustafsson and [10] by Frogerais et al. treating nonlinear systems.
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In Section 2, we shall introduce the ingredients for the proofs of our
results. The main idea is to apply the discrete-time Kalman filter on a dense,
numerable subset of the interval [0, 7"]. This way we obtain a martingale that
starts from the discrete-time estimate 27, and converges almost surely to the
continuous-time estimate Z(7"). We shall then find bounds for the increments
of this martingale. These bounds are obtained by studying the regularity of
the semigroup e* and in particular, the smoothness of the noise-free output
CeAtz for x € X. As was noted in [1] and as seen later in the proof of
Theorem 4.1, the effects of the input noise process u and the initial state
x can be treated separately. Therefore we shall first derive several results
with different assumptions on the system concerning just the effect of the
initial state in Section 3. Finally, in Section 4, we shall consider the effect
of the input noise. The input noise effect is shown with the assumption of
admissibility of the observation operator C.

Notation and standing assumptions. We denote by {e;}72, C Z(A) an
orthonormal basis for the state space X. The operator A generates a strongly
continuous semigroup that is bounded by HeAtHL(x) < puforte[0,T].

2. BACKGROUND

The idea of the proofs is exactly the same as in [1], but here we need to
deal with many more technical issues. That is, we define a dense, numerable
subset of the time interval [0,7] and apply the discrete-time Kalman filter
in this subset. Then we compute an upper bound for each increment in the
state estimate and finally sum up these bounds. So let us define the time
points t; for j = 1,2, ... through the dyadic division

T . .
=1, =1,...,n
(2.1) t; = "%7 !
(2 —1), j=25"tn+1,.,25n, for some K =1,2,...

The time point definition is illustrated in Figure 1. Then define T; := {¢;}]_,
and the X-valued martingale z; = E(z(T')|{y(t),t € T;}). Define also the
shorthand notation y(T;) = {y(t),t € T;}. Now it holds that 2z, = 27,
and as discussed in [1, Section 2.1}, as j — oo, the martingale Z; converges
almost surely strongly to 2(7"). The idea in the proofs in this paper is to
find upper bounds for the increments Z;11 — Z;, for j > n.

! ji=1..n
K=1 j=n-+1,....2n
K=2 j=2n+1,..,4n
K =3 .‘. .[. .[. .‘. .‘. .‘. j=4n+1,...,8n

0 T

FiGURE 1. Illustration of the time point addition scheme in
the construction of the martingales Z; and Z; (from [1]).
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As the martingale Z; is square integrable, we have the telescope identity
shown in [1, Lemma 1] for L, N € N with L > N:

L—1
(2.2 B(J5 - i) = SE(I50 - 513).
N

j=
We remark that setting N = n and letting L — oo gives E<||2(T) - 2T,n||§> =
. 12
S E(1Z - 513)-
Let us then establish an expression for one increment E<||§j+1 — % ||§C)

Say [£,&1] is a jointly Gaussian random variable in some product space.
Denote &; := E(£¢1) and Py := Cov [él - {}. Then say

(2.3) & =HE 4w

where H is a bounded operator and w is a Gaussian random variable with
mean zero and covariance R > 0 and w is independent of [¢,&;]. Then it
holds that

= E(E{&,&)) = &+ PH (HPUH" + R) ™ (& — HE),
Then
fo— & = PLH*(HP.H* + R)“Y(H (¢ — &) +w)
from which it directly follows that

Cov {52 — 1,6 — 51} = PP H*(HP,H* + R) " 'HP;,
and further,
(2.4) E(& —&*) = v (RH (HPUH" + R)'HP,) .

The basic ingredients for the proofs in this paper are now presented, namely
the martingale Z; defined as E(z(7T")|y(T;)) with T; defined in (2.1), the
telescope identity (2.2), and equation (2.4) for the increment norm.

Later we sometimes need the assumption that z € Z(A) almost surely.
With Gaussian random variables this means that x is actually a Z(A)-valued
random variable.

Proposition 2.1. Let & be an X-valued Gaussian random wvariable s.t. £ €
X1 almost surely where X1 C X is another Hilbert space with continuous and
dense embedding. Then & is an Xi-valued Gaussian random variable.

Proof. Pick h € X1. We intend to show that (£, h)y, is a real-valued Gauss-
ian random variable. For h € X; there exists b’ € X|, the dual space of Xy,
st (& )y, = (& h/>(9C1,DC’1) and further, there exists a sequence {h;}3°, C X

such that (¢, h/>(x17x/1) = lim; 00 (&, hi)y. Now (&, h;) is a pointwise con-
verging sequence of Gaussian random variables and so the limit is also Gauss-
ian. U
Fernique’s theorem [7, Theorem 2.6] can be applied to note that if £ is an
Xp-valued Gaussian random variable then & € LP(Q;X) for any p > 0.
In particular, E(H{Hil) < oo and if A € L£(X1,X) then A¢ is an X-valued

Gaussian random variable.



