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Abstract. In this paper we consider the behavior of Kalman Filter state estimates in the
case of distribution with heavy tails .The simulated linear state space models with Gaussian
measurement noises were used. Gaussian noises in state equation are replaced by components
with alpha-stable distribution with different parameters alpha and beta. We consider the case
when "all parameters are known” and two methods of parameters estimation are compared: the
maximum likelihood estimator (MLE) and the expectation- maximization algorithm (EM). It
was shown that in cases of large deviation from Gaussian distribution the total error of states
estimation rises dramatically. We conjecture that it can be explained by underestimation of
the state equation noises covariance matrix that can be taken into account through the EM
parameters estimation and ignored in the case of ML estimation.
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1 Introduction

State-space model (SSM) is convenient way for expressing dynamic systems that involve unob-
served variables. If the model is linear and noises are Gaussian, the technique of Kalman Filter
(KF) [1] can be applied. However, the condition of Gaussian noises in SSM is a strong enough
and can significantly restrict the area of application of Kalman Filter. Some modification of
Kalman Filter in cases of non-Gaussian noises was proposed in [7], but the case of non-Gaussian
disturbances in measurement equation is considered, and the question of parameters estimation
is still open. In this paper we used the KF technique in case of non-Gaussian state noises,
and studied the behaviour of KF and methods of estimation and find some useful properties of
EM-estimation that allows in process of parameters estimation (with out any additional com-
putations) get acceptable results.

16 This study (research grant No 14-05-0007) was supported by The National Research University Higher School
of Economicsa Academic Fund Program in 2014.
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In Section 2 we consider linear SSM in general, and suppose a case of alpha-stable distur-
bances in state-equation. In Section 3, we overview two methods of SSM parameters estimation:
MLE and EM. In section 4, we present the results of Kalman Filter estimation for different
parameters of alpha-stable distribution and demonstrate useful properties of EM-algorithm that
were found out in this research. We make conclusion in Section 5.

2 State-Space Model and Kalman Filter.

State-space model

Consider linear state-space model
Xp1 = A X +Vier €R™ kE=0,1,... (1)

Vi = Oy X + Wi eRrRl k=0,1,.. (2)

Where (1) is called state equation and (2) is measurement equation. Ay - matrix m x m,

Vi - state noise, C} - matrix d x m, W} - measurement noise. To be the Kalman Filter
optimal estimator in the least squares sense [1], it is necessary that noises and initial state vector
should be Gaussian. It means that, Vi ~ N(0,01Qk); Wi ~ N(0,01Ri) and Xo ~ N(u,X)

Alpha -stable distribution.

We replace the Gaussian noises in equation (1) by disturbances with alpha-stable distribution
and consider one-dimensional case. « - stable distribution is fully determined by its characteristic
function [6]:

loggp(t) = —o*[t|“{1 — iﬁsign(t)tan%} +iut;a £ 1 (3)

logd(t) = —olt|{1 + iﬁsign(t)%log|t|} Fiptia =1 (@)

where « € (0;2],8 € [-1,1],0 > 0, € R, and « - characteristic exponent (refer to heavy
tails of distribution); u - location parameter; o - scale parameter; § - skewness parameter. We
denote the random variable with « - stable distribution in the following way: X ~ S (o, 8, i)

Class of « -stable distributions was chosen because the case of & = 2 and 8 =0 (S2(0,0, 1)
corresponds to the Gaussian random variable N(u,202). It means that it can be studied, how
deviations in « from 2, affects the sum of Kalman Filter prediction error.

Moreover, we put the distribution of initial state vector to be a-stable, with the same pa-
rameter « as in the state noise. Due to the property that the sum of two alpha-stable variables
with the same parameter « is a alpha-stable variable again with parameter «, we get that the
state vector has a stable distribution with the same « in all moments of time.

To simulate one-dimension alpha-stable distribution we used the same method as in Weron(1996)[5].

For ae £ 1

sina(V + Bag), ,cos(V — a(V + Bag)) y(1—a)/a

X = Sasl (cosV )/ N %%

()
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Sap =1+ ,BQtanQ%I/ (20)

Bus = arctan(oﬁétan%)
And fora =1 ) W cosV
IWcos

Where V is uniformly distributed in interval [—7/2;7/2] (V ~ U[—n/2;7/2]) and W expo-
nentially distributed with parameter 1 (W ~ Ezp(1)).

So the model that will be considered and simulated in this paper can be expressed in the
following way:

Tpy1 = Az + g1 5 €k ~ Salo, Byp); xo ~ Salo2, B, 1)
yp = Cxp+ ;3 i ~ N(O,R)

Kalman Filter

To get the Kalman Filter equations first, assuming that vector of parameters 0,= [p, 2, Ag, Ck, Qk, Rk]
is known for all k. The aim is to estimate state variable at time k, based on available information
at time k and the error of this estimation. It can be formulated the following way:

Xpp=L[Xk|Vi;

Ek|k: E[(Xk — Xk\k)(Xk - Xk|k>*|yk], /{,’ZU,],,Q,...,N, where

Vi = o{Yo, ..., Yy} -sigma-algebra generated by Yp,...,Yy.,k=0,1,2,...,N.

