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Abstract: There are three state estimation fusion methods for a class of strong nonlinear measurement
systems, based on the characteristic function filter, namely the centralized filter, parallel filter, and
sequential filter. Under ideal communication conditions, the centralized filter can obtain the best
state estimation accuracy, and the parallel filter can simplify centralized calculation complexity and
improve feasibility; in addition, the performance of the sequential filter is very close to that of the
centralized filter and far better than that of the parallel filter. However, the sequential filter can
tolerate non-ideal conditions, such as delay and packet loss, and the first two filters cannot operate
normally online for delay and will be invalid for packet loss. The performance of the three designed
fusion filters is illustrated by three typical cases, which are all better than that of the most popular
Extended Kalman Filter (EKF) performance.

Keywords: characteristic function; multi-sensor; fusion method; parallel filtering; sequence filtering

1. Introduction

In practical, filtering methods play an important role in state estimation, such as fault
diagnosis, target tracking, signal processing, computer vision, communication, navigation,
and other fields [1]. The traditional Kalman Filter (KF) has several good advantages, such as
real-time, recursive, and optimal. It is only suitable for linear systems and Gaussian white
noises [2]. However, these conditions are difficult to meet in the actual situation. In 1961,
Bucy established a filtering method for nonlinear system based on Taylor expansion, called
as Extended Kalman Filter (EKF); it was established by the first-order linear approximation
to convert it to the standard KF form [3,4]. However, as the nonlinearity increases, the
performance gradually decreases. In 1995, Julier established the Unscented Kalman Filter
(UKF) based on the unscented transformation [5,6]. In 2009, Arasaratnam and Haykin
established the Cubature Kalman Filter (CKF) based on the approximation of points [7,8].
Both the UKF and CKF use sigma interpolation to design a form similar to Kalman filter, so
as to improve the influence caused by truncation error, and can achieve the second-order
approximation [9-12]. However, no matter EKF, UKF, or CKGF, it still cannot show better
performance in strongly nonlinear systems.

When the modeling error of the system is described by the density function, Gor-
don et al. developed the particle filter (PF), employing the density function of the error
as the objective function [13,14]. The PF can solve general non-Gaussian problems [15].
However, since PF is based on conditional probability density, the implementation of PF
relies on a large number of particle samplings, which makes the calculation complexity
high [16]. The degradation of particles during the resampling process will reduce the speed
and accuracy of filters. The later-developed Ensemble Kalman Filter (EnKF) improved
the computational complexity of high-dimensional [17], Maximum Correlation Entropy
Kalman Filter (MCKF) canceled the requirement for white noise [18], etc., but they still
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cannot achieve the desired effect in the strong nonlinear system. Therefore, the design of
Kalman-style filters that can be applied to stronger nonlinear systems has always received
widespread attention, but there are still no breakthrough results.

In order to improve the applicability of Kalman-form filters in strongly nonlinear
systems, for a class of systems with liner state and strongly nonlinear measurement, Zhou
uses the characteristic function to replace the probability density function to design a
characteristic function filter (CFF) [19]. Since the strong nonlinear measurement model
is not required to be changed, therefore, large truncation or approximation errors caused
by serious changes in measurement equations such as EKF, UKF, and CKF are avoided.
However, its application filed is only limited in one-dimensional models. In Reference [20],
Wen designed a filter with general dimensions by establishing new performance index.
At the same time, by linearizing the state model by Taylor expansion, CFFs have been
applied to a system whose state is weakly nonlinear and the measurement is strong
nonlinearity [21].

The CFF, for strong nonlinear measurement system, has three typical application
directions. First, it has been successfully applied when the state model is linear [20]; in
other examples, such as in space target tracking, the state model is established in the
Cartesian coordinate system, and the measurement model is based on the polar coordinate
system, the relationship between the state and the measurement is super nonlinear. Another
possible application in network parameter solving, if the model parameter to be identified
is regarded as a linear state model of random walk, and the neural network model as the
measured value is a super nonlinear function with the parameter to be determined as
the variable. Second, the state model that is weakly nonlinear has also been successfully
applied [21]. This situation is common in industrial systems. Third, the state model with
strongly nonlinear is a problem that needs to be solved, mainly because the linearization
process of the model will cause the greatest loss of information.

While the measured or recognized target has multiple attributes or is interfered
by multiple uncertain factors, it has to employ multiple sensors to complete a common
detection task. In a complex large-area environment, the tracking of a non-cooperative
target needs to be completed by sensors distributed in different places, since the relationship
between the state and the measurement is super nonlinear, and each sensor model is also
strongly nonlinear. Since each sensor and the fusion center are usually connected wirelessly,
it is necessary to design fusion methods with different requirements to coordinate the
tracking task of the target. Under ideal transmission, it is necessary to design a high-
precision fusion filter. If the requirements for real time performance are also additionally
considered, a fast running fusion filter needs to be designed. When there exist delay and
packet loss in the transmission process, it is necessary to design a corresponding fusion
filter, etc. However, the research result about these fusion filters based on CFF is not found.

Consequently, to meet accuracy requirements, the centralized filter will be designed;
To consider real time, parallel filter will be designed; To meet the needs of network packet
loss and delay, sequential filter will also be designed. The prerequisites, advantages, disad-
vantages, and the relationship between the three fusion methods are shown in Figure 1.

The main arrangement of this paper is as follows: Section 1 offers the background
introduction; Section 2 establishes the model; Sections 3-5 give a description of three
fusion methods; Section 6 offers the detailed implementation process of sequential fusion
method; Section 7 discusses the simulation of typical cases; and Section 8 offers the method
summary and outlook.



