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Abstract: During the process of maneuvering target tracking, the measurement may be disturbed
by outliers, which leads to a decrease in the state estimation performance of the classic interacting
multiple-model (IMM) filter. To solve this problem, a weighted maximum correntropy criterion
(WMCC)-based IMM filter is proposed. In the proposed filter, the fusion state is used as the input
of each sub-model to reduce the computational complexity of state interaction and the WMCC
is adopted to derive the sub-model state update and state fusion to improve the state estimation
performance under outlier interference. Through principal analysis, the superiority of the proposed
filter over the classic IMM filter in fusion strategy is revealed. The specific form of the proposed filter
in radar maneuvering target tracking is provided. Two experimental cases of maneuvering target
tracking are tested to illustrate the effectiveness of the proposed filter.

Keywords: outlier interference; interactive multiple model; weighted maximum correntropy criterion;
maneuvering target tracking

1. Introduction

The state estimation problem has received widespread attention because of its existence
in various fields such as target tracking [1], navigation and positioning [2], and signal
processing [3]. For target tracking, the state estimation is the most important step in its
implementation process. When the maneuvering ability of the target is weak, its motion
characteristics can be modeled by using the constant velocity (CV) model [4] or the constant
turn (CT) model [5]. The Kalman filter (KF) or the extended Kalman filter (EKF) can be
used to solve its state estimation problem. The KF is an optimal Bayesian state estimator of
the single-model linear system in the Gaussian noise environment [6-8], and the EKF is an
approximate KF applied to the single-model nonlinear system. Both of these filters assume
that the process noise and the measurement noise follow the Gaussian distribution, which
means that the estimation performance of both filters will decrease in the non-Gaussian
noise environment.

When the target has strong maneuverability, the single model methods have limited
estimation ability and the multiple model methods need to be used for state estimation.
Unfortunately, the optimal filter for a multiple-model linear system does not exist because
the computational process of analytical solutions is very difficult. As a pseudo-Bayesian sub-
optimal algorithm, the interactive multiple-model (IMM) filter [9-11] is the most frequently
used approach to solve the problem of multiple-model state estimation. Similar to the KF
and EKE, the classic IMM filter [9-11] also models the noise as the Gaussian distribution,
which also causes its estimation performance to deteriorate under the non-Gaussian noise.

In practical applications, due to the low cost and instability of the sensor, the measure-
ment is susceptible to outliers, which leads its noise to follow the non-Gaussian distribution.
To improve the robustness, some filters based on the variational Bayesian (VB) method are
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proposed, such as the IMM-VB filter, the Gaussian-Pearson type VII mixture model-based
robust VB-KF, and the inverse gamma model and generalized hyperbolic skew Student’s ¢
model-based VB-KF [12-14]. Although the IMM-VB filter can effectively improve the state
estimation accuracy of the multiple-model system under a non-Gaussian measurement
noise environment, the computational burden is large, and an accurate non-Gaussian noise
model needs to be required. Recently, a maximum correntropy criterion (MCC) method [15]
has been widely used to solve the problem of state estimation under outlier interference.
Compared with the VB, the MCC has higher computational efficiency and does not need an
accurate noise model. To solve the problem of state estimation under outlier interference,
the MCC-based KF (MCCKEF) [16], cubature Kalman filter (MCCCKEF) [17], and unscented
Kalman filter (MCCUKEF) [18] are successively proposed. Based on these filters, Ref. [19]
proposes an improved MCCCKEF, which can adaptively estimate the kernel bandwidth to
improve the positioning performance of a cooperative localization system. Ref. [20] pro-
poses an improved MCCUKEF to overcome the problem of numerical instability under large
shot noise, and Ref. [21] proposes a distributed MCCKF to improve estimation performance
in the presence of impulsive noise. In addition, a novel MCC-based Rauch-Tung-Striebel
smoother [22] is proposed to solve the state estimation problem under non-Gaussian process
and measurement noises. For the maneuvering target tracking, the multiple-model-based
filter is currently the mainstream method [23-25]. Unfortunately, the above MCC-based
filters are designed based on a single model, and they cannot solve the multiple-model state
estimation problem under outlier interference. How to design multiple-model filters based
on the maximum entropy criterion to improve the state estimation accuracy of maneuvering
targets under outlier interference needs to be solved.

Currently, an MCC-based filter, which is called the IMM-MCC filter [26], is designed
based on the multiple model, and this filter can be considered as a combination of the IMM
filter and MCCKE. To further improve the state estimation accuracy of a maneuvering target
under outlier interference, a weighted MCC-based IMM (WMCC-IMM) filter is proposed.
The proposed filter is also designed based on the multiple model. The main contributions
of this article are as follows.

(1) Different from the IMM-MCC filter, the proposed filter adopts another Gaussian
kernel function [20] to construct the cost function. Based on this Gaussian kernel
function, the weighted maximum correntropy criterion is defined, and a new cost
function is given.

(2) The sub-model state update and state fusion steps are derived under the framework
of WMCC, and the previous fusion state is used as the input of each sub-model to
simplify the state interaction step.

(3) The difference between the IMM-MCC filter and WMCC-IMM filter is discussed,
which reveals the superiority of the proposed filter in fusion strategy.

(4) To solve the state estimation problem of a maneuvering target in a radar system, the
specific steps of the WMCC-IMM filter in radar maneuvering target tracking is given.

(5) The effectiveness of the WMCC-IMM filter is tested using a set of simulation data
and a set of actual test data. Simulation results show that the WMCC-IMM filter has
better state estimation performance than the IMM-MCC filter. The great feedback
from actual test data indicates that the proposed filter has potential value for practical
engineering applications.

