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Abstract

This paper presents the optimal nonlinear filter for bilinear state and linear
observation equations confused with white Gaussian disturbances. The general
scheme for obtaining the optimal filter in case of polynomial state and linear
observation equations is announced. The obtained bilinear filter is applied to
solution of the identification problem for the bilinear terpolymerization process
and compared to the optimal linear filter available for the linearized model and
to the mixed filter designed as a combination of those filters.

1 Introduction

It is virtually the common opinion that the optimal nonlinear finite-dimensional filter
exists and can be obtained in a closed form only in the case of linear state and ob-
servation equations. This famous construction is called the linear Kalman-Bucy filter
[3]. However, the optimal nonlinear finite-dimensional filter can also be obtained in
some other cases, if, for example, the state vector can take only a finite number of
admissible states [8] or if the observation equation is linear and the drift term in the
state equation satisfies the Riccati equation f/(x) + f? = 22 (see [2]). The complete
classification of the ”general situation” cases (this means that there are no special
assumptions on the structure of state and observation equations), where the optimal
nonlinear finite-dimensional filter exists, is given in [9].

This paper studies a relatively simple (but important in practical applications, see
[6]) case of polynomial system states, where the optimal nonlinear finite-dimensional
filter can be obtained in a closed form. Indeed, if the observation equation is linear and
the observation matrix is invertible, then, as shown below in the paper, it is possible to
obtain the optimal finite-dimensional filter for a polynomial state equation, provided
that the system coefficients depend on time only. In the case of a bilinear state equa-
tion, the corresponding filtering equations are derived in the paper directly. A similar
filtering problem has been treated for cubic polynomial states and linear observations
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8 Optimal Filtering

in [1], where the third degree of a vector is defined in a restrictive (componentwise)
sense. The possibility to solve the optimal filtering problem for an arbitrary polynomial
state and linear observations is underlined.

The obtained optimal filter for bilinear system states and linear observations is
applied to solution of an identification problem for the terpolymerization process [6]
in the presence of direct linear observations. The process equations are intrinsically
nonlinear (bilinear), so their linearization leads to large deviations from the real system
dynamics, as it can be seen from the simulation results. Numerical simulations are
conducted for the optimal filter for bilinear system states, the optimal linear filter
available for the linearized model, and the mixed filter designed as a combination of
those filters. The simulation results show an advantage of the optimal bilinear filter in
comparison to the other filters.

The paper is organized as follows. Section 2 establishes the procedure to obtain
a closed system of the filtering equations for polynomial state and linear observation
equations and gives the optimal filter for bilinear system states and linear observations
in the explicit form. In Section 3, the obtained bilinear filter is applied to solution of an
identification problem for the bilinear terpolymerization process and compared to the
optimal linear filter available for the linearized model and to the mixed filter designed
as a combination of those filters.

2 Optimal filtering for polynomial state and linear
observations

Let a unobserved random process x(t) satisfy a nonlinear polynomial equation
dx(t) = f(z(t))dt + b(t)dWi(t), x(to) = o, (1)
and linear observations are given by
dy(t) = h(z(t))dt + B(t)dWa(t). (2)

Here, the drift function f(z(t)) = ao(t) + a1(t)z +az(t)z* + ... is a polynomial, the
observation function h(z(t)) = Ag(t) + A(t)z is linear, and the observation matrix A(t)
is invertible, i.e., the inverse matrix A=1(¢) exists; Wi (t) and dW(t) are Wiener pro-
cesses, whose weak derivatives are Gaussian noises and which are assumed independent
of each other and of the initial value zg.

The estimation problem is to find the best estimate for the real process z(t) at time ¢
based on the observations Y (¢) = {y(s),to < s < t}, that is the conditional expectation
m(t) = E(x(t) | Y(t)) of the real process x(t) with respect to the observations Y (¢).
Let P(t) = E((z(t) — m(t))(x(t) — m(t))T | Y(¢)) be the error variance (correlation
function).

To find the solution to the stated problem, let us first note that, since the observa-
tion equation is linear, the innovations process

o) = yit) / (Ao(s) + A(s)m(s))ds

to
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t

= /A(s)(x(s)—m(s))ds—i—/ B(s)dWs(s)

t() tO

is a Wiener process [5], and, since ftto B(s)dWs(s) is also a Wiener process, the random
variable A(t)(x(t) — m(t)) is Gaussian for every fixed ¢. If the inverse matrix A~1(t)
exists, then the random vector (z(t) —m(t)) is also Gaussian [7].

