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Abstract: We consider, in this paper, the problem of state estimation for a class of dynamical systems
governed via continuous-time McKean—Vlasov stochastic differential equations. The estimation
problem is stated and solved under an H, norm setting. We adopt a Riccati-based approach in order
to solve the optimal estimation problem.

Keywords: McKean-Vlasov stochastic differential equations; filtering; Riccati differential equations

1. Introduction

McKean-Vlasov stochastic differential equations (SDEs) are a powerful tool used
to reflect some kind of mean-field-type interaction phenomena in large-scale dynamical
systems. For some pioneering works on theoretical, as well as practical, aspects of such
kinds of SDEs, one can refer to [1,2]. As the present article is a control-oriented one, we
restricted our bibliographical efforts accordingly. Several contributions have been made
over these last few years in different control theoretical fields related to the class of McKean—
Vlasov SDEs [3-8]. More recently, LQ control problems, as well as LQ games, have gained a
lot of interest among the control community; one can refer, for example, to [9-15]. In these
works, the authors studied a class of McKean—Vlasov SDEs that are similar to the one we
consider in the present article.

We consider, in this paper, the problem of state estimation for a class of continuous-
time, time-varying McKean-Vlasov SDEs. The metric used as an optimality measure of the
proposed estimation scheme belongs to the H,-type norm setting. More specifically, we
introduce a performance criterion expressed in terms of the mean square of the deviation
of the estimated signal from the value of the signal that must be estimated. To the best of
the authors” knowledge, it seems that the problem of state estimation for McKean—Vlasov
SDEs has not yet been addressed in the literature, or at least it has been addressed only
very marginally when compared to the control counterpart. The main objective of the
present work is to initiate a filtering research axis for this class of systems. We adopted
a Riccati-based approach in order to solve the optimal estimation problem. The present
work could be viewed as a generalization of our previous work on #;, filtering for Itd-type
SDEs [16] in the case where the dynamic equations describing the evolution of the state
variable incorporate its mathematical expectation (see Equation (1)).

This paper is organized as follows: Section 2 presents the mathematical model of
the considered class of systems and describes the problem setting. Section 3 provides
some auxiliary results that will be used in Section 4 in order to obtain the formulae for the
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computation of the performance value. The main results are presented in Section 5. Some
numerical experiments are included in Section 6.

2. Problem Formulation

We consider the dynamical system (G) with the state space representation described
as follows:

dx(t) = (Ao(t)x(t) + Ao(H)E[x(t)])dt + i(Ak(f)X(t) + Ap()E[x()])dwy () + B(t)do(t)
k=1

dy(t) = (Co(t)x(t) + Co(t)E[x(t)])dt + i(Ck(f)X(t) + Ce()E[x(t)])dw (t) + D(t)do(t)
k=1

2(t) = Co(t)x(t) + Co(H)E[x(t)] (1)

t € Ry = [0,00), where x(t) € R" is the system-state vector, and y(tf) € R™ are the
measurements, while z(t) € R" is the remote signal that must be estimated.
In (1), the sequences {w(f) }=0 (w(t) = (wy(t), - ,wr(t))T), {v(t) }+=0, are stochas-

tic processes defined on a given probability space, (Q), F,P), satisfying the following
assumptions:

Assumption 1. (i)  {w(t)};>0 is a r-dimensional, standard Wiener process with a zero mean,
and
E[(w(t) —w(s))(w(t) — w(s))w =L(t—s), Yt >s >0, I is the identity matrix of
sizer X t;

(it) {o(t)}i=0 is a my-dimensional Wiener process with a zero mean and

E [(v(t) —o(s))(v(t) — v(s))T] =V(t—s), YVt >=s52>0,whereV > 0is aknown matrix;

(iti) {w(t) }i=0 and {v(t) } >0 are independent stochastic processes.

Throughout the paper, E[-] stands for the mathematical expectation, and the super-
script T denotes the transposition of a vector or a matrix.
Regarding the coefficients of the system (1), we make the following assumption:

Assumption 2. (i) (Ar(:), Ar(")) : Ry — RV R (Cr(+), Ci(v)) : Ry — R X" x
R 0<k<r,B(-): Ry — R D(.): Ry — R"*™ gnd C, : R — R"2*" gre
continuous matrix-valued functions that are periodic with period 6 > 0;

(i) The mean field stochastic linear differential equation (MF-SLDE),

dx(t) = (Ao(t)x(t) + Ao (t)Elx(t)])dt + i(Ak(t)x(f) + A(DE[x(8)])dwy(t), t € Ry (2)

k=1

is exponentially stable in the mean square sense (ESMS).

Our aim is to design a dynamic linear system (Gr) named filter that, fed with the
measurements y(s) and 0 < s < t generates at its output a signal, z f(t), which must be the
best estimation of the remote signal z(t) generated via the dynamical system (G).

In our approach, the family of admissible filters consists of all dynamical systems G that

have the state space representation of the following form:

[ dxe(t) = Ap(H)xe (D)t + Be(H)dy(t)

Gr: 3)
zp(t) = Cp(t)xp(t)

where xp(t) € R"F are the state parameters of the filter Gg. In (3), Ap(-) : Ry — R"F¥"F,

Br(:) : Ry — R"™ M, Cp(-) : Ry — R"™*"F are arbitrary continuous and 6-periodic
matrix-valued functions.
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It is worth mentioning that the dimension nr of the state space of an admissible
filter (3) is not prefixed.

