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A Novel Outlier-Robust Kalman Filtering
Framework Based on Statistical
Similarity Measure
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Abstract—In this article, a statistical similarity measure
is introduced to quantify the similarity between two random
vectors. The measure is, then, employed to develop a novel
outlier-robust Kalman filtering framework. The approxima-
tion errors and the stability of the proposed filter are ana-
lyzed and discussed. To implement the filter, a fixed-point
iterative algorithm and a separate iterative algorithm are
given, and their local convergent conditions are also pro-
vided, and their comparisons have been made. In addition,
selection of the similarity function is considered, and four
exemplary similarity functions are established, from which
the relations between our new method and existing outlier-
robust Kalman filters are revealed. Simulation examples are
used to illustrate the effectiveness and potential of the new
filtering scheme.

Index Terms—Heavy-tailed noise, Kalman filter, outliers,
statistical similarity measure, separate iterative algorithm.

[. INTRODUCTION

HE Kalman filter is best-known as an optimal recursive
T state estimator in the sense of minimum variance for a
linear system with Gaussian noises. In view of this, the Kalman
filter has been widely used in positioning, navigation, target
tracking, and signal processing [1]. The estimation accuracy of
the Kalman filter degrades dramatically for a linear system with
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non-Gaussian heavy-tailed noises, which are often induced by
state and measurement outliers from external interference or
unreliable sensors [2].

For such non-Gaussian filtering problems, the particle filter
(PF) can achieve an approximate state estimate by modeling
the noises as non-Gaussian heavy-tailed distributed and approx-
imating the posterior probability density function (pdf) as a set
of weighted random samples using the sequential Monte Carlo
sampling technique [3]-[5]. The Gaussian sum filter (GSF) can
be also used to address the non-Gaussian filtering problem by
running a group of Kalman filters, in which a finite sum of Gaus-
sian distributions are employed to model non-Gaussian noises,
and the posterior pdf can be updated as a weighted sum of Gaus-
sian pdfs [6]. Moreover, the interacting multiple model (IMM)
filter is a promising approach to address model uncertainty, in
which several subfilters are performed in parallel based on the
preselected model set and the corresponding model transition
probability matrix, and the subfilters interact with each other
by fusing the state estimates and corresponding estimation error
covariance matrices based on the recursive estimates of the mode
probabilities [7]. Normally, the performances of the PF, GSF, and
IMM filter rely heavily on the preselected distributions to model
non-Gaussian state and measurement noises. Unfortunately, it is
very difficult to select accurate distributions to model unknown
and time-varying non-Gaussian noises, which are often induced
by outliers so that the estimation accuracy of the PF, GSF, and
IMM filter degrades significantly when inaccurate or even wrong
noise distributions are used. The contribution of this article is,
therefore, to provide a unified theoretical framework to solve the
non-Gaussian filtering problem for a linear state-space model
with unknown non-Gaussian heavy-tailed noises.

A large number of outlier-robust Kalman filters have been
proposed to achieve a tradeoff between estimation accuracy
and computational complexity. As a classic robust regression
technique, the M-estimator is robust to measurement outliers and
has been successfully extended to the Kalman filter setting [8].
By employing the influence function approach on the prediction
error and residual error, many outlier-robust Kalman filters have
been proposed based on the M-estimate method [9]. The Huber
Kalman filter (HKF) is the most famous extension of the M-
estimator to the Kalman filter setting, which utilizes a combined
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l1 and [ norm as a robust cost function, and a generalized robust
maximum likelihood estimate is achieved by minimizing the
Huber cost function [10]. The maximum correntropy Kalman
filter (MCKF) is an alternative method to handle state and
measurement outliers. The sum of the Gaussian kernel functions
of the prediction error and residual error are selected as the
robust cost function, and many MCKFs have been proposed
by maximizing such robust cost functions [11]-[13]. Motivated
by the fact that the outlier contaminated state and measurement
noises often have non-Gaussian heavy-tailed distributions, many
outlier-robust filters have been proposed by modeling the state
and measurement noises as Student’s t distributed [14]—-[23].
These robust filters can be divided into two categories: Student’s
t filter and robust Student’s t based Kalman filter (RSTKF). In the
Student’s t filter, the posterior pdf is approximated as a Student’s
t pdf with fixed degrees of freedom (DOF) parameter based
on the Bayesian rule [14]-[16], nevertheless, in the RSTKE,
the posterior pdf is approximated as a Gaussian pdf based on
the variational Bayesian (VB) approach [22], [23]. For a linear
system with moderately heavy-tailed state and measurement
noises, the RSTKF can achieve better estimation accuracy than
the Student’s t filter but at the cost of higher computational
complexity. Also, the adaptive Kalman filter based on the VB
approach can to some extent address the heavy-tailed state and
measurement noises induced by outliers based on the adaptive
modifications of the one-step prediction error covariance matrix
and measurement noise covariance matrix [24].

Although the HKF, MCKEF, and RSTKF can all achieve better
estimation accuracy than the standard Kalman filter for a linear
system with outlier corrupted state and measurement noises,
their interrelationships have as yet not been revealed. Except
for the Gaussian scale mixture distributions, the design method
of the existing RSTKF cannot be generalized to a general
non-Gaussian heavy-tailed distribution, which limits its further
improvement. In addition, it is worth studying whether the esti-
mation accuracy of the existing HKF, MCKF, and RSTKF can be
further improved. An advanced outlier-robust Kalman filtering
framework is, therefore, required to reveal the interrelationships
between the existing HKF, MCKF, and RSTKF and further
improve the estimation accuracy of the existing HKF, MCKF,
and RSTKFE.

In this article, a statistical similarity measure (SSM) is intro-
duced to quantify the similarity between two random vectors.
The measure is then used to develop a novel outlier-robust
Kalman filtering framework, in which lower bounds of the SSM
between the state vector and the predicted state vector and that
between the measurement vector and the predicted measurement
vector are maximized, and the posterior pdf is approximated as
Gaussian. To illustrate the effectiveness of the proposed frame-
work, the effects of the approximation errors on the proposed
framework are analyzed in detail, and the numerical and filtering
stabilities of the proposed framework are also discussed. To
implement the proposed framework, the fixed-point iterative
algorithm and the separate iterative algorithm are proposed, and
their local convergence conditions are also provided and com-
pared. Furthermore, the selections of the similarity functions are
presented, and four exemplary similarity functions are provided,

from which the relations between the proposed method and the
existing outlier-robust Kalman filters are revealed. Simulation
results of a manoeuvring target tracking example illustrate that
by selecting appropriate similarity functions, the proposed filters
have improved estimation accuracy but higher computational
complexities than the existing state-of-the-art filters.

The remainder of this article is organized as follows. In
Section II, a novel SSM is proposed to quantify the similarity be-
tween two random vectors. In Section III, a novel outlier-robust
Kalman filtering framework based on the SSM is proposed,
and its error analyses and stability discussions are provided.
In Section IV, two novel iterative algorithms for proposed
outlier-robust Kalman filtering framework are proposed, and
their local convergence conditions are provided. In Section V, we
present the selections of the similarity functions. In Section VI,
simulation results of a manoeuvring target tracking example
and comparisons with existing filters are given. Conclusions are
drawn in Section VII.

[I. PROPOSED SSM

In this article, a novel SSM is proposed to quantify the simi-
larity between two random vectors. The proposed SSM s(x,y)
for random vectors x and y is defined as follows:

s(,y) =E [f(lx - y|?)] = / / F(lx - y?)p(x, y)dxdy
(1

where E[-] denotes the expectation operation, || - || denotes the
Euclidean norm, and p(x,y) denotes the joint pdf of random
vectors x and y. In this article, the scalar function f(-) is named
as the similarity function, and it must satisfy the following three
conditions.

1) Condition 1: f(-) is a continuous function defined on
[0, 4+00).

2) Condition 2: f(-) is a strictly monotonically decreasing
function: f(t) < 0fort € [0, +00).

3) Condition 3: The second derivative of f(-) is nonnegative:
f() > 0fort € [0,+00).

The monotonically decreasing property of the similarity func-
tion f(-) can guarantee that the proposed SSM s(x, y) is increas-
ing as the distance between x and y decreases. As a result, the
proposed SSM conforms to the usual definition of a similarity
measure that is in some sense the inverse of distance metrics.
The higher similarity between random vectors x and y, the larger
SSM becomes. The proposed SSM has some basic properties as
follows.

1) Property 1: The proposed SSM is symmetric: s(x,y) =
s(y, x).

2) Property 2: The proposed SSM achieves the maximum
value if and only if the random vectors x and y are
identical.

3) Property 3: The proposed SSM includes all the even

order moments of the random vector x —y: s(x,y) =

= %E[HX — y||?"], if the Taylor expansion of the

similarity function f(t) exists when ¢ > 0.
Property 1 can be easily verified using the definition of the
proposed SSM in (1), and Property 3 can be directly derived by
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exploiting the Taylor series expansion of the similarity function
f(t) at t = 0. Next, we will prove Property 2 in the following
Theorem 1.

Theorem 1: If the similarity function f(-) satisfies Condition
2, then Property 2 holds.

Proof: See Appendix A. |

Property 2 guarantees that the proposed SSM has a maximum
point,i.e.,x = y.Itis noteworthy that the proposed SSM s(x, y)
is an upper bound of f(E[[|x — y||?]), and they have the same
maximum point, i.e., X =Y.

