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Abstract—In this paper, a new filter in the nonlinear Kalman
filtering framework is proposed. The new filter is referred to as the
lattice Kalman filter (LKF) and is based on a class of quasi-Monte
Carlo (QMC) methods known as lattice rules. The proposed LKF
method uses the Korobov type lattice rule to deterministically
generate sample points that are randomly shifted based on the
Cranley-Patterson shift method in order to approximate multi-
dimensional integrals in the Gaussian filtering context. The math-
ematical formulation of the proposed LKF method as well as its
error bound propagation are discussed. To evaluate the efficiency
of the LKEF, it is applied on a nonlinear aerospace system and
compared with four other well-known methods presented in the
literature. Simulation results demonstrate LKF uses significantly
fewer sampling points yielding a significantly lower computational
burden than another variant of QMC filter while maintaining
the estimation accuracy. Furthermore, it provides asymptotically
similar results to the unscented Kalman filter (UKF) but with less
computational complexity, which is an important consideration in
real applications.

Index Terms—Estimation theory, Kalman filter, lattice rules,
quasi-Monte Carlo methods, randomly shifted lattice points.

1. INTRODUCTION

ONSIDER a noisy nonlinear dynamic system that can be
modelled using the following system and measurement
equations, respectively:

wp = f(Tp-1,ur 1) + W (1)

2 = h (T1) + vk 2
where xj, ug, and zj are the state, input, and measurement
vector, respectively. The nonlinear system f;_; and nonlinear
measurement iy, contain system and measurement noise referred
to as wy_1 and vy, respectively. fr_1, hy, and uy are assumed
to be known, and wy_1 and vy are considered to be mutually
independent noises [1]. The available information is a set of
measurements zj that relate to xzj, obtained by one or more
sensors from time step 1 to k, denoted by [2]:

Zvk = {21, 22, .., 2k} 3)

The main objective of estimation theory is to extract the true
state values from noisy measurements. Estimates of the states
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can then be used for predicting system health or future events.
One of the most well-known filtering paradigms is Bayesian
filtering, where the objective is to recursively calculate the
posterior density which is used to describe the probability of
an event or state [2]. In order to calculate the posterior density
p(xk|Z1.1 ) , first, the predicted density is found [2], [3]:

“)

where p(xp_1|Z1.k-1) is the previous posterior density at
time step k — 1, and p(xy|xk_1) is the state transition density
which demonstrates how the states evolve throughout time.
Next, the posterior density can be rewritten as p (zx|Z1.1 ) =
p(zk|zK, Z1 : k — 1) [2], [4]. Consequently, based on Bayes’
law we have the following equation [2], [5]:

P (2k|Zix-1) = [p(@r]ze-—1) P (Th-1]Z1:k—1) drr—1

p (zklzr) p(wk|Zix 1)
P (2k|Z1x-1)

P (x| Z1k ) = (5)

In (5), the factors p(z|zk) and p(xk|Z1.k—1) are named the
likelihood and the predicted density, respectively. The factor
p(2k]Z1.x—1) in the denominator is a normalizing term [2], [5]:

p (Zk|Z1:k—1) é fp (Zk|xk7)p (xklzl:k—l) dﬂ?k, k = 1, 2a (6)

Based on a Gaussian assumption for all of the densities, the
well-known Kalman filter (KF) formulation is constructed. This
method recursively calculates the first and second statistical
moments, also known as the mean and covariance [1], [5], [6].
This information is used to approximate the posterior density
which is used to solve the estimation problem.

Another strategy to approximate the posterior density is based
on the use of weighted sigma-points. According to [7], three
types of moment approximation methods based on sigma-points
are categorized: 1) to represent a probability distribution [8], [9];
2) to calculate numerical integration [10], [11]; 3) to approxi-
mate nonlinear functions via interpolation [12], [13]. Based on
the density approximation method presented in [8], [9], reduced
forms of the unscented Kalman filter (UKF), including minimal
skew simplex UKF (MSS-UKF) [14] and spherical simplex
UKEF (SS-UKEF) [15], are developed to reduce the computational
cost by decreasing the number of sample points. Based on
the literature, a couple of other new methods have also been
proposed to generate sigma-points [16], [17].