3. CONVERGENCE RESULTS WITHOUT INPUT NOISE

Assume now that there is no input noise in the system (1.1), that is,
u = 0. The output is then given by

y(t) = C/o exds + w(t)

where w is a Brownian motion. In a sense, the output is parameterized by the

initial state x, and therefore we also define the martingale Z; := E(z|y(T;).
Then in the absence of input noise it holds that z; = eATi“j.
In order to use (2.4) to compute one increment E(H Zig1 — % ch), we need

to consider how to take into account an intermediary observation y(t;;1)
in the state estimate. Obviously the noise process value w(t;11) is not
independent of the measurements y(¢;) with i = 1, ..., j as required in order
to use (2.4). As in [1], the dependence of the noise term w(t;11) on y(t;)
with ¢ = 1,..., j is removed by subtracting from y(¢;11) the linear interpolant
$(y(tjs1 —h) +y(tjs1 + h)) where h = % with the corresponding K (see
(2.1) and Figure 1). Note that ;41 £h € T;. When there is no input noise,
this new output is obtained as

(3.1) Jjt1 = Cn(tj+1)r + Wi
where C},(t) is defined for z € X and ¢ > h by

C t t+h
(3.2) Crh(t)z = — </ ez ds —/ e ds) ,
2 \Ji-n t

and w41 ~ N (0, %R) is independent of y(t;) and hence of g; for i =1, ..., j.
Note that we can first define Cj(¢)x only for x € Z(A). However, it holds
+

that
t+h t+h
/ e ds ‘A / e ds
t X t

t+h
/ ez ds
t
2
<€A(t+h) _ 6At) xHx < (h2 _|_4) MZ ”xngc

Therefore, we can uniquely extend C},(t) to a continuous operator from X to
9, and [Crh(t)]xy) < pvVh? +4 |Cle(zay,y)- In addition, using Cets¢e =
Cette + fts CAeA€dr in (3.2) yields a useful bound

(3.3) [Ch(b)ELy < %( /t th / tHCAeA”ny drds + /t " /t cacre], dr ds>

provided that C'AeA™¢ € LY(t — h,t + h; Y).
Now the form (3.1) is exactly as (2.3) and so (recalling z; = e4T%;) we
can use (2.4) to obtain

2 2 2

7(4A)

X

< W o} + |

(34) E(J54 - 513) = tr <eATchh<tj+1>*x

L ho )\ .
X (Ch(tj+1)PjCh(tj+1) + §R> Ch(thrl)PjeA T) .
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Finally we are able to show the main lemma, which links the convergence of
the state estimate to properties of the operator Cj,(t) and the smoothness of
the output y. This lemma serves as the basis for all the proofs of our main
theorems when there is no input noise.

Lemma 3.1. Let Xy be a dense Hilbert subspace of X with a continuous
embedding. Assume that there exist M > 0 and k > 1 such that for any
K e N and & € Xy, it holds that

2Kn

(3.5) Y ICu(t)Ely < MBF|€]R,

j=2K-1n41

where h = 2 —. Assume also that x € X1 almost surely and u = 0. Then
for zr.p, and 2(T) defined in (1.2), it holds that

2ME (e[}, ) E(Iern — 2(D)3) 7t
E(”ZCT’n ) é(TN@) - ((2klx—>1) Srlilf(eig(R)) X) Z::i

Note that E(”x”i» is well defined and finite by Proposition 2.1. A strict a
priori result is obtained by replacing E(HéTn - z(T)H?C> < u%ﬂ(”x”i)

Proof. We will use a shorter notation Cj, = C}(t;41) in the proof. Note that

no\ L
(CthC; + 5R>
One increment can be bounded by (3.4):

AT * * h A*T
trle PJCh CthCh + ER C’the
. ho\! .
CthBA Tek, <ChPJC;: + §R> CthBA Tek
Y
2

HChP e ek” = % i [E(Ch(E; — ) (e (3 — x)aek>x)Hy

2 Cr

= hmin(eig(R))  h

IN
-lo =9 =i I
gL

2
Y

(nch D)) S E((AT — 2),)2)

k=1
er(ChPy B (15 — z<T>w§) -

Now we use this bound, P; < P, < Fy, and assumption (3.5) to sum up the

IN

IN

increments corresponding to h = %, that is, j = 251, ..., 2Kn — 1:
2Kn—1 T k—1
~ ~ 12 2 5 2
> E(l5 - 3l2) < MCaE(Jol, ) B(12 - D) (51 )
j=2K-1n

and finally, summing up over K = 1,2, ... gives the result. O
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3.1. Diagonalizable main operator. We proceed to prove a convergence
result for systems with unbounded observation operator C' — provided that
A is (unitarily) diagonalizable. The proof is based on Lemma 3.1. To get a
useful bound for |Cp¢ H;, some assumptions on the degree of unboundedness
of C' and the spectral asymptotics of A are required.

