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ABSTRACT. Nonlinear filter are applied to target tracking, signal processing, navigation,
inertial navigation, attitude estimation and etc. For a class of nonlinear system, how to
descend then sample dimension and sample points and then reduce filter calculation are
studied. In this paper, a novel descending dimension CKF algorithm for a class of non-
linear system is proposed. And the simulations have performed to verify the effectiveness
of the algorithm proposed. And the simulations have performed to verify the effectiveness
of the algorithm proposed. The simulations results show the superiority to the traditional
CKF algorithm.
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1. Introduction. Because of the essential characteristics of nonlinear system, the algorithms for non-
linear system are studied by many researchers. Nonlinear filter algorithms[1-5] are applied in most of real
application systems, for example, target tracking, signal processing, navigation system, inertial naviga-
tion system, attitude estimation and etc. Therefore, filter algorithm to nonlinear system has important
meaning for engineer applications. The aim of state estimation is to estimate the implied states of state
system online by the observation with noise. The nonlinear filter algorithm became the most popular
central issue recent sixty years. With the development of the computer technology, the nonlinear filter
theory achieves the great development, for example, Unscented Kalman filter[6-7], particle filter[8-9] and
the novel proposed Cubature Kalman filter[10-13]. In order to overcome the situation of numerical insta-
bility and accuracy reduced in UKF high system filter algorithm, Arasaratnam proposed the Cubature
Kalman Filter (CKF) algorithm for nonlinear system recently. The proposed algorithm is easy to imple-
ment and has few adjustable parameters and then CKF has more rigorous mathematical theory supports
and better convergence.

CKF can solve some problems in UKF and CDKF, so it is widespread concerned by most researchers
when CKF is proposed. The CKF algorithm uses the Cubature transformation to probabilistic deduced.
Firstly, selecting the Cubature point set to parameterize the mean and variance of probability distributions
based on Cubature criterion. Secondly, apply the nonlinear transformation to all of the Cubature point.
And then, calculating the deduced approximate Gaussian distribution parameters based on transformed
Cubature. The filter processing of CKF and UKF is similar, calculating the transformed point sets
to provide the next time system state prediction with the nonlinear system equation transformed by a
class of point set with the weight. Therefore, the method avoids the linearization processing and does
not depend on the system nonlinear equation. And then, compared with the derivation of the UKF
algorithm, CKF algorithm is proposed by strict mathematical derivation based on Bayesian theory and
Spherical-Radial Cubature rules.

Dealt with some special nonlinear system, how to descend then sample dimension and sample points
and then reduce filter calculation are studied. In this paper, a novel descending dimension CKF algorithm
for a class of nonlinear system is proposed.
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2. Problem Statement. Consider the nonlinear Gaussian system as follows:

Tr1 = f(or) + Drwy (1)

yr = h(zk) + vk (2)
Where, z, € R™ is the system state, y, € R™ is the system measure, f(-) and h(-) is the system
nonlinear transfer function and measurement function respectively, 'y is n X p dimension noise input
matrix, wg € RP is the system noise, vy € R™ is the measure noise, wr € RP and vy € R™ are all the
Gaussian white noise and irrelevant, the statistical properties are as follows:

E(wg) = qx, Cov(wk,wj) = Q10k;j

E(vg) =1k, Cov(vk,vj) = Rydk;j

Q1 is the non-negative definite symmetric matrix, Ry is the definite symmetric matrix, dz;.. is
kronecker-6 function.

