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Abstract

This paper deals with the observer design problem for time-varying linear infinite-
dimensional systems. We address both the problem of online estimation of the state of the
system from the output via an asymptotic observer, and the problem of offline estimation of
the initial state via a Back and Forth Nudging (BFN) algorithm. In both contexts, we show
under a weak detectability assumption that a Luenberger-like observer may reconstruct
the so-called observable subspace of the system. However, since no exact observability
hypothesis is required, only a weak convergence of the observer holds in general. Additional
conditions on the system are required to show the strong convergence. We provide an
application of our results to a batch crystallization process modeled by a one-dimensional
transport equation with periodic boundary conditions, in which we try to estimate the
Crystal Size Distribution from the Chord Length Distribution.

1 Introduction

To analyze, monitor or control physical or biological phenomena, the first step is to provide a
mathematical modeling in the form of mathematical equations that describe the evolution of
the system variables. Some of these variables are accessible through measurement and others
are not. One of the problems in control engineering is that of designing algorithms to provide
real time estimates of the unmeasured data from the others. These estimation algorithms
are called state observers and can be found in many devices. The implementation of such
observers for infinite-dimensional systems is a topic of great interest from both the practical
and theoretical points of view that has been extensively studied in the past decades (see,
e.g., [10,19,26,27,28,31]).

More recently, these results have been employed in data assimilation problems, leading to
the so-called Back and Forth Nudging (BFN) algorithms (see, e.g., [3L6,12L13,14,17,24]). In
this context, observers are used iteratively forward and backward in time to solve the offline
estimation problem of reconstructing the initial state of the system. Such problems occur for
example in meteorology or oceanography [1,2].

*This research was partially funded by the French Grant ANR ODISSE (ANR-19-CE48-0004-01)



Mainly two types of results are known about the convergence of Luenberger-like observers
for linear systems, depending on the observability hypotheses made. Under an exact observ-
ability hypothesis that links the L?-norm of the measured output on some time interval to the
norm of the initial state, a Luenberger-like asymptotic observer that converges exponentially to
the actual state of the system may be designed [19,26,28]. Under this hypothesis, it is proved
in [17,24] that the BFN algorithm estimates exponentially the initial state of the system.

Otherwise, when the system is only approximately observable, that is, any two trajectories
of the system may be distinguished by looking at the output on some time interval, then, if the
system is dissipative, one can prove that the same asymptotic observer converges only weakly to
the state [10,27,31]. For the BFN algorithm, G. Haine proved in [12] for autonomous systems
generated by skew-adjoint generators that the initial state estimation still converges strongly
(but no more exponentially) to the actual initial state.

The time-varying context has been investigated for control systems in [I0,[31], in which
some persistency assumptions are required, and a weak convergence is guaranteed. When no
observability assumptions are made, then one may expect the observer to converge to the so-
called observable subspace of the system, which is clearly defined only for autonomous systems.

In this paper, we consider infinite-dimensional time-varying linear systems. We investigate
both the usual asymptotic observer design problem, and the backward and forward observers
design problem for the BEN algorithm. We relax the dissipativity hypothesis, and replace it by
a weak detectability hypothesis, which states that the distance between any two trajectories
of the system that share the same output is a non-increasing function of time. When no
observability hypothesis holds, we show that the observer estimates in the weak topology the
observable part of the state, which is equal to the whole state when the system is approximately
observable. Under additional assumptions on the system, we also show the strong convergence
of the observer. We compare our results with the existing literature mentioned above.

As an application of our results, we consider a batch crystallization process modeled by
a one-dimensional time-varying transport equation with periodic boundary conditions. This
process aims to produce solid crystals meeting some physical and chemical specifications. One
of the most important physical property to monitor is the Crystal Size Distribution (CSD).
Information available online are the Chord Length Distribution (CLD) obtained from the
FBRM® technology and the solute concentration. However, as shown in the following, the
considered model describing this system is time-varying and not exactly observable, which is
a motivation for these theoretical developments.

The paper is organized as follows. In Section 2] we describe the systems under considera-
tion, and make the required assumptions to ensure the well-posedness of the usual asymptotic
observer and the backward and forward observers of the BFN. Our main results are stated in
Section [3] discussed in Section (], and proved in Section Bl In Section [6l we discuss about their
implications for the one-dimensional transport equation with periodic boundary conditions and
to a batch crystallization process, in which we aim to estimate the Crystal Size Distribution
from the Chord Length Distribution.

Notations Denote by R (resp. R, ) the set of real (resp. non-negative) numbers and by N
(resp. N*) the set of non-negative (resp. positive) integers. For all Hilbert space X, denote
by (:,-)x the inner product over X and |||y the induced norm. For all £k € NU {oco} and all
interval U C R, the set C*(U; X) is the set of k-continuously differentiable functions from U
to X.

We recall the characterization of the strong and weak topologies on X. A sequence
(zn)n>0 € XV is said to be strongly convergent to some z* € X if ||z, —2*||y — 0 as



n — 400, and we shall write x,, — x* as n — 4o00. It is said to be weakly convergent to x*
if (x, —2*,9)y — 0 asn — +oo for all ¥ € X, and we shall write x,, — z* as n — +o0.
The strong topology on X is finer than the weak topology (see, e.g., [7] for more properties on
these usual topologies).

If Y is also a Hilbert space, then .Z(X,Y") denotes the space of bounded linear maps from
X to Y and | - [l #(x,y) the operator norm. Set £ (X) = Z(X,X). For all L € Z(X,Y),
denote by ran L its range and ker L its kernel. We identify the Hilbert spaces with their dual
spaces via the canonical isometry, so that the adjoint of L, denoted by L*, lies in Z(Y, X).
If L*L = LL*, then L is said to be normal. If there exists a positive constant « such that
|Lz||x > a||z| x for all x € X, then L is said to be bounded from below.

For any set £ C X, the closure of E in the strong topology of X is denoted by E. If E is
a linear subspace of X, then E denotes its orthogonal complement in X. Moreover, if E is
closed, set Il € Z(X) the orthogonal projection such that ranIlp = E.

2 Problem statement

Let X and Y be two Hilbert spaces with rea inner products. Let D be a dense subset of X.
For all t > 0, let A(t) : D — X be the generator of a strongly continuous semigroup on X and
C e Z(X,Y). Let zp € X. Consider the non-autonomous linear abstract Cauchy problem
with measured output

0= y=Cxz (2.1)
In this paper, we are concerned with the problem of designing an observer of the state z based
on the measurement y. We adopt the context of hyperbolic systems. Let T € Ry U {400},
and adopt the convention that [0,7] = Ry if T'= +00. Assume that the family (A(%)).e(o,7
is a stable (see [23, Chapter 5, Section 5.2] for a definition) family of generators of strongly
continuous semigroups that share the same domain D. Assume also that for all z € D, the
function ¢ — A(t)x is continuously differentiable on X. These hypotheses hold for the rest
of the paper. Then [23, Chapter 5, Theorem 4.8] ensures that the family (A(t))icjo,r) is the
generator of a unique evolution system on X denoted by (T(¢,s))o<s<t<r. Moreover, there
exist two constants M, w > 0 such that

{2’: = A(t)z

IT(t,s)|wx) < Me“™9, VOo<s<t<T. (2.2)

For all zg € X, (Z1)) admits a unique solution z € C%([0,T]; X) given by z(t) = T(t,0)z for
all t € [0, 7). Moreover, if 29 € D, then z € C°([0,7]; D) N C1([0,T]; X). The reader may refer
to [23, Chapter 5] or [16] for more details on the evolution equations theory.

Definition 2.1 (Autonomous context). We shall say that (2] is autonomous if there exists
an operator A : D — X such that A(t) = A for all t € Ry.

Remark 2.2. In the autonomous context, T = +oo and the evolution system T is such that
T(t,s) = T(t—s,0) for all t > s > 0. By abuse of notation, the strongly continuous semigroup
generated by A is also denoted by T, so that T(¢) = T(¢,0) for all t € Ry. The same shortened
notations hold for any other autonomous system.

Our goal is to build an observer system Z fed by the output y of (21I), such that 2 estimates
the actual state z. We raise two different observer issues: the usual asymptotic observer
problem, and the inverse problem of reconstructing the initial state.

'Even if we could consider complex inner product, we prefer to restrict ourselves to real inner products to
simplify the presentation.



