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Abstract: Handling the challenge of missing measurements in nonlinear systems is a difficult problem
in various scientific and engineering fields. Missing measurements, which can arise from technical
faults during observation, diffusion channel shrinking, or the loss of specific metrics, can bring
many challenges when estimating the state of nonlinear systems. To tackle this issue, this paper
proposes a technique that utilizes a robust cubature Kalman filter (RCKF) by integrating Huber’s
M-estimation theory with the standard conventional cubature Kalman filter (CKF). Although a
CKF is often used for solving nonlinear filtering problems, its effectiveness might be limited due
to a lack of knowledge regarding the nonlinear model of the state and noise-related statistical
information. In contrast, the RCKF demonstrates an ability to mitigate performance degradation
and discretization issues related to track curves by leveraging covariance matrix predictions for state
estimation and output control amidst dynamic disruption errors—even when noise statistics deviate
from prior assumptions. The performance of extended Kalman filters (EKFs), unscented Kalman filters
(UKFs), CKFs, and RCKFs was compared and evaluated using two numerical examples involving the
Univariate Non-stationary Growth Model (UNGM) and bearing-only tracking (BOT). The numerical
experiments demonstrated that the RCKF outperformed the EKF, EnKF, and CKF in effectively
handling anomaly errors. Specifically, in the UNGM example, the RCKF achieved a significantly
lower ARMSE (4.83) and ANCI (3.27)—similar outcomes were observed in the BOT example.

Keywords: cubature Kalman filter; missing data; robust cubature Kalman filter

1. Introduction

Since its development in 1960 by Kalman [1], the Kalman filter has been widely utilized
in ocean-atmosphere science to develop numerous nonlinear filters [2]. The EKF, UKF,
EnKF, and CKF are commonly used variations of the Kalman filter [3]. The EKF linearizes
nonlinear systems using the Jacobian matrix and first-order Taylor expansion, making it
suitable for navigation, target tracking, data fusion, and state estimation [4]. However,
the Jacobian matrix has limitations in achieving precise linearization with decreasing
gradients [5]. The UKF, on the other hand, utilizes the unscented transform to avoid the
need for computing the Jacobian matrix. However, it requires accurate prior knowledge
of the system noise statistics, which can be challenging to describe correctly in dynamic
environments, potentially leading to incomplete or divergent filtering solutions [6].

The EnKF belongs to the class of particle filters, where an ensemble of state estimates
is selected to represent the initial probability distribution [7,8]. These estimates are propa-
gated through the nonlinear system, approximating the probability density function of the
true state [9]. However, for highly nonlinear applications requiring high precision and a
finite ensemb]e size, the EnKF may not be optimal [10]. The CKF utilizes a third-degree
cubature rule and offers advantages such as reduced parameters [11,12], improved sta-
bility, and accuracy compared to the UKF [13,14]. It is widely used to handle nonlinear
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problems [15], but applying the CKF to a nonlinear system requires knowledge of the
mathematical model and noise statistics, which can be challenging to obtain in practical
applications [16].

Over the last few years, considerable effort has been spent on developing the RCKF
based on Huber’s idea of M-estimation and the traditional CKF. It can handle the problem
of performance degradation, and the tracking curves are discretized whenever the data
diverge from the previous noise statistics. Table 1 shows a comparison of relevant works

for illustration.

Table 1. Comparison of relevant works.

Authors

Method

Results

Tiancheng Li et al. [17]

Huber’s M-estimation-based
robust CKF and robust square
root CKF adapted to
anomalous measurement
noise using innovation
covariance comparison.

Simulations demonstrated the
superior performance in terms
of accuracy, robustness,
and reliability compared to
standard methods for
target tracking.

Zhao et al. [16]

Robust adaptive CKF to
reduce kinematic model errors
through covariance
adjustment and dynamic
disturbance processing.

The experiment confirmed the
proposed strategy’s
effectiveness in dynamic
systems with high dynamics
and weak signals.

