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Summary

Standard state estimation techniques, ranging from the linear Kalman filter (KF)
to nonlinear extended KF (EKF), sigma-point or particle filters, assume a per-
fectly known system model, that is, process and measurement functions and
system noise statistics (both the distribution and its parameters). This is a strong

mption which may not hold in practice, reason wh ral approach
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have been proposed for robust filtering, mainly because the filter performance
is particularly sensitive to different model mismatches. In the context of linear
filtering, a solution to cope with possible system matrices mismatch is to use
linear constraints. In this contribution we further explore the extension and use
of recent results on linearly constrained KF for robust nonlinear filtering under
both process and measurement model mismatch. We first investigate how lin-
ear equality constraints can be incorporated within the EKF and derive a new
linearly constrained extended KF (LCEKF). Then we detail its use to mitigate
parametric modeling errors in the nonlinear process and measurement func-
tions. Numerical results are provided to show the performance improvement of
the new LCEKF for robust vehicle navigation.

KEYWORDS

linearly constrained extended Kalman filter, model mismatch, robust filtering, robust vehicle
navigation

1 | INTRODUCTION

It is well known that state estimation (ie, infer the dynamic states of a system from a set of available noisy observations)
is a fundamental task in robotics, tracking, guidance, and navigation systems, to name a few!*. In general, either if the
state-space representation of the system dynamics is linear or nonlinear, standard state estimation techniques assume
a perfect knowledge of the system characteristics, which may not be a reasonable assumption in real-life applications.
For linear dynamic systems, the best linear minimum mean square error (MSE) estimator is given by the Kalman filter
(KF).? In this case, the main assumptions are perfectly known system matrices, known noise first and second-order statis-
tics, and perfect initialization. The same limitations apply to the popular extended KF (EKF),? the family of sigma-point
filters,®” or sequential Monte Carlo methods,? for which a perfect knowledge of nonlinear process and measurement
functions and both noise statistics must be considered. That is the reason why there exists a continued effort to develop
robust filtering techniques. Among them, a lot of effort has been devoted to the mitigation of nonnominal/unknown
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noise behaviors/parameters: (i) estimating the Gaussian noise covariances,”!° (ii) considering heavy-tailed distributions
together with variational Bayesian approximations!!'!3 or exploiting conjugate analysis,'* or (iii) relying in fundamental
results arising in robust statistics to counteract the presence of outliers.!>'7 By contrast, few contributions explored how
to counteract a mismatch on system matrices or the filter initialization.

Within the KF framework the latter can be solved with distortionless constraints.'®!° If the state dynamics rep-
resentation is unknown, a possible solution is to use several filters running in parallel with different process models
via the so-called interacting multiple model filter.? A fundamentally different approach is to use linear equality con-
straints in order to mitigate a process and/or measurement model matrices mismatch. How to incorporate nonstationary
constraints within the KF framework has been recently proposed in Reference 21, leading to a general linearly con-
strained KF (LCKF) formulation, which has been shown in Reference 22 for linear systems to generalize the results in
Reference 23.

For nonlinear systems, the EKF is one of the most popular estimation techniques and therefore has been largely
investigated.b>?* The sensitivity of the EKF to the filter initialization and its inevitable divergence if the noise matrices
have not been chosen appropriately, together with the analysis of the related stability and robustness of the filter, has
been widely reported in the open literature.?>?® The EKF performance also depends on the accurate knowledge of the
observation parametric model (linear or nonlinear system functions) and is particularly sensitive to different types of
mismatches between the assumed signal model and the real signal.?’-?® Thus, in order to provide additional robustness to
modeling errors, state constraints may be introduced, yielding the so-called constrained EKF (CEKF).?-3° Recently, the
CEKF has attracted a lot of attention and the use of state constraints has increased in practical engineering applications
such as robotics,?! navigation,3? as well as target tracking.>* The use of linear equality constraints in nonlinear systems
has been briefly explored in [ 23, section IV] where the Unscented KF is applied to the gain-constrained linear KF, which
in turn is a particular instance of the LCKF.21?2 But the analysis in Reference 23 only applies the linear constrained gain
computation with the unscented innovation covariance approximation, and no further discussion is provided. Moreover,
this approach is not intended to be a robust filtering solution under model mismatch. As previously stated,?! recently
proposed a different approach where linear constraints (LCs) are used to mitigate process and/or measurement model
matrices mismatch in linear systems. The use of constraints for robust filtering under model mismatch in nonlinear
systems has not been yet explored, thus being an important missing point.

In this contribution we further explore the extension and applicability of the LCKF to mitigate possible process and/or
measurement model mismatch in nonlinear dynamic systems. The main contributions are: (i) we investigate how linear
equality constraints can be incorporated within the EKF, (ii) we derive a new linearly constrained EKF (LCEKF), (iii) we
detail the use of constraints to mitigate parametric modeling errors in the nonlinear process and measurement functions,
and (iv) we show the performance improvement in the context of robust vehicle navigation.

The article is organized as follows: Section 2 provides background result on KF, model mismatch and LCKF;
The new LCEKF is derived in Section 3, together with its use to mitigate parametric modeling errors in the non-
linear system functions, and the extension of these results to the mismatched inputs case; The details on both
the three-wheeled vehicle dynamic and measurement models are given in Section 4; The application of the new
LCEKF for robust vehicle navigation is illustrated in Section 5; Finally, conclusions and remarks are drawn in
Section 6.