The structure of this article is as follows. In Section 2, the problem under consideration
is formulated, and the IMM filter is introduced. In Section 3, the main results are presented,
where the WMCC is defined, the WMCC-IMM filter is derived, the difference between the
IMM-MCC filter and WMCC-IMM filter is discussed, and the specific steps of the WMCC-
IMM filter in radar maneuvering target tracking is given. In Section 4, two maneuvering
target tracking cases are tested to verify the effectiveness of the WMCC-IMM filter. Lastly,
the conclusion is drawn in Section 5.
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2. Problem Formulation

The discrete linear multiple-model system at time k + 1 can be represented by the
following equations: ' ‘
X1 = B + wj )

zkr1 = Hi X1 + 04y )

where Equations (1) and (2) are the state transition equation and measurement equation,
respectively. x,,1 € R"*! and z;,; € R"™*! represent the state vector and measurement
vector, respectively. F. € R"™*" and H. 41 € R™ (n > m) represent the state transition
matrix and the measurement matrix of the i-th sub-model, respectively. It is assumed that
the total number of sub-models is M. w;( and vf( 41 represent the process noise and the mea-

surement noise, respectively. Qi € R"*" and R! 11 € R™ ™ represent the corresponding
nominal covariance matrix, respectively. For the above-mentioned system, the IMM filter
can be used to implement the state estimation, and the IMM filter is divided into four steps:

2.1. State Interaction

It is assumed that the mean and covariance of state from the i-th sub-model at time k
are x}c‘ . and P;<| ;. respectively. y}(‘ i 1s its weight, and 7t is the Markov transition matrix. The

input state xf{'ﬁ( and covariance P;(I(;( of the i-th sub-model are formulated as
1
k\k Z P‘k|k"Jk\k ®)
pio _ @ )W )T 4
Kk = 2 Vk\k k|k +( k|k k\k)( klk k\k) ) )
ij "iﬂ‘;c\k
e = 3 ; 5)
L Tijby
j=1

where [ is the total number of sub-models, y;‘{j‘ ; is the transfer weight from j-th sub-model

to i-th sub-model, and 71;; is the Markov transition probability from j-th sub-model to
i-th sub-model.

2.2. Sub-Model State Update

It is assumed that the state prior information and noises follow the Gaussian dis-
tribution. Using the KF to calculate the state posterior information, the state posterior
information still follows the Gaussian distribution, and the following five equations can
be obtained.

: 0
Xtk = Fixg, (6)
. 0 ,
k1K :Flpic\k(p) +Q; @)
Xey1kt1 = X1k T K1 (Zor = Hpa Xy q10) ®)
i i H N\ (H P H VLR -1
Kip1 = P (Hin) (Hi P (Hiyy) + Ry ©)

i _ pi i i i
k+1k+1 — Pk+l|k - Kk+1Hk+1Pk+1|k (10)
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where xf{ ik and P;'C K are‘the predicted state and covariance of the i-th sub-model,
A

4 k+1]k+1
model, respectively. Kj_ ; is the Kalman gain matrix.

respectively. x;'( k1 and P are the update state and covariance of the i-th sub-

2.3. Model Probability Update
Using the innovation Az} 41 and covariance s 1 of the i-th sub-model to calculate the

likelihood function Af< IRE Azf( ny Sfc 41 and A}; 4 are formulated as

Az;‘c-i-l = Zgy1 — Iﬂ;+1xi+1\k (11)
. . . . T .
Sip1 = He 1 P (Hip1) + Ry (12)
i —m/2|ai |70 iyl i T
Ajyq = (271) Sk+1‘ exp(—O.Str[(Sk+1) Az 1 (Dzp ) ]) (13)

Using AL 41 to update the model weight, the model weight y{( et is formulated as

1 .
i i
Ak+1]§1 ThjHiejk

j _
Hevik+1 = ; ; (14)
)3 (A;:l+1 Z nijﬂk‘k)

m=1 j=1

2.4. State Fusion

The weighted fusion method is used to process the state and weight of each sub-model.

The fusion state X 1]+ and covariance P, kg Are formulated as

I
_ i i
Yet1lk+1 = Zﬂkﬂ\kﬂxkﬂ\kﬂ (15)
i=1

I
; ~ ' , T
_ 1 A 1 1
P = Z; Ptk (Prrapiest T Grgagert = Xepert) Sk — X)) (16)
=

Due to the IMM filter, it is assumed that the process noise and measurement noise
both follow the Gaussian distribution. Therefore, when the measurement is disturbed
by outliers, the estimation performance of the IMM filter is degraded because of the
mismatch of measurement noise modeling. How to design a robust filter to improve
the state estimation accuracy of multiple-model systems under outlier interference is the
purpose of this article.

3. Main Results
3.1. Weighted Maximum Correntropy Criterion

Due to the fact that the Gaussian kernel function of the IMM-MCC filter [21] ignores
the covariance of uncertain variables, to make full use of statistical information, another
Gaussian kernel function [20] is adopted in this article. Based on this function, the MCC
realizes the calculation of uncertain variables by maximizing the following cost function.

N
0= argmglx{lg Go(e(6, 6,-),21-)} (17)

Go(e(6,6;), %) = exp(—e(6,6,) 7 1e(6,6;)/207) (18)
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where e(0, §;) represents the error vector, ¢ is the kernel bandwidth, and 6; and ¥; are the
mean and covariance of the uncertain variable 6. Gy (e(6,6;),%;) is the Gaussian kernel
function. It can be found from Equation (17) that the cost function of the MCC has the
same weight for each Gaussian kernel function. When the system favors a certain set
of statistical information, it is a simple and effective way to weigh each Gaussian kernel
function to construct the cost function. Because of this, the WMCC is proposed to realize
the calculation of 6.

0 = argmeax{Zyng (0,6;),% )} (19)

i=1

where y; represents the weight of G, (e(6, 6;), Z;), and Z #; = 1. In the state fusion step, the

multiple-model system’s degree of dependence on the state statistics information obtained
by each sub-model is different. At this time, the WMCC is more flexible than the MCC.
Because of this, a novel IMM filter is derived under the framework of the WMCC to solve
the multiple-model state estimation problem under outlier interference.

3.2. WMCC-IMM Filter

To improve the robustness of the multiple-model filter under outlier interference, in
the initial plan, we intend to improve all four steps of the IMM filter in the framework
of the WMCC. However, in the process of derivation, we find that there is reliable state
information that can be used as the input of each sub-model in the state interaction step.
Compared with using the WMCC to calculate the input of each sub-model, this way can
effectively improve the computational efficiency. In addition, uncertain variables are not
involved in the model probability update step. Therefore, the proposed WMCC-IMM filter
only uses the WMCC in the sub-model state update and state fusion steps. The derivation
process of the WMCC-IMM filter is as follows.

