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ABSTRACT

Studies have shown several forms of non-linear dynamic filters. However, Extended Kalman filters have proved
to provide more accurate values of the state of dynamic systems over period of time. Though, the results of
estimation by use extended Kalman filters are accurate, there is involvement of computation of high dimension
covariance matrix that are very expensive. Although Bayesian methods offer a robust and accurate approach,
they are often hindered by the computational complexity involved in computing high-dimensional matrices.
This study introduces a new filter, the Second Order Extended Ensemble Filter with pertubed innovation
(SoEEFPI), designed to numerically address the inversion of high-dimensional covariance matrices and then
stochastically perturbing the innovation. The SoEEFPI is derived from the numerical expansion of the expected
values of non-linear terms in the stochastically perturbed Kushner-Stratonovich equation, utilizing a second-
order Taylor series expansion. Validation of the SOEEFPI is conducted on a three-dimensional stochastic
Lorenz 63 model, with simulations performed using MATLAB software. In the validation process , SOEEKFPII
is compared with First Order Extended Ensemble Filter (FOEEF), First Order Extended Kalman Bucy Filter
(FOEKBF), Second order Extended Ensemble Filter (SOEEF), Bootstrap Particle Filter, and Second Order
Extended Kalman Bucy Filter (SOoEKBF). Results indicated that SOEEFPI outperformed the other filters (KBF,
FoEEF, SoEEF) across all three variables of the Lorenz 63 model: z1, 22 and x3. While SOoEKBF exhibited
the lowest root mean square error (RMSE), its computational cost is significantly higher due to the integration
of high-dimensional covariance, making SoEEFPI a more desirable option since its covariance computation is
performed empirically.
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1 Introduction

The introduction of a First Order Extended Ensembile Filter (FOEEF) offers an alternative approach, calculating
covariance matrices empirically instead of relying on matrix multiplication, thus expediting the convergence
process [12]. However, the first-order term used in the Taylor series expansion of nonlinear terms may yield
less accurate results compared to filters developed using a second-order Taylor polynomial. Recently, Kevin
Midenyo developed a second Order Extended Ensemble Filter which proved more efficient in estimation than
the First Order Extended Ensemble Filter [9]. However there is a need for a new filter which incorporates the
noisy components of the dynamic system. Therefore, this study has developed a Second Order Extended
Ensemble Filter (SoEEF) with stochastic perturbed innovation, potentially more efficient for initializing neural
network weights. The SoEEFPI utilizes an empirical method to estimate the inverse of covariance matrices,
addressing the computational challenges and costs associated with previous Kalman filters. As a second-
order estimate, the SoEEFPI provides greater accuracy compared to first-order estimations. Its efficient
implementation will benefit various sectors, such as manufacturing, image recognition, healthcare, and transportation
in estimations.

2 Literature Review

[12] Proposed the first-order extended ensemble filter to solve the computationally intensive initialization of
weights in artificial neural networks. Unlike the Kalman filter-based approach, this method avoids the direct
computation of the matrix products and their inverses, thus improving the learning rate. The first-order extended
ensemble filter uses an empirical estimate of the matrix products and inverses through a weighted ensemble
of samples. The algorithm first generates a set of particles, each representing a possible value of the weight
parameters. The computation of the matrix products and inverses in the first-order extended ensemble filter is
replaced by the empirical estimates of the mean and covariance of the particles. The mean and covariance are
updated using the weighted samples, and the covariance is modified to account for the resampling process.
This modification ensures that the covariance of the new set of particles is equal to the covariance of the
previous set of particles, which is an essential property for maintaining the diversity of the particles [10].

2.1 Non-Linear Filters

Kalman filters have been applied in many areas and more significantly in the non-linear filtering methods that
are just but the extension of the Kalman filter. When working with the non linear models, it is prudent to make
an assumption that the probability densities and the conditional densities are Gaussian. In the non-linear filters,
the Extended Kalman Filters (EKF) has been utilized and it is just an extension of the Kalman filters. In EKF,
the evolution of the time state vector is well described by a dynamical model. In this case, we have different
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equations and the observation mode amd the noice part as shown below;

Yk = f(Yr—1) + wp—1

where; w;, ~ N(0,Q)
where; A, ~ N(0, R),
The initial state y, is a random vector and the mean is;