Sensors 2021, 21, 1440

30f22

1. Prerequisite: no packet loss and delay
2. Advantages: high precision
3. Disadvantages: the most complex

=

Prerequisite: consider packet loss and delay
Advantages: can overcome the shortcomings of the
first two, closer to the actual application environment
3. Disadvantages: almost no disadvantages

N

4

| ‘

Centralized : Parallel ! Sequential

1. Prerequisite: no packet loss and delay
2. Advantages: Low complexity
3. Disadvantages: slightly lower accuracy

Figure 1. Illustration of three fusion methods.

2. Problem Description

Consider a type of dynamic system whose state is linear and measured by several
sensors [22]. For example, for a moving target in larger space area, there are multiple
radars on the ground, distributed in different places, to simultaneously observe the target.
The distribution between each radar and the target is far or near, and the transmission of
information may be fast or slow. Moreover, after the radar collects the information, it needs
to be transmitted to the fusion center for data processing, as shown in Figure 2.

Figure 2. Model building flowchart.
Therefore, a multi-dimensional state space model is established as follows:
Xr)=T(r,r—1)X(r—-1)+A(r,r — Dw(r—1) 1)

Yi(r) = hi(X(r)) +vi(r) €

where X(r) € R"™! and Y;(r) € R"*! are state vector and measurement vector respec-
tively; w(r) and v;(r) are system noises; I'(r, r — 1) is the state transition matrix; A(r,r — 1)
is the known process drive noise; and #;(-) is a continuous smooth nonlinear function [23].
Moreover, i =1,2,-- -, N represents the number of sensors.
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The measurement model of Equation (2) can be rewritten as a concise form, as follows:

YN =[ ¥ %) - Yy ] 3)
WX() = [ (X)) hy(X(r) - hy(X(r) ]" (4)
o(r) = [ oy(r) vy(r) - on(r) ] 5)

Correspondingly, the multiple nonlinear measurement models in Equation (2) become
the following:
Y(r) = h(X(r)) +o(r) ©6)

where Y(r) € R™, m = mq +my + - - - + my.

3. Centralized Characteristic Function Fusion Filtering Method under
Multi-Dimensional Observation

3.1. Centralized Characteristic Function Filter Design

On the basis of the Equations (1) and (6), design filters in the form of Equations (7)
and (8) are as follows:

A

X(r|r) =T(r,r = 1)X(r = 1|r = 1) + K(r)[Y(r) = Y(r|r — 1)] (7)

Y(rlr—1) = h(X(rlr = 1)), (8)

where X(r|r) € R"*1and Y(r|r — 1) € R"*! are state estimate vector and measurement
prediction vector respectively. K(r) € R"*™ is the filter gain matrix to be designed.

3.2. Establishment of Error Characteristic Function Propagation Equation

According to Equations (1) and (7), we get the following;:
Y(r—1)=X(r—1)—X(r—1r—1) )

where (+), X(+), and X(-) represent the state error, the actual state value, and the state
estimate value, respectively. By combining Equations (1), (7), and (9), the error recurrence
equation can be obtained:

Y(r) =T(r,r = Dy(r —1) + A(r,r — Dw(r — 1) — K(r)[Y(r) = Y(r|r —1)] (10)

In Equation (10), note the following:

s(r—=1)=T(rlr—Dy(r—-1) (11)
g(r—1) = A(r|r = Dw(r — 1) (12)
Y(rlr—1)=Y(r) = Y(r|r —1) (13)

Then, Equation (10) can be simplified as follows:

7(r) =s(r—1) +q(r—1) = K(nY(r]r—1) (14)

Remark 1. When T(-), A(-), Y(-), and K(-) are all given, In Equation (14), we can see that y can

be represented by s(-), q(-), and a K(-)Y(+). That is, the probability density function of vy is the
conditional probability density function that depends on s(-) and w(-).

In probability theory, the characteristic function of any random variable has been
clearly given to completely define its probability distribution. Therefore, on the basis of KF,
replace the probability density with characteristic function, and a new form of CFF is used
to study the fusion algorithm.
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For any random variable X, we denote its characteristic function as x(t), which is
defined as follows:

¥x (t) = E(e*X) (15)

where, t represents any real number, and E represents the expected value.
In Equation (15), the right side of the equation is given by the Riemann-Steelches
integral:

E(etX) = / " ey (x), (16)

where Fx(x) is the distribution function of random variable X.
If the probability density function of the random variable X exists, Equation (16) can
be further written as follows:

E(eitX) = /Oo eitxfx(x)dx, (17)

where fx(x) is the probability density function of random variable X.
In Reference [19], two lemmas of characteristic function are given:

Lemma 1. Assuming multidimensional vector x € R", z € R" and (x) is the characteristic func-
tion of the strict system output. Define X = Az + b, where A € R"™", b = [by, by, - -+ , by’ ; The
characteristic function expression of random variable X is x(t), t € R™. Then the characteristic
function of X can be expressed as follows.

le(t) _ E{eth} — E{ejt(Az+b)} — ejth{ej(tA)z} — ejtbt,bz(fA) _ iejtbilpz(tA) (18)

i=1

Lemma 2. For two independent random variables, X1 and X, let X = X1 + Xp, X1, Xy € R”,
and then we get the following:

Px() = Pxy () = E{r 3} — gl pleed — yy (g, (1) (19)

Usually, it is more complicated to directly use the probability density function to solve
the analytical solution of the K(r) [24]. Here, we use the characteristic function to replace
the probability density function to solve Equation (14). First, combine the definition of
characteristic function and Equation (18), take the probability density function on both
sides of Equation (14) at the same time, and then take the characteristic function at the
same time, and we can get the following:

lew) (t) - wps(rfl)+q(r71)7l<(r)\7(r\r—l) (t) ’ (20)

where p means probability density function, and ¢ means characteristic function.
Combining Lemmas 1 and 2, Equation (20) becomes the following;:

m o mo mo ) .
Z e]tgi p’y(i‘) = lz e]tgi ps(rl)] [Z e]taipq(rl)] e_]tK(r)Y(r|r_l) (21)
i=1 i=1 i=1