The following notations are adopted along this article: italic indicates a scalar quantity, lower case boldface indicates
a vector quantity and upper case boldface a matrix. The operator [E[.] denotes the expectation operator, the filter estimates
based on measurements up to and including time k is denoted by Xy, and N (u, R) is the normal distribution of mean u
and covariance matrix R, m, denotes the mean value of a given variable z and the z, denotes the vectorization of the set

{zn}asz, = (z].2], ... .z])".

2 | BACKGROUND ON WIENER, KALMAN, MODEL MISMATCH AND LCKF
2.1 | Wiener and Kalman

Given x and y two complex random vectors, the linear estimator of x which minimizes the MSE is the so-called (affine)
Wiener filter (WF)!2

IThe superscript (+)® stands for the best solution in the MSE sense.



ob
*'(y) = K’y +a’ = my + K’(y - my), (1a)
(K’,a%) = arg min {P(K,a))}, P(K,a) = E[(Ky +a - x)(Ky +a - %],
,a
Kb = CX,yC_l, ab =my — Kbmy, P(Kb, ab) = Cxly = Cx - CX,yC IC,P(Iy,
considering that Cy is invertible, with Cy, Cy, Cyy, Cyy the corresponding covariance, crosscovariance, and con-
ditional covariance matrices, my = E[x] and my = E[y]. If we consider a linear discrete state-space model (SSM),
where the state x;, € CP« must be estimated from available measurements y, € CN (for k> 1): x =Fy_1Xx_1 + Wi _1
and y; = Hix + vi; with Fi_; € CP*Fe1i and Hy, € CNFr known system model (process and measurement) matrices,
wy, € CPr and v, € CNe the process and measurement noise with known mean and covariance, then the WF estimate of
x; from measurements up to time k is
%), = Koy, —mg); K =C, 5 C, )
X = My + Ky, —myg ) 5 K = Cy 5, 7
where ;rz = [le, N y;]. Obviously this formulation is not useful in practice due to its computational complexity increase

with k, thus a recursive form must be obtained. If a minimum set of uncorrelation conditions hold!® then (2) can be
expressed in a recursive predictor/corrector form (for k > 1), which is a general KF form,

N b ab vy b
Xpk-1 = Fe1Xp_q g + M 5 Vo = HilXp; +my, (3a)

ob b N
Ko = Kepeor + K2V = T, (3b)

where the corresponding prediction/estimation error covariance matrices and optimal gain are given by

P,l;lk , =FP) i il " +Cw, +FiaCy_ x  +Cw, x F, (4a)

= (P B + €L )6, )7 s Sy = HePY HY + Cy + HiCyf  + Gy x HY (4b)

P, = A-KHOP),  —KCy ., (4c)

with POIO =C4, and ﬁglo = E[x¢]. Notice that the standard KF equations® are obtained if both system noises are

zero-mean, uncorrelated with the state and among them.

2.2 | Model mismatch in linear SSM

In the previous derivations the main assumptions are: (i) known system matrices F; and Hy, (ii) known
first- and second-order process and measurement noise statistics, my,, my,, Cyw, Cy, and (iii) perfect ini-
tialization, P(b)|o = Cy, and f(glo = [E[xo]. However, in real-life applications we may have to cope with the SSM
pair

=F x L/
Mismatched SSM X = Fia = (5a)
Vi = Hkxk + Vg

X = Fr_1Xp-1 + Wi—
True SSM kT e k- (5b)
Y = HiXp + v

modeling the fact that our assumed knowledge of the system dynamics (5a) introduces a possible mismatch between
the true matrices, F, H and the assumed ones, F; and Hy,

F, = f“k +dF; ; Hy = ﬁk + dH;. (6)



Since it is known for ages that the performance of WF and KF strongly depends on the accurate knowledge on system
matrices [ 34-36, section 6.6], the ultimate goal in robust filtering is still to estimate accurately the true state x; based on
the (true) measurements y; despite a misspecification of Fy and Hy. Indeed, it has been recently shown analytically that
a system model mismatch induces an estimation bias and MSE performance loss.?’

2.3 | Linearly constrained KF

In order to robustify the WF several contributions have studied the use of LCs, leading to the so-called linearly constrained
WF (LCWF) [ 36, section 6.6, 2,28]. The family of LCs which allows to reformulate the LCWF in a recursive form, leading
to a general LCKF, has been analyzed in Reference 21. In Reference 21, it has also been shown that LCs can be used to

mitigate a misspecification of Fx and Hy. We summarize the LCKF formulation in the sequel. Introducing a set of LCs
KxAy = Ty in the WF problem (2) (ie, for centered x; and yy) yields the following LCWF,

Ry = LYy, (7a)
]Li = arg rrﬁ}kn {Prr(Ly)} s.t. LiAy = Ty, (7b)

L0 = Kb + (T, — KPA)(Ax C2'Ax) 1Ay C-L.

Vi Vi
It is possible to obtain a recursive LCWF estimate of x;%!
Rgie = Ree(L}) = A = LHOF 1%y ) + Ly ®
Kye(Ly) = A - Lka)Fk—ﬁiZ_nk_l + Ly ©)
where at every time k, k> 1, the gain LZ is given by

L) = arg mLikn {Pilk(Lk)} s.t. LyAg = Ty, (10)
Pl (L) = E[Gape(Li) — %) Gape(Li) — %0071, (11)

with LyAx = Ty a set of LCs, and computed from the following “constrained” KF recursion

P1€|k—1 = Fk—1P£—1|k—1F£[—1 +Cyw,, +FCl_ x  +Cw,_ x Fi (12a)
Syt = HiPyy_ HY + Cy, + HiCx v, + Cy x HY (12b)

Ky = <P£|k—1Hf +Cux,) (Sz|k—1)_1 (12¢)