Mo = E[?JO]

and the covariance is given by;
po = [(yo — po)(yo — 10)" ]

where;
yr 1S n x 1 state vector,
wy, I8 n x 1 process noice vector,
x IS m x 1 measurement vector,
A is m x 1 measurement noice vector,
f(y — k) n x 1 process non-linear vector,
h(yx) m x 1 observation non-linear vector finction,
k is the index of time.
The EKF algorithm is shown in the following steps.
Step 1: Initializing estimated initial state vector

Yo =

The error covariance matrix pg
Step 2: Predicting the state vector.

k1 = f(Ur, p)

then predict error covariance ahead;
P, = Vi BV + Qs

Step 3: Calculation of the observation matrix.

oh
Ykt1 6@

which is the Jacobian of the non-linear measurement function A (yx).
Step 4: Acquiring new measurement vector.

L(k+1)
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Step 5: Calculating the Kalman gain matrix.
My, = PH(H,P,H" +T)7* (2.8)
the correction of predicted results, that is, updated state vector with measurement Z;, is given by,
v = e+ K (20— H(i) )

the update, error covariance

Py = (1 — Ky Hy)P, (2.9)

Step 5: Corrected 3, (output) now becomes the previous state in the next iteration and the process is then
repeated.

The EKF does not perform well when noise is non-Gaussian and the dynamic system must be linear.
Though applied widely, the high computational cost makes it more expensive.

2.2 Kalman-Bucy Filter
The weak form of the Kushner-Stratonovich equation, when integrated over y, gives the estimate §:
dj = F(t)gdt + Q:H™ (t)(dxy — H(t)dt) [3] (2.10)
The equation of covariance is described as:
dQ; = F()Qudt + Q. FT (t)dt + G(t)GT (t)dt — Q:HT (t)R™(t)H (t)Q,dt (2.11)

The optimal estimate of y given z is provided by equations2.10 and 2.11 above equations. The prediction steps
involve the mean estimate:

dj = F(t)jdt (2.12)

and the covariance:

dQ; = F(t)Qudt + Q. FT (t)dt + G(t)GT (t)dt
The new measurement is captured by the additive term in the predicted estimator:

Q:H" (t)(dzy — H(t)jdt)
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2.3 Bootstrap Particle Filter

In this approach, Monte Carlo methods are utilized to numerically approximate estimates of mean and covariance.
According to [15] [8] ,the posterior distribution is approximated as:

q(yt|1:t)

The set of particles is denoted as:
M; = (yi,wh); i=1,2,...,M.

Here yi represents the dynamic state, w! signifies the weight of the particle at time ¢, and ., denotes the
measurements. The filtering probability density is defined as:

yf\:vlt Zwt Y (2.13)

2.4 Ensemble Kalman-Bucy Filter

The Ensemble Kalman-Bucy Filter (EKBF) is based on the particle filter and is designed for modeling continuous
dynamic processes. The covariance is estimated using Monte Carlo techniques [3]. The evolution of the state
is represented as:

dy; = F(t)yidt + Z(t)dB} + Q" H" ()R (t) (dx: + RE (tyn} — H(t)yldt) (2.14)
The mean of the ensemble is given by:
N 1 i
yt:NZyt (2.15)
The covariance is estimated as:

N
Z — 9yt — 90)" (2.16)

2.5 First Order Extended Kalman-Bucy Filter (FOEKBF)
In scalar forms, the first-order model equations are given as follows:

signal : dy: = f(y)dt + g(t)(t)dBe, x4y,t0 <t
measurement : dx; = h(y;)dt + R%(t)dnt, to <t

Substituting g(y, t) with g(¢) in corresponding derivatives and using Taylor series expansion around the mean,
we arrive at:

dije = f(§e)dt + Q:V [R](§¢e) R~ (t) (dwe — h(d¢)dt)
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2.6 Second Order Extended Kalman-Bucy Filter (SOEKBF)

The Second Order Extended Kalman-Bucy Filter (SOEKBF) is derived from a second-order Taylor expansion
around the mean [5]. The equations are as follows:

i = F0)dt + S AU (3:Quct + QUINT @) R (0(dr, — (h(G) + 5AMGa)d))  (247)
AQ: =QuV[fI" (Gr)dt + VIF)(5)Qudt + g(t)g” ()dt — QuV IR (5) R V) () Qudt

+ QAT GOR™ () (dr — (1) + SAIGQ0d)Q:

(2.18)

where §[f] and 4[h] are second-order derivatives.