By combining Lemmas 1 and 2 and Equation (21), the characteristic function propaga-
tion equation of the error recurrence equation is obtained:

4’7(1’) (t) = l:bs(rfl) (t)lpq(rfl) (t)eijtK(r)?(rlril) (22)
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3.3. Establishment of Filter Performance Index

It is pointed out in References [20,25] that K-L divergence can be used to quantify
the difference between two different probability distributions. On the premise that the
conditional estimation error characteristic function is obtained, and an objective function
is given, the filter design can be carried out by describing the difference between the
conditional estimation error characteristic function and the objective function. Therefore,
the performance index of the characteristic function filter is designed as follows:

M(r) = My(r) + KT (r)R(r)K(r) (23)

where M(r) represents the filter performance index, My(r) is the parameter, R(r) is a
positive definite weight matrix, and K(r) is the gain matrix to be estimated.
In Equation (23), let the following be [21]:

_ ¥ () e '
My(r) = (/A(t)lpg(r) log () dt) (/A e (t) log Eb'yfr)(t) dt) (24)

where A(t) represents the weight function, 9¢(t) is the characteristic function of the
objective, and ¥, (t) is the characteristic function of the error.

Remark 2. In Equation (24), A(t) is introduced to ensure that My(r) is bounded. Because My(r)
is a parameter, in order to ensure that it is non-negative, a transpose is multiplied to the right-hand
side in Equation (24). For example, when the target is measured, the distance is non-negative, and
the solution to the radial distance is in the form of a square, so the non-negativity of the parameters
is guaranteed by multiplying by a transpose. The term log in Equation (24) can be understood as
information entropy. The closer the values of g(t) and ., (t) are, the better the performance of
the filter. Moreover, in Equation (8), the measurement model of the system is multi-dimensional, so
the objective function is in the form of a matrix. Then in Equation (23), M(r) is a multi-dimensional
form, so the gain matrix K(r) is also multi-dimensional.

3.4. Establishment of Equation for Solving Filter Gain Matrix K(r)

Bring Equation (22) into Equation (24), and then expand Equation (24). In the ex-
panded Equation (24), let the following be:

o(r—1) = fA (1) logy (1)dt — [ A1) (1) logiy(,—1 (1)dt -
_IA loglpqr 1)( )
S(r—1) = /A(t)lpg(t)jtdt 26)
Combining Equations (23)—(26), Equation (23) can be rewritten as follows:
ool (r) +a(r)YT (r]r = KT (r|lr — )67 (r) + 6(r)K(r) Y (r|r — 1) T (r) @7)

+6(K ()Y (rlr = DY T (r]r — KT (r)6T0) + KT (r)R(r)K(r)

By solving the first-order partial derivative of Equation (27) and taking it to be zero,
we have the following;:

(ST(r)a(r)l?T(r\r -1+ 5(r)5T(r)K(r)l7(r|r — 1))7T(r|r —142R(r)K(r) =0, (28)

Then, taking the second-order partial derivative of Equation (27), we have the following:

9?M(r)

W = 5T(r)5(r)l~/(r|r — 1)17T(r|r —1)+2R(r) >0 (29)

In Equation (29), when the second-order partial derivative is greater than zero, the
solution of K(r) in Equation (28) is the minimum value. Bring the concentrated gain matrix
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K(r) into Equation (27), and the obtained estimated value is the optimal estimated value of
the centralized fusion method.

Remark 3. In Equation (29), since 6(-) € R™1, Y(-) € R™*, obviously 67 (-)6(-) > 0 and
Y(-)YT(-) > 0. Since R(-) is positive definite, the second-order partial derivative of Equation (29)
is greater than zero. At this time, the filter gain matrix obtained by Equation (28) is the optimal
solution under the minimized performance index M.

4. Parallel Characteristic Function Fusion Filtering under Multi-Dimensional
Observation

4.1. Parallel Filter Design

When the distribution position of each sensor and the distance from the fusion center
is different, the centralized use of these sensors will increase the communication cost [26].
Moreover, as the number of sensors, N, increases, the filtering iteration process will become
more complicated. Therefore, a class of distributed parallel filters is designed. For each
sensor, there are the following:

A

X(rlr) =T(r,r = 1)X(r — 1|r — 1) + K;(r)[Yi(r) = Y;i(r|r — 1)] (30)

Yi(r) = mi(X(rlr — 1)) (31)

where i represents the ith sensor. Based on a network composed of multiple distributed
sensors, design a parallel characteristic function filter as shown in Equation (32).

Yy (r) = Yi(rlr — 1)
X(rlr) =T(r,r —1)X(r|r — 1) + [ Ki(r) -+ Kn(r) ] : (32)
Yn(r) = Yn(rr — 1)

The parallel fusion filtering process is shown in Figure 3.

———IrG.r DX -1]r -1 [

Y,(k+1)

K, (r)Y,(r|r-1)

X (r|r)

T, r— D)X —1|r—1) +in M| r-1)

=1

Y, (k +1)

—

K,(r)Y,(r|r-1)

Y, (k +1)
as)

K, (r)Y, (r|r-1)}

Figure 3. Parallel fusion filtering process.