2.1 Asymptotic observer

In order to find an asymptotic observer, we naturally assume that T'= +oc. The goal is to find

a new dynamical system fed by the output of (ZII) which asymptotically learns the state from

the dynamic of the output. This issue was raised by D. Luenberger in his seminal paper [20] in

the context of finite-dimensional autonomous linear systems. In [26]27], J. Slemrod investigates

the dual problem of stabilization in infinite-dimensional Hilbert spaces. In this paper, we follow

this path and introduce the usual infinite-dimensional version of the Luenberger observer.
Let r > 0 and 2y € X. Consider the following Luenberger-like observer

(2.3)

Set ¢ = 2 — z and g9 = Zp — 29. From now on, Z represents the state estimation made by the
observer system and € the error between this estimation and the actual state of the system.
Then 2 satisfies (Z3)) if and only if € satisfies

0 (2.4)

{é = (A —rC*0)e
Since C' € Z(X,Y), [23, Chapter 5, Theorem 2.3] claims that (A(t) —rC*C)>¢ is also a stable
family of generators of strongly continuous semigroups, and generates an evolution system
on X denoted by (S(t,s))o<s<t- Then, systems (23) and (2Z4]) have respectively a unique
solution 2 and € in C°([0,+00); X). Moreover, 2(t) = (T + S)(t,0)2y and &(t) = S(t,0)eq for
all t € [0, +00). If (20,20) € D?, then 2, ¢ € C°([0, +00); D) N CL([0, +0); X).
We are interested in the convergence properties of the state estimation Z to the actual state
z, i.e., of the estimation error € to 0.

Definition 2.3 (Asymptotic observer). For any closed linear subspace O of X, (2.3) is said to
be a strong (resp. weak) asymptotic O-observer of ([21]) if and only if IIpS(¢,0)eg — 0 (resp.
HoS(t,0)e0 = 0) as t — 400 for all g9 € X. An X-observer is shortly called an observer.

2.2 Back and forth nudging

Now consider a problem which is slightly different from the former one. Assume that T' < 400,
and address the problem of offline state estimation. The goal is to use the knowledge of the
output and its dynamic on the finite time interval [0,7] to estimate the initial state of the
system. To achieve this, the idea is to use iteratively forward and backward observers. This
methodology is called the back and forth nudging in [23l4], or the time reversal based algorithm
in [17].

In order to build this observer, we need to assume that the family (A(t))icjo,r) is the
generator of a bi-directional evolution system on X denoted by (T(t, s))o<st<7- We make this
assumption each time backward and forward observers are considered. Let Zy € X. For every
n € N, we consider the following dynamical systems defined on [0, 7] as in [24] by

Z = A(t)2M — rCH(C52 —y)

2211(0) _ %zn—1(0) if n > 1 (2.5)
20 otherwise.

é2n+1 — A(t)22n+1 + TC*(022n+1 _ y)
§2n+1(T) — 22n(T)



For all n € N, let €” = 3" — z and €9 = 2y — 29. Then 22" and 22"+!

and (Z8) if and only if £2® and £2"*! satisfy

satisfy respectively (Z.5])

£ = (A(t) — rC*C)e?

220 (0) = {sZn—l(o) ifn>1. (2.7)
€9 otherwise.

{é2n+1 _ (A(t) + TC*C)62n+1 (2‘8)

62n+1(T) — 62n(T).

Since C € Z(X,Y), [23, Chapter 5, Theorem 2.3] claims that both (A(t) — rC*C)ycpo1]
and (A(t) + rC*C)cpo,r) are stable families of generators of strongly continuous semigroups
that generate bi-directional evolution systems on X denoted respectively by (Sy (¢, s))o<s <7
and (S_(t,s))o<s,t<r- Then, for all n € N, (Z3)), (28], 271) and ([28) have respectively a
unique solution 22" p2n+l 62 and 2"t in C9([0, T]; X).

Moreover 22”(t) = (']1‘ + S4)(t,0)227(0), 22 FL(t) = (T + S_)(t, T)2* YT, " (t) =
Si(t,0)e2"(0) and 21 (t) = S_(¢,T)e®>**(T) for all ¢ € [0,7]. In particular, note that

£27(0) = (S_(0, T)S4+ (T, 0))" 0. (2.9)

If (20,€0) € D2, then 2™, e" € C°([0,T]; D) N CL([0,T]; X) for all n € N.
We are mterested in the convergence properties of the initial state estimation 227(0) to the
actual state z(0), i.e., of the estimation error £27(0) to 0, as n goes to infinity.

Definition 2.4 (Back and forth observer). For any closed linear subspace O of X, (2.5H2.8]) is
said to be a strong (resp. weak) back and forth O-observer of (1)) if and only if IIpe?*(0) — 0
(resp. pe?™(0) 2 0) as n — +oo for all &g € X. An X-observer is shortly called an observer.

3 Main results

In this section, we state our main results about the asymptotic observer and the back and
forth observer. Then, we discuss our hypotheses and compare our results with the existing
literature.

A crucial operator to consider in order to investigate the convergence properties of a
Luenberger-like observer is the so-called observability Gramian.

Definition 3.1 (Observability Gramian). For all ¢y € [0,7] and all 7 € [0, T —%¢], let us define

W(to,7): X — X
to+71
20 /> (t to) C*CT(t to)Zodt

to

the observability Gramian of the pair (T, C).

The operator W (tg, 7) is a bounded self-adjoint endomorphism of X, that characterizes the
observability properties of (ZI]). Moreover, W is continuous in .#(X) with respect to (to,?),

2
and we have |W (to, 7)|| z(x) < (Me“"[|C]l 2(xy)) -

Remark 3.2. In the autonomous context, W (ty,7) = W(0,7) for all ty,7 € Ry. Then, by
abuse of notation, we denote W (r) = W(0, 7).



Definition 3.3 (Observable subspace). For all 7 € [0, 77, let
O, = (ker W(0,7))*. (3.1)

be the observable subspace at time 7 of the pair (T,C). If T = +o0, let

0=Jo0o,. (3.2)

>0

be the observable subspace of the pair (T, C).

The sequence (O;)r;>o is a non-decreasing sequence of closed linear subspaces. Hence,
O = lim; 1+ O;, and it may be seen as the observable subspace in infinite time of the pair
(T, C).

Our results rely on a weak detectability hypothesis defined as follows.

Definition 3.4. The pair ((A(t)):cjo,7), C) is said to be u-weakly detectable for some 1 > 0 if
for all t € 0,77,
(A(t)z, )y <ullCol,  VoeD. (33)

We now state our main results about the convergence of the asymptotic observer and the
back and forth observer. In general, the convergence holds only in the weak topology.

3.1 Weak asymptotic observer

Theorem 3.5. Assume that T = +oo and ((A(t))i=0,C) is p-weakly detectable and r > p.
Assume that there exist an increasing positive sequence (tp)n>0 — +00 and an evolution system
(Too(t, $))ogs<t on X such that for all T > 0,

IT(tn +ttn) — Too(t, 0)|| 2(x) = 0 as n — 400 uniformly in t € [0, 7], (3.4)
Let O be the observable subspace of the pair (Too,C). Then for all ey € X,

MoS(tn,0)eg —— 0. (3.5)

n—-+4o0o

Moreover, if (th+1 — tn)n>0 @s bounded and O = X, then 23) is a weak asymptotic observer
of 2J).

The proof of Theorem is given in Section GBIl In the autonomous context, every
increasing positive sequence (t,)n>0 — oo is such that T(¢, + t,t,) = T(¢) for all ¢ > 0.
Hence (B3] holds for all such sequence (t,),>0 and with O the observable subspace of (T, C').
This leads to the following corollary.

Corollary 3.6. Suppose that (Z1)) is autonomous, (A, C) is u-weakly detectable and r > . Let
O be the observable subspace of (T,C). Then, (Z3) is a weak asymptotic O-observer of ([2.]]).

3.2 Weak back and forth observer

Theorem 3.7. Assume that T' < 400 and (T(t, s))o<st<T s a bi-directional evolution system.
Suppose that both ((A(t))icpo,r), C) and ((—A(t))icp,1], C) are p-weakly detectable and r > pu.
Let Op be the observable subspace at time T of the pair (T,C). Then, (ZZHZ3) is a weak back
and forth Op-observer of (21]).

The proof of Theorem B.1 is given in Section Under additional assumptions on the
system, the strong convergence of the observers holds.