3.2.1. State Interaction

When the IMM filter is effective, the fusion state is close to the real state. Because of
this, the fusion state can be used as reliable information for each sub-model. Therefore, in
the WMCC-IMM filter, we directly use the fusion state as the input of each sub-model. This
approach effectively improves the computational efficiency of state interaction because it
avoids the calculation of the input of each sub-model. At this time, the input state x;(’& is
formulated as

o
x;<|k = Xy (20)

where x;; is the fusion state and covariance at time k. The input covariance P;CSC can be

calculated by using Equation (4).
3.2.2. Sub-Model State Update
For each sub-model, based on the state transition equation, the predicted state x;; ik

and covariance P! can be calculated. Therefore, the following two sets of Gaussian

k-+1]k
kernel functions based on the state space system can be obtained.

G = Ga(xk-‘rl - x;g—t—l\k’ P;Grl\lg) (21)
Gz = Go(zks1 — Hi g2 1, Riyq)

i i
where X1k and P, 1) are formulated as

P a0 v
X = B = kxk\k

P .. = F.PY (F ) +Q @2)
k+1k — Tk K|k k
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Kj

where x}; K and zj., are the useful information of state. Therefore, the Gaussian kernel
functions from Equation (21) can be used to calculate the state. In Equation (21), x;_ ; is
an unknown variable, and it will be calculated by using the WMCC. zj_; can be obtained
through actual devices, therefore z; 1 is known. According to Equations (18) and (21),
it can be found that G; represents the likelihood of state and predicted information and
Gy represents the likelihood of state and measurement information. It is assumed that
the dependence of the sub-model on the state transition and measurement equations is
the same. Based on the WMCC, the state update of each sub-model can be realized by
maximizing the following cost function.

Xey1lke1 = argmax{aG; + (1 —4)Gz} (23)

where 4 is the weight parameter. Firstly, the partial derivative of x; | in Equation (23)
is considered to obtain the extreme point. The corresponding equation is as follows.
In the sub-model state update step, the WMCC is essentially a maximum likelihood
estimation method:

9(aGy + (1 —a)Gy)/0x;, 4

= aGy (P;H-l\k) (%pq — x;c+l|k)/02_(1 —a)Go(H ) (Riiy)

+1

= ((Ply) + (HL,y) (aRL,,/(Gs(1—a)))”
=P

-1 j (24)
(g1 — H?<+1xk+1)/‘72

Let 9(aGy + (1 —a)Gy)/0x; ; = 0, then we have

1. -1

-1
Hi,1)

+(1—a)Gy(H., ) (RL,,)”

X1 = X+ (G (P )
1

Phiag) 4 (25)
x(1-a)Ga(Hy ) (Riq)

(Zp 41 = Hip1¥ea)

Using x;'( K to approximate x;_ ; to calculate G; and G, it can be found that the

number of extreme points is one. Since Equation (23) is continuously differentiable and has
the maximum value, the unique solution in Equation (25) is x} k17 and we have

j _ i : e
Xeptfert = %1k T K (21 — X q0) (26)

1 1

HL,,)  (HL,,) (aRL,,/(Ga(1—a))~

_ (27)

e (HL ) (HL P ()T + (aR), /(Ga(1-a)))

Gs = Go(zk11 — Hiy1 % 1o Ricir) (28)

The derivation of Ki 41 18 shown in Appendix A. According to Equation (26), the state

estimation error ¥ ; is formulated as

=i i _ i i i i
X1 = X1~ Mgk = U= K H) (o = Xq0) — K19 (29)

According to Equations (26), (27), and (29) and the framework of KEF, it can be found
that the measurement noise covariance of a sub-model is modified as aR}_ ; /(G3(1 — a)),

and the estimation error covariance P;C is formulated as

+1]k+1

P;<+1\k+1 == K;c+1H;<+1)P;<+1|k (30)

Remark 1. According to Equations (21)—(30), it can be seen that the WMCC-based filter has the
following features:
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(@) The proposed filter is equivalent to the KF with Gaussian measurement noise co-

variance aRf( +1/(G3(1 —a)). When outlier interference occurs, the measurement
Jrlkalk At this time,
the proposed filter will reduce the trust degree of measurement and increase the mea-
surement noise covariance. This is the main reason why the WMCC-based filter has
better robustness than the KF under outlier interference. However, if the prediction
center has bad estimation performance, the Gs will be incorrect, which leads to further
increase in the estimation error of state. Therefore, before using the WMCC-IMM
filter, the target motion characteristics need to be accurately modeled.

usually deviates from the measurement prediction center H.

(b) The different weight parameter a means that the proposed filter works in different
modes. When a = 0.5, the WMCC-based filter becomes the MCC-based filter. When
a = 1, the WMCC-based filter only implements the state prediction step. When
a = 0, the WMCC-based filter only uses the measurement to realize the sub-model
state update.

(¢) Interms of parameter setting, since Gj is still less than 1 when the measurement is not
disturbed by outliers, a value slightly less than 0.5 can be assigned to 2 to compensate
for the measurement noise covariance.

3.2.3. Model probability update

The model probability update step of the WMCC-IMM filter is similar to that of the
IMM filter; the only difference is that the innovation covariance Sk 41 is changed as

. . . T .
Sir1 = Hipa Pryap(Hyyq) +aRi 4/ (Gs(1—a)) (31)

3.2.4. State Fusion

In the process of state fusion, the Gaussian kernel function can be obtained based on
the state information sub-model as follows.

Gai = Go (i1 = Xpa et Prspies) 2)

According to Equation (32), the WMCC realizes the state fusion by maximizing the
following cost function.

M
Yet1)k+1 = argmax{ Z .uk+1k+1G4z} (33)
k+1 =1

i i i
X1 Praapisn) P
The partial derivative of x;_; in Equation (33) is considered to obtain the extreme point.
The corresponding equation is as follows.

where Gy; = Go (%4 — is the updated weight of sub-model i.

