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Abstract: It is well known that the standard state estimation technique performance is particularly
sensitive to perfect system knowledge, where the underlying assumptions are: (i) Process and
measurement functions and parameters are known, (ii) inputs are known, and (iii) noise statistics
are known. These are rather strong assumptions in real-life applications; therefore, a robust filtering
solution must be designed to cope with model misspecifications. A possible way to design robust
filters is to exploit linear constraints (LCs) within the filter formulation. In this contribution we
further explore the use of LCs, derive a linearly constrained extended Kalman filter (LCEKF) for
systems affected by non-additive noise and system inputs, and discuss its use for model mismatch
mitigation. Numerical results for a robust tracking and navigation problem are provided to show the
performance improvement of the proposed LCEKF, with respect to state-of-the-art techniques, that is,
a benchmark EKF without mismatch and a misspecified EKF not accounting for the mismatch.

Keywords: state estimation; linearly constrained EKF; robust filtering; model mismatch; non-additive
noise; robust vehicle navigation

1. Introduction

The design and use of state estimation techniques is fundamental in a plethora of
applications, such as robotics, tracking, guidance and navigation systems [1-4]. For a linear
dynamic system, the Kalman filter (KF) is the the best linear minimum mean square error
(MSE) estimator. The most widespread solution for nonlinear systems is to resort to system
linearisations, leading to the so-called linearised or extended KF (EKF) [3]. In both cases, as
well as for more advanced techniques such as sigma-point filters [5], the main assumption
is perfect system knowledge: (i) Known process and measurement functions, and their
parameters, (ii) known inputs, and (iii) known noise statistics (i.e., first and second order
moments for the KF and EKF). However, these are rather strong assumptions in real-life
applications, where the noise statistics” parameters may be unknown to a certain extent,
inputs may be uncertain and system parameters may be misspecified. The performance
degradation of minimum MSE estimators under model mismatch has been widely reported
in the literature [6-10], which is a reason why there exists a need to develop robust filtering
techniques able to cope with mismatched systems.

Notice that in the robust filtering literature, a lot of effort has been devoted to the
mitigation of possible noise statistics’ parameters misspecification, that is, to coping with
non-nominal or unexpected noise behaviours. In that perspective, we may cite the robust
KFs able to counteract the presence of outliers [11], the ones that estimate Gaussian noise co-
variances [12,13], or alternative formulations to deal with heavy-tailed distributions [14,15].
In contrast, few contributions explored how to counteract a mismatch on system matri-
ces/functions or the filter initialisation. Within the KF framework, the latter can be solved
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by either the information filter form of the KF ([3] §6.2) or the so-called Fisher initiali-
sation [16], which can be generalised by imposing initial distortionless constraints [17],
i.e., the so-called minimum variance distortionless response (MVDR) estimators. In order
to further generalise these MVDR results, how to incorporate non-stationary constraints
within the KF has been recently proposed by Villa-Valls et al. [18], leading to a general
linearly constrained KF (LCKF) formulation, which has also been shown concerning linear
systems to generalise the results proposed by Teixeira et al. [19]. Indeed, the use of linear
constraints (LCs) has been shown to be a promising robust filter design solution in order to
mitigate the impact of misspecified system matrices [18], which complements the existing
results cited above for noise parameter mismatch mitigation. Notice that other alternatives
exist to estimate unknown system parameters/inputs, such as augmenting the filter state,
which are not discussed in this contribution.