3.3 Strong asymptotic observer

Theorem 3.8. Assume that T = +oo. Suppose that there exists T > 0 such that t — A(t) is
T-periodic. Let O be the observable subspace at time T of the pair (T,C).

(i) Suppose that ((A(t))i=0,C) is p-weakly detectable and r > u. Assume that S(7,0) is
normal and bounded from below. If O, = X, then ([23)) is a strong asymptotic observer

of @I).
(it) If A(t) is skew-adjoint for all t € Ry, then [23) is a strong asymptotic O-observer
of 1) for allr > 0.

The proof of Theorem [B.§] is given in Section [(5.3

3.4 Strong back and forth observer

Theorem 3.9. Assume that T' < 400 and (T(t, s))o<st<T is a bi-directional evolution system.
Let Or be the observable subspace at time T of the pair (T, C).

(i) Suppose that both ((A(t))icpo,r),C) and ((—A(t))eo,r), C) are p-weakly detectable and
r > p. Assume that S_(0,T) = S (T,0)* and is normal. If Op = X, then (Z.2{Z.8) is a
strong back and forth observer of (Z1]).

(ii) [12, Theorem 1.1.2] In the autonomous context, if A is skew-adjoint, then (23] is a
strong back and forth Op-observer of 21) for all v > 0.

The proof of Theorem B9 is given in Section (541

4 Discussion on the results

4.1 About observability

For infinite-dimensional systems, there are several observability concepts that are not equiv-
alent (see, e.g., |28, Chapter 6] in the autonomous context), contrary to the case of finite-
dimensional systems. In particular, one can distinguish the two following main concepts.

Definition 4.1 (Exact observability). The pair ((A(t)):c(o,r), C) is said to be exactly observ-
able on (tg,t9 + 7) C [0,T] if there exists 6 > 0 such that

(W (to, 7)z0, 20) x = 6 |20l % s Vz0 € X. (4.1)

Definition 4.2 (Approximate observability). The pair ((A(t)):cjo,r, C) is said to be approx-
imately observable on (to,to + 7) C [0,T] if W (to,7) is injective.

Clearly, the exact observability of a pair on some time interval implies its approximate ob-
servability, and the concepts are equivalent in finite-dimension. The approximate observability
in time 7 is equivalent to the fact that O, the observable subspace in time 7 of (T, C), is equal
to the whole state space X. Our results focus on approximate observability-like assumptions,
since the exact observability has already been deeply investigated for both the asymptotic
observer and the BFN algorithm (see e.g., [17,24]). When the observable subspace is not the
full state space, the observers reconstruct only the observable part of the state.



4.2 About weak detectability

Remark 4.3. A pair ((A(t))i=0,C) is said to be detectable if for all pairs of trajectories (21, z2)
of 1)), if Cz1(t) = Cz(t) for all t > 0, then (21(t) — 22(t)) — 0 as t — +o00. This definition
is equivalent to the usual definition of detectability in finite-dimension. However, several
definitions may be chosen in infinite-dimension, that are all equivalent in finite-dimension.
In this remark, we show how (B.3]) may be seen as a weak detectability hypothesis. Let
((A(t))¢ejo,r)> C) be p-weakly detectable for some p > 0. Then Lemma B3] that is proved in
Section BT}, states that S is a contraction evolution system,i.e., [[S(Z, s)||#(x) < 1 for 0 < s <
t < T. Consider (z1,22) two trajectories of (Z]) such that Cz(t) = Cza(t) for all ¢ € [0,T].
Then z; and z, are also trajectories of (23]), and z; — 2z is a trajectory of (24]). Therefore,
forall 0 <s<t<T,

121(2) = 22 ()]l x = [S(t; 8)(21(s) = 22(s)) || x < [[21(s) = z2(s)] x -

Hence, [0,T] 2 t — ||z1(t) — 22(t)|| x is non-increasing. This property is indeed weaker than
the usual detectability hypothesis, which would state that ||z1(¢) — 22(t)|| y tends to 0 as ¢ goes
to infinity.

Remark 4.4. When stating that a pair ((A(t))cjo,r), C) is p-weakly detectable, we actually
state that the pair is uniformly weakly detectable, in the sense that the detectability constant
w is independent of the time ¢ € [0,T]. Therefore, this assumption is stronger than the weak
detectability of each pair (A(t),C) for t € [0,T]. However, if T' < +o0 or t — A(t) is periodic,
then the two statements are equivalent, due to the continuity of [0,7] > t — A(t)x for all
zeD.

Remark 4.5. If A(t) is a dissipative operator for all ¢ € [0,T], that is,
(A(t)z,z) <0, vt € [0,T7, (4.2)

then the pair ((A(t)):ejo,r), C) is O-weakly detectable for any output operator C' € Z(X,Y).
This assumption is the one usually made in the literature to prove the weak convergence of
a Luenberger-like observer in infinite-dimension (see, e.g., [10,27,31]). Therefore, the weak
detectability hypothesis may be seen as a weakening of the dissipativity hypothesis, relying on
the output operator.

Remark 4.6. If there exist a bounded self-adjoint operator P € Z(X), o > 0 and p > 0 such
that
(o, Po)x > pllell, (Po,AWM)s) <pllCall, VeeD, vie[0,T],  (43)

then the pair ((A(t)):ejo,r), C) is p-weakly detectable provided one endows the Hilbert space
X with the inner product (P-,-)y. Note that in this case the operator C* is the adjoint of
C € Z(X,Y) with respect to this new inner product, i.e., (C-,-)y = (P-,C*:) x. Actually, if
X is finite-dimensional, the existence of P (which is then a positive-definite matrix) such that
(#3) holds is a necessary condition for the existence of an asymptotic observer.

Remark 4.7. In the context of BEN, we require that ((A(t))c(o,r), C) and ((—A(t))sejo,, C)
are both p-weakly detectable. This is equivalent to state that

(AW, x)y| < pllCal?,  VeeD. (4.4)

Note that the considered inner product on X is the same for both the forward and the backward
observer. If one must change the inner product with a self-adjoint operator P as in Remark [£6]
then this change must be done for both observers. In [I5], the authors proved in the autonomous
finite-dimensional context the existence of such a common operator P for both A and —A, but
the question remains open in infinite-dimension.



Remark 4.8. The parameter r > 0 is the observer gain. If A(t) is a dissipative operator
for all ¢t € [0,T], then the convergence results hold for all gain » > 0. Otherwise, the gain
must be chosen high enough in order to make up the lack of dissipativity, which is replaced
by weak detectability. Obviously, if a pair is pu-weakly detectable for some p > 0, then it is
also A-weakly detectable for all A > u. This class of observer is what is called observers with
infinite gain margin since r can be taken as large as requested.

4.3 About the results

Remark 4.9. Our results are linked with the existing literature in the following way. If
At) = A+ Y2 | u;(t)B; where A, By,...,B, are skew-adjoint generators of unitary groups
on X and uq,...,u, are bounded, then Theorem is an extension of [10, Theorem 7] to
the case where the system is not approximately observable in some finite time. The proofs
of Theorems and B.7] follow the path of this seminal paper. In the autonomous context,
we recover the usual weak asymptotic observer in Corollary Theorem [B.7] states that only
weak convergence of the BFN algorithm holds in general. Following the way paved by G. Haine
in [I2], we prove in Theorem [3.9] that the convergence is actually strong under some additional
assumptions. We recall and extend [12 Theorem 1.1.2] in Theorem B9l In particular, we
consider non-autonomous systems and do not necessarily assume that A(t) is skew-adjoint for
all t € [0, T]. Moreover, we adapt this technique to the usual asymptotic observer to prove the
strong convergence in the case of periodic systems in Theorem B.8 We do not investigate any
exact observability-like assumptions, since [19,2630] and [17,24] solved the question, at least
in the autonomous case, in the asymptotic context and back and forth context respectively.

Remark 4.10. In Theorem [3.5] one of the hypotheses is the existence of an increasing positive
sequence (t,,)n>0 — +00 and an evolution system (T (¢, $))o<s<t on X such that ||T(¢,+t,t,)—
Too(t,0)|l #(x) — 0 as n — 400 uniformly in ¢ € [0, 7] for all 7 > 0. Checking this hypothesis
may be a difficult task in general. However, [16, Theorem 10.2] states sufficient conditions
on the family of generators (A(t))¢>o for the existence of such a sequence. In Section [6.1] we
show how to check this property on a time-varying one-dimensional transport equation with
periodic boundary conditions.

