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Abstract

Solving high-dimensional filtering problems with high nonlinearity is essential for controlling complicated systems and for data
assimilation. In this paper, we propose a novel recurrent neural network spectral method (RNNSM) to address this kind of
problems, especially for the systems with additional stability properties. As a combination of modern deep learning strategy
and classical spectral method, the proposed algorithm integrates the advantages of both. On the one hand, by exploiting the
approximation capability of recurrent neural networks, RNNSM can overcome the obstacles that classical spectral methods face
in high-dimensional problems, and obtain a heuristic approach to finding the optimal orthonormal basis in spectral methods;
on the other hand, with the theoretical foundation of spectral methods, RNNSM provides a more reasonable mathematical
interpretation of neural network-based filtering algorithms and bridges the gap between practical performance and theoretical

convergence. Finally, the efficiency of RNNSM is also verified by numerical experiments.
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1 Introduction

Filtering is a subject on estimating the evolving state
process in a partially observed system. With the de-
velopment of science and technology, people encounter
more and more complicated partially observed dynami-
cal systems with high dimension and high nonlinearity.
The development of efficient filtering algorithms for such
systems has become a core issue in the field of control
and signal processing.
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For this kind of filtering systems, classical algorithms
such as particle filter (PF) and Kalman filter based algo-
rithms face significant challenges. As for Kalman filter
based algorithms, the accuracy and convergence of these
algorithms are doubtful for systems with high degree of
nonlinearity [5,34]; as for PFs, one of the main difficulties
is the severe particle degeneracy for high-dimensional
systems [1,21]. A great many particles are required for
PF's to handle high-dimensional systems, which makes
it hard to obtain an estimation to state processes in real
time.

Nowadays, with the introduction of deep learning to con-
trol community, there have been a large number of neu-
ral network based filtering algorithms proposed in recent
years [18,23], which can outperform classical filtering al-
gorithms in numerical simulations [32]. The connection
between recurrent neural network (RNN) and finite di-
mensional filtering systems including Gaussian systems
was established for the first time in [7] and the estima-
tion error was rigorously analyzed. However, the math-
ematical theory of neural network based filtering algo-
rithms for general nonlinear problems has not yet been
sufficiently developed, in the sense that the performance
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of neural network based algorithms has not been suffi-
ciently interpreted through mathematical theory.

In fact, most of the mathematical theory of these algo-
rithms is based on the universal approximation property
of neural networks [16, 30], in which it is proved that
any continuous function in a compact domain can be ap-
proximated with arbitrary accuracy by a shallow neural
network. Meanwhile, the conditional probability density
functions (pdf, for short), which we are concerned with
in nonlinear filtering problems, are in general located in
an infinite dimensional functional space [14,26], and an
infinite-width neural network is required to follow the
evolution of the conditional pdfs according to the uni-
versal approximation theory.

For practical implementation of nonlinear filtering algo-
rithms in finite dimensional spaces, and idea is to first
project the conditional pdfs onto a finite dimensional
manifold or subspace and then track the evolution of the
projection of these functions [2,6]. The choice of finite
dimensional subspaces can be roughly divided into two
categories: (i) manifolds of classical density families such
as Gaussian and exponential distribution families; and
(ii) subspaces spanned by orthonormal basis functions.

The first choice corresponds to filtering algorithms such
as the extended Kalman filter (EKF) [17] and assumed
density filters [19]. For this kind of filtering algorithms,
important statistics of the approximated density func-
tions, such as expectations, covariance matrices, etc., are
easy to calculate, but the distance between the exact
conditional distribution and its projection is difficult to
estimate.

The second choice corresponds to filtering algorithms
based on spectral methods [20,24,31,36]. Using the prop-
erties of orthonormal basis functions, a rigorous conver-
gence analysis of these filtering algorithms can be pro-
vided. For high-dimensional filtering systems, however,
the orthonormal basis in the algorithm is usually not so
efficient, and how to find the optimal orthonormal basis
functions such that the corresponding filtering algorithm
enjoys a high convergence rate is still an open problem.

In this paper, we provide a heuristic approach to finding
the optimal orthonormal basis for a given filtering sys-
tem with additional stability property which is possessed
by many practical filtering systems. Roughly speaking,
the stability property states that the effect of the initial
distribution on the filtering solution decays exponen-
tially as time tends to infinity [3,4]. Filter stability im-
plies that the conditional probability density as a func-
tion of observations does not contain long-term memory,
i.e., remote observations are quickly ‘forgotten’ in the ex-
pression of conditional probability distribution [27]. As
an important branch of filtering theory, there are many
studies on the stability of filtering systems, and readers
can refer to the monograph [10] for detailed discussions.

For stable filtering systems, we will show that our heuris-
tic approach to finding the optimal orthonormal basis
can be implemented using a recurrent neural network
(RNN). In this way, we propose a new efficient nonlin-
ear filtering algorithm, called Recurrent Neural Network
Spectral Method (RNNSM).

The advantages of our proposed RNNSM over the exist-
ing filtering algorithms lie mainly in the following two
aspects:

(1) With the help of neural network, RNNSM is much
more computationally efficient than the existing fil-
tering algorithms based on spectral methods, in the
sense that the problem of finding an efficient or-
thonormal basis and the heavy computational bur-
den of numerical integrals can be handled off-line
by training the recurrent neural networks.

(2) Using the theory of spectral methods, we can pro-
vide a thorough convergence analysis for RNNSM.
To the best of the authors’ knowledge, this is the
first rigorous convergence analysis of RNN-based
nonlinear filtering algorithms for the most general
stable nonlinear filtering systems (without assum-
ing that the conditional probability distribution
evolves in a finite dimensional subspace or mani-
fold), on the whole timeline (without assuming a
fixed terminal time T' < 00).

Moreover, the proposed RNNSM together with its con-
vergence analysis serves as a novel mathematical inter-
pretation of RNN and RNN-based filtering algorithms.
It is validated both theoretically and numerically that
RNNSM can provide a good approximation to the ex-
act solution of these stable filtering systems in the whole
timeline, even if the training data are generated only in
a finite time interval. In this way, this paper also throws
lights on the interpretability of RNN, in terms of its
learning and generalization capability to handle tempo-
ral data.

The organization of this paper is summarized as follows.
In Section 2, we will review some basic notations, con-
cepts and results for nonlinear filtering problems. In Sec-
tion 3, the algorithm, RNNSM, will be proposed to solve
stable filtering systems. In Section 4, convergence results
of RNNSM will be presented, together with the main
ideas of the proofs. The details of the proofs can be found
in Section 6, after the numerical results of RNNSM that
are illustrated in Section 5. Section 7 is a conclusion.

Throughout this paper, some frequently used notations
are summarized in Table 1 for readers’ convenience.
Also, we use the notations £'(R?), £1(R?), £*(R?)
and £>(R?) to denote the space of integrable, positive
integrable, square-integrable, and essentially bounded
functions in RY, respectively. The norms on the above
functional spaces LP(R?) are denoted by | - ||,, for



p = 1,2, 00, and we use |-| to denote the Euclidean norm
(or modulus) of finite-dimensional vectors as usual.