Remark 1: The proposed SSM is a generalized similarity
measure between two random vectors and encompasses existing
similarity measures. For example, the proposed SSM s(x, y) is
the negative mean squared error (MSE) between random vectors
x and y when the similarity function is chosen as f(t) = —t.
The proposed SSM s(x,y) is the correntropy between random
vectors x and y when the similarity function is selected as
f(t) = exp(—525t) [11], [13]. More interestingly, the gener-
alized correntropy [25] between random vectors x and y is also
a special case of the proposed SSM s(x, y) when the similarity
function is chosen as f(t) = BT exp(—t2 7) and the
shape parameter satisfies the constraint 0 < o < 2.

Remark 2: For the proposed SSM, except for the first two
conditions, the similarity function f(-) has to satisfy the third
condition. The third condition not only can facilitate the design
of an outlier-robust Kalman filter but also can guarantee robust-
ness to outliers and local convergence of fixed point iterations,
as shown in Sections III, IV, and V.

The proposed SSM can be used in Bayesian inference. Dif-
ferent SSMs are achieved when different similarity functions
f () are selected, based on which different state estimates can
be obtained by maximizing the corresponding SSMs. Next, we
will propose an outlier-robust Kalman filtering framework based
on the proposed SSM.

I1l. PROPOSED OUTLIER-ROBUST KALMAN FILTERING
FRAMEWORK BASED ON SSM

Consider a linear dynamical system described by a linear
discrete-time state-space model as follows:

xp = Frxp_1 + wy
z, = Hypxp, + vi

(state equation)
(measurement equation)

@)

where k is the discrete time index, x; € R is the state vector,
z;, € R™ is the measurement vector, F, € R™"*" and H; €
R™*™ are, respectively, the known state transition matrix and
measurement matrix, and wi € R™ and v, € R™ are, respec-
tively, state and measurement noise vectors. In this article, the
state and measurement noises are assumed to have non-Gaussian
distributions that are, respectively, induced by state and measure-
ment outliers.

A. Design of Outlier-Robust Kalman Filtering Framework

Similar to the standard Kalman filter, the proposed outlier-
robust Kalman filtering framework is also composed of time and
measurement updates. In the time update, the one-step predicted
state vector Xy ;1 and corresponding nominal prediction error
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covariance matrix Py ;_; are calculated as follows:
Rih—1 = FrXp_1p—1 . 3)
Prp1 =FePp_p 1 Fp + Qu

where X, _1,_1 and Py, are, respectively, the state esti-
mate and corresponding estimation error covariance matrix at
time k — 1, and Qj denotes the nominal state noise covariance
matrix. Note that Py, is called the nominal prediction error
covariance matrix since the used nominal state noise covariance
matrix Qy, is inaccurate in the presence of state outliers.

In the measurement update, we aim to achieve an approximate
posterior pdf ¢*(xx) ~ p(x|21.;) through maximizing the sum
of the SSM between S;‘}Cflxk and S;\}gqﬁklkfl and the SSM

between Sﬁlkzk and S’le H;.x,ie.,
-1 -1 ~
q (Xk) = arg ?&‘1}; {5 (Sk‘kflxka Sk‘kflxk\k‘fl)

+ s (Sftlk Zj;, Sﬁlk Hkx;c)} (@)

where Sy, and Sgr, are, respectively, the square roots of
the predicted error covariance matrix Py, _; and the nominal
measurement noise covariance matrix Ry, i.e.,

Pik—1 = Skje-1Shs_1 Ry, =Sr, Sk, )

where R denotes the nominal measurement noise covariance
matrix. Note that the 1-step statistical similarity measure based
cost function in (4) is sufficient for designing an outlier-robust
Kalman filtering framework in this article, in which the one-step
predicted state vector Xy, and measurement vector zy, at the
current time are used to construct the cost function. The idea of
this article can be extended to derive an outlier-robust Kalman
smoothing framework based on a multiple-steps SSM cost func-
tion by resorting to some standard techniques for designing a
maximum a posterior estimator in a Bayesian framework [26].

Considering that the one-step predicted state vector Xp,_1
and measurement vector z;, are known and deterministic quan-
tities in the measurement update of the Kalman filter, the maxi-
mization problem in (4) can be reformulated as

0’ (x;) = arg max { [ 0180160 = R ) Phata)i

q(xx)

+ / fz(IISRi(Zk—Hk-xk)2)q(xk)dxk} (6)

where f,(-) and f.(-) denote the similarity functions of state
and measurement models, respectively.

It is very difficult to achieve an optimal solution for the
maximization problem in (6) since both the explicit form of
posterior pdf ¢(xy,) and closed form solutions for the integrals
are unavailable. To solve this problem, we propose to achieve an
approximate ¢* (X, ) by approximating the posterior pdf ¢(xy) as
Gaussian and maximizing the lower bound of the cost function.

First, we propose to approximate the posterior pdf ¢(xy) as a
Gaussian pdf, i.e.,

q(xk) = N(xx; pr, B @)

where p, and 3y, are, respectively, the mean vector and covari-
ance matrix of the posterior pdf ¢(xy).
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Substituting (7) in (6), the maximization problem with respect
to the posterior pdf g(xy) in (6) is approximately transformed
into a maximization problem with respect to the posterior mean
vector and covariance matrix, i.e.,

{ [ s

X N(xp; por, B )dxy, + /fz(”S]}l,C(Zk — Hyx;)[|*)N

P arg max
k7 k

{mp, = Xk|k 1)|| )

X(Xk; uka)dxk} s st. X >0 (8)
where p; and X} denote the optimal posterior mean vector
and covariance matrix. Next, the cost function in (8) will be
approximated as its lower bound, and then an approximate
solution can be obtained.

Theorem 2: If the similarity functions satisfy Condition 3,
ie., f.(t) > 0and f.(t) > Ofort € [0, +00), the maximization
problem in (8) can be transformed as follows:

{u;, 21} =~ arg{max ) J(pg, Xg) st Xp >0 (9)

779 3%

where Ji (py, X ) is the lower bound of the cost function in (8)
and formulated as

i ) = fo (r(AGPLL_)) + £ (r(BURY) (10)

where tr(-) denotes the trace operation of a matrix, and A, and
By, are, respectively, given by

Ay = /(Xk — Rpe1) (% — K1) TN (X s T ) dx
=3k + (o — Kpe1) (e — Rpgo1) " (11)
By = /(Zk — Hyx) (2 — Hixp) "N (x5 o, B ) dxc
= (z1, — Hypp) (2, — Hyppp) T + Hy S H (12)

Proof: See Appendix B. ~ - |
Define four auxiliary variables &, Ay, &k, and Ay as follows:

& 2 —2f, (AP ), A2 —2f ((BiR,))
ék £ 2f$ (tr(AkPklk 1)) ik £ sz (tI‘(BkRgl))
(13)
and three auxiliary matrices as follows:
By (pr Bn) = L2
’ Kk
A, (pi, By) = 2l (14)
O, (ki Zk) = LNTR

Opropy

where A, (pur, Xx) and As, (pur, i) denote the Jacobian
matrices of the approximate cost function Jy (pg,Xg) with
respect to the posterior mean vector and covariance matrix,
respectively, and ©,, (px, 3i) denotes the Hessian matrix of
the approximate cost function Jy (p, 2y ) with respect to the
posterior mean vector.

Theorem 3: The optimal solution p; of the approximate cost
function Jq (g, 2i) is formulated as follows:

pi, = X1 + Ki(z — HiZppa) - (15)

- 1
=P Fe-1 Hi (HkPk\k H +R*) (16)

where Pz‘ x_1 and R} are, respectively, the modified one-step
prediction error covariance matrix and measurement noise co-
variance matrix given by

P11 =Prr-1/&;

and the auxiliary parameters &; and A}, are given by

& = —2f, (tr(A*PM}c 1)) 2, = —2f. (tr(BiR, "))

r = Ri/Ap (17)

(18)

and the auxiliary parameters A}, and B, are given by
B =04 (1 — Ripem1) (5 — Repm) T (19)
w= (2 — Hypp)(ze — Hipp)' + Hi SpHE. (20)

Proof: See Appendix C. |

Next, we will further confirm the extreme point p, in (15)
is a maximum point or a minimum point, and present the
monotonicity of the approximate cost function J; (g, 3y ) with
respect to the posterior covariance matrix 3.

Theorem 4: If the similarity functions satisfy Condition 2 and
Condition 3 and the following inequalities hold:

—(&)? + 26, <0, —(1)? + 245, <0

then both the Hessian matrix ©,,, (p;,3) and the Jacobian
matrix Ay, (pr, X5) are negative definite, i.e.,

@#k ([1,2,22) <0, Agk (/J,k, Ek) < 0. 22)

Proof: See Appendix D. |

Theorem 4 implies that the extreme point uj, in (15) is a
maximum point of the approximate cost function J; (g, X )-
Itcan be also observed from Theorem 4 that the approximate cost
function J; (py, 3) is monotonically decreasing with respect
to the posterior covariance matrix 3, and then the approximate
cost function J; (pey, X%, ) can achieve a unique optimal solution
37 at the lower bound of the posterior covariance matrix. Next,
we will determine the optimal posterior covariance matrix 7.