M M
Y M1 Gai/ 91 = (1 Mesaji1 Gai(Pryapen)  (yr = Xpqpsn)) /0 (39
i=1 i=1

M . .
. i i . ' -
Using El M1 jkes1¥r1k41 tO approximate x;  to calculate Gy4;, based on the similar

principle from the sub-model state update step, is formulated as

Xe+1]k+1

-1

2

-1

Xepker = (U (Gt (Prapsn) ) (Gsites 1kt (Prsajirr)  Xerapesr) (35
i=1

ok

I
—

=

o i i i i
Gsi = GU(Z Fhet 1 k+1%k+1]k+1 xk+1\k+1’Pk+1|k+1) (36)
i=1
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According to Equation (35), the fusion state estimation error x;, ; is formulated as

M

Im

~ -1 -1 i

XYet1 = Xkl — Xk 1 k1 = (2 ( GSsz+1\k+l Pk+l|k+l) )) 2 G51P‘k+1\k+1 Pk+l|k+l) (%1 _x;<+1\k+1)) (37)
i= i=1

—_

Using Equation (37), we can obtain that

2

1 - 1

X; G51Vk+l\k+l Pk+l|k+l) X1 = Z; (Gsitter1per1 Pheytjkrr) (1 — Xeyqesn)) (38)
1= 1=

According to Equation (38), the fusion state estimation error covariance P, [k

satisfies the following equation.

T
-1 M . . 1

M , .

(Z,Z (G5iV2+1|k+1(P;<+1\k+1) ))Pk+1|k+1(l,§l (G5i7’l;<+1\k+1(P;<+l|k+l) ))
1 . M , . 4 , .

(%41 — x;<+1\k+1)(i)::1 (G5i‘u;c+1\k+1(1);<+1\k+l) (%1 — x;c+1\k+1))) )

= (39)
= El (G5iy;<+1\k+1<P;c+l|k+l)

. . . i i
The state statistical information {xk k17 P, k41

to calculate the i-th component of the right formula in Equation (39). At this time, we have

} from the i-th sub-model is used

M . , . M . ‘ 1T
(iz (Gsittg 11 (Prsaegn) ))Pk+1\k+1(i§1 (Gsittgqes1 (Prsajer) ) )
M -1

M , 4 .
(E G5i‘u;<+1\k+1)(l,§l (Gsittiqjjes1 (Prsajign) )T

According to Equation (40), P is formulated as

k+1]k+1

M M -1
4 -1
Py = (Z; G5iV;<+1|k+1 2 G51Vk+1|k+1 Pk+1\k+1) ) (41)
1=

[y

Remark 2. [t is worth noting that the fusion state statistics information {

obtained by the IMM filter can also be used to calculate P, k-

of a large amount of cross-covariance information in P}/ k1 the corresponding computational

complexity is large, while using the statistical information of sub-models to calculate P, kg Can

IMM PIMM
k-+11k-+17 T k+1]k+1

However, due to the existence

ignore the cross-covariance information and effectively improves the computational efficiency. At
the same time, it can be found that due to the fact that the WMCC does not have the same constraint
for the weights of each Gaussian kernel function, it can also be applied to the state fusion step, while
the MCC cannot be used in this step

It is assumed that the total time is L. For clarity, the pseudo-code of the WMCC-IMM
filter is summarized in Algorithm 1.

3.3. Principle Analysis

In this section, the difference of state fusion between the WMCC-IMM filter and IMM-
MCC filter is briefly discussed. The solution forms of the WMCC and MCC for state can be
further summarized.
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_ . i i i
Yet1lk+1 = argg};lrll{ Y Gsittiia ka1 ®k41 = Fes1jkr1) Py jr)
+ i=1

! 4
gl
aEl Gsitlye 11 (*ri1

Algorithm 1: The pseudo-code of the WMCC-IMM filter
fork=0:L — 1 o ‘

Input: xp i, Py, Fr, Qp Hy oy, 211 R;(ﬂ, a

Using Equations (4) and (5) to calculate P;(’ﬁ(

i

Using Equation (22) to calculate x;; K and P, 1k

Using Equations (26)—(28) and (30) to calculate x;; ks and P;( k4

Using Equations (11), (13), (14) and (31) to calculate ;4;{““(“
Using Equations (35), (36), and (41) to calculate x and P
P

ket 1lk+1 k+1[k+1

Output: x

kb 1lk+17 Lk 1]k+1

end

Theorem 1. According to Equation (35), the WMCC can be regarded as obtaining the fusion state
by minimizing the following cost function.

M

: T
(%1 = Xer1er) } (42)

Proof . Calculate the partial derivative of x;_ ; from Equation (42) to obtain the following
equation. [

; ; -1 ; T
~Feper) Prgaprr) B = Xt ! _

3 =) 2Gsit et Prsipest) (kg — Ypapr)  (43)
Ye+1 i=1

Based on Equation (43) to calculate the extreme point, the following equation can
be obtained.

-1 .
(%41 — Y1) =0
1 (44)

l . . -1
) i);l (GSiV;<+1|k+1(P;<+1\k+1)

I , .
El 2G5iy;<+1\k+1<1);<+1|k+1)

1 . , -1 .
— . 1
= X1 = (El Gsitti k1 (Prsajesn) X 1jk1)
Since the loss function in (42) is continuously differentiable and has a minimum value,
the only extreme point obtained in Equation (44) is x, k1

-1
I I
X1kl = (; Gsitti et Prpar) ) 2 (Goitteapers Prsapst)  Xeraprn)  (45)
i=

i=1

According to Equations (35) and (45), Theorem 1 is proven. It can be found from
Equation (42) that the WMCC in the state fusion is equivalent to an adaptive weighted least
square method.

Theorem 2. The IMM-MCC filter can be considered to obtain the fusion state by minimizing the
following cost function

M
— 3 1 1 1
X1kl = arggfk“rl‘{ Y Mtk (k1 = Xepaier) (Bt — Xt jegn) } (46)
o =t
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l

i=1

Proof . Calculate the partial derivative of x; ; from Equation (46) to obtain the following
equation. [

1 4l — xt
aEl P e Bt = Xorpest) B = ¥egajegn) I

=) 2 Vk+1|k+1 X1~ Xeaps1) (47)
i=1

0X) 4

Based on Equation (47) to calculate the extreme point, the following equation can
be obtained.