However, these approximation methods introduce errors in
integral evaluations compared to Monte Carlo (MC) integration
techniques with asymptotically accurate integral computations
[18]. To address the high computational burden required by MC
methods, due to a large number of sampling points, the authors
in [19] utilized a class of quasi-Monte Carlo (QMC) methods
known as digital sequence (DS). This approach asymptotically
computes the multivariate integrals in the nonlinear KF context;
although the estimation results of DSKF have acceptable accu-
racy, the number of sampling points remains high.
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In this paper, we propose the use of lattice rules to generate
sampling points to reduce the computational complexity of
computing Gaussian-weighted integrals in the nonlinear KF
framework. Lattice rules are discussed in Section II, and the
proposed lattice Kalman filter (KF) is presented in Section III.
In Section IV, the LKF is applied on an aerospace system and
compared with other well-known filtering methods. Concluding
remarks are made in Section V.

II. MULTI-DIMENSIONAL NUMERICAL INTEGRATION

Consider that we want to approximate a multivariate integral
over a unit hypercube, as per:

1) = [ fl@)de ™

In order to obtain a certain level of accuracy, it would not
be feasible to apply the iterated classical quadrature rule for
the moderately high number of dimensions d because of the
so-called curse of dimensionality (or intractability) issues [20].
In this case, an equal-weight cubature rule was presented [20]:

N
1
QULPY) = _Zl f (@) ®)
J =
where Py is a point set of x; where j = 1,..., N, and

all points have the equal weight of 1/N. If the points are
randomly and independently chosen, the method is known as
MC integration. However, if these points are deterministically
drawn and uniformly distributed (the so-called low-discrepancy
points), the resultant integration method is referred to as QMC.
In experimental problems, it can be shown that the error bound
of low-discrepancy points generated by QMC methods may be
observed to be in the form of O(N~!), even for a very large
number of dimensions. Hence, the error of integral approxima-
tion using the QMC methods can be smaller than using MC
methods O (N ~'/2) if we choose a well-defined rule to generate
low-discrepancy points [20].

There are generally two main categories of QMC methods:
digital nets/sequences [21] and lattice points [20]. In this paper,
we consider the rank-1 lattice rule [22] which is based on the
modular arithmetic to produce low-discrepancy points.

A. Rank-1 Lattice Rule

The rank-1 lattice rule presented in [22] is a simple and
efficient type of lattice rule used to generate low-discrepancy
points defined as follows:

J:JLZ {g]\?} = %modlzw;j:&...,]\]—l

©))
where ¢ is the generating vector consisting of d integers g =
[91 g2 --. ga]' and modulo N is applied component-wise.
However, given the number of points NV, the selection of gen-
erating vector g € Z¢ indicates if the generated lattice points
are well-generated. Generally, the generating vector is chosen
based on the well-known Korobov type lattice rule to generate

the lattice points [22], which is defined as follows:

0 2 3

g = [a a”“a” ... ad_l]T

(10)
where a is an integer which is coprime with . The selection of a
generating vector to create lattice points is based on a worst-case
error concept, and is comprehensively discussed in [20].
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B. Randomly Shifted Lattice Points

To obtain an error estimator which can be used to increase the
accuracy of the lattice methods, we can apply independent and
identically distributed (IID) random shifts to the lattice points. In
this paper, we use the Cranley-Patterson shift method (Modula
1 shift) [23] to generate randomly shifted lattice points defined
as follows:
ot = (xF + A) mod1; j = 0,...,N—1 (11)
where A is a shift that is uniformly and independently distributed
over hypercube [0, 1)%. Applying this shift to the lattice points
is necessary to ensure that the resulting integral computations
are unbiased [22], [23].