In what follows, §s denotes the family of all dynamic systems (Gr) of the form (3) of
arbitrary dimension nr > 1 that satisfy the following additional condition:

*  The ordinary linear differential equation (OLDE):

%xF(t) — Ap(H)xr(), t € R (4)

is exponentially stable (ES).
In order to measure the quality of the estimation achieved via a filter (Gr) € §s, we
introduce the following performance criterion:

1 to+T

T(Gr) = lim 7 | © B J2() — zp () ®)

In Section 4, we derive an explicit formula for the computation of the value of 7 (Gr).
We show that this value does not depend either upon the initial time, ¢, or the initial
states of the system (1) and the filter (3). In Section 5, we provide a set of conditions that
guarantee the existence of a filter, Gr, minimizing the cost (5) over the set §s. We also
provide a state-space representation of the optimal filter.
3. Some Preliminary Issues

If Assumption 2 (ii) holds, then there exist § > 1 and a > 0, with the property that the
solutions x(t) of the ME-SLDE (2) satisfy the following:

E[x(H)] < pe=*(=)E [|x(to) 2] ©)
forall t > ty > 0. From the relation (E[|x(¢)|])* < E[|x(t)[?], we deduce via (6) that

lim (E[|x(£)[]) = 0 (7)

t—o0

for any solution, x(t), of (2).
On the other hand, from (2), one obtains confirmation that + — E[|x(t)|] solves the
OLDE in R":
G(t) = (Ao(t) + Ao(1)E(t), t € Ry 8)

Since (8) in an OLDE with periodic coefficients, we deduce via (7) that there exist f; > 1
and a7 > 0 such that

E[x(#)]] < Bre™ U0 [E[x(t)]|, ¥t >ty >0 ©)
If x(t), t >ty > 0, is an arbitrary solution to (2), we set the following:
X1(£) 2 x(t) — E[x(t) (10a)
¥ (t) 2 Elx(t)] (10b)
T

We have confirmation that x(t) = x!(t) + x?(t) and ]E[xl(t) (x2(t)) } = Oforallt >
to > 0. Employing the properties of the stochastic Itd-type integrals, we deduce that

P (21t T, x2(t T Tsolves the following:
g

%ﬁg)z%m(ﬂgngmm(ﬂgﬁmm )
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where

w1 = ("5 4 ) (12

Ag(t) = < A) A > (12b)

A = A+ A, 0< 1 <7 (120)

1 < k < r. From (6), (9), and (10), we may infer that the SLDE (11) is ESMS if the MF-
SLDE (2) is ESMS. In other words, if (2) is ESMS, then there exist & > 0 and > 1 such that
the following applies:

E[[<!(OP] +E[l2(0)F] < fe ) (E[|lx (1) 2| +E[()F])  (13)

forallt >ty > 0. Let X £ S, x S,. We recall that, if p = 2 is a natural number, then
Sy C RPXP denotes the vector space of symmetric matrices of size p x p. The elements X of
the vector space X are pairs of symmetric matrices. In X, we consider the following inner
product:

(X, Y) £ Tr[X V1] + Tr[Xp Y] (14)

for all X = (X1,Xp) and Y = (Y3,Y2) from X. Equipped with the inner product (14),
X becomes a finite-dimensional, real Hilbert space. Moreover, X is an ordered Hilbert
space with the ordering relation ”>" induced via the convex cone X+ £ S;f x S;f, where
S,f C Sy is the convex cone of positive semidefinite matrices.

We consider the linear operator X — L[X] : X — X defined as follows: L]X]| =
(L£1[X], £2]X]), where

LX) = A% + XA (0 + 1 (AOXAL () + A0XA () (5a)
k=1

L[X] = Ag(H) Xz + X2 4Aq (1) (15b)
forall X = (X1, Xz) € X. Based on the adjoint operator definition, we obtain that the adjoint

operator L*[-] (with respect to the inner product (14)) of the operator L[] introduced via (15)
is given via £*[X] = (L£5[X], £;[X]), where:

LX] = A (1) X1 + X1 Ag(t) + Z Al (D)X Ag(t) (16a)
L3[X] = A ()X + X Ag(t) + Z Al (X1 Ag(t) (16b)

forall X = (Xl, Xp) € X.

Let ( t; > be an arbitrary solution to the SLDE (11). We set Z(t) :=
x
x

(26

1
ZE ) ) ] One sees the following;:

g £

Zi(t) 0
z(t):< 10 Zz(t)) (17)

where

Zj(t) ey E[xj(t) (xj(t))T], ji=12 (18)
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On the other hand, the It6 formula applied in the case of the solutions of (11) allows us to
deduce that Z(-) solves the OLDE in the space Sy;:

Z(t) = Ao(t)Z(t) + Z(t)Ag (1) + i Ar(Z(1)AL (¢) (19)
k=1

Employing (12), (17), and (18), we obtain confirmation that (19) is equivalent to the following
linear differential equation on the Hilbert space X:

Z(t) = L[Z(t)] (20)

where Z(t) = (Z1(t), Z2(t)) € X.
Based on (13), (18), and (20), together with the equality x(t) = x'(t) + x?(t), we obtain
the following:

Lemma 1. Under Assumptions 1 and 2, the following are equivalent:

(i) The MF-SLDE (2) is ESMS;
(i) The SLDE (11) is ESMS;
(iii) The linear differential Equation (20) is exponentially stable.

The next result is used in the development of the next sections.

Proposition 1. Under Assumptions 1 and 2, the following are equivalent:

(i) The MF-SLDE (2) is ESMS;
(ii) The SLDE

dx(t) = Ao(t)x(t)dt + Zr: Ar(B)x(t)dwy(t) (21)
k=1
is ESMS, and the OLDE
22 () = Ag(t)x*(t) (22)

is exponentially stable.