1 ‘
1 1
El Moo Xe+1k+1 1

JeY/] _ _ i i
Zzl’lk+1\k+1(xk+1 Yeiajin) = 0" = Xppq = ] = ) Mt er 1 %11 (48)
. &

1 1=
L Mk
i=1

Since the loss function in (46) is continuously differentiable and has a minimum value,
the only extreme point obtained in Equation (48) is x, kT

I
IR i
Mttt = 2 Mt k1 ¥es 1 o1 (49)
i=1

According to the state fusion of the IMM and Equation (49), Theorem 2 is proven. It
can be found that the IMM-MCC filter adopts the weighted average method to realize the
state fusion.

Remark 3. According to Equations (18), (36), and (45), when the kernel bandwidth o from
Gs; tends to infinity and Plt+1\k+1 Pk+1‘k+1 = PkM+l|k+l’ the WMCC in state fusion
becomes the weighted average method. In summary, the state fusion strategy adopted by the
IMM-MCC filter is a special form of state fusion strategy adopted by the WMCC-IMM filter,
which means that the data fusion strategy of the WMCC-IMM filter is a better choice than that

of the IMM-MCC filter.

3.4. WMCC-IMM Filter Applied to Radar Maneuvering Target Tracking

In radar maneuvering target tracking, the state transition equation of a multiple-model
system at time k + 1 is the same as Equation (1), and the state of target consists of position,
velocity, and acceleration in the North-East-Down coordinate system, where the initial
position of the radar is its origin. Therefore, the specific form of the target state from the
radar system is as follows.

it N of ¢ ot oF ¢ ot ot T 50
Xei1 = [Xpy1s Xes 1 Xier 1 Vit Ve Year Zhrts Zer s Zie ) (50)

where (X[ 1, Yi, 1/ Zi1)s (x,iﬂ,y,iﬂ,z,iﬂ), and (kiﬂ,yiﬂ,iiﬂ) are the position, velocity,
and acceleration of the target in the North-East-Down coordinate system, respectively.

Based on the detection principle of radar, the geometric relationship of the target and
radar is shown in Figure 1. The measurement of the radar consists of radial distance, radial
velocity, azimuth, and elevation. The measurement equation is formulated as
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r
— a i h T
Zkt+1 = B Vg = P %) + 0
[
[ t N 2 t T 2 t T 2 i
\/(xk+l Y1)+ Wi = Yirr)” + (Fq — Zk1)
t _ (51)
arctan(%
Te+1 ™ Y41
= . zt, . —z! +v
—arcsin( t _ kt+1 k+1 — . k+1
\/(xk+1,x}f(+]) FYies1 Yir1) T (@1 =)
-t - .t . ot .
((x;{+17x;(+1)(xk+17XZ+1)+(y;{+l7y2+1)(yk+1*y;;+1)+(2;(+17Z;+1)(Zk+17Z}t+1))
2 2 2
L \/(xlt<+1*x12+1) (W1 Vi) (Z—Zg) i
r rur T T r T e r T T T 52
X1 = [t Xkt Xea 1 Yiea 1 Vi1 Ve 1 Tt 2k 1 2k ] (52)

where x}_ ; is the state of the radar at time k+1. (x[,¥}; 4, 2;,,) and (X,ZH,y;H,Z;H)
are the position and velocity of the radar in the North-East-Down coordinate system,
respectively. v;_ ; is the measurement noise of the radar, and R, ; € R4 s defined as its
nominal covariance matrix. The state of the radar can be obtained through the navigation
information. Based on this measurement equation, the Gaussian kernel function G, from
the sub-model state update step is changed as

Ga = Go(zg1 — Mgy 1), Riiq) (53)

X (North)

(Radar)O » Y (East)

v
Z (Down)

Figure 1. The geometric relationship of the target and radar.

According to Equation (53), Equation (24) is changed as

8(aG1 + (1 — a)GZ)/axk+1

o 54
= aGy (P, )" (54)

: o
(%41 — x;<+1|k)/‘72_(1 —a)Go( a(xxk“)

T
) ) (Rigy) ™ (2yy — hi(x40)) /02
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Let 9(aGy + (1 —a)Gy)/0x, ; = 0, then we have

T

PO Ry ) (21— i) )

aG1(Pryq) X1 = 4G1(Pryqp) X+ (1=a)Ga( ox
k+1

Based on the Taylor’s first-order expansion formula, h(x, , ;) can be approximated as

(1) = () + Hipe (o — X (56)
. oh(x, )
Hip = (57)
Xk+1 i
X1 =1k

According to Equations (55)—(57), x;, ; is formulated as

. 1 . T 1. )
@G1(Pyyy)  + (1= a)Ga(Hy 1) (Reyy) TH ) (4 — X))

=(1- ”)Gz(HiH\k)T(RkH)_l(Zk+1 - h(x;;+1\k))

-1 . -1 (58)

+(1- a)G2<I—I;<+1\k)T(Rk+1)71H§c+1|k)
x(1— ”)GZ(H;G”k)T(Rk-i-l)_l(zk+1 - h(x;'(+1‘k))

According to Equations (25) and (58), it can be found that the update state of i-th
sub-model from a radar system can be obtained by using H; 1k and h(x; | ;) to replace

= X1 = Xy T (@61 (P )

H}'( 4 and x;( 1k in Equations (26) and (27). Based on this, x;{ k41 is formulated as

Xeiert = etk T Ky (2o = h(&eq0) (59)

. . . T . : ; T i -
1k = Pt (Hgape) (Mg o Py (Hiq) + (aR 1 /(Gs(1 - a)))) (60)
Gs = Go(zkr1 — (X 10), Reyr) (61)

According to Equation (59), 5ch 41 is formulated as

Xjp1 = Xppq — X141 = (%1 — x§<+1\k> - K;<+1\k(h(xk+l) - h(x5<+1|k)) — K 1)

o K;<+1\k

Hy e = %) = Ko (62)

i
k1 xk+1|k)

= (I =K (1 H ) (541 = Y1) = K@i

Similarly, the measurement noise covariance of a sub-model is modified as

aR; ,/(G3(1—a)), and the estimation error covariance P}; ket 1 formulated as

Pk = = K H ) Py (63)

In the model probability update step, the innovation error Az;'( 41 and covariance S e
is formulated as

i P
Az g = Zepr — Hi ¥k (64)

- ; ; T
S;<+1 = H;<+1|kpk+1\k(H7<+1\k) + aRk+1/(G3(1 —a)) (65)
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Finally, the fusion state x, [kt and covariance P +1[k41 €N be calculated by using
Equations (35), (36), and (41). In summary, the pseudo-code of the WMCC-IMM filter in a
radar system is summarized in Algorithm 2.