To obtain the maximum point 337, we need to find areasonable
constraint to apply upon Xj. Motivated by the fact that the
covariance matrix of the posterior pdf is the negative inverse
of the Hessian matrix of the least squares cost function in the
traditional maximum a posteriori estimation framework, we
propose a heuristic assumption that 3 is not less than the
negative inverse of the Hessian matrix @, (u}, 25), i.e.,

X > —Gﬁk (1y, 27.)-

(21)

(23)

It is worth noting that the well-known M-estimate employs a
similar way to deal with the posterior covariance matrix, which is
set as the negative inverse of the Hessian matrix of the robust cost
function [8]-[10]. Since the cost function J (g, Xy ) is mono-
tonically decreasing with respect to 3, the optimal covariance
matrix should be the negative inverse of the Hessian matrix, i.e.,
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—©,,! (15, ;). Unfortunately, the Hessian matrix can easily
lose its negative definiteness during the iterative computation,
and then the filter was often found to halt its operation due to the
numerical problem. To keep the negative definiteness, the pos-
itive semidefinite term D+ (u}, 3} ) is mandatorily subtracted
from the Hessian matrix ® ,, (pt},, 2 ). That is to say, the lower
bound of the posterior covariance matrix is further reduced, i.e.,

Sk > -0, (15, 20) = — [0, (11, Z7) — Di(pi, S0

(24)

Exploiting (24) and (60), the maximum point X} can be
formulated as

~1

== (g;P;‘}H + AZHER;H,C) . (25)

Employing the matrix inversion lemma [1, pp. 11-12] and
(16), (17), and (25) gives

k= ”1;\1671 - KszPZ\kfl' (26)

B. Error Analyses of the Proposed Framework

In Section ITI-A, three approximations are employed to derive
an analytical solution for the original maximization problem in
(6), which are listed as follows.

1) Approximation 1: The posterior pdf ¢(xy) is approxi-
mated as a Gaussian pdf in (7).

2) Approximation 2: The original cost function is approxi-
mated as its lower bound by Theorem 2.

3) Approximation 3: The original Hessian matrix is approx-
imated as ©,, (p5,, X5.) — D1 (e, 37).

First, we discuss the reasonability of Approximation 1. The
outlier-contaminated state and measurement noises often have
non-Gaussian distributions, and then the true posterior pdf
p(xk|21.1) also has a non-Gaussian distribution [14], [16]. Un-
fortunately, there is often not a mathematical formulation for a
general non-Gaussian distribution. As a result, it is not possible
to achieve an optimal solution of the maximization problem in
(6) for a general non-Gaussian linear system. Motivated by the
fact that the Gaussian approximation to the posterior pdf has
been widely accepted in designing a cost-effective filter for a
linear system with non-Gaussian noises, the posterior pdf is
also approximated as a Gaussian pdf in this article, as shown in
(7), based on which an approximately analytical solution can be
obtained. Although such an approximation may impose an error
on the posterior pdf, it often exhibits good estimation accuracy
with reasonable computational complexity. Thus, the Gaussian
approximation to the posterior pdf can provide a tradeoff be-
tween estimation accuracy and computational complexity.

Second, we analyze the effects of Approximation 2 on the
optimal solution. To this end, the relation between the max-
imization problem in (8) and the maximization problem in
(9)-(12) will be further revealed. Define four auxiliary variables
as follows:

{Ym = HS;ﬁc,l(Xk ]
Yar = [ISg. (zx — Hixy) |12,

Yy, = tr(AZP;\:}cfl)
Y3, = tr(Bi R )

27

where Y7}, and Y5, are, respectively, the expectations of Yy
and Y5, with respect to the approximate posterior pdf ¢*(xy)
= N(xx; py, 25)-

Taking the first-order Taylor series expansions of the similar-
ity functions f,(t) and f.(t) at t = Y}, and t = Y5, respec-
tively, we have

{ fo(t) = fo(Y7}) + fa:(Yl*k)(t = Y7) +o(t —Y5) (28)
f(t) = 2 (Yap) + f2(Y5,) (€ — Y53,) + o(t — Y55,)

where o(t — Y7%.) and o(t — Y5;.) denote the first-order remain-
der terms of the similarity functions f,(t) and f,(¢) at ¢ = Y7,
and t = Y5, respectively.

Using (28) yields

{ Fo(Vik) & fo(Y7) + fo (Vi) (Yir — Y7))
fz(Y%) ~ fz(YQ*k) + fZ(YQ*k)(Y?k - Y2*k>

Proposition 1: The maximization problem in Theorem 2 and
the maximization problem in (8) with the first-order Taylor
approximations (27) and (29) have the same optimal solution
{pi, 20}

Proof: See Appendix E. ]

Proposition 1 means that the lower bound of the original cost
function and the first-order approximation of the original cost
function have the same maximum solution. Thus, the effects
of Approximation 2 on the optimal solution are determined
by the higher order approximation errors o(Y7; — Y7%) and
o(Yar — Y5,). Since Y7, and Y3, are the mean values of the
random variables Y7 and Yy, the difference values Y7, — Y73
and Y5, — Y5 depend heavily on the variances of the random
variables Y7 and Y5;. That is to say, the higher variances of the
random variables Y7 and Y5y, the larger fluctuation ranges of
the difference values Y7, — Y7 and Y, — Y5 will be generated
and then result in larger higher order approximation errors, and
vice versa. Thus, the approximation accuracy of Theorem 2 is
mainly dominated by the variances of the random variables Y7y,
and Y5j. Therefore, next, we will study the variances of the
random variables Y7 and Y.

Proposition 2: The variances of the random variables Y7 and
Yoy, satisfy the following upper bound constraints:

(29)

2
Var[Yi] < (n? +2n — 1) [tr(EszZﬁcfl)}
T R 2
|2 P (e — i)
Var[Yay] < (n2 + 2n — 1) [tr(H; S HI R )]
T 2
+ HQE,j HIR(z; — Hka:)H

(30)

where Var[-] denotes the variance operation.

Proof: See Appendix F. |

It is observed from Proposition 2 that both the variances of
the random variables Y7 and Y5, depend on the state dimension
n and the posterior covariance matrix 3. It can be observed
from (30) that the higher the state dimension, the larger will
be the variances of the random variables Y7, and Y5;. Such a
result is consistent with the intuition that the higher the state
dimension, the larger the errors will be when the original cost
function is approximated by its lower bound in Theorem 2.
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TABLE |
EXEMPLARY SIMILARITY FUNCTIONS f(-) AND THEIR FIRST AND
SECOND DERIVATIVES

f(®) f(@) f(t)
—0.5¢ —0.5 0
o2 exp(%) 70.56)(13(577;) ﬁexp(%)
—0.5(v+p)log(1+ L) —0.5%%2 5 (;;732
—V(w+p)(w+t) —0.5,/ 212 0.25%

We can also observe from (30) that the larger the posterior
covariance matrix 3y, the larger will be the variances of the
random variables Y7, and Ys;.. This result is also consistent with
the fact that the approximation errors are mainly dominated by
the randomness of state vector x;, (i.e., the covariance matrix)
when the original cost function is approximated by its lower
bound based on Jensen’s inequality. In conclusion, the effects
of Approximation 2 on the optimal solution relies mainly on
the state dimension and the posterior covariance matrix of the
state vector. Fortunately, the posterior uncertainty is gradually
reduced as the filter converges, which can to some extent mitigate
the effects of Approximation 2 on the optimal solution. More
importantly, both the errors Yy, — Y7} and Y, — Y5 can be
deemed as small terms as the filter converges, and the higher
order derivatives of the similarity functions f,(¢) and f,(¢)
are significantly smaller than the first-order derivatives for the
exemplary similarity functions in Table I. As a result, the higher
order approximation errors o(Y1, — Y75.) and o(Yay, — Y5) are
significantly smaller than the first-order terms for the exemplary
similarity functions, which contributes to the effectiveness and
reasonability of Approximation 2.

Finally, we discuss the effects of Approximation 3 on the
optimal solution. The original Hessian matrix is forcibly reduced
by subtracting a positive semidefinite matrix, and the resultant
posterior covariance matrix is less than the optimal value. Al-
though such approximation imposes an error on the posterior
covariance matrix, it is beneficial to guarantee the positive
definiteness of the posterior covariance matrix and then improve
the numerical and filtering stabilities, as shown in Sections III-C
and IV-A. Moreover, the reduction of the posterior covariance
matrix is also beneficial to mitigate the effects of Approximation
2 on the optimal solution.

C. Stability Discussions of Proposed Framework

In order to employ the proposed algorithm in engineering
applications, it is necessary to guarantee the numerical and
filtering stabilities of the proposed method. Next, these will be
discussed.

It is seen from (18) that if the similarity functions f,(-) and
f-(-) satisfy Condition 2, i.e., f,(t) < 0 and f,(t) < 0 fort €
[0, +00), then both the auxiliary parameters &; and A}, are greater
than zero, i.e.,

& >0, AL > 0. 3D
Using (17), (25) and (31) yields
Pi,,>0, R;>0, ;>0 (32)

We can see from (32) that if f,(t) < 0 and f.(t) < 0 for
t € [0,+00), then the modified one-step prediction error and
measurement noise covariance matrices and the posterior covari-
ance matrix are all positive definite. Thus, the proposed filter is
numerically stable if the similarity function similarity functions
J=(+) and f,(-) satisfy Condition 2.

