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Featured Application: Moving object tracking in robots and intelligent vehicles

Abstract: This paper theoretically analyzes the fundamental performance of a fourth-order
steady-state moving object tracking filter, called an a-B-y-6 filter. The a-p-v-6 filter considers
estimations of jerk (time-derivative of acceleration) in the motion of targets. First, regarding the
stability conditions of the a-B-y-J filter, we prove that there are unstable cases even when the
conventionally derived stability conditions are satisfied, and then we derive the correct stability
conditions. Next, we analytically derive performance indices that indicate the steady-state errors for
targets with typical motions. Based on the derived indices, the optimal performance of the x-B-y-6
filter is theoretically analyzed and compared with that of the traditional second- and third-order
steady-state tracking filters, i.e., - and a-p- filters. Numerical analyses and simulations are used
to verify the advantages and disadvantages of the a-B-7v-¢ filter over the above-mentioned filters. The
practicality of the use of jerk for the tracking filtering problem is revealed in this paper.

Keywords: «a-B-v-6 filter; jerk tracking; fourth-order tracking filter; stability condition;
performance index

1. Introduction

In monitoring systems for aircraft, robots, and intelligent cars using remote sensors such as radar
and cameras, the accurate tracking of moving objects is essential. For such applications, Kalman
filter- [1-4] and Bayesian filter-based trackers [5] are commonly used to track the position, velocity, and
acceleration of the targets. However, in recent years, the importance of jerk, which is the derivative of
acceleration with respect to time, has been realized to address tracking problems [4,6,7]. In [4,6], it was
proved that the use of a high-dimensional parameter such as jerk can improve the performance of the
tracking filters for highly maneuvering targets. Thus, the consideration of jerk in tracking filters is
promising. However, commonly used and well-analyzed conventional tracking filters do not consider
tracking jerk. A steady-state second-order Kalman filter, known as an «- filter [8-10], tracks position
and velocity only, and a steady-state third-order tracking filter, known as an a-p-v filter [6,11-13],
tracks these in addition to acceleration.

To estimate and use the jerk in tracking filters, Wu et al. [14] proposed a steady-state fourth-order Kalman
filter considering jerk tracking, which is called an a-B--4 filter, and they analyzed its performance
by determining its transfer functions and stability conditions [14]. However, their correctness has
not been proved and validated. Furthermore, they also proposed a simulation-based optimal design
and performance analysis of the a--v-¢ filter using the Taguchi method, evolution-programming,
and genetic- algorithm [14-16], but the theoretical performance of the filter has not been analyzed.
Furthermore, these studies have investigated some limited setting of the filter parameters (filter gains).
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Jeong et al. also performed optimal design using a fading memory filter algorithm for the a-B-vy-6
filter [17]. However, its optimal quality and effectiveness in general situations are not guaranteed.
Thus, the performance of the a-B-y-d filter has not been analyzed and validated theoretically, and
its advantages over the traditional a-f and a-B- filters are unknown. In other words, the selection
criteria for the above filters for practical use have not been established.

In this paper, we theoretically analyze the steady-state performance of the a-p-v-¢ filter by
deriving its closed-form performance indices. First, we show an example in which the filter is unstable
even when the stability conditions derived by Wu et al. [14] are satisfied, and then, we derive the
correct conditions to ensure convergence of the steady state for the a--y-0 filter. Then, the steady-state
errors for targets moving with constant jerk or snap (time-derivative of the jerk) are derived in closed
form as the analytical performance indices of the a-B-y-J filter. Finally, to investigate the advantages
and disadvantages of the a-B--¢ filter, the performance with optimal gains that are obtained with the
derived indices are compared with those of traditional a-8 and a-B-7 filters using theoretical analyses
and numerical simulations.

Table 1 lists the main symbols used in this paper.

Table 1. List of main symbols.

Variables Description Unit
T Sampling interval [s]
k Discrete sampling index Dimensionless
Ok Parameter at index k
Xp Predicted position [m]
Up Predicted velocity [m/s]
ap Predicted acceleration [m/s?]
Jp Predicted jerk [m/s%]
Xg Smoothed (estimated) position [m]
Us Smoothed (estimated) velocity [m/s]
as Smoothed (estimated) acceleration [m/s?]
Js Smoothed (estimated) jerk [m/s%]
Xo Observed (measured) position [m]
o Filter gain for x Dimensionless
B Filter gain for v Dimensionless
% Filter gain for a; Dimensionless
1 Filter gain for jg Dimensionless
By Error variance of x, [m2]
E() Mean with respect to k
(712 Smoothing performance index [m?]
€fin Tracking performance index [m]
Sc Snap assumed in the derivation of eg, [m/s*]
€ RMS prediction error of Monte Carlo simulations [m]

2. The a-B-y-6 Filter

2.1. Problem Definition

We investigate the position prediction performance using a filter called the a-B--d filter [14].
For simplicity, one-dimensional tracking along the x-axis is considered.

The tracking process of the a-f-7-4 filter is as follows. Similar to other tracking filters, the x-B-vy-6
filter invokes an iterative prediction and smoothing process to estimate the state of the target. The
state of the target includes the position, velocity, acceleration, and jerk (fourth-order tracking). The
prediction process is conducted under the assumption that the target’s jerk is constant during a
sampling interval, which is expressed as:
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2 TB )
xp,k = Xgk—1 + Tvs,kfl + Tas,kfl + ?]s,kflf (1)
T2
Up,k = Ug k-1 + Tas,k—l + 7]5,](—11 (2)
ap,k = g k-1 + T]'s,kflf (3)
jp,k = js,k—lr 4)

where x,  is the predicted position at time kT, T is the sampling interval, x4 is the smoothed target
position, v, ;. is the predicted velocity, vy is the smoothed velocity, a,  is the predicted acceleration,
as k is the smoothed acceleration, j,  is the predicted jerk, and j x is the smoothed jerk. The smoothing
process is defined as:

Xsk = Xpk + &(Xok — Xpk), ®)
Usk = Upk + g(xo,k — Xpk)s (6)
g = Ap i + % (Xok = Xpi), @)
Jsk = Jpk + %(xo,k — Xpk),s ®)

where x, \ is the measured position, and &, f, 7, and ¢ are dimensionless filter gains. In the steady state,
the filter gains are converged to a fixed value. Thus, the a-p-y-0 filter uses fixed gains. The definition
of the smoothing process in this paper is slightly different from that in Wu’s study [14-16]. Their study
sets gains corresponding to the acceleration and jerk as v /2 and 6/6, respectively. However, this study
uses the above definition to improve the mathematical generality. Equations (1)—(8) are the definitions
of the a-B-v-¢ filter.