Algorithm 2: The pseudo-code of the WMCC-IMM filter in a radar system

fork=0L—1 )
Input: X ks Pk\k, F, Qb Zk+1s R;<+1/ a

Using Equations (4) and (5) to calculate P;fll(;f

Using Equation (22) to calculate xf{ ik and P;‘( 1k

Using Equation (57) to calculate H} 1k

Using Equations (60) and (61) to calculate K; 1k

Using Equations (59) and (63) x;‘( k1 and P;‘< k1
Using Equations (64), (65), (13), and (14) (13), (14), (64) and (65) to calculate y;{ k41
Using Equations (35), (36), and (41) to calculate x andP

Output: x P

k+1[k+1 k+1]k+1

Kt 1lk+17 k+1lk+1

end

4. Experimental Results
4.1. Case 1. Maneuvering Target Tracking Simulation Experiment

In this section, a maneuvering target tracking example [27] is used to verify the
effectiveness of the proposed filter. The target moves in a two-dimensional plane, and
the target state consists of position and velocity. The number of sub-models is 2. The
state transition equation of each sub-model is a constant turn (CT) model [27], and the
measurement consists of the position information. The turning rate w; and w, are set
as —7t/40rad/s and 7/40rad/s, respectively. The initial true state xy and covariance
Pé‘o(i =1,2) are set as [100 m, 5 m/s, 100 m, 5 m/s] and diag([100 m?2, 25 m?/s2, 100 m?,

25 m?/s?%]), respectively. The actual motion of the target follows the CT model. For 1-50 s,

the turning rate is w;. For 51-100 s, the turning rate is w,. The initial state xé‘o(i =1,2) of

each sub-model is chosen from N (xf)'O;xo, Pé)\o)' The total time L is 100 s, and the number
0.95 0.05
0.05 0.95
initial weight of each sub-model is 0.5. The process noise follows the Gaussian distribution,
while the measurement noise follows the Gaussian mixture distribution [12]. At this time,
w;( 4 and v}; 4 (i=12)are formulated as

of Monte Carlo runs is 100. The Markov transition matrix 7t is set as [ } . The

wi ~ N (wh;0,Q}) (66)

vl ~ 09N (v} 1;0,RL. ) +0.1N (v}, 1;0,100R; ;) (67)

The process noise covariance matrix Q;. (i = 1,2) and measurement noise covariance
P P
matrix R, ; (i = 1,2) are set as

1/3 1/2 0 0
; /2 1 0 0

Q=910 o 1/3 172 (68)
o 0 1/2 1
i [100m* 0
Rk+1 - 0 1001’1‘12 (69)

where g = 1 m?/s%. The root mean square error (RMSE) and the time-averaged RMSE
(TRMSE) are used as performance evaluating criteria. The IMM [9], IMM-VB [12], and IMM-
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MCC [21] filters are used to compare with the WMCC-IMM filter. For a fair comparison,
the kernel function from the IMM-MCC filter is the same as that from the WMCC-IMM
filter, and the kernel bandwidths from the IMM-MCC and WMCC-IMM filters are set as 5.
The degree of freedom parameter and iteration times from the IMM-VB filter [12] are set as
1 and 3, respectively.

Figures 2 and 3 and Table 1 show the computational time in the one-step state update
process and the RMSEs and TRMSE:s of position and velocity from the IMM, IMM-VB, IMM-
MCC, and WMCC-IMM filters. It can be found that the computational time of the WMCC-
IMM filter is close to that of the IMM and IMM-MCC filters, and the IMM-VB filter has the
highest computational complexity among these four filters. The estimation performance of
the IMM filter is the worst, and the IMM-VB filter has the best state estimation performance.
When 4 is set to a value slightly smaller than 0.5, the WMCC-IMM filter has better state
estimation performance. When a = 0.5, the WMCC-IMM filter becomes the MCC-IMM
filter, which means that simplifying the state interaction and using the MCC to realize the
state fusion is an effective way to improve the state estimation performance. In addition,
under the condition of this parameter setting, the IMM-VB filter improves the estimation
accuracy of position and velocity by 5.6% and 6%, respectively, compared with the WMCC-
IMM filter, but its computational time is increased by 19.2%. Therefore, it can be considered
that when the hardware has limited computational performance, the WMCC-IMM filter is
a better choice for state estimation of the multiple-model system under outlier interference.

Table 1. The computational time in the one-step state update process and the TRMSEs from
different filters.

Filters Pos/m Vel/(m/s) Time/ms
IMM 18.19 5.26 0.308
IMM-VB 10.28 3.74 0.392
IMM-MCC 16.46 4.71 0.318
WMCC-IMM (a = 0.6) 11.88 4.27 0.329
WMCC-IMM (a = 0.5) 10.89 3.98 0.329
WMCC-IMM (a = 0.4) 10.28 3.78 0.329
26 T T T T T T T T T
— MM
—— IMM-VB
24 ——— IMM-MCC i
— WMCC-IMM(a=0.6)
——— WMCC-IMM(a=0.5)
22 ——— WMCC-IMM(a=0.4) i
20 ‘ s
1<
% 18 r‘ .
8 ' ’ \‘
1N}
%)
o \
14 + .
12 .
10 F
8 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

Time/s

Figure 2. The RMSEs of position from different filters in case 1.
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7.5 T T T T T T T T
—— MM
— |MM-VB
[ = IMM-MCC ]
—— WMCC-IMM(a=0.6)
65 L —— WMCC-IMM(a=0.5) i
—— WMCC-IMM(a=0.4)

)]
[¢)] [}
T
g/
—
|

RMSEvel/(m/s)
[}

.
o
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ol MV AR
N \p
3.5 S
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Figure 3. The RMSEs of velocity from different filters in case 1.