4.2. Solve Each Gain Matrix K;(r) in the Parallel Filter Group

Follow and repeat the process of Sections 3.2-3.4. This subsection establishes an
iterative numerical solution algorithm for the gain matrix, K;(r), based on the fixed point
principle [27,28]. Since the numerical iterative solution method in this paper is based on
the fixed point equation, if the problem of solving a certain equation can be converted into
a fixed point problem, then it can be solved numerically. The fixed point is the point where
D(c) = c. That s, for any equation D(c), if there is D(c) = ¢, then the fixed point equation
of D(c) can be written in the form of ¢ = d(c). Synthesize the above analysis, combined
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with Equation (28), and construct a fixed point equation K;, (r) = d(K;,(r)), to iteratively
solve the K;(r):
Ki., (r)= Ry

1

el Y0 —1)
L r)8, (8T (1)K, () i(rlr = )Y (rlr — 1)

where t =0,1,2,- - -, T;(r) represents the iteration steps. Therefore, based on the ith group
of sensors, the gain matrix, K; (r), of its characteristic function filter is obtained, which is
substituted into the parallel filter Equation (32), and the filter in the form of Equation (34)
is obtained.

(33)

N
X(rlry =X(rlr—1)+ ) Koy ()Y (r) = Yi(r[r —1)] (34)
i=1
The estimated value obtained at this time is the optimal solution of the parallel fusion
method.

5. Sequential Characteristic Function Fusion Filtering under Multi-Dimensional
Observation

Considering that the distance between the sensor and the fusion center is different,
the problem of transmission data delay and even packet loss due to network bandwidth
constraints will occur. Then, on the basic of Equation (2), considering the reasons for
network delay and packet loss, the measured value of the sensor data transmitted to the
fusion center through the wireless network is marked as follows and the sensor fusion
process is shown in Figure 4 [29]:

Yj](r)lyjz(r)/"'/in(r)/"' Y; (1’) L<N

s i
{]l/]Z//]l//]L}C{]-Z N} L<N

where, N means that we share N sets of sensors for measurement; L is the number of
sensors that transmit data to the fusion center, after taking into account packet loss; and j;
is the order in which the sensors arrive at the fusion center.

sensord

sensors .
‘//////K:j> sensor3

sensorl

sensor2
Figure 4. Schematic diagram of sensor fusion.

Remark 4. In this paper, we divide packet loss into two types. One is the data not transmitted to
the fusion center in time, and the other is indeed lost data.
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5.1. Sequential Filter Design

Considering the phenomenon of packet loss, it is assumed that the order of the
measurement from each sensor arrives at the fusion centeris 1,2,--- ,L (L < N). Design a
sequential characteristic function fusion filter as follows:

S

X (rlr) = X(j-), (rlr) + K (n) [, (r) = ¥, (rlr = 1) (35)

Y, (r) = (R i), (r]7) (36)

where Y (r) € R"i <1 Kj(r) € R"*"i, and j; indicate that the order of group i sensors
reaching the fusion center is j.

Remark 5. The sequential consideration of the order of information arrival, and first come first
fusion. So use j; to indicate that the data collected by the i-th sensor is the j-th transmission to
the fusion central. Moreover, mj, represents the dimensionality of the observation value of the i-th
sensor. Because the observation is multi-dimensional and the number of sensors is also multiple,
thus the observation value of each sensor is also multi-dimensional. In order to add distinguish and
clearly describe, we use m;, to represent it.

5.2. The Establishment of Error Recurrence Equation

Follow and repeat the process of Section 3.2, to get the following:
V-1, (1) = X(j-1), (1) = Koy, (rlr) , j =12, L (37)
Then the error recurrence equation is as follows:
75, (r) = T(r,r = 1)y (jo1), (1) + A(rr = Dwgi) (1) = K (DY (rlr 1) (38)
Equation (38) simplifies to become the following:
73, (1) = i, (1) + 45, (1) = K ()Y, (rlr = 1), (39)

Take the probability density function and characteristic function on both sides of
Equation (39), we can get the following:

=i

Z (eijPeji(r)) - [Z (e]‘wLps(jl)‘(r))‘| [

L=1 L=1

=
ygh

(ejt‘Tqu(' : (r))‘| e—jtK(r)in(r\r—l) (40)

Combine the two lemmas given in Section 3 and Equation (39), and there is the
following:

ll]“in(r) () = 1/’5(;71)1-(7)“)%0,1), ") (t)e—fK(k+l)in(r\r—1) (41)

5.3. Establishment of Filter Performance Index

Follow and repeat the process of Sections 3.3 and 3.4, and the filter performance index
can be described as follows:

M, (r) = Mo(r) + KT (1)R; (1)K (1) 2)

Then M, can be rewritten as follows:

— . of YIgT T K. Y. oF K.Y Y- Tk T5.T TR. K.
Mji = 9,9}, + ‘TJin,' Kji Cji + ‘SJz'K]iY]ini + 25]:‘I<]iY]z'Y]z‘ K]i 511‘ + Kji R]z‘K]i (43)
Solve the first two-order partial derivative of Equation (43). The second-order partial
derivative is greater than zero, and the filter gain matrix obtained by first-order partial is
the optimal solution under the minimized performance index, M;,.
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A

Remark 6. When the performance index has multiple poles, traditional solving methods may lead to
local extremes and cause large errors, so we still introduce the fixed point equation as in Section 4.2.

5.4. Establishment of Equation for Solving Gain Matrix K (r)

According to Section 4.2, construct a fixed point equation like K, (r) = d(K;,(r)), to
iteratively solve the filter gain matrix:

_ p-15T T -1 T v.vT
Kjit+l = R]l 5]1 0']1 Y]1 + R]z 5]’ 5]’ K]’tY]’ Y]l (44:)
where t =0,1,2,- -, Tj,(r) represents the iteration steps of the fixed point method.

Remark 7. Initialize Equation (44) as Kjo(r) = K1 " (r). In the fixed point equation, set a
idj;
threshold B; if Kjl_t(r) satisfies Equation (45), the iterative process is ended.

s, = [Kg-0,0]

2<p (45)
i,
Then Equation (35) can be rewritten as follows:
%, (11r) = Ky (117) + K, ) (05 (0l = 1) (46)

Until the L-th sensor transmits the information to the fusion center and completes
filtering, the estimated value Xp (r|r) obtained at this time is the optimal estimated value
of the sequential fusion method.