L) = Ky + T AL (S, ) (12d)

Py, = - KHOP), | —KiCy, x +T¥'TY (12¢)

with I'y = Ty — KiAx and ¥y = A? (Si| k_l)‘lAk. Notice that Ky is the unconstrained KF gain. Such recursive LCWF
(so-called LCKF) is fully adaptive and allows to incorporate or not new LCs at every k. In case that at a given time no LCs
are considered, the gain is obtained from the unconstrained KF recursion (4b). In terms of computational complexity,
notice that the only difference between the KF and the LCKF is on the Kalman gain computation, which includes the
LCs. Therefore, the marginal computational complexity increase (w.r.t. the std KF and the computation of Ky) is only
an additional matrix multiplication Lz =Ky + I’k‘l‘glAf (Si| k—l)_l’ where (Si| k—l)_l is readily available from the standard
gain computation, Ky = (Pi| k_le + Ci{( ,xk)(Szl k—l)_l' Therefore, the LCKF can be used in any real-life application where
the KF is already applied.



2.4 | Error mitigation in linear SSMs with mismatched process and measurement
matrices

At time k > 1, the KF of x, is obtained from the Kalman recursion (3b) to (4c) computed with the mismatched SSM (5a)

~b SN s A oab
Xpk-1 = Fr1Xp_q g + My, ylbclk—l = HiXp_; + my,,

RXpe(Li) = ﬁ£|k_1 + Ly — }A’Z“{_l),

where Ly £ LZ is the solution of LZ = arg rriin {P,’c (Lk)}. However, because of the measurement matrix mismatch, the
'k

13
estimation error introduced by the KF recursion above is

R (L) — X = I = Lkﬁk)(ﬁ'k—1(ﬁz_1|k_1 = Xy-1) — Wi-1) + Livi + &x(Ly), (13a)

ex(Li) = LdHixy — (1 - LiH)dFo1 X, (13b)

where g(Ly) is the error term induced by the model mismatch (ie, £,(Ly) = 0 if F, = F; and Hy = Hy). This extra

term is not taken into account in the Kalman gain computation (4a) to (4c) and induces an estimation bias and MSE

performance loss.3” Thus, in order to mitigate the impact of such mismatch, at every time step we can force £,(Lg) = 0,
which translates to the following LCs,

{LidHy = 0, (I — L H)dF)_; = 0}. (14a)

Notice that these LCs provide a nondegenerate solution only if rank(dF_1) = Rx < P. In this case, (14a) can be
recast as

{LidHy = 0, Ly(HdF)_1) = dFy_;}. (14b)

More specifically, let dFy_; = Uy_;d®,_; be the singular value decomposition of dFy _,, where Uy_; € CP»R« has full
rank Ry < Py and d®y_; € CR<Pi-1 38 Then (14a) becomes

{LydHy = 0, Ly(AUpy) = Upy ). (14¢)

By imposing these LCs the estimate obtained with the mismatched SSM (5a) is matched to the true observation (5b).
Indeed, then (13a) reduces to

R (L) — Xi = (1 = L) (B Ry, — Xe1) = i) + Livi,

and the LCKF minimizes the MSE associated to the true state x;, matching the true observations to the assumed model.

3 | ANEWLCEKFANDITS USE IN ROBUST FILTERING
3.1 | Standard EKF
If we consider now a nonlinear discrete SSM,
Xp = fio1 (X)) + Wi = fioi(Xem1) + my, |+ dwi, (15a)
Yie = he(Xp) + vi = hi(xg) + my, + dvy, (15b)

with f_1(-) and hy(-) known system model (process and measurement) functions, and E[dw;_;] = 0, E[dvi] = 0.
A standard approach to derive a nonlinear filter of X is to assume that the nonlinear discrete SSM (15a) and (15b) can be



linearized at the vicinity of a so-called nominal trajectory® yielding the so-called linearized KF, as follows. If we assume
that: (i) tr(Cx,) < 1 (small deviations of the initial state from its mean value), (ii) tr(Cy,_,) < 1 (small state noise), and (iii)
tr(Cx,_,) < 1 (small deviations of the states from their mean value), then one can resort to a first-order Taylor expansion
of fi_1(x_1) at the vicinity of my,_,

Xp o~ fi1(my, )+ FrodXg ) + My, |+ dwy @ my, + FrodXg ) + dwy g, (16)
with Fy_, = % and my,, ~fi_;(my_ )+ my,_,and to a first-order Taylor expansion of hy(x;) at the vicinity
k-1 m
Xk-1
of my,,
hy (%) ~ hy(my, + Fr1dx, 1 + dwj—1) = hy(my, ) + Hy(Fr—1dx—1 + dwy_1), 17)

with Hy = % . Then (15a) and (15b) is equivalent to
k

mxk

de’ki1 = dek,l = Cw,H

X = FaXe +my  +dw, |, |my  =my —Foimy as)
Vi = Hix, + my + av, Cdvl’c = Cyy, = Cy,
mv;{ =my, + hk(mxk) - I'Iknlx,c
If a set of uncorrelation conditions are verified'® (vk > 1), then the EKF recursion is given by
sb _ b b ~
X = X1 T K vk — Y;b;”{_l), (19a)
N ob ob
Ry = FeaXy o + my, =~ fk—l(xk_1|k—1) +my,_, (19b)
A ~b ~b
y’élk—l = Hkxklk—l + my = hk(Xk|k_1) +mMy,, (19¢)

where the Kalman gain is computed as in (4b) with the corresponding linearized Fy_; and Hj. Notice that m,,_ is
generally unknown. Therefore, the following last hypothesis is made: ﬁi_ll k1 = My (small deviations from the mean
value) which allows to approximate F_; and Hy with,