2.7 First Order Extended Ensemble Filter (FOEEF)

The First Order Extended Ensemble Filter (FOEEF) is based on an ensemble of weights for a neural network
model [12]. The process involves:

1. Initializing ensemble weights w, filter object w,, and covariance matrix Py.
2. Projecting state forward: f(wi)df + g(w!)q= (t)dw;".

3. Computing Kalman gain: ph, (w)r=1(t).
4

. Updating state with measurement information and iterating over the ensemble to update weights @; and
covariance matrix P, [11].

2.8 Second Order Extended Ensemble Filter (SOEEF)

The Second Order Extended Ensemble Filter (SoEEF), developed by Kevin Midenyo in 2023 [9], improves on
the First Order version by incorporating second-order Taylor expansions and Monte Carlo methods [5]. The
filter equation is:

dr = f(a}, )t + g(rf)a (1) By + M (a)r ™ (1(d() — (G Milhow e]) — W)t 1o <t (2.19)

Empirical approximations of mean &; and covariance M; are given by:

1 & R
s 7. _ % ~\2
= ;xta My = N_o1 ;(% ) (2.20)
This method was validated using the Lorenz 63 system, showing improved performance with increased ensemble
size.  Numerous Filters have been discussed and it was established that Kalman Bucy filters were very
accurate in their applications in non-linear dynamic systems, however the cost of computing of the high
dimensional covariance is very high [11]. The first-order extended ensemble filter [12, 11] proved to be a
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better filter as it solved the computational costs by estimating the expected covariances empirically . However,
it applied Taylor series to the first order thus slightly less accurate as compared to filters where the estimation
of expected covariance id done to second order. Kevin Midenyo developed a new filter, second order extended
ensemble filter and in application it proved better than FOEEF as the expected values of the covariances
was approximated by Taylor series to the second order.This thesis is thus building on the past work by
expanding Kushner Stratonovich equation to the second order around the mean and stochastically perturbing
the innovation to take care of any other uncertainties by developing second order extended ensembile filter
with stochastically perturbed innovation. The new filter performs better than SoEEF and FoEEF and it is
computationally cheaper than SOEKBF and other filter.

3 Development of Filter

3.1 Stochastic calculus

There is a lot of underlying mathematics when developing filters. The method of derivation involves dynamic
state-space model hence a need for a deeper discussion on stochastic calculus. This section gives an
introduction , step by step derivation , explanation of stochastic calculus needed to derive Second Order
Extended Ensemble Kalman Filter with stochastically perturbed Innovation.

Assuming that a state of a system is according to

dy; = f(ye, t)dt + g(ye, t)dBy; to < t
and a noisy measurements of the system given by
dz = h(y,, t)dt + 0dv; tg <t

Where f is the drift function, g refers to the volatility , B and v are the independent Brownian motion at time
t. Then the conditional probability density p(y,t) of the state at time ¢ is given by the Kushner-Stratonovich
equation;

where

o(f; 1 0?
Mip] = _Z (3fyzp) + §Z(QQT)UW;;%

is the foward Kolmogorv operation and dp(x,t) = p(z, t+dt)—p(x, t) gives the variation of conditional probability
and the innovation is given by dz — E,h(z, t), that is the difference between the measurement and the expected
value.  Throughout this paper, because the derivation of Second Order Extended Ensemble Filter with
stochastically perturbed innovation involves dynamic processes, stochastic calculus will be utilized in solving
differential and integral equations to help come up with the filter [2].
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3.2 1t6 formula
The Taylor expansion of the KS model is given by
h(Tetse,t +6t) = h(ye, t) + O(ye, 1)]0¢ + Ouy[(ye, t)|0ye
+ %(@t [h(ye, t)]6t* + 204 [ (ys, )] 0: 0y

+ By [y, 10Y7) + - --
In the above equation, values with powers greater than 2 are insignificant hence ignored;

Then, .