Once the general LCKF has been established, it is of interest to extend its use to more
general nonlinear settings. A first attempt in the context of additive nonlinear systems was
recently proposed by Hrustic et al. [20], where a linearly constrained EKF (LCEKF) was
introduced, together with its use to mitigate parametric misspecifications on both system
functions. Notice that this approach is fundamentally different from state constrained
solutions [21,22], where LCs are imposed on the state and not on the filter. Overall, the
use of non-stationary linear constraints for robust filtering in general nonlinear systems is
still an open issue. In this contribution we further explore the use of LCs to mitigate the
impact of model misspecifications in nonlinear dynamic systems with both non-additive
noise and system inputs. (Notations: Italic, lower case boldface and upper case boldface
indicate scalar, vector and matrix quantities; E[.] denotes the expectation operator; the filter
estimates based on measurements up to time k are denoted by Xy ; N (p,R) is the normal
distribution of mean u and covariance R; m, and C, denote the mean and covariance of a
given variable z.) The main contributions of this article are:

®  The derivation of a LCEKF for general non-additive nonlinear systems.

e A demonstration of how to exploit LCs for robust filter design towards the mitigation
of parametric modelling errors in both system functions.

¢ The LCEKEF performance improvement with respect to state-of-the-art EKF solutions
is validated and discussed for an illustrative tracking and navigation problem.

Notice that the proposed methodology, even if not directly stated throughout the
article, can also be used to mitigate a mismatch on both process and measurement noise
means (constant or time-varying), which can be regarded as inputs.

2. Background

Consider a linear discrete state—space model, where the state vector x; € CPr must be
estimated from the available measurements y; € CN« (for k > 1),

X = Fr_1x—1 + Wi—1, Yk = Hixg + vi, 1)

with Fy_; € CP*Pk-1 and Hy € CNe*Pk are known system model matrices, wy € CP and
Vi € CNk are the process and measurement noise with zero mean and known covariance.
If a minimum set of uncorrelation conditions holds [17], the recursive linear estimator of
X, which minimises the MSE (for k > 1) is the KF (the superscript ()h stands for the best
solution in the MSE sense),

ﬁzlk - (I - KZHk)kalﬁf—uk_l + KIIZYk/ )
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where the optimal gain K,lz € CPNr is the one that minimises the MSE,
K} = argr?(ikn{PHk(Kk) } ®)

Pige(K) = E | (R (K) = x0) (R (K5) = x6) "]

A possible way to robustify the KF is to incorporate LCs. How to use non-stationary
constraints within the KF framework, leading to the so-called LCKE, has been recently
proposed in [18]. In this case, the filter is

R= (1= LPH B 1=, + Ly, 4)

L! = arg rrﬁin{PHk(Lk)} st. LAy =Ty, )
k

computed from a “constrained” KF recursion [18], with L,ﬁ € CP*Nk, Such LCKF is fully
adaptive and allows to incorporatenew LCs at every time k (A € CNexQk and Ty € CPxQx),
The use of such LCKF to robustify the filter under a mismatched model was also discussed
in [18].

If we consider now an additive noise nonlinear discrete state-space model (NLDSSM),

X = fro1(Xg—1) + My, +dwi_q, (6)
Vi = hi(x) + my, 4 dvy, 7)

where f;_1(-) and hy(+) are the known system model (process and measurement) functions,
and E[dwy_4] = 0, E[dv] = 0; a standard approach to derive a nonlinear filter of x; is to
assume that Equations (6) and (7) can be linearised at the vicinity of a nominal trajectory [3]
yielding the standard EKF,

<b <b b b
Xk = X1+ KE(Yk = Vi), ®)
b ~
X1 = f1 (K _q ) +mw )
ﬁ\kq =~ hk(ﬁz\kq) +my,, (10)
b s . . . afk—l(%%,]%,])
where K} is computed as in the unconstrained KF with F,_; ~ ————— H; =~

ax{_l
Oy (X))
E)xg
tive noise systems is ?Zlk = ?Zlk_l + LYy, — ?Zlk—l)’ where the constrained gain LY is
computed as in the original LCKF but using the linearised matrices, as done in the EKF.
Notice that the LCKF in [18] is not applicable to nonlinear systems, and the LCEKF in [20] is
only valid for additive systems. The goal of this article is to further analyse these methods
and extend their use to more general settings.