As indicated in the description of the filtering process above, the input of the filter is x,, x. Although
eight outputs can be considered (predicted target position xp, velocity vp, acceleration ap, and jerk jp,
and smoothed target position xs, velocity vs, acceleration as, and jerk js), this paper focuses on the
accuracy of x, because many applications of the tracking filters are focused on the prediction of the
position of the target. This study assumes that the error in x,, is due to white Gaussian noise, and the
variance of the position measurement error By is known.

2.2. Fundamental Properties Obtained in Conventional Studies

2.2.1. Transfer Function and Stability Conditions

In [14], Wu et al. derived the transfer function and Bounded Input-Bounded Output (BIBO)
stability conditions of the a-f-y-¢ filter using the z-transform of definitions (1)—(8). Considering the
difference in the definition of the smoothing process described above, the transfer function for the
input x, x and output x x is expressed as

<a+ﬁ+g+g)z3+(—3a—zﬁ+§5>zz+(3a+ﬁ—’g+g)z—a
G(z) = 22C) ©
XO(Z) ftxﬁ'yé(z) ’

where X (z) and X,(z) are the z-transforms of x, x and x, 4, respectively, and

4 2
fupys(2) =24 + <a+ﬁ+z+6—4)23+ <—3a—2ﬁ+3(5+6)zz

+<3a+ﬁ—z+g—4)z+(1—a), (10)
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is a characteristic polynomial of the a-f--J filter.
Based on (10), the stability condition of the a-f-7-d filter was derived as [14]:

O<a <2 (11)

0<B < %(4—204), (12)
2a

0<7q < 2oy (13)

0<d <4(2—ua), (14)

2.2.2. Relationship to Kalman Filter

The a-B-v-6 filter is equivalent to a steady-state Kalman filter with a constant-jerk model [14,15],
which is similar to the well-known conventional a-8 and a-B- filters [8,12]. The equations for the
Kalman filter are:

F = F&_q, (15)
P, =FP,_F' +Q, (16)
K, = P.H'(HPH" + B)~ !, (17)
£ = & + Ki(z — HXy), (18)
P, = P, — K HP,, (19)

where x is a state vector, forecasts and estimates are denoted by tildes and hats, respectively, superscript
"T” and ”—1" denote transpositions and inversions, z is a measurement vector, F is the transition matrix,
Py is the error covariance matrix at time kT, Q is the covariance matrix for the process noise, Ky is
the optimal gain (Kalman gain) at time kT, and B is the covariance matrix for the measurement
noise. The a-B-v-6 filter is obtained by substituting the following into (15) and (19): Vectors
X = (xp,k Upk dpk jp,k)T/ Ry = (xs,k Us,k s,k js,k)T/ Zk = Xoks and matrices:

1 T T?/2 T3/6
o1 T T?2
F=10 0 1 T |’ (20)
00 0 1
H=(10 0 0), (21)
Kk:("‘k Be/T /T2 5k/T3>/ (22)
B = B,, (23)

By assuming the steady state with k — oo, the gains in (22) become constant and the a-8-7-4 filter of
definitions (1)—(8) is obtained. Thus, the investigation of the properties of the a-f-7-0 filter is equivalent
to that of the steady-state properties of the fourth-order Kalman filter tracker.

2.2.3. Relationship to the a-p and «-B-y Filters

As indicated above, the a-B-v-6 filter is a fourth-order filter. Traditionally, the steady-state second-
and third-order tracking filters are well known as a-p and a-B-7 filters, respectively. These filters
are popularly used because of their simplicity, utility in real-time applications, and usefulness in the
design of complicated tracking systems.

The a-p filter is a steady-state second-order Kalman filter using the constant-velocity model that
tracks the position and velocity of moving objects. Its filtering process is as follows [8]:
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xp,k = Xgk—1 + Tvs,k—ll (24)
z)p,k = Usk—1/ (25)
Xk = xp,k + ‘X(xo,k - xp,k)r (26)
Ogk = Z)p,k + g(xo,k - xp,k)' (27)

Please note that the smoothing processes of (26) and (27) are the same as those of (5) and (6).

Similarly, the a-p- filter is a steady-state third-order Kalman filter using the constant acceleration
model; thus, it tracks the position, velocity, and acceleration of moving objects. Its filtering process is
as follows [11]:

2
xp,k = Xgk—1 + Tvs,kfl + 7as,k71/ (28)
Z]p,k = Usk—1 + Tas,k—ll (29)
Apk = Agk—1s (30)
Xsk = Xpk + ‘X(xo,k - xp,k)r (31)
Usk = Upk + ?(xo,k — xp,k), (32)
Y
Agf = Apk + ﬁ(xo,k - xp,k)' (33)

Please note that the smoothing processes of (31)—(33) are the same as those of (5)-(7). That is, the
«-B-v-0 filter is an extension of these filters.

2.2.4. Performance Analysis Method

The performance of the a-B-v-4 filter is investigated using a simulation-based approach. The
difference in the tracking accuracy between this and the a-B-7 filters is determined via simulations
and adaptive gain calculations [14-17]. However, a theoretical analysis of the performance is not
conducted and the appropriateness of the gain setting is not guaranteed. In the simulation-based gain
settings presented in [15,16], the considered gain values are limited (e.g., « is set only 0.1, 0.7, 1.3, or
1.9). Thus, it seems that the performance and filter stability are only considered for these limited gain
settings. Furthermore, the simulations only consider some situations, and the general advantages and
disadvantages of the a-pB-7v-¢ filter are not clarified.