Theorem 3.1. Let 27, and 2(T) be as defined above in (1.2). Denote by
{Mi}rey C C the spectrum of A ordered so that |\| is non-decreasing and
let {er}rey C 2(A) be the corresponding set of eigenvectors that give an
orthonormal basis for X. Make the following assumptions on x, A, and C':
(i) x € 2(A) almost surely;
(ii) There exists 6 > 1/2 such that

I M | 0  when B>,
oo KB | oo when B < 6;
(iii) There exists v € [0,1) such that 2y +1/§ < 2 and

[Cexly
sup ——-% < 00.
koA
Then the following holds:
o Iflimy oo % =T € (0,00), then

MT3—27v-1/0
5 5 2
E(”ZT,n - Z(T)||DC> < W
where the constant M is given below in (3.7).
o [f either this limit does not exist, or it is 0 or oo, then for all € €

(0.6 - 5%)
A A ) M€T3*2‘f*1/(5+6)
E(l2r —2DIR) < =567

where the e-dependent constant M, is given below also in (3.7) but
with different, e-dependent parameters (see the last paragraph of the
proof ).

For example, 1D wave equation on interval [0, L] with Dirichlet boundary
conditions in the natural state space where some pointwise value of the state
is observed, satisfies the assumptions of the above theorem with 6 = 1 and

~ = 0. The limit of |>‘—k’“‘ as k — oo exists and it is I' = 5. This would imply

convergence rate E(H,%Tn — 2(T) ”§C> < MTT2
Proof. Assume first that limy_, o % =T € (0,00). Denote { = > 72, agey €

Z(A) which is equivalent to > 3% ; [A\x|?ai < co. Now

- Ak ! Aks e ARs
(3.6) Ch5227</ e’“ds—/ e’“ds) Cey.
1 t—h t

For the term inside parentheses, we have

t t+h
/ eMSds — / eMSds
t—h t

ieAkS
S

< h?sup
s>0

< ph®|Agl,
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since HeAtH £(20) < . On the other hand, computing the integrals yields

t t+h
/ eMSds — / eMSds| <
t—h t

Now the idea is to bound the sum in (3.6) by using the first bound for small
k and the latter for large k. Define the index n(h) := [h~1/9] for splitting
the sum to get

Ap
=l

n(h)

[Chgly < Z s ety alt + 3 Tl ICenly 2 o = D +D.
k=1 k=n(h)+1

We then proceed to find upper bounds for the two parts. Using Cauchy-

\kl

Schwartz inequality and denoting [:= supy s gives
2 n(h) U2 £y 1/2 h2r n(h) 1/2
2 _
() < p > aj |Cerly In* > Il Z k210
k=1 k=1

1/2
where M; = <Zn(h o2 | C’ek”g I\e|2™ 27) . The sum inside the parentheses

can be bounded from above by the integral fn(h L2298z 1o get

,uhQIw \/ 39 ,uIw 9y L 35qu7 9~ 1
7 D2+l < S L €A% < Mih*7" 2
O N T ES | )+ S oy e e s Ty M

where the last row follows from the facts that

\/(n(h) +1)26+H < \/(hfl/zS )20+ = (1429 3 725 < 30p 35

if h <1, and that 276 +1 > 1. } §
For the second part, assume |\y| > T'k% for k > n(h) + 1 where T' = 0.9T
for example. Again, using Cauchy-Schwartz inequality yields

1/2 1/2
o0 B o0 1
(In<2u| > o}lCexld > > PG
k=n(h)+1 k=n(h)+1
1/2

24 = 1

f M” Z L(4—27)6

k=n(h)+1

1/2
where M; = <zzozn(h)+1 oz HCekH; \)\k]2*27> . Now the sum inside the
parentheses can be bounded from above by the integral f:(oh) ﬁdm. Note
that our assumptions on v and § imply (4 — 2v)J > 2. So we get

(I1) < 2 M1 1 v < 2 MHhQ*%%
T2 /(4 —29)5 — 1 \n(h)U=200-1 J =

where in the last row we have used n(h) > h=1/9.



Combining the bounds gives

IChély < 2((1)* + (11)?)