. As has been recently proposed in [20], the corresponding LCEKF for addi-

3. An LCEKF with Non-Additive Noise and System Inputs, and Its Use in
Robust Filtering

We consider now a more general NLDSSM, represented by the following state and
measurement equations (k > 1)

X = fr_1(X—1, Wi_1) P N,
, X € C*,y,. € CHk, 11
{ Vi = he(xi, vi) g Yk an

with f;_1(-) and hy(-) being known system model functions, and both noises wy and vy
with known mean and covariance. First, we want to obtain the EKF-type linear MMSE
filter of x; that can be written as in the previous cases. If tr(Cy,) < 1, tr(kafl) <
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1, tr(kafl) < 1 and tr(Cvk) < 1, we can resort to a first order Taylor expansion
of fy_1(x¢_1,Wi_1) at the vicinity of (my,_,,mw, ,), and of hi(x;, vi) at the vicinity of
(mxk, mvk). In such a case, if we restrict ourselves, for legibility, to the usual uncorrelation
conditions, i.e., Cxyw, = 0, Cxvy = 0, Cw,w, = Cw, 0t Cyv, = Cv,0L, Cw,v, = 0, the
general form of the EKF becomes

b b b ob

Xk = Xipe—1 T Kg (Ve = Y1) (12)
/)ZIE\kfl = fk—l(/)zlléfl‘kfl’mwk—l)’ (13)
?Z|k—1 =~ hk(i}ﬁ\k—ymwc)/ (14)

b b H H

Pll;|k—1 = kalbpk—l\k—le—l + N1 G N2y,
_ H H

Sus = HiPl (' + MiCu M

K =P

H/gb -1
P HE (Sgg) ™

b b b
Pk|k =(I- Kka>Pk\k—1’

o(xt ,m ofy_q (X ,m
with Fy_1, Nx_1, Hy, My approximated as: Fk—lﬁszk—lﬁ < ";\‘I’Ell wk‘l),

O (i%kfl’mvk) ohy (QZ\kflmek)
- oax!

and My ~ 5T . Notice that we do not explicitly exhibit the de-
k k

pendence on the system inputs in the previous EKF, which can be embedded in the noise means
my, , and my,.

3.1. Mismatched and True System Models

As previously stated, it is unlikely that the practitioner has a full knowledge of the
system, and therefore we want to cope with the situation where there is a true M7 and a
mismatched/assumed M 4 NLDSSM as follows,

My X;c =t (xli—lfmwkq + dwk—ll/D (15)
Vi = hi(x,, my, +dvy,”)
Xp = fr_1 (X1, My, +dwi_q,!)
Mr: k-1 16
’ { Vi = hi(xg, my, +dvy,*) (16)

with wy_; = my, | +dwy_q, v = my, + dvy, E{[dwy_;] = 0 and E[dv;] = 0. Since the
EKF of x is based on the measurements and our knowledge of the model dynamics, any
mismatch between the true model dynamics M7 and the assumed one M4 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 system nonlinear functions, either because of a para-
metric model error or a mismatch on system inputs, is taken into account as f;_;(.) =
fi_1(.,!) and hi(.) = hi(,,), where ! and * are deterministic vector values or system inputs,
and the possible parametric model mismatch is given byt="!+dland” =" +d". If errors
dland d* are small, then the true state and measurement nonlinear functions differ from
the assumed ones via first order Taylor series as follows,

A> N ofy_1 (Xk—lfwk—lf/!\) (! —T), -

f—1 (X1, Wie—1,1) — f51 (Xk—l,wk—l,! T

ah 7 I\ ~ ~
hye (i, Vi, ) — (i, v, ©) = wngm( =9).

At time k > 1, the EKF of x; is obtained from the Kalman-like recursion Equation (12)
computed with the assumed model M 4,
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%ee(Le) = X1+ Ly — 1), (18)
§1€|k71 = fk—l(iil§71|k71fmw/c71/h/ (19)
/y\]li‘k_l = hk(/x\]lzlk_llmvk/()/ (20)

with the gain L; obtained from the MSE minimisation, and also computed with M 4.