Cui Bingbo et al. [18]

RCKF enhanced GNSS/INS
accuracy in GNSS-denied
environments by considering

Numerical experiments and
field tests demonstrated the
RCKF'’s superior robustness

noise using missing compared to the CKF
observations. and EKF.
Adaptive robust CKF
(ARCKF) based on the Simulations favored the

H-infinity CKF by recommended approach over
incorporating two adaptable  the HCKF for handling model
algorithm components to errors and
address erroneous system aberrant observations.
models and noise statistics.

Xiangzhou Ye et al. [19]

Previous studies have shown that the RCKF algorithm provides significant improvements
in tracking accuracy and stability in many applications, outperforming traditional methods.
However, these studies failed to deal with the problem of missing measurements in nonlinear
systems, which frequently occur in practical scenarios due to imprecise observations.

This paper suggests an RCKF technique based on Huber’s idea of M-estimation and
the CKF for the estimation of the state of nonlinear systems with missing measurements.
Missing measurements are often an inescapable occurrence in many practical scenarios
due to the specific variables associated with erroneous observations. Interruptions in
the technical aspects of observation, shrinkage occurrences in the diffusion channels,
and erroneously lost measurements are some of the reasons for missing data. In addition,
data inaccessibility is also a possibility [20,21]. To describe missing measurements using
random variables, the Bernoulli distribution is more commonly used than the Markov
chain [22]. We summarize the contributions and significance of this paper as follows:

1. The RCKF was developed by integrating Huber’s M-estimation theory with the
standard CKEF to effectively handle nonlinear systems, with missing measurements
characterized using random variables following the Bernoulli distribution.

2. The RCKF exhibited superior performance compared to the EKF, EnKF, and CKF
in terms of accuracy and reliability on two moving-target tracking models (UNGM
and BOT) with missing measurements, indicating that the RCKF is the most effective
approach for nonlinear systems with missing measurements.
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This paper is organized as follows: Section 2 presents an analysis of a nonlinear system
that is afflicted by missing measurements. Section 3 delves into the CKF and provides an
in-depth discussion on Gaussian Bayesian filters. Section 4 proposes a novel approach to
enhance the robustness of the CKF using robust estimation theory. In Section 5, a robust
CKEF is presented and applied in two numerical instances to compare its performance with
existing filters. Finally, Section 6 concludes the paper.

2. Nonlinear System with Missing Measurements

The following equations formulate a nonlinear system with missing measurements [22]:
Ak = 8(Ak-1) + b1, 1)

O = Prh(Ax) + Gk )

where k is the discrete time index; A, € R" is the state vector; 6, € R™ is the measurement
vector; ;1 € R" and §; € R™ are process noise and measurement noise, respectively; g(-)
and h(-) are the known nonlinear functions. Additionally, the nonlinear systems (1) and (2)
are assumed to have the following properties:

1. The initial state follows a Gaussian distribution, i.e., Ag ~ N (A, By).

2. The noise sequences &1 and §; are independent Gaussian sequences with zero
means, and the covariance matrix of J;_; is denoted as g;_1, while the covariance
matrix of ¢ is denoted as 7.

A Bernoulli distribution is utilized to describe missing measurements by incorporating
the measurement function ¢ with the following property-related statistical features: p(¢ = 1)
= E(¢) = pand p(yx = 0) = E(¢) = 1 — p [23]. When ¢} = 1, the sensor obtains data
with precision; conversely, it simply captures noise when 1, = 0, and no measurements are
taken. Note that when referring to models (1) and (2) as reflective of the existence of missing
measurements, the system receives data from the sensor at all times, and it is impossible
to determine whether the data 6 are obtained when ¢, = 1 or i = 0. Despite the fact
that the nonlinear system with missing measurements has become increasingly prevalent
in real-life situations owing to multiplicative noise i, it complicates the attainment of
optimal filtering outcomes.

This study aimed to utilize the concept of the least mean square error to construct
an RCKEF for nonlinear discrete systems represented by (1) and (2). The RCKF method is
dependent on the robust M-estimation technique.