The derivation of equation 3.3 is borrowed from the work of [1, 6].
From the above equation, terms containing orders greater than 2 are assigned zero because they are
negligible. Substituting equation 3.2 and 3.3 and assuming the higher order terms are negligible, we will get:

Sh(ye,t) = Oc[h(ye, )]0 + Oy[h(ys, )] (f (ye, 1)0¢) + g(ye, )0 By) + %% [h(ye, t)]g” (e, )5t

= 0y [h(ye, )]0+ + Oy [ (ye, )] (f (e, 1)6¢) + %ayy [h(ye, )] g% (ye, )5t (3.4)
+ Oy [y, )] g(ye, )01 By

when we extend the equation 3.4 to vector form through substituting n dimensional column vector, y;, in the
place of scalar y, and by use of differential operators we get;

9 0.0
"V 0y1 9y2 Oy,
and
0? 0? 0?
0y Oydya  Oyi0yn
2 o o
Ayndyr  yndys  Oyn?
Then equation 3.2 will yield
1
5h = 0y[h]ot + V[T f (ys, t)6t + gtr[g(yt,t)gT(yt,t)]A[h]5t + (VIR g(ye, 1))0¢ By (3.5)

Taking the limit in the mean of 6k as ¢ and o6t tending to zero, we get:

§h = 0;[h)dt + V[h)T dy, + %tr[g(yt, g (yi, t)|A[R]dt (3.6)
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equation 3.4 is referred to as It6 formulae. This formula is significant in the calculation of derivatives of
stochastic calculus [7]. In fact,it is equivalent to chain rule in deterministic calculus [7].

3.3 Fokker-Plank equation

By considering the scalar of the It6 stochastic differential equation 3.4. It can be shown that the process for
{ys,t € [to, I]} generates equation 1 is a molecular process.
The density function of the Marker process is given by

(I)t(y) = q)(y7t)a vt € [t07 T] (37)
together with the transition probability density function we have;
yr(y/z) = (y, t)(Z, 1), VT <t € [to,T] (3.8)

Fokker plank is an equation of the evolution of the density function, ;(y) and the conditional density, &, (y/Z) vt >
T € [to,T]. The Process {y;,t > 0} that is generated by equation 3.4 is a Markov process, then we can say
that, given t; <ty < t3;

‘I’tg\tl,tz (ylz,z) = (I)t3|t2 (y/x) (3.9)

and the following equation satisfies;

By (y)7) = / B0y (0/2) By, () 2)de (3.10)

equation 3.10 above is the Chapman-Kolmogor equation and is applying to all Markov processes. We will then
use the equation 3.10 and Taylor expansion to obtain the equation of evolution of transition probability density
function, @1 (y/x) = ®(y,t|z,T), and is given by
0Py (y/x) _ —0(®yr(y/x) f(y,1)) n 30%(®yr(y/2)g* (Y, t)) (3.11)
ot Oy Oy? |
Equation 3.11 is the Fokker plank equation and also referred to as Kolmogorov’s forward equation.
Then we take expectations to equation 3.11 with respect to @;(z);

Erl@un(y/a)) = [ ®yr(/e)er(@)ds = 2.(y) (3.12)
The equation of each the evolution of probability density function, ®,(y) is thus;

— 30%(@ 2(y,t
00:(y) _ =0(ely/2)f(y,1) | 30°(2+(ye)g"(y,1) (3.13)
ot Oy Oy?
By use of the vector equation 2, the corresponding Fokker plank is got by the evolution of every element in

equation 3.13.

aq)t yv z a(I)t fk yv 1 . 82 (I)t ya ( ) (y’ )) )
—y e + = = {D4(y,t) (3.14)
1 2 k=1 aykayz

—
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we therefore have;

an)f y’ Z a(pf y7 fk ya +% Z 82 (I)f ya a( ) (yat)) ) (315)

o0x;
—1 ke l=1 YroTi

The solution of the equation 3.14 gives the probability density function ®,(y). It should be noted that most SDE
for nonlinear drafts are cumbersome to solve hence numerical solutions are preferred. We then derive a form
of Fokker- plank equation forming the basis of numerical methods.

3.4 Weak form of Fokker plank equation

Considering the scalar Fokker Plank equation 3.13. Let ©(y) €2° (R, R) meaning O(y) is differentiable function
to infinity from R to R, and the compact support is set R. The value of

D10(y) = Po(y) (3.16)
Multiplying equation 3.13 by P(x) and intergrity over domain;
00i(y) _ [ 02:W)f(y:1) /52(@( ¥)g°(y: 1))
= [ LD by S Py (3.17)
when we intergrate 3.17 by parts we obtain
0P, (y .
) plyydy = — 00 ) ) B0y + § [ X000 0P g (3.18)
= J 259 (@4 (y) f(y, ) — 3 22 D)) gy (3.19)
By intergrating the R.H.S of equation 3.19, we have;
0, (y OP(y 1 [02P(y
[ S ey = [ 2w )say+ ;[ CT P ey (3.20)
Getting expected values of 3.20,
/E[P(y)] _ . 0Py 1, .°P(y) ,
Then defining /E;[P] as
/E[P] = o[P] (3.22)
= [ ®:(y)P(y)dy 2
we have,
d®,[P] = ®,[¢* P]dt but the operator
e*—fﬁ+1 2 O (3.24)
Oy 29 0y? |