6. Implementation Process of Sequential Characteristic Function Fusion Filtering
Algorithm under Multi-Dimensional Observation

(1) Initialization:

Xo,(r|r) =T (r,r —1)Xo.(r — 1|r — 1) (47)

(2) Set arrival order:

At the r moment, assume that the measured value of the sensor transmitted to the
fusion center via the wireless network is Y (r), Yo(r),- -+, Y;(r),- - -, YL (r), and then we get
the following:

X(jo1),(rr) = E{X(j1),(")[X(j-1),(0), Y1), (1), - -+, Y(j1), (r = 1); Y4, (r), Yo, (r), - -+, Y(j1), (1)} (48)
(3) Filter design:
Step 1: Design filters based on Equations (35) and (36).
X, (rlr) = X(jo1), (rlr) + K(joqy, (1) Vi), (r]r = 1), (49)

Y (rlr = 1) = hj;(Xj (r]r)) (50)

Step 2: Establish error recurrence equation according to Equation (39).

7 (r) = s-1), (1) + q(-1, (1) = K, (r) Y (r|r = 1) (51)

Step 3: Solve the error characteristic function propagation equation according to two
lemmas.

Yo () = E_jthf(Y)Yff(r‘r_l)lPs(jfl).(r)(f)lﬁq(j,l)i(r)(f) (52)
Step 4: Obtain the performance index function according to Equation (42).

M;,(r) = Mo(r) + K[ (r)R;, (r)K; (r). (53)
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Step 5: Establish the filter gain solving equation according to Equation (43).
My o M 54
Kj, " oK? g &9
Step 6: Solve the filter gain matrix L (r) according to Equation (44).
_ R-15T ¥ 15T x. V. 3T
Kjt11 = R; 6;,07,Y;i + R; 76,07, K5, Y}, Y (55)

Step 7: Substitute the solved K; () into Equation (49).
(4) Repeat the above process.
Step 1: Obtain the state prediction value of the first sensor arriving at the fusion center
Xy, (rlr=1) =T(r,r = 1)Xq,(r — 1jr — 1) (56)
Step 2: Solve the filter gain of the first sensor that reaches the fusion center Ky, (r) Y1, (r|r — 1).
Step 3: Calculate the state estimate value of the first sensor that reaches the fusion

center. B
X, (rlr) =T(r,r = 1)Xy,(r — 1fr — 1) + Ky, (1) Yy, (r|r — 1) (57)

Step 4: Take the first arrival state estimation value Xy, (r|r) obtained in Step 3 as the
second arrival state prediction value.
Xy, (rlr —1) = Xy, (r]r) (58)
After another round of cyclic Equations (56)—(58), the state estimation value of the
second sensor that reaches the center can be obtained, denoted as Xp, (r|r).
Step 5: Repeat the above steps, until all measurements in the L(L < N) group are
transmitted to the fusion center, the iteration ends. The corresponding estimated value

is the optimal estimated value of the sequential characteristic function filtering. That is
X(r|r) = Xg,(r]r).

7. Simulation

This paper uses three typical nonlinear systems to illustrate the effectiveness of the
proposed three fusion methods. The first category is to imitate actual target tracking, the
second category is from real industrial devices, and the third category is a general nonlinear
model. Table 1 is used to present the application of three typical cases and the reasons why
these cases were selected.

Table 1. Typical cases.

Case

Typical Case Application Reason for Selecting This Case

Case 1

Case 2

Case 3

Space moving target tracking system

Industrial device measurement system

General nonlinear system

Generally, the measurement of space targets is carried out in the polar
coordinate system, and it is usually necessary to perform a unified
transformation in the rectangular coordinate system before further

data processing. The method based on characteristic function in this

paper, avoids the error caused by conversion and also avoids the
rounding error caused by the linearization process.

For high-precision industrial devices, the measurement equations
must be complicated, and may be super-nonlinear equations. In
order to obtain very accurate parameter results, the coordinated

measurement of multiple sensors can be used.

In order to make the fusion method universal, a general case is used

to demonstrate the effectiveness of the proposed methods.
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Case 1: Given a class of target tracking system, which is composed by

Xi(r) 1 00T 00 Xi(r—1) wi(r—1)
Xy () 01 00TO Xp(r—1) wy(r—1)
X3(r) | _ {0010 0 T||Xs(r=1) | | ws(r—1) 59)
X4(r) 000 1 0 0] Xg(r—1) wy(r—1)
X5(r) 000010 X5(r—1) ws(r—1)
X (1) 0000 O0 1 Xe(r—1) we(r—1)

VX12(r) + X2 (r) + X32(r)
ar cos Xs(r /V/X2(r) + X2 (r) + X32(r)
arctanXa(r) /X, (r)

+

v1(r)
02 (r) ] (60)
v3(r)

where X1, X, X3, X4, X5, X represent the position and velocity on the x,y,z axes, and
Y1, Y5, Y3 respectively represent the radial distance between the target and sensors, and the
two direction angles formed by the coordinate axis.

In this case, three sensors are used to carry out the experiment. We simulate different
measurement environments by setting different measurement noise covariance. The measure-
ment noise variances of the three sensors are, respectively, Q,; = diag([0.004,0.004,0.004]),
Quz2 = diag([0.003,0.003,0.004]), Q.3 = diag([0.002,0.002,0.003]). Set the process noise
covariance as Qy = diag( [0.004,0.003,0.003,0.002,0.002,0.001]) and initial conditions as

x(0) = [20,5,12,5,8,10]". Given objective characteristic function Pe(t) = e 00005t 14 filter
weight function R (k) = diag([5 x 107°,4 x 107°,3 x 1075,3 x 1075,2 x 1075,2 x 107?)).