Suppose that on the iteration k one has )A(k‘k and Yy, and it is necessary to find Xk+1|k+1
and Xy yqj,41. Before receiving a new observation Yj,; one makes a prediction based on (1).
Then when new observation received, the correction is started. Gy, (Kalman Gain) is coefficient
that shows the measure of uncertainly in new observation. All equations of Kalman Filter are
received in assumption of Gaussian noises.

l?redictioni Kalman Gain:

X1k =Ar Xk Grt1 = S 1Ot Hypa e~
Eer1k=ArZpAr” + Qrt1

Innovations: K (;orrection:A

Vk+1 = Y1 — Cr1 Xppp Xir1jk+1 = X1k + Grp1Ve1
Hipapk = Cr1 S5k Cri1™ + Ria Seripr1=U = Grr1Cri1) Ziqa ke

Given X kx and 3y for all k, results can be improved by and find smoothed estimates of
states: XMN and Yy y for k=0,1,2,...,N (all formulas can be found in [4])

3 Methods of parameters estimation

All equations above make sense only when all parameters are known. Assume that parameters
are independent on time: = [u, X, A, C, @, R], and the aim is to estimate this vector based only
on realisation yi, ..., Y-
To obtain the MLE [2], it is necessary to maximize the likelihood function of innovations by
numerical technique (e.g. quasi-Newton-Raphson). The likelihood function of innovations:
N

Ly (0) = TT (gmyoraHiu1(O)] el Juel6) High_,v(0) 7)
k=1
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The idea to use EM-algorithm was proposed in [3]. At E-step it is necessary to find the
conditional expectation of the following function

dPy
(6 61) - EG' [lOg |yN]7 ,lOg

Py Z log\; + constant

where )\, =
QI 20(Q 2 (Xk — AXi—1) |RI7VP(RV2 (Vi — CXy))
d(Xk) ' V(Ye)

and X ~ N(0,1,,); Y ~ N(0, I,,); () and 9 (y) is probability density function of standard
Gaussian random variable.

At the M-step, (at j + 1 step), one maximises Q(0,0"): 011 = argmazg) Q(0,0'). The
update recursive equations for all parameters can be found in [4] except matrix C, so we give it
here.

N

N
C = YXinQ_[Euw + Xpn Xin) ™
k=0 k=0

4 Simulation results and findings

The following parameters were chosen for simulation:

Thp1 =Tk +Epr1 5 €k ~ Sa(20,5,0)
yr = 1.2z, + pg 5 e ~ N(0,150)
2o ~ Sa(50, 3,100)

Each sample contents 1000 observations. For all parameters a and § under consideration
the mean values of Z simulations are used. To apply the Kalman Filter, we used that a -
stable distribution with « = 2 and 8 = 0 (S2(0,0, 1) corresponds to Gaussian random variable
N (p,20?), and we simply replaced each a to o = 2. It means that we ignore true heavy tails.

All parameters are known. Consider how « and g influence total error of prediction of
unobserved states. Firstly, we studied the case of all parameters are known.
Figure 1 demonstrates the mean error of estimation that was calculated as

Error = Z Z X( m) _ X(m)kw) (8)

mOkO

It can be seen from the Figure 1, that in cases of large deviation from « = 2 (refer to Gaussian
distribution) the total error is rising dramatically, and by decreasing « error continues to rise,
e.g. for @ = 1.1 the total error was 4000 times higher then in Gaussian case (error displayed
as a constant on the first picture because of great mistake for small «, so "zoomed” graphs are
provided). Moreover, the Kalman Smoother gives more accurate state estimates only for « in
near [1.85;2]. Note that in the interval [1.85;2] the KF and KS are not so sensitive to deviation
in « (for a=1.85, the total error increases by 20%) - then the slopes of both curves only rise.

The only parameter that was not set to true values is distribution of state equation noise
and initial state vector. So it is logical to assume that such large total error of predictions is
strongly connected with the non-observance of Gaussian assumption of state equation noise.To
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Figure 1: Mean error (10000 simulation) of KF (red) and KS (blue) estimation. « € [0.05;2],

step=0.05, 5 =0

be more precise, we conjecture that it can be explained by underestimation of the state
equation noises covariance matrix (matrix Q = 202 in our model set up).

It is enough to compare « - stable distribution and Gaussian distribution with the same
covariance matrix, to understand it'7:

alpha=2 alpha=1.95 alpha=1.85
e
a 84
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Figure 2: Kernel densities of « - stable distribution(blue)(c = 20; 8 = 0) and Gaussian(red)
distribution with same covariance matrix.