Bayesian filtering seeks to estimate the probability density function (PDF) of state
variable Ay based on the sequence of all available measurements @ _1 = {61,65,--- ,6¢_1}
up to time k. Thus, it is required to construct the posterior PDF p(Ax|®j) and the prior PDF
p(Ax|®g_1) of the state variables Ay. That is, the condition PDF of A given ®; and ©;_1
can be recursively computed using the provided solutions.

PO 1) = [ pOWlAK 1P 11Ok 1)1, ©

POkl M) p(Ak| Or—1)
p(Ok|®k_q) 7

Assuming that p(A¢_1x_1/©) ~ N(Ax_1j_1, Bi_1je—1) and p(Ag_1/©) =~ N(Agg_1, Beje_1),
we can obtain the conditional probability densities in (3) and (4) by calculating the mean and
covariance using the Kalman filter (KF) [24]. The KF has two stages of operation: time and
measurement updates. While some sources use the terms “forecast” and “analysis”, others
use “prediction” and “update” to describe these two stages. For details, see [25]; Figure 1
summarizes the algorithm of the KF.

p(Ak|©Or) =

(4)
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—[ Measurement Update }—

_[

Time Update ] 1- the predicted measurement estimation

1- The predicted state estimation Bi-1 = p [ h(W)
A1 = J 8(A-1)
N (M- 138 k- 1/k-1:Br1k-1) A1 Booxik-1=P / h(A)h(A)"

2- the error covariance predicted N (Mo Age/e-1-Bige-1)dAi — ék|k—1 ézxk—l +1y
Bu-1=J 8Au-1)8(Rk-1)"

N (Ac-132k-1/k-1-Bro1k-1) A1 —

3 3T
M1 )‘k"‘" + Qe 4- Calculate Kalman gain

N (Ak;jk/k—mek—lelk

2- the matrix of innovation covariance

3- the cross-covariance matrix
Bioxk-1=P [ A h()”

P ~ =T
N (A3 A /k-15Brgk-1)dAxk — Ag/k-1 Okgi—1

G=Bjo kjk-1Boo k-1
5- Estimate the updated state
R = Aot + Gie(Oy — Bie—1)

6- the corresponding covariance matrix of the
estimated error

Bii=Bijk-1 — GkBoo kik-1Gk

e g
k=0

The outputs at k will be the input for k+1

Figure 1. The algorithm of the KF.

3. Cubature Kalman Filter with Missing Measurements

Since the calculation of multivariate integrals is difficult, utilizing approximate meth-

ods is essential [16]. The CKEF, invented by Arasaratnam et al. in 2009, is a Bayesian
filter that provides an approximation for nonlinear filtering problems at the discrete time
scale. It assumes that the predictive density of the combined state measurement follows a
Gaussian distribution. The CKF employs the third-degree spherical-radial cubature rule to
numerically compute integrals, scaling points linearly with the state vector dimension [15].
It effectively addresses complex nonlinear problems with high dimensions [26].

The classical form of the CKF is introduced below, comprising two distinct components—

the measurement update and the time prediction [27]:

1.

The time prediction is as follows:

I The posterior probability distribution of a given k — 1 time is

P(Ak-119k—1) = N(Ak—1 : Ag_1jk—1, Beapet)- (5)

By Cholesky decomposition, The expression denoting the error covariance at
time k — 1, denoted as By_1|;_1, is given by

By qjk1= Akq\kql“;{,uk,y (6)

where A;_j;_; denotes a diagonal time k — 1 matrix.
I Calculating the cubature points.

lambdayy_yx_1 = Ag_1je—1Gt + Ae_1je—1, )

where Ayp_q,_1 (t=1,2,---,2n) represents the system state of the ¢-th cubature
point at time k — 1. The cubature points set is denoted as [;] and can be defined as

2n
gt: 7<1>t t:1,2,~~~ ,27”1, (8)
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I

where 2n is the number of cubature points or twice the state dimension;
(1) refers to a set of problems; and (1); is the t-th point in (1).

Predicting state.