C. Gaussian Points Generated Based on Lattice Points

In the nonlinear KF context, we frequently encounter multi-
dimensional integrals of the following form:

I(f) = [ f(x)p(z)dx

where p(x) is a Gaussian density, whereby x ~ N(z; p, X). A
mapping function ¢ that projects the integration region to the
unit hypercube is required. For a one-dimensional variable x
with standard normal distribution, the function ¢ can be defined
as a normal cumulative distribution defined as per [19], [24]:

o () L f e < r ) dt
= X —_——
vV 27 —c0 P 2
Therefore, the multivariate integral I ( f) can be approximated

utilizing the generated (randomly shifted) lattice points 7 and
the inverse mapping function ¢! as follows:

GO TR ST =0

[0,1)¢ j=o0

12)

13)

I(f) =

(14)

Note that ¢! is the inverse function of the normal cumula-

tive distribution function. We can transform the lattice point

set 9% = {af%,j = 0,1,2, ..., N—1} defined in the

unit hypercube [0,1)? into a quasi-Gaussian point set X =

{X;,7 =0,1,2, ..., N— 1} with the mean x and covari-
ance matrix X by:

X;j=p+S5Y;57=0,1,2, ..., N-1 (15)
where S is obtained by applying Cholesky decomposition on
¥ (X =87 9) and Y; is computed by applying the inverse
mapping function on the lattice points:

Vi=¢ ' (2§%);j =012 ... ,N-1 (16
Eventually, the integral I ( ) may be asymptotically computed
using the lattice-based generated Gaussian points as follows:
1 Nl
[f@)p)de~ < > f(X)

Jj=0

I(f) = A7)

III. LATTICE KALMAN FILTER (LKF)
A. LKF Estimation Process

In (1) and (2), it is assumed that the system and measurement
noise are independent and zero mean with Gaussian distribu-
tions defined by covariances () and R, respectively. The LKF
is formulated as predictor-corrector estimator in the nonlinear
filtering framework with a Gaussian assumption.



RAHIMNEJAD et al.: LATTICE KALMAN FILTERS

In the prediction stage, the predicted state ), and state
error covariance matrix Py, are computed as per [1], [3], [6]:

Tppr1 :Rf f(@r-1,ur1)p (Xr-11Z1-1) dog— (18)

Prjp—1 = Rf [Tk — Eppp—1] [or — fk\kq]T

v (@p-1Zik-1) drg_1 + Qp (19)
Based on (17), (18) and (19) can be computed as follows:
N-1

1
Tpjp—1 = N Z S (X5, ketjk—1, k1) (20)
' | N
Pyjp—1 =~ Qk + N Z [ (Xjhm 1ot Uk—1) — Tppe1]

(X ety uk1) — jk\kfl]T 21
where X p_qk-155 = 0,1,..., N —1 are lattice-based
Gaussian points generated using the previous updated mean
Tp_1)k—1 and covariance matrix Pp_q|p_1.

The predicted measurement Zj;_;, innovation covariance
P, kjx—1, and cross-covariance P, ,—1 are computed next,
respectively as follows [1], [3], [6]:

Zklk—1 :Rf h(xg,ur) X p (2| Zix—1) dy, (23)

P.. k-1 = R’fﬂ (7 (ks uk) — 2]

b (e ue) — 5’1@\1@71]Tp (xk|Z1x-1) dxp + Ry, (24)
R X T
P k1= Rf [k — g1 [P (T, uk) = Zpjp1]
oo (@k]Zik—1) dag—y (25)

Applying (17) to the multi-dimensional integrals in (23)
through (25) yields the following:

| N
Zhjk-1 R ~ Z ho( X5 k-1, i)

(26)
j=o0
| N
P.. k-1~ ~ Z (7 (X5, ki1, k) — Zif—1]
ji=0
P (X5, et u) — ik\kq]T + Ry (27)
| N1
P kjp—1 ~ sz::() (X, kih—1 — k1]
P (X, et uk) — ék\k—l]T (28)

where X; rjx—1;5 = 0,1, ..., N — 1arelattice-based Gaus-
sian points generated using the predicted mean ', and state
error covariance Py, _1. In the update stage, the LKF gain K,
estimates Ty, and state error covariance Py, are computed
respectively as follows [1], [3], [6]:

Ky = Pacz, k|k—1 PZ;I’ klk—1 (29)
Tpe = Bt + Kk (21 — Zijp-1) (30)
Py = Pyp—1 — K Py 1 Kif (31)

The LKEF strategy is summarized by equations (20) and (21),
and (26) through (31). The process is repeated recursively at
each time step.