Fo - o~ Of—1(X-1) H, ~ ohy(x;)
k-1 — axT ) k — axT
k-1 )A(Z—llk—l k ﬁi‘kq

which complete the popular EKF recursion formulation, this last hypothesis making sense if the EKF converges (small
estimation errors), since then:

Py ) = EIRY ey — X1 < 1.
3.2 | Impact of parametric modeling errors on the nonlinear state and measurement

system functions

Since the EKF of x; is based on the measurements and our knowledge of the model dynamics, any mismatch between
the true system model and the assumed system model leads to a suboptimal filter, and possibly to a filter with bad
performance, as the discrepancy between the two models increases. The existence of uncertainty on the nonlinear
state and measurement functions, f;_;(-) and hy(-), can be illustrated by the case where a parametric model is known:
fi_1() 2 fi_1(.,®) and hi(.) 2 hi(., 0), where » and 0 are supposed to be deterministic vectors determined via an ad hoc
calibration process. In many cases, such calibration process provides an estimate, & = @ + d® and @ = 0 + d#, of the true



values, @ and 6. If the calibration process is accurate enough, that is, d® and d0 are small, the true nonlinear state and
measurement functions differ from the assumed ones via the following first-order Taylor series

ofi 1 (X1, ®)

fro1 (X1, @) =~ 1 (Xp—1, @) + Fye (0 — ®) (20a)
A oh,(xx, 0 A
hy(xg, 0) ~ hy(xg, 0) + %(9 iy (20b)

Thus, similar to (5a) and (5b), we want to cope with the situation where there is a true and a mismatched nonlinear
SSM,

X =f_ (X ,®)+m + dwy._
Mismatched : e = B k-1 ) Wit k- (21a)
Vi = he(x}, 0) + my, + dvy
X, = fi1(X1, @) + m + dwy_
True SSM : €= Be1 (-, @) + My k1 (21b)
Vi = hk(Xk, 9) + mvk + de

Attime k > 1, the EKF of x, is obtained from the Kalman-like recursion (19a) to (19c) computed with the mismatched
SSM

~b ~b A A ~b o

Kpor = B K_q oy, @) + My Ylé|k-1 =hi (X1, 0) + my,, (22a)
A~ ~b A
X (L) = Ky + Ly — Y;bi”{_l), (22b)

where L 2 Lz is the solution of Lz = arg rriin {PI’(| (L)}, computed with the mismatched SSM.
'k

As done for the linear SSM in (13a), we can assess the impact of the parametric modeling error as

K (L) — X = fk—l(ﬁz_”k_l, @) — fio1 (X1, @) + Lihy (o1 (i1, &) + My, + dWie_1, )

— Lihy (fi1 (R)_y o> @) + My, 0) + Lidvi — dwiy + ex(Ly), (23)
where the error term is
ex(Li) = fro1 (k1. @) — fio1 (X1, ®) + Lihye(xe, 0) — Lihy (o1 (X1, &) + My, + dwie_1, 0). (23b)

Since fi.(xx) and hy(x;) have become, respectively, fi.(xi, ®) and hy(xy, 6), then: my ~ fi_1(my_,®) + my,_,

_ o (5 ,.0) _ dhy(x%,.,0)
Fi-1 = ()xlf_l m » Hie = ()xlf m
Xk—1 Xk
Moreover, we denote: fy, =~ fi_;(my_,®) + My, , Fiq = i1 ¥1.0) |y = a0
0x,_, m X, "
X—1 Xk
3.3 | On the first-order EKF error approximation
First, from the previous results we have that,
fi 1 (i1, @) = fiy(my,_ |, @) + Fr (- —my, ), (242)
hy (fi 1 (Xe1, @) + My, + AWy, 0) = hy(y,, 0) + HF ) (k1 —my, ) + Hidwy . (24b)

Second, if we assume that ﬁ,l;_ll «—1 1s a good enough unbiased estimate of x; _, that is,

B, 1] = Bl = my,, i), ) = BIIK ey —xea P < 1, (252)



then,
£ 1Ry @) = fion(my,_, 0) + Fra (R, — My ), (26a)
hy (i1 R)_y @) + My, 0) = hy(rhy,. 0) + ﬁkﬁk_l(ﬁﬁ_llk_l —my ). (26b)
Thus, if we assume that ’A‘Z—u k1 is a good enough unbiased estimate of i _ 1, a first-order approximation of (23a) is
i (L) — X = (I - Lkﬁk)ﬁk—l(ﬁz_”k_l — X)) — (I = LiH ) dwi_y + Lidvy + e (L), (27)

with &, (L) given in (23b).

3.4 | On the first-order £x(Lk) error term approximation

Notice that the approximation of f;_;(xx_1,®) is given in (24a), and hy(fi_1 (X1, ®) + my,_ + dwy_, 0) in (24b). In
addition, using (20a) and (20b), we can write that

of_1(X—1, @)