The t-th cubature point’s predicted state from time k — 1 to time k is defined as

Afi—1 = 8(Atx-1jk-1)- )
Then, the predicted state from time k — 1 to time k is obtained from (9),

n 1 2n .
A1 = " t_zl)‘t,k|k—l/ (10)

and its covariance is

1 2n
Byjk—1 = Z/\tk\k 1 tk|k 17

/\k\k—l)‘k\kq + qk-1-

(11)

The measurement update is as follows, including the error covariance By, at time k:

I

II

III

v

Factorizing the CM of the error By_;.

Bjk—1 = Ak/k1 44 _1- (12)
Calculating the cubature points.

Ak—1 = Ak—18t + Agpe1- (13)

Updating observation.
The estimated observation of the t-th cubature point between epochs k — 1 and k
is denoted by

trk—1 = H(Arkp—1)- (14)

From (24), we can obtain the predicted observation of the ¢-th cubature point

from time k—1 to k:
2n

) p *
ek\kfl = mn t—Zleklkil, (15)

and its covariance and cross-covariance matrices are

Boo k-1 = thklk 1 tk|k 17 (16)
6k|k—19k\k—1 + 1%
and
Brg -1 =5 3 Mxik_101kk_1—
o1 " 2 oy TR (17)

/A\k\k—lékﬂkfl-
Calculating the Kalman gain.

Gk = Bagxjk—1 Bg_g%k‘k_l' (18)
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V  State update.
Ak = Mk—1 T Gr (O — Oxx—1)- (19)

VI CM of the estimate error update.
Bk = Bijk—1 + GkBogjjk—1Gj - (20)

Figure 2 shows a comprehensive overview of the algorithm of the CKF with miss-
ing measurements.

Time Update
l Measurement Update J

1- Assuming the posterior probability distribution at 1- Using Cholesky decomposition, the expression
k-lis denoting the error covariance at time k is
Puc-1101-1) = N 1320 1/-15Bre-11-1) Biic1= Ao 1A k-1

2- Using Cholesky decomposition, the expression 2- Calculating the cubature points

denoting the error covariance at time k-1 is >
Aexe/i-1= Arjr-18 e+ Ak-1

Bl 1jk-1"Ak-1jk-1A%-1jk-1 3- cubature point's predicted state from time k-1 to time

k
3- Calculating the cubature points set

4- cubature point's measurement from time k-1 to time
2n

&= |51 k

4- Calculating the cubature points Btxk-1 = hResgi-1)

5- the predicted measurement estimation

Ag-1/k-1= Ap—1 k1§t Ag-1/x1 2n

a p .
Oyk—1 = ﬂz Otkik-1
5- cubaturc point's predicted state from time k-1 to =1

time k . . , s
6- the matrix of innovation covariance

ti/k-1 = 8(Apk—1/k— _ P y2n g+ +T
Mi-1 = BRei-1/k-1) Booiie1 = o= 52 0 kyacs O3 s —
5 aT
6- Predicting state Oik-10ke-17 Tic
7- the cross-covariance matrix

2n
- 1
A1 =5 g Mr/k-1 p Zn
- _ . T 3 aT
=1 Baowik-1 =5 E Atsr-1 Ocir-1 = Akr-10xp-1
=

7- the error covariance predicted
8- Calculate Kalman gain

1 = «T =
Byjk-1 = EZEI Aekik-1 Mekgk-1 — G=Bj0 kk-1Boo k-1
Xk\k—lﬂ\mﬁ'ﬂkq 9- Estimate the updated state
R = A=t + Ge(Ok — Bigie—1)

10- the corresponding covariance matrix of the
estimated error

I Byi=Bijk-1 — GxBooi-1G1

Initial estimates at
k=0
The outputs at k will be the input for k+1

Figure 2. The algorithm of the CKF with missing measurements.