The above egaution 3.24 is the weck form Fokker plank equation. We can now obtain different numerical
methods based on choice of the test function P(y)
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3.5 Equation of Evolution of the Mean

Given the equation of the mean is
AU, (#,) = fdt

Let;
& = Uy(z) = [ 29, (x)dz and
fo = W,[f(x,t)] = [ f(z,t)T;(2)da then

a; = Vy[z?] — (&) and da; = d¥,[x?] — d(&)*

using its formulae:
AU (x?) = 22U [fa]da + U[g?]

hence
da; = 20, [fx]dz + [q?] + 2, f,dt (3.25)

3.6 Kushner stratonovich

We can describe Kushner-stratonovich equation as the purtabation of Fokker Plank equation through the
addition of the knowledge from measurement by use of Bayesian approach.
The equation therefore estimate ¢, at time ¢ through combination of the noisy dynamic with the noisy measurement.
dP(y,t) = L[P(y,t)|dt + P(y,t)[h()g, t — Eh(y, t)]" (3.26)
nmld2 — Eth(y,t)dt] (3.27)

where

B cd(6:,P) 1 o 0P
P==%" o +QZ(55 )Ua%ay

which is Kolmogorov formed operation and the

dP(y,t) = P(y,t + dt) — P(y,t)

By apply as
q(01,8y,) = 1+ (h— h)" R~ Sy, — hit) + - --

3.7 Evolution of the Mean and Covariance

Mean refers to the first moment whereas covariance refers to the second moment.

dji = ft + (yihT — GehT )R} (dze — hd(®); v, = y(0) (3.28)
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(dMy);5 = (y/z\fz — gifi)dt + (f/zy\y - fi@fj)dt + (@)ijdt_
(yih — i) R (hy; — hy; — hj)dt + (yiy;h— (3.29)
Giih — Giy;h — gyyih + 2gi;h) T RN (t)(dzy — hdt); My, = M(0)
The estimate  is solution to the equation 3.28 and M, is the solution of equation 3.29. The two equations

give exact equation of the evolution of mean and covariance. To simplify the expressions, we can use scalar
and write as;

signal ©  dyr = f(ys,0)dt —&—g(yt)q%dBt; Yo = y(0),t0 <t (3.30)
measurement :  dzy = h(y)dt + r%dnt; to <t (3.31)
The equations for evolution of the conditional mean and variance for scalar are given by;

dje = fdt + (yeh — Geh)r™ (1) (dz = hdt);  ye, = y(0) (3.32)

aM; = 2(y] — gyt — (ag?dt - (yh - 5!
+ (2h — 2 — 29yh + 20%yh + 20%h)r (dz — Edt)); (3.33)

dMy = M(0)
where,

f= [ HMizn (3.34

solving 3.30 and 3.31 will give exact filter. Here the solution involves the calculation of conditional expected
values which is difficult as they involve integration over non-linear functions. We then resort to approximating
the expected values. The second order approximation of exact filter is made by neglecting the third and higher
order

3.7.1 Second-Order Approximate Filter

3.7.2 Theorem 1: Second-Order Approximate Filter

Given continuous functions f(y) and h(y), with existing first and second derivatives f,, f,y, by, hyy. the second-
order approximation of the exact filter neglecting higher-order terms is:
N N 1 N - o1 N
dge = f(9)dt + thfyy(ydt + Mhy(9)r~H(t) (dz — (hg) + §Mthyy(y)) (3.35)

dM, = 2M f,(9)dt + (a()g>(§) + Md(t)g2())dt — (Myhy(§))*r

o o ) (3.36)
5 MRy (5 (1) (e — (h(5) + 5 Mihyy (3))de)
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Proof: By applying a Taylor expansion for f(y) and h(y) around ¢, and taking expectations up to the second
order, we have:

Flo) = 1) + (= A0 + 50— 9 ) 337)
M) ~ hi) + (0 — Dby + 50— 5)hyy (9) (3.38)

The approximations for the remaining terms can be similarly derived using Taylor expansions. Taking expectations
and using covariance terms leads to the final second-order equations.