Remark 4.11. One of the steps of the proof of Theorem (see Section [B.1]) is to show that
for all g9 € D, e : t — S(t,0)eq satisfies

to+T7 9
Ce(t dt 0 VT > 0. 4.5
L leswiar, — 0. v (4.5)

This does not yields a priori that Ce(t) — 0 as ¢ goes to infinity. However, if there exists a
positive constant « > 0 such that for all £ > 0,

[C*CAD)z]|x < allz]x, (4.6)

then Ce(t) — 0. Indeed, (5.4]) will yield

t——+o0

+o0
/0 I1Ce(t)]|2 dt < +oo. (4.7)

Moreover, for all t > 0,

Ld

551 I3 = (Ce(t), Cet))y



(Ce(t), CAe(t))y — r(Ce(t), CC*Ce(t))y
e(t), C*CA(t) x —r[|C*Ce(t)[ %

(
< aleolly

since S(t, 0) is proved to be a contraction in Lemma 5.3l Thus, ||Cel[3 is an integrable positive
function, with bounded derivated. Hence, according to Barbalat’s lemma, ||Ce(t)||3- — 0 as
t — 4o00.

A similar result (with a similar proof) hold for the BFN algorithm. Assume that all
the hypotheses of Theorem 3.7 hold. If C*C'A is bounded as an operator from (D, ||| y) to
(X, |||l x), then Ce?™(0) — 0 as n — +o0.

5 Proofs of the results

This section is devoted to the proofs of the results stated in Section Bl The following remark
allows us to reformulate the weak convergence results.

Remark 5.1. For any closed linear subspace O of X and any sequence (x,)n,>0 in X, recall
that Tlpx, — 0 as n — +oo if and only if, for all ¢ € X, (pxy,1) y — 0. As an orthogonal
projection, Ilp is a self-adjoint operator, i.e., [Ip = II,, and ranIlp = O. Hence, llpz, 20
as n — +oo if and only if, for all ¢ € O, (Ilpxy,, ) x — 0.

All the weak convergence results are proved in the following in accordance with this re-
mark. For example, to prove that (23] is a weak asymptotic O-observer, we prove that
(IToS(t,0)e0,v) x — 0 as t — 400 for all &g € X and all » € O. We proceed similarly in the
back and forth context.

Lemma 5.2. For alln € N, let L, € £(X) be a linear contraction, that is, ||Ly| ¢ x) < 1.
Let U,V C X.

(i) If
Ln50 — 0, Ve’fo cU
n—-+o00
then
Lyeg — 0, Yeo elU.
n—-+o0o
(i) If
(Lno,¥)x = 0, Veo €U, Yo €V,
then

<Ln€0,1/J>X — 0, Veg € U, Yy € V.

n—-+o0o

Proof of (i), Let eg € U and 1 > 0. Then there exists & € U such that ||eg — &o||y < 7.
Moreover, there exists N € N such that for all n > N, ||L,&y||x <. Then, for all n > N,

[Lneollx < [1Lnollx + [1€0 — €oll x < 27

since L,, is a contraction. Hence L, g9 — 0 as n — +o0. O
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Proof of. Let ¢g € U, v € V and 7 > 0. Then there exist &y € U and Y € V such that
lleo — &ollx < m and HT/J — 1[1HX < 1. Moreover, there exists N € N such that for all n > N,

‘<Ln§0,zﬁ>X‘ < 7. Then, for all n > N,
[{Lneo, ¥) x| < ‘<L"6~0’1[}>X‘ t ‘<L"(€O N 50)’1[}>X‘
+ ’<Ln50,7/) - TZJ>X‘ + ’<Ln(€o — o), — 7/;>

< (14 [, + leollx + ) m-

N

Hence (Lyeq, )y — 0 as n — 4o00. O

5.1 Proof of Theorem

The proof relies on the two following lemmas. The first one shows how the weak detectability
is used in the proof, while the second one states a continuity property of the observability
Gramian. We adapt the steps of the proof of [10, Theorem 7]. In this section, assume that
T = 4o0.

Lemma 5.3. If ((A(t))i=0,C) is p-weakly detectable and r > p, then S is a contraction
evolution system, that is,
IS(t, s)l|l 2(x) < 1, Vit > s > 0. (5.1)

Proof. Since D is dense in X, it is sufficient to show that
1St to)eollx < lleollx (5-2)

for all g € D and all t >ty > 0. Let tg > 0, g € D and set (t) = S(t,t9)eo for all ¢ > t.
Then € € C*([0,+00), X) and for all ¢ > t,

5 3 I = (0.0 «
= (e(t), AV)e()) x — 7 (e(t), C"Ce(t)) x
< —(r—p) |Ce®)|)3  (since ((A(t))¢=0,C) is u-weakly detectable) (5.3)
<0

since r > . Hence [tg, +00) 3 t — ||e(t)]|% is non increasing, which yields (5.2) since e(to) =
£0- O

Lemma 5.4. If there exist an increasing positive sequence (t,)n>0 — +00 and an evolution
system (Teo(t, 5))ocs<t on X such that ||T(t, +1t,t,) — Too(t,0)|| 2(x) = 0 as n = +o0 for all
t >0, then |W(tn,7) = Woo(0,7)||2(x) = 0 as n — +o0.

Proof. For all zy € X,
(W (ta, ) = Woe 0, )0
< [ IO I+ t8) = Tt 00 0

<TICZ x vy 20l x P IT(tn +t,t0) — Too(t, )l Z (x)-
€0,

Hence, [|[W (tn,T) = Weo(0,7)[| 2(x) — 0 as n — +oo0. O
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Proof of Theorem [33. According to Lemma 53] S is a contraction evolution system. Hence,
applying Lemma with L, = S(t,,0) for n € N, it is sufficient to show (B3] for all ¢ €
Uyrso(ker Wao(0,7))* and all g € D since D is dense is X. Let €9 € D and set £(t) = S(¢,0)eq
for all ¢ > 0. Since S is a contraction, ||e||y is non-increasing and whence converges to a finite
limit. Equation (5.3)) yields for all ¢y, 7 > 0,

eI dt < — to)|3 t 3 5.4
LT Ieel < g (letto)ly ~ lletta + DI ). 6.9
Hence,
e at 0 5.5
L7 Ieswiat, < o (5.5)
According to Duhamel’s formula, for all ¢ > tg > 0,
t
e(t) = T(t, to)e(to) —r [ T(t,s)C*Ce(s)ds. (5.6)
to

Then

to+7
W (to, )e(to) = / T(t, t0)* C* T (1, to)e(to)dt
0
to+7
= T(t, to)*C*Ce(t)dt

to

to+T1 t
—i—r/o T(t,to)*C*C | T(t,s)C*Ce(s)dsdt.

to to

By (22)) and because C' is bounded, we have
wT fotT
W (to, T)e(to) | x < Me HCHz(x,Y)/t ICe)lly dt
0

2 2wt 3 fotT
172y [ IOyt
0
Hence
W (to, 7)e(t) — 0, V7 > 0. (5.7)

to——+0o0
Now, let (tp)n>0 and (Too(Z, s))o<s<t be as in the hypotheses of Theorem B3l Let € the set
of limit points of (g(t,))n>0 for the weak topology of X, that is, the set of points £ € X such
that there exists a subsequence (ny)>o such that e(t,, ) — & as k — +o0. Since ¢ is bounded
in X (because S is a contraction), by Kakutani’s theorem (see, e.g., [7, Theorem 3.17]), the
set {e(t,),n € N} is relatively weakly compact in X. Hence € is not empty. Let £ € Q and
(e(tn,))k=0 be a subsequence converging weakly to {. Then, according to (5.7)) and Lemma[5.4],

[Woo (0, T)e(tn )l x < IIW (tnys T)e(n, )l x
F[Woo(0,7) = Wt ) L2x) lleoll x

— 0.
k—+o00

Hence & € ker W (0, 7). Thus Q C ker W (0,7). Let ¢ € X. By definition of 2, and since ¢
is bounded, for all > 0, there exists N € N such that for all n > N, there exists &, € (2 such
that

[ (e(tn) = &n, V) x [ < -
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Then, if ¢ € (ker Woo(0,7))F, (€4,%) = 0 which yields