3.2. Impact of System Parametric Modelling Errors

The first step towards the system model mismatch mitigation is to compute the
estimation error induced by the use of the assumed model M 4. Among the possible
estimation error breakdowns, we look for the one that makes the terms in (17) appear, and
which reduces to the error analysed in [18] when the system becomes linear (as shown in
Section 3.5). An iterative approach was taken to integrate these two requirements and led
to breaking down the error as

. <b ob
R (Lic) = Xie = Xge—q — Xk + L (Yk - Yk\k_1)

= fk*l (Allzfﬂkfl’ My, ., !) — fk*l (kal, My, , + defl, !)
+ Lyhy (fk—l (Xk_p my, , + de—pT) , My, + def)

— Lihy (fk—l (Qllé—l\k—lfmwk71/T>/mka<\) + "k (Le), (21)

with the additional error term,
T

"e(Lg) = frq (Xk—1,Wk—1, ) — £ 1 (X1, Wi—1, 1)

+ Ly (hy (1 (-1, Wi—1, 1), Vi, *) — hye (g (Xk71,ka1,T),Vkﬂ)- (22)
Indeed, if we assume that ii’_ll (_pisa good enough unbiased estimate of x;_1, that is,

E[iléfukfﬁ =E[x_1] = my, (23)
tr(Plléfkal) = E[Ilﬁi,uk,l —x1]A] < 1, (24)

then the first order approximations of Equations (21) and (22) are

K (L) = x¢ = (1 - LiHy) (?kfl (R 11— %-1) — Nkfldwk71> + LiMyadvy + "k(Lg), (25)

” ahk(xk,vk,ﬂ S . Ofp (xk—lrwk—lz!) R

f(Ly) = L= 20 —%) — (1- L H) 7 (r-9), (26)

. . . =~ afk(mxk,mwkj) ~
where the linearised matrices for the assumed model are now F;, = T,Nk =
k

of X /- w//!\ £3 oh, AXr v//: A oh, Ax, v:\\ . .
%}?’f), H, = %,Mk = k(m*;nk), with mean terms given by m,, ~

fio1(my ,my, ,!)and my >~ f;_q (mxk—vka_lr !).
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3.3. Mitigation of Parametric Modelling Errors through LCs

Once we have established the additional error induced by the model mismatch, the
practitioner needs an efficient way to mitigate it. Notice that

]E[/*]Zz—”k_l - Xk—]} =0= E[f(k‘k(]_,k) — xkjl — E[”k(LkH, (27)
E["(Lo)] ~ LE ahﬂak;ﬂ] () - - LAE afk_1<xka_!1%wk_1,®] ),

therefore, we can conclude that

LkE[ahlﬁiikfﬁ] —0
VI=D,Y(C =), E["(Le)] = 0 < (28)

(1- Lkﬁk)E["’f“(*“'W“ﬂ —0

T

which defines a sensible set of constraints in order to mitigate at first order, which mainly
consists of the bias, the error introduced by parametric modelling errors in the nonlin-
ear system functions. However, expectations are probably not computable in several
applications, and

de é ]E |:ahk (;(\k-[,‘vk,f) :| ~ ahk (ii‘gr;,mvk/f) ,

(29)

T - T

o ) nltgon)

These LCs provide a non degenerate solution [18] only if rank(dF;_1) = Ry_1 < P¢_1.
Then, Equation (28) can be recast as {LidH; = 0, Li(HydF_1) = dF,_1}. Let dF,_; =
Uj_1d®;_; be the singular value decomposition (SVD) of dF;_1, where U;_; € C*Rk has
full rank Ry < P and d®;_; € CRe*Fi-1. Then Equation (28) becomes,

{LidH = 0, Ly (H Uy ;) = Up_4 ). (30)