Proof. According to the equivalence (i) < (iii) from Lemma 1, we may infer that the
MEF-SLDE (2) is ESMS if and only if the linear differential Equation (20) is exponentially
stable. On the other hand, from (15), we deduce via Theorem 2.6.1 from [17] that (20) is a
linear differential equation that generates a positive evolution in the ordered space (X, X*),
ie,if X(tg) € X1, Vtg = 0, then X(t) € X, Vt > to, where X(+) is a solution to (20).
Invoking the equivalence (i) < (vi) from Theorem 2.4.2 of [17], we obtain that (20) is
exponentially stable if and only if the non-homogeneous linear differential equation in X,

Y(t)+ L5Y(H)]+1=0 (23)

has a unique bounded solution, t — Y(t) : Ry — X1, with the property that there exist
positive constants, v1, v, such that

01l Y(t) gl (24)

forallt € Ry, wherel = (I, I,) € X™.
Bearing in mind (16), we obtain the following partition of (23) and (24):

Yi(t) + AJ (1)Y1(8) + Yy (£) Ao(t) + i AL (OVI(DA(H) + 1, =0 (25a)
k=1

0=l S Vi(t) < vy (25b)
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t € Ry, and

Yo (t) + Ag (1) Ya(t) + Ya(t) Ag(t) + H(t) = 0 (26a)
0 <l S Va(t) S vy (26b)

t € Ry, where H(t) := I, + Y4 A (H)Ya(t) Ag(t).

Finally, we take into account that (25) is equivalent to the exponential stability in the
mean square sense of the SLDE (21), while (26) is equivalent to the exponential stability of
the OLDE (22). Thus, the proof is complete. [

4. Computation of the Performance Value

Let x(t) be a solution to (1). Using (10), written for this solution, we obtain the
following equivalent form of the state-space representation of the dynamical system (1):

d( ﬁgg ) - Ao(t)( ;Eg ) +I§Ak(t)< ilgg )dwk(t) FB(d()  (27)
PN ORVER SIOAY )
dyt0) = o) afy) Jar+ L Cu(t ( afy) Jande) + Dibyn(y @)
_ x(t)
(0 =0 aff) ) 279)
t € Ry, where Ai(t) and 0 < k < r are described in (12) and
B(t) = ( B(()t) ) (28a)
Ck(f) :( Ck(t) Ck(t) ) (28b)
Ci(t) = Ce(t) + Ci(t), 0<k <7 (280)
Cz(t) = ( Cz(t) Cz(t) ) (28d)
Cz(t) = Cz(t) + Cz(t) (28e)

Applying a filter, G, from §; to the dynamical system G described by (27), one obtains the
following closed-loop system:

dxy(t) = Aocr(t)xcr (£)dt + i Aker(£)xcr (£)dwg () + By (t)do(t) (29a)
k=1

ch(t> = Ccl(t>xcl(t) (29b)

te Ry, wherexa(h) = (((x1(1)" ()" xL (1 )T € R20F and:

o Ao(b) 0
AOcl(t) = < B[Z(t())(Co(t) Ap(t) > (30a)
L/ OAD0
Akcl(t) - ( Bp(t’;(ck(t) 0 ) (30b)
_ B(t)
Bcl(t) - ( Bp(f)D(t) ) (30c)
Ccl(t) = ( (Cz(t) _CF(t) ) (30d)

teRy.Lettg>0andxgo= (0" x; x}, )T € R" x R" x R"f be arbitrary but fixed.
Let x. () = x4 (£ to, X19) be the solution to (29a) with the initial value x.;(fy) = xo. With
these notations, we obtain confirmation that:
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E[|2(5) = z6(H)P] = E[lza(O1] = Tr[Ca(tE [xa(t)x) (1] € (0] = Te[Ca(O)Ya(CS ()]

where
Yo (t) 2 E[xa(t)x] ()] (1)
for all t > ty. Thus, (5) becomes
. 1 to+T T
J(Gp) = lim 7/ Te [ Cay ()Y (C ()] (32)
T—oo T to

Using the It6 formula [18] in the case of the stochastic process x (), one obtains confirma-
tion that t — Y,;(t) defined according to (31) is the solution to the following problem with
a given initial value in the space S, (71 := 2n + np):

Ya(t) = La(Ya (D] + Ba(H)VBg (1), t > ko (33a)
Ya(to) = Xeo¥eig (33b)
where L(t) : Sp — Sp is described as follows:
La(BY] = Aoa(Y +Y Ao (1) + Y Aka ()Y Argy (1) (34)
kl=1

forallY € S;.

Remark 1. Even if the closed-loop system (29) works for t € R, it follows from (30) that, under
the assumption H2) ii) and the definition of an admissible filter (3), the coefficients of the closed-loop
system are 0-periodic functions. Hence, the coefficients of (29), (33a) and (34) can be extended via
periodicity to the whole real axis. Particularly, we have L (t +6) = L(t) forall t € R.

Regarding the system of SLDE,

dxcl(t> = AOcl(t)xcl(t)dt + Z Akcl(t)xcl(t>dwcl(t)r te R-i— (35)
k=1

obtained from (29a) when B (t) = 0, t € R, we have the following:

Proposition 2. Under the Assumptions 1 and 2, for any filter, (Gr), from s, the corresponding
SLDE (35) is ESMS.