[(e(tn), 1) x| < [{e(tn) = &ns ) x|+ [{ns ) x| < -

Since this result holds for all 7 > 0,

(e(tn), )y —— 0, Vip € | (ker W (0, 7)) "

n—-+4o0o >0
This conclude the proof of the first part of Theorem

Now, assume moreover that ((tn,4+1 — tn))n>0 is bounded and O = X. It is sufficient to
prove that for all increasing positive sequence (73)rs0 — +00, &(1x) — 0 as k — +oo. For
all k € N, let n, € N be such that ¢,, < 7, < ,,4+1. Then s, = 7, — t,, is a non-negative
bounded sequence. Hence, up to an extraction of (t,),>0, it is now sufficient to prove that
e(tn +5,) — 0 as n — +oo for all non-negative bounded sequence (s,)n>0. Set § = sup, ey Sn-
For all ¢ € X,

[(e(tn + sn), ¥) x| < [(Too(sn, 0)e(tn), ¥) x|
+ [[(T(tn + sn,tn) — Too(sn, 0))ll.2x) llE0ll x 1911 x
+ le(tn + sn) = T(tn + Snatn)g(tn)”x MJHX :

By (B84), and because (s,,)n>0 is bounded, it follows that

“(T(tn+3natn)_TOO(SmO))H_Sf(X) — 0.

n—-+4o0o

Using (2.2), (5.6) and the Cauchy-Schwarz inequality

tn+s
et + 50) = Tlta + 5n,t)e(ta)ll x < rMe|Cllzixy) [ =)y dt

— 0.
n—-+4o0o

Hence, it remains to prove that Too(sn,0)e(t,) — 0 as n — +oo. For all ¢ > 0, (22) and (3.4)
yield || Too(t,0)] 2(x) < Me**, and thus for ¢ € X,

[(Too(sn, 0)(tn), ) x| < Me* [leol x |9l x -

Let £ € R and (ng)r>0 a subsequence such that |(Tog(sn,,0)e(tn, ), ¥) | — £ as k — +oc.
We now show that ¢ = 0 to end the proof. Since (s,)n>0 is bounded and s — T (s,0)*y
is continuous in the strong topology of X, (Too(sn,,0)*?¥)r=0 converges strongly up to a new
extraction of (sy, k>0 to some & € X. Then, for all k € N,

{Too(8ny,0)(tn,, ), V) x| = [{€(tn,.): Too(Sny, 0)* 1) |
< et !+ [ Too(8ns>0)" % — €l x lleollx
— 0
k—+4o00
Thus ¢ = 0. O
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5.2 Proof of Theorem 3.7

Assume that T' < 400 and (T(¢, s))o<s,t<7 is a bi-directional evolution system. We adapt the
proof of Theorem to the BFN algorithm (see Section [BE.1). The lemmas involved and steps
of the proof are very similar.

Lemma 5.5. If both ((A(t)):cjo,1, C) and ((—A(t))ecpo,r); C) are p-weakly detectable and r >
W, then Sy (resp. S—) is a forward (resp. backward) contraction bi-directional evolution system,
that is,

IS4t )lem <1 and [S_(5,)llgm <1, V2530 (5.5)

Proof. Since D is dense in X, it is sufficient to show that

IS (t, t0)50HX H50||X and [|S_(t, t0)50HX H50||X (5.9)

for all 60 € Dand all t > tg > 0. Let top = 0, eg € D and set e4(t) = Sy (¢, tp)eo and
e_(t) =S_(t,tg)eo for all t > ty. Then &' € C([0, +00), X) for i € {0,1} and for all ¢ > ¢,
1d
S ler DI = e (1), £ x
= (e4(t), At)ey (1)) x —r (e (1), C7Cer (b)) x

<—(r—p)|[Cer )]} (since ((A(t))i=0,C) is pu-weakly detectable) (5.10)
<0
and
L eI = (-0, (0)
= (e-(1), A(t)e— (1)) x +7{e-(1),C"Ce (1)) x
> (r—p)||Ce_(t)|3 (since ((A(t))¢0,C) is p-weakly detectable) — (5.11)
=20

since r > p. Hence [tg, +00) 3 t — ||le4 ()||3 is non-increasing and [tg, +00) 3 t > [le_(t)||% is
non-decreasing, which yields (5.2)) since e (t9) = £_(to) = €o. O

Proof of Theorem [37. According to Lemma 5.5, S; (resp. S_) is a forward (resp. backward)
contraction bi-directional evolution system. Let L = S_(0,7)S,+(T,0) € Z(X). Then L"
is a contraction for all n € N. Hence, applying Lemma it is sufficient to show that
(L"eg,) x — 0 as n — —+oo for all 1 € Uysg(ker W(0,7))* and all &g € D since D is dense
is X. Let g9 € D and set e2"(t) = S, (t,0)L" for all ¢ > 0 and all n € N. Since L is
a contraction, ||e2"(0)||, is non-increasing and thus has a finite limit as n goes to infinity.
Moreover,

|2 (@)||,, = I15+(T,0) L <0lly = |[S—(T,0)L™ e
- s-m.02e 0], > [,

Then (B.I0) yields for all n € N

[ ezl < st (ol - fe o)

2(r — ) x

14



< 5= ([0l - [+ ol)-

Hence,

T 2
/0 HC&Z"(t)Hydt — 0. (5.12)

n—-+o00

According to Duhamel’s formula, for all n € N,
t
g2 (t) = T(t,0)e*(0) — r/ T(t, s)C*Ce?(s)ds. (5.13)
0

Then

T

W(0,T)e2"(0) = / T(t,0)* C*CT(¢, 0)"(0)dt
0
T
= / T(t,0)*C*Ce*"(t)dt
0
T t
+r / T(t,0)*C*C / T(t, s)C*Ce®(s)dsdt.
0 0
According to (22) and because C' is bounded, ||T(t,s)|| ¢ (x) < Met=9) for 0 < s <t < T,
2 T Tl 2
[w. D)) < MeTIClxr [ e @], o
T
+rTM?T (O y /0 |cen )|, at.

Hence W (0,7)2"(0) — 0 as n — +oo.

Now, let Q the set of limit points of (£2%(0)),>0 for the weak topology of X, that is, the
set of points £ € X such that there exists a subsequence (ng)r>o such that €2+ (0) = ¢ as
k — 4o0o. Since (¢2"(0)),>0 is bounded in X (because L is a contraction), by Kakutani’s
theorem (see, e.g., [T, Theorem 3.17]), the set {£2"(0),n € N} is relatively weakly compact in
X. Hence Q is not empty. Let £ € Q and (¢2™(0))>0 be a subsequence converging weakly to
€. Then W(0,T)¢ = 0 by uniqueness of the weak limit. Thus Q C ker W (0,T). Let ¢ € X.
By definition of €, and since (£2"(0)),>0 is bounded, for all > 0, there exists N € N such
that for all n > N, there exits &, € {2 such that

[(&27(0) = &) I <.

Then, if 1 € (ker W (0,T))*, (€n,%) x = 0 which yields

(2(0),9) | <[(e7(0) = &nsw) |+ 1(6ns )] <,
i.€.,
<52n(0),¢>x 00 wwe ke wo,m))"
720
This ends the proof of Theorem [B.7] O
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5.3 Proof of Theorem 3.8

First, consider the following invariance lemma in the case where A(t) is skew-adjoint for all
teR,.

Lemma 5.6. Assume that T = +oo and A(t) is skew-adjoint for allt € Ry. Let 7 > 0 such
that t — A(t) is T-periodic. Let O; be the observable subspace at time T of the pair (T,C). Let
L = S(7,0)*S(7,0). Then LO, C O, and LO+ C O+.

Remark 5.7. This lemma is an interesting result in itself. It implies that the dynamics of
the error system (Z7HZE) may be decomposed on the two subspaces O, and OF. There-
fore, the initial estimation of the unobservable part of the system Il 2y does not affect the
reconstruction of the observable part Ilp_z(t) at all.

Proof of Lemma 5.8 Set A(—t) = A(t) for all ¢ € Ry. According to [I1, Chapter 3, Lemma
1.1], since A(t) is skew-adjoint for all ¢ € R, it is the generator of a unitary bi-directional
evolution system, still denoted by T. In particular, for all t > s > ty € R, T(¢,s)*T(¢,tg) =
T(S, to) .