fi1(Xp-1,0) = i1 (X1, & + (@ — @) ~ fr_1(my,_, &) + Flo1(xp_1 — my )+ 0T (@ — @), (28a)
and
hy (x¢, 0) = hy (%, 0 + (6 — 6)) ~ hy(thy,, 6) + H(Fi1 (41 — my_) + dWi1) (28b)
v e, ®), L o 6) o
+Hk()a)—T(w_w)+ T(e—e), (28¢)
and therefore we can approximate the error term &(Ly) in (23b) as
oh(x,0) f Ofi (i, @)
er(Ly) =~ LkT(e -0)—-(I- Lka)T(CO - o). (29)
3.5 | Link with the mismatched KF error in (13a) and (13b)
If we assume that the nonlinear SSM model (21a) and (21b) becomes linear, we have that
fi 1 (Xk-1, ®) = Fr1(@)Xg1 5 hi(X, 0) = Hi(0)xy, (302)
where
Fi1(@) = [fllc_l(a)) . (w)] . Hy(6) = [h}c(e) hf}(e)],
then
ohy(xy, 0 J(H(0)x ofi_1(xy_1, ® O(Fi_1(®)xy—
1;( ;f ) _ ;(T) ) —H) L 10(Tk Lo) _ o k(;(T) k1) — Fi (@),
Xk Xk X1 X1
leading to
~ ohy(x;, 0 A of_1 (X1, & .
= 2O g @) ey = DB O g6 (31a)
ox 0x

k m, k-1 m,



Moreover, in this case,

ofy_1(Xk_1, ®) N O(Fp_1(@)Xk_1) N d . .
%(m -®) = %(w -®) = SaT <§fz_l(a))(xk_1)p> (@ — @)
off (@)
= Y@= @)Xy = YA @+ (@~ @) ~ 1] (@)K
p p
= Y@ (@) - (@)X = (Fir(@) — Fro (@)X 1 = dF X, (31b)
p
oh(x,0) o OHOXD) o 0 ) ,
T(e -0)= T(e -0)= 207 <;hi(9)(xk)p> (CR)
oh’@® . . .
=) (_)ZT (0 - O)(xp)p = Y (WO + (0 — 8) — (D)),
p p

~ ) (hE(6) — W (@)(x0), = (H(6) — Hi(0)x, = dHxy, (31c)
p

and (29) reduces to (13b). It is noteworthy that the above identities shows that (27) and (29) coincide with (13a) to
(13b) when the nonlinear SSM becomes linear, which confirms the relevance of (27) to (29) as a first-order approximation
of (23a) and (23b).

3.6 | Mitigation of parametric modeling errors on the nonlinear state
and measurement system functions

Note that if E[&i_llk_l] = my,_ , we can write that

. N ofy_1(Xp—1, ® . oh,(xx, 0 A
ElR i (Li) — xi] = E[ep(Li)] ~ —(I — LE)E [%] (@ — &)+ LiE [%] 6 - 0). (32)
Then we can conclude that
[0hk(xﬁ,é) -0
V(o — ®),Y(0 - 0), Elex(Li)] ~0 < 96 (33)

& o 1 (X 1.®) | _ o
(I - LH)E T] =0

which defines a sensible set of constraints in order to mitigate the bias introduced by parametric modeling errors in the
nonlinear system functions, by means of a LCEKF. However, in most cases, the expectations are probably not computable,
and will be approximated by

s

b .
of_1(Xg—1, ®) O (Xk‘l”“l’ a))
ooT

o7 =~ N deZE[

A ~b A
dFi_; =E [ ohy (X, 9)] - ahk(xk“{_l, 0)

00T 00T

leading to the following implementable LCs

oh Ry, .0) 0
20" ) (34)

A of R @)
(I~ L) === = 0

Ly

Asithas been shown in Reference 21, if rank(dF_,) = Py, then the introduction of constraints (34) cancels the main merit
of the KF, that is, the incorporation of the previous observations in the state estimation process. Thus, it is worth using
the LCEKF only if rank(dFy_;) = Ry < Py, and then follow the approach in (14a) to (14c) for the constraint on dFy_;.



As in the standard EKF, computable forms of F_, and Hy, are: F,_, = W . and H, = w b

k-1 % k b'e
In terms of computational complexity, as for the KF vs LCKF case, the same appligs1 |]%olr the comparison beé{\‘;/el:en the
EKF and the LCEKF, which are the first-order approximations of the KF and LCKF solutions, respectively. That is, the
EKF gain is computed as for the KF but with the corresponding linearized Fj _; and Hy. For the LCEKF, we have to apply
the corresponding constraints, which lead to a gain computation similar to the one in the LCKF but with the linearized
system model. Therefore, again, the LCEKF can be used in any real-life application where the EKF is the gold standard

solution with a marginal additional computational cost.

3.7 | Robust LCEKF under mismatched inputs

So far we have discussed the impact (Section 3.2) and mitigation (Section 3.6) of parametric modeling errors in both
process and measurement nonlinear functions via LCs (ie, ® # & and 6 # 0). But the proposed LCEKF framework is
in fact more powerful and can be used to mitigate other types of errors in the nonlinear dynamic system. For instance,
an important problem in automatic control is the use of possibly mismatched (uncertain to a certain extent) command
inputs, uy. This can be formulated in both linear and nonlinear SSM as a mismatched-true SSM pair similar to (5a) and
(5b) or (21a) and (21b). Notice that inputs are typically considered within the process equation, thus in the following we
do not rewrite the measurement equation which remains the same as above. We may consider two cases of interest, where
the mismatched input is G_; = wp_; + d_;:

« Case (1) Inputs in the nonlinear process equation:

Mismatched : x; = fi_1(X]_, @x_1) + Wi_1,

True : X; = fi_1(Xp_1, We—1) + Wi_1. (35a)

Following the analysis in Sections 3.2 to 3.6 we can define the set of constraints (and the corresponding approximation)
to be used within the LCEKF in order to mitigate the error induced by mismatched inputs, as

b A~
A f _ _ 0 _ ~ afk—l(x —11k— 7uk—1)
Vs, EleLy] ~ 0 © (- LApE | To®ene | gy oq, Kl —o, (35b)
0u£_1 aug_l
aF,,

which are worth to be used only in the case that rank(dF_;) = Ry < Py, and thus we follow the approach in (14a) to
(14c) for the constraint on dFy_;.%!