3.4. Exploiting LCs for Robust Filtering under Mismatch

Notice that by imposing LCs in Equation (30), the estimate obtained with the mis-
matched NLDSSM Equation (15) is matched to the true observation in Equation (16).
Indeed, the LCKF minimises the MSE associated to the true state x;, matching the true
observations to the assumed model. We detail the robust LCEKF methodology in the
sequel. At every time k,
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Prediction

iZ\k—l = fk_l(/)zll:—l\k—l’mwk—l’/g’ (31)
PIIZ\k—l = iikflpi—l\k—lﬁlil + Nk71CWk-1lt]1{{1r

?Z|k71 ~ hk(ﬁz\qumvkﬂ/ (32)

Slé\kfl = ﬁkp%kflﬁl? +M;Cy M{,

Unconstrained Gain

Ky = Pll:\kflﬁlfl(sllz\kfl)_lf (33)
Linear Constraints

Ay = [dH; HUp_q], Ty = [0 Up4]

T = Ty — KBy, Fi = A (S 1) 'k

Constrained Gain

L} = K+ TeE A (S, ) (34)
Update
?i\k = i1l3|k71 +LY(yx — ﬁ\kq)f (35)

b _ 0 b —1rH
Pl = (1— KeHi )Pl + ¥, T
with the matrices F;_;, Ny_1, Hy, My evaluated at i2—1|k—1 and i]ﬁ\k—l instead of at the
unknown state means.

3.5. Special Cases: Linear and Additive Systems
If we assume that the NLDSSMs Equations (15) and (16) become linear, we have that,

1 0G—1, Wi—1, ) = Fo1 (D)x—1 + wi_q, (36)
hk(xkr Vk/\) = Hk(\)Xk + Vi, (37)

withFe_1 (1) = [fL_,(1)... ff":ll (] and H(*) = [h}() ... hf" ()], leading to F,_; = F,_1 (1),

Nk—l =1, ﬁk = Hko and Mk = 1. Moreover, in this case,

e (Xkale, ) (=9 = (Ba® = B (1) ) = dFeoxen, (39)

ohy (x¢, vy, ")

> =) = (He(") — He())x = dHixg,

then, Equation (26) reduces to the linear system error analysed in [18], which confirms the
relevance of Equations (25) and (26) as a first order approximation of Equations (21) and (22)
and the choice of the form of Equation (21).

If we assume the intermediate case where the NLDSSMs Equations (15) and (16) are
still nonlinear but with additive noise, then,

fo1 (Xke—1, W1, 1) = £ (Xe—1, 1) + W1, (39)
hy (xi, vi,*) = hy(xg, ) + v, (40)
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¥

fk(mxk' ) N

~ F) N ohu (fie. <
leading to Fy = ———+, Ny = I, Hy = by (')
k

ax[k’ and My = I, with my, ~ f;_;(m,,_,,!)

and my, ~ f;_4 (kaq ,T) . Because the noise terms do not depend on the system parameters
or inputs, we simply have that,

ofy 1 (kahwkq/?)  ofy (kaer)

o7 N o7 ’
ohp(x, vi,”)  dhg(xi,”)

o7 o7

Finally, if we consider nonlinear additive inputs of the form, f,_1(x_1, Wi_1,!) =
f1(X_1) + 8r_1(!) + wi_1, then of_q (x_1, wi_1,1) /9! = dgy_1(1)/9!T and we recover
the results in [20].

4. Ilustrative Example: Robust Vehicle Tracking and Navigation

To illustrate the validity of the proposed LCEKF and its performance improvement
with respect to standard (not robust) EKF solutions, we analyse a two vehicle tracking
and navigation problem. We consider for both vehicles a tricycle dynamic model (i.e., two
rear wheels provide the speed, and the front one controls the direction), also known as
the Ackerman model [23], which is used to describe the kinematic behavior (2D position
and orientation) of most parts of vehicles with three and four wheels (see Figure 1). In the
sequel subscript (-)t refers to the tracking vehicle, and (-)p to the tracked one. Refer to
Appendix A for details.