In contrast, two theoretical performance indices are used for the performance analysis and optimal
gain setting of the conventional a-8 and the a-B-7 filters [8,13]. One is the tracking performance index,
which evaluates the performance for the prediction of maneuvering motions. The tracking performance
is defined by the steady-state bias error as follows:

€fin = klgglo(xtt,k - xp,k)/ (34)

where xy,  is the true motion of the target moving with a constant one-order-higher motion parameter
compared with that in the filter’s motion model. For example, xy; is the constant accelerating
motion for the &-g filter because this assumes the constant-velocity model for the prediction process.
Similarly, x x is the constant-jerk motion for the x-p-7 filter. The other is the smoothing performance
index, which evaluates the performance of noise reduction in the filtering process. The smoothing
performance is defined by the steady-state error variance as follows:

op = lim E[(xpx = ¥isk)’], (35)
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where E[ | denotes the mean with respect to k and x  is the true motion of the target moving with the
same motion as that in the prediction model. Thus, x5 is the constant-velocity motion for the a-8
filter, and x x is the constant acceleration motion for the a-p- filter.

These performance indices of the a-f and the a-B-7v filter have been reported in many
studies [8,9,11-13] (also see Table 2 of this paper), and they have effectively been used for performance
analysis and gain design. This is because that these indices are expressed in closed form and empirical
simulation-based performance analysis and filter gain design are not required. However, these
indices of the a-B-7-9 filter have not been derived and hence, their theoretical performance has not
been analyzed.

In summary, the fundamental properties of the a-B-y-0 filter, the stability conditions, and the
tracking /smoothing performance have not been validated. Thus, in the rest of this paper, these are
derived and the theoretical performance of the a-p-v-6 filter based on the derived performance indices
is determined to clarify the optimal performance and the difference in the performance between this
filter and the conventional a-f and the a-p- filters.

3. Derivation of Correct Stability Condition

This section presents a reconsideration of the stability conditions of the a-p-v-¢ filter. As described
in the previous section, the conventionally obtained stability conditions are expressed as (11)—(14).
However, there are some cases where the filter outputs diverge even when the conventional stability
conditions (11)—(14) are satisfied. An example of this type of case is shown in Appendix A. Hence, the
correct BIBO stability conditions can be derived from the characteristic polynomial of (10) using Jury’s
stability test [18]. Based on Jury’s table presented in Appendix B, the stability conditions of the a-p-7-4
filter are as follows:

0<a <2, (36)
0<B <5—2¢;§+48’ (37)
ad + 6uf
0<y < m, (38)
r1(e, B,7,6)| > |r2(a, B,7,9)l, (39)
where
ri(e, B,7,6) =— (B3y(a —2) +a(6+6B))(3(a —2)(y +4a) + a(5 +6B)) (40)

(&, B,7,8) =9y(a —2)%(y — 4a) — a?0(8 +12(B +4a — 8)) — 36a*B(B+2(a —2))  (41)
Please note that these derived conditions comply with the conventional stability conditions.

4. Steady-State Performance Index and Optimal Gains

We derive the indices for the tracking performance (steady-state bias error) and the smoothing
performance (steady-state variance of random errors) of the a-f-7-9 filter. Furthermore, the optimal
gains are calculated using the derived indices to analytically investigate the optimal performance of
the a-B-v-6 filter.

4.1. Derivation of Tracking Performance Index

The tracking performance index is derived using (34). During tracking with the a-p-y-9 filter,
a steady-state bias error occurs for the target moving with a constant snap (time-derivative of jerk)
because of the difference between the motion of the model (constant-jerk model) and the motion of the
target. Thus, the tracking performance, that is, the steady-state predicted error, is calculated by (34)
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assuming the true target position x ; = sc(kT)*/24 (s. denotes a constant snap) and measurement
errors are not considered, as

Cfinupys = kli_{{)lo(sc(kT)Al/ 24 — xpi), (42)

Equation (42) is calculated using the transfer function of (9) and the final value theorem given in
Appendix C. The derivation result is

s

Cfin,afyd = § T4/ (43)

The important aspect here is that the tracking performance is determined by the gain J, and it does not
depend on other gains.

4.2. Derivation of Smoothing Performance Index

The smoothing performance index is derived using (35). We assume that x ; contains noise with
variance By and the target moves with a constant jerk because the a-B--4 filter uses the constant-jerk
motion model, as indicated in (4). Thus, the true motion assumed in (35) is

T2 T3,
Xigk = Xt h—1 T T k—1 + 5 k-1 & k-1 (44)

where vy i, Ay, and jis i are the true velocity, acceleration, and jerk of the target, respectively, used for
deriving the smoothing performance index. By calculating (35) using definitions (1)—(8) and (44), the
smoothing performance index of the a-f--0 filter is derived as:

2 _ s pr.9)
O—P"X‘nyé (DC’ ﬁ’ r)// 5) - g2<0€, ‘B, ,)/, 5) BX/ (45)

where

g1(a, B,7,0) = —3ay?(5 — 128 — 24 +48) — (& +2)0% + (—6(a +2)f — 244> + 144)5
—72B% (& +2) — 1440%B)y + 6a8%(a +2) — (72aB(x + 2) + 144a°)5, (46)
g2(a, B,7,0) = (6 — 12B — 24a 4 48) (3(a — 2)9% + ay (0 + 6B) — 6a°5), (47)

The derivation of (7;, wpys 1S given in Appendix D.

4.3. Comparison of Performance Indices with Those of Conventional Filters

Table 2 summarizes the derived performance indices of the a-f-y-¢ filter and those of the
conventional a- and x-B-7 filters. As seen, the tracking performance of the n-th-order filter depends
on the inverse of the gain of the n-th motion parameter. This indicates that the degree of the bias error
due to the maneuvering motion of the target increases when a small gain is set for the highest-order
motion parameter (velocity of the a-g filter, acceleration of the a-pB- filter, and jerk of the a-p-v-9 filter).