The consequences of the assumption of Gaussian noise when it truly alpha-stable is shown
on Figure 2. To obtain KF estimates we substitute true distribution (that corresponds to blue
line) by Gaussian distribution with the same covariance matrix (that corresponds to red lines).
However, it is seen that long tails of blue graphs are not covered by red ones, so as a result
algorithm can not cannot ”detect” jumps in a process that are appearing because of heavy
tail distribution of disturbances. It is obvious that with « closer to zero, the tails become longer
and the underestimation becomes larger and we met larger total error (when « is close to 2, the
difference is not so dramatic). In terms of Kalman filter, algorithm consider state equation as
not so noisy how it is truly is, and it assign small weight (Kalman Gain) to received observation.

The same mean total error as before for different S and same « is plotted in Figure 3.

7Gaussian variables were simulated by Box-Muller, and a-stable were as in [5]
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Figure 3: Mean error (10000 simulations) of KF (red) and KS (blue) estimation. 5 € [—1;1]
step=0.05 a = 1.75

There is probably no dependence between total error and parameter 3. The case of symmetric
tails (8 = 0) do not refer to the least total error. Moreover, the fluctuations of the total error
are not so large. The deviation in heavy tails («) is more significant for state estimates than in
B, so we switch to different o only in estimation methods.

Parameters estimation. We consider the behaviour of two estimation procedures. Initial
values were set to true ones, and the following results were found.!®

Bes55
4e+08

Je+08
100000 150000

50000

2e+08

mean.error

4g+95

mean.error

1e+08

Oe+00

20+95

Oe+00

05 20

10
alpha

Figure 4: Mean error (1000 simulations). Parameters estimation by MLE (red) and by EM
(blue).« € [0.1;2], step=0.1 3 =0

Figure 4 shows that the total error of estimation by MLE is increasing sharp, and as expected
MLE is extremely sensitive to deviation from Gaussian distribution. Because of different ranges
of scale, we plot the error of EM estimation separately (Figure 5).

¥Because of numerical optimization of likelihood function in ML estimation, the number of simulations was
reduced.
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Figure 5: Mean error (1000 simulations). EM (blue) parameters estimation. « € [0.1;2],
step=0.1 =0

Figure 5 shows that total error of KF prediction when parameters are estimated by EM
increases slowly in the interval of [1.3;2],e.g. for & = 1.4 error increases only by 14% (in average),
against near 622% when "all parameters are known” and it is more satisfying result than before.
But out of this interval the total error is large but less than in case of MLE estimation. To
understand the nature of such good behaviour of EM we turn to figures of parameters estimation
(Figure 6).
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Figure 6: Mean (1000 simulation) MLE (red) and EM (blue) parameters estimation.c € [0.1; 2],
step=0.1 3 =0

It is obvious that results of EM-estimation are more accurate that MLE ones. The parame-
ters of A and C are estimated correctly by EM-algorithm. But EM-algorithm overestimate the
covariance matrix Q(compare to real value). However this over estimation allows to take
into account heavy tails. The overestimation of matriz @) tends to larger Kalman Gain. It
means that in a moment of correction we assign larger weight to observation we received
than to our prediction (because of large covariance matrix). It is important to mention, that
received results were confirmed when EM estimation was used only for Q, and all other parame-
ters were true, so the cause of little increase in prediction error is overestimation of Q. Of course,
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we increase the confidence interval of our state prediction, but it seems to be quite acceptable
cost for considerable error decreasing. In our simulation example we decrease (e.g. for « = 1.3
the total error 140 times while Sigmay,; increase only by 1.28). Unfortunately, overestimation
of Q is not enough in cases of larger deviation in a. But in cases when it is necessary to estimate
parameters and o € [1.3;2] it is acceptable not to complicate KF, and use only EM.

5 Conclusion

By simulation it was shown that in spite of the heavy tails of state equation noise, EM and ML
estimate parameter A properly. EM-algorithm can overestimate covariance matrix of state
noise in such way that the total error of prediction increases a little (compared to the Gaussian
case) in the interval [1.3; 2]. It was confirmed that exactly due to the overestimation of covariance
matrix Q, it is possible to prevent large prediction error. Without any additional computations,
only in process of parameters estimation by EM and if o € [1.3;2], we can get approximately
true values of unobserved states. ML estimation does not demonstrate such good properties, and
more likely gives wrong estimates of states. It is a possible evidence of unacceptable application
MLE for KF estimation, because it can lead to incorrect results. Although it is evidence of
useful properties of EM that can allow to apply standard KF procedure in cases of a-stable
distribution. The detecting how proposed method can reduce the prediction error comparing to
modification of KF in [7], and how to estimate all parameters in this modification are questions
for our further research.
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