Let €9 € DN O,. For all ¢y € O+ = ker W (0, 7), the Duhamel’s formula (5.8]) yields

<L507w>X = <S(T7O)€078(T70)¢>X
— (0, T(7, 0)*S(r, 0)¢) y — 7 /0 (CS(s,0)e0, CT(r, )" T(r, 0))) 5, ds.

Since ¥ € kerW(0,7), CT(s,0)y and S(s,0)yp = T(s,0)p = 0 for all s € [0,7]. Thus,
(Leo,¥)x = 0, d.e., Leg € Oy for all g9 € O;. Now, let g9 € OF and ¥ € O,. Since L
is self-adjoint, (Leg, V) x = (g0, L)y = 0 from above. Hence, Leg € O;-. O

Proof of Theorem[38. Let 7 > 0 be as in the assumptions of the theorem, and set L =
S(7,0)*S(7,0). Assume that A(t) is skew-adjoint for all ¢ € R;.. Then, according to Remark [L.5],
((A(t))t=0,C) is 0-weakly dissipative. Moreover, reasoning as in the proof of Lemma [B.6] S is
actually a bi-directional evolution system. Hence S(7,0) is bounded from below. Moreover,
Lemma claims that LO, C O, and LOTl C OTL. Obviously, it is also the case if O, = X.

Now, assume that ((A(t))i=0,C) is u-weakly dissipative and r > u. It remains to prove
that (Z3) is a strong asymptotic O--observer of ([Z1]) if S(7,0) is normal and bounded from
below and the invariance property LO, C O, and LO; C OF is satisfied.

For all g € X,

(L"e0,0) x = |IS(7,0)"05%  (since S(7,0) is normal)

= |IS(n7,0)e0||%  (since t — A(t) is T-periodic).

Hence, according to Lemma [5.3] L is a contraction and if (L"eg,e0) y — 0 as n — 400, then
S(t,0)eg — 0 as t — +00. According to the invariance property of O, Ilp_ L = LIlp_. Thus,
applying Lemma it is sufficient to prove that for all g € DNO,, L"eg —0 as n — 400
since D is dense in X and L™ is a contraction for all n € N.

The proof is an adaptation of the strategy developed in [12, Theorem 1.1.2]. First, we
investigate the properties of L. It is self-adjoint positive-definite since S(7,0) is bounded from
below. Let ¢g € DN O,. The hypotheses of Lemma B3] hold. Hence, S is a contraction
evolution system, and (5.3]) yields

(Lev.eo)y = IS(r, 0020 l% < lleolk — 20— ) [ 1CS(t, 0ol dr. (5.14)
0
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Hence
| Leol|% = (LS(7,0)e0,S(7,0)e0) x  (since S(r,0) is normal)
< I8 0olly = 20r =) [ 1CS(t,0)S(r. 0)zol dt

< lleolly =20 =) [ (ICS(.0)8(r,0)eolly +1CS(t,0)eol) e
< leoll — 201 = 1) (W(0,7)e0,20)
Hence, ||Leo|| x < ol x if €0 # 0. Moreover, ([0.3)) yields for all g € X and all n € N
(L e0,20) = (L"e0,20)x = [S((n+ D)7, 0)eo % — IS(n7, 0)eol%
<=2 = ) [ 1808, 0)=ol dt
< 0. '

Then (L™),>0 is a non-increasing sequence of bounded self-adjoint positive-definite operators

on the vector space O, (by the invariance property). Hence, according to [28, Lemma 12.3.2],

there exists a bounded self-adjoint positive-definite operator Lo, € Z(O;) such that Lo, < L"

for all n € N and L™eg — Loogg as n — 400 for all g € O,. It remains to prove that Lo, = 0.
For all x1,z5 € O, and all n € N,

<LOOI'1, Loox2>X = <Loox17 (Loo — Ln)$2>X + <(Loo — L")ml, Ln.%'2>X
+ <Ln$1, Ln.%'2>X .

Since L is self-adjoint,

<Ln1‘1,Lnx2>X = <L2nx1,x2>x njoo <Loo$17x2>X .

Hence L2, = Lo,. Moreover, for all g € O, \ {0},
| Looeolk = (Li0,20) = (Looeo,0)x < (L%e0,20) = | Leoll < lleoll’ -

Hence || Loogo]|% = ||L2c0]% < | Laogoll) if Loogo # 0. Thus Laoeg = 0 for all 9 € O, which
ends the proof. O

5.4 Proof of Theorem
Statement is a recall of the previous work of [12]. We adapt the method to prove State-

ment

Proof of Theorem[ZA[(7), Assume that T < 400 and (T(t, s))o<s,<7 is a bi-directional evo-
lution system. Suppose that ((A(t)).ejo,7], C) and ((—A(t))iecpo,1), C) are p-weakly detectable
and r > p. Assume also that O = X and S_(0,7) = S (7,0)*. We follow the same strategy
as in the proof of Theorem [B.8] (see Section [(5.3)).

Let L =S_(0,T)S+(7T,0) = S+(T,0)*S(T,0) (as in the proof of Theorem B7, Section [5.2).
Then, it is sufficient to prove that for all g € O, L"¢g —0 as n — +o00. The operator L is
self-adjoint positive-definite since S(7,0) is bounded from below (since S is bi-directional). Let
€0 € X. The hypotheses of Lemma hold. Hence, L is a contraction and (5.10) yields

(Leo,e0)x = [8:+(T.00lly < llaolly =20 =) [0S, (. 0)zolf at. (5.19)
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From there, the proof is identical to the proof of Theorem B.8] from equation (B.14)) to the end,
by replacing 7 by T', S by S; and O, by X. Hence, L™y — 0 as n — oo, which ends the proof
of Theorem 3.9 O

6 Examples and applications

We provide two examples of applications of the main results of Section Bl First, we consider
the theoretical example of the one-dimensional time-varying transport equation with periodic
boundary conditions. Then, we apply the obtained results to a model of a batch crystallization
process in order to reconstruct the Crystal Size Distribution (CSD) from the Chord Length
Distribution (CLD).

6.1 One-dimensional time-varying transport equation with periodic bound-
ary conditions

As an example of the theory exposed in the former two sections we consider a one-dimensional
time-varying transport equation with periodic boundary conditions. More precisely, let z; >
zo > 0and X = L?((zg,71);R) the set of real-valued square-integrable functions over (zg, 1),
endowed with the inner product (f,g)y = [} fg for all f,g € X.

0

Let D= {f € X | f(zo) = f(x1),f € X} and G € C1([0,T],R) For all t > 0, let

Alt): D — X
df

fr— —G(t)a.
Then A(t) is a skew-adjoint operator for all ¢ > 0. Hence (A(t))t>o is a stable family of
generators of strongly continuous groups that share the same domain D. Moreover ¢ — A(t) f
is continuously differentiable for all f € D since G is of class C'. Then [23, Chapter 5, Theorem
4.8] ensures that (A(t))¢co, 7] is the generator of a unique bi-directional unitary (i.e., forward
and backward contraction) evolution system on X denoted by (T(¢, s))o<s<t- Moreover, T(¢, s)
is defined for all ¢ > s > 0 and all zp € X by

(T(¢,8)z0)(x) = 2z0(v(z,t,8)), (6.1)

e v(z,t,s) = xo + ((x — 1z — /: G(T)dT) mod (z1 — xo)) (6.2)

for almost all x € (xg,z1).

Hence, for all real Hilbert space Y and all output operator C € Z(X,Y), the pair
((A(#))¢efo,r)> C) is 0-weakly detectable, as well as the pair ((—A(t))ejo,7), C). Consequently,
the transport equation with periodic boundary conditions is a good candidate to apply the
observer methodology previously developed, in both the asymptotic or back and forth context.
Moreover, in the asymptotic context, we have the following proposition, which is useful to
apply Theorem

Proposition 6.1. Assume that T = +oo and that both G and its derivative G' are bounded.
If there exist Goo € CH(R4,R) and an increasing positive sequence (t,)n>0 — +00 such that
G(tn +t) = Goo(t) as n — +o00 for all t > 0, then ||T(t, +t,tn) — Too(t,0)||l 2(x) — 0 as
n — +oo uniformly in t € [0,7] for all T > 0, where T, is the evolution system generated by

(_Goo(t)%)tgo'
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In particular, note that if G is periodic, then G and G’ are bounded and there exits a
bounded sequence (t,)n>0 and a constant G > 0 such that ||T(¢, +1,t,) — Teo(t)||2(x) — 0
as n — 4o0o uniformly in ¢ € [0, 7] for all 7 > 0, where T is the strongly continuous semigroup
generated by —Goo% :D— X.