I 4 o
< 2u? (M12 + MIQI) max (T, f’42“/> pA—27-1/0

2 ST 2y 4
2 2 ||C€k||g 9°r 4-2y—1/5
S 2/‘ ||A£||DC Sl]ip |)\k|27 max 4 9 f4*2'7 h

where we have used

[e§) 00 2

: |Ce;

M7+ My = 37 af [Cenl e < 37 o sup =t
k=1 k=1 s

Note that we assumed that we could choose for example I' = 0.9T. In
some sense this is not our choice but we need to make sure that the “original”

h = % is small enough so that n(7/(2n)) = (%")1/(S is such that there exists
I > 0 for which ‘2—‘;‘ > T for k > n(T/(2n)).

To get a bound for the sum in (3.5), we simply multiply the bound ob-
tained for ||Ch£||; by 2K-1n = % to get

2Knp 2 512
2 |Cexly 9°r=r 4 2rlel2  n3-2v—1/8
; HCh(t])é.HIj S Sl]ip ‘)\k’% max 4 ? f\472,\/ /’[/ T“§”@(A)h 7 /
j=2K-1p41

and so the result follows by Lemma 3.1 with
(3.7)

Ny 2B (o7 — 2D} E(lelon) o2 (@fm 4>

su , =
(22-2v-1/6 — 1) min(eig(R)) kp | Ak|2 4 Ity
In the case that limy_ o % is 0, oo, or it does not exist, some modifi-

cations are required to the bounds of (I) and (I7). In the bound for (I), o

needs to be replaced by d + ¢ and then I = supy, ]Lf;‘i‘e < 00. In the bound for

(II), 6 needs to be replaced by § — e and then I', = infy>, )41 % >0. O

The assumption (%ii) in the theorem differs from our minimal assumption

C € L(Z(A),Y) which is equivalent to {%i} € 12 for unitarily diagonal-
izable A. It is possible to construct a system for which C' € £L(Z(A),Y) but

(#ii) does not hold.

Remark 3.1. Theorem 3.1 can be extended to v < 0. In that case, when
determining the bounds for (I) and (II), the computations are carried out

as if v were zero. This eventually leads to a bound E(”éTn —2(T) ch) <

%. Note that if assumption (%) holds for v < —21—6 then C is actually

bounded.

3.2. Admissible observation operator. In the next result we assume
that the observation operator C' is admissible in the sense of Weiss [22].
One good example of systems that satisfy assumption (iii) in the following
theorem is provided by scattering passive boundary control systems, see the
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article [16] by Malinen and Staffans. For a more extensive background, we
refer to [20] by Staffans.

Theorem 3.2. Let 27, and 2(T) be as defined above in (1.2) and u = 0.
Make the following assumptions:

(i) x € 2(A) almost surely;
(ii) The orthonormal basis {e;} C X is such that e, € D(A?) for every
k € N and there exists § > 1/2 such that for & = Y 72, agey the

norm given by i) k250zi is equivalent to the Z(A)-norm and

v k*a? is equivalent to the Z(A?)-norm;
(iii) The observation operator is admissible that is, for any T" > 0 there

exists Hr > 0, such that HCe xHL2 (1)) = Hr x|y

Then

) ) M (T) T2—1/26
E(nzT,n - Z(T)Ili) < ;BW

. Q]E(H‘%T’n_Z(T)”ic)‘E("xHQ@(A)) 326+1TMHCHi(@(A) Yy H
with M (T) = BB D min(ea) 1AX R5T4 5527 |-

Proof. In this proof, the aforementioned norms are used in Z(A4) and Z(A?).
We need to utilize the global output bAound HC’@A(')xHLQ((O,T);g) < Hr x|y
To this end, define a stacked operator Cj, := [Cy,(h), Cy(3h),. .., Cp(T —h)]"
for h = % mapping to a product space HQK?I”. Then the sum on the left
hand side of (3.5) is obtained as HChé.HEQK—ln. In this proof, [ai]j\il is used
to denote an augmented vector with N components a;.

The proof proceeds similarly as the proof of Theorem 3.1 but the sum
in (3.6) is split using the index n(h) = [A~/)] to get HChéH.%QK—ln <
(I) + (II) where

2K—1

n(h) (2j—1)h 2k
(I)= Z Ok C/ eepds — C eep ds
2 (2j—-2)h (2j—1)h .

n(h) |Oé |
k
S -\ h2 1Cle(2 k%

V2 0y 1/2

Th
<A\ <1 1Cl g za)m Z k2o L
k=1

where the first inequality is obtained using (3.3) with ¢ = (25 — 1)h and
bounding the derivative of C'e"ey, by

n

|CAeY ekl < 1IClg(aayy lerlaeazy = #1C] g (oiayy) K

and noting that 25~1n = %
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For the remaining part it holds that