As shown in Figure 2, we consider a tracking vehicle at (xt,yr) with linear ve-
locity Vr, orientation a and steering angle ¢, and a tracked vehicle at (xp,yp) with
linear velocity Vg, orientation 6 and steering angle ¢. The state at discrete time k is
xI' = [(xB)k, (YB)k, Ok (X7)k, (yT)k, 2] (in the global frame (xOy)), to be estimated from
measurements y! = [(x})x, (V)i Brr (XT)k, (Y71, k], where ((x})k, (v5)x) and By are the
tracked vehicle position and orientation in the tracker (x’O’y’) coordinate frame. Velocities,
Vr and Vp, and steering information, 1 and ¢, are obtained from an odometer and steer-
ing angle sensor. We consider a cooperative tracking process where the tracked vehicle
communicates its navigation information, i.e., Vp and ¢, to the tracking vehicle. Therefore,
we have an input parameter vector ul = [VB, ¢, D, V1,9, D], with D and Dt being the
distance from the front wheel to the rear axle.

E — — — = = =\

F

5]

q

Figure 1. Three-wheeled vehicle model in movement.
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Figure 2. Two vehicle tracker (T) and tracked (B) scenario, and the different vehicle coordinate
systems.

4.1. State Model with Both Additive and Non-Additive Noise

We consider a nonlinear state model of the form x; = fr_1(x¢_1,u, wi_1) +w}_;.
The additive noise w;_; ~ N (my, C,) models deviations on the vehicles’ position
and orientation due to wind perturbations or unmodeled accelerations, with Cj,
d1ag( Tiyr yB,Ug,UfT,UﬁT,U ). The non-additive noise wy_; = [wv,wlp]k 1~ N (my,, CW)
models perturbations on the input parameters Vr and ¢ (i.e., the odometer may be affected
by tire pressure and road conditions, and the steering information is subject to noise due to

friction and wind), with Cy, = diag(ag, ai),

Xk = X1 +gk 1(Xk 1L, Wi_1) + Wi, (41)
V dt tan(¢ Vg dt tan
[grk—1()]1 = tan sin( -2 ) cos (9k1 + BZDB((P)>’ (42)
2D Vg dt tan(¢ . Vg dt tan
[gk—l(’)}z = tan B Sln( ) sm <9k1 + BZDB((P))' (43)
Vi dt
[gr-1(")]s = B n(¢), (44)

[gk-1(")]a = ZDT ( Vi dt tan(p > cos (“k—l + d;[t;an(lp)) (45)
tan T
() J oo
tan

Vr dt tan(y . Vr dt tan(¢
[gr-1(-)]5 = sin (“k—l + TT(IP)
T

[gk-1(")]6 = Vg at n(y), (47)

T

withVT:VT+wvand$:l/J+w¢,.
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4.2. Nonlinear Measurement Model and Mismatch

The measurement principle is illustrated in Figure 2, where the tracker locates itself at
point O’ and the tracked vehicle at point B in its coordinate frame (x'O’y’),

yk = hi(x) + 1y, ng ~ N(0,Cy), (48)
Cn = diag(O’i;,U'yZ/,O'é, U'ia_, O'yzir, 0'5/), (49)

and hy(x) is given by

(x1)x — (¥B)k
(yr)k — (yB)x

cos(—ay) —sin(—ay) B

hi(x;) = sin(—ay)  cos(—ay) 0 ngT)O/ik (50)
° L (v )k
L

We consider the case where we may have an imperfect knowledge on the system
inputs. In practice, the distance Dp and Dr are not accurate, i.e., there exists a deviation
between the true values, Dg and D7, and the assumed ones, 153 and ﬁT, dDg = Dg — 153
and dDy = Dy — Dr. In order to mitigate the possible impact of such error, we resort to
the LCEKEF in Section 3.4, incorporating the constraint

afk(xk, u, Wk)

T . . 7
aa xk:xk‘k,u:u,wk:mw

I—LHy )dF,_; =0, dF, = (51)
(1-Ltt,)

with the input vector given by u = [V3, ¢, f)B, Vr, 9, f)T}T in the additive noise case, or
4 = [V, ¢, Dg, V1,9, Dr]T in the non-additive noise one, and a = [Dg, Dt]".

