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Abstract

The exponential stability and the concentration properties of a class of extended
Kalman-Bucy filters are analyzed. New estimation concentration inequalities around
partially observed signals are derived in terms of the stability properties of the filters.
These non asymptotic exponential inequalities allow to design confidence interval type
estimates in terms of the filter forgetting properties with respect to erroneous initial
conditions. For uniformly stable and fully observable signals, we also provide explicit
non-asymptotic estimates for the exponential forgetting rate of the filters and the
associated stochastic Riccati equations w.r.t. Frobenius norms. These non asymptotic
exponential concentration and quantitative stability estimates seem to be the first
results of this type for this class of nonlinear filters. Our techniques combine y-square
concentration inequalities and Laplace estimates with spectral and random matrices
theory, and the non asymptotic stability theory of quadratic type stochastic processes.
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1 Introduction

The linear-Gaussian stochastic filtering problem has been solved in the beginning
of the 1960s by Kalman and Bucy in their seminal articles [7, 8, 21]. Since this period,
Kalman-Bucy filters have became one of the most powerful estimation algorithm in
applied probability, statistical inference, information theory and engineering sciences.
The Kalman-Bucy filter is designed to estimate in an optimal way (minimum variance)
the internal states of linear-Gaussian time series from a sequence of partial and noisy
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measurements. The range of applications goes from tracking, navigation and control to
computer vision, econometrics, statistics, finance, and many others. For linear-Gaussian
filtering problems, the conditional distribution of the internal states of the signal given
the observations up to a give time horizon are Gaussian. The Kalman-Bucy filters coincide
with the evolution of the conditional averages of some Gaussian distributions and the
associated Riccati equation coincide with the conditional covariances error matrices of
these conditional Gaussian distributions.

Using natural local linearization techniques, Kalman-Bucy filters are also currently
used to solve nonlinear and/or non Gaussian signal observation filtering problems. The
resulting Extended Kalman-Bucy filter (abbreviated EKF) often yields powerful and
computational efficient estimators. Nevertheless it is well known that it fails to be
optimal with respect to the minimum variance criteria. For a more thorough discussion
on the origins and the applications of these observer type filtering techniques we refer
to the articles [25, 33, 34] and the book by D. Simon [32].

There is a vast literature on the applications and the performance of extended Kalman
filter, most on discrete time filtering problems, but very few on the stability properties,
none on the exponential concentration properties.

In the last two decades, the convergence properties of the EKF have been mainly
developed into three different but somehow related directions:

The first commonly used approach is to analyze the long-time behaviour of the
estimation error between the filter and the partially observed signal. To bypass the
fluctuations induced by the signal noise and the observation perturbations, one natural
strategy is to design judicious deterministic observers as the asymptotic limit of the
EKF when the observation and the sensor noise tend to zero. As underlined in [6], in
deterministic setting the original covariance matrices of the stochastic signal and of the
observation perturbations are interpreted as design/tuning type parameters associated
with the confidence type matrices of the trusted model and the confidence matrix of
associated with the measurements.

For a more detailed discussion on deterministic type observers as the limit of filters
when the sensor and the observation noise tend to zero we refer the reader to the
seminal article [3] and the more recent study [6]. Several articles proposed a series
of observability and controllability conditions under which the estimation error of the
corresponding discrete time observer converges to zero [3, 5, 33, 34]. These regularity
conditions allow to control the maximal and the minimal eigenvalues of the solution of
the Riccati equations (and its inverse).

One of the drawbacks of this approach is that it gives no precise information on
the stochastic EKF but on the limiting noise free-type deterministic observer. On the
other hand, up to our knowledge there does not exist any uniform result that allow to
quantify the difference between the filter and its asymptotic limit with respect to the
time parameter. Another drawback is that the initial estimation errors need to be rather
small and the signal model close to linear.

In general practical and stochastic situations, mean square errors do not converge
to zero as the time parameter tends to co. The reasons are two folds: Firstly, the
observation noise of the sensors cannot be totally cancelled. On the other hand the
internal signal states are usually only partially observed, and some components may not
be fully observable.

A second closely related strategy is to design a Lyapunov function to ensure the
stochastic stability of the EKF. Here these Lyapunov functions are expressed in terms
of the inverse of the Riccati equation. These stability properties ensure that the mean
square estimation error is uniformly bounded w.r.t. the time horizon [3, 22, 27, 28]. The
regularity conditions are also based on a series of local observability and controllability
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conditions. As any variance type estimate, these mean square error control are somehow
difficult to use in practical situations with rather crude confidence interval estimates.

The third and more recent approach is based on the contraction theory developed
by W. Lohmiller and ].J.E. Slotine in the seminal articles [23, 24], and further developed
in [6]. This approach is also designed to study deterministic type observers. The idea
is to control the estimation error between a couple of close EKF trajectories in a given
region w.r.t. the metric induced by the quadratic form associated with the inverse of
the solution of the Riccati equation. This approach considers the partially observed
signal as a deterministic system and requires the filter to start in a basin of attraction
of the true state. In summary, these techniques show that the observer induced by
the EKF converges locally exponentially to the state of the signal when the quadratic
form induced by the inverse of the Riccati equation is sufficiently regular and under
appropriate observability and controllability conditions.

The objective of this article is to complement these three approaches with a novel
stochastic analysis based on exponential concentration inequalities and uniform y-square
type estimates for stochastic quadratic type processes.

Our regularity conditions are somehow stronger than the ones discussed in the above
referenced articles but they do not rely on suitable local initial conditions nearby the true
signal state. Last but not least our methodology applies to stochastic filtering problems,
not to deterministic type observers.

In our framework the signal process is a uniformly and exponentially stable Langevin
type diffusion, and the sensor function is the identity matrix up to a change of basis.

In this apparently simple nonlinear filtering problem, with strong stability and ob-
servability conditions, the quantitative analysis of the EKF exponential stability is based
on sophisticated probabilistic tools. The complexity of these stochastic processes can
be measured by the fact that the EKF is a nonlinear diffusion process equipped with
a diffusion correlation matrix satisfying a coupled nonlinear and stochastic Riccati
equation.

This study has been motivated by one of our recent research project on the refined
convergence analysis of Ensemble type Kalman-Bucy filters. To derive some useful
uniform convergence results with respect to the time horizon we have shown in [16] that
the signal process needs to be uniformly stable and fully observed by some noisy sensor.
These rather strong conditions cannot be relaxed even for linear Gaussian filtering
models. We plan to extend these results for nonlinear filtering models based on the non
asymptotic estimates presented in this article.

In this context we present new exponential concentration inequalities to quantify the
stochastic stability of the EKF. They allow to derive confidence intervals for the deviations
of the stochastic flow of the EKF around the internal states of the partially observed
signal. These estimates also show that the fluctuations induced by any erroneous initial
condition tend to zero as the time horizon tends to +oo.

Our second objective is to develop a non asymptotic quantitative analysis of the
stability properties of the EFK. In contrast to the linear-Gaussian case discussed in [16],
the Riccati equation associated with the EFK depends on the states of the filter. The
resulting system is a nonlinear stochastic process evolving in multidimensional inner
product spaces. To analyze these complex models we develop a stability theory of
quadratic type stochastic processes. Our main contribution is a non asymptotic L,-
exponential stability theorem. This theorem shows that the IL,-distance between two
solutions of the EKF and the stochastic Riccati equation with possibly different initial
conditions converge to zero as the time horizon tends to +00. We also provide a non
asymptotic estimate of the exponential decay rate.

The rest of the article is organized as follows:
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In the next two sections, Section 1.1 and Section 1.2, we present the nonlinear
filtering models discussed in the article and we state the main results developed in this
work. Section 2 is concerned with the stability properties of quadratic type processes.
This section presents the main technical results used in the further development of the
article. Most of the technical proofs are provided in the appendix. Section 3 is dedicated
to the stochastic stability properties of the signal and the EKF. The end of the article is
mainly concerned with the proofs of the two main theorems presented in Section 1.2.

1.1 Description of the models

This section presents the nonlinear filtering models in this article. We also discuss
and illustrate our regularity conditions with several classes of Langevin type signal
processes partially observed by noisy sensors.

Consider a time homogeneous nonlinear filtering problem of the following form

and we set F; = o (Y, s < t). (1.1)

dX, = A(X,)dt + RY*dw,
dY, = BX;dt + Ry*av,

In the above display, (W, V;) is an (r; + r2)-dimensional Brownian motion, X is a
ri-valued Gaussian random vector with mean and covariance matrix (IE(Xy), Py) (inde-
pendent of (W;, V})), the symmetric matrices Ri/ % and R;/ ? are invertible, B is an (roxry)-
matrix, and Yy = 0. The drift of the signal is a differentiable vector valued function
A : reR"™ — A(r) e R™ with a Jacobian denoted by dA : z € R™ — 0A(x) € R *m),

The Extended Kalman-Bucy filter associated with the filtering problem (1.1) is defined
by the evolution equations

dX, = A(X,) dt+ P,B'Ry" [dYt - Bf(tdt] with Ko = B(Xo)
P = aA()A(t)Pt + PtaA()A(t)' + Ry — PSP, with §:= B’R;lB (1.2)
where B’ stands for the transpose of the matrix B. For nonlinear signal processes the ran-

dom matrices P; cannot be interpreted as the error covariance matrices. Nevertheless,
rewriting the EKF in terms of the signal process we have

AdX,— X)) = [(AX) — A(X,)) — PS(X, — X)) dt + Ry /2dW, — P,B'Ry“*av,

Replacing (A(X;) — A(X;)) by the first order approximation dA(X,)(X; — X;) we define
a process

dX, = [0A(X,)— PS|X, dt+ R;"*dw, — P,B'R;"aV,

W 10A(X,) — PSIX, dt + (R, + P.SP)Y? dW,

for some Brownian motion Wt independent of )A(t. It is a simple exercise to check that
the solution of the Riccati equation (1.2) coincides with the F;-conditional covariance

matrices of )Aft; that is, for any ¢t > 0 we have P, = E <)~(t)~(t’ | ]—"t>.