3.8 First-Order Approximate Filter

3.8.1 Theorem 2: First-Order Approximate Filter

For continuous functions f(y) and h(y), with existing first derivatives f, and h,, the first-order approximation of
the exact filter is:

dys = f(§)dt + Mhy(§)r~" (t)(dz) — h(g)dt (3.39)

AM, = 2 £, (@)t + (a(0)g(@) + Ma(0)g5) )t — (Mih (3)) =" (3.40)

Proof
This is derived from the second-order filter by setting the second-order derivatives f,, and h,, to zero,
leading to first-order terms only.

3.9 Second-Order Extended Ensemble Filter (SOEEF)

The second-order extended ensemble filter (SOEEF) is developed based on the nonlinear model with second-
order approximation:

vk = Pl 0)dt + g(ui)a* (OB, + Moy () (1)) — (5 Mol (61) — Rt to <t (341)

the empirical mean ¢, and covariance M, are estimated as:

N
. 1 i
=y o st (3.42)
1 N
— E 2 ~ 2.
Mt = N —1 2 (yt — yt) y ﬁo S t (343)
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3.10 SoEEF with Stochastically Perturbed Innovation, SOEEFPI

In this section, you introduce the SoEEFPI (Second Order Extended Esembile Filter with Stochastically Perturbed
Innovation) model, derived by adding a stochastic component to the deterministic perturbation term of SOEEF.
This results in the following McKean-Vlasov Stochastic Differential Equation (SDE) for the system’s state
evolution, using mean-field theory (MFT) [13] as an approximation tool. In MFT, all interactions are replaced
by an effective interaction with the mean field.

The key stochastic differential equation is:

d(Ge) = f(G)dt + g(Ge)q* (£)dB; + Mhy(g,)r~ (t) [dzt — 2h(gy)dt + R* <t>du<t>]] (3.44)

This describes the evolution of the system’s state with stochastic innovations. In the finite system, where
M independent copies of the state variables interact, the equation becomes:

d(yi) = f(yi)dt + g(yi)q? (£)dBE + Mhy (yi)r~(t) [dzt + —2h(y',)dt + Ré(t)duim]} (3.45)

This captures the stochastic interaction hypothesis for each state in the system.
The SoEEF evolution equation in its controlled Stratonovich form is then:

dy; = f(ye)dt + g(ye)a® (£)dBe + Mhy(ye)r~ () [dze + R2 (t)dugsy — 2h(y,)dt] (3.46)

This equation is eventually transformed into the It6 form, and the corresponding Fokker-Planck equation
describes the evolution of the filtering density 7 (y:| Z:).

3.11 Exactness of SOEEF with Stochastically Perturbed Innovation

We begin with filtering posterior
T, (Y | Zo) =105, (y | Zo) (3.47)

;. (y | Zo) is true posterior at initial time ¢, and filter posterior matches time posterior at all times, t and
hence we prove that filtering in equation (3.8.5) is exact. It makes sense to show that the equations of evolution
of true posterior and the filtering are the same. By multiplying equaton (3.9.0) by —=; we get;

—7TtN = ’/Tch - 27th (348)

—meM(h — hy) — 7 Mh; + 2mq (3.49)

by introducing m; M h; — m,ch, from equation (3.8.9) we get,
—n(h — hy) = R()V - (may,) (3.50)
substituting equation (3.9.3) to equation (3.9.2) we get;

—mN = MR(t)V - (7, M) — mMhy; + 2myq (3.51)
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But
V- (r[MRMTbig) = xtMRV - (M) + MRV - (mM) (3.52)
and applying in 3.9.4 and noting that
R Ok;
a(y.t) = 5 ;Mk(yt)afyt (3.53)
we get
~IIN = —V(7[MRa™]) + IMh, (3.54)
Taking divergence on both sides of equation 3.9.5 we get;
n aL T .
~V - (7N) = —%;l 5 oo (f[MRMT)1x) + V - (xMhy) (3.55)
we substitute equation (3.8.6) and equation (3.9.6) for;
n aL T
—V - (mN) + (r[MRM"];k) (3.56)
; ayz ayt
i,k=1
and Vedot(m, M) in equation 3.8.7 to get
dry = L(my)dt 4+ (h — hye) T R™(t) (dyy — hydt) (3.57)

Thus proving exactness.