< (2i—1)h 2ih 27 n
(I7) = Z > C'/ eepds — C eSey. ds
fen (41 (2i—2)h (2i—1)h N
. . 1/2 1/2
< > %\/%HT < \/gHT > o} Z k20
k=n(h)+1 k=n(h)+1 k=n(h)+1
since it holds that
(2i—1)h 2ih 267 n
C/ eMepds — C eep ds
(2i—2)h (2i—1)h N
287/ oin 2\'/?
As
(X[ teeradya) | < vARIOR
i=1 =

where the last inequality follows from Cauchy-Schwartz inequality. Finally,

the sums zn(h k% and 2 hen(h) .1k~ % are bounded by integrals of 2?° and

=20 respectively, as in the proof of Theorem 3.1 and then the result is

obtained by Lemma 3.1 and Hé’;@”;ﬂ_ln <2((I)*+ (11)%). O

3.3. Analytic semigroup. In this section we show the convergence esti-

mate when A is the generator of an analytic semigroup. One result is first

shown without additional assumptions for bounded and unbounded observa-

tion operator C. Then we assume further that — A is a sectorial operator in

X which enables us to treat non-integer powers (—A)" for n > 0. An example

of such case is provided by heat equation treated below in Example 3.1.
An important tool here is that for analytic semigroups it holds that

. c(x)
(3.8) A% | oy < o t>0,KEN

(see [21, Theorem 3.3.1]). Using this to bound the derivative of Ce*¢, that
is CAete, gives by (3.3),

W) ICgx/aa)y) 1Elx s a)
. < 7
(3.9) [CR ()€l < 2(t — h)

Theorem 3.3. Let 2r,, and 2(T) be as defined above in (1.2). Assume A
is the gemerator of an analytic Cy-semigroup and assume either

(i) C € L(X,Y), or
(ii) C € L(2(A),Y) and x € D(A) almost surely.

Then
E(lern — D)) <

2IC% 5
where M = 2Neazun (2 4 clipa?) E(nzm — 21al}) E(l21 004 )-

Proof. The proofs for the two cases are identical so only the case (i) is
presented. In the second case just replace X by Z(A) in [¢|y and |C](x y)-

h?, t > h.
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The proof is based on Lemma 3.1, so we need to find a bound for

oK, 9K —1,,
(3.10) S IGtelR = Y o@D
j=2K-1n+1 =1

For I = 1, we use [Ch(h){lly < hp|Clgxy) I€lx which is clear from the
definition of Cj(t) in (3.2). For [ > 1, we use (3.9) where the denominator
becomes 2((20 — 1)h — h) = 4h(l — 1) and so,

oK, 0(1)2 oK —1p, 1
> IChEER S Iy 165 | 12+ S D 5 | 1
j=2K-Tn41 =L

c(1 27'('2
< Hc”%(x,y) l€l (”2 + %) I

The result follows by Lemma 3.1. O

One more case is treated where A is as before and, in addition, —A is
a sectorial operator, see [2, Section 3.8| for definitions. Then it is possible
to define non-integer powers (—A)" where n € R and spaces Z((—A)")
equipped with the corresponding graph norm. Also (3.8) holds then for
non-integer xk > 0 if A is replaced by — A, see [21, Thm. 3.3.3]. In particular,
if A is strictly negative definite, then it is sectorial. This type of systems
are also studied in [6] and [9].

Theorem 3.4. Let 2p,, and 2(T") be as defined above in (1.2). Assume that
A is the generator of an analytic Cy-semigroup and, in addition, —A is a

sectorial operator. Then assume C € L(Z((—A)Y),Y) and xz € 2((—A)")
almost surely where v € R and n € R are such that |n —v| < 1/2. Then!

MTH20—v)
5 S 12

E(l2r0 — 2DI}) € S
where M is given below in (3.12).

Proof. This is done exactly as the proof of Theorem 3.3 above. Just the
bounds for [Cp((20 — 1)h)¢[y in the summation (3.10) are computed differ-
ently. To begin with, we note that (3.8) with non-integer k = 1 —n + v
yields,

A c(l-n+v)
(3.11) [CAe™e]ly <ACleiaqap) .y €l o aym ==

When treating the term with = 1 in (3.10), the cases v > n and v <7
have to be considered separately. First for v > 7,

leetel, = [O(-a) (-ay-re (- Aye],
c\V —
< 1CL o) Wl am) S,

IThis result extends to n—v = 1/2 in which case the convergence rate is O(T?n "2 Inn).
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Then directly by the definition of C}, in (3.2) (recalling 1 +n — v > 0),

2h
1
1CH (Ml < 1C e ornyrr o I <u—mA ds

sv=n

clv—n —y
< 10l oe-ary L @I&——l@m”n.