Moreover, given a weight function A(f) = [0.08¢/M1 ~Qit" 0. 06¢itH2—1Qt" 0.056itV3_tQ3tT}T
that can guarantee the filter performance parameters are bounded, where y; = 0.0001,
p2 = 0.0001, uz = 0.00015, Q; = 0.00051, Q> = 0.00041, Q3 = 0.00031, I is the unit matrix.

We perform characteristic function filtering on the three sensors, respectively. In order
to make the result analysis clearer, we only give the result graph of x1 in Case 1, and focus
on it. The analysis of state x2—x6 is the same as x1, and the numerical results are all given
in the table. The estimation error of x1 is shown in Figure 5.

x-axis position estimation error

025 T T T T T T T T
@ —%— CFF Sensor1
T —O— CFF Sensor2
—+— CFF Sensor3
0.2r b

error

QI

Al w
90

100

it 1 ‘ L
. y .,,";! "‘- ‘l”‘ l‘:‘é“i \%‘

60

time

Figure 5. x1 single sensor estimation error.

Due to the random noise generated in the simulation experiment, we obtain the Monte
Carlo average value of 100 times for the filtering result, and the mean square error is
recorded in Table 2.



Sensors 2021, 21, 1440

13 of 22

Table 2. Mean square error.

Sensors CFF Sensorl CFF Sensor2 CFF Sensor3
Mean square error 0.07864 0.07953 0.06221

CFF, characteristic function filter.

In Table 2, it can be seen that the accuracy of each sensor is different. Then select the
highest precision sensor, and perform CFF and EKF, to further study the filtering effect of
CFF in nonlinear systems, as shown in Figure 6.

Xx-axis position estimation error
: . : . :

0.3 T T T
—+—— CFF Sensor3
EKF
0.25 - b
0.2 I 3

error

0.15 ‘ I A‘ ]

50 60 70 80 90 100
time

Figure 6. x1 CFF and Extended Kalman Filter (EKF) contrast error.

From Figure 6, we can clearly see that the CFF filtering effect is better than EKF. To
better analyze the results, we recorded estimation error in Table 3, and also recorded the
accuracy improvement ratio of using the most accurate sensor for CFF, as compared to
EKF.

Table 3. Casel CFF and EKF error comparison.

State CFF CFF CFF CFF Accuracy
Sensor3 EKF A
Value Sensorl Sensor2 Increase Ratio
(best)
x1 0.04892 0.04762 0.04692 0.04954 5.5839%
x2 0.05691 0.05572 0.05120 0.06452 26.0156%
x3 0.06618 0.06650 0.05993 0.06732 12.3311%
x4 0.07436 0.07894 0.07642 0.07991 4.8687%
x5 0.09174 0.09501 0.09402 0.09853 4.7969%
X6 0.10972 0.10150 0.10618 0.11985 12.8744%

From the experimental results in Table 3, it can be analyzed that the effect of using
CFF is better than that of EKF in nonlinear systems.

To further improve the estimation accuracy of CFF in nonlinear systems, we study the
fusion method based on CFF. When using sequential fusion filtering method, the accuracy
of the sensor is carried out, from low to high, to simulate the order in which sensors
transmit information to the fusion center, as shown in Figure 7.
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x1 fusion estimation error
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Figure 7. x1 fusion estimation error.

It can be directly observed from Figure 7 that the estimation accuracy of the centralized
fusion method is significantly higher than that of the parallel fusion method, and higher
than or even close to the sequential fusion method. To make the results more convincing,
we also recorded the numerical results, as shown in Table 4.

Table 4. Case 1 fusion method error comparison.

CFF . Accurac Accurac Accurac
State Value Sensor3 Centralized Increase Ra}:tio Parallel Increase Re}:tio Sequence Increase Re}:tio
x1 0.04692 0.04017 16.8034% 0.04313 8.7874% 0.04271 9.8572%
x2 0.05120 0.04268 19.9625% 0.04835 5.8945% 0.04352 17.6471%
x3 0.05993 0.04605 30.1412% 0.05471 9.5412% 0.04782 25.3241%
x4 0.07642 0.06484 17.8593% 0.06915 10.5134% 0.06509 17.4067%
x5 0.09402 0.07812 20.3533% 0.09025 4.1773% 0.08504 10.5597%
x6 0.10618 0.08470 25.3601% 0.09724 9.1937% 0.08612 23.2931%

From the data in Table 4, it can be concluded that the filtering effect of the three fusion
methods is better than that of using only one sensor, and the centralized fusion method
has the highest accuracy.

For space-moving targets, especially high-speed moving targets, when the target’s
velocity increases, the target’s motion state will change, and the nonlinear characteristics of
the system will also increase. In order to further explore the filtering effect of the fusion
method in nonlinear system, we further study by changing the initial velocity and the
given characteristic function, as shown in Table 5.

Table 5. Case 1 variable parameter error comparison.
CFF Mean EKF Mean CFF Accuracy  Centralized Mean Centralized
X0 x50 x6(0) ¥5® Square Error  Square Error  Increase Ratio Square Error Accuracy
! ! 1 Increase Ratio
5 8 10 e~ 0-0002¢1¢7 0.0621 0.0663 6.7633% 0.0637 2.5765%
5 8 10 e~ 0-0010¢1¢7 0.0823 0.0899 9.2345% 0.0864 4.9818%
10 15 20 e~ 0-0015¢1¢ 0.0876 0.1004 14.6119% 0.0995 13.5845%
15 20 25 e —0.0020¢1¢ 0.1027 0.1273 27.9533% 0.1192 16.0662%
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It can be analyzed from the data in Table 5 that, with the enhancement of system
nonlinearity, the filtering effect of CFF is significantly better than that of EKF. At the
same time, no matter which method of multiple sensor fusion, with the enhancement of
nonlinearity, it is better than the filtering effect of using only a single sensor.