1.1.1 Langevin-type signal processes

In the further development of the article we assume that the Jacobian matrix of A
satisfies the following regularity conditions:

—Xoa = Supgegpn p(0A(z) + 0A(z)) <0
(1.3)
[0A(z) — 0A(y)| < koallz—y| for some kpa < co.
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where p(P) := A\ (P) stands for the maximal eigenvalue of a symmetric matrix P.
In the above display |0A(x) — dA(y)| stands for the Ly-norm of the matrix operator
(0A(z) — dA(y)), and ||z — y| the Euclidean distance between x and y. A Taylor first order
expansion shows that

(1.3) = (z —y, A(z) — A(y)) < =4 |z —y|* with Ag = Xsa/2 > 0. (1.4)

The above rather strong conditions ensure the contraction needed to ensure the
stability of the EFK. They are also used to derive uniform estimates w.r.t. the time
horizon for Ensemble Kalman-Bucy particle filters [15]. For linear systems A(z) = Az,
associated with some matrix A, the parameters A4 = \y4/2 coincide with the logarithmic
norm of A. We also highlight that the second Lipschitz condition of (1.3) will be used in
Theorem 1.2.

The prototype of signals satisfying these conditions are multidimensional diffusions
with drift functions (4, 0A) = (—0V, —d%V) associated with a gradient Lipschitz strongly
convex confining potential V : x € R™ — V(z) € [0, co[. The logarithmic norm condition
(1.3) is met as soon as 02V = v Id with v = 2|\;4|. Equivalently the smallest eigenvalue
Amin(02V(z)) of the Hessian is uniformly lower bounded by v. In this case (1.3) is met
with A\s4 = v/2. These conditions are fairly standard in the stability theory of nonlinear
diffusions, we refer the reader to the review article [26], and the references therein.
Choosing R; = 0? Id and A = —(30V, for some (3,01 > 0 the signal process X; resumes
to a multidimensional Langevin-diffusion

dX, = —B V(X,) dt + o1 dW,. (1.5)

This process is reversible w.r.t. the invariant distribution ug, where g is the probability
distribution on R™ given by

pp(dr) = ‘;/5 exp (—i?l)(x)) dr with Z5 = j exp (—i?V(x)) dx €]0, oof.

In the above display dx stands for the Lebesgue measure on R™. The Lipschitz-continuity
condition of the Hessian 0%V introduced in (1.3) ensures the continuity of the stochastic
Riccati equation (1.2) w.r.t. the fluctuations around the random states )A(t. We illustrate
this condition with a nonlinear example given by the function

1 1 :
V(@) = 5 (@i, @) + (g, 2) + 5 (Qow,2)*

with some symmetric positive definite matrices (Q;, Q2) and some given vector g € R™.
In this case we have

q+ Qi+ (Qax, 2)Y? Quu,
Q1+ <Q2$,$>1/2 Qs + <Q2£L‘,SU>71/2 Qoxa’ Qs = Q.

D

N Q)
==
NGS
([—

In this situation we have
[6°V(@) = *V(y)l < 2 |Q2)*? |y — . (1.6)
This shows that conditions (1.3) are met with the parameters
(Noa, koa) = B (2_1>\mm(91)7 2)\%390(92)) :

A proof of (1.6) is provided in the appendix on page 27. More generally these regularity
conditions also hold if we replace in (1.5) the parameter o; by any choice of covariance
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matrix R;. Also observe that the Langevin diffusion associated with the null form Q, =0
coincides with the conventional linear-Gaussian filtering problem discussed in [16].
Stochastic gradient-flow diffusions of the form (1.5) arise in a variety of application
domains. In mathematical finance and mean field game theory [9, 17], these Langevin
models describe the interacting-collective behaviour of r;-individuals. For instance in
the Langevin model discussed in [17] the state variables X; = (X;')KZ.Q1 represent the
log-monetary reserves of r; banks lending and borrowing to each other. The quadratic
potential function is given by

(Quz,zy= )] (ml > l‘j>23 Ql>(1:1> I..

1<i<r:

In this context, the parameter 3 represents the mean-reversion rate between banks.
More general interacting potential functions can be considered. Mean field type diffusion
processes are also used to design low-representation of fluid flow velocity fields. These
vortex-type particle filtering problems are developed in some details in the pioneering
articles by E. Mémin and his co-authors [10, 11, 13, 30]. These probabilistic interpreta-
tions of the 2d-incompressible Navier-Stokes equation represent the vorticity map as a
mixture of basis functions centered around each vortex.

In this connexion, we mention that our approach also applies to interacting diffusion
gradient flows described by a potential function of the form

V()= > th(z)+ Y, Us(x, )

1<i<r 1<ifj<r

for some gradient Lipschitz strongly convex confining potential /; : R? — [0,c0[, i = 1,2.
In this situation, we have

PUy = u; and PUs > us [h = PV > v I, with v:= (u1 + (r1 — Dug) > 0. (1.7)
We further assume that

0°Uy (1) = UL ()| < Komu, o1 — 2],
[02Un (21, 2) — PUs(y1,y2)| < Koo (1, 22) — (y1,92)]-

In this case, we have

10%V(x) — 2V (y)|| < wey |z —y| With  Ka2y i= Kozg, + Koz, (11— 1) 4/2(r1 — 1). (1.8)

This shows that conditions (1.3) are met with
(Noas kioa) = B (2_1(u1 + (r1 — D), Kom, + Koz, (r1— 1) V/2(r1 — 1)) .

The detailed proofs of (1.7)-(1.8) are provided in the appendix on page 27.

1.1.2 Observability conditions

When the observation variables are the same as the ones of the signal, the signal
observation has the same dimension as the signal and resumes to some equation of the
form

dY; = b Xy dt + o9 dV; (1.9)

for some parameters b € R and o2 > 0. These sensors are used in data grid-type
assimilation problems when measurements can be evaluated at each cell. These fully
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observed models are discussed in [19, Section 4] in the context of the Lorentz-96 filtering
problems. These observation processes are also used in [4] for application to nonlinear
and multi-scale filtering problem. In this context, the observed variables represent the
slow components of the signal.

For partially observed signals we cannot expect any stability properties of the EKF
and the EnKF without introducing some structural conditions of observability and
controllability on the signal-observation equation (1.1). Observe that the EKF equation
(1.2) implies that

A% = X)) = |(AR) = A(X)) = BS(R, = X0)| dt + P B'Ry 2 v + Ry awn,

This equation shows that the stability properties of this process depends on the nature of
the real eigenvalues of the symmetric matrices (A(z) — PS)sym, with z € R™. In contrast
with the conventional Kalman-Bucy filter, the Riccati equation (1.2) is a stochastic
equation. As a result, the stability property of the EKF is not induced by some kind
of observability condition that ensures the existence of a steady state deterministic
covariance matrix.

The random fluctuations of the matrices (9A()Z't) entering in the Riccati equation (1.2)
may corrupt the stability in the EKF, even if the linearized filtering problem around
some chosen state is observable and controllable. For a more thorough discussion on
the stability properties of Kalman-Bucy filters and Riccati equations for linear Gaussian
filtering problems we refer the reader to [1, 2, 18, 35, 37, 38].

The stability analysis of diffusion processes is always much more documented than
the one on their possible divergence. For instance, in contrast with conventional
Kalman-Bucy filters, the stability properties of the EKF are not induced by some kind
of observability or controllability condition. The only known result in this direction is
the recent pioneering work by X. T. Tong, A. J. Majda and D. Kelly [36] in the context of
discrete generation Ensemble Kalman filters. One of the main assumptions of the article
is that the sensor-matrix has full rank and the signal is uniformly bounded under the
expectation of some Lyapunov function. The authors also provide a concrete numerical
example of filtering problem with sparse observations for which the EnKF experiences a
catastrophic divergence.

In the recent article [16], in the context of linear drift functions we also show that
the uniform propagation of chaos properties of EnKF require strong signal stability
properties and the same type of observability conditions.

There are some strong similarities between the EKF and the EnKF. The first one
comes from the fact that the predictable part of the EKF is stochastic and nonlinear. The
predictable part of the EnKF also depends on stochastic covariance matrices. These
interaction functions are clearly nonlinear in the internal states of the particle system.
The second one comes from the fact that the Riccati equation associated with the EKF
is stochastic. The stochastic perturbation theorem obtained in [16, Theorem 3.1] also
shows that the sample covariance matrices satisfy a stochastic diffusion type Riccati
equation.