Proof. According to (30a), (30b), we obtain the following partition of (35):

A SO =0 )
d( XZ(t) ) —AO(t)< x2(t) >+]<_21Ak(t)( xZ(t) )dwk(t) (36a)
dxe(1) = (AR(De(t) + folt)dt + Y ft)drwi (1) (36b)

k=1

t > tg, where we denote the following;:

Al 2 e ( Ll ) oskss %

Since (36a) is just (11), it follows that its solutions satisfy (13). Thus, f;(t) defined according
to (37) satisfies the assumptions of Theorem 3.6.1 from [17]. Bearing in mind the exponential
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stability of (4), one concludes via Theorem 3.6.1 from [17] applied to the affine SLDE (36b)
that
. 2 _
Jim E[|xp (£)[*] = 0 (38)

Combining (13) and (38), we may infer that the solutions x;(t) of (35) satisfy the following:
. 2 _
Lim B[[xe (£)[*] = 0

Finally, using the fact that (35) has periodic coefficients, we conclude via Theorem 3.2.5
from [17] that the closed-loop SLDE (35) is ESMS. Thus, the proof is complete.

The operator-valued function t — L (t)[-] introduced in (34) defines the following
linear differential equation in the Hilbert space Sj:

Y(t) = La()[Y(H)]- (39)

Let T(t,tp) be the linear evolution operator in S;; generated via the linear differential
Equation (39). We recall that, if Y (¢;tp,Y) is the solution to (39) with the initial value
Y(to,‘ to, Y()) =Y, then T(t, to)[Yg] = Y(i’,‘ to, Yo), forallt, t) € Rand Yy € S;.

As a consequence of Proposition 2, we obtain the following;:

Corollary 1. Under the Assumptions 1 and 2, for any filter, (Gp), from §s, the corresponding
linear differential Equation (39) is exponentially stable, that is, the following applies:

I T(t;t0)]| < Be~*(=1), Wt > kg, t,tg € R (40)
where B > 1 and o > 0 do not depend upon t and t.

Proof. Let & (¢, ty) be the fundamental matrix solution to the SLDE (35). It satisfies the
following:

r

dq)cl(tr tO) = AOcl(t)q)cl(t/ to)dt + 2 Akcl(t)q)cl(t' to)dwcl(t)/ t =t
k=1

D (to, to) = In

Applying Theorem 3.1.1 from [17] in the special case d = 1, we obtain that T*(¢, to)[Is] =
E[®/(t to)®y(t to)], T*(t, t) being the adjoint operator of T(t,t,) with respect to the
inner product of Sj:

(11, Y2) = Tr[Y1 Y3 (41)

for any Y1,Y, € Sp. If £ € R" is an arbitrary vector with |£9| = 1, we obtain via
Proposition 2 that

£ (T (t,10) i) %o = E[| @ (1, o) 02| < pe(t=10)

forall t > to, t,tp € R, where « > 0 and B > 1 do not depend upon t,ty, £y. This
leads to || T*(t, to)[In]|| < Be *(~10), forall t > ty, t,ty € R, and || - || being the Euclidian
norm of a matrix. Further, we obtain via Corollary 2.1.7 (i) and Theorem 2.1.10 from [17],
applied in the case of the linear evolution operator T*(t, to), that || T*(t, to)|| < Be~*(t=10),
Vit >ty t,tg € R,

From the equivalence between the norms of the finite-dimensional Hilbert space S;;,
we deduce that | T*(t, o) |2 < ,Be""(t’tO), Vit > to,t,tg € R, || - ||2 being the operator norm
induced via the norm generated through the inner product (41).

Finally, from the equality || T(¢,to)||2 = ||T*(¢, to)||2, we obtain confirmation that (40)
holds. This ends the proof. [
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Proposition 3. Under the Assumptions 1 and 2, for each admissible filter, (Gp) € Fs, the
corresponding non-homogeneous linear differential Equation (33a) has a unique solution t —
Y. (t) : R — S that is bounded. This solution has the following representation formula:

. t
Va(t) = [ Ta(ts) [Ba(s)VE ()] ds 2)
for all t € R. Additionally, this solution is a 0-periodic function, and it satisfies Y, (t) > 0Vt € R.

Proof. First, let us show that the integral from the right-hand side of Equation (42) is
convergent. To this end, we use Equation (42) in order to obtain the following:

| [ 1) [BaIVBI@)]asl < [ IT ()1 [1Bas)VBI(5) s
< ﬁv/j e~ (t=5) gg — ,%y <

Vt € R, where 7y := supl| - ||B.(s)VB, (s)| < oo. Hence, Y(t) is well defined according
seR
to (42). The fact that Y,;(+) is a solution to (33a) can be directly deduced using the rule of

differentiation of an integral. In order to prove the unicity of the solution defined according
to (42), let us assume that Y (1) : R — &; is another bounded solution to (33a). By using
the constant-variation formula for any ¢ > ty, we obtain the following;:

Tat) = T, 0) Fat0)] + [ T,3) B )V 5)] s )

Employing (40) again, we obtain the following:

IT(t, to) [Yar(t0)]I| < Be 1), Wt > to, t,tg € R (44)

where 4 := sup|| Y, (o) || Letting ty — —oo in Equation (43), we obtain via Equation (44)
toGR

that Y, (t) = [*_ T(t,5)[Ba(s)VB] (s)] = Y.(t),¥t € R. Hence, any bounded solution

to (33a) comc1des w1th Yd( ) defined according to (42).
In order to check the periodicity property of Y (-), we write the following:

Yo (t+6) = /M (t+9,s)[3d(s)v3§(s)]ds
—/ T(t+9, s+9)[ d(s+0)VBch(s+6)}ds
—/ (VB (5)]ds = Yo (1), ¥t € R

Thus, the periodicity property of the bounded solution Y;(+) is confirmed.
Finally, Theorem 2.6.1 from [17], applied in the case of the Lyapunov-type linear
differential Equatlon (33a), allows us to infer that T(t,s)[B.(s)VB,,(s)] € XT,Vt >s € R.