Remark 8. When conducting multiple sets of experiments, we only discussed the changes of the
initial velocity and the target characteristic function in this case. This is because, when the velocity
is very large, the measurement equation is almost a super-nonlinear equation, so the change of
velocity can cause a very obvious change in the degree of system nonlinearity. We also tried to
change y and Q in the weight function A(t), but we found that the change has very little effect on
the result. This is because the appearance of A(t) is to ensure that My is bounded, so as long as M
is bounded, ans changes in y and Q will not significantly affect the results.

Case 2: Given a parameter identification system for a type of industrial device.

In the actual measurement of industrial devices, as shown in Figure 8, the state
equations are generally not complicated, but in order to obtain very accurate parts size
and other parameters, the measurement equations are often very complicated and exhibit
nonlinear characteristics. Therefore, multiple sensor fusion methods are usually considered
to further improve the estimation accuracy of parameters, especially in nonlinear systems
that require very high accuracy.

O T-0 TRy [y @

{ Y (r) } _ { sin(aX1(r)) + cos(aXz(r)) ] L [ v1(7) } 62)
Ya(r) sin(BXa(r)) + cos(BX1(r)) va(r)

where X1, X, are the parameters of industrial devices; Y;, Y, are the measurement param-
eters of industrial devices; and « and § are adjustable coefficients. Given that the mea-
surement noise variances of the three sensors are respectively Q,; = diag([0.004,0.004]),
Qu2 = diag([0.003,0.003]), Q,3 = diag([0.002,0.003]), set the process noise covariance as
Qu = diag([0.002,0.003]) and initial conditions as X(0) = [0.0002,0.0003]”. The objec-
tive characteristic function is ¥ (t) = efO‘OOOSt”T, and the filter weight function R(k) =
diag([4 x 1075,3 x 1075]). Moreover, given a weight function A(t) = [0.65¢/H1—1Qt")
0.05¢ tﬂz’thtT] ’ that can guarantee the filter performance parameters are bounded, where
11 = 0.0001, up = 0.0001, Q1 = 0.00051, Q> = 0.00041, I is the unit matrix.

!
N

]
I —

Figure 8. Industrial device model diagram.

The detailed analysis steps are the same as in Case 1. Thus, in Cases 2 and 3, we did
not give a very detailed description as in Case 1, but simplified the expression. When
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« = B = 0.1, the three sensors perform CFF separately and, at the same time, perform EKF
on the sensor with the highest accuracy. The results are shown in Figures 9 and 10.

x1 estimation error
T

0.3 T T T T T T T
—%— CFF Sensor1
o —o— CFF Sensor2
0.25 “‘* —+— CFF Sensor3 | |
f q—©—EKF

0.2

error
o
o

0.1

0.05 [

Figure 9. Case 2 x1 single sensor estimation error.

X2 estimation error
T

03 T T T T T T T T
—*— CFF Sensor1
% | —©— CFF Sensor2
0.25 —+— CFF Sensor3 | |
EKF

error

—————04 7

ot 0 RIS
| p‘ 'M D0 ‘
¥ ,,'0

[ ® | \ MJ I
R oLl
L D “‘ ‘}‘ “ | | |
:‘H a \M\ “H\ »m" ‘ q l il ’\“ |
il | li."' :; H‘ I ol i
Byl EL

Figure 10. Case 2 x2 single sensor estimation error.

Similarly, in order to make the results more clearly presented, all numerical results are
recorded in Table 6.

Table 6. Case 2 CFF and EKF error comparison.

CFF CFF CFF CFF Accuracy

State Value Sensorl Sensor2 Sensor3 EKF Increase Ratio
x1 0.0678 0.0647 0.0702 0.0815 25.9660%
x2 0.0739 0.0698 0.0721 0.0846 21.2034%

From the data in Table 6, we can conclude that the filtering effect of CFF is significantly

better than that of EKF. We also compared the three fusion methods based on CFF, as shown
in Figures 11 and 12.
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x1 estimation error
T

0.2 T ¥ T

— O Multi-sensor centralized
0.18 T| —+— Multi-sensor parallel 1
—— Multi-sensor sequence inertial

error

Figure 11. Case 2 x1 fusion estimation error.

X2 estimation error
025 T T T T T T T

—©—— Multi-sensor centralized
—+— Multi-sensor parallel
| % Multi-sensor sequence inertial

error

Figure 12. Case 2 x2 fusion estimation error.

The numerical results are also compared with the estimated results of the single sensor
with the highest accuracy. All numerical results are recorded in Table 7.

Table 7. Case 2 fusion method error comparison.

CFF Accurac Accurac Accurac
State Value Sensor Centralized Yy Parallel Yy Sequence .
(best) Increase Ratio Increase Ratio Increase Ratio
x1 0.0647 0.0619 4.5234% 0.0632 2.3734% 0.0621 4.1868%

x2 0.0698 0.0674 3.5608% 0.0686 1.7492% 0.0679 2.7982%
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From Table 7, we can get that, no matter which fusion method, the filtering effect is
better than that of using only a single sensor. In order to further explore the filtering effect
of the fusion method in the nonlinear system, we further study by changing «, 8, and the
given characteristic function ¢ (t), as shown in Table 8.

Table 8. Case 2 variable parameter error comparison.