4 Filter Validation

The Lorenz 63 system, first introduced by Edward Lorenz [4], is a set of three ordinary differential equations
that exhibit chaotic behaviour for specific parameter values and initial conditions [14]. The system is given by:

dzy
dt

dzs
dt

dx
= a(xe — 1) =2 x1(b—x3) — 9

7 = X122 — CX3 (4.1)

where @ = 10, b = 28 and ¢ = §. These parameter values determine the system’s chaotic behavior, which
is highly sensitive to initial conditions. Small changes in these conditions can result in significantly different
trajectories over time, a hallmark of chaos.

Lorenz 63 is widely used as a testbed for data assimilation because it exemplifies how small initial perturbations
lead to large changes in outcomes, making it an ideal model for testing filters [4]. In this case, a new filter, the
Stochastically Perturbed SoEEKF, was applied to the Lorenz 63 model and compared with several other filters,
including:
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—_

. First Order Extended Ensemble Kalman Filter with perturbed Innovation (FOEEKPI)
First Order Extended Kalman-Bucy Filter (FOKBF)

Second Order Extended Kalman-Bucy Filter (SoEKBF)

The Bootstrap Particle Filter (KBF)

First Order Extended Ensemble Filter (FOEEF)

o g ~ W D

Second Order Extended Ensemble Filter (SoEEF)

4.1 Stochastic Lorenz 63 Model

The stochastic version of the Lorenz 63 model incorporates randomness through Brownian motion and is given
by:
dy: = f(ye, 0)dt + G(y)Q* (1)dBs; w4, = w(0), 10 < t

where f(y) represents the Lorenz 63 dynamics, B; is a 3-dimensional standard Brownian motion, and G and
Q represent the noise covariance. The measurement equation associated with this model is:

dity = h(ye)dt + R* (t)dny;to < ¢ (4.2)

where h(y) describes the observation process, and 7, is also a 3-dimensional Brownian motion.

4.2 Simulation Setup

The simulation of the Lorenz 63 system used the following setup:

—_

. Time increment: dt = 0.001

2. Simulation time: T'=0to T = 30

3. Initial condition: y;, = [~5.91652, —5.52332, 24.5723]T
4

. The system ran for 30, 000 iterations with nine ensemble sizes: 10, 15, 22, 26, 29, 34, 41, 46, 49

4.3 Perturbed SoEEKF

The stochastic SOEEKF (Second Order Extended Ensemble Kalman Filter) perturbed version used for the
experiment is described by:

dy; = f(ye)dt + g(yt)q% (t)dB: + Mhy(yt)ril(t) [dzt +R? (t)dugy — Qh(yt)dt] (4.3)
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4.4 Performance Evaluation

The performance of the newly developed SoEEKF filter was tested using the Lorenz 63 system and compared
with several other filters. These include: Bootstrap Particle Filter (BPF) First Order Extended Ensemble Kalman
Filter (FOEEF), First Order Extended, Kalman-Bucy Filter (FOEKBF), Second Order Extended Kalman-Bucy
Filter (SOoEKBF), Second Order Extended, Ensemble Kalman Filter (SOEEF)

By evaluating the accuracy and robustness of these filters on the Lorenz 63 system, the new filter's
performance was validated. The chaotic nature of the Lorenz 63 system made it an ideal candidate to test
the filter's ability to handle sensitivity to initial conditions, noise, and nonlinearity.
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5 Resulis

In Figure 1, the Root Mean Square Error (RMSE) is plotted on the y-axis against the reciprocal of the
ensemble size M on the x-axis. The graph compares the performance of six different filters: Bootstrap Particle
Filter (BPF): represented by a thin blue line, First Order Extended Ensemble Filter (FOEEF): represented by a
green line, First Order Extended Kalman-Bucy Filter (FOEKBF): represented by an orange line, Second Order
Extended Kalman-Bucy Filter (SOEKBF): represented by a purple line, Second Order Extended Ensemble
Kalman Filter (SoEEF): represented by a sky blue line and Stochastically Perturbed SoEEF (SoEEFPI): represented
by a maroon line

< 1073 Comparison of RMSE of Different Filters

& W 2N

RMSE

0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Figure 1: Root mean square error for the Reciprocal of Ensemble.
The sizes of the Ensamble used are 10, 15, 22, 26, 29, 34, 41, 46, 49 Other settings; dt = 0.001, R =
0.17, and G = 0.2000.