This leads to [’ T(t,s) [B.i(s)VB,(s)] € xT, Vt € R because X+ is a closed convex cone.
Thus, the proof is complete. [

The main result of this section is given in the following theorem:

Theorem 1. Under the Assumptions 1 and 2, the value of the performance measure (5) achieved
using a filter, (Gp), from §s is given as follows:

@) = § [ Bl uts)c] ()] ds 45)
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with Y (+) being the unique 6-periodic solution to the non-homogeneous linear differential Equa-
tion (33a).

Proof. Using the version of (5) given in (32), we may write the following;:

. 1 to+T 5 T
J(@) = Jimz | Tr | Car(5) Vet (5)Ci (5) | ds + (46)
1 to+T B
fim | T Cals) (Yals fo) = Ya () C ()] as.

Since t — Y (t) — Yy (t), t > tg, is a solution to the linear differential Equation (39), it has
the following representation formula:

Y (t) = Yo (t) = Ta(t to) [Ya(to, to) — Ya(to)], Vt = to, ttg € R.

Employing (33b) and (40), we obtain the following:
1 Yar(5) = Ya(B)]] < B (|0 2 +-¢) @7)

where ¢ = sup||Yy(t)|. Further, (47) allows us to deduce that
teR
. T o s . o
Tlgrf}o% tl;OJr Tr [C(s) (Ya(s, to) — Ya(s))C,j (s)]ds = 0. Substituting this last equality in (46),
we get
. 1 to+T - T
J(Gp) = lim = Tr {Ccl(S)Yd(S)Ccz (s)}ds. (48)
T—oo T to
On the other hand, the boundedness of the function s — Tr[C(s)Y,;(s)CJ (s)] allows us

to obtain the equality
1 to+T

. . T 1T . -
Jim 7 | Te[Cao)Ya(5)Ca (5)]ds = Jim 7o [ Tr|Ca(s)Ta(s)C (5) [ s (49)

Plugging (49) in (48), we get
1T v T 18 v T
J(Gr) = Jim = | Tr | Car () Ya (5)C ) |ds = 5 /0 Tr | Car(5) Vet (5)C (5) | ds

which is just the right-hand side of (45). For the last equality, we have taken into account
that the integration is a 0-periodic function. Thus, the proof is complete. [J

Remark 2. From (45), one sees that the value of the performance [J (Gp) achieved using a filter,
(Gg), from §s does not depend on either the initial time instance, ty, or the initial states, xo and
Xro, of the dynamical system (G) and the filter (Gp), respectively.

5. The Optimal Filter
We consider the linear differential equation in Sy,

T1(t) = Ag(H)TI(t) +TI(£)A] () + i A(OTI(HA, () +B(HVB' (1), te R (50)
k=1

or, equivalently,
I1(t) = L(8)[II(1)] + B(t)VB ' (¢) (51)

where L(t)[-] : Soy — Sap is defined in (15).
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Proposition 4. Under the Assumptions 1 and 2, the linear differential Equation (50) admits a
unique bounded solution, t — T1(t) : R — S,,,. Additionally, it is a 0-periodic function, and it has

the following structure:
Ti(t) = ( Hco(t) 8 ) FER (52)

where I1;(-) is the unique bound of the R solution to the linear differential equation in Sy:

IT.(t) = Ag(H)TTe(t) 4 T1.(t) )+ Z Ag(t) Al (H)+B(t) VBT (t), teR  (53)

Proof. We look for a solution, I'l(+), to the Equation (50), which is bounded on R and has
the following structure:

() T
e = (it ni ) te®

with IT;(t) € Sy. Employing (12), together with (28a), we obtain the following partition of
the Equation (50) written for the solution I'1(-):

T (t) = Ao(8)TTyq () + Ty (¢ )+ Z (Ak Ty (1) A) (1) + Ak(t)sz(t)A;(t)) (54a)
+B(t)VBT(t) (54b)
ITio(t) = Ag(t)ITpa(t) + o (£) Ag (1) (540)
ITy(t) = Ag(H)TTx(t) + Tpa(t) Ag (t) (54d)

t € R. If the MF-SLDE (2) is ESMS, then according to (i) — (ii) from Proposition 1,
we obtain confirmation that the OLDE (22) is ES. In this case, the linear differential Equa-
tion (54d) has a unique bound in the R solution, and this solution is Iy (t) =0, t € R.

Hence, (54a) reduces to

Iy (t) = Ag(t)TTyy () + Ty (¢ )+ 2 Ap(HITy ()AL (t) + B(H)VBT (t) (55)

Invoking again the implication (i) — (ii) from Proposition 1, we deduce that the SLDE (21)
is ESMS. In this case, the linear differential equation of the Lyapunov type associated
with (21),

X(t) = Ao(t)X(t) + X(t) Z Ar(DX (1) Af (t) (56)

defines a positive evolution, and it is exponentially stable in S,,. Hence, the non-homogeneous
Equation (55) has a unique bound in the R solution, and this solution is a 6-periodic function
that satisfies Iy (f) > 0, Vt € R.