In this article, the filtering stability means that the state
estimation error ik‘  isbounded in the sense of mean square, i.e.,
E{[Xx|[*} < +00 [27]. According to the theoretical analysis
of the filtering stability in [27], if the modified one-step predic-
tion error and measurement noise covariance matrices and the
posterior covariance matrix satisfy the following constraints:

{sz‘l S QmaxIn7
Pminky, < 2;; < Pmaxln

5o
Rk > Tminkm (33)

where ¢max» "min» Pmin» a0d Pax are all positive real numbers, then
the state estimation error Xy, of the proposed filter is bounded
in the sense of mean square, i.e., E{||X;[|*} < +o0. Note that
the other conditions for guaranteeing the filtering stability in
[27] hold naturally for linear systems.

Proposition 3: 1f there exists positive real numbers &pin, Emaxs
Amin» and Ay such that the following constraints are fulfilled:

gmin § flz S gmaxv

then, the inequalities in (33) hold.

Proof: See Appendix G. |

Proposition 3 demonstrates that if both the auxiliary pa-
rameters &; and Aj have lower and upper bounds, then the
proposed outlier-robust Kalman filtering framework is always
stable, which will impose additional constraints on the similarity
functions f,(-) and f,(-).

Remark 3: The proposed outlier-robust Kalman filtering
framework is related to some existing advanced Kalman filtering
algorithms. The standard Kalman filter and existing RSTKF
[22] are special cases of the proposed outlier-robust Kalman
filtering framework. The proposed outlier-robust Kalman filter
becomes the standard Kalman filter when the similarity func-
tions are, respectively, chosen as f,(t) = —0.5¢ and f,(t) =
—0.5¢, and the proposed outlier-robust Kalman filter becomes
the existing RSTKF when the similarity functions are, respec-
tively, selected as f, () = —0.5(v + n)log(1 + L) and f.(t) =
—0.5(v 4+ m)log(1+ L).

}\min S )\z S )Vmax (34)

IV. NOVEL ITERATIVE ALGORITHMS FOR PROPOSED
OUTLIER-ROBUST KALMAN FILTERING FRAMEWORK

A. Fixed-Point lterative Algorithm

In general, it is very difficult to find analytical solutions for
py. and X7 through solving (15)—(20) and (26) directly when
the similarity functions f,.(-) and f,(-) are nonlinear functions.
To solve this problem, we employ fixed-point iterations to solve
these equations approximately. The detailed implementation of
the proposed outlier-robust Kalman filtering framework based
on fixed-point iterations is listed in Algorithm 1, where e denotes
the iteration threshold, /V,,, denotes the maximum number of
iterations, ¢* denotes the cyclic variable at the end of the loop,
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Algorithm 1: One Time Step of The Proposed Outlier-
Robust Kalman Filtering Framework Based On Fixed-Point
Iterations.

Inputs: X;, 151, Pr_1jp—1, Fr. He, 22, Qi R, fo (),
fz()s Es Nm’ 6'

Time update:

L Xpjp-1 = FeXp_qp1

20 Py = FrProyp 1 FL +Qu

Iterative measurement update:

3: Initialization: 5(0) =1, A(O) =1

fori=0:N,,

Calculate P,(;‘Zl)l and RUT

4 P = Prc/g”. BT = Ri/ay
Evaluate p( 1) and E(Hl)

50 KUY = P;j:”lHT(Hk CAhHT R

6: H; b= Xk\k 1+ K( (2, — HyXp-1)
. (i+1) _ pli+1) (Z+1) (i+1)

T X = Pk|k71 - Kk Hy, Pk\k 1

Check the convergence of iteration

8. If HI"(1+1)_P'IC)”

g
Calculate ASH) and Bgﬂ)
9: AT =
E}(fﬂ) "
10: BUTY = (»
Hk21(€7,+1)H'l£
Evaluate 5/(:-&—1) and )»](;H)
1 g™ = —of, (r(ALTVPLL )
12: A0 = of (rBUTVR,Y)
Check the constraints in (36)
13: 10 <5, then ¢ =65
14: If )»,(fﬂ) < 4, then k,i”l) =J.
end for
13: jjk\k: = /J,](;*), Pk\k = E](;*)
Outputs: 2y, and Py,

< €, stop iteration.

() (i+1) +1)

— Ryp—1)"
_H H(z+1)) +

— X 1)(#53
—He ") (2

and § denotes the lower bounds of the auxiliary parameters &
and X that is beneficial to guarantee the filtering stability, as
discussed in Section V.

The premise of applying the proposed outlier-robust filtering
algorithm to practical engineering is to guarantee the conver-
gence of fixed-point iterations. To this end, the relation between
the fixed-point iterative algorithm and the existing nonlinear
optimization algorithm is first revealed.

Proposition4: The fixed-point iterative algorithm is identical
to the existing Newton’s method with the modified Hessian
matrix as follows:

® (i =)

(u, =) =© Dy (), =), (35)

1223

Proof: See Appendix H. |
Proposition 4 means that the fixed-point iterative algorithm
is an improved version of the existing Newton’s method. The

1223

positive semidefinite term D4 (IVLEc 2 Z( )) is subtracted from the

original Hessian matrix so that the negative definiteness can be
preserved. As a result, the fixed-point iterative algorithm has
better numerical stability than the standard Newton’s method.
Normally, to guarantee the local convergence of the Newton’s
method, the Hessian matrix needs to satisfy the Lipschitz con-
dition, and the initial value is sufficiently close to the optimal
value. Next, we will provide the convergence conditions of the
fixed-point iterative algorithm.

Theorem 5: If the initial mean vector u,(co) is sufficiently close
to the optimal mean vector y;, and there are positive and bounded
real numbers a; and as making the following inequalities hold:

{O<fz( Ht<m

Yt >0
0<f()t§0&27 -

(36)
then, the fixed-point iterative algorithm has local convergence.
Proof: See Appendix 1. |

(0)

Generally, the initial mean vector y,~ is selected as the

one-step predicted state vector X1, i.€., u,(co) = Xp|k—1, since
Xp|k—1 18 the only available information for the mean vector
before the iterative measurement update. Itis seen from Theorem
5 that the initial value ,ugco), i.e., ik‘k,l, needs to be sufficiently
close to the optimal value p; to guarantee the local conver-
gence of the fixed-point iterative algorithm. Unfortunately, the
one-step predicted state vector Xy, may be far away from
the optimal value p;, when the linear system suffers from large
process uncertainty or a state outlier. As a result, the fixed-point
iterative algorithm may not converge to a local optimum when
the linear system suffers from large process uncertainty or a state
outlier, which will degrade the filtering accuracy of the proposed
outlier-robust filter dramatically.

B. Novel Separate lterative Algorithm

In order to motivate the proposed separate iterative algorithm,
we first present the problems that exist in the fixed-point iterative
algorithm. It can be seen from Algorithm 1 that the Kalman gain

K,&Hl) plays an important role in the iterative measurement
update because it can adjust the weights of one-step predicted
state vector X5, and measurement innovation z,, — HyXp 1
adaptively. Next, we will discuss the behavior of the Kalman gain
K,&Hl) during the iterative measurement update.

Using the 4th and 5th equations in Algorithm 1, the Kalman
gain KS‘H) can be rewritten as

. —1
. 5(1)
KU — P HY (Hk‘Pkk—le + ﬁRk - 37
k

It is observed from (37) that the behavior of the Kalman gain

I~((i+1) depends only on the ratio of auxiliary parameters, i.e.,
&
5(7) , during the iterative measurement update. It can be also

observed from 9th—12th equations in Algorithm 1 that the ratio
()

of auxiliary parameters i(—) relies on not only the similarity
k

functions f,(-) and f,(-) but also the parameters Ag) and Bl(f),

and the parameters AS) and B,(f) are adaptively adjusted by
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Algorithm 2: One Time Step of The Proposed Outlier-

Robust Kalman Filtering Framework Bas
posed Separate Iterative Algorithm.

ed on The Pro-

Inputs: x5 _1x—1, Pr_1jp—1, Fr, H, zg,
fz('),
€1, €2, Nl» N2a 5

Time update:

L Rpp-1 = FrXpoqp—1
20 Prpo1 = FiPrqp1FE + Qi
Iterative measurement update:

Qw Ri, (),

3: Initialization: ¢”® = 1,20 =1

fortr=0: N, —1

Calculate P,ﬁj;Ul(O) and RV

4 PUHNO _p 00 REDO _g 00

klk—1
Evaluate H(H_l)(o) and Z}(Hl)(o)
3- K(H-l)(o)

P(H‘l)(O)HT(H P(Z-‘rl)(O)HT_'_R(i-i—l)(O))fl

klk—1 klk—1
6: N;(;H)(O) K| +K(Z+1)(O)(Zk_Hka\k 1)

7. El(chrl)( ) _ P(z+1)(0) K(z+1)(O)H P(z+1)(0)

k|k—1
Calculate B,(CHI)(O)
3 B(i+1)(0)
(zw —Hyp
H, 2(2+1)(0)HT
Evaluate X(ZH)(O)

klk—1

(+DO)( _ H, uHIOYT

9 )L(erl 0) 2f( ( Z+1)(O)Rk ))

Check the constralnts in (36) ‘
10: 127 <6, then 2y TV = 5,

Check the convergence of iteration
PGHDO ; ((0)

11: If W < €1, stop iteration.

end for
forj =0:Ny—1

Calculate P ™) and R{DVHY

(i) (G+1) j
122 B = Py /g0,
RUDOHD _ R, /(1O

Evaluate u( DO and E(l AR

13: K(‘ )G+1)

P( 1)(]+1)HT(H P(" )(JJFl)HT + RI(CZI)(JJFU)—I

k|k—1 klk—1

14: pWOTH - Kglk—1 + KD (g — kack\k 1)

e _ penuin S zeos
15: = =P - K]

Calculate A,(fo)(] +
16 AECO)(J"FU _

(/1»;(:*1)(#1) - jfikucfr)(H»;(:*l)(jﬂ) — Rppm1) T+
E}(j’i)(ﬁl)
Evaluate 5(0)(J+1)
17: 5(0) (G+1) _ f (tr(A(O)(J-H)Pk‘}C D)
Check the constraints in (36)
18: 18. 1 V0T < 5 then £VUF — 5.