Table 1

List of Notations
Meaning Notations Equations
State Tk (1)
Observation Yk (1)
Conditional distribution (or
conditional pdf) of zj given T (2)
Vi
Unnormalized conditional pdf U (5)
Unnormalized conditional pdf ik (15)

with likelihood approximation

Finite-dimensional represen-
tation of unnormalized condi- Vg (18)
tional pdf @

Finite-dimensional represen-

tation of normalized condi- Pk (21)
tional pdf

.C(.)r{dltlonal pdf with different e (46)
initial value

Propagation operator F1 (4)
Correction operator Fa (4)
Approximated correction op- o (13)
erator

Integral operator F3 (10)
Normalization operator N (7)

2 Preliminaries

In this paper, we consider the time-invariant filtering
system in discrete time modeled by the following coupled
stochastic difference equations:
x = p(z I'(zk)v
Yrt1 = h(Trr1) + Wit

where {z, : 1 < k < oo} C R? is the state process,
with initial value x; ~ 71; {yp : 1 < k < oo} C R%
is the observation process, with initial value y; = 0;
{wp :2<k<oo} CRY, {11 <k < oo} CRE
are mutually independent Gaussian random variables
with zero mean and covariance matrices R € R% x4
Q € R%*4z respectively; ¢ : R — R4, h : R? — R:
and T' : R? — R?*% are smooth vector- or matrix-
valued functions. The system (1) is called time-invariant,
because the functions ¢, h,I' and the matrices @, R do
not explicitly depend on the time step parameter k.

The main goal of filtering is to recursively calculate the
conditional distribution of state process xj given the
history of noisy observations Yy £ o{y; : 1 < j < k},
which means the o-algebra generated by the random

variables {y; : 1 < j < k}, for each time step k, and we
denote this conditional distribution by

mp(dz) & Play, € dz|Vy], 1<k < 0. (2)
If the conditional distribution 7, (1 < k < o) is abso-
lutely continuous with respect to the Lebesgue measure
onRY i.e., m(dr) = 71 (z)dx, according to the theory of
discrete filters [17], the density function of 7 (which is
also denoted by 7, when there is no confusion), evolves
with the following two-step formula:

Prediction: 7y, (7x41) = /d k() p(Tka |2k )deg;
R

Correction: mp41(Tx11) X g1k (Tht1)q(Yrt1]|Trr1),

3)

with p(zk41|zk) the transition probability density of the
state process in (1) and

1
q(Yrt1]Tri1) =exp |:_2(yk+1 — h(wq1)) " ¥
R yks1 — h($k+1))],

where 7,415, are often referred to as the distribution of
Tpt1, 1€, Tpp1k(-) = Plagyr € +|Vel; the symbol ‘oc’
means that the density functions 7, and 741 are
proportional to the right-hand expressions, that is, they
are equal except for a normalization constant indepen-
dent of x.

Let us define the functionals F; : £2(RY) — L£2(R%),
Fo: L2(RY) x R — £2(R?) with expressions:

F1(u)(z) é/ plal2)u(z)dz; Fa(u,y)(z) £ qylz)u(z),

Rd
(4)
for allu € £2(R%), y € R%, x € R Then, the two-step
formula (3) can be rewritten as follows:

Prediction: 7y, = F1(mk);

()

Correction: 7y 1 o¢ Fo(Tpq1jk, Yr+1),

If we ignore the normalization constant, we can define a
series of unnormalized conditional pdfs, {uy : k > 1}, by

g1 = Fo(Fr(uk), Yry1), B> 1, (6)

with initial value u; = 71, the initial distribution of state
process. At each time step k, the conditional pdf my is
then obtained through a normalization procedure:

u
— k>1 7
fRd ukdx7 — b ( )

Tk :N(Uk) é



where N : £ (R?Y) — £1 (R?) is defined as the normal-
ization operator, with £} (R?) £ {u € L}(R?) : u >
0, a.e.} the set of positive integrable functions on R<.
The evolution of 7, is then given by

Tey1 = N o Fo(Fi(me), Yer1), k> 1. (8)

In practice, people are often more concerned with some
specific statistics of the conditional distribution 7y, such
as the conditional mean and covariance matrix. In the
meanwhile, the conditional distribution 7 can also be
reconstructed or approximated based on its statistics
with statistical methods such as moment matching [28].

With the evolution of 7y, these statistics can be calcu-
lated by

fr 2E[f (@) V] = F{(m), 1<k<oo, (9)
where Fj : £2(R?) N L1 (R?) — R! is the integral oper-
ator defined as

Fl(u) 2 Vue L2(RY) N Ll (RY),
Rd
(10)

and f : R* — R! corresponds to the conditional statis-
tics. When there is no ambiguity, we would like to omit
the superscript in .7-'3{ to maintain the simplicity of no-
tations. Without loss of generality, we focus on the real-
valued f with [ = 1 in this paper, and the results can be

trivially extended to vector cases.

f(@)u(x)d,

According to (8) and (9), the whole procedure of cal-
culating the conditional statistics can be illustrated by
Figure 1. As shown in Figure 1, the conditional pdfs m
evolve according to an open dynamical system defined on
L%(RY) N LY (RY), which itself has a recursive structure
in the infinite dimensional vector space. For practical
implementation of this procedure, however, we need to
find a finite-dimensional approximation to this infinite-
dimensional open dynamical system. To this end, we pro-
pose the so-called Recurrent Neural Network Spectral
Method (RNNSM) in this paper.
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Fig. 1. Illustration of the calculation procedure of the con-
ditional statistics f.

3 Recurrent Neural Network Spectral Method

The recurrent neural network spectral method (RNNSM)
proposed in this section gives a finite-dimensional ap-
proximation to the 7 shown in Figure 1, so that it can
be performed in practice using a finite-width recurrent
neural network.

This finite-dimensional approximation is done accord-
ing to the following two main steps. First, the ‘likelihood

functions’, exp|—3(y — h(z)) "R~ (y — h(z))|, in the

operator F5 are approximated by a linear combination
of finitely many functions with respect to x, where the
linear coefficients are functions of y. In this way, the vari-
ables x and y are separated. Next, the conditional pdfs
7y, are represented (or approximated) by an element in
a constructed finite-dimensional vector space, which ful-
fills the finite-dimensional approximation of the infinite-
dimensional system shown in Figure 1. These two steps
will be specifically described in the next two subsections,
respectively.

3.1 Approzimating the Likelihood Functions

Let us consider the functional F, in Figure 1, where
the unnormalized density functions are multiplied by a
kind of ‘likelihood functions’, q(yx|z) = exp[—1(yr —
h(z))TR™Y(y, — h(z))]. The first step of our proposed
RNNSM is to project these ‘likelihood function’ onto a
finite-dimensional subspace of £2(R%).

For a given large real number L > 0, let us denote by
St = {q(ylz) : y € LBL} the set of all ‘likelihood func-
tions’ with regular observations, where %, = {y € R% :
ly| < L} is the ball with radius L. Since £y, is a compact
subset of R% | according to the theory of Kolmogorov
n-width [29], for any € > 0, there exists N € N and an
N-dimensional subspace Hy C £%°(R%), such that

max
yERBL

N
o) - Yasto()| <o

oo

where {¢;}¥, is an orthonormal basis of H and

oily) 2 [ atule)o(a)da, (12)

are the generalized Fourier coefficients, with i =
1,---, N. Alternatives of the orthonormal basis {¢;} ¥,
include classical bases, such as Hermite functions [24],
and basis functions derived from polynomial interpola-
tions [25].

With this finite dimensional approximation to the likeli-
hoods, we can define the functional 75 : £2(R9) x R4 —



L2(R?) by

~ N
Falun)@) = (L) Juta), (13

and we have

1Fa(u,y) = Fa(u, y)ll2 < ellulls (14)
for all u € £L2(R?) and y € %

The approximation procedure (11) separates the space
variable x in the likelihood functions from the ob-
servation variable gy, which is essential for the finite-
dimensional implementation of the computation graph
shown in Figure 1, and we denote the approximated
unnormalized density function by {ay : & > 1}, which
propagates according to

pr1(z) = Fo (Fi(n), ysr) (2), 1 <k <oo.  (15)
with initial value @, (z) = u1(z) = 71 (z), ¥V z € R

3.2  Representing the Unnormalized Conditional Prob-
ability Density Functions

Before moving on to the procedure of RNNSM, let us
first introduce the stability assumption of the filtering
system.