For v < n < 14v, use (3.3) with ¢ = h. Using (3.11) to bound the derivative
norm HCAeAt§ Hy and computing the integrals yields

c(l—n+v)2ttnv — 2, 1w

2n—v) l4n-—-v
2In2¢(1 —n+v)
< 1Cle@(a)m Elaam — 3 -

For the terms with [ > 1, it holds by (3.3) and (3.11), that

ICh(R)Ely < NC (o ay»y,9) 1€l (= aym

h1+7I—V_

P Ol apy g €L =1 +v)
ICn((2t = Dely < — o S e o

Now summing up the bounds for |Cj((2] — 1)h)£||§ for I =1,...,2571n and

using ;% (171)2i2(vfn) < ?:;EZ:Z; yields a bound for the sum in (3.5), and

finally Lemma 3.1 can be used to get the result with

2001 o apn E(I(T) = 2ol ) B
(214+2(—v) — 1) min(eig

><<My,n+ c(l1—n+v)? 22gn ))

24=2(r=) 1 —2(n—v)

mm<Aw)

(3.12)

\_//_\

where the term with [ = 1 gives

4(In 2)2c(1—n+v)?

)2 if n > v,
Ml/,n == 22+2(7’7”)C(V—7])2 i <
- insv.

Example 3.1. Consider the 1D heat equation

6815 (z,t) = 8‘92,2(x t), x€]0,1],
(Oat) - Z(l?t) 0’
z(z,0) =
10) = 0,)dt + )
with state space X = L?(0,1) and 2(A) = HZ[0,1]. Assume zy € 2(A)
almost surely. Now the spectrum of A is {—7?k?} and the corresponding

eigenvectors are e, = sin(mwkxz). Then it is easy to see that the assumptions
of Theorem 3.1 are satisfied with 6 = 2 and v = 1/2 and thus the theorem

implies convergence rate O(n~/2) for E(||2T,n —2(T) ||§) The assumptions
of Theorem 3.2 are satisfied with § = 2 implying convergence rate O(n_3/4),

and Theorem 3.3 clearly implies convergence rate O(n~!') but we can do
even better.
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Denoting z = > 77, ager we have Hz”%j((fA)y) = > ka3, For the
output it holds that

Cz|* =

3+e 2
S st

> rhes| <73
k=1 k=1 k=

from which it can be deduced that C' € L(Z((—A)"),Y)) for v > 3/4. Now
Theorem 3.4 implies convergence rate O(n~3/2t¢) for E(H,%Tn — 2(T)”§C>

00
1

with ¢ > 0 — of course, with a multiplicative constant that tends to in-
finity as € — 0.

4. INPUT NOISE

In this section, we shall study the effect of the input noise u in (1.1). This
is done only under the assumption of an admissible observation operator
C. The main theorem is a generalization of [1, Theorem 2] where C' was
assumed to be bounded, and the proof follows the same outline.

In the cases without input noise, the state z(t) was parameterized by the
initial state through z(t) = e*z. Now we define the solution operator S(t)
through

t
S(t) : [z,u] — etla —i—/ A=) Bdu(s).
0

Formally we first define S(t) for u € H(0,T;U) and then extend it for
Brownian motion as a Wiener integral. Then the solution to (1.1) is given
by z(t) = S(t)[x,u] and the conditional expectation over a given sigma
algebra o by E(z(t)|lo) = S(t)E([z,u]lc). In the following theorem, we
consider virtually estimating [z, u] using the outputs y(t;) and then the
state estimate is obtained by S(T'). The well-posedness of S(¢)[0,a;] for
aj = E(u{y(t;),7 =1,...,7}) is established next.

Lemma 4.1. For fived j, it holds that @;(-) € H*(0,T;U).
Proof. For fixed t € [0,T] and j € N, it holds that
E(u(t)|y(T;)) = Cov [u(t), y(T;)] Cov [y(T;),y(T;)] ™" y(T;).

Here Cov [y(T;),y(T;)] " y(T;) is a well defined finite-dimensional vector,
and so we only need to differentiate Cov [u(t),y(T;)] € £(Y/,U) which is
equivalent to the differentiability of its adjoint, Cov [y(T;), u(t)] which is a
block operator with components Cov [y(t;),u(t)], for i = 1,...,j. We show
that each block has a bounded derivative.

Since

t; ti rs
y(t;) = C/ e ds + C/ / A1 p du(r)ds + w(t;)
0 0 JO

t; t; t
= C/ eSxds + C/ / A7) Bds du(r) + w(t;)
0 0 r

it holds that

tAL; t;
Cov [y(t:), u(t)] = C/ / A BQds dr
0 r
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and therefore

d [l CeAs=0BQds, if t <t
. — t ) 1y
g Cov (i), u(t) {0, i1 >t
which is bounded for ¢,¢; € [0, 7], concluding the result. O

We are now ready to proceed to the main result of the paper.