Check the convergence of iteration

Continued

E@GHD _eO)G+1), ] ]
19: If W < €9, stop iteration.
end for o o
20: gy = g VY, Py = BV

Outputs: ), and Py,

the iterative posterior mean vector u,(;) and covariance matrix

E,(j) at the same time. As a result, the behavior of the Kalman

gain KSH) is likely to be indefinite and depends heavily on the
relative size of state and measurement outliers. The indefinite

behavior of the Kalman gain KSH) is easy to cause the iterative

pOStGI‘lOI' mean vector [Jfé)

converge to local optimums.

In this article, we propose a heuristic idea that the iterations of
auxiliary parameters are separated to guarantee the definite be-
havior of the Kalman gain. That is to say, the auxiliary parameter

)»,(f)(o) is first iterated with fixed auxiliary parameter 5 A

and covariance matrix 2](;) not to

until convergence ie., lim; 4o )»fc D0 _ A%, and then the aux-

(J)

iliary parameter § h is iterated with fixed auxiliary parameter

L until convergence, i.e., lim;_; 4 f,(fo)(]) = &, where &, and
A, denote the local optimums of the auxiliary parameters. The
detailed implementation of the proposed outlier-robust Kalman
filtering framework based on the proposed separate iterative
algorithm is listed in Algorithm 2, where ¢; and ez denote
the iteration thresholds of &, and Ay, respectively, and N; and
N5 denotes the maximum numbers of iterations of & and Ag,
respectively, and ¢] and j3 denote the cyclic variables at the end
of the first and second loops, respectively.

Theorem 6: If the similarity functions f,(-) and f,(-) satisfy
Condition 3 and f.(0) and f,(0) have lower bounds, then the

iterative auxiliary parameters A( DO and & (0)(3)
local optimums A, and &y, respectrvely, ie.,

will converge to

: (0)(0) _ 5 : 0@ _ ¢
Proof: See Appendix J. |

We can see from Theorem 6 that if the similarity functions
f=(+) and f.(-) satisfy Condition 3 and f,(0) and f,(0) have

lower bounds, the iterative auxiliary parameters )\(1)(0) nd

13 ](CO)(J ) will converge to local optima, and then the corresponding
posterior mean vector and covariance matrix also converge to
local optima, which guarantees the local convergence of the
proposed separate iterative algorithm. As compared with the
fixed-point iteration algorithm, the proposed algorithm does
not require initial mean vector to be sufficiently close to the
optimal mean vector. Thus, the local convergence conditions of
the fixed-point iterative algorithm are more harsh than those of
the proposed separate iterative algorithm.

V. SELECTIONS OF THE SIMILARITY FUNCTIONS

It is seen from Algorithms 1 and 2 that the similarity func-
tions f(-) and f,(-) are necessary to implement the proposed
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outlier-robust framework. Next, we will provide the selections
of the similarity functions to guarantee that the proposed frame-
work is identical to the standard Kalman filter for the case of
Gaussian noises and robust to state and measurement outliers.

First, the relationship between the approximate one-step pre-
diction error covariance matrix A} and the true one-step pre-
diction error covariance matrix Py, and that between the
approximate measurement noise covariance matrix B} and the
true measurement noise covariance matrix R, are studied for a
linear state-space model with Gaussian state and measurement
noises.

Proposition 5: For a linear state-space model with Gaussian
state and measurement noises, A; and B} can be, respectively,
approximated as the one-step prediction error covariance matrix
and measurement noise covariance matrix, i.e.,

Al = Pr-1, B ~ Ry. (39

Proof: See Appendix K. ]

Second, we study the conditions of the similarity functions
fz(-) and f,(-) to guarantee that the proposed framework is
identical to the standard Kalman filter for the case of Gaussian
noises. Substituting (39) in (18), we have

f;; = _2fx(n)v

where n and m are, respectively, the dimensions of the state
vector and the measurement vector.

It is seen from Algorithms 1 and 2 that the proposed robust
filter is identical to the standard Kalman filter when the modified
parameters are unity, i.e., §; = Aj, = 1. Therefore, in order to
guarantee that the proposed filter is identical to the standard
Kalman filter when there are no state and measurement outliers,
the similarity functions f,(-) and f.(-) need to satisfy the
following:

M, = —2f.(m) (40)

fo(n) = —0.5, f.(m) = —0.5. 1)

Finally, we discuss the conditions of the similarity functions
fz(:) and f.(-) to guarantee that the proposed framework is
robust to outliers. Define two auxiliary matrices as follows:

Wi =A, — Py, ¥Pre =B - Ry (42)

In general, if there are state and measurement outliers, the
approximate one-step prediction error covariance matrix Aj, is
not less than the nominal one-step prediction error covariance
matrix Py, _1, and the approximate measurement noise covari-
ance matrix Bj is also not less than the nominal measurement
noise covariance matrix Ry, i.e.,

¥ >0, Wi > 0. (43)
Furthermore, the auxiliary matrices W, and Wy depend on the
magnitudes of the state and measurement outliers, respectively,
and the larger the state and measurement outliers, the larger
auxiliary matrices Wy, and Wy will be generated.
Proposition 6: For a linear state-space model with outlier-

contaminated state and measurement noises, if the similarity

2685
functions f,(-) and f.(-) satisfy the following:
{f:x(t) <0 fo(t) >0 fu(n)=-05 te[0,+00) )
f2(t) <0 f.(t) >0 f.(m)=-05 te][0,+0c0)

then, the modified auxiliary parameters &; and A}, satisfy the
following:

0<& <1, 0<i <1 (45)

and the larger state and measurement outliers, the smaller mod-
ified auxiliary parameters &;, and A}, will be obtained.
Proof: See Appendix L. |
Employing (45) in (17) results in

13’;2%4 —Pii-120, Rp—Rp>0. (46)

It is observed from (46) that the modified prediction error
covariance matrix and the modified measurement noise co-
variance matrix are, respectively, not less than the nominal
prediction error covariance matrix and the nominal measurement
noise covariance matrix when there are, respectively, state and
measurement outliers. Moreover, according to Proposition 6
and (17), the larger the state and measurement outliers, the
smaller the modified auxiliary parameters &; and A}, will be, and
the larger the modified prediction error covariance matrix and
modified measurement noise covariance matrix will become.

Using (16) and (17), the Kalman gain Kz can be reformulated
as

% -1
K =Py Hf (HkPkle{ + fﬁRk) . @
k

According to Proposition 6 and (47), the Kalman gain K};
depends heavily on the relative magnitudes of the state and
measurement outliers. Specifically, the Kalman gain is increased
if the state outlier has larger magnitude than the measurement
outlier, and vice versa. As aresult, the negative effects of outliers
on the proposed Kalman filtering framework can be resisted
through adjusting the Kalman gain adaptively.

As an example, some exemplary similarity functions f(-)
are listed in Table I, where p denotes the dimension of the
state vector for f(-) = f,(-) and p denotes the dimension of
the measurement vector for f(-) = f,(:), and o and v are,
respectively, named as the kernel size and the DOF parameter
to be consistent with the existing MCKF [12] and RSTKF [22],
and w is also named as the DOF parameter.

It is easy to verify that the exemplary similarity functions
listed in Table I satisfy the conditions of Theorems 1 and 2 and
Proposition 6. Theorem 3 and Propositions 1, 2, 4, and 5 do not
need the exemplary similarity functions to satisfy the additional
conditions. Next, we will further confirm whether the exemplary
similarity functions satisfy the conditions of Theorems 4—6 and
Proposition 3.

Corollary 1: 1f the kernel size o and the DOF parameter v/
satisfy the following constraints:

2 n—Yy 2 m— Yy,
g~ exp (W) > 1, g~ exp (M) > 17 v>2 —p
(48)
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then, the exemplary similarity functions in Table I satisfy (21)
in Theorem 4.

It is worth noting that there is not a constraint on the DOF
parameter w to guarantee that Theorem 4 holds. It is seen from
Corollary 1, the constraint on the kernel size o depends on the
auxiliary parameters Y7}, and Y5, . As a result, the constraint on
the kernel size o may change for different application scenarios.
To address this problem, a reasonable scheme is choosing a
sufficiently large kernel size o so that the constraint on the kernel
size always holds.