Furthermore, the smoothing performance indices of the a-f and a-B-7 filters are special cases of
that of the a-B-y-0 filter. From (45)—(47), we obtain:

2 721x2+2ﬁ+zxﬁ
Up,aﬁ’y&(leﬁloro) - DC(4—206_‘B)

_ 8F +w(20p—1(2— ) (4~ 20— p)
Tpapntl® B0 = G aap @ =) (6 2n = ) @)

By, (48)

These are equal to the smoothing performance indices of the conventional filters shown in Table 2.
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Table 2. Performance indices of a-f, a-B-y, and a-B--4 filters. The tracking performance indices are
normalized by the motion parameter and sampling interval. The smoothing performance indices are
normalized by Bx.

Tracking Performance (Normalized) Smoothing Performance (Normalized)

a-p filter 1/B 18] % 8]
a-p- filter 1/7[13] e e e 113]
w-B-v-0 filter 1/6 (Equation (43)) Equations (45)—(47)

4.4. Calculation of Optimal Smoothing Performance

To investigate the optimal performance of the a-B-v-¢ filter, the optimal gains are set to achieve
lower derived indices. For this purpose, we use the minimum-variance (MV) filter criterion [9].
The lower the tracking/smoothing performance indices, the better the tracking filter. However,
there is a trade-off between them [8]. Thus, to appropriately consider this trade-off, the MV filter
criterion is used to calculate the gains that minimize the smoothing performance index under the
condition that the tracking performance index is constant. That is, the optimal gains are determined
by solving the following minimization problem using the tracking performance (43), the smoothing
performance (45)—(47), and the derived stability conditions:

arg min 0'; (&, B,77,9)

a,B,y

sub. to & = Const. and (36)—(39). (50)

The optimal &, 8, and <y are obtained for each § by solving this problem, and the optimal (minimal)
smoothing performance index is calculated by substituting these solutions for the smoothing
performance (45)-(47). The above problem is solved using the simple gradient descent method.
By solving the above problem, the optimal quality of the filter is theoretically guaranteed, in contrast
to the conventional simulation-based gain design methods [14-16].

5. Theoretical Analysis Using Performance Indices

We theoretically analyze and compare the performance of the a-8, a-p-7y, and a-f--4 filters
using the optimal smoothing performance index calculated in the above process. We analyze the
relationship between the optimal smoothing performance index (7}% and the gain that determines the
tracking performance for each filter (8 of the a-p filter, v of the a-B-7 filter, and ¢ of the a-f-y-0 filter
as indicated in Table 2). Since the tracking performance index indicates the bias error of each filter,
the setting values for these gains correspond to identical settings of bias errors for all filters when the
other parameters are normalized. Thus, the smoothing performances for random errors of all filters
are impartially compared under the same bias error. We assume that T and By are normalized to 1.

First, we clarify the optimal gains of the a-pB-v-0 filter by solving the minimization problem (50).
Figure 1 shows the optimal &, 5, and <y for each ¢ of the a-B--J filter. As shown, the optimal § and «y
increase with increasing é. This is because a large ¢ is suitable for tracking high-maneuvering targets,
as indicated in the tracking performance index of (43), and B and <y also increase to track the velocity
and acceleration with a relatively large variation. In contrast, the optimal « does not have a large
variation to maintain the smoothing function of the tracking filter.

Then, the optimal smoothing performance index is calculated using these gains. Figure 2 shows
the results of the calculations. This figure also plots the optimal (TI% of the a-f and «-S-7 filters for
comparison. As shown in the figure, when the tracking performance improves (the fixed gain for each
filter becomes large), the smoothing performance of the x-B--6 filter decreases compared with that
of the conventional filters. This means that although the a-p-7-¢ filter can track complicated motion
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including the jerk by setting large gains, the errors caused by the measurements are not sufficiently
suppressed compared with those in the conventional filters. Moreover, the smoothing performance
deterioration of the a-B--J filter compared with that of the a-B-7 filter is larger than that of the x-3-y
filter compared with that of the a-p filter. These results show that there will be a further decrease in
the smoothing performance with the increasing order of the tracking filter. That is, it is not effective to
increase the order of the tracker when the target motion is relatively simple such as targets moving
with nearly constant velocity and acceleration. Figure 2 demonstrates the quantitative difference
among the filters” smoothing performance against related bias errors.

2.5

1.5

Gain

0.5

0 0.5 1 1.5 2
0

Figure 1. Optimal gains of a-B-v-/ filter.

N
e}

W
()}

= o-f-y-5
*o-By
< a_B

/B
w
(e

=25

0,

Optimal
—_— = N
w o »n D

0 0.5 1 1.5 2
Tracking performance-related gain:

6 of a-B-y-6 filter, y of a-B-v filter, and P of a-p filter

Figure 2. Relationship between tracking and smoothing performance indices of filters.
6. Numerical Simulation

This section provides examples of the numerical simulation used to validate the analysis results.
We consider two scenarios:

e Simple-maneuvering target assuming constant acceleration or jerk motion.

e High-maneuvering target assuming complicated motion.
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In all simulations, the measurement position x,  is calculated by adding white Gaussian noise,
the variance of which is By, to the true position of the target x,. We evaluate the RMS predicted error
of a Monte Carlo simulation run 300 times that is defined as

1 300
€ = 1| 300 Y (Xek — Xpmk)? (51)

m=1
where xp, , i is the predicted position in the m-th Monte Carlo simulation.

6.1. Tracking of Simple-Maneuvering Target

First, a simple-maneuvering target moving with constant acceleration or jerk is considered to
validate the above theoretical analysis. For the target with constant acceleration, neither the predicted
positions obtained by the a-B-7 filter nor the a-p-7-¢ filter include bias error due to target motion,
because they consider constant acceleration or jerk. Thus, the consideration of constant acceleration
motion indicates the difference of the reduction in performance of random errors between these filters.
In contrast, the - includes bias error due to acceleration of the target. Thus, the simulation assuming
constant acceleration compares the errors of the - filter that consist of both random and bias errors
against those of the -3~ filter and the a-pB-v-¢ filter, which are affected by random errors only. On the
other hand, for the target with constant jerk, the a-S-7 filter also has bias errors due to the difference
between the motion model and the motion of the target. Thus, the simulation assuming constant jerk
compares the errors of the a-B- filter that consist of both random and bias errors against those of the
x-B-v-0 filter.