Without any strong observability conditions, these stochastic nonlinearities may
corrupt severally the stability of the EKF. In the further development of the article we
shall assume that the sensor function has the same form as the one discussed in [16].
More precisely, we assume that the following observability condition is satisfied:

S = p(S) Id for some p(S) > 0. (1.10)

The fully observed model discussed in (1.9) clearly satisfies condition (1.10) with the
parameter p(S) = (b/02)?. As mentioned above, in the context of linear-Gaussian filtering
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problems this condition is also essential to ensure the uniform convergence of Ensemble
Kalman-Bucy filter w.r.t. the time parameter. Section 4 in the article [16] provides a
detailed discussion on spectral estimates and semigroup contraction inequalities based
on this condition. A geometric description of global divergence regions in the set of
positive covariances matrices is also provided in the context of 2-dimensional partially
observed filtering problems.

Last but not least, we mention that (1.10) is satisfied when the filtering problem
is similar to the ones discussed above; that is, up to a change of basis functions. For
instance (1.10) is met with S = I, for sensors with orthonormal matrices BR,, Y 2 Under
this condition, up to a change of observation basis, the observation process reduces to

Y::=B'R;'Y, = dY; = p(S) X; dt + dV,

with an 7 -dimensional Wiener process V; := B’ Ry 1/2 V. Inversely, any filtering problem

(1.1) with 7y = r5 and s.t. (Rz_l/QB) is invertible can be turned into that form. To check
this claim we observe that

.= R,"?Y; and X,:=R
V=B TY and A=y 4V, — X, dt+dV,

gy, { dX, = A(X,)dt+RY?aw,
with the drift function
A= (R;'*B)o Ao (R;"?B)™" and the matrix R, := R, />BR,B'R;"*.

In this situation the filtering model (X}, );) satisfies (1.10) with p(S) = 1. In addition, we
have
A= (R;"?B) " o dU o (Ry;*B) = (A, 0A4) = (3U, 0%U).

1.2 Statement of the main results

We let ¢;(x) := X; and ¢;(x) := x; be the stochastic and the deterministic flows of
the stochastic and the deterministic systems

dX, = A(X,)dt+ RV*w,
Ovry = Az starting at z¢ = @o(z) = x = Xo = ¢o(2).

We also let @, := (¢, U¢) be the stochastic flow associated with the EKF and the Riccati
stochastic differential equations; that is

675()?0?F)0) = (Qt(j&O?P()L\Ijt()?OaPO)) = ()?hpt) .
Given (1 x r2) matrices P, () we define the Frobenius inner product
(P,Q) = tr(P'Q) and the associated norm |P|% = tr(P'P)

where tr(C) stands for the trace of the matrix C. We also equip the product space
R™ x R™*"™ with the inner product

{(x1, P1), (22, Py)) := {1, 20) + (Py, P,) and the norm |(z,P)|?:= {(x, P), (z, P)).

We also denote by S,, the set of positive semidefinite (r; x r1)-matrices.
Most of the analysis developed in the article relies on the following quantities:

S) tr(R
O’%A =14+2mpa with maa(t) := TE(P) p(S) tr(Rl)f1 — o TPA i= pLS) tr(Fa)

Aoa  Aoa
(1.11)
EJP 0 (2018), paper O. ejp.ejpecp.org
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where 7;(P) := e 4t tr (Py) + tr(R1)/Aoa. We will actually show in Section 4 that 7;(P)
is a upper bound for tr(P;). Our first main result concerns the stochastic stability of the
EKF and is described in terms of the function

§ € [0,00[— w(8) == f/; [; + (5+\/5)] .

More precisely we have the following exponential concentration theorem.
Theorem 1.1. For any initial states (z,7) € R"*", pe S7

T17

and any 6 > 0, the probabilities of the following events are greater than 1 — e

any time horizon t € [0, o],
_5.

loute) — el < () S, (112)
o)~ ®E I < 4w(o) B o2, (1.13)

|e*)\At _ e*)\éAt|

A4 — Aoal

The proofs of the concentration inequalities (1.12) and (1.13) are provided respec-
tively in Section 3.1 and Section 3.2. See also Theorem 3.2 and Theorem 3.3 for related
Laplace x-square estimates of time average distances.

The role of each quantity in (1.12) and (1.13) is clear. The size of the “confidence
events" are proportional to the signal or the observation perturbations, and inversely
proportional to the stability rate of the systems. More interestingly, formula (1.13) shows
that the impact of the initial conditions is exponentially small when the time horizon
increases.

The concentration inequalities stated in the above theorem should not be interpreted
as estimation errors but in terms of boundedness properties of the signal and the EKF
state estimates. For instance, when p(S) = tr(R1) = Aa = Mga/2 = 1 and tr(p) =
|z — Z|| = 1 the probability of both events

+2e2oat |z — 32 + 8w (5) p(S) tr(p)2.

[6e(2) = ¢e(2)] < Vw(6) and [¢r(x) — @u(2,p)| <4 vV@(0) (1+e7"2) +e

is greater than 1 — e~%, for any § > 0. Besides the fact that uniform exponential tail
probability estimates can be used to obtain uniform moments estimates at any order,
exponential concentration estimates provide more precise information than any variance
estimates usually obtained using Lyapunov techniques. For instance, in the situation
discussed above using Markov inequality we have the rather poor estimate

E[l¢e(2) = e(@)*] <1 = P(|¢e(z) — ()| <6) > 1677

Our next objective is to better understand the stability properties of the EKF and the
corresponding stochastic Riccati equation. To this end, it is convenient to strengthen
our regularity conditions. We further assume that

Aoa > A/ 2k0atr(Ry) v (4p(S)) (1.14)

and for some a > 1

tor | PLS) tr(RY) [1+2 tr(Rl)p(S)] <1 (1.15)

)\aA )\A )\aA >\(‘)A

In contrast with the linear-Gaussian case, the Riccati equation (1.2) depends on the
internal states of the EKF. As a result its stability properties are characterized by a
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stochastic Lyapunov exponent that depends on the random trajectories of the filter as
well as on the signal-observation processes. Condition (1.15) is a technical condition that
allows to control uniformly the fluctuations of these stochastic exponents with respect to
the time horizon. By (1.14) this condition is met as soon as

ae tr(Ry) [1 + é t;((l;;)] < Aa/2.

Loosely speaking, when the signal is not sufficiently stable the erroneous initial
conditions of EKF may be too sensitive to small perturbations of the sensor. When the
exponential decay to equilibrium of the signal is stronger than these spectral instabilities
the EKF and the corresponding stochastic Riccati equations are stable and forgets any
erroneous initial conditions.

We set R -
Ap =Dy (XO,P0> - <X07P0> &
and
Koa tr(Ry) p(S) 3 [p(S) 1 Koa tr(Fh)
A/ = 1-2 — — 1— - = - —2 > 0.
/Ao Aea  Aoa Aoa 4\ Xoa 2 Asa Aoa

We are now in position to state our second main result.

Theorem 1.2. When A\y4 > 0 we have the uniform estimates

Vn =1 supE(A}) < oo.
t=0
Assume conditions (1.14) and (1.15) are satisfied for some « > 1. In this situation, for
any € €]0, 1] there exists some time horizon s such that for any t > s we have the almost
sure contraction estimate

1 [ daa 5/2 2/6
= = 1 E(A < Z, — (1= &) At — )] A,
=5\ (=1 = B(A1R) <2 ew[- (-9 MG -]

for some random process Z; s.t. sup,s E (Z09) < 0.
Theorem 1.2 readily implies the stability /-moment Lyapunov exponent estimates

- 1 5
lim inf ~5 log E(A?) = A.

In addition we have the non asymptotic estimates

2/6 (2a—1)/(6a)
E(Af/2) < v(a) exp{—(1—e)A (t—s)}E[Aga/(Qo‘*l)]

with L(Ea)
v(a) :=supE (2{) 0 _ o
t=0
Next corollary is a direct consequence of the above estimate.
Corollary 1.3. Under the assumptions of theorem 1.2, there exists some time horizon t,
such that for any t > t, and any initial states (z;,p;) € (R™ x S;%), withi = 1,2 and any
1 < n < § we have the exponential stability inequalities

E (|®;(x1,p1) — Ps(2, p2) ™)™ + E (| Wi (a1, p1) — Wala, p2)|3)™ < ¢ exp {—A t/4}

for some finite constant ¢ whose values may depends on the parameters (tg, d, x;, p;).
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We illustrate conditions (1.14) and (1.15) in the nonlinear Langevin-type signal
diffusion discussed in (1.5) with o1 = 1, Apin(Q1) = 2, and Apnas(Q2) = 273, We also
assume that p(S) = 1/4. in this situation we have A\p4 = ks4 = [ and

1
25°

In addition, the parameter § introduced in theorem 1.2 is given by § := /3. Therefore
the assumptions of theorem 1.2 are satisfied as soon as 3 > 4.