From the graph, several observations can be made; As the ensemble size increases, the RMSE of the
Bootstrap Particle Filter (BPF) rises, indicating that this filter may become less effective with larger ensembles.

In contrast, the RMSE for the other filters—FoEKBF, SoEKBF, FOEEF, SoEEF, and SoEEFPI—decreases
as the ensemble size increases, suggesting improved performance with larger ensembles.

Among these filters, SOEKBF shows the lowest RMSE, reflecting its strong performance in reducing
estimation error. However, it is important to note that the computation of the inverse of covariance matrices for
SoEKBF is quite expensive, which raises concerns about its practicality for larger applications.

The Stochastically Perturbed SoEEF (SoEEFPI) consistently demonstrates lower RMSE compared to the
other filters, making it a compelling option. Although SoEKBF has the best performance in terms of RMSE,
its high computational cost underscores the need for an efficient alternative. SoEEFPI effectively balances
performance and computational efficiency, proving to be a superior choice in this analysis.
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Figure 2 effectively illustrates the performance of the SoEEFPI filter in comparison to traditional filters in
the context of chaotic systems. The close alignment of SOEEFPI’s trajectory with the true state, combined with
its error performance, underscores its effectiveness as a reliable data assimilation method within the Lorenz
63 model framework. The findings emphasize the importance of selecting filters that not only provide accurate
estimates but also maintain computational efficiency in chaotic environments.

Filter Estimate

I'ruth

BPr

FoEKBF
" L

= —

So F

SoEEFP

0 5 10 15 20 25 30
Time

Filter Error
BPF

FoEKBF

= S KB
[E 20 | . Te g
,,"'

i
30

Figure 2: Filter Estimate and Filter Error for first variable, z1 in Lorenz 63 model 94

Figure 3 illustrates the comparison between the true trajectory of the second variable x5 of the Lorenz 63
model and the estimates produced by six different filters. The plot reveals that there is no noticeable deviation
between the output of SOEEFPI and the true trajectories of the Lorenz 63 system, indicating that SOEEFPI
outperforms the other filters in accurately tracking the true state. This highlights the effectiveness of SOEEFPI
in providing reliable estimates in chaotic systems like the Lorenz 63 model.

Filter Estimate

SoEEFPL

L] 5 10 15 20 25 30
Time
Filter Error

BPF

L.

L] 5 10 15 20 25 30
Time

Figure 3: Filter Estimate and Filter Error for 22 in Lorenz 63 Model 94
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Filter Estimmate

O =] 10 15 20 25 310
Time
Filter Error

Error
!:l

Figure 4: Filter Estimate and Filter Error for 23 in Lorenz 63 Model 94

Figure 4 consists of two graphs. The first graph displays the comparison of the trajectories of evolution
for the new filter SOEEFPI alongside SoEEF, SoEKBF, FOEKBF, and BPF, against the true state generated by
the third variable in the Lorenz 63 model. These trajectories are obtained using nine ensembles measured
between times 7' = 0 and T' = 30. The second graph presents the filter errors measured across the same time
interval for all six filters. This comprehensive analysis provides insight into the performance and accuracy of
each filtering approach in relation to the true state of the Lorenz 63 model.

6 Conclusion

The complexity of integrating the covariance of high-dimensional data and the associated computational costs
have led to the emergence of ensemble Kalman filters. The plots presented compare six filters: First Order
Extended Ensemble Filter (FOEEF), First Order Extended Kalman Bucy Filter (FOEKBF), Second Order Extended
Kalman Bucy Filter (SoEKBF), and Second Order Extended Ensemble Kalman Filter (SOEEF). The experiment
was conducted on a three-dimensional stochastic Lorenz 63 model, with simulations performed using MATLAB
software. Results indicate that SOEEFPI outperformed the other filters (KBF, FOEEF, SoEEF, and FOEKBF)
across all three variables of the Lorenz 63 model: z1, z», and z3. While SOEKBF exhibited the lowest root mean
square error (RMSE), its computational cost is significantly higher due to the integration of high-dimensional
covariance, making SOEEFP| a more desirable option since its covariance computation is performed empirically.
The graphs further demonstrate that SOEEFPI is advantageous for parallel computing, as it does not require
resampling, unlike particle filters. Additionally, the performance of SOEEFPI improves with increasing ensemble
sizes.
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