To test the effect of kernel bandwidth for the IMM-MCC and WMCC-IMM filters,
Table 2 shows the TRMSEs of position and velocity from these two filters under different
kernel bandwidths. It can be found that when the kernel bandwidth is too small, the
IMM-MCC filter will be singular, resulting in its failure to work, while the WMCC-IMM
filter can be used normally. With the increase of kernel bandwidth, the WMCC-IMM filter
still has better state estimation performance than the IMM-MCC filter [26].

Table 2. The TRMSEs from the IMM-MCC and WMCC-IMM filters under different kernel bandwidths.

IMM-MCC WMCC-IMM (a = 0.5)
Kernel Bandwidth
Pos/m Vel/(m/s) Pos/m Vel/(m/s)
c=1 NaN NalN 13.22 4.46
=3 18.06 5.08 9.67 3.77
c=5 16.46 471 10.89 3.98
oc=7 17.28 4.88 11.58 4.08

4.2. Case 2. Maneuvering Target Tracking Actual Test Experiment

In case 2, a set of maneuvering target tracking actual test data is used to test the state
estimation performance of different filters. The relative situation of radar and target is
shown in Figure 4.

The motion model set consists of the CV model, the constant acceleration (CA) model,
and the current statistics (CS) model [28]. The Markov transition matrix 7t is set as

08 01 0.1
0.1 0.8 0.1]. Since the true state of the target cannot be obtained in the actual target
01 01 08
tracking process, the initial state of each sub-model is set by using the initial measurement,
and it can be calculated as
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xb = rocosBocosag + xj)

x(t) = vycosPocosag + xg

iy =0

yh = rocosBosinag + yj

yg = vgcosPosinagy + yg (70)
iio =0

zh = rosinBy + zj,

-t . -
Zg = vosinPo + zg

ot
Zy = 0

8000
6000 -

4000 © R
1 ~—Radar
—Target

12

Down/m

10

East/m

0 g.194

North/m =10
Figure 4. The relative situation of radar and target in case 2.

The initial covariance PB‘O(i =1, 2,3) of each sub-model is set as

io = dia g( [640000m2, 800m?/s2, 0, 640000m2, 800m? /52,0, 640000m?, 800m? /2, 0] ) (71)

The initial weight of each sub-model is 0.33. The process noise covariance matrix
Qrcv: Qi car Qkcs and measurement noise covariance matrix Ry 1 are set as

[0.25T* 0.5T° 0 0 0 0 0 0 0
057 T2 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 025T* 057° 0 0 0 0
Quev=1] 0 0 0 057° T2 0 O 0 0 (72)
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 025T* 05T° 0
0 0 0 0 0 0 05T° T2 0
0 0 0 0 0 0 0 0 0]
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Qica =

[ 0.05T>

0.125T*

0.167T3
0

o O O OO

0.125T* 0.167T° 0 0 0 0 0 0
0.337%  0.572 0 0 0 0 0 0
0.5T2 T 0 0 0 0 0 0
0 0 0.057° 0.125T* 0.167T3 0 0 0
0 0 0.125T* 0.33T°  0.5T> 0 0 0 (73)
0 0 0.167T3 0572 T 0 0 0
0 0 0 0 0 0.05T° 0.125T* 0.16773
0 0 0 0 0 0.125T* 0.337%  0.5T2
0 0 0 0 0  0.167T% 0.5T? T |
(g1 g2 13 0 0 0 0 0 0]
g2 q9» g3 0 0 0 0 0 O
g3 93 933 0 0 0 0 0 O
0 O 0 ‘711 1712 q13 O 0 0
Qcs=10 0 0 g2 g2 g3 0 0 0 (74)
0 0 0 g3 93 g3 0 0 O
0 0 0 0 0 0 ‘711 q12 q13
0 0 0 0 0 0 q12 92 423
100 0 0 0 0 g3 q23 433
6400m?2 0 0 0
0 6.85 x 10~®(rad?) 0 0
Ri = 75
kol 0 0 6.85x 107%(rad?) 0 79)
0 0 0 4m? /g2
where
- 1-4bTe T —e~ 212 opT—2p272 4 251
- 205
- 14(2bT—2)e T+~ _2p T2 T2
- 2v4
o, —bT_ ,—2bT2
1113 — 1-—2e 21;3%
= —3+2bT+4e;bT—e*2bT2 (76)
2b
5, —bT_ ,—2bT?
g3 = 1—2e¢ 2;2»6
—2pT2
423 = 1+ezb
b=0.1

Based on the measurement noise covariance, the probability distribution of Gaussian
measurement noise and actual noise is shown in Figure 5. It can be seen that the actual
noise does not follow the Gaussian distribution. The measurements of radial distance and
radial velocity have more outliers.

During the process of actual maneuvering target tracking to assist the subsequent
guidance mission, the estimation performance of each dimension from state is given more
attention rather than the overall estimation performance of state, and the combat platform
has stringent requirements for the estimation accuracy of position and velocity. Because of
this, the estimation accuracy of different filters in position and velocity is compared. The
RMSE:s of position and velocity in the North-East-Down coordinate system from different
filters are shown in Figures 611, and the corresponding TRMSEs are shown in Table 3.
It can be seen that when a = 0.4, the WMCC-IMM filter exhibits the best estimation
performance in terms of north position, north velocity, east position and down velocity. On
the other hand, the IMM-VB filter demonstrates the best estimation performance in terms
of down position and east velocity. Based on the RMSEs of position and velocity in the
North-East-Down coordinate system from different filters, when a = 0.4, the computed
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results of the RMSEs of position and velocity from the WMCC-IMM filter are 343.85 m and
21.11 m/s, respectively. The computed results of the RMSEs of position and velocity from
the IMM-VB filter are 385.06 m and 30.68 m/s, respectively. Therefore, the WMCC-IMM
filter has better estimation performance than the IMM-VB filter.

0.3
the Gaussian
:? 0.2 the actual ?
o o
© ©
Qo Qo
o o
o 0.1 (o
/_j\
0

-100 -50 0 50 100 -2 0 2
radial distance/m radial velocity/(m/s)
0.4
0.2
0.3}
£0.15 2
o) a
5 802
o 01 S
Qo Q.
0.05 ¢ - 01y
0 : : : 0
-0.01 -0.005 0 0.005 0.01 -0.01 -0.005 0 0.005 0.01
azimuth/rad elevation/rad

Figure 5. The probability distribution of Gaussian measurement noise and actual noise in case 2.
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Figure 6. The RMSEs of north position from different filters in case 2.
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Figure 7. The RMSE:s of east position from different filters in case 2.