CFF Mean EKF Mean CFF Accuracy Centralized Mean  Centralized Accuracy

“ B 5 (®) Square Error  Square Error Increase Ratio Square Error Increase Ratio
0.05 0.05  e—0.00011t" 0.0583 0.0641 9.9485% 0.0557 4.6678%
0.5 0.5 @—0.0005¢1¢" 0.0624 0.0739 18.4295% 0.0571 9.2819%
1 5 00020417 0.1062 0.1294 21.8456% 0.0913 16.3198%
10 e 00050 0.1375 0.1782 29.6000% 0.1149 19.6693%

From the data in the Table 8, it can be seen that, when the measurement model of the
system is a more complex nonlinear model, the multi-sensor fusion algorithm based on
CFF can obtain higher accuracy. At the same time, no matter which fusion method is used,
the estimation accuracy is higher than that of only one sensor.

Case 3: Given a general nonlinear system

In case 3, the characteristic function fusion filtering algorithm is further extended to
systems with weakly nonlinear state models. In order to better describe weak nonlinearity,
we introduce trigonometric functions in the state equation. The general nonlinear model is
shown as follows.

{ Xy (r) ] _ { 0.1X; (r — 1) + 02Xy (r — 1) }Jr { wy (r—1) } 63)

Xo(r) sin(Xy(r — 1)) 4+ cos(Xa(r — 1)) wy(r —1)
Yi(r) | [ sin(a;X1(r)) + cos(BiXa(r)) v1(r)
{ Y2(r) } - [ Xi() + Xa(r) } * { (1 ] (©4

where X, X; are state vectors; Y7, Y, are measurement vectors; and «; and B; are adjustable
coefficients. Given that the measurement noise variances of the three sensors are respectively
Qu1 = diag([0.001,0.001]), Qs = diag([0.002,0.002]), and Q.3 = diag([0.001,0.002]), set

process noise covariance as Q, = diag([0.002,0.002]) and initial conditions as X(0) =

0.001,0.002]”. The objective characteristic function is Pe(t) = e 00005 o1 filter weight

function is R(k) = diag{3 x 107°,3 x 107> }. Moreover, given a weight function A(t) =

[0.06¢tH1—1Qut") O.O?neftF‘Z_thtT]T that can guarantee the filter performance parameters are
bounded, where p; = 0.002, i, = 0.003, Q; = 0.0005I, Q> = 0.00041, I is the unit matrix.

In Case 3, three sensors are also used for simulation, and the parameters of the three
sensors are set as w1 = 31 = 0.1, ay = B = 0.2, a3 = B3 = 0.3. The three sensors perform
CFF separately and, at the same time, perform EKF on the sensor with the highest accuracy.
The results are shown in Figures 13 and 14.
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Figure 13. Case 3 x1 single sensor estimation error.
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Figure 14. Case 3 x2 single sensor estimation error.

Similarly, all numerical results are recorded in Table 9.

Table 9. Case 3 CFF and EKF error comparison.

State Value CFF Sensor 1 CFF Sensor 2 CFF Sensor 3 EKF CFF Accurac.y
(best) Increase Ratio

x1 0.0963 0.0887 0.0923 0.1032 16.3472%

x2 0.0805 0.0761 0.0892 0.0995 30.7490%

It can be obtained from the data in Table 9 that, for general nonlinear equations, CFF
can still obtain better filtering effects than EKF. Three fusion methods based on CFF are also
compared, as shown in Figures 15 and 16. Moreover, the numerical results are compared
with the estimated results of the single sensor with the highest accuracy. All numerical
results are recorded in Table 10.
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Figure 15. Case 3 x1 fusion estimation error.
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Figure 16. Case 3 x2 fusion estimation error.
Table 10. Case 3 fusion method error comparison.
CFF Accuracy Accuracy Accuracy
State Value Sensor Centralized Increase Parallel Increase Sequence Increase
(best) Ratio Ratio Ratio
x1 0.0887 0.0721 23.0236% 0.0867 2.3068% 0.0757 17.1731%
x2 0.0761 0.0718 5.9889% 0.0741 2.6990% 0.0724 5.1105%

From the data in the Table 10, it can be seen that, for the general nonlinear measure-
ment equation, the multi-sensor fusion algorithm based on CFF can obtain higher accuracy.
It also shows that three fusion methods based on CFF not only achieve good filtering effects
in systems where the state is linear and measured as nonlinear, but also in systems where
the state model is weakly nonlinear.
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Generally speaking, in the actual system, according to different requirements, such as
high precision, being easy to implement, or as close to the actual situation as possible, we
can choose different fusion methods for state estimation.

8. Conclusions

In this study, three fusion filters were designed for a class of strong nonlinear mea-
surement systems based on CFF, namely as centralized, parallel, and sequential. They
were designed to meet the different needs of the systems, such as accuracy, being easy
to implement, or matching with the actual environment. The performances of the three
fusion filters are illustrated by three typical cases. Since EKF is the most popular method
in the nonlinear system, we compared CFF with EKF. The results show that, under the
same conditions, all filters show good performance, but the performance of the three
fusion filters we designed is better than the most popular EKF performance, respectively.
The fundamental reason is that the performance of CFF is better than that of EKF: (1) On
the basic of introducing new performance indicators, the proposed CFF avoids the large
truncation error caused by Taylor expansion like EKF. (2) CFF relaxes the requirements for
the statistical characteristics of the error, and EKF’s requirement for the ideal white noise of
the error is replaced by the characteristic function of the error in the CFF.

Motivated by the results of this paper, we need to further think about the following
issues: (1) These results were all established under the condition that the characteristic
function of the target was given. In complex situations, how to make an accurate character-
istic function or whether the characteristic function of the actual system can be obtained
through a certain solution method still needs further study. (2) We imitated the EKF to
solve the weakly nonlinear state, but in the face of a large number of strongly nonlinear
state models, how to design a CFF model suitable for strong nonlinearity is still worth
studying. (3) The fusion methods in this paper were all established under the condition
that the error characteristic functions were independent. How to design the corresponding
CFF when the error characteristic functions are related is worthy of further study.
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