Itis seen from (45) that £; and A}, have positive upper bounds
Emax = Amax = 1. Since the second derivatives of the similarity
functions are nonnegative, the minimum values of the negative
derivatives of the similarity functions — f,(t) and —f.(t) are
achieved att = 4-o0. It can be seen from Table I that the negative
derivatives of the exemplary similarity functions approach 0 as
t tends to +o0o. As a result, the modified auxiliary parameters &
and A}, do not have positive lower bounds, and then Proposition 3
does not hold, which may lead to filtering instability. To address
this problem, we can impose a very small lower bound § on the
modified auxiliary parameters £} and A} to guarantee filtering
stability, as shown in the 13th and 14th equations of Algorithm 1
and the 10th and 18th equations of Algorithm 2.

Corollary 2: For the exemplary similarity functions, if the
kernel size 0 - 0 and the DOF parameters v - 0 and w - 0,
then there exists positive and bounded real numbers «; and oo
making (36) in Theorem 5 hold.

Finally, we discuss the conditions of Theorem 6. It is easy to
verify that if the kernel size 0 - 0 and the DOF parameters v -
0andw — 0, then £(0) has a lower bound, which guarantees the
local convergence of the proposed separate iterative algorithm.
Also, according to Theorem 5 and Corollary 2, if the kernel
size 0 - 0 and the DOF parameters v - 0 and w — 0, then
the fixed-point iterative algorithm has local convergence when
the initial mean vector ,u,(co) is sufficiently close to the optimal
mean vector j7.. Thus, for the exemplary similarity functions,
the convergence conditions of the proposed separate iterative
algorithm is easier to be satisfied as compared with that of the
fixed-point iterative algorithm.

Remark 4: It is observed from Table I that the derivatives of
the exemplary similarity functions are all —0.5 when the kernel
size o and the DOF parameters v and w tend to infinity, i.e.,
0 — +00, v = +00 and w — +o00. As a result, the proposed
outlier-robust Kalman filters based on the exemplary similarity
functions all reduce to the standard Kalman filter when the
parameters o, v/, and w tend to infinity.

Remark 5: The state vector is deemed as a random quantity in
the proposed outlier-robust Kalman filter but the state vector is
treated as a deterministic quantity in the existing M-estimator. It
is observed from Algorithms 1 and 2 that the posterior covariance
matrix is employed to calculate the modified parameters during
the iterative measurement update in the proposed filter but the
posterior covariance matrix is independent of the minimization
of the robust cost function in the existing M-estimator. As com-
pared with the existing M-estimator, the proposed outlier-robust
Kalman filter considers the randomness inherent in the state

vector by exploiting the posterior covariance matrix during the
iterative measurement update so that the state estimation accu-
racy can be further improved, as will be shown in the simulation
study.

Remark 6: Different from the existing MCKEF, the corren-
tropy is approximated as its lower-bound by using Jensen’s
inequality in the proposed outlier-robust Kalman filter when
the similarity functions are, respectively, set as f,(t) =

ocexp(L3) and f.(t) =0 exp(gaﬁ) and the robust state
estimate is obtained by maximizing the lower-bound of the
correntropy. Thus, the proposed outlier-robust based Kalman
filter is an improved version of the existing MCKF when the sim-
ilarity functions are, respectively, set as f,(t) = o2 exp(L=)
and f.(t) = 0% exp(L=%), and the improved state estimation
accuracy can be achieved, as will be illustrated in the simulation
study.

VI. SIMULATION STUDY
A. Simulation Setup and Description

We consider a problem of tracking an agile target whose
positions are measured in clutter, and the horizontal positions
and corresponding velocities are chosen as elements of the state
vector. The state transition matrix and measurement matrix are,

respectively
I TI,
Fe = [0 I, }

and H; = [I, 0], where T' = 1s and I, denote the sampling
interval and two-dimensional identity matrix, respectively. The
outlier contaminated state and measurement noises are generated
according to [28]

W N(0,Q) w.p. 0.95

g N(0,100Q) w.p. 0.05 49)
_ {N(O,R) w.p. 0.95

¥ N(0,500R)  w.p. 0.05

where the nominal state and measurement noise covariance
matrices are, respectively, selected as

3 2

I I
Q:[T% 22 2}

CL,  TL

and R = 100I5. The true initial state vector is chosen as xy =
[0, 0, 10, 10]*, and the initial estimation error variance is set
as Py = diag([10000, 10000, 100, 100]), and the initial state
estimate is randomly selected from a Gaussian distribution, i.e.,
Xo/o ~ N(x0, Po).

As an example, the similarity functions f,.(-) and f,(-) are,
respectively, selected as exponential, logarithmic, and square-
root functions as in Table I, and the separate iterative algorithm
is employed to implement the proposed outlier-robust Kalman
filtering framework. Then, three outlier-robust Kalman filters
can be obtained including SSMKF-exp-S, SSMKF-log-S, and
SSMKF-sqrt-S, where SSMKF-exp-S denotes the exponential
similarity function and the separate iterative algorithm based
Kalman filter, and the explanations of the other two abbreviations
are similar to the SSMKF-exp-S.
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The proposed outlier-robust Kalman filters are compared with
the standard Kalman filter with true noise covariance matrices
(KFTNCM), the HKF [10], the MCKF [12], the RSTKF [22], the
IMM filter [7], and the PF [3], where the true noise covariance
matrices are used to obtain filtering estimates in the KFTNCM.
The tuning parameter of the existing HKF is set as a common
value of v = 1.345 [10], and the kernel size of the proposed
SSMKF-exp-S and the existing MCKEF is selected as o = 10
to achieve a tradeoff between estimation accuracy and stability
[12], and the DOF parameter of the proposed SSMKF-log-S and
the existing RSTKF is set as v = 10, and the DOF parameter
of the proposed SSMKF-sqrt-S is set as w = 5. To guarantee
the convergence of the iterations, the iteration threshold and
the maximum number of iterations are, respectively, set as
€ = 10716 and IV,,, = 50 in the proposed filters and the existing
outlier-robust Kalman filters. To guarantee the filtering stability
of the proposed filters, the lower bounds of the auxiliary param-
eters are set as § = 10~%. To better show the advantages of the
proposed filters, two IMM filters and three particle filters are per-
formed. In the first IMM filter (IMM-1), the true instantaneous
values of state and measurement noise covariance matrices are
used, and the four corresponding noise models are, respectively,
{Q,R}, {Q,500R}, {100Q, R}, and {100Q, 500R }, and the
model transition probability matrix of the first IMM filter is set as
IT,, where I1;(i,7) = 0.85 and I1; (7, j) = 0.05(i # j). In the
second IMM filter (IMM-2), the inaccurate instantaneous state
and measurement noise covariance matrices are employed, and
the four corresponding noise models are, respectively, {Q, R},
{Q, 100R}, {1000Q, R}, and {1000Q, 100R }, and the model
transition probability matrix of the first IMM filter is selected
as Il,, where all elements of II, are 0.25. The initial model
probability vectors of the IMM-1 and IMM-2 are both cho-
sen as [0.25, 0.25, 0.25, 0.25]. In the first PF (PF-1) and the
third PF (PF-3), the true Gaussian mixture pdfs of state and
measurement noises given in (49) are used, and the particle
numbers are, respectively, selected as 1000 and 500 in the PF-1
and PF-3. In the second PF (PF-2), the inaccurate Gaussian
mixture pdfs of state and measurement noises are employed,
where the used state and measurement noise pdfs are, respec-
tively, p(wy) = 0.98N(wy; 0, Q) + 0.02N(wy; 0, 1000Q) and
p(vi) = 0.98N(vy; 0, R) + 0.02N(vy; 0, 100R). Note that the
IMM-1 and PF-1 are only used as filtering references since
the true instantaneous values of state and measurement noise
covariance matrices and the true state and measurement noise
pdfs are all unavailable in the presence of random and unknown
state and measurement outliers. All filtering algorithms are
coded with MATLAB and are executed on a computer with Intel
Core 17-6900K CPU @ 3.20 GHz. The MATLAB codes of this
article will be open access and can be freely downloaded from
the link https://www.researchgate.net/profile/ Yulong_Huang3.

In this simulation, the simulation time is set as 200 s, and the
total number of Monte Carlo runs is selected as 1000. The root-
mean-square errors (RMSEs) and averaged RMSEs (ARMSEs)
of position and velocity are chosen as performance metrics to
compare the estimation accuracy, whose definitions are given in
the literature [22]. To better exhibit the RMSEs of position and
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Fig. 1. RMSEs of the proposed SSMKF-exp-S, SSMKF-log-S, and
SSMKF-sqgrt-S and the existing outlier-robust Kalman filters.
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Fig. 2. RMSEs of the proposed SSMKF-exp-S, SSMKF-log-S, and

SSMKF-sqrt-S and the existing IMM filters and PFs.

velocity of all filters in Figs. 1 and 2, the RMSEs are smoothed
using a moving average method with span of 10 s.