4.3. Scenarios

We consider the following setup: dt = 1 ms, Cx, = 0, xo = (10,20,1°,8,19, 1.50)T,
and a measurement noise with o,y = 1m, oy = 1m, 05 = 0.1°, Oy = 1m, Oy = 1 mand
o, = 0.1°. Three scenarios are of interest:

*  S1) Only additive noise (wy_; = 0): my, = 0, 0y, = 0y, = Ox; = 0y; = 0.1 m and

o9 = 0, = 0.1°.

e 52) Only non-additive noise (wfc_1 =0): my =0,0, =0.1m/sand oy = 0.1°.
e S3) Both additive and non-additive noise with the values in S1 and S2.

In the three scenarios we consider different mismatches dD = dDtr = dDg = 0.1,0.5
and 1 m, and true values Dp = 3 m and Dt = 3 m. We compare five filters:

(i) EKF, is the benchmark using the true system (dDr = dDg = 0).

(i) EKF stands for the mismatched filter, that is, using the mismatched system input
values 153 and ﬁT.

(iii) LCEKFpr is a linearly constrained filter only accounting for an erroneous value of Dt
(a = Dr in Equation (51)).

(iv) LCEKFpp is a linearly constrained filter only mitigating the impact of dDp (a = Dp in
Equation (51)).

(v) LCEKFpg pr accounts for both mismatched inputs (a = [Dp, Dr]7).

4.4. Results

Numerical results for the three scenarios are summarised in Figure 3, where we show
the position MSE vs time for the five filters obtained over 100 Monte Carlo runs. First,
notice that in each scenario (S1, S2 and S3) and regardless of the mismatch value dD the
standard EKF always diverges and is not able to correctly estimate the states of interest.
That is, even a minor mismatch on the distance from the front wheel to the rear axle induces
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a performance breakdown on the standard misspecified EKF; therefore, such a mismatch
must be accounted for. In addition, the larger the mismatch the faster the performance
breakdown. Second, the LCEKFpp accounting only for a mismatched input on the tracked
vehicle (Dg) does not improve the standard EKF performance (results are superimposed in
the plots). Third, the LCEKFp, which mitigates the tracker input mismatch (Dr), slightly
improves the performance w.r.t. the EKF and LCEKEF;5 but does not prevent a performance
breakdown. Then, we can conclude that with a mismatch on both vehicles” distance D, and
regardless of whether the system is affected by either additive or non-additive noise, either
we correctly deal with both mismatched inputs or the filters are not useful anymore.

In contrast to the previous filters, the LCEKFpp pr, which properly accounts for both
input mismatched values, is able to correctly estimate the states and avoid the performance
breakdown exhibited by the mismatched filters, regardless of the mismatched value dD,
and therefore it is a powerful solution to coping with a possible system model mismatch.
Notice that the LCEKFpp pr performance is almost superimposed with the optimal EKF,,
in the plots, which again proves the good behaviour of the LCEKF for both additive and
non-additive noises. It is worth pointing out that the non-additive noise has a larger impact
than the additive one on the system dynamics, which can be seen from the optimal MSE
results (i.e.,, MSE EKF,,; ~ 10~* for the additive noise case S1 and MSE EKF,, = 0.5x% 1072
for both non-additive noise cases 52 and S3); this drives the estimation error (MSE EKF,, ¢ 52
~ MSE EKF, ¢ S3). This further supports the need for filters able to cope with non-additive
noise and system inputs, and the interest of the robust LCEKF formulation proposed in
this contribution.

2
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Figure 3. Cont.
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Figure 3. Results for the different sceanrios: (Top) Additive noise S1, (Middle) non-additive noise
S2, and (Bottom) both additive and non-additive noise S3. MSE results for the optimal EKF,,f,
mismatched EKF, and three LCEKF implementations: LCEKFpp (mitigation of dDg), LCEKFpt
(mitigation of dDT), and LCEKFpg pr (mitigation of both dDp and dDr).