Values of T = 1 s and By = 25 m? are set. In terms of the gain settings, we set identical values for
the gains that determine the tracking performance index (i.e., we set the same value for § of the a-p-y-J
filter, v of the a-B- filter, and B of the a-p filter). Cases of both low and high gain are investigated.
In the former, although the smoothing function of filters becomes relatively large, the bias error due to
the complicated motion of the target also increases. In contrast, this kind of bias error is suppressed
in the latter case. However, the smoothing performance for the random errors decreases. The gain
settings in the two cases are as follows:

o Low gain case: (=0.266, 5=0.1) for the a-§ filter, (x=0.738, p=0.165, v=0.1) for the a-B-v filter, and
(«=0.613, p=0.715, y=0.128, 6=0.1) for the a-B-y-J filter.

e  High gain case: (=0.475, f=1.5) for the a-p filter, (x=1.354, $=0.560, y=1.5) for the a-S-7 filter, and
(x=0.593, p=2.14, v=0.605, 6=1.5) for the a-B-y-J filter.

6.1.1. Scenario 1: Constant Acceleration Target

In this scenario, the true motion of a target is set as
Xy = 16(kT)>. (52)

Figure 3a shows the simulation results for the low gain case (6 = 0.1). The steady-state
errors of the a-f, a-B-, and a-B-v-6 filters were 320 m, 5.48 m, and 8.27 m, respectively. Because
the target motion includes relatively high acceleration, the a-p filter cannot track the target with
sufficient accuracy. In contrast, the other two filters track this target with a higher accuracy. The best
performance is achieved with the a-B- filter because a constant acceleration model is assumed for the
prediction process. Although the a-B-7-¢ filter can also track accelerating motion, its larger smoothing
performance index compared with that of the a-B-v filter demonstrated in Figure 2 leads to a larger
error. In addition, the variance of the errors in the a-g filter is small compared with that of other filters.
This is because the a-p filter largely suppresses random errors compared with other filters, as indicated
in the analysis results.
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Figure 3b shows the simulation results for the high gain case (¢ = 1.5). The steady-state errors of
the a-B, a-B-v, and a-B-y-0 filters were 24.4 m, 17.2 m, and 24.5 m, respectively. The performance of the
«-B-v-0 is worse in this case. This is because of the larger deterioration in the smoothing performance,
as demonstrated in Figure 2. In addition, although the accuracy of the a-§ filter decreases due to the
high gain setting, it is still quite high. Thus, in this case, the a-B-7 filter achieves a better accuracy.

1000 T 35
o-p fllter

-B-y-o Filt
ok BFllter o-p Y e

Kbt b it

E E Rt AT T T FUR o ey
ot a-B-y-0 Filter “ 50 1 \. LU hr
10 - PRy
i _" 1 15 $
a-B-y Filter a-B-y Filter
1 10
0 200 400 600 800 1000 0 200 400 600 800 1000
Time kT [s] Time kT [s]
(@) (b)

Figure 3. Simulation results for target with constant acceleration. (a) Low gain case; (b) High gain case.
6.1.2. Scenario 2: Constant-Jerk Target

In this scenario, the true motion of a target is set as
Xy = 16(kT)3. (53)

Figure 4a shows the simulation results for the low gain case (6 = 0.1). The steady-state errors of
the a-B-v and a-B--0 filters were 960.4 m and 8.29 m, respectively. Because the a-3-7 filter assumes
a constant acceleration model, the tracking of the target moving with jerk includes large bias errors.
Furthermore, the a-p filter theoretically diverges for tracking with constant jerk. In contrast, the a--y-4
filter can accurately track a target moving with jerk even when the gain is low.

Figure 4b shows the simulation results for the high gain case (6 = 1.5). The steady-state errors of
the a-B-y and a-B-y-0 filters were 66.2 m, and 24.5 m, respectively. Owing to the relatively high gain
setting, the a-B-7 filter can achieve a higher accuracy to some extent. However, the a-p-v-¢ filter also
achieves a better accuracy. These results clearly demonstrate the advantage and disadvantage of the
«-B-v-0 filter implied by the theoretical analysis.

2000 2000
T g
— 1000 <1000
= w
W
500 a-B-y-0 Filter 500 .
a'B'f Flltera-ﬁ-y-& Filter
0 o e 2
0 10 20 30 40 50 0 10 20 30 40 50
Time kT [s] Time kT [s]
(@) (b)

Figure 4. Simulation results for target with constant jerk. (a) Low gain case; (b) High gain case.
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6.2. Tracking of High-Maneuvering Target

Finally, the performance of the three filters is compared for high-maneuvering target tracking.
We can predict that the a--v-¢ filter achieves better performance for relatively complicated motion,
including large jerk, compared with the a- and a-B-7 filters. The aim of this simulation is to confirm
the effectiveness of the a-p--¢ filter when the target has high-maneuvering motion. The measurement
position x, is obtained by adding white Gaussian noise with /By = 250 m to the true position x.
The true position is set as

Xpp = ik2 cos <7TkT> . (54)

Figure 5 shows the x ; and corresponding true snap of the target. Based on this motion, we set and
calculate the optimal parameters. We evaluate the RMS prediction error using (51). To fairly compare
the performance, the bias errors (tracking performance indices) that correspond to the maximum
motion parameters of the targets are set to the same value for all the filters. We assume two cases of
gain settings: a low gain case (J of the a-f-7-0 filter is 0.01, -y of the a-B- filter is 0.08, and B of the a-8
filter is 0.7) and a high gain case (6 of the a-f-v-¢ filter is 0.05, v of the a-B-7 filter is 0.4, and S of the
- filter is 3.5).