We end this section with some comments on our regularity conditions. Notice that A
does not depend on the parameter § nor on p(S). As mentioned above, we believe that
these technical conditions can somehow be relaxed. These conditions are stronger than
the ones discussed in [16] for linear-Gaussian models. In contrast with the linear case,
the Riccati equation in nonlinear settings is a stochastic process in matrix spaces. For
this class of models, these technical conditions are used to control the fluctuations of
the stochastic Riccati equation entering into the EKF.

(1.14) < B>+/28v1 and éleozL [1+

e ] < 1= (1.15)

2 Stability properties of quadratic type processes

Let (U, Vi, Wy, Vi) be some non-negative processes defined on some probability space
(2, F,P) equipped with a filtration F = (F;);0 of o-fields. Also let (Z;, Z;7) be some
processes and M; be some continuous F;-martingale. We use the notation

dV, < ZF dt + dMy <= (dY, = Z, dt + dM, with Z, < Z") (2.1)

Let us mention some useful properties of the above stochastic inequalities.
Let (), ?j , Z¢, M) be another collection of processes satisfying the above inequali-
ties. In this case it is readily checked that

AV + ) < (2 + Z,) dt + d(M, + M,)

and
dVr) < [§:yt + Z5 Y + at<M7m>t] dt + Yy dM; + Y dM,.

Let (H,{.,.)%) be some inner product space, and let A, : z € H — Ai(x) € H
be a linear operator-valued stochastic process with finite logarithmic norm p(A4;) < .
Consider an H-valued stochastic process X; such that

d| X1 < [(X, AeXy )y + Uy dt + d M, (2.2)

for some continuous F;-martingale M; with angle bracket satisfying the following

property
O My < Vi X2 + W ||

This section is concerned with the long-time quantitative behaviour of the above
quadratic type processes. The main difficulty here comes from the fact that A; is
a stochastic flow of operators. As a result we cannot apply conventional Lyapunov
techniques based on Dynkin’s formula, supermartingale theory and/or more conventional
Gronwall type estimates.

Next theorem provides a way to estimate these processes in terms of geometric type
processes and exponential martingales.

Theorem 2.1. When U; = 0 = V; we have the almost sure estimate

t t t
112 < [ Xo|? exp <J o(AL) ds) exp (J W dN, — % J W, ds)
0 0 0
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with a martingale N; s.t. 0;¢(N'); < 1. More generally, for any n > 1 we have

o <o [ 2] 1)

t —n 1/n n—1 —n 1/n
9 {Xo||2+f (]E i1 7] " e v R ) ds}
’ 2.3)
with the rescaled processes

U, Uy — exp <— Lt [p(As) + (n — 1)W,] ds) — VW

The proof of this theorem is rather technical thus it is housed in Section 5.2 in the
appendix.

Corollary 2.2. When U, = 0 = V; we have
n ¢ TL(TL - 1) V2 n
(X" | Fo) <E(exp (| |np(d) + == W] ds] | R0) | @4
0

When p(A;) < —a; and W, < w, for some constants a;, w;, and Xy = 0 we have

9 t t n_l S
E (| X |™) /n < L exp <— [J An(ay, wy) du + TL Wy, du])

(n_l) ny1l/n
T]E(VS)1 ] ds

(2.5)

x []E @M+

with
n—1

W

Proof. The first assertion is a direct consequence of the estimates stated in Theorem 2.1.
Replacing W and p(A;) by w; and (—a;) from the start in the proof of Theorem 2.1 we
find that

t
E (%" | Fo)*™ < exp (—f A(as, ) ds) o]
0

1 t _ s
+f exp (— [f An (G y wy) du + LlJ Wy, du])
0 s 2 0

y

x [IE ur | Fo)'™ + (”% EWV! | Fo)'™| ds.

In the above display we have used the fact that

t 71 s 71 s
J (aqun wu> dquJ <au+n wu> dquJ (ay — (n—1) wy) du
s 2 0 2 0
t _ o s
<—f au—n 1wu du — " 1qudu.
s 2 2 0

This ends the proof of the corollary.

We also have the following exponential estimates for ||X;|%.
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Proposition 2.3. Assume that p(A;) < —a for some parameter a > 0, and X, = 0 = W,.
Also assume that for anyn > 1 and any t > 0 we have

EWU)Y" <u, and EVHY" < v,

for some functions us,v: > 0. In this situation, for any e €]0,1] we have the uniform
estimates

‘ (1—¢) 1 9 1 1 —eug(a) e 1
s (oo | U0 g k) < g e (NE) v e @9

for any functions (u(a),v;(a)) such that

+ t
f e—a(t—s) Us ds < Ut(CL) and f e—a(t—s) Vs ds < Ut(a)'
0 0

In addition, when v, = v for any € € [0, 1] we have

a? t a € t 1/2
E - X, < E - A .27
(exp [41} € fo [ s ds]) < (exp[v T LL{ ds]) (2.7)

The proof of the proposition is provided in the appendix, Section 5.3.
We end this section with some comments on the estimate (2.7). Let us suppose that

d|X)? = [—a |X)? + u] dt + dM,
for some u > 0 (with &y = 0). In this case, by Jensen’s inequality we have

a B(|%[*) = u (1—e*)

2o 1 1
=T | exp e |2, ds| | = exp eut 1——=[1—e"])|=exp Teut (1-—)].
v
0 v at v at

The r.h.s. of (2.7) gives the estimate

E (exp | L f 12,2 ds| ) < exp|? L
X € s S <exp|l—€eu .
P v 0 ) P v 1+4/1—€

The above estimates coincides for any € € [0, 1] and any « > 0 as soon as

1 1
3 Stochastic stability properties

Let us start this section with a technical result, that will be very useful in the following

Lemma 3.1. For any non negative random variable Z such that

E (ZQ")U(Q”) < z +/n for some parameter z > 0

and for any n > 1 we have for some Gaussian centered random variable V with unit

variance
e e

B(27) < (*n)" < 75 (5 z2)"E(V2”).

Moreover, the following Laplace inequality holds

Ve €]0,1] E(expllge (Z)QD < % exp (i 1_662)
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Proof. We check this claim using Stirling approximation

!
E(V™) = 2*"%
N 2_n\/H(2n)2” e 2 2! (2>n . 3.1)
\/ﬁ nte " e
The above estimate also implies that
E (exp (t22)) < = B (exp (t(2)V?)) = %= ——1  with #(z) = & 22t < 1/2
V2 V2 /1 -21(2) 2

from which we check that

t(z) < (1—-¢)/2= E (exp (tZ2)) % exp (t(z) [1 + 1,t$zz)])

<
< e[ +i(E-1)]) =5 e (2[1+1]).

o

In summary we have
t<(1-€)/(z2%) = E (exp (t2%)) < = exp (e 2 [1 N 1D
V2 4

Choosing t = (1 — €)/(z%¢), we conclude that
A e 11-¢
1 E — < — — .
Ve €]0,1] (expl - (z) 1) ﬁexp(4 - )

3.1 The signal process

This section is mainly concerned with the stochastic stability properties of the signal
process. One natural way to derive some useful concentration inequalities is to compare
the flow of the stochastic process with the one of the noise free deterministic system
discussed in the beginning of Section 1.2.

We start with a brief review on the long-time behaviour of the semigroup ¢ (). It is
readily checked that

dllec(@) —o@)? < —2xalpi@) = 2W)]? = [ei(@) = uly)] < e o —y).
This contraction property ensures the existence and the uniqueness of a fixed point
VE= 0 @) = 2 == A(z,) = 0 = [o(2) — .| < e ||z — 2.

We let §¢.(x) be the Jacobian of the stochastic flow ¢;(x). We have the matrix valued
equation

t
0100 () = 0A(d(x)) dpe() = dpe() u = exp (J 0A(ps(x)) ds> U
0
for any v € R"™. This implies that

[00:(2)]| := sup [6¢:(z) u| < exp(=Aaat/2) —ime O.

luf<1

Using the formula

b(y) — bo(z) = j Son(z + ey — 2)) (y — ) de,
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we easily check the almost sure exponential stability property

|#e(2) — ds(y)| < exp (—=Aaat/2) ||z —yl. (3.2)

The same analysis applies to estimate the Jacobian dy,(x) of the deterministic flow ¢, (x).
Using the estimate

|¢¢(Xo) — ¢ (B (Xo)) | < e™4%2 | Xo — E (Xo) |

we also have

t
Mo f [64(X0) — b (B (X0)) |2 ds < | Xo — B (Xo) |2. (3.3)

Let us recall the y-square Laplace estimate

E (exp| 1%~ Xol2/x(P)]) <e  with x(Ro) i= 4r1p(Fy). (3.4)

The proof of (3.4) and more refined estimates are housed in the appendix.
We conclude from (3.3) that

AoA
X(Po)

The next proposition quantifies the relative stochastic stability of the flows (¢y, ¢;) in
terms of IL,,-norms and y-square uniform Laplace estimates.

@) =B (o (08 [ ou0x) - 0. X0 2 a5 ) <.