Proof of Proposition [61. It is a direct application of [16, Theorem 10.2.b]. The consistency
condition (C) of [16] is satisfied since for all zp € D,

Aty + )20 = —Gltn + 22— G (®)

dz n—+oo

dz

- (6.3)

Moreover, (||A(tn +t)20l x)n>0 is bounded by supg, |G| ‘ 42| for all t > 0 and all z € D.

For all z1,20 € D, all n € N and all ¢,7 > 0, we have the following inequalities:

|<A(tn +t+ T)Zl — A(tn + t)ZQ, 21 — 22>X|
<Aty +t+7) — A(tn +1))21,21 — Z2>x|
+ |<A(tn + t)(Zl — 22),21 — 22>X|

dz
<6t +t+7) = Glt+ 0l | 2| o1 = 22l
Tl x
le
<sup |G| || == z1 — % .
Rf\ 7l X||1 2l x

Hence, the condition (E2u) of [16] is also satisfied. Therefore, all the hypotheses of [16, Theorem
10.2.b] are met, which ends the proof. O

In the following sections, the form of the output operator is investigated. The two consid-
ered forms will be of use in the application of the results to a crystallization process.

6.1.1 Geometric conditions on the output operator

If the kernel of the output operator C € Z(X,Y") satisfies some geometric conditions, then the
kernel of the observability Gramian of the system may be linked to the kernel of C. Indeed,
assume that there exists a set U C [z, x1] such that

kerC = {f € X | flo =0}, (6.4)

where f|y denotes the restriction of f to U. Then zy € ker W (ty, 7) for some tg,7 > 0 if and
only if (T(s,t0)20) | = 0 for almost all s € (to,tg + 7), i.e., zo(v(z,s,ty)) = 0 for almost all
s € (tg,to + 7) and almost all z € U. Hence

ker W(to,T) = {f eX ’ f‘Umax = 0} (6.5)
where Upax = {v(z, s,tg),z € U, s € [to,to + 7]}. Moreover, note that
ker VV(to,T)L = {f e X ‘ f’[ﬂﬁo,xﬂ\Umax = 0} . (6.6)

This leads to the following result. Roughly speaking, it states that if the observation time 7
is sufficiently large for all the data to pass through the observation window [Zmin, Zmax], then
the observable part of the state is actually the full state.
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Proposition 6.2. Let [Tmin, Tmax] C [0, 71]. Assume that ker C C {f € X | flizyimzmax] = 0}
If

/ o G(t)dt’ > (21 — 20) — (Zmax — Tmin), (6.7)

to

for some to, 7 > 0, then ker W (tg,7) = {0}.

Proof. According to the previous remarks, it is sufficient to prove that Upnax = [0, 1] when
U = [Zmin, Tmax). Clearly, U C Upax. Now, let & € Upax \ U. Then there exists s € [to, tg + 7]
such that x = v(Zmin, s, to) (if ft°+T G(t)dt = 0) or x = v(Tmax, S, to) (if ft°+T G(t)dt <0). O

6.1.2 Integral output operator with bounded kernel

Assume that the output operator C' € Z(X,Y) is an integral output operator with bounded
kernel, that is, there exists k € L>((z0,21);Y) (.., with ess sup,¢(z,,2,) [5(2)]ly < +00) such
that

Cf= /: k(x)f(xz)dx (6.8)

for all f € X. Then, there is no time interval (¢o, tp+7) C R4 such that the pair ((A(t))i=0,C)
is exactly observable on (tg,to + 7).

Proposition 6.3. If C € Z(X,Y) satisfies [6.8) for some k € L*>®((xg,x1);Y), then for all
to, 7 = 0 and all § > 0, there exists zg € X such that

(W (to,7)20,20) x < 0|20l - (6.9)

Hence, for such output operators, the convergence of an observer must rely on weaker
observability assumptions, such as the approximate observability. In the application of the
results to a crystallization process (see Section [6.2]), the reader will find that C is precisely
an integral output operator with bounded kernel. This justifies the whole approach of the
paper, since our results are based on such weaker observability hypotheses (namely approximate
observability and not exact observability).

Proof of Proposition[6.3. Let tg,7 > 0, 29 € X and z(t) = T(to + t,tg)zo for all t > t.
Since (xo,21) is bounded, any f € L*((xo,z1);R) is also integrable. Set || fll11((ug.01)R) =
Jox 1f(z)| dz. Then

to+T7 9
Wit M)z0.20)x = [ 0= at

0

_ [T (/ Hk(m)z(t,x)HYdm)zdt

to 0

to+7 z1 2
L[ k@l fetea) e ) a
to o)
9 to+71 x1 2
S L[ r—— / ( / 0 !z(t,m)]dm) at

2 2
S TR oy S0P IEONL o002

N

Moreover, by the usual transport properties of v, we get for all t € [to,to + 7] that

1271 (2o en)m) = 120 tos NE @y arym) = 1200121 (20 1))
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Hence

<W(t07 T)ZO7 ZO>X < THkHLOO(($O,Z‘1)§Y) Hzo“%l((xo7m1);R)'

The result follows from the fact that the norms || - |11 ((z,21);r) @0 || - [|£2((20,21)r) are not
equivalent. O

Remark 6.4. According to Remark 411}, the boundedness of C*CA as an operator from
(D, |||l x) to (X,||-]|x) is an interesting property for the convergence to 0 of the correction
term Ce of the observers. If we ask more regularity to the solutions of the transport equation,
then the integral output operators in the form of (G.8]) satisfy this assumption. Indeed, assume
(in this remark only) that X = {f € L?(zo,71;R) | f' € L?(20,71;R)} endowed with the inner

product (f,9)x = [1(fg+ f'¢) and Dyew = {f € X | f(@1) = (1), f'(;1) = f'(a1). " €
L2(1’07$1;R)}' Then, for all 20 € Dnewy
2
. dm)

Z1
Azl < ([
zo
71 | dzg

2
< HkHLOO((J:o,xl),Y) (/ dz (1‘) dx)
zo

< IE | £oo ((2o.0)v) (@1 — 20) [l 2015

@) 2 @)

by the Cauchy-Schwarz inequality. Thus, C*CA € Z((Dnew: |l x), (X,|:[[x)) since C is
bounded.

6.2 Estimation of the CSD from the CLD in a batch crystallization process
6.2.1 Modeling the batch crystallization process

In the chemical and pharmaceutical industries, the crystallization process is one of the simplest
and cheapest way to produce some pure solid. In order to control the physical and chemical
properties of the product, the control of the CSD is of major importance. Since there is
no effective measurement method able to determine the CSD online during the process, the
estimation of the CSD based on other measurements is a crucial issue. We consider the context
of a batch crystallization process. One of the simplest model of the process can be written as
follow :

on on
E(t,x) + G(t)a—g:(t,x) =0, V(t,z)€[0,T] X [Zmin, Tmax]

n(0,-) = no (6.10)
n('axmin) =u,

with the following notations:

T is the experiment duration;

[Zmin, Tmax] is the crystal size range. All crystals are assumed to be spherical with radius
T € [Tmin, Tmax] Where Tmax > Tmin > 0.

n(t) is the CSD at time ¢;

G is the growth kinetic, assumed size independent (McCabe hypothesis);

e wu represents the nucleation. All new crystals have size Tpip.

21



Here G is supposed to be known, contrary to w and n. In practice, G can be estimated
via a simple model based on the solute concentration and the solubility thanks to solute
concentration and temperature sensors (see, e.g., [9,29], or [21,22] for more detailed models).
We reformulate (6.I0) in order to match our theoretical results. The size of the crystals is
supposed to be increasing, i.e., G(t) > 0 for all ¢t € [0,T]. Assume that the maximal crystal
size Tmax is never reached by any crystals in time T, i.e., n(t, Tmax) = 0 for all t € [0, 7.

Let 9 = xmin — fOT G(s)ds and 1 = Tyax. We introduce the initial state variable zy, given
for all z € [zg,x1] by

T(Zmin—x) .
U\ ——,— — lf 0 < T < Tmi
<J~OT G(s)ds) 0 x X 4'min;

no(x) otherwise.