Assumption 1. The discrete filtering system (1) is sta-
ble, in the sense that

lim E|7} — g2 =0, (16)
k—o0

where 7}, and ©} denote the conditional pdf, with initial
distributions p,v € L2(R?) N LY (RY), respectively.

Assumption 1 is a typical result in the studies of filtering
stability such as [3,35], which indicates that the initial
value of the filtering system is ‘forgotten’ as the time step
k — oo. This assumption also implies that the condi-
tional distribution will not oscillate much when the time
step k — oo, and will lie close to the finite-dimensional
vector space spanned by the conditional density func-
tions at the first few time steps. This will be rigorously
proved later in Section 4.

Therefore, the finite-dimensional space on which we
would like to project the conditional pdfs and prac-
tically implement the calculation in Figure 1 can be
constructed with the information of the first few time
steps.

For a given K > 0, because F; and Fs(-,y) are linear
functionals in £2(R?) N £! (R?), the functions {ay : 1 <

k < K} in fact evolve in a finite-dimensional vector space
spanned by Tx n = { (H?:(éf’i_jfl)) up 21 <k <
K, 1<y, ,ip < N}, where the products Hf;ll mean
the composition of functionals (with the convenience of
representing identical operator if k = 1) and with a slight
abuse of notations, we use ¢; to denote the functional of
multiplying ¢;(x).

For example, according to (13) and (15), in the first
several steps,

N
() = ur(w), uz(x) = Zai(yZ)((bi}—l)ulv
N =1
i) = 3 aslm)ae) | (4:73)(0,0) [,
da(w) = D ai(ya)oy(ys)ak(y2)
i,j k=1

| @6

which are all elements of the subspace spanned by func-
tions of the form (Hf;ll((b”]:l)) up, with & = 2,3, 4.

In this way, all the functions {a@; : 1 < k < K} are
contained in the subspace spanned by Zx n. Hereafter,
we will use V, to denote the Nj-dimensional vector
space spanned by Zx n, i.e., Vi, = Span{Zx v}, and let
{4 }1, be an orthonormal basis of Vi, .

The main procedure of RNNSM is to find elements in
Vi, , denoted by {vi : £ > 1} and {p : £ > 1}, which
approximate {uy : k > 1} (or {ay : k > 1}) and {my, :
k > 1} well, respectively, for sufficiently large N; € N.
Notice that according to the construction of Vi, it is
only guaranteed that {ty : 1 <k < K} C Vy, for a fized
K.For k > K+1, 4, may not lie in Vj, in general. Only
v, and py, introduced here and specifically defined later,
are finite-dimensional representations of u; and 7y, for
all k& > 1. We summarize the relationship between the
above family of functions in Figure 2 for the readers’
convenience.

Approximating
Normalized: [Tk | € =-=-=-=-=-=-=—=-—-—-—-———-—-—-——-—-—-—~
1)

nnormalizing Normalizing:
. Likelihood _ Finite dimensional
Unnormalized: | %k - - U - v
approximation representation

Fig. 2. Summation of the relationship among the families of
functions my, uk, Uk, v and pg, for k > 1.

To find an element in Vi, to approximate the exact solu-
tion of the filtering problem, let {@/Ji}ZN:ll be an orthonor-
mal basis of Vi, , then there exist constants {a; (1)}, C



R such that

m(z) = ui(x) =

£ agi@). (1)

since u; is an element in Vi, according to the definition.

Next, if the element vg (k > 1), which we use to approx-
imate uy, (or @) at time step k, can be expressed as

(i () =) vy (2) = Z a;(k)vi(z), (18)

where a(k) = [a1(k),---,an,(k)]T € RM a given
Ni-dimensional vector. Then at time step k + 1,
the element vgp4; we use to approximate gyi(x) =

Fo (Fi(ig), yrs1) () is given by

(Ugy1(z) =) vey1(z

}:%k+1¢4) (19)

where

(Fa(Fi(v), Yrs1), i)

= <§: ai(k) (ZN: Oéj(yk+1)¢j>]:1¢lv¢i> (20)

=1 j=1

£ Al(&(k)7 yk+1)7

ai(k+1) =

with A £ A1, An, ] @ RN x R — RM a contin-
uous function, and (-,-) denoting the inner product in
L2(RY).

Remark 1. Notice that, according to the construction
of Ik N, the approzimation signs ~’in (18) and (19)
are in fact equality for 1 < k < K — 1, because each ty,
(1 <k < K)isitself an element in the finite-dimensional
vector space spanned by Lx n. For k > K 4+ 1, we will
prove rigorously in Section 4 that uy can also be well
approzimated by vy because of the stability assumption.

As a normalized version of v, the element p; we use to
approximate 7y, at each time step k > 1, is given by

Ny
=3 ki) 21

with

a;(k+1)
Jga Vit (x)dz
Ai(ag, -
= ( ks Y1) éni(akayk+1)>

ZZN=11 )\7«(5’]6; yk+1) fRd 'szz(fﬂ)dl'

a;(k+1) =
(22)

foreachi=1,---, Nj.

As a homogeneous function of the first variable, the value
of n;(a(k), yr+1) does not change if we make a scaling to
a(k). Especially, we have

V1<i< N, k> 1.
(23)

ni(a(k), yr+1) = ni(a(k), ye+1),

In fact, let us denote

Yi(x)dx, k> 1, (24)
Rd

Ai(&(k)ayk+1)
ni(a(k), yr+1) = OB
SV 1) fpa ti(@)da
=Xi(a(k), yrr1)

- : G, |
ézﬁv:ll Ai(a(k), yr+1) fga Vi(x)da mi(a(k), ye+1)

where the second equality holds because of the linearity
of A;, with respect to a(k), according to the definition
(20).

Therefore, the propagation of conditional pdfs is rep-
resented by {pr : k > 1} with the orthonormal basis

{4}, and the parameters a(k) € RN (k> 1) evolv-
ing according to the open dynamics

a(k+1) = n(a(k), ye+1), k=1 (25)

3.8 Implementation of Recurrent Neural Network Spec-
tral Method

Finally, with the finite-dimensional representation of
conditional pdfs given by the parameters a(k) and the

orthonormal basis {1;} !, the integral operator F3 can
be expressed as

3(pr) /f z)pr(x

_Zaz 1/)1< )

(26)
= Ba(k))

which is a hnear combination of a;(k) with coefficients
given by [pa f(x)i(x)dz

Up to now, by (25) and (26), the calculation procedure
illustrated in Figure 1 is conducted (or approximated)
in finite dimensional, with the help of Nj-dimensional
vectors a(k) and this finite dimensional dynamics of a(k)
is illustrated by Figure 3.



Fig. 3. Illustration of the finite-dimensional approximation
to the calculation procedure in Figure 1.

Remark 2. The open dynamical system defined by (25)
and (26), and illustrated by Figure 3, can be expressed by
the following compact form:

 U(ypga)alk)
alk+1) = HT\II(;kH)a(k)’ (27)
Bla(k+1)) = FTa(k+1).

with F,H € RN constant vectors and V(yx11) €
RN XNy matriz-valued function of yy1. This compact
form (27) is also shared with classical spectral method
based nonlinear filtering algorithms such as those pro-
posed in [12, 24].