Moreover, taking into account that the equality

[E(h(z(t)2" ()Y () = E(h(z(O)|Y (£))m” (6T (BB ()~ [dy(t) — At)m(t)dt]
= P(OAT()(B(6)BT (1)) [dy(t) — A(tym(t)dt].

is valid for the linear observation function h(z(t)) in (2), the nonlinear filtering equation
for the optimal estimate m(t), first derived by Kushner [4], takes the form

dm(t) = E(f(x(t)) | Y (1))dt + P() AT ()(B(t)BT ()~ [dy(t) — A(t)m(t)dt],  (3)

m(to) = E(x(to) | Y (to))-

Let us note now that if the function f(x(t)) = ag(t) + a1(t)x + az(t)z? + ... is a
polynomial, it should be possible to compute a finite-dimensional filter in a closed form
for variables m(t) and P(t), using the fact that the random variable (z(t) — m(t)) is
Gaussian. Since all the system coefficients in (1),(2) do not depend on state z(t) and
observations y(t), the conditional moments of (z(t) —m(t)) with respect to observations
y(t) coincide with the unconditional ones. This implies that all odd central conditional
moments of this Gaussian variable p; = E((x(t) — m(t)) | Y (¢)), us = E((z(t) —
m(t))3 | Y(t), us = E((z(t) —m(t))® | Y(t)),... are equal to 0, and all even central
conditional moments py = E((z(t) — m(t))? | Y(t)), pa = E((x(t) — m(t))* | Y(2)),
we = E((z(t) —m(t))® | Y(t)), ... can be represented as functions of the variance P(t).
For example, py = P, uy = 3P?, ug = 15P3, ... (see [7]). Thus, all higher moments
of (z(t) — m(t)) can be expressed using P(t), and this yields additional relations for
representing every higher initial moment of z(t) and, finally, the possibility to obtain
the optimal filter in a closed form, i.e., with respect to a finite number of filtering
variables. In other words, the optimal finite-dimensional filter should exist in the
polynomial-linear case.

2.1 Bilinear state equation
In a particular case, if the function
f(x) = ao(t) + a1 () + ag(t)zx” (4)

is a bilinear polynomial, where x is now an n-dimensional vector, a; is an n X n -
matrix, and as is a 3D tensor of dimension n X n X n, the system of filtering equations
is as follows

dm(t) = (ao(t) + ay(t)ym(t) + az(O)ym(E)ym” () + az(t) P(t))dt
+P(6)AT () (B(t)BT (1))~ dy(t) — A(t)m(t)dt], (5)



10 Optimal Filtering

m(to) = E(x(to) | Y (t0)),

dP(t) = (a1(t)P(t) + P(t)af (t) + 2aa(t)m(t) P(t) + 2(az(t)m(t) P(1))"
+b(DT (8))dt — P(t) AT (t)(B(t)BT () A(t) P(t)dt, (6)

P(to) = E((x(to) — m(to))(x(to) — m(to))" | Y (to)),

since the third central moment p3 is equal to 0, and the third initial moment of x(¢) can
be expressed using its second and first moments, i.e., P(t) and m(t). In this bilinear-
linear case, the variance equation is also independent of the observations y(t), but has
the bilinear terms m(¢)P(t) in its right-hand side and depends on m(t), thus making
both the equations interconnected. The estimate equation is bilinear with respect to
m, as expected.

3 Terpolymerization process identification

The obtained optimal filter for bilinear system states and linear observations is applied
to solution of an identification problem for the terpolymerization process [6] in the
presence of direct linear observations. Let us rewrite the bilinear state equations (1),(4)
and the linear observation equations (2) in the component form using index summations

dry(t)
dt = aOk +Z alkz xl +Z a2k:zy xz J?] +Z bkz wll =1,...,n,

t) = Z Api(t)zi(t) + Z Byi(t)2:(t), (7)

where 11 (t) and 2 (t) are white Gaussian noises. Then, the filtering equations (5),(6)
can be rewritten in the component form as follows

d t
WZ&( ) _ ao(t) + Za1ki(t)mz + %:agk” mi(t)ym; () + Zagkw ))dt
+ > P () AJ (1) (Bip () Bys () dys — > Aur(t) mr(f)dtL (8)
ijlps r

my(to) = Elzx(to) | Y (to)];