Figure 6a shows the simulation results for the low gain case. When the gains are low, the
smoothing effect of the measurement noises increases. Thus, for all filters, when the parameters
of the target motion (velocity, acceleration, jerk, snap, etc.) are relatively small, i.e., approximately
kT < 500 s, the RMS errors converge. In this case, the tracking accuracy of the «a-p filter is larger than
that of the other two filters. This result is consistent with that of the theoretical analysis shown in
Figure 2. In contrast, for kT > 500 s, the RMS errors vary because of the bias errors caused by the
complicated motion. When the snap of the target increases, the RMS error of the a-f-7-4 filter is the
smallest. However, when this is not the case, the RMS error of the a-pB-v-¢ filter increases due to the
poor smoothing performance.

Figure 6b shows the results for the high gain case. In this case, all the filters converge during the
observation period. This is because the relatively large gain makes it possible to track complicated
large motions. However, due to the poor tracking performance for the maneuvering motion, the -8
and a-B- filters generate larger RMS errors compared with those in Figure 6a. In contrast, this type
of deterioration in the tracking accuracy for the a-f-y-d filter is small owing to its better tracking
performance for complicated motions including large jerk and snap.

20 000

4,

— 150001
g

10 000 —
g 5000+ % 3
3 g
g 0 = 0
E -5000 S
o) 9.
.10 0001 % 2
9 =
2 150004 4]
= 4

20 000 e A 5 i ; .

0 100 200 300 400 500 600 700 800 900 1000 0 200 400 600 800 1000
Time kT [S] Time kT [s]
(a) (b)

Figure 5. True target motion for simulations of high-maneuvering target. (a) True position;
(b) True snap.
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Figure 6. Simulation results for high-maneuvering target. (a) Low gain case; (b) High gain case.

7. Conclusions

This paper clarifies the stability condition and theoretical performance of the steady-state
fourth-order tracking filter, i.e., the a-f-y-0 filter that tracks the velocity, acceleration, and jerk of
moving objects. First, the stability conditions of the filter were derived using the Jury stability criterion.
Then, the tracking and smoothing performance indices of the a-B-7-0 filter were analytically derived in
the closed form. The optimal smoothing performance of the a-B--6 filter was analyzed and compared
with that of the conventional a-f and a-B- filters. The results indicated a relatively large deterioration
in the smoothing performance of the a-f-7-d filter. This indicated that although it can track more
complicated motion than the conventional low-order filter, its tracking accuracy is poor for tracking
simple motion such as constant-velocity motion. However, the numerical simulation assuming a
maneuvering target showed the a-B-v-6 filter is ideal for tracking complicated motion including large
jerk and snap.

Because the a-B--J filter is one-dimensional tracking filter, this paper assumed the tracking
problem along x-axis only. Extensions to our performance analysis to 2- and 3-dimensional problems
are important future tasks. Furthermore, an experimental study to validate the filters in real-world
environments is the focus of our future work.

Author Contributions: K.S. designed this research; T.S. derived and calculated main results of this paper including
the numerical analyses and simulations; T.S. and K.S. wrote the paper; K.S. approved the final manuscript.

Funding: This research was supported by the JSPSKAKENHI Grant No. 16K16093.
Conflicts of Interest: The authors declare no conflict of interest.
Appendix A. An Example of Unstable Case that Satisfy the Conventional Stability Conditions

When we setaw = 0.5, 8 = 0.3, ¥ = 0.2, and ¢ = 0.8 for the a-p-y-0 filter, these gains satisfy the
conventional stability conditions (11)—(14). We substitute these gains in the characteristic polynomial as:

. 89

133 13
— B
fupys(z) =z 30% + 30 2 ¢~ +0.5. (A1)
Thus, the poles of this polynomial are:
p1,p2 = —0.314 0285, ps, ps = —1.170 % 1.190. (A2)

Thus, we have |p3| = |psa| = 1.67 > 1, which indicates that the a-f-y-¢ filter with the above gain
setting is unstable. With the above setting, x,, s of the a--v-¢ filter actually diverged in a numerical
simulation assuming a target moving with constant velocity and Bx = 0. We have confirmed that the
conventional stability conditions are satisfied in most cases. However, this example indicates that there
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are some cases for which the filter becomes unstable even when the conventional stability conditions
are met.

Appendix B. Jury’s Stability Test for a-B-v-J Filter

The necessary and sufficient conditions for the stability of the a-f-7-0 filter are derived using the
Jury’s test [18]. The Jury’s table of the characteristic polynomial f,s(z) is shown in Table A1, where:

(By(a—2) 4+ a(6+6B))(3(a—2)(y+4a) + a(5+ 6pB))

co = — 36 ’ (AB)
(Bay(a —2)(6 — 3B — 6a + 12) + a?6% + 3a25(B + a — 2) — 18a?p* — 36a%B(a — 2))

1 = — 9 ’ (A4)

o — 9y (a —2)%(y — da) — a?5(5 + 12(B + 4o — 8)) — 36a2B(B + 2(a — 2)). (A5)

36

Using this table, the stability conditions are obtained for the following conditions:

fupys(1) =0 >0, (A6)

(=1)* fapyo(—1) =6 —12(B+2a — 4) > 0, (A7)
lao| < ag, (A8)

|bo| > |bs], (A9)

co| > [ea]- (A10)

By solving and simplifying (A6)—-(A10), we obtain the stability conditions (36)—(39).

Table Al. Jury’s table for f,p,5(2)-

Row 20 2! 22 23 24
a ap:1—uw a1:3a+[37%+%f4 a2:73a72ﬁ+%(5+6 a3:a+ﬁ+%+274 ag:1
as as an ay ap
b by : oc(zx _ 2) by : 3(a72)’y—040766aﬂ—1811(1x72) by : 7&(2(5—3;5)379@472)) by : 73(a—2)7+a¢526aﬁ+6a(1x—2)
by by b bo
c o C1 C2
2 €1 €0

Appendix C. Derivation of the Tracking Performance Index

The transfer function of the a-B-y-J filter is expressed as (9) and (10):

(0(+,8+,2y+g>23+(—30(—2,34-%(5)22-‘1-(30&4-,3—;-‘1-2)2—0(
X

XP(Z) = faﬁ’yé(z) O(Z)r (All)

) 2
faprs(z) =24+ <zx+ﬁ+z+6—4)z3+ <—30¢—2ﬁ+35+6)zz

+(3a+5—3+2—4)z+(1—a). (A12)