B. Error Bound Propagation

In this subsection, the bound of error between the true
posterior density p(x|Zi.) and the approximated posterior
p(xy|Z1.x) density computed using the LKF is investigated and
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estimated. To achieve this goal, based on the simplification
provided in [19], the true and approximated posterior densities
are defined, respectively, as follows:

p (@k|Zix) = UPy (PRy (p(zk-1|Z1:x-1))) (32)
b (@lZia) =UPx (PRe((ar1lZii1))  G3)

where PRy, and U Py, represent the prediction and update stage
of Bayesian recursive formulas in (4) and (5), respectively. Note
that 13\11/2;C and/(jﬁk denote the Gaussian approximation of PRy
using (20)-(21), and of U Py, using (29)-(31), respectively.

If the prediction PR, and update U P, operators satisfy the
Lipschitz continuous condition for any given density p(x) and
q(x):

|PRy, (p) — PRy (q)] < p1|p — 4 (34)
[UP (p) = UP (q)| < p2lp— 4l (35)

Then the error propagation at time step k£ will have the

subsequent upper bound:

k
e < (Plpz)keo + Z (Plpz)kﬂ (ejup + p2¢ejpr) (36)
j=1
where ey = |p(zo) — p(xo)| is the initial error. Note that e, pr
and e; yp are the errors produced based on the approximation

in the prediction step Ff;f%k and update step(/J\P/k, respectively:
€j,PR= ‘PRj ((j-11Z1:5-1)) — PR;(p(x;1 \lej—l))‘
(37)

ejup= [/U\I%(ﬁ(lezlzj,l)) — Up; (ﬁ(ﬂfﬂzlzj—l))) (38)

As well, note that |.| can be defined as any kind of norm.
Due to space limitations, we do not prove the error bound
presented in (36); however, it may be proven using the definition
of the error and applying the Cauchy-Schwarz inequality and
Lipschitz continuous condition. Overall, according to (36), the
accumulated error is dependent on the initial state values and
process and measurement functions.

IV. COMPUTER EXPERIMENT AND RESULTS
A. Nonlinear System

In order to evaluate the efficiency of the proposed LKF estima-
tion method, we studied a nonlinear aerospace system known as
an electrohydrostatic actuator (EHA) [25]. The following state
space model defines the nonlinear system [25]:

T1 g =T k-1 +TTo 1+ w11 (39)
To g = T2 p—1 +TT3 k-1 + w1 (40)
a2‘/0 + MﬁeL (AQE + a2L) 56
— 1@ T MPely AT 02 Pe
X3k MV, XT3 k-1 MV,
201 Vozo k12351 + Lfe <a19€§,k,1 + a:a)
q...—T
T2 k-1 MV,
AEﬂe
1)...+T _ 3 foe 41
(x25-1) ...+ MV, Up—1 + W3 k-1 (41)
Tap = AL (a2w2k-1 + (012341 + as) sgn (v2,6-1))
oo W1 (42)

The input signal (the flow rate per volume) is defined by:

up—1 = Dy wp -1 —sgn(zar-1)Qro 43)
where Ap is the piston cross-sectional area, (. is the fluid
stiffness of the hydraulic circuit, and D, and w, are pump

sgn
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TABLE I
RMSE RESULTS FOR THE NONLINEAR EHA BENCHMARK ESTIMATION PROBLEM
States MSS-UKF SS-UKF UKF DSKF LKF LKF
Position (m) 5.67 x 1073 1.45x 1073 532 % 107% 2.93x 107* 5.47 x 1075 458 x 1075
Velocity (m/s) 5.83x 107* 3.53%x 107* 143 x 107% 5.16 X 1075 2.28 x 1073 1.52 % 107°
Acceleration (m/s?) 4.82 x 1072 2.99 x 1073 6.72 x 107 1.53x 1072 8.01 x 107* 7.70 x 107*
Diff. Pressure (Pa) 6.227 x 10° 4.115 x 10° 1.032 x 103 1.962 x 10° 1.048 x 103 1.027 x 10°
Number of Samples g 41 =5 d+2=6 2d+1=9 5 5 9
Average Time (sec) 1.4727 1.5173 1.5825 1.4586 1.3749 1.4607
4 x10° 1 v
S 4000
3 3000 i
2 g 2000 §
S & ;
[ 2 1000
e 1]
2 g 0
a 0
s g 1000
2 s
o -1 3 £ -2000
2 ! 5 :
e -2 § True E -3000 [#
i UKF (9 points)
B i ---- DSKF(sponts)| |  A000 T UKF (8 points) |
| ) LKF (5 points) 000 s LKF (5 points)
- — — —DSKF (5 points)
. . i ‘ poin
0 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
Time (sec) Time (sec)
(a) Estimated and true differential pressure. (b) Differential pressure estimation error for each filter.
Fig. 1. Results of applying the LKF and various forms of the UKF on the nonlinear EHA estimation problem. Figure (a) shows the true and estimated differential