Since (55) coincides with (53), it follows that ITjq () = I1.(t) and Vt € R, which is the
unique bound in the R solution to Equation (53). The need to search for the bound in the R
solutions of (54c) remains. First, let us remark that, if the SLDE (21) is ESMS, then the OLDE

x(t) = Ag(t)x(t) (57)

is exponentially stable. Let ¥ 4,(6) be the monodromy matrix of the differential Equa-
tion (57). That is, ¥ 4,(0) = P 4,(6,0), where ® 4/ (-,0) is the matrix solution to (57), which
satisfies @ 4,(0,0) = I,. The eigenvalues of the monodromy matrix ¥ 4,(6) are located in
the disk |A| < 1 because (57) is ES. Similarly, the eigenvalues of the monodromy matrix
Y 4,(0) of the differential Equation (22) are located in the disk [A[ < 1. If ¥(6) is the

monodromy operator of the Equation (54¢), it is obtained via ¥(0)Y = ¥ 4, (G)Y‘I’EO (9).
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Y(t) =

The eigenvalues of ¥ () are, then, of the form A = uv, where y is an eigenvalue
of ¥,(0), and v is an eigenvalue of ¥ 5 (). Hence, [A| = [u7| < 1. We conclude that
Equation (54c) may have only one bound in the R solution (see, for example, Theorem 2.3.7
from [17]). This means that ITj5(f) = 0, t € R is the unique bound in the R solution to (54c).
This ends the proof. [

Let
R(t) £ D(HVDT (1) + Z Cr(HTI(HT, (1), t € R (58)

Using (28b) and (30), we obtain confirmation that (58) becomes
R(t) £ D(HVDT (1) + Z Ce(t) Cl(t), teR (59)

Now, we introduce the following forward Riccati differential equation (F-RDE):

Y(1)A] () — (Y(t)cg(t) + i(t))R‘l(t) (Co(t)Y(t) + iT(t)) +N(t), teR (60)
where
L(t) =B(H) VD' (¢) +2Ak C, (t) (61a)
NM(t) =B(t) VBT (¢) +2Ak AL (1) (61b)

Employing (12), (28a)—(28¢), and (52), we obtain confirmation that:
2o La(t) apy — ( Ma(t) 0
Loy = (M), wa = (M09
with

Li(t) = B(t)VD' (¢ ZAk C (1) (62a)
M, (t) = B() VBT (t) +2Ak L (1)A)l (1) (62b)

We recall now the following definition:

Definition 1. A globally defined solution, Y(-) : R — Sy, of the F-RDE (60) is named a
stabilizing solution if the OLDE on R?",

X(t) = (Ao(t) + Ks(t)Co(t))x(t) (63)
is exponentially stable, where
Ks(t) o= = (Yo()CJ () + L)) R\ (1), t € R (64)
Remark 3. (a) From (58) and (61), one obtains confirmation that

( M(t)

LT (1) ) >0, VteR (65)
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(b)  Viaadirect calculation, one obtains confirmation that the F-RDE (60), verified via its stabilizing
solution, Ys(-), can be written in the following form:

Yo(t) = (Ao(t) + Ks(5)Co(£)Ys(£) + Ys(b) (Ao(t) + Ks()Co(t)) " +Q(t), t R (66)

where Q(t) = ( Ly Ks(t) )( i@((?) 128 )( KSITZ?t) >,t € R. In this case, (66)

may have only one 6-periodic solution, and such a solution is a positive semidefinite because
the OLDE (63) is exponentially stable, and (65) holds. Hence, the stabilizing and bounded
solution to (60), if any, satisfies the following condition:

Ys(t) 20, teR (67)

(c) If the SLDE (21) is ESMS, then the OLDE on R", %(t) = Ao (t)x(t), is ES. Thus, if the
Assumptions 1 and 2 hold, we may infer, via the implication (i) — (ii) from Proposition 1
and Formula (12a), that the OLDE on R?",

#(t) = Ag(H)x(t), t € R (68)

is ES.

(d)  Substracting (60) (written for Y (t) and replaced with Y (t)) from (50) (written for I1(t) and
replaced with T1(t)), we obtain confirmation that A(-) := T1(-) — Ys(+) is a bound in the R
solution to the following linear differential equation:

As(t) = Ao(H)A(H) + A()AG () + Ks(HR(HK] () (69)

Bearing in mind that the OLDE (68) is ES and R(t) > 0 for all t € R, we conclude that (69)
has a unique bound in the R solution, and additionally, this solution is positive and semidefinite.
Under the Assumptions 1 and 2, the stabilizing and bounded solution to the F-RDE, if any,
necessarily satisfies the following constraint:

0 < Ys(t) <TI(t) (70)
forallt € R.
YI(t)  Y2(t) - . 1
(e) Let < (st)T(t) Y%(t) ) be the partition of the matrix Ys(t), such that Y; (t) € Sy,
S S

Y3(t) € Sy. Employing (52) and (70), we conclude that we necessarily have Y3 (t) = 0 and
Y2(t) = 0,t € R. Thus, under the Assumptions 1 and 2, the bounded and stabilizing solution
Y5 () of the F-RDE (60), if any, has the following structure:

Ya(t) = ( L0 ) 71)

where Y} () solves the F-RDE of the lower dimension,

YU(t) = Ag()Y'(t) + YL ()AL (1) — (Yl(t)COT () + tl<t))frl(t) *+Mi(t), t€R (72)

where My (t) and Ly (t) are defined in (62).

By adapting Definition 1 to the case of the F-RDE (72), we say that a solution, Y} (-),
of (72) is a stabilizing solution if the following OLDE on R”,

i(t) = (Ao(t) + Ki(£)Co(t))x(1) (73)

is ES, where
KL(t) := —(Ysl(t)COT(t) + il(t))frl(t), teR (74)
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The following result establishes a relationship between the 6-periodic and stabilizing
solution to the F-RDE (72) and the 6-periodic and stabilizing solution to the F-RDE (60).

Lemma 2. Assume that the Assumptions 1 and 2 are fulfilled. If Y} (-) is the unique 6-periodic and
stabilizing solution to the F-RDE (72), then Y;(-), constructed as in (71), is the unique 6-periodic
and stabilizing solution to the F-RDE (60). In this case, (64) becomes

k(- (50 75)

where KL (t) is introduced via (74).