Using this transfer function, we calculate s.(kT)*/24 — Xpx in the z-domain to derive the tracking
performance index (42). The z-transform of the first term is

z(z2 + 1122 + 11z + 1)
24(z — 1)

Z[sc(kT)*/24] = scT4, (A13)
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where Z[ ] denotes the z-transform. The predicted error in the z-domain is defined as
Ep(z) = Xo(z) — Xp(2). (A14)

Here, to calculate the steady-state bias error (mean error), we assume that the mean error in x,
becomes zero because of the white Gaussian noise. Thus, X,(z) = Z[sc(kT)*/24] is satisfied. By
substituting (A13) and (A11) into (A14), we obtain

22+ 1122 + 11z + 1)
24(z — 1) fapys(2)

By applying the final value theorem to (A15), the tracking performance (43) is derived as follows:

Ep(z) = 2 scT4. (A15)

z—1

—Ep(z) = Sers, (A16)

€fin,afys = I}an}o{sc (kT) /24— xp,k} - llg} 5
Appendix D. Derivation of the Smoothing Performance Index

The U}% of the a-B--¢ filter is directly derived from definitions (1)—(8). xis is the true motion of
the constant-jerk target expressed as

2 T3
Xk = Xsk—1 + TV k-1 + o Mtsk-1 + o Jisk-1s (A17)
Using the definition of prediction process (1) and (A17), the predicted error is calculated as

03 = E[(xpx — Xisk)°]
= E[(xsj—1 — Xisj—1)?] + 2TE[(Xs k-1 — Xisk—1) (Vs 1 — Visje—1)]
1 . .
+ T?E[(Xs k-1 — Xisje—1) (Asj—1 — Arsk—1)] + §T3E[(xs,kfl — Xis 1) s k-1 — Jrsk—1)]
+ T?E[(vsk—1 — Visk—1)"] + T°E[(Vs -1 — Visje—1) (As k-1 — Ats—1)]

1 . . 1
+ §T4E[(Us,k—1 - Uts,k—l)(]s,k—l - ]ts,k—l)] + 1T4E[(as,k—1 - ats,k—1>2]

1 ) ) 1 . ;
+ 6T5E[(as,k—1 - ats,k—l)(]s,k—l - ]ts,k—l)} + %T6E[(]s,k—l - ]ts,k—l)z]/ (A18)

This indicates that it is necessary to derive the error variances/covariances of the smoothed parameters
to obtain 0’%. Based on the smoothing process (5)—(8), the quantities Xk, Utsk, sk, and jis x can be
expressed as:

Xk = (1 - a)xts,k + X Xts ks (A19)

Utsk = Utk + ?(xts,k — Xis k) (A20)
Y

Qs k = As k + ﬁ(xts,k - xts,k)/ (A21)
. . 1)

Jtsk = Jtsk + ﬁ(xts,k - xts,k)/ (AZZ)

By substituting the true motion of the constant-jerk target (A17) into these equations, we obtain:
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1 1_5.
Xk = (1 —a)(Xsp—1 + T -1 + ETZ‘lts,k—l =+ 6T3]ts,k—l) + XXg ks (A23)
1 .
Ok = (1= B)vwsp—1+ <1 - g) Tag 1 + > (1 - {i) Tjisk—1 + g(xts,k — X k1), (A24)
Y Y . Y Y
Ms o = (1 - 2)ats,k—l + (1 - 6> Ths -1 — Tvts,k—l - ﬁ(xts,k - xts,k—l)/ (A25)
. o). ) 1) )
Jtsk = (1 - 6>]ts,k1 T TaVtsk-1 7 Srftsk-1 + ﬁ(xts,k — Xisk—1) (A26)

Using these, and substituting the definition of prediction process (1)—(4) into the definition of smoothing
process (5)—(8), we obtain the errors in these smoothed parameters as follows:

1 1 . ,
Yok — Xisf = (1 —a) ((xs,kfl = Xish—1) + T(Vsp-1 — Vs 1) + ETZ(“s,kq — k1) + 8T3 (ok—1 — ]ts,k—l))

+ ’X(xo,k - xts,k)r (A27)

1 . .
U5k — Utsk = (1= B)(Vsp1 — Vgs—1) + (1 - g) T(agk—1 — A1) + 5 <1 - g) T2 (jok—1 — fisjk—1)

- ?(xs,k—l - xts,kfl) + ?(Xo,k - xts,k)/ (A28)
Agf — s f = (1 - %) (Ag k-1 — A1) + (1 - %) T(fsk—1 = frsh—1) — %(vs,k—l — Vg f—1)
- %(xs,kfl - xts/kfl) + %(Xo,k - xts,k)/ (A29)
. . o\, . . ) 1) 1)
Isk = Jtsk = (1 - g) (sk-1 = fisk-1) — ﬁ(‘ls,k—l — g p_1) — ﬁ(vs,k—l - Uts,k—l) - ﬁ(xs,k—l — X k—1)
1)
+ ﬁ(xo,k — X k) (A30)

From the definition of prediction process (1)-(4) and the true motion of the constant-jerk
target (A17), and by defining Axg = Xgx — Xt ks AVs k = Vs — Vts ko Dlgk = A — Qs ks Dfs i = Jsk — Jtsk
and Ax, ; = Xo k — X5k, We have:

Axgr =(1—a)(Axgp_1 + TAvgp 1 + %TZAaS,k_l + %Tg“AjS,k_l) + aAxy, (A31)
Avgr =(1— B)Avgy_1 + <1 - g) TAagy 1+ ;<1 — g) T?Ajog_1 — ?Axs,k_l + éAxo,k, (A32)
Aagy = (1 - z> Aagi 1+ (1 - Z) TAjj 1 — %Avs,k,l - %Axs/k,l n %Axork, (A33)
Bjos =(1= ) Bkt = 5 Buict = 7380041 — 73k + 73 BTo, (A34)

Thus, the variances of the errors in the smoothed positions can be calculated using (A31) as
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E[AxZ,] = (1 — a)?E[AxZ; 4] +2(1 — a)*TE[Axg k1 Avg 1]