4. Robust Cubature Kalman Filter with Missing Measurements

In the context of applying the CKF to a nonlinear system, it is imperative to possess
a comprehensive understanding of the noise statistics associated with the device as well
as its mathematical model. However, in the event that a filter is established based on an
inaccurate mathematical model and noise statistics, there is a possibility of encountering
a significant inaccuracy in the estimation of the system’s state or even the divergence of
the estimation [16]. The robust M-estimation theory is a valuable technique for estimating
unknown noise statistics [28]. Robust M-estimation can be employed to identify anomalies
in state estimation. Additionally, the continuous updating of the statistical features of
measurement noise enables the CKF to adapt to variations in the statistical characteristics
of measurement noise in real time. The RCKF technique is formed by integrating Huber’s
M-estimation theory with the conventional CKF model [26]. In this paper, this technique is
used to deal with nonlinear systems with missing measurements. The algorithm will be



Sensors 2024, 24, 392

7 of 18

derived in the subsequent sections. In contrast to the conventional CKF method, the RCKF
technique selectively modifies and updates the appropriate representations within the
measurement updating formula:

2n

5 p A A B

Bog k-1 = m 219?,k|k_192‘,;§k71 = Okk—16k(k—1 + T (21)
t=

where Beelk‘ k1 can be obtained by estimating a weight matrix B using an absence of
difference M-estimation approach, and 7 is equal to the measurement noise variance
matrix 7. That is,

f =B71, (22)

where the matrix B is created using Huber’s approach [29]. This process depends on
considering the KF as a linear regression problem, as explained in [28], that can be solved
with resistance and robust efficiency using the M-estimation. This minimizes the cost

function as follows:
2n
!

C(Ak) = Y p(by). (23)

t=1

Here, b, denotes the residue vector’s t-th component
by = be/ Ay, (24)

where b; is a residual component associated with the observation quantity 6y, and Ay, is
the mean square error associated with b;. The expressions Ay and b; are used in practice
because the covariance matrix of the measurement residuals is acquired from (16), which is
the variable quantity Bgg ;1 previous to being adjusted:

Apt = (Bog glk—1)tts (25)
b = (6 — Oppe—1)r- (26)
The score function p(b;) is defined as follows [30,31]:
) b2 if | by |<c -
P = cl b;c | —1c2 otherwise,

where c is a constant that is typically between 1.3 and 2.0 [16]. When the partial derivative
of (24) is set to zero,

2n
$ dp(by) 9b) | _ 1,2,...,m, @8

w = 20, (29)
b,ob,
we can obtain the formula
o 1 if| b, |<c, 40)
b= ‘bc—,‘ otherwise.
t

Depending on (30), the Huber approach will determine which diagonal components
of B are positive. An identical expression is provided below:
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1 T/
5 [ i 4 |=1 6 < c o1

’ < otherwise,
At by
A%, if\b;|<c,|b;]<c

B,. = g . 32
ti otherwise, (32)

C
e —
At/jmaxubf Mb]' U

where the diagonal and off-diagonal elements in the matrix B are denoted as B;; and Bt/]',
respectively. Similarly, the diagonal and off-diagonal elements in the measurement noise
r are represented as Ay and Ay j, respectively. The element A, ; is equal to zero due to
the fact that the matrix representing the covariance of measurement noise is diagonal.
The symbol b; represents the measurement residual, while b; denotes the standard residual
error. Additionally, Aj; represents the mean variance of b;. The algorithm for the given
RCKF with missing measurements is depicted in Figure 3.

— Aek-1/k-1= Ar-1j-18eH k- 1/k-1

Aer/k-1= Ap-1jk-18 e+ Ak /k-1 ‘

2n
- 1 . 2n
et Ak/k-1 = HZ Ak/k-1 Byt = Lz 0} k1
=1 2n i
k+1 =1
| Creating B matrix by using Huber’s | —)
Boo k-1 = %2;2(':'1 0 kiie—1 Ot k-1 — Orik—10k—1 T | o

_P Zn * *T 3 ar
—o‘ Boik-1 = 35 Zem1 Migk—1 Otkik-1 — Aji-1Okjk-1 ‘

[ ]

Gy = Bagsi-1(Boo 1)

t Qi1

— Ly2n 4+ T 3 3T
Bigk-1 = 7 Xt Akik-1 Akt — Akk-1Aigro1+ k-1

| Bik=Byik-1 — GrBoosk-16% |

| Xk = Akt + Ge(Ox — Biqie—1) |

|

Ak

Figure 3. The algorithm of the RCKF with missing measurements.