Proposition 3.2. For anyn > 1 and any x € R™ we have the uniform moment estimates

E (|6:(x) — 9u(@)|*") " < (n—1/2) tr(B1)/Aa. (3.5)

In addition, for any € €]0, 1] we have the uniform Laplace estimates

supE (oxp | U L j60) - P |) < 555 T+ pewn |11

20 tr(Ry)

as well as

e [4t:(2}§1> : f for(0) o (o)1? 5] ) <exp | 5t o

Using the notation of Lemma 3.1, we have by [14, Proposition 11.6.6],that the
probability of the following event

2

(Z/2)? < % [; + (o4 \/5)] (3.6)

is greater than 1 — e~%, for any § > 0. Combining (3.5) with the following concentration
inequality (3.6), we prove that the probability of the event

[6e(2) = @i()|* < w(0) tr(R1)/Aa

is greater than 1 — e~9, for any § > 0 and any initial states = € R™. This ends the proof
of (1.12).
Proof of Proposition 3.2:
We have
d(X, — 1) = [A(X,) — A(zy)] dt + R2aw,

with Xy = x(, and therefore

d| Xy —x|? = [20A(Xy) — Azy), Xy — )9 + tr(Ry)] dt + dM,
[—2Xa] Xy — 2 |* + to(Ry)] dt + dM,

N
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with the martingale

AM; := 2 Xy—zp, RY2dW,) — 0,(M; = 4tr (Ry(X; — 2)(X; — 21)) < Ate(Ry) | Xy—a %

The end of the proof is now a direct consequence of (2.5) and Proposition 2.3 applied to
Xy = || Xy — x|, Az == —ax = =2\ a7, Uy =u=1tr(Ry) and V, =v=41tr(Ry).

The proof of the proposition is now completed. ]

3.2 The Extended Kalman-Bucy filter

This section is mainly concerned with the stochastic stability and the concentration
properties of the semigroup of the EKF stochastic process. As for the signal process
discussed in Section 3.1 these properties are related to IL,-mean error estimates and
related y-square type Laplace inequalities. Our main results are described by the
following theorem.

Let ()?t, P,) be the solution of the evolution equations (1.2) starting at ()?0, Py).

Theorem 3.3. For any n > 1 we have
tr(Ry) 03, le?at —edeat]

_oAa = - 2
et o S uR) } 3.7)

B (jor(%0) - %) < - 1 |

For any € €0, 1] and any P, there exists some time horizon tq(e, Py) such that

(I—€) Aa - S 2]) 1 (1 —e) e 1
su E (| ex Xo) — X < - ex + — —. (3.8)
t?%(fpo) ( p[4€U§A tr(Ry) |:(Xo0) l 2 P\ Tae 22 +/€

In addition for any t > s > 0 and any € €]0, 1] we have

€ )\124 t s So2 >\A
E (exp [1 T+ ron(s) Ate(Ry) L [r—s(Xs) — X0 ds]) < exp [2 € (t— 5)](3.9)

Before getting into the details of the proof of this theorem we mention that (1.13)
is a direct consequence of (3.7) combined with Lemma 3.1 and (3.2). Indeed, applying
Lemma 3.1 to

() 03, | Je Mt — e o]

il m e T ) 2}
)\A 2 ‘)\A_)\BA| p() (0)

Z=10%0) - %) ana 2 =1

by (3.7) we readily check that the probability of the events
|e(z) — @¢(2,p)[* < 2]¢e(2) — ¢¢(D)|* + 2] 6(2) — @+(Z,p)[?

(R 03y et — e

T P 2}
)\A 2 |)\A_)\(7A| p( ) 1"( 0)

< 2exp (—Aoat) |z — 2|2 + 8w(0) {

is greater than 1 — e~?, for any § > 0 and any initial states (z,z,p) € R 71 +(1xm) [n
this connection, the Laplace estimates (3.9) readily imply that the probability of the
events

1 t S IS 1 1) 4tr(Ry)
X)—-XuPdu<s(z+—) (L+m
= [ 1Ry - R s (55 ) @ maato) 5
is greater than 1 — e~?, for any § > 0 and any time horizon ¢.
Now we come to the proof of the theorem.
EJP 0 (2018), paper O. ejp.ejpecp.org
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Proof of ThePrem ?"3:
We set X} := ¢(Xp) — X;. We have
d| 2 < (2 (A($1(X0)) — A(Xp), Xo) — 2 (P SX;, Xy + tr(Ry) + tr(spf)) dt + dM,
with the martingale
dM, = 2X] (R;l/Qth - PtB’Rgl/Zth> .
This yields the estimate
d|X)® < [-2Xa | X + U] dt +dM, with Uy = uy == [tr(Ry) + 72(P) p(9)] .

Also observe that
My < 4||X)* (tr(Ry) + tr(SP?)) < Vi |&)? with V, = vy = du,.
On the other hand we have
9e—2hat f (20a-2oa)s gg lem Mt — g7 hoat|
0 [Aa — Xoal
This implies that

t

t
J 672)\A(tfs) 7_52 ds < 2tI‘(P0)2 672)\Atf 672AA3 )\i <
0 0

)

Aoa
—Aat _ ,—Xsat 1
e e | te(Py)? + — tr(R )
[Aa — Ao A4 Ao
This implies that

t tr(Ry) le=Aat — g=Raat| 1 (tr(Ry)\°
e 2 a(t—s) us ds < +p(S) | ———— tr(P, + — ( ! )
L ‘ 224 pLS) A4 — Aaal (o)’ Aa AoA

_ tr(Rl) <]- + P(S) tr(R1)> n |€7/\At _ e*)\aAt|
AA 2 Aoa oA |)‘A_)\6A|
ut(a) = vi(a)/4.

Applying Proposition 2.3 to A;x := —ax = —2X sz, we find that

(I1—-¢ 1 9 1 1—e¢ e 1
<= — )+ —=—= :
E (exp[ e 8w [ ]| 5 €XP | — + 23 Ve for any € €]0, 1]

Using the fact that for any non negative real numbers z, y, A we have

p(S) tr(Po)?

S S o R VLA N (1= e y/a)
T+e My x 1+ery/x x
and Aat Aot
—AAL __ 5, T AGA
et =
[Aa — Aaal
we find that

Y [tr(Rl) <1+p(5) tr(R1)>]_1

u(a) Aoa | Aoa Aoa  Aoa
for any ¢ > t(e), for any € € [0, 1[ and some ¢(¢).
The end of the proof is now a direct consequence of (2.5) and Proposition 2.3 applied

to

Az = —az = —2 a7z and w; = /4 < u = v/4 = [tr(Ry) + 72(P) p(9)]
with ¢ € s, o0[. The proof of the theorem is now completed. |
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4 Proof of Theorem 1.2

We let (Xt7 P,) be the solution of Equations (1.2) starting at (XO, P,). We denote by
(X,, P,) the solution of these equations starting at some possibly different state (X, Fp).
We have the rather crude almost sure estimate

oar(P) = tr ((@A()?t) + aA()?t)')Pt) +tr(Ry) — tr(SP2)
< —doatr(P) +tr(Ry).
This readily yields the upper bound
tr(P,) < 74(P) := e A tr (Py) + tr(R1)/Moa = suptr(P;) <tr(Ppy) + tr(R1)/Noa

t=0
(4.1)
Firstly we have

((3.5), (3.7)and (4.1)) —V¥n>1  supkE ([Hf(t X+ |P - éu%r) < .
t=0

We couple the equations with the same observation processes. In this situation we
find the evolution equation

AX— X)) = (A()?t) _ A()?t)) dt + P,B'Ry" [dYt - B)?tdt]

_B,B'R;" [dYt - B)v(tdt]
- ([aR) - A&)| + BBR [B (X - X)) at

+(P, — B)B'R;" [B(Xt - f(t)] dt + B,B'R;" [B(Xt - f(t)] dt + dM,

with the martingale
AM, = [Pt - E] B'R;Y? av.

This implies that
d(X, — X;)
= ([A()A(t) - A(Xt)] +P,S ()v(t — )A(t) + (P — ﬁt)S(Xt - )A(t)) dt + dM;

from which we conclude that

d|X; — X,
= 2K, — X, [A(X) — AX)] - BS (X — Xy) + (P — P)S(X, — Xy) ) dt (4.2)
~ 12 _
with the martingale R
dM; = 2 (Xy — X, dM;).
The angle bracket of M, is given by
8t<M>t = 4 tr ([Pt — i_/’t] S I:Pt — ﬁt:l ()?t — )\Et)()?t — )\ét)/)
— (R - X)), [P - B[P - B](& - X))
- - - ~ - - 2
< 4p(8) 1% = Kl |Pi = Billy <2 p(8) (IR — Kol + |12 - Bl
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Recalling that A4 > A\54/2, also observe that the drift term in (4.2) is bounded by
—Xaa |Xe = Xl + 28, | Xs = X[ P = Pilr + p(S) | P = Bof%

with
B 1= p(S)| Xt — X
In much the same way we have
(P — P)

- (aA(fct)Pt - aA(Xt)é) + (aA()Z’t)Pt - aA(Xt)é)' + P, SP,— P, SP,
- ([(}A()?t) — QA(X)P; + AKX [P, — E]) + ([&A(X't) — QA(X)P; + AKX [P, — E])'

+1 (B + P)S(P, — P) + 1 (B, — P)S(P, + P,).
In the last assertion we have used the matrix decomposition

PSP - QSQ= 1 (P+Q)S(P-Q)+ 1 (P~ Q)S(P+ Q)

Recalling that
9710, |P,—By|? = 2710 P,— B, P,—DB,) = (P— By, 0,(P—B,)) = tr ((Pt — B)o,(P, — ﬁt)) ,

we find that

2719,|P, — B3 = o2tr (&A()v(t)(Pt - E)Q) +otr ([aA()?t) —AX)]PU(P, — E))

—tr ((é + P)S(B, — Pt)Q)

N

2tr (&A()v(t)(Pt - ﬁt)Q) +otr ([aA(f(t) — QAKX PU(P, — E)) .