1 .
+ (1 —a)*T?E[Axgf_10a55-1] + g(l — a)*T?E[Axgj—1Afs 1]
+ (1= a)*T2E[Av ;4] + (1 — &)*T?E[Avg 1 Aagy_1]

1 . 1
+ 5(1 — &)’ T*E[Avg s 1Ajx 1] + 1(1 — 2)’T*E[AaZ; 4]

1 . 1 .
+e(- ) T°E[Aagy_1Ajsj1] + t3gT ®E[Aj3jq] +aPE[AxZ ]
+20(1 — &) E[Axg 1A% ] + 2Ta(1 — &) E[Avg 1 AX k]

1 .
+ Tz‘x(l - D‘)E[Aas,kfleo,k] + §T3a(1 - “)E[A]s,kfleo,k]/

17 of 21

(A35)

Because we have assumed k — oo, the variances and covariances of the errors do not depend on k.
Consequently, we can define the variances and covariances of the smoothing process as

Axsk] - E[Axsk 1] sv = E[Avs k] - E[Avsk 1]
AaZ,] = E[AaZ,_q], ‘7 = E[Aj2] = E[Af 4],

Osxv = E[AxgxAvgr] = E[Axg ) 1A7Jsk 1,
= E[AxgrAagi| = E[Axgj_10ag)_1],
i = E[AxsxBjsk] = E[Axsf—18]s k1),

Osva = E[AvgAagy] = E[Avgj_1Magr_1],
i = E[AvskAjsi] = E[Avs k185 k1],

AaskA]sk] - E[Aask lA]sk 1]

(A36)

In addition, the following relations are satisfied because the smoothed parameters are a linear
combination of the measured parameters:

E[Axs,kfleo,k] = E[Avs,kfleo,k] = E[Aas,kfleo,k] = E[A]'s,kfleo,k] =0

(A37)

By substituting (A36) into (A35) and simplifying the expression using the position measurement error

By, we have

a2 —

O-S%X - 2(1 - “)ZTO'SZXV - (1 ) T2 szxa - (1 - ) T3 s%xl

1
3
2

1 1
—(1—-a)®T?0%, — (1 —a)*T%02%, — 5 (1 —a)T, ~—Z(1—1x)2T4U§a

sV sva 3

sv]

1
T5 2 T6 2
) sa] 36

(A38)
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In a similar manner, we calculate the following variances and covariances of the errors
for all parameters: E[Av?], E[Aa2,], E[Aj?,], E[AxgrAvs ], E[AxgAag k], E[Axs xAjs k], E[Avs xDag ],
E[Avg;Ajs k], and E[Aag ;Ajs k] The results of the calculations are:

B2 Bt —21-) (1= § ) 1o~ (1-p) (1= § ) 122

-+m“2fﬁhév—(1—5)%ﬂ¢;—<1—§><1 §>T3%
+28 <1 - /;)agxa - % (1 — 5) T*o% + ﬂ<1 - §>T0'5X] f,i(#

_By (A39)

4
4y 2 872 87 2 72

= —1 Bx (A40)

726 1 726 1) 366 1)

3602 ,  720% ,  366* , 366 , 360° ,  95% ,
- FUSX - ?stv - ?sta - ?USV - ?Usva - ﬁasa
3662

S B (A41)
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(&4 26 — 20B)2 — (o —1)(f — 1) T2, — L= D@B=3)T"

xa 6 sXj
+ ,8(1; (X)O-s%x - (1 - 0‘) (1 - g) To-szv - ((X — 1)(22ﬁ — 3)Tzo-s%va
(1—a)(1-£)T8
—1)(p—2)T3 2 —1)(28-5)T*
_(a )(?,)5 ) (Tszvj _ (2 ) o2 - (a )(15 ) Ugaj
(1—a)<1—§>T5
N 12 %
_ap
= 7 Bx, (A42)

> (@-DO-8T , 29(1-a) ,  y(1-a),

(“ +r - “W)sta - 3 stj T Osxv + T2 Usx
a—1)(y—3)T?
(=) -7, - ETNI=IT 2 ez,
(1-«a <1—7>T2 (1-a (1_7)T4
)T, ey, O TE)T
2 sa 6 saj 6 SJ
14
:%BX' (A43)
30+ —ad 01—« 20(1 —«w 01—«
3 Uszxj + (T?’ )‘Ts2x+ (Tz )USZXV + ( T )Uszxa
1—a)(6—3)T 5(1—a a—1)(6 —3)T?
- ( )(6 ) Uszvj + ( T )aszv + 5(1 - D‘)U-s%va - ( )(6 ) szaj
1-— — 78
swr, 079(1-8)T
4 sa 6 s
_ My Ad4d
_ﬁ X7 ( )
2B + 3y — 2By (B—=2)y—=3(B—1))T 7(1-B)
B2 52 - . o2+ LB,
% 2B —5)y —2(48 —9))T?
_<1_2 <1_§>Tasza_((ﬁ 2045 =T 2
-1y - 26—-3)y—6 28 —1)y Y
B r=p)p  GP-dv-eh @Bl b
902,
= B1s,, (A45)
3B+ 25 — B6 2B —3)8 5(1— 28 —-5)5 —6(B—2))T
prabpoy (b Dop APl (2650 ep-DIT,
(-9, 0001
(2B —3)6 — 66 Bé
+ 2 Uga B 2 0'% - IB 6T ngj - ﬁagx
528 —1) s(B—1
- l;:; (TSZXV - ,BT2 ) o'szxa
_ Py (A46)
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=
3y+40—796 , d(y-1) § g2 0=3)7=35 5

6 Crsaj - T2 Osva T 2T sa 3T USV]
v 6 vé (6 —3)y—36 0 270
o(y—1
- ( T3 >U§xa
_ 1y A47
= L5, (A47)

By substituting the solutions of the linear system involving (A38)—(A47) into the predicted

error (A18) and by using the definitions of the variances and covariances of the smoothing process (A36),
we obtain the smoothing performance index (45).
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