If the state posterior probability density function can be calculated, and then the statistical properties
and different properties filter algorithms can be proposed by state probability density function and various
estimation rules and approximation methods respectively. Therefore, calculating the state posterior
probability density function is pivotal theoretically. However, the Bayesian estimation method in a
recursive manner to calculate state posterior probability density function is accepted by many scholars and
as the core idea of many filter algorithms. The idea of Bayesian recursive algorithm obtains p(xj41 |Y’chl )
by prediction update and measure update processing when measure yx1 at is known if state posterior
probability density function p(zy ‘Yk) at time is known and Y**! = {y;,ya,--- ,yrs1}. Where, the
prediction updates are state posterior probability density function p(xy ’Yk ) and one step state transition
probabilities p(xg41 |zr ). And the one step prediction probability density function can be obtained as
follows:

Pk [V*) = / p(ax |Y* )p(@ns |k )da 3)

When one step prediction probability density function and the measure y;1 are known, the measure
update can be obtained. Therefore, the posterior probability density function p(zj41 |Y’“+1) of xj41 is:

1
P(@rgr [Y) = ——p(@rgr [Y*)p(yrsr [2rs1) (4)
Ck+1
Where,

Chi1 = /p(xk+1 Y )p(yksr [orr1 )dwgsa (5)

The meaning of Bayesian recursive algorithm is to find a method that converting from the probability
density function obtained to the recursive mode theoretically. Therefore, the Bayesian estimation aims
to guide the nonlinear filter algorithm based on the recursive mode. Therefore, the CKF algorithm based
on spherical-radial rule can be realized as follows:

Time Update: On the assumptions that the posterior density function p(zx—1) = N(Zx—1jk—1, Pr—1]k—1)
at time is known, disintegration the error covariance Py_1),_1 by Cholesky:

Pr_qjg—1 = Sk—1|k—1S}Zl1|k71 (6)
Calculate then Cubature points (i = 1,2,...m,m = 2n):
Xik—1jk—1 = Sk—1k—18&i + Tp—1jp—1 (7)
Mapping the Cubature points by the state equation:
X k-1 = f(Xig—1jk-1) (8)
Estimation the state prediction value at time :
1 m
Tpjp—1 = oy ZXz'*,Mk—l (9)
i=1

Estimation the state error covariance prediction value at time :
1 m
_ * *T A ~T
Pyjp—1 = m E Xi,k\qui,k\kq — Th[k—1Tk|k—1 T Q-1 (10)
i=1

Measurement Update: Disintegration Py;_; by Cholesky:
Prjk—1 = Sklb-1%k-1 (11)
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Calculate the Cubature points (i = 1,2,...m, m = 2n):

Xiklk—1 = Spik—18i + Trjp—1 (12)
Mapping the Cubature points by measurement equation:
Z; k-1 = P X kjp—1) (13)
Estimation the measurement prediction at time :
1 m
k-1 = > Zigji (14)
i=1
Estimation the autocorrelation covariance matrix:
1 & . .
P, k-1 = o Z Zi,k\k—lziT,k\kq - Zklk—lzlakfl + Ry (15)
i=1

Estimation correlation covariance matrix:

1 ¢ T - oy
Pps k-1 = - EXi,k\kAZi,k\kq = Tkk—1Zk k-1 (16)
i=
Estimation the Kalman gain:
Wk' = Pa:z,k\kflpz_z}k“ﬁ_l (17)
The state prediction value at time :
Tk = Trpp—1 + We(2k — Zrjr—1) (18)
The state error covariance estimation at time :
Py = Pyjim1 — Wi Pos pa Wi (19)

From the procedure of the CKF algorithm, we can know that CKF algorithm realizes based on spherical-
radial rule of the nonlinear Gaussian filter.

3. Descending dimension CKF algorithm. A class of nonlinear system for system (1)-(2) is as
follows:

Tpy1 = Frp(&k)zr + g1 () + wie (20)

Yk = Hyxp + vk (21)
Where, &, is the previous [ of state xy, that is
Ty = [{g,n,ﬂT. Elwi] =0, Elvg] = 0 Cov[wg, w;] = Qb j, Covlvk, v;] = Ridy, ; Covlwg,v;] =0
The system filter equation is as follows if #/,_; and P,f/k_l can be obtained when the statistical
properties (£;_1, Py—1) of state z at time k — 1 are known:

Pejk—1 = BPijp—1 + Qr—1 (22)