5. Metrics of Performance

When evaluating a new filter, it is commonly compared to standard filters using
benchmark workloads. The root mean square error (RMSE) is a widely used metric for
evaluation [32]. Still, it only assesses the filter’s output at the initial instance, specifically
the conditional mean of the state [33]. In this study, we not only compared the state
estimate )A\k| x but also the conditional mean of the estimated error. The non-credibility index
(NCI) served as a credibility metric for comparing the filter’s efficiency in producing the
conditional mean [34].

1.  Root mean square error (RMSE).
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The RMSE for the state estimate }Lk‘ « generated utilizing M Monte Carlo simulations
at time instant k is as follows:

M
RMSE(Ag) = J % ;(/\k(t) — M) TR (8) = Ay (33)

where the estimate of Ay (t) at the t-th Monte Carlo simulation is /A\k‘ k-

2. Non-credibility index.
In order to calculate the NCI, we compared the estimator’s normalized squared
estimation error, which is defined as

exi(t) = (Ak(t) = Agge) T Bipe (1) (Ak(8) — A, (34)

with the credible estimator’s normalized squared estimation error, expressed as [35]
eipe(t) = () = ) "o (A (6) = Age), (35)

where ¢ is the mean square error (MSE) computed by (ﬁ Y M () — )A\k‘k)T(Ak(t) -
;\k|k)- The NCI is described as

0¥ exfe(t)
NCI(k) = + t; 1og10€Z‘k ol (36)

The NCI can measure the estimator’s credibility. That is, the estimator’s CM is close
to the MSE (4’k| «)- The lower the NCI score, the more reliable the estimator; therefore,
an NCI score of zero indicates an entirely credible estimator.

6. Numerical Experiments

This section presents a comparative analysis of the performance of the EKF, UKF,
CKE, and RCKF through the examination of two examples. The simulation of signal and
observation values was conducted using MATLAB, and alternate filtering estimates will be
presented. The determination of appropriate model parameters and how we conducted a
comprehensive study to compare the methods are also explained.

6.1. Model Specifications

This part describes the benchmark models used to compare the methods. The consis-
tently accelerating moving-target tracking model monitors a moving target with missing
measurements and has many applications. The numerical representations were carried out
using two different models: the UNGM [36] and BOT [37,38]. We applied the two models in
two scenarios regarding the missing measurements: p(¢ = 1) = 0.7 and p(y, = 1) = 0.8.

1. The UNGM.
This model is described as follows:

A1
A =054, _1 +25———F— + 8cos(1.2(k —1
=051 4257 4 eos(1.2(k 1) -
~+ O,
and )
A
O = Pr X 76 + Ck,s (38)

where 6 ~ N(0,1), &~ N(0,1), Ag ~ N(0.1,1), probability p(y = 1) = 0.7,
and p(yy =1) = 0.8.
2. BOT.
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There are two states inside the bearing-only tracking (BOT) paradigm, with the state
Ax = [Aix Agy]T displaying a tracked target’s positioning in Cartesian coordinates.
Its nonlinear model is as follows:

)\k = |: (())'9 ;)] X /\k—l + 5](, (39)
B Ag . — sin(k)
Ok = #’k(afdan(m)) +Cks (40)

where 5 ~ N(0,0.001 x { g} ), & ~ N(0,0.005), Ag ~ N([20 5]T,0.1 F 0} ),

1
0 0 3

and p(p =1) =07, p( = 1) = 0.8.