Theorem 4.1. Assume that C is an admissible observation operator, that
is, for all T > 0 there exists Hp > 0 such that fOT HC’eAtxH; dt < H? ||x||§C
In addition, assume that one set of assumptions in Theorems 3.1-3.4 are
satisfied. Then for Zr,, and Z2(T) defined in (1.2) it holds that

E(Ior — 2)1) < 200, 26D

5 + err,
n

where M(T) is given below in (4.5) and err, is given by the respective The-
orem 3.1-3.4.

Proof. The first part of the proof follows essentially the same outline as the
proof of Lemma 3.1. Say we are estimating [z,u] and we have [Z;,4;] :=
E([x,u]|F;) and the corresponding error covariance P;. Then the state esti-
mate and the corresponding error covariance are given by z; = S(T')[Z;, 4;]
and S(T')P;S(T)* — although in the last equation the formal adjoint S(7')*
is only defined in connection with the covariance P;, namely P;S(T)*h =
E([Z; — @, — u] (S(T)[Z; — @, 05 — u], h)~).
The output in (1.1) is given by

t t rs
t) = C/ eAxds + C // A B du(r) ds 4+ w(t).
0 0.0

As with the noiseless case, when we are including the measurement y(t;41),
in order to get rid of the output noise correlation, we shall subtract the
linear interpolant from y(t;41), namely define

) 1 1
Uj+1 = y(tj+1) — 3Y y(tjr1+h) — 5Y y(tj+1—h)

where h = 2K for the corresponding K, given in (2.1). Now this output
can be written as

Fi+1 = Coltjr) [z, u” + @j4a
where ;11 ~ N(0, h/2 R) is independent of w(t;) and hence, w; with i =
1,....j, and C(t) := t), Ch(t)] with Cy(t) defined in (3.2) and

(41) Chult)u: (/th/ A=) Bdu(r ds—/t+h/ (5=7) B )d)

for t > h. Now the error covariance increment is obtained just as in Section 3,
and by the same computation as in the proof of Lemma 3.1 (just replacing
eAT by S(T), P; by P, and C}, by Ch), we get

42) B(150 - 51) < ey E (100 ulf) E(1er - 1)

In order to get a suitable bound for the increment, we must find a bound
for the term E(”C[][x,u]”;) = E(”ChCCH;) + E(||Ch7uu||;) (recall that x
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and u are independent). The first term is now bounded as in one of the
Theorems 3.1-3.4, so then remains the input noise induced term. To evaluate
Chu(tj1)u, note that

t tjt1
/ A% Bdu(s) :/ A% Bdu(s)
0

0
t s t
+/ A/ A7) Bdu(r) ds+/ Bdu(s)
tj+1  J0 tj+1

for t > t;41. In order to get a similar expression for ¢ < ¢;,1, just change
tj4+1 <> t in the bounds of the last two integrals and put minus signs in front

of them. Of course the last term is just fti-H Bdu(s) = B(u(t) — u(tj+1))-
Inserting this to (4.1) gives

(4.3)

Ch u(thrl)u

/J:lh </t1+1 / (s— rBdu (r)ds — B ( (t) — u(tj+1))> dt
/tjt:ﬁh (/tﬁl / (s—7) Bdu( )ds+B( (t) — (]+1))> dt]

These two terms are very similar by nature so it suffices to find a bound for
one of them and use the same bound for both terms. Thus, let us consider
the first part of the latter term, namely

t'+1+h t S
g/] / A/ A7) Bdu(r) ds dt
[ZES] tjt1

t +h t
- / /J+ A=) Bdu(r) ds dt
ti+1

tjt1

tj+1+h
+— / / A/ A7) Bdu(r) ds dt
tj+1 tiv1 St

]

+1 +1t+h
C/J /] ]+1—|—h—s)AeA(S ") Bds du(r)

ti+1
C [U+ith ptjpath
+— / (tjg1+h— $)Ae ) Bds du(r)
2 Jtin
=)+ (I1).
Then
ti+1 ftj+1+h ty+1+h
Cov [( / / / (tjiz1+h—95)(tjq1 +h—r)
i+t i+t

x CeAt=) ABQB*A*eA =) C*dr ds dt,
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and from this,