2o(z) = (6.11)

Let X = L?(Zmin, Tmax). According to Section B.I}, there exists a unique z € C°([0,7T]; X)
solution of the abstract Cauchy problem

{z(t,x) = —G(t)%(t,w) vt x) € [0, 7] x o, 1], (6.12)

z(0) = 2z
Moreover, (6.1) and (6.2])) combined with (6.IT]) yield
Z(tawmin) = ZO(xmin) = U(t)

for all t € [0,T]. Hence, z(t,x) = n(t,z) for all t € [0,T] and all z € [Tmin, Tmax]-

We are now in the context developed in the previous section of the one-dimensional trans-
port equation with periodic boundary conditions (since the right boundary term does not
influence z(t, xmin) on the time interval [0,77]). Our goal is to reconstruct offline the initial

CSD ng = zol[ggmm,xmax} thanks to the BFN algorithm. We now introduce an output operator
C.

6.2.2 Modeling the FBRM® technology

The focused beam reflectance measurement (FBRM®) technology is an in situ sensor that
measures data online during a crystallization process. The probe is equipped with a laser beam
in rotation that scans across the particles. While the beam hit a particle, light is backscattered
to the probe. The sensor counts the number of distinct light pulses and their duration. For
each pulse, a length on a particle (i.e., a chord length) can be determined, since the rotation
speed of the beam is known and the speed of the particle is supposed to be insignificant. Hence,
one can deduce the CLD of the particles. The reader may refer to [0,[I825] for more details
about this technology, and how it is linked to the CLD.

At a fixed time t € [0,T1], for a given CSD n(t,-) of spherical particles, the corresponding
cumulative CLD ¢(t, -) supposed to be measured by the FBRM® probe can be written as

g(t,0) = / " k(@ On(t, 2)de, VL E [0, 20mal, (6.13)

min

where ¢ represents the length of a chord and k, defined in [8l[I8], satisfies

14

2
k‘(x,f) =1- X[0,2$[(€) 1- <%> ) \V/(E,CC) € [0,2$max] X [xmin,xmax], (614)
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where X[g 2, is the characteristic function of [0,22). Set Y = L?((4min, fmax); R) with £y = 0
and lyax = 2Tmax. Let C € Z(X,Y) be defined by

C: X —Y
— L= k(L0 flie o .
f < ( ) f‘[ mins max}>L2((mlnilnmmax);R)

Then k € L*®((min, Tmax); Y) since 0 < k(z,¢) < 1 for all (z,0) € [Tmin, Tmax] X [0, 2Zmax]-
Thus, C is a well-defined integral operator with kernel k& and, according to Section [6.1.2], there
is no time interval (tp,to + 7) C [0,7] on which the system is exactly observable. It remains
to analyse ker C'.

Proposition 6.5. The kernel of the integral operator C is given by
ker C = {f € X | flizumamed = 0} (6.15)

Therefore, one can apply the results of Section [.1.1], and in particular Proposition [6.2] to
the pair ((A(t)):cjo,r), C). According to the definition of zg and z7, fOT G(t)dt = (x1 — xo) —
(Tmin — Tmax). Hence, W(0,T) is injective. Thus, according to Theorem 3.7, (ZHHZE]) is a
weak back and forth observer of (2II). Moreover, since A(t) is skew-adjoint for all ¢ € [0, 7],
Theorem IBE also applies. Hence, the BFN algorithm reconstructs the CSD from the CLD
in the strong topology.

Proof of Proposition [6.43. Clearly, kerC' D {f eX ‘ Sl izmin @max] = 0}. Let f € kerC. We

want to show that f|p,, .. = 0. For almost all £ € (0, 2zmin) we have

X max]

0= /;max k(4 x)f(z)dx

min

_ /: f(z)dz — /; Flan1- (%)de. (6.16)

In order to apply the Leibniz integral rule on (0, 22y, ), we check that

2
o forall £ € (0,2zmin), z— f(x)4/1— (%) is integrable on (Zmin, Tmax),

o for all x € (Tmin, Tmax), £ — f(x)4/1— (%)2 is C* on (0, 2Zmin)-
Hence, C'f is C* on (0, 2zmyin). Since C'f = 0 almost everywhere on (0, 2z, ), we get that
CH™M0)y=0, VneN.
In the following, we determine an expression of (C'f)™(0). Fix & € (Zmin, Tmax)- Set
uw: (0,22min) — R
l— —y/1— (%)2
We show by induction that for all n > 1, there exists a family (af;); jen € (R4 )™ such that:
o the set {(i,j) € N? | ai; # 0} is finite,
* af,q1 70,
o Vj e N\{n—1}, a5, =0,

e w0 = T azrfjei(z;x? — 52)—%1 for all £ € (0, 22min)-
1,JEN
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Base case. For all £ € (0, 2zyin),
W(0) = 0(4a? — ?) "3,

(42 — £2)73 + P(4a® — 1) 3.
Then, it is sufficient to set, for all (i, ) € (N*)2,

o {1 if (i,5) € {(0,1), (2,2)}
5]

0 else

Inductive step. Let n > 1. Assume there exists such a family (a7;)ijen. We need to
compute u(2™*) | For all £ € (0, 2% min),

2(n—1)+1
2

ul? (0) = (10,71—1(43152 - 52)_ Z aﬁjﬂi( 52) (by hypothesis).

i>1,5>0

Computing the next two derivatives of u("), we get

1J2n+JJ(€) (2(n/—-1)'+'1)a071 16(413 —'62) 2n+1
+ 2 i+ 1>a§fj€”1(4x R
21,50
+Za1] Xz —62 —|— Z /Lal‘]gl 1 62) 2]+1
j=0 5
and
u(2n+2) (f) = (2(n — 1) + 1)a0 n71(4x _ €2) 2n+1
+ Z alj 15(4x _ Ez) 2J+1
j=z1
+ Z ] - 1 + 1)( 3)(1?_27]._261(4‘%2 _ 62)_%—;1
123,7>2
+ Y @+ 1)(25 —)ay; (42’ _ -
i>1,5>1
+ (2(n — 1) + 1)(27’1, =+ 1)0’0,71—162(41'2 _ gQ)_w

+ S0 (4 1)+ 2)aly O — )

120,520

+ ) (25— Via};  0F(42® — )"

i>2,j>1

2]+1

For all (i,7) € N2, set

al ™t = (2n — Dagn-1X (0,0 (i, J)

+ (2n — 1)(2n + 1)ao n—1X{1}x[1,400) (45 J)
+ (27 = 1)(25 — 3)ai 5 j_2X[3,100) x[2,4+00) (E: 7)
+ (i 4+ 1)(27 — 1)ai’j_1 X[1,+00)x[1,+00) (45 J)
+(2(n — 1) + 1)(2n + 1)ao.n—1x{2n+1)} (4, 1)
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+ (25 — 1)ia3’j_1 X[2,400) x [1,400) (4, J)
+ (@ + 1)@ + 2)aits ;-

Then, to conclude the induction, one can check that

o for all {(,7) € N? aﬁjl > 0 since (a}';);jen € (R, )N,

{(i,7) € N? | a"Jrl # 0} is finite since {(i,j) € N? | ai; # 0} is finite,

agi—zl (27’L - 1)0’8,71—1 > 0’

Vi e N\{n -1}, agi' =0,

o uCOF))()) = T an+1£z( _ 52)—@ for all £ € (0, 2zmin)-
i,j€N

Thus, since (C'f)?™(0) = 0 for all n € N*,
Tmax n f(x)
0 = /xmin a07n_1de (617)

for some agj,,_; > 0. Let n € N*. Then,

O:/:mx F@) 40

2n—1

min
1

ZTmin 1 ~ - - 1
= [ (5) e =)

Tmax

).

Set f: [, 1 ]3%+— f(2). Then,

Tmax ’ Tmin
1
0= / i F(2) 52 4

Tmax

2/ min f(\/Z)Z"dz (T = &%) (6.18)
Set f:[—— ,xg ] >+ f(v/Z)z. Then we have
21 _
0= / e f(a)z"d. (6.19)
z?max
Since the family (z + 2™),>0 is a total family in L? ((xQI ,%) ;R) from the Weierstrass
approximation theorem, f = 0. Hence f](xmimmmax) = 0, which concludes the proof. U
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