Proof. Bearing in mind (12a), (28b), (28c), and (75), we obtain confirmation that Ag(t) +
1 14\ &
Ks(t)Co(t) = ( Ao(t) + I;S ()Co(t) ng)g%(t) ) This shows that (63) is exponentially
0

stable because both (22) and (73) are exponentially stable. Hence, the proof is complete. O

Remark 4. Under the Assumptions 1 and 2, in order to test the existence of the stabilizing solution
to the F-RDE (60), it is sufficient to test the existence of the stabilizing solution to the F-RDE of
lower dimension (72). To this end, one can use the set of necessary and sufficient existence conditions
proposed in [16].

The main result of this work is given below:

Theorem 2. Assume the following:

(a) The Assumptions 1 and 2 are fulfilled.

(b) R(t) >0, Vt € Rand the F-RDE (72) have a stabilizing solution, Y2 (-), which is 6-periodic.
Let K1(-) be the feedback gain associated with the stabilizing solution Y. (-) via (74). Let Y5(t) € Sy,

and K(t) € R?™M t € R, be defined as in (71) and (75), respectively. Consider the filter G with
dimension np = 2n and the following state space representation:

dxp(t) = (Ag(t) + Ks(t)Co(t))xF(t)dt - Ks(t)dy(t) (76a)
zp(t) = C,(t)xp(t) (76b)

t € Ry. Under the considered assumptions, the filter Gr lies in §s and minimizes the cost
functional (5) over §s. The minimal value achieved via the performance index (5) is as follows:

~ 1 /?

I(@r) = [ Tlemvimc o] 77)
Proof. The fact that the filter (76) lies in § is obvious because, in this case, the correspond-
ing system (4) coincides with (63), and therefore, it is ES. In order to check that the filter (76)
provides the minimal value of the cost (5), let us consider an arbitrary but fixed filter,
Yii(t) Yra(t)

Gr € §s. Let
FES ( V(1) Yao(t)
the corresponding linear differential equation of type (33a), such that Y31 (t) € Sy, and
Y2 (t) € Syp. Based on (30a)—-(30c), we obtain the following partition of the Equation (33a)

written for its f-periodic solution:

), t € R, be the partition of the #-periodic solution Y; of
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Vi1 () = Ag(t)Y11 (t) + Y (¢ )+ Z A Y (DAL (1) +B(H)VBT (t) (78a)
Yio(t) = Ao(£)Yia () + Yo (£)Cq (£)BE (£) + Yo (t )+ Z Ax(£) Y11 ())C{ (£)BE (t)
+B(H)VD' (t)B} (t) (78b)
Yoo (t) = Be(#)Co(t)Yio(t) + Ap(£)Yaa () + Yi5 (1)Cq (£)BE (£) + Yoo (£) AL (1)
Z Be(t)Ci(t)Y11(£)C{ (t)BE (t) + Be(t)D(t)VD (B} (¢). (78¢)

One sees that the Equation (78a) coincides with (50). From the uniqueness of the 8-periodic
solution to the non-homogeneous, Lyapunov-type linear differential equation associated
with a mean square, exponentially stable, stochastic linear differential equation, we deduce
that Yn(t) = fI(t), vt e R.

LetU(t) = < H(tl)/sz(lgs(f) 2283 ), t € R. Via a direct calculation involving (60),
together with (78) (for which Y11 (-) is replaced with I'l(+)), we obtain confirmation that
U(-) is a B-periodic solution to the following Lyapunov-type differential equation:

U(t) = Ao (U () +U(E) Aoy (1) + Ba(B)R(£) B (¢) (79)
« A Ks(t) ~ . . . . .
where B (t) = Be(t) ) and R(t) was introduced in (58). Since the differential
—bF

Equation (39) defines a positive evolution on the ordered Hilbert space (S;,S;), and (40)
holds, we deduce via the equivalence (i) < (vi) in Theorem 2.4.2 from [17], applied in the
case of the linear differential Equation (39), that there exists a C'-matrix-valued function
t = S(t) : R — S satisfying

S(t) + Ao (1)S(t) + S(H) Ao (t) < —1Ix

and
0<unl; <S() <TV<wl, VieR.

This means that the OLDE on R”,
X (t) = Ao (H)xa(t), t €R

is ES. This allows us to conclude that (79) has a unique 6-periodic and positive semidefinite
solution. This leads to the following:

U(t) >0, tER. (80)
Further, we rewrite (45) as follows:
0 0
T(Gp) = 5 [ TCnCI (0]d+ 5 [ w[caumcio]a o

Combining (80) and (81), we deduce that

> 2 / Te[C(0 Y ()T (1) de (82)

for all Gr € §s. It remains to show that, in the special case of the filter Gr introduced
via (76), the inequality (82) becomes equal. To this end, let us remark that, in the case of the
filter (76), we have the following;:
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—_—~

Ao() ()+Ao(t)E[ (H)])dt + (A1(t)x(t) + A1 (H)E[x(t)])dwy(t) + B(t)do(t)
t t 1(t) )

o

Ca(NUCH (1) = Co())( ln —Dn UMD ( ln —Dn ) CI (1) = Co()ha (HC] (1) (83)

with U411 (t) being the 11-block of the matrix I (t) = WU ()W T, W = ( %ﬂ —Ilzn ) Via
2n

a direct calculation involving the differential Equation (79), we obtain confirmation that
t — U1 (t) is the 6-periodic solution to the linear differential equation

(1) = (o() + K(O)Co(1)0nn (1) +Una (1) (Ao(t) + Ks(NCo(6)) T (89

Since the differential Equation (63) is ES, we conclude that the differential Equation (84)
has a unique #-periodic solution, namely 21 (t) = 0, t € R.