Although the above finite dimensional realization of the
calculation procedure of Figure 1 depends on the choice
of orthonormal basis {; fV:ll, the computation in Figure
3 only involves the propagation of the N;-dimensional
parameter a(k), while the basis functions {1;}1\*, only
affect the specific expression of the functions 7 and 5.
Hence, instead of the closed form of the basis functions
{4} we are more concerned with the number N,
which corresponds to the computational efficiency of this
algorithm.

Heuristically, in comparison with classical spectral
methods, the orthonormal basis we use in this algorithm
is constructed directly from the unnormalized condi-
tional pdfs, and is supposed to be more efficient since
it exploits the specific structure of the filtering system.
More importantly, although the exact expression of
each 1; may be hard to obtain, the functions 7 and
in Figure 3 can be easily learned and approximated by
a recurrent neural network with a simulation dataset in
short time steps 1 < k < K and this is why we refer to
this proposed algorithm as Recurrent Neural Network
Spectral Method (RNNSM).

In fact, because the functions 1 : RM x R% — RN,
B : RM — R are both continuous, it is theoretically
proved that the open dynamical system,

{a(k +1) =nla(k), yr+1),

fo = Blath), 28

as shown in Figure 3, can be approximated with ar-
bitrary precision by a recurrent neural network [7,30].

Thus, the learning and generalization capability of re-
current neural network allows us to focus on the propa-
gation of parameters a(k) and dispense the complexity
of calculating the exact expression of orthonormal basis
functions. The entire framework of RNNSM is summa-
rized in Table 2.

Table 2
Framework of Recurrent Neural Network Spectral Method
(RNNSM)

1. Initialization:

(1) Input the functions ¢, I', h, and the covariance
matrices @, R in filtering system (1). Input a test
function f.

(2) Fix two positive integers K, N € N.

2. Likelihood approximation:

(1) Find an N-dimensional subspace Hx C £ (R%)
and an orthonormal basis {¢;}71 of Hx.

(2) Determine an element Zf\;l a;(y)¢: to approxi-
mate the likelihood functions.
3. Finite dimensional representation:

(1) Construct a finite dimensional subspace Vi,
spanned by Zg N = {(H?;ll(qﬁij]i)) up 1 1 <
k<K, 1<, i < N}, and choose an or-
thonormal basis {1; }]%, of V.

(2) Find an element py(z) = SN a;(k)i(z) to ap-
proximate the conditional density function 7,
with a(k) evolves according to (25).

4. Recurrent neural network approximation:

Train a recurrent neural network to approximate
the open dynamical system (28) and output fr
for each k > 1 as an estimation of f(zy) at time
step k.

4 Convergence Analysis

In this section, we will present the convergence results of
our proposed RNNSM. A proof of the main steps will be
given here with the most important ideas and insights,
while the details of the proofs can be found in Section 6,
after the numerical results.

For the purpose of a rigorous convergence analysis, in
addition to the stability assumption (Assumption 1), we
also need the following regularity assumptions on the
filtering system (1).

Assumption 2. The functional Fi : L2(RY) N
LY (RY) = L2(RY)NLL(RY) is bounded, i.e., there exists
a constant C > 1 such that

[F1(w)ll2 < Cllulle, [[F1(uw)lly < Cllully, (29)

holds for allu € L2(R?) N L1 (RY).



Assumption 3. For each k > 1, L > 0, and regular
observation trajectories {yx : k > 1} C AL, the unnor-
malized conditional pdf us, decays faster than |z|~% as
|z| — oo, i.e., there exist constants § > 0 and My > 0,
such that

up(z) < Colz|~ ) Vx| > My, k>1.  (30)
Assumption 4. For each L > 0, the functional
Fo(Fi1(),y) = LYRY) — LYR?) is coercive for all
y € PBr, in the sense that there exists a constant
0 < Cy <1 (which may depend on L) such that

[F2(Fr(w),y)llx = Cullulls, (31)
holds for allu € L} (R?),y € B

Assumption 3 and 4 are made on specific bounded ob-
servation trajectories. Because the convergence results
in this paper are obtained in the sense of mathematical
expectations, we also need the following assumption on
the entire set of trajectories, which indicates that most
of the observations we can obtain in practice will be reg-
ular.

Assumption 5. The observation process {y : k > 1}
of the filtering system (1) will remain in a large ball By,
with high probability, that is,

lim P {sup lyi| > L] =0. (32)
L—oo k>1

Also, the conditional pdf my is uniformly square inte-
grable, in the sense that there exists a constant My > 0,
such that

sup E [[lm[[3] < M < oo. (33)

Our main theorem in this paper is stated as follows:
Theorem 1. For a given nonlinear filtering system (1)
and a given test function f € L2(R?), under Assump-
tions 1 to 5, the solution of the filtering system (1) can
be approximated by the proposed RNNSM with arbitrary
accuracy. That is, for any € > 0, there exists an Nip-
dimensional system (28) such that

E[E[f(z)| Y] — Ba(k))| <,

where a(k) = [ai(k), - ,an, (k)]T € RN is the N;-
dimensional parameter which propagates according to
(28), and (3 is the output function illustrated in Figure 3.

VE>1.  (34)

The proof of Theorem 1 can be divided into two parts.
First, we use the theory of spectral methods to show
that Theorem 1 holds in a finite time interval 1 < k <
K, with a given K; € N, and then use the stability
assumption of the filtering system to prove that Theorem
1 holds on the whole timeline. The two parts of the proof
will be demonstrated in the following two subsections,
respectively.

4.1 Convergence analysis in a finite time interval

For a given terminal time K; € N, let us first deal with
the case on the time interval 1 < k < Kj. As in the
approximation procedure shown in Figure 2, we first es-
timate the differences between the unnormalized func-
tions wuy, Ur and vy, and then deal with the difference
between the normalized functions m and py.
Theorem 2. Let u = {uy : k > 1} be the unnormalized
conditional pdf evolving according to

ug+1 = Fa(F1(uk), yk+1), k>1 (35)
and let w = {ay, : k > 1} be the approzimated unnormal-
ized conditional pdf evolving according to (15).

Let Vv, = Span{Zr, n} be the finite-dimensional vector
space in RNNSM, and we need to introduce the following
distance assumption at this stage:

Distance Assumption. Assume that for regular ob-
servation trajectory {yr : 1 < k < K1} C %L, and for
each k, (1 < k < K;), the distance between the normal-
ized function N (i) and the finite dimensional space Vi,
is small, i.e., ¥ € > 0, there exist N € N and a finite-
dimensional space Vi, = Span{Zk, N}, such that,

dist(N (ax), Vn,) <€, V1 <k < Kj. (36)

Let {1}, be the orthonormal basis of Vi,, and v =
{vr : 1 <k < Kj} be the set of functions defined accord-
ing to (18) with parameters a(k) evolving as (20).

For sufficiently small e > 0, if we can choose N € N and
the finite-dimensional Vi, = Span{Zx, n} according to
Distance Assumption, such that (36) holds, then,

(i) Under Assumption 2, for each regular observation

trajectory {yr : 1 < k < K1} C AL, the following
estimation holds:

Jur — vell2 < 4eKCF 7 (lull2 + JJua 1)

(37)
with the constant C defined in (29).
(ii) Let us denote
eo £ 4eK1C™ 7 (Jualz + fJuallr) - (38)

Under Assumptions 2 and 3, for each reqular ob-
servation trajectory {yr : 1 <k < K1} C Ay, and

for € small enough such that M £ e, > > My,
with My defined in (30), we have
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Coc(d)> 6§,
(39)

| =

lur — velye<myll < <C(d)é +



for all1 < k < Ky, where C(d) > 0 is a constant
that only depends on d and Cy is the constant de-
fined in (30).