This implies that
&P — B3 < —2Xau |P,— B|% + 204 P, — By p| Xs — X4

with
Q= 2/€(7AT75(P).
We set
X = 15 =Xl ) e 2 — d| X)) < (X, AX) dt + dM,

1P — Pt r

with
[ —Xoa 284 =5
Ay = ( 200 —22oa + p(S) and M; = M,.

Notice that
—AoA B + oy )

(A +.A3)/2 = < Be +ar —2Xaa + p(S)

Observe that
p(.At) = >\maz ((At + A;)/2)

—% (3)\6A - p(S)) + \/111 ()\aA — p(S))2 + (ﬂt + Oét)z < —doa + By + oy

p(A) = — ()\aA —2kpaT(P) — p(S) | X: — X}H)

The final step is based on the following technical lemma.

N
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Lemma 4.1. Assume Condition (1.15) is satisfied for some « > 1. In this situation, for
any e €]0, 1] there exists some time horizon s such that for any t > s we have the almost
sure estimate

1 \ + 1/8
§i=-4 |24 S E <exp [5J {(P(AL) + (6 — 1)p(S)} du] |f5> (4.3)
2\ p(S) s
< Zs exp(—(1—€)A(t—9))
for some positive random process Z; s.t. sup,>, E (Z{) < .

The end of the proof of Theorem 1.2 is a direct consequence of this lemma, so we
give it first. Combining (4.3) with (2.3) we find that

2/8
E (2% | Fs)™" < Z5 exp (= (1= ¢) At — 5)) [

This ends the proof of Theorem 1.2.
Now we come to the proof of the lemma.
Proof of Lemma 4.1:
For any t > s > 0 we have the estimate

PA) < —(Noa —2k0ams(P)) + B = —Doals) + p(S) | X — Xy

with
Apa(s) := Aoa — 26oa Ts(P) — 50 Doa := Aoa — 2roa tr(R1)/Aoa > 0

as soon as
Aoa > \/2ko4 tI‘(Rl).

For any € €]0, 1], there exists some time horizon ¢.(Fy) such that

t=2s2¢(P) = (1—€) <Aul(s)/Asa<1
— P(A) < —(1=)Aaa +p(S) [ X, — Xy

On the other hand, the contraction inequality (3.2) implies that

t . t ~
[ b= Rpar = [ or(outo) - Xl ar

S

t t
< J |pr—s(Xs) = br—s(Xs)| dr + f |pr—s(Xs) — Xoo| dr
t ~ t ~ ~
< ([ ewrar) x-Rae [ o (&)= K ar
S R . R S R
< QHXS - XSH/AOA + J H(br—s(Xs) - X’I‘H dr

The above inequality yields the almost sure estimate

i (e [o{ [ @0 + 6 - 1ot an}] 1 2.)

< exp[6{(1— Aan+ (1—B)(S))} (t — )]
< 2.8 (e [5{p(s) j fou-e() = Kl aul || 7.)
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with R
2, = exp [20(8)1X, = £, ]/3oa .
Using the estimate = — 1/4 < 22, which is valid for any z, we have
t t
J ((||¢u—s(Xa) - Xu“ - 1/4) + 1/4) du < (t - S)/4 + J Hd)u—s(Xs) - XuHQdu

S S

We find that

E (exp [5 {Lt(p(Au) +(6— 1);;(5))} du] | E)

< exp[~3{(1— )Dsa+ (3/4— 6)p(S)} (t — 5]

t
x Z, B <exp [5p(5)f |pu—s(Xs) — Xu|? du] | ]-‘S)
By (1.15) we can also choose s sufficiently large so that

1 )\aA A(’)A
0= —p|——— ) 4t 1 < Ajp—.
3| (g = SPSMI(R) (14 maa(s)) < A
In this situation, by (3.9), we have

<1

6p(8) < Aoa L A
PROTS oNa 1+ moa(s) 4to(Ry)

-~ E(exp (5p<s> f ||¢T_s<)?s>—2r2dr)|fs) < exp[fif* (t—s>].

We conclude that

) <exp [5 U () 5~ 1>P<S))} du] | fs> )

S

< exp [(1 —€) Aoa {1 —2 iaj trA(fAl) - 4% +(3/4—0) ’;(j‘)} (t — s)] Z,
<exp[—(1—¢€) A(t —5)] Zs.

The last assertion comes from the formula

5= 1 [ Aaa

21\ p(5)
g3 P8 g rea ) 1 o p(5)
4 Xoa Aoa  Aoa 40 Aoa

g rea (R p(S) l?) p<s>_11>0.

AoA  Aoa Xoa |4\ Xoa

We also have

X, — X = [os(Xo) — Xs| < |0s(X0) — %(ffo)l\ tl\%(ffo) — X
e 42 | Xo — B (Xo) | + ¢5(Xo) — Xl

N
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This shows that

p(S)
Aoa

~ N S ,
2 <o (52 Jo. (%) - Rl ) oo (5] oo 1 - B (0 )

Under the assumption (1.15) and using (3.8) we have

as P _a JpS) 1 - Aoa

oA 2 AoA 860§A tr(R;)

—3p>1: sup; B (exp (pa5H¢s()2'o) - XSH(P(S)/)\(?A))> < o0.

We can also choose s sufficiently large so that

(67

o7 9°(5) e 20452 < Xoa/x(Po)

— B (exp (002 (p()/ren) 0 1o - (X)) ) <

This ends the proof of the lemma. ]

5 Appendix

5.1 Concentration properties and Laplace estimates

This section is mainly concerned with the proof of (3.4).
The initial state X, of the signal is a Gaussian random variable with mean X, and

law 1/2
= PO

some covariance matrix Fy. In this case Xy — Xj W1 (where W is a centered

Gaussian variable with unit variance) and
E (X0 - Xol?) < p(Ro)" E (W4 ]").

Recalling that |[W;|? is distributed according to the chi-squared distribution with r;
degrees of freedom we have

¥y < 1/2p(R)) E (e'YHXo—)?ol\z) <E (e’YP(Po)HW1H2) = (1= 29p(Py)) "% < 0.

Using the fact that

1 2 2 _1/2 2
—t—log(1—2t) =t* ) (26)" < = (1-2t)""* <exp(t+
2 = 1—2t 1—2t

for any 0 < ¢t < 1/2, we check that

N t? _p ot
1—2t 1—92t  re

VOo<t<(1—me)/2 t
for any € €]0, 1/r1[. This yields

V0 <y < (1-m)/Co(Ry)) B (%0 < exp (p(Ro)/e).

Choosing v = (1 — 2r1€)/(2p(Fy)), with € €]0,1/(2r;)[ we find that

Veelo,1/2m) E <exp [(; - (r16)> 1o — Xo[? ) < exp <(; - m) i)

p(Fo)
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We check (3.4) by choosing

o —1 1 1 ( [L¥0—4§02
€= =———=>E|exp|——F++

4r? 2r;  4r?

5.2 Proof of Theorem 2.1
When U; = V; = 0 we have

d|Xe|* < p(Ar) | Xe|* dt + /W | X dN

with the martingale

1
dN

= R M= A<

This implies that
1
dlog |42 < |72 (p(A) || dt + /W0 [ X2 dNG) — 5 Wi d

1
<p(At) - 5 Wt> dt + v Wt dJ\/t

from which we prove that

t
exp (— [ ot ds) PALPYPALES
0

with the exponential martingale

t 1t
é}:—exp(j A/ W d. S—ZJWsds).
0 0

Next we provide a proof of the second assertion based on the above formula. For any
n > 0, we observe that

t _ t
exp (= [ ot as) 1 < e (MU [T as) 1 )
0 0

with the collection of exponential martingales

¢ 2t
Ei(n) := exp (nf Wy dN — % J Wy ds).
0 0

This implies that

B (e (= [ (stan+ S5 W) as) 1 7)) <

0

Arguing as above we use the decomposition

Bl 17 = B (e (3 [ (a0 + 270w o)

O exp (—’; Lt (p(As) + ("; D ws) ds> EA ]-‘0)
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to check that

(0" | 70) < B (e (0 [ t (ot + 7w as) fo)1/2 |,

This ends the proof of the first assertion.
More generally, we have

d| X)) < [p(Ad) X + U] dt + dM,.

This yields

nin—1
Al < a2y duxtuh% |22 W X+ Ve |22 e (5.1)
-1
< AL (AL W) [P+ [(” Uy, +ut} J2 20D dt + 220D dM,
with ( D
nin —
7An(At,Wt) =N p(At) + T Wt.