Plugging this equality into (83), we deduce that, in the case of the filter (76), the
equality (81) is reduced to (77). Thus, the proof is complete. [J

6. Numerical Experiments

It appears from Theorem 2 that the synthesis of the optimal H,-filter for system (1)
relies on the resolution to the periodic F-RDE (72) whose coefficients depend on the unique 6-
periodic solution to the non-homogeneous, Lyapunov-type linear differential Equation (50).
Hence, in order to synthesize the optimal filter of type (76), one has first to solve the
equations (50) and (72), respectively.

In what follows, we generate an artificial 6-periodic linear system of the McKean—
Vlasov type. To this end, we generalize the procedure proposed in [19]. First, we generate
a stochastic linear time-invariant (LTI) system of the McKean-Vlasov type:

dx(t) = (Aox(t) + AoE[x(t)])dt + (A1x(t) + A1 E[x(t)])dwy(t) + Bdo(t)
dy(t) = ( ox(t) + CoE[x(t)])dt + (C1x(t) + C1E[x(¢)])dwy(t) + Ddo(t) (85)
z(t) = Cox(t) + CE[x(t)]

Next, the LTI system (85) is transformed into a stochastic-periodic linear system via the
change in the system coordinate x(¢) = G(t)x(t), where

e - ~ s | cos(wt)  sin(wt)
G(t) = d1ag< G#t) - Gl )’ G(t) = [ —sin(wt) cos(wt)
for a given w > 0. This results in the following stochastic 8-periodic McKean—Vlasov-type
system:

(1)x(8) + Co(DE[x()])dt + (Ca(1)(#) + Cr(H)E[x(1)])dwy(t) + Ddo(t (86)
E:

x(t) + C(HE[x(t)]
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where o
Ao(t) = “GLGTI () + G(H AGT (1)
Ag(t) = G(H)AsG (1)
Aq(t) = G(HAIGH(#)
Aq(t) = G(HA1G7(t)
B(t) = G(t)B
Co(t) = CoG(#)
Co(t) = CoG(t)
Ci(t) = CiG7H(H)
Ci() = GG
C:(t) = C:G(t)
C.(t) = C.G7(t)
and 6 = 2Z. For the numerical application, we take the following:
—0.841 2 —-0.019 -1 0.06 —0.028 0.028 0.02
A — 0 —1.752 —0.041 1 Ao — 0.088 0.023 0.102 —0.102
0~ 0 0 —21 19 |77 | —0167 0127 —0.026 —0.193 |’
0 0 0 -1.2 0.051  0.026  0.011  0.005
0.05 -—-0.1 0 —0.05 —0.095 0.182 —0.036 —0.075
A, — 0.1 05 —-02 05 A — 0.157 —0.042 0.022 0.067
! 0 025 05 005 |17 | 0218 0074 018 —0.021 |’
—0.25 0 0 —0.5 —0.077 0.126 0.154 0.128
—0.06 0.03
0.09 0.12 1 0 1 0
B=1 _006 —0.09 | <07 {0 -1 0 0]'
0.06  0.03
Co— —0.087 0.015 0151 —0.114
07 ] —0.009 —0.034 -0.143 —0.02 |’
Ci— 02 03 0 —-01 Co— —0.729 0.661 0.212 —0.495
1o o0 05 —02 | ' | -0156 0495 —0.113 —0.104 |’
D— 01 O C. — 1 0 0 1 c. —1.096 0545 —-0.697 —0.101
o 0 01| * | -1 -1 0 1| 7% | —-1317 095 —0.182 —1.794
and w = 2.
6.1. Solution to the Lyapunov-Type Linear Differential Equation (50)
First, we solve the following Lyapunov-like algebraic equation:
AgP + PAY + A1 PAT + BVBT =0 (87)
This is done by rewriting (87) as follows:
[(T® Ag) + (Ao ®T) + 11 (A1 ® A;)]vec(P) = —vec(BVBT) (88)
where ® is the Kronecker product, and for a (n X p) matrix, M = [ M! MP }, one
Ml
hasvec(M) = © | . Hence,wegetvec(P) = —[(I® Ag) + (Ao ® 1) +4q11(A1 ® A7
MP

vec(BVBT).



Entropy 2024, 26, 483

18 of 19

References

The exact unique 6-periodic solution to the Equation (50) is then given via Il (t) =

G(t)PGT(t).

6.2. Solution to the F-RDE (72)

Here, we follow a similar procedure as in the previous subsection. First, we compute
the unique stabilizing solution to the following algebraic Riccati equation (ARE):

AgY + YAT — [ch + E} R! [coy + ZT} FM=0 (89)

where

L=BVDT + APC]

M = BVBT + A PAT

R=DVDT +C;PCT
with P being the unique solution to (87), using existing stable solvers such as ICARE in
MATLAB. The 6-periodic stabilizing solution to the F-RDE (72) is then given via Y] (t) =
G(t)YGT(t), with Y being the stabilizing solution to the ARE (89).

Figure 1 shows the evolution of the estimation error e(t) = z(t) — zp(t) for one
realization of the stochastic processes.

I

3 L L L L I I
0 10 20 30 40 50 60

Figure 1. Estimation error: e(t) = z(t) — zp(t).

7. Conclusions

In this paper, we have considered the problem of optimal #; state estimation for a class
of continuous-time, time-varying McKean—Vlasov SDEs. The solution to the considered
optimization problem has been expressed in terms of the stabilizing solution to a suitably
defined, generalized Riccati differential equation. Some numerical experiments have been
provided to show the effectiveness of the proposed method.
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