Ky = Pyjjos He(Hp Pejey HE + Ry)) (23)
Tp = Tp/k-1 + Ki(yr — Hilbpji—1) (24)
Py = (I — Ky Hy)Prji—1 (25)

That needs to obtain 2n samples for state z if by applying the regular CKF algorithm for solving
Tp/k—1 and P}?/kfl' Zp/k—1 and Plf/kfl are the Gaussian integral with respect to & _1:

g1 = /‘I)k—l(gk—l)N(gk—Dék—laP]§71)d€k—1 (26)

Peje—r = /\Ilkfl(fkrfl)N(gkfl;ékflaP]f_l)dfkfl — k184 5 (27)
Where,

-1 “
Dp_1(&p—1) = Fr—1(&r-1) (@1 + Sk—1 l(s’i—l) (Eg_l —&k-1)

) + gr—1(&k—1) (28)
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Wio1(€h—1) = Proo1(&o—1)Pf_1 (Ee—1) + Foo1(&r—1)Sk—1 [8 Ino_l] Si o Fl (k) (29)

It needs 2! sample points for {,_; in order to approximate the formula (26)-(27) based on spherical-
radial rule because £;_1 is | dimensions vector, therefore,

X2—1:§Ck71—[\/@]_ i=1,---,1
=€ £ (30)
X2—1i§k—1+[\/a]i i=1+1---,21

21
N 1 i
Th/h-1= 57 > (X (31)
i=1
21
P2 —quf (Xi_y)— & s (32)
k/k—1 = o k—1(Xk—1 k/k—1%k/k—1
=1

The formulas above (22)-(25) constitute the whole descending dimension CKF algorithm. Consider the
measurement is nonlinear mode as follows:

Tpt1 = Frp(&e)ar + g6 (Er) + wi (33)

Ye = Hy(sk)wr + vk (34)
Where, & is as the system (20)-(21), ¢ is the s elements of state xp not the previous s elements,
therefore,

Tk = [Thl,  * 5Skas " ySk,2s """ sSkss " ,l“k,n]T (35)
The descending filter algorithm of the system above is complicated; it can be preceded as two steps.
Step 1: State estimation. That is to obtain #;,,_; and Pj/,_1. Step 2: State update. Regulating
the elements order of zj, makes 'y, = [¢}, C,CT]T and regulating Py /1, Hy(sx) as P’y x—1, H'k(sx) corre-
sponding. Therefore, #}, and P’ can be obtained as the following formulas if g, /1, P,f/yk_l and P/ k1
are known:

Pl =Pl + R (36)
T —1
Ky :Pk/ykq(Pky) (37)
Ty = p 1+ Ki(yr — Ur/p-1) (38)
Py=Prj_1— Kk(P;g)ilKkT (39)
And then,
Ur/k—1 = /H'k(§k)@k(<k)N(§k;5k/k—17P;j/k,l)d% (40)
P,f/k,l = /H/k(Ck)Qk(Ck)(H/k(Ck))TN(Ck;fk/k—hpg/k,l)d% - Z)k/k—lﬁg/k_l (41)
T T ~ ~ ~

Pl = /Qk(%)(H/k(%)) N (k3 k-1 P 1Ak — &1 Ty (42)

A S ) sk — Seyre
@k(gk) :w;c/k—l +Sk/k—1 ( k/krfl) (0§k: §k/k 1)] (43)

T 0 0f o7

(o) = Onler)Ok (k) + Skyn-1 | | ke (44)

Approximation for formulas (40)-(42) based on spherical-radial rule:

gli/k—l = ﬁk/k—l — [1 /sng/kq]i t1=1,---,s (45)
§,i/k,1 = k-1 T [4 /SP;/k_l}i i=1+1---,2s
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2s
Ur/k—1 = 2175 D H'k(Shyi-1)O (k1) (46)

i=1

1 2s ) . P T
Plg/kﬂ 9 Z;Hk(@f:/kq)Qk(%/kq)(Hk(le/kq)) - Qk/k—l@;{/kq (47)
1 2s ) , ‘ T
sz/ykfl =9 ZQk(ngc/k—l)(Hk(gllg/k—l)) (48)
i=1

The &) and P’y can be solved by integrating (36)-(39) and then regulating them as &y and Pj.
Therefore, the whole descending dimension CKF algorithm proposed for a class of nonlinear system can
be seen as the formula derived above.