« Case (2) Additive command input:

Mismatched : x]’c = fk—1(X;€_1) + 81 (O1) + Wiy,

True : X = fir1(Xk—1) + 8_; (Wk—1) + Wi—1. (36a)

In this case, we can further elaborate the set of constraints to mitigate the nonlinear input mismatch in (35b), where

O(fj—1(Xp—1) + Uy 0 Oy
dF,_, = (£-1(Xk-1) Tgk_l( k1)) _ gk—1(T k—1) — 4Gy, (36b)
ow_, R ) o,
and then the set of constraints becomes simply
Lkﬁdek—l = dGy_1, (36¢)

which are worth to be used only in the case that rank(dGy_,) = Ry < Py, and thus we follow the approach in (14a) to
(14c¢) for the constraint on dGy_,.?!



4 | VEHICLE NAVIGATION DYNAMIC MODEL
41 | Three-wheeled vehicle nonlinear state model

The so-called three-wheeled vehicle dynamic model, that is, the Ackerman model, can be used to model the kinematic
behavior of most part of vehicles with three and four wheels. As it is shown in Figure 1, it consists of two main wheels
which provide the vehicle speed, and a third wheel which controls the vehicle direction. The configuration can be
described without ambiguity by a five-dimensional state vector x; composed of the vehicle coordinates, angular devi-
ations with respect to the vehicle path, linear velocity and the steering angle denoted, respectively, x, y, 6, V, and v,
that is,

Xk = (% Vi O Vi wio) " (37)
From Figure 1, the turn radius p is given by
D
= —) 38a
P fan(y) (38a)

where D denotes the distance from the front wheel to the rear axle. From Figure 2, the following differential kinematics
equations can be formulated

Ax=x'-x=S cos(9+%) L=VAt

. AO _ _ VAt tan(y)
Ay=y —y=Ssin@®+ =) AG=L/p=—7—

A= —0=L/p $=2p sin (42) = 2oL i (Vo) _ gy ine (Vacume)

leading to

Ax = VAt sinc (—VA‘ ta““’”) cos (6’ + VAL tan@y) ta“("'))

2D 2D
_ . VAt tan(y) . VAt tan(y)
Ay_VAts1nc<—2D )sm<¢9+—2D )

_ VAt tan(y)
Af = —

Thus, a discrete nonlinear state model for the three-wheeled vehicle model is

. VAt tan(y) VAt tan(y)
X VAt smc<—2D )cos <9+ 5 )
. VAt tan(y) : VAt tan(y)
y V At sinc <—2 5 ) sin (0 t—5 >
Xp = f(Xp—1, D) + w1 + Wiy, fxX, D)= 0 |+ VAL tany) , (39a)
D
4 0
14 0
uz_l =(0,0,0, AVj_1, Ayi_1) is the motion input command, and wy _; is a state noise modeling the fact that there is

a possible discrepancy between the desired motion command and the one actually taken into account,

0 0
Wi ~ N(0,Cy),Cy = o laz 0] (39b)



FIGURE 1 Three-wheeled vehicle model [Colour figure can be
viewed at wileyonlinelibrary.com]

FIGURE 2 Three-wheeled vehicle model in movement [Colour
figure can be viewed at wileyonlinelibrary.com]

4.2 | Nonlinear measurement model
A known technique for precisely locating an autonomous vehicle is to equip the vehicle with an optical or infrared scanner
that is capable of measuring the position of a beacon. The measurement principle is shown in Figure 3, where the vehicle

islocated in a global coordinate frame (xOy) at position O’ = (x,y). The sensor installed in the vehicle measures the beacon
position B with respect to the vehicle (body) coordinate frame (x’O’y’), that is

x| Xg— X cos(9) —sin(0
B ) =R(-9)("” +ng, RO) = |0 O (40a)
Vs Yg—Yy sin(@)  cos(6)
where n; denotes the additive Gaussian measurement noise,

2, 0
ng ~ N0.C,). C, = l"x 2] : (40b)
0 oy

The nonlinear measurement vector yy then reads
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FIGURE 3 Vehicle coordinate system [Colour figure can be
viewed at wileyonlinelibrary.com] A

e, <
o X X, X
(R Xp — X cos(0)(xp — x) + sin(0)(yz — y)
Ok YB— Yk —sin(0)(xp — x) + cos(0)(yz — y)
R(—-6,) 0
Vi = O = l 0 I ] Or + v = h(xp) + v, h(x) = 0 . (41a)
Vi ’ Vi v
Yk Vi 74

The angular deviation with respect to the vehicle path 6 and the velocity V' are navigation information provided,
respectively, by an inertial navigation system (INS) and an odometer. yy, is the steering information obtained from a
steering angle sensor. The additive measurement noise vy is modeled as white Gaussian noise, that is,

Cna 0
o, 0 0
Vk ~ N(o’ CV)a CV = NS ’ (41b)
0 0 o, 0
Odo
0 0 o2

¥m

where O'Z , 63,001 are the variances of INS-based and odometer-based observables, and o, depends on the quality of
INS o m

the steering angle sensor.