E(I(D)17) = tx(Cov [(1), (D))

tr(Q) [+ tit1t+h A(s—t) ’
gT/O / (]+1+h—sHCe ABHLugd dt

tj+1
t t
< —tr /“I/M |CeACDAB} , dsdt
ti+1

where the second inequality follows by Cauchy—Schwartz inequality. Now
make a change of variables 7 = s—t and note that for a fixed s € [tj11,tj41+
h], it holds that 7 € [s — t;41,s] C [0, T}, yielding finally

h* s 2
IE<||( )||y> < Etr @) |ce? ABHLQ(O,T;L(U,H))

where HCeASABH;(O To0

Ty S H?2 |Blz i, 2(a)) due to the admissibility

assumption.
For the second term we have

1 [tivith ptipath ptjpai+h
Coclirn.m) = [ [T [T i h= st + b
i+

x CeA"VABQB* A*eN "D C*dr ds dt
and, as with the first term,

E 2\ _ h4 As 2
(IIDIF) = tx(Cov [(1D), (11)]) < T5t1(Q) [CeS AB a0 ey -

In (I), r € [0,tj41] and in (II), r € [tj11,tj41 + h], and thus they are
independent. Therefore,

510+ (1n2) < CesAB|?
(I + UDIF) < Zte(@) | Ce™AB a0 1oy -

It is well known that

h h
Cov {/ Bu(t) dt,/ Bu(t) dt] = %33QB*
0 0

and so
C tir1th 2 h3 9 5
Ell5 t B(u(t) = ultj+))dt| | < 15 1C1 o)) 1Bleauzay Q)
j+1 y

In (4.3), the two B(u(t) — u(tj4+1))-terms are independent (because in the
first one, t < ¢;1; and in the second, ¢t > ¢;11) and by utilizing this and
gathering the above bounds, we get

E(IChu(tyr)ul}) < 6E(I(D) + (IDIF) + 612 ICE: (@) 1B oy tr(@Q)
3
s 2
< ht|Ce? ABHL2(O7T;L(U713)) tr(Q) + 7 IC1Z ) ) 1B 2 .24y tr(Q)-
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Combining this with (4.2) gives

~ ~ 12
E(I241 - %13)
2h3

As 2 2 2
< ineig@) 10" A8l rcquy HQE(fora — #D1)
T | tr(QE(12rn — 2(DI3) +
min(eig(R)) L£(2(A)Y) L(U,2(A)) VT ZT,n nerp j41]

where incr, ;1] is the contribution of the initial state z obtained from one
of the Theorems 3.1-3.4.
As was done in the proof of Theorem 3.1, the bound obtained for in-

crement E<||2j+1 - % ||§C> is multiplied by % to get an upper bound for

increments corresponding to one value h, that is, one K (see Figure 1):

2Kn—1
- ~ 2 M(T)  3My(T) | .
(4.4) | Z E(”zj+1 —szx) < 5K, + RLE + incrp, j4q)
j=2K-1n
with
T2tr
(45) M(T) = WCQ}HHCHWM ) ”B”L (U, 2(A) )E(”ZTn - Z(T)||§c> :
: T°tr
My(T) = gt H2 B oayy B (I — 2(DI3)
Now summing up (4.4) for K = 1,2,... yields the result. O

5. DISCUSSION

In this paper we extended the convergence results presented by the au-
thor in [1]. There the convergence rate estimates for E(H,%Tn —2(T) ”?c)

were shown for finite-dimensional systems and infinite-dimensional systems
with bounded observation operator C'. Now convergence rate estimates were
found for systems with unbounded observation operators with some addi-
tional assumptions on the system operators. Firstly, a result was shown for
systems with diagonalizable main operators A. In this case, some additional
assumptions were needed, including a slightly nonstandard assumption on
the output operator (assumption (i) in Theorem 3.1). In the problems
arising from PDEs on one-dimensional spatial domains, this is not a big
problem but unfortunately with more complicated systems, finding a suit-
able v might be close to a mission impossible. The spectral asymptotics, on
the other hand, is an extensively studied field — so much so that it has even
been a subject of a few books, such as [15] by Levendorskil and [18] Safarov
and Vassiliev. Theorem 3.2 treats the case with assuming essentially just
the admissibility of the observation operator C. Two results were shown
for systems with analytic semigroups, in which case the other technical as-
sumptions were not needed. The effect of the input noise was studied in
Theorem 4.1, which extends the corresponding earlier result [1, Theorem 2]
to admissible observation operators.

In all results of the paper — except for the analytic semigroup case with-

. . . k+1
out input noise — the convergence rate estimates are of the form £ Z:k =

MTAt*, meaning that the estimates deteriorate as T' grows. In general, this
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cannot be completely avoided because there is no guarantee that the output
sampling does not cause essential loss of information. A result where the
bound would not deteriorate as T' grows could be possible under some ad-
ditional assumptions (like exponential stability of the system), but the long
time behaviour should be anyway studied by comparing the solutions of the
corresponding discrete- and continuous-time algebraic Riccati equations.

We remark that in this paper, as well as in [1], it has been assumed
that the time discretization can be done perfectly and the only error source
is the time-sampling of the output signal y that is defined in continuous
time. Further research would be needed to estimate the error caused by
approximate discretization schemes.
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