The detailed proof of Theorem 2 is presented in Section
6.1. Here, we would like to remark that the distance
assumption (36) in Theorem 2 naturally holds if we only
consider the finite time interval 1 < k£ < K7 with initial
value %; = uj, because y itself is an element in Vi, .
For the case k > K7, however, Distance Assumption
only holds under the stability property of the system,
which is shown later in Lemma 1 in Section 4.2.

With Theorem 2, we can derive the following two corol-
laries, which state the convergence of RNNSM in a fi-
nite time interval both for regular observation trajecto-
ries and in the sense of taking expectations. The proof of
these two corollaries are given in Section 6.2 and Section
6.3, respectively.

Corollary 1. Under Assumptions 2 to 4 and the addi-
tional distance assumption in Theorem 2, for each regu-
lar observation trajectory {yx : 1 < k < K1} C Ay, we
have for 1 < k < Ky,

s — Pkl{\z\gM}H2 =0 (66”25> ) (40)

as eg — 0, where e is defined in (38).

Remark 3. The truncated functions vilyz<ary (or
prl{jz|<ary) still lie in an Ny-dimensional vector space
which is spanned by {;l{jz<py : 1 < i < Ny} For
the rest of our discussion, we will not distinguish v
(and py) with the truncated functions vil{zj<ay (and
prl{jz|<ary), or simply make the assumption that vy
(and py ) vanish when |x| > M, because in our proposed
RNNSM, it is the coefficients a;(k) that are more impor-
tant, rather than the exact form of the basis functions.
Corollary 2. Under Assumptions 2 to 5, and the ad-
ditional Distance Assumption in Theorem 2, for 1 <
k < Ki, pr approximates Ty well in the sense that for
each € > 0, there exists an Ni-dimensional vector space
Vv, , such that the density function pi, € Vi, constructed
in RNNSM satisfies

E[||7Tlc_Pk1AkH2] <e V1<k<K, (41)

where A £ {sup, <<y, ly;| < L(€)} is the event contain-
ing observations with reqular trajectories up to time step
k, with L(€) a constant depending on e.

Remark 4. The meaning of pila, indicates that our
proposed filtering algorithm will only give responses to
reqular trajectories for practical use. In fact, since every
observation sensor has its own bandwidth or threshold, it
is supposed to report error when the bandwidth or thresh-
old is broken through, and therefore, it is reasonable to
consider the performance of filtering algorithms based on
only reqular observations. Moreover, just as we did in Re-

mark 3, we will not distinguish py, and prla, when there
in mo confusion.

4.2 Convergence analysis for the whole timeline

In this subsection, we will prove that Theorem 1 in fact
holds throughout the whole timeline under the stabil-
ity assumption of filtering systems. To this end, we will
first show that under Assumption 1, the Distance As-
sumption in Theorem 2 holds, i.e., for all k¥ > 1, the
normalized function N (@) is indeed close to the finite
dimensional space Vi, , when V; is sufficiently large.
Lemma 1. Under Assumptions 1 - 5, the normalized
function N (iig) can be approzimated well by elements in
Vi, the finite-dimensional vector space constructed in
RNNSM, for sufficiently large N1, in the sense that for
each € > 0, there exists Ko, Ng € N, such that

E”N('ﬁk) — 'UJk»”Q <e Vk>1. (42)
where wy, is the projection of N (i) onto the finite di-
mensional space Vi, = Span{Zx, N, }-

The technical and somewhat tedious proof of Lemma
1will be included in Section 6.4. We are now prepared to
present a comprehensive proof of Theorem 1.

Proof of Theorem 1. For each ¢ > 0, according to As-
sumption 1, there exists a constant Ky > 0, such that

v €
Eljmy —mxll2 < 3 (43)

for all k > K and initial values p,v € L2(R9).

In the meanwhile, according to Lemma 1 and the theory
of Kolmogorov n-width (11), for arbitrary ¢ > 0, there
exist Ko, N € N, such that

(i) There exists an N-dimensional subspace Hy C
£2(R7) such that || Fa(u, y) - Falu, )3 < €[lull3,
forally € B, u € L2(RY).

(ii) There exists a finite dimensional space V given by
V = Span{Zg, n}, such that E|N (i) — w2 <
¢, forall k > 1, where wy, is the projection of N (i)
onto V.

Let us take K = max{Ky, K1}, and define Vy, =
Span{Zk n}. Notice that according to the definition of
U in (15), the value of @y only depends on the coeffi-
cient N in Zg n, and is independent of the coefficient
K. Because V' C Vy,, we have

dist(N (@), Viv,) < dist(N (g), V) < €, (44)



Thus, according to Theorem 2 and Corollary 2, we can
choose sufficiently small ¢’ in (44), such that the ap-
proximated conditional pdf p; € Vj, obtained through
RNNSM (28) satisfies

€
Eflme = prllzl < 5, V1< k< K. (45)

which proves the convergence result for 1 < k < Kj,
since K1 < K.

For k > K7+ 1, consider the exact solution to the filter-
ing system, @ = {7; : k — K1 < j < k}, on the interval
[k — K3, k], with initial value 7j_k, = pr—xk,. On the
one hand, because of the filtering stability, 7 is close to
m; on the other hand, because the initial value 7,_ g,
is equal to px_K,, the convergence result in the case of
finite time interval also implies that 7y is close to pg. In
fact, combining (43) and (45), we have

Efllme — prlle] < Ellpr — Tell2 + Ell7e — mill2 <€
46)
At last, for each f € L2(R?), according to Cauchy-
Schwartz inequality,

E[E[f(2x)|Vi] = Bla(k)| < Ellfll2llme = prllz < €l fll2-

which is the desired result. O

Finally, we would like to give a rough estimation of the
convergence rate of RNNSM. On the one hand, according
to the Kolmogorov n-width theory [29], the convergence
rate in (11) with respect to N is exponential. On the
other hand, according to the filtering stability theory
[3], for a quite general class of stable filtering systems,
the convergence rate in (16) with respect to K is also
exponential. In the meanwhile, even if we do not consider
the potential linear dependence of functions in Zx n, the
dimension Nj of Vi, not bigger than N¥ which is the
cardinality of T n.

Therefore, in order to obtain an error bound € > 0, N
and K only need to be of order log (%), as e — 0, and the
relationship between € and the number of basis functions
Ny (§ NK) can be roughly estimated as

Ca
log Cq1 +log log(%)

e< N (47)
for some constants C7,Cy > 0, corresponding to the
smoothness of likelihood functions and the stability of
the filtering system, respectively. Although the denom-
inator in the exponential on the right-hand side of (47)
contains a term loglog (1), which will tend to infinity as
e — 0, yet for practice, it is more reasonable to regard
this term as a constant, because log log (%) < 4, even if
we take e = 10716,
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Therefore, for filtering systems with high stability,
RNNSM also enjoys a high convergence rate with re-
spect to the number of basis functions Nj, which is
often referred to as spectral accuracy [33].