Observe that

An(Ata Wt) - An—l(Ata Wt) -n P(At) - n(n - 1) Wt/2
+(n—1) p(Ay) +(n—1)(n—2) W;/2

= —p(A) — (n— )W,

This shows that

¢
U Uy = exp <f [An(As, Ws) — A1 (A, Ws)] ds> =V¢/ V. (5.2)
0

We set "
Yioi= exp (‘[ An(AS7WS)dS) Bk

0
Notice that

t
exp (f An(As,Ws)ds> Uy |2

0

t
— HXtHZ(nfl) exp (J A,L_l(As,Ws)ds>
(

)

t
X exp (J [An(As, Ws) — A1 (As, Ws)] ds> U, =Y u,.

0
Using (5.1) and (5.2), this shows that

_ —1) — _
dyr <n yrt [ut+ ("2 ) vt] dt + dM,
with the martingale
t
dM; :=n exp (J An(As,Ws)ds> |21 dM,.
0

This implies that

_ —1) —
atE(yt”|.7:0)<nE< tn—l [Z/{t+(n2 )Vt:| fo)
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Using Holder inequality we have
77 n—1 N 1/n n 1-1/n
E(Utyt |]-"o)<E U, | Fo E (Y| Fo) .

This yields the estimate

—1i/n — 1/n -1 —n 1/n
GE P | Fo) <nE Q| Fo)' ™ [E(ut | 7o) +("2 )]E(Vt | 7o) ]

and therefore

1 C(1-1/n .
SB[ F) T AE ) | Fo)

E (Uf | fo)l/n + @ E (V? | fo)l/n .

OB (VI | Fo)''"

N

We conclude that

t

EQP | 70" <BOF |5

0 [E (@ 1m) "+ O e (v fo)”"] ds.

Using the decomposition

1 [ 1 [t
E(|X)"| Fo) =F (exp (—QJ An(AS,WS)ds> exp <2L An(AS,WS)ds> 12 |™ | ]-‘0)

0

and Cauchy-Schwartz inequality we check that

+ l/n
E<|Xt|”|fo>2/”<E<eXp (J An<As,ws>d8> f0> E Q| Fo)'/".

0

This implies that

£ 1/n
E (%" | Fo)?" < B <exp ( | Anms,ws)ds))

0

x [||;‘co2 T Lt []E iz fo)l/" I (V! fo)l/n] ds]

This ends the proof of the theorem. ]

5.3 Proof of Proposition 2.3

By (2.5), for any m > 1 we have the uniform estimate

1/m

E ([2]*™) ™ < (uela) + mue(a)) = 2 B (|X]*™) < (2ur(a)™ + (2ve(a))™ m™.

Using again Stirling approximation (3.1) we have

e m o—m (2m)! e 1
2y ve(a))"m™ < — (eyvi(a 2T = 20(a))™ m™ < —
@ @) < 75 emta)” 27 S8 = 3 (2u0) N RV e
for any v < 1/(2ev;(a)). This yields
9T (ev\mw) <@ ¢ 1
V2 /1 = 2eyv,(a)
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Choosing v = (1 — €)/(2ev:(a)), with € €]0, 1] we find that
(1—¢) 1 9 1 1—cusa e 1
]E X < — e vg(a) [
(exp[ e @ M) <3 T Ve

This ends the proof of (2.6). Now we come to the proof of (2.7).
We have

d”XtHQ < [—a ”XtHQ +Z/{t] dt + th

This implies that

t t s t s
f [ ]2 ds < J e % [J e U, du] ds + f e % [f e d./\/lu] ds.
0 0 0 0 0

On the other hand, by an integration by part we have

t s t

aJ e (J e U, du> ds = J (1 — e*“(t78)> Us ds
0 0 0
1 S t

af e (‘[ e d./\/lu> ds = f (1 — e_“(t_s)) dM.
0 0 0

This implies that

and

t t
a J |2 ds < J U, ds + 7"
0 0

with the terminal state M,Et) of the collection of martingales MS) on [0, t] defined by

Vo<us<t M= f (1 _ e*a@fs)) M,
0

— WMy, <o X2

Therefore for any v > 0 we have

t ¢ 2
o [(a — % v) J |1, % ds —f Us ds] < WMEt) - %<M(t)>t.
0 0

This implies that

1E<exp [’y [(a—gv) Lt 1,2 ds—f:us ds” |]-"0> <1

Using the decomposition

¢
Ty 2
exp[2 (a 5 v) Jo 1]l ds]
t t ¢
gl Y J 2 gl
=exp|= |la— = Xs|| ds—Jusds”xexp[fUSds],
[2 [( 2 ) 0 d 0 2 Jo

replacing /2 by ~, by Cauchy-Schwarz inequality we find that

E <exp [U ~ (% —7) Lt EAk dsD <E <exp [QVLtus ds])1/2
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for any v < a/v. Observe that
v (9—7) I=g<62 with c=g.
v v v
We also have

7 (25-9) =S = ve{e2— V(D a2+ V(27 —ajv}.

v

Choosing the smallest value we prove that
t 2 t
E <exp [v a/v J 12,2 ds]) < E (exp [((a/v) —/(a/v)? — 4a/v) J Us ds])
0 0

dafv K )

IE (eXp l(a/v) + (a/v)2 — 4a/v
t . 12
E <exp [v B JO B dsD < E (exp La/v) - \/(tﬁ/qj)?——m/u Lus ds ) ,

for any 8 = a/v < a?/(2v)?, or equivalently
This ends the proof of the proposition. [ |

U, ds

6 Proof of formulae (1.6), (1.7) and (1.8)

We start with the proof of (1.6). To clarify the presentation, we write Q instead of Q.
Let (z,y)o = {(x, Qy) and (x, :c>1Q/2 = |z| o be the inner product and the norm associated
with the symmetric definite positive matrix Q. Let z(¢) = = + ¢(y — x) be an interpolating
path from z to y, indexed by ¢ € [0, 1]. Also let

p(t) = (s,0V((1)s) = o +tly —2)]e Islg + : o (s,0 +t(y — 2))g + 5[, -

|z +t(y —x

Taking the derivative w.r.t. ¢ we find that

L +ty— ) ) sI% + 2 s, s,y —=x
_<s,x+t<y D »
EETrEr A

@ty =)y e | [M (5,7 + 1ty — )% ]
T+t -alo T BB+ - o)
(5,2 + ty — 2))o

[v +t(y - 2)olslo

(8,9 =)0 [s]e

On the other hand we have

(s, 4ty =)o

< <1=|0p(t)| <4y —=|o sl
|z +t(y =)o [sle °

This yields
(s, [0*V(x) = V()] )| <4 |y —lo 5|5 <4 1Q1* |y — = [

This ends the proof of (1.6).
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Now we come to the proof of (1.7).

O V(x) = di(z;) + Z (O1Usa (i, 1) + ol (T, 1))

1<k<r, k+i

62’11/[2(1'1',13) + (31,21/[2(55]’7331') for ¢ :+:]

Oy V(T
V() *Uy (z;) + Z (02,2 4 01,1) U (x4, 25) for i=j

1<jsry, j+i

In the above display, 6i/; and 0°U4; stands for the first and second derivative of ¢/; on R;
and 0;U» stands for the partial derivatives of Us : (21, x2) € R? > Uy (1, 22) € [0, 00 with
respect to the i-th coordinate x;; and ¢; ; := 0;0; = 0;0;, with 4, j € {1,2}.

V(@) s,s) = D, (@PUi(@) sisy+ Y, (PUa(wi,ng) (si,85), (si28)

1<i<r; 1<i=§=j<r1
2 2., 2
> wu Z 57 4 U Z (57 +57) =v{s,8).
1<i<r 1<iFj<r:

This ends the proof of (1.7).
We end this section with the proof of (1.8). We have

(51, 82), [0°Ua (w1, m2) — U (y1,y2)] (51, 52))| < Koz, [(21,2) — (1, w2)| (51, 52)]°
from which we find that

(5, [°V(@) = V()] oI < Koew, D, lwi—vil 5F

1<i<r;
+ K214, 2 \/(xZ —yi)? + (z; —yy)? (s7+53).
1<ifj<r
Using the fact that
1/2
2 2
S S%
|z — vl 712< |$i—yi|2 712 < lz =yl
1@291 i<j<r 55 1<zzlgr1 Di<j<r 55
and
. 5 (s7+s7)
Y ) G <V D eyl
1<idy<rs 1<k+i<r S T 8]

we prove that

[(s, [0*V(x) = V()] &)l < kory &=yl 8] + Korw (11— 1) /20 = 1) 2 =y |s]*.
This ends the proof of (1.8). ]

References

[1] H. Abou-Kandil, G. Freiling, V. Ionescu, G. Jank. Matrix Riccati Equations in Control and
Systems Theory. Birkhauser, Basel, Switzerland (2003).

[2] B.D.O. Anderson. Stability properties of Kalman-Bucy filters Journal of the Franklin Institute.
vol. 291, no. 2, pp. 137-144 (1971).