Z a1ik (t)ij (t) + Z Py; (t)aljk(t) + 2 Z a92;kl (t)ml (t)ij

kl
+22a2m my(t) Pri(t +szk )b (1)

- ZPm )AL (0)(Biy (1) B (1) ™ Aur (1) Pry (1), )

klpsr

Pyj(to) = El(zi(to) — mi(to))(x;(to) —my;(to))" | Y (to)]-
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The terpolymerization process model reduced to ten bilinear equations selected
from [6] is given by

del _i
a Vv

dApy/dt — (1/0 + K11 C™ 4 Ky pup + Ko pugy + K31 pu%)Cona; (10)

deQ
dt

1
= VdAmQ/dt — (1/0 + Kr2C* + KlQ,U(])D + KQQ,U?Q)CmQ;

dcm 1 o
73 = VdAmg/dt — (1/0 + K13up)Cos;

dc* 1
a = VdAm*/dt — (1/9 + Kg+ K;1Cp1 + KLQCmQ)C*;

d o
% = (-1/0 — Kn)pp + Kp1Cpn1C* — (K12Cm2 + K13Cn3) 4%

+K21Cma gy + K31Cma1 pih;

iy, 1 .
d—tQ = —5/122 + Kr2CmaC™ — (Ko1Cmy + Ki2) gy + K12Crmapip;

dps 1
5;% = *E,MOR — (K31Cm1 + Ki3)ug + K13Cm3up;

dAL00 1,
i —5/\100 + K11Ci CF 4+ K12Ch2C" + K11Cr1 i

+K21Cm1u€g + K31Cm14%;

a1
a 6

)\(1)10 + KLllec* + KLQCmQC* + KlQCMQ'u% + KQQCmQ‘ug?;

d)\(l)01 1 001
= gt (EnCm + KpaC2)C + Ki3Crspip.

Here, the state variables are: Ci,1, Cpn2, and Cp,3 are the reagent (monomer) concen-
trations, C* is the active catalyst concentration; u%, po, and pg are the zeroth live
moments of the product MWD, and A% 010 and A{%! are its first bulk moments.
The reactor volume V and residence time 6, as well as all coefficients K’s, are known
parameters, and A1, Ao, Ans, A+ stand for net molar flows of the reagents and
active catalyst into the reactor.

The identification (filtering) problem is to find the optimal estimate for the unob-
served states (10) assuming that the direct observations y; contaminated with Gaussian
noises ’s are provided for each of the ten state components x;

Yi = X3 + oy
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Here, x1 denotes C,1, T2 denotes Cy,a, and so on up to 19 = A%, In this situation,
the bilinear filtering equations (8) for the vector of the optimal estimates m(t) take the

form

dnzilt(t) = %dAml/dt — ((1/9) + KL1m4(t) + K11m5 (t) + Kzlm(j(t)
+K31mz(t))m(t) — Kpi1Pia(t) — K11 Pis(t) — Ko1 Pre(t)
—K31P17(t)+ZP1j[d1/j/dt_mj]§ (11)
dmg(t) i

o = VdAm2/dt — ((1/9) + KL2m4(t) + K12m5(t) + K22m6(t))m2(t)

—Kp2Pou(t) — K12P25(t) — Koo Pog(t) + szj ([dy;/dt —my];
J

dﬂ’;:;(t) = %dAmg;/dt — ((1/9) + K13m5(t))m3(t) — K13P35(t> + ; P3j [dyj/dt — mj];

d””;‘;(t) = %dAm* Jdt — ((1/0) + Kq+ Krimy (t)
+K1oma(t))ma(t) — K1 Pia(t) — Ki2Paa(t) + Z Pyjldy;/dt — my];
d”z O _ (10— Kn)ms(t) + Koama(tyma(t) — Kiama(t)yms (1)
+Ko1me(t)my(t) + Ksimz(t)ma(t) — Kigms(t)ms(t) + Kpi1Pia(t)
+ K91 Pi6(t) + K31 Pi7(t) — K12Pas(t) — K13 Ps5(t) + Z Psjldy;/dt —my];
DI (10— Koo~ Korma () molt) + Krama(Ehmalt) + Kroms(tyma ()
— K21 Pi6(t) + KroPoy(t) + K12 Pas(t) + Z Psjldy; /dt —myl;
sz;t(t) = (—1/9 — K3 — K31my (t))m7(t) + K13m5(t)m3(t)
—K31Pi7(t) + K13 Ps5(t) + Z Prjldy;/dt — my];
dwifl(t) = (=1/0)ms(t) + (Kpama(t) + Kiims(t) + Kaime(t) + Ksym (£))ma (2)