5 Numerical Results
5.1 Neural network architecture

The RNN architecture of RNNSM is as follows [13]:

’ (48)

ar+1 = P (Gr, Yrt1;01) ,
f(zr) =T (ax; 02),

where 6§ = [01, 03] represents all the trainable parame-
ters. As an approximation to the open dynamics (28), ®
represents three-layered feedforward network with one
input layer, one hidden layer with [ neurons and one out-
put layer, I" is a linear function with input dimension [
and output dimension is equal to the dimension of f(x).
Remark 5. Here in (48), a generic RNN architecture
is presented, and hereafter in this paper, we will apply
this generic RNN to conduct our proposed RNNSM. In
the meanwhile, other RNN architectures, such as long-
short term memory (LSTM) [15] and gated recurrent
unit (GRU) [8], mathematically share the same expres-
sion as (48). Therefore, it is straightforward to replace
the generic architecture by these variants of RNN, and
may result in an improvement in the training speed and
performance. For applications, finding the most suitable
network architecture for our proposed RNNSM is also a
promising direction, and is left for future work.

Since the optimal estimate of the statistics f(xy) (and
the exact solution of filtering problem) is E [f(xg) | Vi ],
we aim to minimize

1 K 2
Lo(0) = B | 3 [Fl@n) ~ E (o) 1) ] ,
k=1

(49)
where K; € N is the total time step in training.
However, we cannot obtain the data of E[f(zk)|Vk]
using filtering system. One key observation is that

Ellf(ee) — fer)’] = Ellf(ze) — Elf (o) Vell] +
E(|E[f(zx)|Vk] — f(zx)|?]. Therefore argmingLo(f) =
argming L(6), where

102 B (> f<xk>—f<xk>\2]. (50)
k=1

It means that the training data we used are {yx, f (1)} 12,
which can be easily generated from the system (1),
rather than using the unavailable E [f(z)) |Vk]. In real
computations, the expectation in L(6) is approximated



by the average of the results of a large number of trials,
and hence the loss function is defined as follows:

Ky, K;
A 1 2

23S e - Faewy)

j=1k=1
(51)
where f(zx)(w;) is the output of RNNSM with input
yr(wj), and K, K are the total time steps and the num-
bers of Monte Carlo paths in training, respectively.

L(Kz)(g)

Training data is crucial for the RNNSM. If we know the

system dynamics in (1), we can generate synthetic data
K

{{wei) J@) @)} 2y}~ by simulating these dy-
Jj=1

namics. Classic filtering algorithms like PF and EKF also
require knowledge of these system dynamics. Without
this knowledge, EKF and PF cannot be applied. When
real-world data is available, we collect observations from
sensors or measurement devices in the system. Some-
times, relevant datasets are available from public repos-
itories or previous studies. For example, in stock price
prediction, historical price data can be used [9)].

The detailed steps of the implementation of RNNSM and
the training procedure of the RNN architecture (48) are
listed in Algorithm 1.

Algorithm 1 Implementation of Recurrent Neural Net-
work Spectral Method

Off-line algorithm: Training RNN
(1) Input the parameters including: batch size M;
total epochs I; hidden layer neurons [; learning

rate .
(2) Input synthetic training data or real-world data

(). Fan @), )

(3) Train RNN with the following procedure. Record
the trained RNN with parameter 6.
fori=1,...1 do

M
1 Sample batch { {(y+, (), fre)(@ )}
from the training data;

2. Compute loss L(M)(6) via (51);
3. Update 6 via 6 < 0 — AV, L(M)(9).
end for

Online algorithm: Implementation of RNNSM
while time step £ > 1 do
(1) Input the observation yy to the trained RNN
with parameter 6.
(2) Record the output fr from the RNN as the so-
lution of the filtering problem (i.e. the estima-
tion to f(xy)) at time step k.
(3) Update k + k + 1.
end while

For selecting the hyperparameters in RNNSM, we ap-
proximate the true loss function using sample paths in
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the training set via Monte Carlo methods, choosing over
1500 paths. The batch size, which affects training speed,
ranges from 32 to 512. The number of hidden neurons
[, learning rate, and total epochs significantly influence
the results. The parameter [ impacts the model’s ap-
proximation capability: if too small, it fails to capture
filtering information; if too large, it slows convergence.
An appropriate [ is proportional to the linear or squared
dimensionality of the state d. A learning rate between
107° and 1073 is suitable, and the total epochs should
range from 1500 to 5000.

In order to compare the performance of different meth-
ods, we introduce the Mean Squared Error (MSE) and
the Mean Error at time k& (MEy) based on 100 realiza-
tions, which are defined as follows:

100 K

1 1 D _ o]
msp 2 LSS0 G0
100 — K+1 = 52)
LSS0 -0
N l N
MEk- = m ; ‘wk — xk s
where xg) is the real state at time instant k£ in the [-

th experiment and ig) is the estimation of x,(cl),

0 <k < K, where K € N is the total time step.

with

In the following numerical illustrations, we evaluate the
efficacy of RNNSM compared to EKF and PF. All exper-
iments were conducted on NVIDIA RTX2060 GPUs and
a computational platform with 16 Intel Core i7-10700
CPUs at 2.90 GHz. RNNSM is implemented using Py-
Torch, while EKF and PF use NumPy. 3

5.2  Ezample 1

The numerical example we consider in this paper is the
following discrete filtering system:

{ka = (Iqg+ aAy)zk + acos(zk) + vg, (53)

yr = h(zk) + wg,

where h(z) = afz3, -, 23] ", k=1,--- | K with K =
1000, o = 0.01, the initial state z; follows N(0, I;) with
identity matrix I, € R4 d = 10, {v, }H< | and {w; }H |
are mutually independent Gaussian random vectors with
zero means and covariance matrices E [vkv;—] = 0.0114

3 The codes of the following numerical examples are avail-
able on the server at Beijing Institute of Mathematical Sci-
ences and Applications (BIMSA). Readers with interests
in the implementations of RNNSM may contact the corre-
sponding authors to get access to the codes for academical
use.



and E [wkwﬂ = 0.0114, and Ay = [a;;] is a matrix with
0.5, ifi+1 =7,

elements as follows: a;; = ¢ —1, if i = j,

0, otherwise.

Here, we compare the RNNSM with the classic EKF
and PF. The initial mean and covariance of EKF are 0
and I, respectively. The parameters used in RNNSM is
listed in TABLE 3.

Table 3
The parameters of RNNSM used in the three numerical ex-
amples.

Parameters Ex. 1 Ex. 2 Ex. 3
paths in training set 1500 1500 1500
paths in test set 100 100 100
activation function ReLU ReLU ReLU
optimizer Adam Adam Adam
total epochs 1 2000 2000 2000
batch size M 256 64 64
hidden layer neurons [ 70 450 20
learning rate 0.0005 0.0001  0.0005

We first set the training step of RNNSM to K; = K =
1000 and Npp, the number of particles of PF to the
set {100, 500, 1000, 1500, 2000, 2500, 3000}. The perfor-
mance of the three algorithms based on 100 experiments
is shown in TABLE 4. It can be seen that RNNSM is
the fastest, its running time being only 2.8% of that of
the simple EKF. This is because the training session of
RNNSM is done offline and we only need to run a sim-
ple RNN with [ = 70 hidden layer neurons.The MSE of
RNNSM is almost similar to that of PF with 3000 par-
ticles, while the running time of RNNSM is only 2 %o0
of that of PF. Considering the trade-off between MSE
and computational time, RNNSM gives the best result.

Table 4
The average performance of different methods based on 100
simulations for system (53) in example 1.