5 | ROBUST VEHICLE NAVIGATION ILLUSTRATIVE RESULTS
5.1 | Mismatched nonlinear state and measurement models

We consider the case where we may have an imperfect knowledge on the parametric state and observation model, (39a)
and (41a). Indeed, in practice, due to initial calibration errors, aging or thermal expansion, the distance D may not be
perfectly known and/or the scanner coordinate frame may not be perfectly aligned with the vehicle coordinate frame,
leading to a deviation 6, with respect to the vehicle path 6. In the latter case, the observation model (41a) becomes

cos(0 + 04)(xg — x) + sin(0 + 6,)(ys — )
—sin(@ + 64)(xg — x) + cos(6 + 67)(ys —Y)
h(x) £ h(x,0) = 0
14

v


http://wileyonlinelibrary.com

600 . : . FIGURE 4 The two-dimensional trajectory of the vehicle [Colour
figure can be viewed at wileyonlinelibrary.com]
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Then, the implementation of the standard EKF computed with

. ofx,D) N oh(x, 0)

Fy = T s Hie= ———

oxI' |, oxT g
R 1k Klk—1

may lead to a performance breakdown in case of an inaccurate assumed value of D, denoted D, and/or the presence of

04 # 0. In order to improve the estimation accuracy we consider the use of a LCEKF incorporating the constraints in (34),
which in this case are

(I - L Hydf_; =0, dfi_; = ofx, D) (42a)
oD |,
Xy 1jk-1
Lidhy = 0, dh, = 22%0 (42b)
09d ﬁi\k—l

and lead to Ay = [Hydfi, dhy] and Ty = [dfi1 0.

5.2 | Illustrative results

As an example, we consider the following setup: xo = (0,0, 45°, 30, 1°)7, Cy, =0, u,_1=0, At=1ms, oy =1 m.s!,
oy = V0.1°, for the state model (39a), and, B=(100,50), o =1m, oy =1m, oy, =V0.1°, oy, =1 m.s~L,
oy, = V0.1°, for the measurement model (41a). D, denotes the true value of D (D,=3 m), AD=D, - D

denotes the deviation between D, and the assumed distance D. The true two-dimensional (2D) vehicle trajectory,
that is,

Xy = f(X¢_1, D)) + Wi_1, (43)

is displayed in Figure 4. Its quasi-circular shape, not centered on the beacon location B, has been designed to test the
robustness of various LCEKFs against a large range of 6 and (xj, y}).
We compare the following filters:

« The (mismatched) standard EKF which does not incorporate constraints into the Kalman process,
« The so-called LCEKF-D is a LCEKF which incorporates only the state constraint (42a),

« The so-called LCEKF-6 is a LCEKF which incorporates only the measurement constraint (42b),

« The so-called LCEKF-6-D is a LCEKF which incorporates both constraints (42a) and (42b).
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FIGURE 5 MSEwrt. time, AD =0and §; = 0°. MSE, mean I
) . . o 1 EKF
square error [Colour figure can be viewed at wileyonlinelibrary.com] L LCEKF-D
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FIGURE 6 MSEwr.t. time, AD =0 and §; = 0.1°. MSE, mean I
square error [Colour figure can be viewed at wileyonlinelibrary.com] 10" . E g E KE-D ]
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The measure of performance is the total root MSE (RMSE) of the estimated states (from 500 Monte Carlo runs),
given by

RMSE = {/E{( — )" (% — %)) (44)
The results are summarized in Figures 5 to 8, which show the MSE w.r.t. time ¢,

 Figure 5: MSE w.r.t. t where AD = 0 and 64 = 0°,

« Figure 6: MSE w.r.t. t where AD = 0 and 64 = 0.1°,

« Figure 7: MSE w.r.t. t where AD = 0.7 m and 63 = 0°,

« Figure 8: MSE w.r.t. t where AD = 0.7 m and 6; = 0.1°.

These results allow to draw the following conclusions:

(i) If the parametric model is perfectly known (Figure 5), that is, we have no mismatch and therefore AD = 0 and 64 =
0°, as expected the EKF exhibits a good performance since it matches the true SSM. Interestingly, the LCEKF-D,
LCEKF-0, and LCEKF-0-D exhibit a performance close to the EKF, but with a MSE degradation induced by the use
of constraints which consume additional degrees of freedom.

(ii) If the parametric model is not perfectly known (Figures 6-8), that is, there exists a model mismatch on D and/or
0, the proposed LCEKFs (LCEKF-D, LCEKF-0, and LCEKF-6-D) show better performance in comparison with the
mismatched EKF, since the proposed filters exploit LCs to mitigate the effect of an erroneous knowledge about the
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EKi: FIGURE 7 MSEw.rt. time, AD = 0.7 m and 6; = 0°. MSE, mean

't LCEKE-D |1 square error [Colour figure can be viewed at wileyonlinelibrary.com]
—--LCEKF-0
— -LCEKF-6-D
L
(é) 100} .4
.
o T T =
-~ S /s’
S~ N s
T~ ~ \_:)\,s/ff; Sy ]
107} IS0 eSS
\\m,.,-'v-"”‘\'/"
0 10 20 30 40 50
Time [s]
I T T T FIGURE 8 MSEw.rt. time, AD=0.7mand 6; = 0.1°. MSE,
1 EKF .
10" k... LCEKE-D E mean square error [Colour figure can be viewed at
—--LCEKF-6 wileyonlinelibrary.com]
— -LCEKF-6-D
L -
@ 10°F e 3
= et Pt
= /”’ o~ TS ’/’
w’/' ~\‘ /'/
'\sv——., _____ - \‘\ ,' "’--
1 ~ e e A
107 - E
2
0 10 20 30 40 50

Time [s]

dynamic model. The performance difference among LCEKFs mainly depends on the type of mismatch and the LCs
included within the filter formulation.