EJP 0 (2018), paper O. ejp.ejpecp.org
Page 28/30


http://dx.doi.org/10.1214/EJP.10.1214/YY-TN
http://ejp.ejpecp.org/

Stability and Concentration of Extended Kalman-Bucy filters

[3] ].S. Baras, A. Bensoussan, M.R. James. Dynamic observers as asymptotic limits of recursive
filters: special cases. SIAM ]J. Appl. Math., 48:1147-1158 (1988).

[4] T. Berry, J. Harlim. Linear theory for filtering nonlinear multiscale systems with model error.
Proc. R. Soc. Lond. Ser. A Math. Phys. Eng. Sci. 470, no. 2167 (2014).

[5] M. Boutayeb, H. Rafaralahy, M. Darouach. Convergence analysis of the extended Kalman filter
used as an observer for nonlinear deterministic discrete-time systems. IEEE transactions on
automatic control, 42 (1997).

[6] S. Bonnabel, J.J. Slotine. A contraction theory-based analysis of the stability of the Extended
Kalman Filter. IEEE Trans. Automatic Control, Vol 60(2), pp565-569 (2015).

[71 R. S. Bucy, P. D. Joseph. Filtering for Stochastic Processes with Applications to Guidance,
John Wiley & Sons (1968); 2nd Edition, AMS Chelsea Publ. (2005).

[8] R. S. Bucy, R. E Kalman. New Results in Linear Filtering and Prediction Theory, Transactions
of the ASME - Journal of Basic Engineering, vol. 83, pp. 95-107 (1961).

[9] R. Carmona, J.-P. Fouque, L.-H. Sun. Mean Field Games and Systemic Risk, Communications
in Mathematical Sciences. Vol. 13, no. 4, pp. 911-933 (2015).

[10] A Cuzol, P Hellier, E Memin. A low dimensional fluid motion estimator. International Journal
of Computer Vision 75, no. 3, pp. 329-349 (2007).

[11] A Cuzol, E Memin. Vortex and source particles for fluid motion estimation. 5th Int. Conf. on
Scale-Space and PDE methods in Computer Vision, Scale-Space’05, Hofgeismar, Germany,
Apr. (2005).

[12] A Cuzol, E Memin. A stochastic filter for fluid motion tracking. 10th IEEE International
Conference on Computer Vision, ICCV’05, Beijing, China, Oct. (2005).

[13] A Cuzol, E Memin. A stochastic filtering technique for fluid flows velocity fields tracking.
IEEE PAMI (Pattern Analysis and Machine Intelligence), 31(7):1278-1293 (2009).

[14] P. Del Moral. Mean field simulation for Monte Carlo integration. Chapman & Hall/CRC
Monographs on Statistics & Applied Probability (2013).

[15] P. Del Moral, A. Kurtzmann, J. Tugaut. On the stability and the uniform propagation of chaos
of a class of extended ensemble Kalman-Bucy filters. SIAM J. Control Optim. Vol.55-1 (2017),
pp. 119-155.

[16] P. Del Moral, J. Tugaut. On the stability and the uniform propagation of chaos properties of
Ensemble Kalman-Bucy filters. The Annals of Applied Probability, to appear.

[17] J.-P. Fouque and L.-H. Sun. Systemic Risk Illustrated, Handbook on Systemic Risk, Eds ]J.-P.
Fouque and J. Langsam. Cambridge University Press (2013).

[18] G. Freiling, V. Ionescu, H. Abou-Kandil and G. Jank. Matrix Riccati Equations in Control and
Systems Theory, Birkhauser, Boston (2003).

[19] J. Harlim, B. Hunt. Local Ensemble Transform Kalman Filter: An Efficient Scheme for
Assimilating Atmospheric Data. Preprint (2005).

[20] V. Karvonen. Stability of linear and non-linear Kalman filters Master thesis, University of
Helsinki (2014).

[21] R. E. Kalman. A New Approach to Linear Filtering and Prediction Problems. Journal of Basic
Engineering vol. 82, no. 35 (1960).

[22] A. ]J. Krener. The convergence of the extended Kalman filter. /em In Rantzer, A. and Byrnes, C.
1., editors. Directions in Mathematical Systems Theory and Optimization. vol. 286, Lecture
Notes in Control and Information Sciences, chapter 12, pp. 173-182. Springer-Verlag Berlin
Heidelberg (2003).

[23] W. Lohmiller and ]J.J.E. Slotine. On contraction analysis for nonlinear systems. Automatica,
vol. 34, no. 6, pp. 683-696 (1998).

[24] W. Lohmiller, J.J.E. Slotine. Contraction Analysis of Nonlinear Distributed Systems. Interna-
tional Journal of Control, vol. 78, no. 9, (2005).

[25] D. Luenberger. An introduction to observers. IEEE Trans. on Automatic Control, vol. 16, no.
6, pp. 596-602 (1971).

EJP 0 (2018), paper O. ejp.ejpecp.org
Page 29/30


https://www.atmos.umd.edu/~ekalnay/pubs/harlim_hunt05.pdf
https://helda.helsinki.fi/bitstream/handle/10138/144334/gradu_toni_karvonen.pdf?sequence=2
http://dx.doi.org/10.1214/EJP.10.1214/YY-TN
http://ejp.ejpecp.org/

Stability and Concentration of Extended Kalman-Bucy filters

[26] P. A. Markowich, C. Villani. On the trend to equilibrium for the Fokker-Planck equation:
An interplay between physics and functional analysis. VI Workshop on Partial Differential
Equations, Part II, Mat. Contemp., Rio de Janeiro, vol. 19, pp. 1-29 (2000).

[27] K. Reif, S. Gunther, E. Yaz, R. Unbehauen. Stochastic stability of the discrete-time extended
Kalman filter. IEEE Transactions on Automatic Control, vol. 44, no. 4, pp. 714-728 (1999).

[28] K. Reif, S. Gunther, E. Yaz, R. Unbehauen. Stochastic stability of the continuous-time extended
Kalman filter. IEE Proceedings - Control Theory and Applications, vol. 147, no. 1, pp. 45-52
(2000).

[29] L. Ozbek, E. Koksal Babacan , M. Efe. Stochastic stability of the discrete-time constrained
extended Kalman filter Turk J Elec Eng & Comp Sci, Vol.18, No.2 (2010).

[30] N. Papadakis, E Mmin, A. Cuzol, N. Gengembre. Data assimilation with the weighted ensemble
Kalman filter. Tellus A 62, no. 5, pp. 673-697 (2010).

[31] M. B. Rhudy, Y. Gu. Online Stochastic Convergence Analysis of the Kalman Filter. Hindawi
Publishing Corporation International Journal of Stochastic Analysis Volume 2013, Article ID
240295 (2013).

[32] D. Simon. Optimal state estimation: Kalman, H-infinity, and nonlinear approaches. John Wiley
& Sons (2006).

[33] F. Sonnemann Reif, K. and R. Unbehauen. An EKF-based nonlinear observer with a prescribed
degree of stability. Automatica, vol. 34, pp. 1119-1123, (1998).

[34] Y. K. Song, J.W. Grizzle. The extended Kalman filter as a local asymptotic observer. Estimation
and Control, vol. 5, pp. 59-78 (1995).

[35] E.D. Sontag. Mathematical Control Theory. Springer-Verlag, New York, NY, 2nd edition
(1998).

[36] X. T. Tong, A. ]J. Majda, D. Kelly. Nonlinear stability and ergodicity of ensemble based Kalman
filters. Nonlinearity 29 , no. 2, pp. 657-691 (2016).

[37] W. M. Wonham. On a Matrix Riccati Equation of Stochastic Control. SIAM Journal on Control,
vol. 6, no. 4, pp. 681-697 (1968).

[38] M. I. Zelikin. On the theory of the matrix Riccati equation. Mat. Sh., vol. 182, no. 7 pp.
970-984 (1991).

EJP 0 (2018), paper O. ejp.ejpecp.org
Page 30/30


http://cedricvillani.org/wp-content/uploads/2012/07/P01.MV-FPReview.pdf
http://cedricvillani.org/wp-content/uploads/2012/07/P01.MV-FPReview.pdf
http://www.ece.mcgill.ca/~amahaj1/courses/ecse506/2012-winter/projects/extended-kalman-filter.pdf
https://www.emis.de/journals/HOA/JAMSA/Volume2013/240295.pdf
https://www.emis.de/journals/HOA/JAMSA/Volume2013/240295.pdf
https://www.emis.de/journals/HOA/JAMSA/Volume2013/240295.pdf
http://www.mathnet.ru/links/5052aa2d9c921f105d61c94a204912c1/sm1336.pdf
http://dx.doi.org/10.1214/EJP.10.1214/YY-TN
http://ejp.ejpecp.org/

	Introduction
	Description of the models
	Langevin-type signal processes
	Observability conditions

	Statement of the main results

	Stability properties of quadratic type processes
	Stochastic stability properties
	The signal process
	The Extended Kalman-Bucy filter

	Proof of Theorem 1.2
	Appendix
	Concentration properties and Laplace estimates
	Proof of Theorem 2.1
	Proof of Proposition 2.3

	Proof of formulae (1.6), (1.7) and (1.8)
	References