B. Simulation Results and Comparisons

The RMSEs and ARMSEs (40-200s) of position and veloc-
ity and single step run time from the proposed SSMKF-exp-
S, SSMKF-log-S and SSMKF-sqrt-S and the existing outlier-
robust Kalman filters are, respectively, illustrated in Fig. 1 and
Table II. It can be seen from Fig. 1 and Table II that the
RMSEs and ARMSE:s of position and velocity from the pro-
posed SSMKF-exp-S, SSMKF-log-S, and SSMKF-sqrt-S are all
smaller than those from the existing KFTNCM, HKF, MCKEF,
and RSTKFE. We can also see from Table II that the proposed
SSMKEFs all require more run time than the existing outlier-
robust Kalman filters. As compared with the best ARMSE o
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TABLE Il
SINGLE STEP RuUN TIME AND ARMSES OVER 40-200 s
Filters ARMSEpos (m)  ARMSEy (m/s)  Time (ms)
KFTNCM 37.17 8.44 0.019
HKF 17.11 6.71 0.445
MCKF 17.43 6.56 0.465
RSTKF 16.12 10.48 0.505
IMM-1 10.73 5.91 0.4337
IMM-2 17.04 11.53 0.4337
PF-1 15.00 5.80 80.365
PF-2 16.65 8.95 80.365
PF-3 21.54 6.30 40.183
SSMKF-exp-S 14.38 6.28 0.563
SSMKF-log-S 12.75 6.22 1.359
SSMKF-sqrt-S 14.11 6.29 1.220

from the existing RSTKF and the best ARMSE,. from the
existing MCKEF, the ARMSEs of position and velocity from the
proposed SSMKF-log-S improve 20.91% and 5.18%, respec-
tively. Thus, the proposed SSMKF-exp-S, SSMKF-log-S, and
SSMKF-sqrt-S all have better estimation accuracy but higher
computational complexities than the existing KFTNCM, HKF,
MCKEF, and RSTKF.

Fig. 2 and Table II, respectively, show the RMSEs and ARM-
SEs (40-200 s) of position and velocity and single step run time
from the proposed SSMKF-exp-S, SSMKF-log-S, and SSMKF-
sqrt-S and the existing IMM filters and PFs. It is observed from
Fig. 2 and Table II that the proposed SSMKF-exp-S, SSMKF-
log-S, and SSMKF-sqrt-S all have smaller RMSEs and ARMSEs
of position and velocity than the existing IMM-2 (inaccurate
noise models), PF-2 (inaccurate noise pdfs and 1000 particles),
and PF-3 (accurate noise pdfs and 500 particles). As compared
with the best ARMSE, s from the PF-2 and the best ARMSE,
from the PF-3, the ARMSE:s of position and velocity from the
proposed SSMKF-log-S improve 23.42% and 1.27%, respec-
tively. It can be also observed from Fig. 2 and Table II that the
RMSEs and ARMSE:s of position of the proposed SSMKF-log-S
are close to those of the IMM-1 (filtering reference), and the RM-
SEs and ARMSE:s of velocity of the proposed SSMKF-log-S are
close to those of the PF-1 (filtering reference), and the proposed
filters all have smaller RMSEs and ARMSE:s of position than the
PF-1. The reason that PF-1 exhibits poor estimation accuracy of
position may be because the heavy-tailed features of posterior
pdfs are easily lost during the particle filtering process when
a limited number of particles are used. Furthermore, we can
observe from Table II that the proposed SSMKFs have slightly
greater run time than the IMM filters but significantly less run
time than the PFs. Although the computational time of the PF
can be significantly reduced if it is implemented in a parallel
fashion, it still requires accurate knowledge of the probability
distributions of the state and measurement noises. Thus, the
proposed SSMKF-exp-S, SSMKF-log-S, and SSMKF-sqrt-S all
have better estimation accuracy than the IMM-2, PF-2, and PF-3,
and slightly higher computational complexities than the IMM
filters but significantly lower computational complexities than
the standard PFs.

VII. CONCLUSION

In this article, a SSM was proposed to quantify the sim-
ilarity between two random vectors. The measure was then
employed to develop a novel outlier-robust Kalman filtering
framework. Some theoretical analyses and discussions about the
approximate errors and the numerical and filtering stabilities
were provided to illustrate the effectiveness of the proposed
framework. The fixed-point iterative algorithm and the separate
iterative algorithm were proposed to implement the proposed
framework, and their local convergence conditions were also
provided and compared. In addition, the selections of the sim-
ilarity functions were presented, and four exemplary similarity
functions were provided, from which the relations between the
proposed method and the existing outlier-robust Kalman filters
were revealed. Simulation results illustrated that by selecting
appropriate similarity functions, the proposed filters can achieve
improved estimation accuracy but have higher computational
complexities than the existing outlier-robust Kalman filters.
Also, as compared with the existing IMM filter and PF, the
proposed filters are more suitable for addressing the filtering
problem of a linear system with outlier-contaminated state and
measurement noises.

APPENDIX
A. Proof of Theorem 1
Using f(t) < 0 and ||x — y|[2 > 0 yields

Flllx = ylI*) < £(0). (50)
Substituting (50) in (1) gives
s(x,y) =E [f(Ix = y[*)] <E[f(0)] = f(0). (51

Considering that the inequality (51) holds for arbitrary ran-
dom vectors x and y, we have

= f(0).

It is evident that the SSM s(x,y) is identical to f(0) when
x =y, and then x = y is a maximum point of the SSM s(x, y).

max s(X,y) (52)

B. Proof of Theorem 2

Since f,(t) > 0 and f.(t) > 0 for t € [0, +00), f.(-), and
f=() are convex functions. Using Jensen’s inequality, we have

JRACH
([ 1800

/ £ (ISR (2 — Hyx) )N (i o, S e >

— Rpe1) 1P )N (X s Ze)dxy, >

_)A(kkl)|2N(Xk§ll/k7Ek)dxk> (53)

/. ( JE Hkxk>||2N<xk;uk,zk>dxk) (54)
where the equalities hold if and only if the similarity functions
J=(+) and f.() are linear or the covariance matrix of g(xy) is
zero.
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Substituting (53) and (54) into (8), the maximization problem
with respect to the posterior mean vector and covariance matrix
can be approximated as (9)—(12).

C. Proof of Theorem 3

Using (10)—(13), the Jacobian matrix A, (pr, X) is calcu-
lated as

Ay, (g, By) = —ka;‘k_l(Nk — Xppo1) + MHL R,

X (Zk — chll/k)- (55)

According to the maximum criterion, the maximum point g,
satisfies the following:

Ay (py, Bg) = 0. (56)

Utilizing (18)—(20) and (55) and (56) yields

)A(k‘k,ﬂ + AZHERgl(Zk — Hkl»‘;) =0.
(57)
Solving (57), we can obtain the maximum point u, as follows:

—&ePy (1

~ -1 /-
* * Ty *— *— s
wi= (P, + IR H,) (Pl &e

+ Hgﬁzflzk) (58)

Substituting (17) in (58) and employing the matrix inversion
lemma [1, pp. 11-12], we can obtain (15)-(16).

D. Proof of Theorem 4

Using (10)—(13), the Jacobian matrix Ay, (w5, Xx) and the
Hessian matrix @, (ttx, 3 ) can be calculated as

Ay, (g, Zg) = —0'5§kP;ﬁf L — 050, HL R, "H,
(59)
0., (uk, Xi) = —szP,Zﬁc_l — MHE R, Hy, + Dy (pi, i)

(60)
where D1 (pr, X ) denotes the second-order term given by
D (b, k) = 266 Py (1

XP;‘}671 + QXkHERgl(Zk — Hkuk)(zk — Hkuk)TRngk.
(61)

— Rppo1) (e — Rpor) "

Utilizing &, >0 and X >0 in (59), we can obtain
Ay, (px, Xg) < 0, and then the maximum point 3} can be

given by (26). Substituting (17)—(20) in (60) yields
Op, (1y, Bp) = — i H Ry Hy, + D (pg, Z5)-
(62)

Employing (15) and (16) in (61) D4 (., 337) is calculated as

—&:P k|k71

1
Pk\k 1

Dy (g, X5,) —2§k k\k 1K* Kk-1 (K*>
- H,K;)TR;'H,
(63)

+20 HY R, (I, — HyK}) P} -1 (Im

where Pifk , denotes an approximate innovation matrix given
by
D iy S T
Pifi1 = (2 — HpXppp1) (26 — HiRpppo1) (64)
It is seen from (63) that the second-order term D (p},, X7)
depends on the real-time measurement zj.. As aresult, it is very
difficult to compare the term —&; P k 1 — HIR,'H), and
the second-order term D+ (p,, X7). To solve this problem, we
propose a reasonable approximation as follows:

_i\zk 1~ Pk\zk 1= HkPZ\qug +R;, (65)
where szk* 1 denotes the modified innovation matrix.
Exploiting (16), (26) and (65) yields
*Pzz (o T D * * D%
K Pk\k 1 (Kk> ~ Pl — ij < Pk\lc—l
(L, — HkK*)Pifk 1@, HkK’,;)T ~ R} x (66)

(BB, HE + Rz) R, <R
Substituting (63) in (62) and using (17) and (66) obtains

O (i Bh) = (=& + 26 /6)Ph, — (4

xH} R, ' Hy.

k= 2h/A%)
(67)

Employing (21) in (67), we can obtain ® ,, (¢}, 37) < 0.