6.2. Experiment and Analysis

The UNGM and BOT examples underwent evaluation through 100 independent Monte
Carlo simulations with 50 time intervals and two scenarios regarding the missing measure-
ments: p(¢x = 1) = 0.7 and p(yx = 1) = 0.8. Figures 4-6 depict the evolution of the RMSE
with time for the UNGM, BOT A4, and BOT A, respectively. Tables 2 and 3 provide the
average RMSE (ARMSE) for the UNGM and BOT. The RCKF exhibited the highest accuracy
and achieved the lowest RMSE for the UNGM example in the two scenarios, as shown in
Figure 4. The RCKF consistently outperformed the other methods in filtering precision.
Also, Table 2 shows that the RCKF had the lowest ARMSE, with values of 3.27 and 1.60
when p(¢ = 1) = 0.7 and p(¢ = 1) = 0.8, respectively. For BOT state A1, both the RCKF
and CKF showed a comparable estimating accuracy and outperformed the EKF and EnKF
in the two scenarios. Figure 5 and Table 3 indicate that the RCKF and CKF had the same
ARMSE in the two scenarios, while in the state A,, the RCKF and CKF demonstrated similar
estimation accuracies when p(y, = 1) = 0.7. The RCKF had the highest accuracy when
p(x = 1) = 0.8, achieving the lowest ARMSE of 0.40. Table 2 also reveals that the RCKEF,
CKEF, and EKF exhibited similar ARMSE values.

Figure 7 depicts the temporal progression of the NCI in the two scenarios for the
UNGM, while Figures 8 and 9 exhibit the corresponding evolution for BOT states A1 and
Ay in the two scenarios, respectively. Tables 4 and 5 present the average NCI (ANCI) for the
UNGM and BOT in both states. According to the findings in Figure 7, the RCKF exhibited
superior outcome credibility for the UNGM in the two scenarios, as seen by the lowest
scores. According to Table 4, the RCKF approach demonstrated outstanding performance
compared to the other methods regarding the average filtering credibility, as indicated by
the ANCI scores of 4.83 and 7.10 when p(x = 1) = 0.7 and p(yx = 1) = 0.8, respectively.
Similarly, it can be observed from Figures 8 and 9 that the RCKF demonstrated the highest
level of reliability in the context of the BOT example. Additionally, it is worth noting that
the NCI score was found to be the lowest in both states. According to Table 5, the relative
credibility Kalman filter (RCKF) demonstrated exceptional performance in terms of average
filtering credibility in both states. Specifically, the ANCI values for A1 and A, were reported
as 3.75 and 2.65, respectively, when p(¢, = 1) = 0.7, while the ANCI values were 0.18 and
0.29 when p(¢y = 1) = 0.8, indicating the superiority of the RCKF method compared to
other approaches in the two scenarios.
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Table 2. The UNGM average RMSE.
Average RMSE When Average RMSE When
Method
p(p=1) =07 p(¢p=1) =038
EKF 5.41 4.63
EnKF 4.82 5.32
CKF 3.60 416
RCKF 3.27 1.60
Table 3. BOT average RMSE.
Average RMSE A1  Average RMSE A4 Average RMSE A,
Method When When Average RMSE A, When
p(pr =1) =07  p(=1) =08 p(r=1) =08
EKF 17.50 17.19 0.64 0.71
EnKF 74.38 63.78 22.79 20.20
CKF 0.067 0.07 0.55 0.54
RCKF 0.057 0.07 0.53 0.40
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Figure 7. NCI with time in the UNGM.

30

40 45 50



Sensors 2024, 24, 392 14 of 18

5 Figure NCI \1
T
e M |
—
46— —
44 o
-
5}
z
a2~ -
4 \S\S\e\e\e -
—* e
- »MM&HQ—e—Hﬁwﬁwe*H 69000069 o 0O OS¢
L o—o—o. -
38 O—0—0—o—
O—0—0—0—0—
+— NCI1-EnkF 0006000
—o— o000~ —0——0—0- -
NCI1-EKF 00 o—% 9—0—0—0—p—0—0—0—0—0—0—0—0—0—0
—+— NCI1-CKF
—&— NCI1-RCKF|
26 | | | | | | | | I
0 5 10 15 20 25 30 35 40 45 50
Time k
@ p(pe=1) =07
09 Figure ‘NCI A
08~ —
07~
06~
=
505
z
04
03~ s
0000000060000 00000 00 o o
L 1 L 1 L 1 L

15 20 25 30 35 40 45 50
Time k

(®) p(yr =1) = 0.8
Figure 8. NCI with time in the BOT model for A;.