Compared with the regular CKF algorithm, the sample vector dimension of descending dimension
CKF algorithm reduce from n to [, the sample points reduce from 2n to 2l in state step prediction.
The sample vector dimension reduces from n to s, sample points reduce from 2n to 2s. Therefore, the
algorithm computing load is improved. Besides, the estimation method applies for the spherical-radial
rule to approximate the posterior mean and covariance, so the estimation accuracy can reach third-order
Taylor series. Therefore, the algorithm proposed is more accuracy than the traditional algorithm.

4. Simulations and analysis. The simulation is performed on this section to illustrate the effective of
the algorithm proposed. The nonlinear system is as follows:

zp = 2L 4 28l 4 8eos(1.2(k — 1)) + s

1427 4
Ty = Axp_1 + Bz + wy (49)
yr = Cxy + v

Where, the means of r ,wy, vi are zero respectively and 7 ,wy, vy are Gaussian white noise with the
variances @, Qw, R. zx is the maneuvering target value. zp = [x,y,m',y']T is the position, velocity and
their differentials respectively at time k. The system above can be rewritten as follows:

2 [ 21—1
=F + g(zp—1) + qr—
[mlj _$k1] 9( k 1) qrk—1

_ 2k
yr = H - + vk

where, ' = [ 03B A] ; g(z1) = é] (fizz’%: +8005(1.2(k‘—1))); H=1[0 C]; qu-1 =

Tk—1
Bri_1 +wg—1|"
The related parameters in simulations are as follows:

1 0 01 0 1.25
01 0 01 —1.25 10 0 0
A= 00 1 0 » B = 0.25 O = 010 O]’QT—Z
00 O 1 —0.25
10 00
01 00 1 0
Qv =0.09 00 1 O,R—Q[O J.
0 0 01
Define as xo = [20,30,1.2, 1}T, zo = 0 and initial variances are as follows respectively:
10 0 0 O
0 10 0 O
P,o= 0o o0 10l P, o = 10.
0 0 o0 1

The simulation time is 200s, the simulation initial values are xo,0 = Zo, 20/0 = 20, Prjz,0 = Pro0,
P./.0 = P.o. Compared the regular CKF algorithm with the descending dimension CKF algorithm
under the 100 times Monte Carlo simulations, the compared results of state estimation mean are depicted
in Fig.1-3.

It can be seen from Fig.1-Fig.3 that the averaged absolute value error of descending dimension CKF
algorithm is smaller than the regular CKF. Therefore, the algorithm proposed is more effective and
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FIGURE 1. Averaged absolute error of maneuvering target
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FIGURE 2. x-axis position estimation averaged absolute errors
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FIGURE 3. y-axis position estimation averaged absolute errors

TABLE 1. State estimation averaged absolute errors

Regular CKF Descending dimension CKF
Algorithm
mean std mean std
maneuvering target values 1.166 03143 1.045 0.2965
x-axis position estimation 1.674 0.2396 1.525 0.1967
y-axis position estimation 1.685 0.2363 1.573 0.1914

predominant than the traditional CKF algorithm. And then, the Table.1 also can verify the effective of

the algorithm proposed.

5. Conclusions. In this paper, dealt with some special nonlinear system, how to descend then sample
dimension and sample points and then reduce filter calculation are studied. A novel descending dimension
CKF algorithm for a class of nonlinear system is proposed. And the simulations have performed to verify
the effectiveness of the algorithm proposed. The CKF method can descend then sample dimension and

sample points and reduce filter calculation for a class of nonlinear system.
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