E. Proof of Proposition 1

Using (29), the cost function in (8) can be approximated as

(e ) = / oY)k + o (Vo) Yar NG i S)

dx;, + =) (68)

Substituting (27) in (68) and using (11)—(13) and (18) yields

Ji(prs Bp) = —0.5¢tr(AP L) — 054 tr(By Ry )

+ Clpn, =) (69)

Employing (69), the Jacobian matrices of .J; (px, X)) with
respect to py and Xy and the Hessian matrix of Jy (g, X))
with respect to p are, respectively, formulated as

8.J, P P -
(alifk e = =—§.P k\k (e = Rpgji—1)
+)\.ZH;£R]€ (Zk — Hkﬂ/k) (70)
1 (e, Sk) 17T -1
LB — 05GP — 0.5 HIRTHY,
8J2(;4 ,E _ * TR -1
c’)lp,ké)kp, - = &P k|k 1 — A H R Hy.

According to the maximum criterion and utilizing (70), the
maximum points p;, and X7 can be formulated as (15) and
(26). Thus, the maximization problem in Theorem 2 and the
maximization problem in (8) with the first-order Taylor approx-
imations (27) and (29) have the same optimal solution.
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F. Proof of Proposition 2

Using (27) yields
Yip = ||Sk\k 12271” + QaTSk‘}v 1227x + ”awH2
Ty = 2 (Xk - l—l'k)v Ay = Sk‘kfl(/»l’k - )A(k\k—l)'
(71)

Since the posterior mean vector and covariance matrix of the
Gaussian distributed random vector xy, are, respectively, p5 and
31, the random vector 7, has a standard Gaussian distribution,
ie., 7, ~N(0,1,). Employing (71) and 7, ~ N(0,1,), the
variance of Y7, is calculated as

1 2
VarlYig] = B[S Zi Y] - [tr(SePy )]

(72)

2
+ H22 Pl (i xk‘k,l)H

1
where note that the cross variance between ||S; 1 Kk-15% Ta |2 and

2aTS kﬁc » ,g T, 1s zero since the odd origin moments of 7, are
all zeros. According to the compatibility of matrix and vector
norms, we have
1 2
ElISyh T mall] < Blllra ] [(ZeP )] - 73)
Considering that the random vector 7, has a standard Gaus-
sian distribution, then the random variable || 7 ||? is a sum of the
squares of n independent Gaussian random variables and has a
chi-square distribution with the DOF parameter n, i.e., ||7,||* ~
x2(n). According the property of the chi-square distribution,
the second-order origin moment of ||7,||? can be calculated
as E[||7.||*] = n? + 2n. Employing E[||7.||*] = n% + 2n and
(72)—(73), we can obtain the upper bound constraint of Var[Y7]
in (30). Similarly, we can also derive the upper bound constraint
of Var[Ya] in (30).

G. Proof of Proposition 3
Using (34) in (17) and (25) yields

Pr 1 < Prjeot/Emin, R > Ri/hma  (74)

1
E}; > (gmax k|k 1+)\maxH R, lHk)

-1 (75)
22 < (gmin ;\kfl + )”minHk Rngk) .

Choosing @max and pmax as the maximum eigenvalues of
Pyi—1/&min and (§minP;ﬁ€71 + )»mmH;fR;lHk)’l and select-
ing rmim and pin as the minimum eigenvalues of Ry, /Amax and
(Emax Py + AmaHY Ry "Hy) !, we can obtain (33).

H. Proof of Proposition 4

Using (35) and (60), the modified Hessian matrix is calculated
as

6,, (V)= —¢p 1 _AYHIR'H,.  (76)

k|k 1

According to the Newton’s iterative scheme, we have

i+1 i Q) - i K
it =) - (8, mk%z“)} A () =)

S = (8, (u 2]

(77)
Employing (55) and (76) in (77) results in

(i+1) _ E(H‘l) ( (1)P7

klk—1
(i+1) _ (¢()p-1
21 <£7Pk\k 1

Xk|k 1 +)»( )HTR Zk)

-1
+ 0 HI R, Hy)

(78)
By utilizing the matrix inversionlemma [1, pp. 11-12], p;. (i+1)

and ESH in (78) can be written as the 6th and 7th equations
in Algorithm 1. Thus, we can obtain Proposition 4.

. Proof of Theorem 5

Let Ag (pr, 3i) = %@.Using(ll)—(ﬁ), (35) and
(60) yields '

Ag(pr, Xk) :2§~k[ }c\k 1 (B = R ]®Pk\k 1

=22, [HER, (2 — Hypr)] ® [Hy R, "H;]

where ) denotes the Kronecker product.
Taking the norm on both sides of (79) and utilizing the
properties of matrix norms results in

(79)

|Ag (b, Zh)]| » < 2/81§kHSk‘k (e — R 1)HF
+2B2h1 ||Sg. (2 — Hipr)|| (80)
where || - || denotes the Frobenius norm, and 5; and (3 are,
respectively, given by
= s [P
(81)
{ﬁz it e

Employing (5) and (11)—(12), we have

Hsk\k (e — K 1)HF < \Jtr(APL ) &)
||SRk 7, — Hypr) ||F < \/tr(BkR; ).
Exploiting (13), (36) and (81)—(82) in (80) gives
[ A (1, Zh) || p < 41 Br + 4afo. (83)

Define an auxiliary function as follows:

u’i)»zk)v

where i}, and p? are arbitrary two posterior mean vectors.
Taking the first-order derivative of (7) obtains

o(T) = O, (i + 7(uj — s.t., T €0, 1] (84)

Ag(pi+7(ph — pd), Zp) (e — pi).  (83)

According to the Lagrange mean value theorem, there is a
variable § € [0, 1] such that the following is fulfilled:

p(1) = ¢(0) = &(0)(1 - 0).

p(7) =

(86)
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Substituting (84)—(85) in (86) yields
(:)llk (:ullw Ek) - (:)Mk (Ni, Ek)
= Ag (i + 0(pi — 17), Zn) (1), — p)-
Taking the norm on both sides of (87) and using (83), we have

|80k 20 = Oy (w2 20| < 8k — k]| (89)
where [ is given by
B =411 +dasfs.

It is seen from (88) and (89) that the modified Hessian
matrix ©,, (px, 3y) satisfies the Lipschitz condition. Thus, if
the initial mean vector uéo) is sufficiently close to the optimal
mean vector /7, then the fixed-point iterative algorithm has local

convergence.

87)

(89)

J. Proof of Theorem 6

First, we prove the convergence of A(i)(o) To this end, we
(D) - (0)(0) and )L(l)(O) < k( )(0)

Case 1: We first assume A( )(O) > X(’ 1)(0)
4th—8th equations in Algorlthm 2 ylelds

consider the two cases: A,
. Then, using the
B,(f+1)(0) = (I, — PTIkK,ii+1)(O))~(z_k - ka(k\kfl)
x (2 — HyRppe 1) (L, — HyKUTDO)T

I, — HkK;(fH)(O) =Ry (HMS)(O)Pka—lHE + Rk)

(90)
Employing (90) and A, (1)(0) )\,(;71)(0) results in
tr(BYORY) > r(BITVOR ). 1)

Since f.(t) > 0, —f.(t) is a monotonically decreasing func-
tion. Utilizing (91) and the 9th equation in Algorithm 2 obtains

According to the mathematical induction method, we have

A0 <m0

< ADO <L (0

93)

Considering that — f- (t) is a monotonically decreasing func-
tion and tr(Bg)(O)Rgl) > 0, we obtain

MO = <2, (wBPORY) < ~2/.(0).

It is seen from (93) and (94) that {)L,(j)(o)} is a monotonically
increasing sequence with an upper bound —2f,(0). Thus, the
sequence {)»,(f)(o)} converges when )»,(Cl)(o) > )»,(CO)(O) and f.(0)
has lower bound.

Case 2: Similar to the Case 1, if A( )(©) < A(O)(O) we have

A0O 5, MO 5

(94)

20O > 50 5 g (95)

It can be seen from (95) that {)\,(j)(o)} is a monotonically
decreasing sequence with a lower bound 0. Thus, the sequence
{x}, (4)(0) } also converges when )L,(cl)(o) < )»560)(0). Above all, the

sequence {A D(0) } converges if the similarity function f,(-)

satisfies Condition 3 and fZ(O) has lower bound. Similarly,
we can also prove that the sequence 5,(;))(] ) converges if the

similarity function f,(-) satisfies Condition 3 and f,(0) has
lower bound.

K. Proof of Proposition 5
Using the Kalman measurement update in (19) and (20) yields
Al =Py + K’fPIc\k 1KT
Bj, = (I, — HK)P5, (L
HkPk‘ng.

- H:K;)T+ (96)

Considering that PZ'IZk 1R HkPk‘k,ng + R for the case
of Gaussian noises and employing (96) results in

A}:, ~ Pk\k + Kk(HkPk\kleE + Rk)Kg

~ R — HkPk“C,lH;CF + H. K}, x
(HkPk\szlH;g + Rk)KgHE + HkPkUcH’]f

o7

Substituting the Kalman measurement update in (97), we can
obtain (39).

L. Proof of Proposition 6
Using (42) and (43) yields

m = tr(Aj Pkﬁc )= tr(‘I’klPk‘k DH+n>n 98)
no = tr(BiR, ') = tr(¥poR ) +m > m.
Substituting (98) in (18) results in
& = —2fu (m), M= =2f(m). (99

Employing (44) in (99), we can obtain (45). Moreover, the
larger state and measurement outliers, the larger auxiliary ma-
trices Wy, and Wyo are generated. Then, the larger 7; and 7,
are obtained, based on which the smaller modified auxiliary
parameters {; and A} are achieved by using (44).
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