Figure NCI A2
75 T

7l

65 —

55 —

NCI A2
@
T
1

asp- : =

~+— NCI2-EnkF

——+— NCI2-CKF —o0—¢ ©- 0—0—¢- —~0—0—0—%-
—&— NCI2-RCKF 25 L 1 L L | | | | [
0 5 10 15 20 25 30 35 40 45 50
Time k

@ p(p =1) =07

Figure 9. Cont.



Sensors 2024, 24, 392 15 of 18
v \
(b) p( =1) =08
Figure 9. NCI with time in the BOT model for A,.
Table 4. The UNGM average NCI.
Average NCI When Average NCI When
Method
p(p=1) =07 p(p=1) =08
EKF 9.08 7.58
EnKF 9.44 11.07
CKF 5.23 7.46
RCKF 4.83 7.10

Table 5. BOT average NCI.

Average NCI A Average NCI A Average NCI A, Average NCI A,

Method When When When When
P =1)=07 p(¥=1)=08 p(p=1 =07 p(y=1) =08
EKF 3.91 0.69 6.91 6.76
EnKF 3.89 0.47 3.72 0.88
CKF 4.71 0.40 3.53 1.52
RCKF 3.75 0.18 2.65 0.29

7. Conclusions

This study presented the RCKF as a filter for nonlinear systems with missing mea-
surements. In order to accomplish this objective, we combined Huber’s M-estimation
theory with the conventional CKF for nonlinear systems with missing observations and
developed the filter using a recursive method. We demonstrated the effectiveness of the
proposed method through two examples, the UNGM and BOT, and compared it with
the EKF, EnKF, and CKF. The results showed that the RCKF provided more precise and
credible outcomes compared to the other methods, with the highest accuracy observed in
the UNGM example. Also, in the BOT example, the RCKF exhibited essentially superior
accuracy to other methods. In general, compared to traditional techniques such as the EKF,
EnKEF, and CKF, the RCKF demonstrated the best accuracy and credibility for nonlinear
systems with missing measurements.

Future research will focus on extending the RCKF to capture missing measurement
phenomena through a general Markov chain rather than a Bernoulli sequence of identical
independent distributions. Additionally, we propose using the RCKF as an alternate
approach for estimating the state of nonlinear systems when the system noises follow a
non-Gaussian distribution instead of a Gaussian distribution.
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Abbreviations

The following abbreviations are used in this manuscript:

Abbreviations

RCKF Robust cubature Kalman filter

CKF Cubature Kalman filter

EKF Extended Kalman filter

UKF Unscented Kalman filter

EnKF Ensemble Kalman filter

CM Covariance matrix

MSE Mean square error

RMSE Root mean square error

NCI Non-credibility index

UNGM  Univariate Non-stationary Growth Model

BOT Bearing-only tracking

Symbols

Ak The state vector nxl1
O The measurement vector mx 1
g(4) Nonlinear function of the state nxn
h(.) Nonlinear function of the measurement mxm
Ox—1 The process noise nx1
Ck The measurement noise mx1
Tr—1 The covariance matrix of J;_1 nxn
Tk The covariance matrix of ¢j m X m
Py Factor of missing measurement 1x1
/A\k‘ k1 The predicted state estimation nxl
Ok(k—1 The predicted measurement estimation m x 1
Byjk—1 Predicted error covariance estimation nxn
Bgg k-1  Estimated matrix of innovation covariance mxm
B k-1 ~ Estimated cross-covariance matrix nxm
Gg Kalman gain nxm
5\,{‘ X Estimated update state nxl
Ct The cubature point nx1

Estimated matrix of innovation covariance using

B
00klk=1 " an absence of difference M-estimation approach Cy e
by Residue vectors t-th mx1
b; Residue vectors t-th mx 1
Ayt Mean variance of b; mXx m
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