pressure values (all four filtering methods). Figure (b) shows the differential pressure error over time. Note the UKF and LKF are nearly overlapping.(a) Estimated
and true differential pressure. (b) Differential pressure estimation error for each filter.

displacement and pump angular speed, respectively. M refers
to the weight of the cylinders, V} is the initial volume of the
cylinder, L and Q¢ are leakage coefficients, and a1, as, and
ag are friction coefficients [25]. The values of these parameters
are presented in Table III of [25] and were determined based on
experimentation as per [26]. The linear measurement equation
is defined as follows:

2z = Cap + v (44)

where C' = ;4 (4 X 4 identity matrix). We set the system
noise covariance as Q = diag([107'2 1071° 1072 10°]) where
diag refers to a 4 x 4 diagonal matrix [26]. We also defined the
measurement covariance as R = 103 Q. Note wy, and vj, were
defined as white noise with zero means and covariance matrices
of @ and R, respectively. For all filters, the initial state estimates
were set to zero and the error covariance matrix was set to 100).
In order to generate the input signal in (43), the angular speed
of the pump w,, was defined as a £100 rad/sec square wave.

B. Results and Discussion

In this study, the proposed LKF algorithm was compared with
the standard UKF [8], [9], MSS-UKEF [14], SS-UKEF [15], and
DSKEF [19]. These methods were implemented to estimate the
states of the nonlinear EHA system. The number of sample
points generated based on the lattice rule for the LKF was
set to N = 5 with @ = 7 (tuned manually). However, the
minimum number of points which yielded acceptable estimation
error results was N = 4. Furthermore, increasing the number
of lattice points led to a reduction of the estimation error before
being saturated at a specific number of points (see Table I).

Fig. 1 depicts the estimated differential pressure of the pro-
posed LKF (with 5 sample points) along with the corresponding
estimation error compared with the standard UKF and DSKF
(with 5 sample points). As observed, LKF yielded similar es-
timation results as the standard UKF. However, with the same
number of sample points as LKF, the DSKF method yielded a

larger estimation error for the differential pressure estimates (as
per Fig. 1.b).

Table I summarizes the root mean squared error (RMSE)
between estimated and true values computed for all of the filters
based on averaging over 100 Monte Carlo simulations. The
RMSE results of the position and differential pressure estimate
of the LKF were nearly identical to the UKF, and were found to
be significantly better than those of the other filters. Overall, the
proposed LKF provided more accurate estimates than the DSKF
(with the same number of sample points). It also gave similar
results as the UKF but with a lower number of sample points.
This decreases the computational complexity of the LKF (see
Table I), which would be more noticeable for high-dimensional
systems in other real-world problems. Note that LKF robustness,
similar to UKF, declines against uncertainties.

V. CONCLUSION

In this paper, we proposed a new filtering algorithm called
the lattice Kalman filter (LKF). The proposed filter is called
LKF because it utilizes a Korobov type (rank-1) lattice rule to
deterministically generate low-discrepancy points to compute
Gaussian-weighted multi-dimensional integrals in the nonlinear
Kalman filtering context. In order to evaluate the accuracy of
the proposed LKF, it was applied to a nonlinear estimation
problem. The results were compared with four other estimation
methods: DSKF, UKF, MSS-UKF, and SS-UKF. In this case,
the results demonstrated that the LKF outperformed the DSKF
and the reduced UKFs. The LKF had similar performance to the
standard UKF. However, the LKF required fewer sample points
(5 compared to 9) which reduces computational complexity and
burden. This advantage provides us with the opportunity to apply
the LKF to high-dimensional systems while minimizing com-
putation complexity issues. Future work will study higher-order
systems as well as methods for improved robustness and stability
to uncertain systems and external disturbances.
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