;]

220 T T T T T T T T T
200+ -
180} .
:E’ 160 i
a
[%2]
(]
Q.
L
L 140t _
4
120} .
IMM
IMM-VB
IMM-MCC
1001 WMCC-IMM(a=0.6) .
WMCC-IMM(a=0.5)
WMCC-IMM(a=0.4)
80 | | 1 | 1 1 | 1 |
0 0.5 1 15 2 25 3 35 4 45
Time/s

Figure 8. The RMSEs of down position from different filters in case 2.
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Figure 9. The RMSEs of north velocity from different filters in case 2.
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Figure 10. The RMSEs of east velocity from different filters in case 2.
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Figure 11. The RMSEs of down velocity from different filters in case 2.

Table 3. The TRMSEs from different filters in case 2.

Filters PosN/m PosE/m PosD/(m) VelN/(m/s) VelE/(m/s) VelD/(m/s)
IMM 311.34 82.32 152.22 26.65 1.42 5.53
IMM-VB 355.36 82.86 123.18 30.33 14 4.55
IMM-MCC 314.62 81.11 174.55 27.02 1.46 4.69
Wl(\;[(ic(_)lg/)IM 401.77 83.47 143.54 41.14 0.93 6.42
Wl(\;[C:C(_)HS\;[M 329.91 82.14 169.97 28.12 1.43 4.81
Wl(\;[(f;i\;[M 273.84 80.53 191.82 20.84 1.74 3.19

In addition to position and velocity, the entry angle [29] is another crucial parameter
of interest for the combat platform because the entry angle can be used to discern the threat
level of the target. The estimation error of entry angle Aeay, is formulated as

—t ot =T

Aeay = arctan(yk yk) + &y — arctan(ylzlk g’;) — (77)
xk — xk xk|k — Xk

where x xk and yk are the true north velocity and east velocity of the target at time k, re-

spectively. x,rc and yk are the true north velocity and east velocity of the radar at time &,
respectively. &y is the true azimuth at time k. It can be seen that estimation error of entry
angle is influenced by the estimation errors of azimuth, target’s north velocity, and target’s
east velocity. Using Aeay, the RMSE of entry angle can be obtained.

To further compare the estimation performance of different filters, the estimation
accuracy of entry angle from different filters is tested. Figure 12 shows the RMSEs of entry
angle from different filters, and Table 4 shows the TRMSEs of entry angle from different
filters. Since the estimation error of east velocity from different filters is small and the
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estimation error of north velocity from different filters is large, the filter that has the best
estimation performance of north velocity tends to exhibit superior performance in entry
angle estimation. Therefore, the WMCC-IMM filter, wherein a is set as 0.4, has better
estimation performance of entry angle than other filters. In conclusion, when a = 0.4, the
WMCC-IMM filter has better state estimation performance than the IMM, IMM-VB, and
IMM-MCC filters under non-Gaussian measurement noise.

14 T T T T T T T T T
IMM
IMM-VB
12F IMM-MCC i
WMCC-IMM(a=0.6)
WMCC-IMM(a=0.5)
WMCC-IMM(a=0.4)
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()]
c
©
L
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2 - -
0
0 05 1 1.5 2 25 3 35 4 45 5

Figure 12. The RMSEs of entry angle from different filters in case 2.

Table 4. The TRMSEs from different filters in case 2.

Filters Entry Angle/°
IMM 4.37
IMM-VB 5.06
IMM-MCC 4.45
WMCC-IMM (a = 0.6) 6.97
WMCC-IMM (a = 0.5) 4.65
WMCC-IMM (a = 0.4) 3.41

5. Conclusions

In this article, a novel WMCC-based IMM filter is proposed to solve the state estimation
problem in maneuvering target tracking under outlier interference. Different from the
IMM-VB and IMM-MCC filters, the WMCC-IMM filter uses the previous fusion state to
simplify the state interaction step and adopts the WMCC to realize the state estimation and
fusion steps. The specific steps of the WMCC-IMM filter in a radar system are also outlined.
The experimental test results show that the WMCC-IMM filter has better state estimation
performance than the IMM, IMM-VB, and IMM-MCC filters under outlier interference.
The accuracy of the target motion model greatly affects the estimation performance of the
proposed filter. Therefore, in future work, we need to further study the modeling of the
target motion characteristics to improve the estimation performance of the proposed filter
for high-maneuvering targets, such as a hypersonic vehicle.
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Appendix A. The Derivation of K}< 1

In the derivation process of K} 11 the matrix inversion formula needs to be used. The
matrix inversion formula is formulated as

(A+ucv) ' =atu(c +valu) lva! (A1)

Using Equation (A1), K} 41 1s formulated as

Kiy = ((Payy) ™+ (L) (@R /(G (1 — ) ' Hiyy)  (Hiyy) (R, /(Ga(1— )

. . . . . . -1 . . . . _
= (P — Py (L) ((aRly, /(Ga(1— ) + iy Py (HLL ) ') Hiy Py ) (HE ) (@R /(Gs(1—a)) !

. . . _ . . . . . . -1 . . . . _
=Pl (Hy,) (aRy,, /(Gs(1—a)) " = Pl (Hiy) ' ((aR),/(Gs(1—a))) + Hy o Py (Hiy)') Hiy Py (HE ) (aR), /(Gs(1—a)))

)T

1

(A2)
—p !

. . _ . . . . -1 . . . . _
e (He ) (@R, /(Ga(1— )™ — ((aRE, /(Gs(1—a)) +Hy 1 Py (Hy5) ') H Py (H ) (aRY,, /(Ga(1 - a)))

)

)

= Py () (@R /(G — 0))) 4 Hy Py (B )T) (aRL, 4/ (Ga(1 - a))) (@R, / (Go(1 - 0))

. . . . . . -1
=Py (H)' (((aRL,, /(Gs(1 - a))) + Hy Py (L))
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