+KL2m4(t)m2(t) + KL1P14(t) + K11P15(t) + KQlPlG(t)

+ K31 Prr(t) + K12 Paa(t) + ) Pyyldy; /dt —my);
j
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dﬂ?;(t) = —%mg(t) + Krimy(t)ma(t) + Kroma(t)ma(t) + Kiams(t)ma(t)
+K22m5(t)m2(t) + KL1P14(t) =+ KL2P24(t)K12P25(t)
+Kao Pas(t) + Y Pojldy; /dt —m);
dm;?(ﬂ = —%mm(t) + Kpaima(t)my (t) + Krama(t)ma(t)

+K13ms(t)ms(t) + Kp1Pia(t) + KpaPoa(t) + K13P35(t)

+Zploj[dyj/dt — mj].
J

Here, mq (t) is the optimal estimate for C,,1, ma(t) for Cy,2, and so on up to myg(t).
The fifty-five variance component equations are similarly generated by the equations
(9).

In the simulation process, the initial conditions at ¢ = 0 are equal to zero for the
state variables Cy,1,..., A% to 0.5 for the estimates mq(t),...,m1o(t), to 1 for the
diagonal entries of the variance matrix, and to zero for its other entries. For the purpose
of testing the obtained filter, the system parameter values are all set to 1. The white
Gaussian noises in the equations (7) are realized as sinusoidal signals: ¢; = sint for
i=1,...,10.

In Figure 1, the obtained values of the state variables C,1, ..., are given in
the blue, and the values of the bilinear optimal filter estimates mq(t),...,mo(t) are
depicted in the red.

The performance of the optimal bilinear filter (8),(9) is compared to the performance
of the optimal linear Kalman-Bucy filter available for the linearized system. This linear
filter consists of only the linear terms and innovations processes in the equations (8)
(or (11)) for the optimal estimates and the Riccati equations for the variance matrix
components corresponding to the equations (9):

dmk(t) _ aok(t)+Za1m(t)mi(t)

001
)‘1

dt
+ Z ij Blpo8)> (t) [dys — Z Agr(t)m,(t)dt], (12)
Jlps 7’
my(to) = Elzi(to) | Y (to)];
dP;i(t) Z arik(t) Pej () + Z Pyi(t)ap(t

+me )b () me VAL (D) (BipBps)) ™  Asr Prj(t), - (13)

klpsr

Pyj(to) = El(zi(to) —mi(to))(x;(to) —my;(to))" | Y (to)]-
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The graphs of the estimates obtained using this linear Kalman-Bucy filter are shown
in Figure 1 in the green.

Finally, the performance of the optimal bilinear filter (8),(9) is compared to the
performance of the mixed filter designed as follows. The estimate equations in this filter
coincide with the bilinear equations (8) (or (11)) from the optimal bilinear filter, and
the variance equations coincide with the Riccati equations (13) from the linear Kalman-
Bucy filter. The graphs of the estimates obtained using this mixed filter are shown in
Figure 1 in the black. The initial conditions and white Gaussian noise realizations
remain the same for all the filters involved in the simulation.

4 Discussion

Upon comparing all simulation results given in Figure 1, it can be concluded that
the optimal bilinear filter gives the best estimates in comparison to two other filters.
Although this conclusion follows from the developed theory, the numerical simulation
serves as a convincing illustration. On the other hand, since the Kalman-Bucy estimates
obtained for the linearized model do not converge to the real state values, it can be
concluded that linearization fails and is not applicable even to simple bilinear systems.
It should finally be noted that the results obtained applying the mixed filter are
actually very close to (and for the first two variables even better than) the results ob-
tained using the optimal bilinear filter. The advantage of the mixed filter consists in
its better realizability, since the matrix P(t) for the mixed filter satisfies the conven-
tional Riccati equation (13). Thus, the mixed filter could also be widely used to obtain
reasonably good approximations of the optimal estimates for bilinear system states.
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Figure 1: Graphs of the ten state variables (10) (blue),
the estimates given by the optimal bilinear filter (8),(9) (red),

the estimates given by the linear Kalman-Bucy filter (12),(13) (green),

the estimates given by the mixed filter (8),(13) (black).