Method H Number of particles [ MSE [ Running time (s)
EKF \ 1.5868 0.0423
RNNSM \ 1.5083 0.0012
1000 1.5483 1.9689
PF 2000 1.5185 4.4508
3000 1.5070 6.2048

The MEy, of different algorithms are displayed in Fig.
4. As time k goes on, the errors MEy, tend to be stable.
RNNSM and PF with 3000 particles have similar per-
formance and outperform the other algorithms. The sta-
bility of MEy partially verifies that the filtering system
(53) possesses the stable property stated in Assumption
1. Because as an empirical realization of statistics, for
large k1, ko > 1, MEy, and MEy, can be regarded as the
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mean error at the same time Ky, with different initial
distributions m, — g, and 7y, _k,. The stability of MEj
thus, to some extent, validate the capability of filtering
system (53) to ‘forget’ initial values.

3.00 4
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2751 \‘ tasd o Nee PF_1000
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R R 140 ‘//V\’\v-\ /. PF_3000
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Fig. 4. The MEx of RNNSM, EKF and PF. PFy represents
the estimate by PF with N particles.

Next, we train RNNSM with training step K; €
{50,200, 400, 600, 800, 1000} and test it with K = 1000
steps. The result is shown in Fig. 5. For this filtering
system with stability property, the 1000-time-step MSE
of RNNSM starts to approach the theoretical bound
obtained by particle filters with training data of only
400 time steps. This numerical result verifies that we
can train the RNNSM with temporal data generated
through a short period of time while implementing it
for a much longer period of time, which coincides with
the construction procedure of the finite-dimensional
vector space Vi, in Section 3 and our theoretical result
obtained in Section 4.

5.3 Ezample 2

We consider system (53) with dimension d = 50. The
other settings are the same as that of (53). The param-
eters used in RNNSM are listed in TABLE 3. Let parti-
cle number Npp € {10000, 50000,90000}. The detailed
MSE based on 100 experiments can be found in Table
5. It can be found that RNNSM shows apparent advan-
tages over EKF and PF from both accuracy and com-
putational time in this high-dimensional example.

5.4  Ezample 3
We consider the following discrete system:

{$k+1 = p(xr) + v (54)

Y1 = h(@pt1) + Wi’

—— RNNSM
—e- EKF

T T
400 600
Training steps

Fig. 5. The MSE of RNNSM with different training steps.



Table 5

The average performance of different methods based on 100

simulations for system (53) in example 2.

Method H Number of particles [ MSE [ Running time (s)
EKF \ 3.7149 0.2795
RNNSM \ 3.3201 0.0009
10000 3.8508 96.6163
PF 50000 3.6870 440.1928
90000 3.6466 1093.7228

where v, ~ N(0, I), wi ~ N(0,0.0113),

 h(z) = [‘“f?] ,
L3

the initial state follows N'(my, I3), with m; = [1,1]T,
and 1 < k < K = 100. The initial mean and covariance
used in EKF and PF are [0,0]" and I, respectively.
The initial hidden state of RNNSM is a zero vector and
parameters used in RNNSM are listed in TABLE 3.

3
—x5

— 5 — 02172
2
(p(SC) = L+ 5$1$2

_4+x%+x%

The estimation results of the EKF, PF, and RNNSM are
displayed in Fig. 6a-6b. It is observed that RNNSM can
track the real state well, EKF completely fails and PF
suffers from particle degeneracy and cannot output effi-
cient numerical results in some experiments. For exam-
ple, in Fig. 6b, the estimation of PF disappears around
instant 70 in this experiment. This conclusion is also
supported by Fig. 6¢, which presents the MEy, based on
100 experiments. Detailed MSE and computation times
can be found in TABLE 6.

Table 6
The average performance of different methods based on 100
simulations for system (54).

Method H Number of particles [ MSE [ Running time (s)
EKF \ \ 0.0033
RNNSM \ 0.4250 0.000049
500 \ 0.0590
PF
800 \ 0.0720

5.5 Discussion

Theoretically, PF demonstrates a promising characteris-
tic whereby, under certain assumptions, the mean square
error between the optimal estimate of a test function
and its PF estimation converges to zero at a rate of
1/Npr [11]. Consequently, the PF estimation can be con-
sidered approximately optimal when Npr is sufficiently
large.

While both PF and RNNSM can achieve arbitrarily
small estimation errors when functioning optimally,
the distinction lies in their underlying mechanisms. PF
relies on finite stochastic particles to approximate the
posterior density function of the state, whereas RNNSM
employs finite basis functions, akin to the finite neurons
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in its hidden state, to perform the same approximation.
Notably, RNNSM leverages supervised learning princi-
ples, optimizing the finite neurons in its hidden state to
refine its estimation.

In practical terms, simulations reveal a substantial time
advantage for RNNSM over PF, particularly when aim-
ing for comparable accuracy. This efficiency stems from
RNNSM’s offline training step, which contrasts with
the real-time nature of PF’s operation. Thus, while
both methods may converge to similarly accurate esti-
mates, RNNSM offers a more computationally efficient
approach, making it a compelling choice in real-world
applications.

6 Detailed Proofs of the Convergence Results
6.1 Proof of Theorem 2

Proof of Theorem 2. (i) For the L£?norm estimation
(37), the difference between uy, and v, can be estimated
by [u = vlla < flur — @iz + l[ar = vkll2.

For 1 < k < Ky — 1, the difference between 4, and uy
satisfies

luk+1 — Urtll2
<[ Fo(Fr(ur), yrs1) — Fo(Fr(n), yrs1)ll2

+ | F2(Fr (@), Y1) — Fo(Fi(in)s 1)l

Because exp(—i(y — h(z))"R™'(y — h(z))) < 1,

[ Fo(Fi (ur)s yrt1) = Fo(Fi (k) yrt1) |2 < Ollu— |2,
where the second inequality holds by Assumption 2.

Next, according to (14), for any € > 0, there exists

N € N, such that the approximation functional F, cor-
responding to N satisfies

1 F2(u,y) = Fa(u,y)ll2 < €fjulla, (55)
for all y € B, v € L2(RY), and thus,

[ F2(Fi(itn), yrs1) — Fa(Fi(ir), yrr1)|la < Cellii]|2

holds for each regular observation trajectory {yx : 1 <
k< K;} C Ayr. Hence,

lurr1 = rgallz < Cllur — all2 + ellgl[2).  (56)

Inductively, we have ||ur — g2 < 625;11 CI||tug—j]|2-

Finally, let us estimate the £2-norm of the approximated
solution g, for 1 < k < Kj.
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Fig. 6. Estimation results of the EKF, PF and RNNSM for the example (54).

Note that, [ixllz = [ Fa(Fi(ax),ys)| < CO1+
e)lltk]l2, and [Jakl2 < C*HL+ ) Hulla, 1 < & <
Kl. For all 1 S k S Kl,

Kqi—2

g, — @kllz < eCF7E N7 (14 €) -

7=0
Since Z i+l = Y1+ eft 1), and for
sufficiently bmall €, for example 0 < € < ==, we have

(14 ¢)K171 <1+ 3(K; — 1)e, and thus,

g — ik ll2 < 3e(Ky — 1)CT  Hulla,  (57)

foralll <k < Kj.

Next, we need to estimate the norm |dy — vg||2. Let us

denote by wj, the projection of N (@) onto the finite

dimensional space Vi, , then for all 1 < k < K,
HN(’LNL]C) - wng = dlSt(N(fL

k)7VN1) <€ (58)

Since @y, = |1y |1 N (@ig ), the function @y = ||| 1wy, is
also the projection of 4y onto Vy,. The idea is to track
the evolution of the difference vy, — wy,.