(iii) The proposed LCEKF-0-D which takes both mismatches into account is robust to reasonable deviations, that
is, 83 =0.1° (Figure 6), AD =0.7 m (Figure 7) or both AD=0.7 m and 6; = 0.1° (Figure 8), whereas the
EKF exhibits a performance breakdown as modeling errors increase, that is, state, measurement or in both
equations.

(iv) Both the LCEKF-D (only considering the state mismatch AD) and LCEKF-0 (only considering the measurement
mismatch 6,) have inherent limitations as illustrated, respectively, in Figures 6 and 7. Since the LCEKF-D does not
mitigate the measurement model matrices mismatch its performance is shown to rapidly degrade in Figure 6, but
with an asymptotic performance which is lower than for the standard (mismatched) EKF. The latter implies that the
state constraint has an impact on the measurement error propagation. Similarly, the LCEKF-0 does not incorporate
the state constraint in the filtering process, and therefore it exhibits a poor performance under state model mismatch,
as shown in Figure 7. Again, in this case the LCEKF-0 performance is better than the EKF, then the measurement
constraint has an impact on the state error propagation.

(v) To summarize, notice that a minimal model mismatch, such as 6; = 0.1°, completely spoils the standard EKF
solution. Therefore, taking into account possible model mismatches is fundamental in real-life applications,
which clearly shows the need for robust solutions. The new LCEKF has been shown to be a promising solu-
tion to cope with such modeling errors and a powerful robust filtering approach. Considering all possible mis-
matches, that is, LCEKF-0-D in our case study, provides a robust solution under model mismatch. Indeed,
notice that in any case, the RMSE for the 2D position obtained with the LCEKF-6-D is always below 20 cm.
By contrast, the corresponding RMSE obtained with the mismatched EKF is at least one order of magnitude
greater.
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6 | CONCLUSION AND OUTLOOK

Even if a lot of contributions derived robust filtering approaches to counteract uncertain noise statistics and/or outliers
in the system model, very few works explored the problem of model mismatch in the system process and measurement
functions. In this contribution we explored the use of LCs in order to robustify standard nonlinear filtering techniques.
First, we investigated how to incorporate LCs within the EKF and derived a new LCEKF. Then, we discussed how this
new LCEKF can be used to mitigate both parametric modeling errors in the nonlinear process and measurement func-
tions. In addition, it was shown by considering the problem of system models with mismatched inputs that the proposed
framework is rather general. A robust vehicle navigation problem was used to show (i) the impact of mismatches on stan-
dard filtering techniques, (ii) that using LCs may be an efficient way to cope with both process and measurement model
mismatches, (iii) and that the use of a LCEKF provides a tremendous performance improvement w.r.t. the mismatched
filter, but the price to be paid is a performance degradation w.r.t. the optimal under nominal conditions.

These results show a promising new framework, which certainly deserves to be further analyzed and extended to
more general settings. In that perspective one could think on the use of constraints within the sigma-point Gaussian
filtering framework, that is, Unscented KF, Cubature KF, Quadrature KF,* or more general sequential Monte Carlo solu-
tions to cope with non-Gaussianity, but notice that this is a nontrivial extension because the constrained propagation of
such deterministic or random samples through a nonlinear function and the correct approximation of the final Bayesian
filtering integrals has never been addressed, thus it will require a dedicated and thorough analysis.
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APPENDIX A. EXPLICIT EXPRESSIONS FOR THE EKF APPROXIMATIONS

In the sequel we provide the explicit expression of af"‘;;(rx"‘l) and af"‘g(;k‘l), where fi_; (X;—1) = f(X¢_1, D), and f(x, D) =

k-1

(i(x, D), fo(x, D), ..., fs(x, D))" (39a):

h®  f® X

Lo = o o
hHx  hH®  hHE
01 55 W W T
ofx,D) _ o o | XD _ (hX) LX) X 0.0 (AD)
— 0 0 1 == =, ) > >0, .
oxT o oy oD oD oD oD
0 0 0 1 0
0 0 0 0 1

Let q(x) = VAt tan(y)/(2D) and g(x) = 0 + q(x). Then:

0fi(%)

= VAt sinc (g(x)) sin (g(x)),
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0f1(%)

= At sinc (g(x)) cos (g(x)) — At g(x)sinc (q(x)) sin (g(x) + At (cos (q(x)) — sinc (g(x))) cos (gX)),

F1%
hEx) _  V2APL 5 . . VAt (1 4 tan(y))
oy -~ D (1 + tan*(y)) sinc (g(x)) sin (g(x)) + Tante) cos (g(x)) cos (q(x))
_ VAL (1 +tan’(y))

tan(y)

cos (g(x)) sinc (q(x)),

(3]36(;() = VAt sinc (g(x)) cos (g(x)),

% = At sinc (q(x)) sin (g(x)) + At q(x) sinc (g(x)) cos (g(x))
+ At (cos (@(x)) — sinc (q(x))) sin (g(x)),

hx) _ VAP VAt (1 + tan*(y))

5y = 2p (L tan(y)) sinc (q(x) cos (g0) + ——— S sin (¢(0) cos (g(x)
- VAL AW in (g0 sine (q0x),
L0 _ A o,
O V2 4 tan(y),
6131(;( ) = VTNQ(X) sinc (g(x)) sin (g(x)) — VTN cos (q(x)) cos (g(x)) + VTAtsinc (q(x)) cos (g(x)),
af;g( ) - —VTNQ(X) sinc (%) cos (8(x)) — VTN cos (q(x)) + VTN sinc (g(x)) sin (g(x)),

ofs(x) _  2q(x)
oD = D