Firstly, since Wy is the projection of uy on Vu,, we
have for all 1 S ) S Nl, <u~)k+1,'¢)i> = <ﬂk+1,1/)7;> =
(Fa(Fi(tn), yr+1), i) Because Wy, vy € Vi,

Ny
Diet1 = Okp1 = ) _(Fa(Fu (@ — Br)s yira), i)
z:lN1 )
+ ) (o Fr (B — vi), Yrr), i) i
=1

According to Bessel’s inequality,

[ rs1 — Vgl < |1 F2(Fr(ie — Wk), Yrr1) |2

= N (59)
+ [|F2(Fi(0r — k), Yrt1) l|2-

14

With Assumption 2 and the condition (55), |[@Wk41 —
Utz < C( +€) (||lax — ﬁ)k||2 + ||k — vgl|2). Induc-
tively, we have [|wy, —v|[2 < 355 MlCh (14 ek |a; —
Wj |2 Thus, for 1 < k < K;,

k
o — vl < 37 CFI(1+ R — gl (60)
j=1
According to (58), [|t; —w;ll2 = [[a;{|1 |V (%;) — wjl2 <
€||@ 1, and for all 1 < k < K3
iy — < K 0K (1 4 g0t
[ir — vill2 < €Ky (1+e) (w1 (61)

S 46K10K1_1||’LL1||1,

Therefore, [ur — vill2 < [lup — Gkll2 + [lar — vkl2 <
4eK1 CE =1 ([Jug |2 + [ [l1).-

(ii) For the £!'-norm estimation (39), note that
llur—vkLgjeoi<ary [

:/ |ug —Uk|dx—|—/ urdx.
|z|<M |z|>M

According to Cauchy-Schwartz inequality and (1),
—plde < C(d)e T — C(d)bertD.

(62)

Jiaj<ar [

For the integration outside the ball {z € R? : |x| < M},
according to Assumption 3,

CO 1 -2¢
updx S/ = CoC .
/z|>M : |z|>M |$|d+6 S )6 0

Thus, we obtain the desired result.

6.2 Proof of Corollary 1
Proof of Corollary 1. Firstly, with Assumption 3,

lur — velgjzi<myll2

Co 3
< U — Vg 2da:+/ < ) dm) .
(/x|§M | | |z|>M |~T|d+5



According to (37), which is the first result of Theorem

2
2, luk — vill2 < €0, and M = €, “**°, thus

C20(d)\ ?
it ) o (63

||u;€ — 'Ukl{lzr\SM}H2 < (1 +

Moreover, since |[ug|l1 > CF uglly > CE 7 u ||y by

(31), [lukllz < C* Huallz < CF"Hua[l2 by (29) and

according to Theorem 2,

1 _25
||uk—vk1{|z‘§M}H1 < (C(d)é-i-é.CoC(d))EéH%, (64)
for all 1 < k < K3, then for sufficiently small ¢y > 0,

loelgoi<antlls = 3CT  Hulls [loklqe<anllz <
20K1=1||luy ||2. Hence,

7% — prlfjz|<nryll2
< vk Lz <any 2wk — vilgei<an s

vk L1z <nry |1l s
l[ur — vlgjzj<nryll2
(| wrllx

4 Ki—1 1 1 _25
A0 el (C(d)z + 5000(d>>eg+25

LA PHTE
1 CQC(d))é
+ 1+ 0 €
cf“—lulnl( d+25 ) "

_25
which is of order O (65’*25) as g — 0. O

6.3  Proof of Corollary 2

Proof of Corollary 2. According to Assumption 5,
for each € > 0, there exists L(e) > 0 such that

P {sup lyk| > L(e)] < ﬁ, with M; defined in (33).
k>1

According to Corollary 1, there exists an Ni-dimensional
space V, and py, € Vi, obtained by RNNSM, such that
|7k — prll2 < §, for all 1 < k < K; and almost surely in
the event Ay. Since E [||m1[|3] < My, we have

€
E (Im = pila, 2] < SP(AL) +E [ImelloLag

62
M- =
Yan, ~©

€ €
< 2+ ElmIBIP(AD) < 5+
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6.4 Proof of Lemma 1

Proof of Lemma 1. The idea of the proof is to find an
element wy, in Vy, using Assumption 1 for each k > 1,
such that the distance between wy, and N (1) is smaller
than e, then with the property of the projection, (42)
holds for all £ > 1.

Step 1: To this end, we first show that for each € > 0,
there exists N € N, such that E[||N (ax) — ml2] < £,
V k > 1. In fact, for an arbitrarily given € > 0, under
Assumption 1, there exists a constant Ky > 0, such that
E|r) — nfll < §, for all initial distributions p,v €
L2(RY), and k > Ko + 1.

Notice that the additional Distance Assumption only
make sense when we consider the approximation results
for vy and pg, which are elements in the finite dimen-
sional space Vi, . Without the Distance Assumption, for
this constant Ky chosen above, we can still derive the
following estimation of the distance between A (@) and
s

V1<k< Ko,

E IV (@) — mll2] < (65)

€
6 )
because the estimation (57) in the proof of Theorem 2
is independent of the Distance Assumption.

Now, for each k > Ky + 1, let us consider the exact
solution of the filtering problem, 7 = {7; : k— Ko < j <
k}, on [k— Ky, k], with initial value 7, g, = N (Gp—k,)-
According to the result (65), E [NV (tx) — 7xll2] < §-

In the meanwhile, since 7 evolves according to the exact
solution of the filter system, E||7x, — m|l2 < &. Thus, for
all k> 1, BN (i) — mel2 < E|N (i) — 72 + E|| 75 —
7Tk||2 < §

Step 2: Let Vy, = Span{Zk, n} be the finite dimen-
sional space in the RNNSM, and Ny is the dimension
of Vi,. In this step, we would like to find an element
wg, € Vi, foreach k > 1, such that E||A (ag) —wg||2 < €.

For 1 < k < Ky, according to our construction of Vy,,
the function uy, is inside the finite dimensional space Vi,
and we can take w, = N (). For k > Kg + 1, Step
1 shows that E||N (i) — /|2 < §. In the meanwhile,
Ellm, — Tr,ll2 < §, because we can regard 7, and 7y,
as the exact solution of the filtering problem at time K,
with initial value m,_k,+1 and 7. Therefore,

E[N (i) — N (tx,)|l2 < E[N (ir) — mxll2+
Bl — Tr, |l2 + Ellmx, — N(tix,)ll2 < e.

Since g, € Vi, and N (ik,) is only a scaling of G,
we may take wy = N (lg,) and we obtain the desired
result. O



7 Conclusion

In this paper, we propose a novel RNNSM to numeri-
cally solving stable nonlinear filtering problems. Heuris-
tically, the introduction of RNN allows us to construct a
finite-dimensional space which inherits the structure of
specific filtering systems and improve the approximation
efficiency in comparison with classical spectral meth-
ods. The effectiveness of the proposed RNNSM is ver-
ified both theoretically and numerically. The thorough
convergence analysis of RNNSM also serves as a mathe-
matical interpretation of the deep learning procedure of
RNN when dealing with temporal data.

As is shown in the construction of the finite-dimensional
vector space Vpy,, the approximation efficiency of
RNNSM depends on the efficiency of using vector space
to approximate likelihood functions and the decay rate
of the dependency of conditional distribution m; on
initial values.

The former one, according to the theory of Kolmogorov
n-width, depends on the observation function h(z). A
possible direction for further studies may be the specific
dependence of the subspace approximation efficiency (or
the convergence rate of (11)) on the type of observation
function h.

The latter one corresponds to the well-known ‘curse of
memory’ when implementing recurrent neural network
in practice [22]. Therefore, RNNSM is proposed only for
filtering systems with additional stability properties or
problems in finite time. In both cases, the target out-
put of the recurrent neural network, i.e., the conditional
expectations of the state process do not preserve long
memory of the observations.
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