5. Conclusions

In this contribution we explored the use of linear constraints to design robust nonlinear
KF-type filtering strategies. This was shown in previous contributions to be a promising
solution to mitigate parametric modelling errors in both system functions, a problem of
interest in real-life applications. In that perspective, we derived a linearly constrained EKF
for systems affected by non-additive noise and system inputs, which generalises previous
solutions only able to cope with either linear systems or additive noises. Within this
framework, it was shown how to exploit linear constraints to mitigate possible nonlinear
system model parametric misspecifications on both process and measurement functions.
This approach encompasses both errors on system function parameters and system inputs,
as well as on noise mean values. A two vehicle robust tracking and navigation problem was
used to show the validity and performance improvement provided by the robust LCEKF
with respect to state-of-the-art solutions. In addition, it was shown that the non-additive
noise has a larger impact than the additive one on the system dynamics, and drives the
estimation error, which further supports the need for filters able to cope with non-additive
noise and system inputs, and the interest of the robust LCEKF formulation.

As future work, it would be of interest to analyse the use of linear constraints within
the context of sigma-point filtering, to better cope with the system nonlinearity and avoid
the EKF linearisation errors. Moreover, the proposed solution should be compared to
alternative system identification techniques, which, rather than mitigating the impact of
mismatched parameters, estimate them together with the states of the system. Another
research line would be the generalisation to more general mismatched systems, for instance,
considering a possible mismatch on covariance matrices, as well as the comparison or
combination with noise statistics’ parameter estimation techniques.
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Appendix A. Details on the Robust Vehicle Tracking and Navigation Example
Appendix A.1. Tricycle Dynamic Model

The tricycle model (also known as Ackerman model) can be used to model the kine-
matic 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 turn radius p is given by

_ D
~ tan(y)

where D denotes the distance from the front wheel to the rear axle. We consider the
following equations

p (A1)

dy =y —y=_Ssin(0+4), (A2)

where,
L =Vdt
AN =L/p= Vd%m(‘l’)
i 2Vt . ([ Vdt , (A3)
S =2 sm(%a = It)an(tﬁ) sm( ztag(q;))
. (vt
= V dt sinc 27%‘“”)
and then,
dx =V dtsinc thzt%aDn(w) COS@—!—%%‘W)
do = Vittnw)
- D

Appendix A.2. Nonlinear Discrete State Model

Considering the state at discrete time k, x/ = [(xg)x, (v8)k, Ok, (xT)k, (y7)k ] (in the
global frame (xOy)), and the previous equations, we can obtain the state equation for the
general case with additive and non-additive noise terms, x; = fr_1(Xg_1, w0, Wi_1) + W}_4,
detailed in Equations (41)—(47). For the three scenarios of interest, we give in the sequel the
corresponding approximations (i.e., we omit the dependency with discrete time k for the
sake of simplicity):

®  (S1) Only additive noise (wy_1; = 0, N;_1 = 0):
Let
q(x) = Vp dt tan(¢)/(2Dp),8(x) = 0+ q(x), (A5)
qr(x) = Vr dt tan(yp)/(2Dr),81(x) = & +q7(x), (A6)

then
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L L))
k-1 axlz* ) R A/
- Xe—1=Xge—1 k-1 U=4
1 0 —Vpdtsinc(g(x))sin(g(x)) 0 O 0
0 1 Vpdtsine(g(x))cos(g(x)) 0 0 0
of(x,u) [0 O 1 00 0 (A7)
oxI [0 0 0 1 0 —Vrdtsine(qr(x))sin(gr(x))
0 0 0 0 1 Vpdtsine(gr(x))cos(gr(x))
00 0 00 1
*  (S2) Only non-additive noise (w}_; = 0):
Let
q(x) = Vp dt tan(¢)/(2D3),8(x) = 0 +¢(x) (A8)
4r(x) = (Vi -+ wy) di tan(y + wy)/ (2D1), gr(x) = a+qr(x), (A9
then
o= afk—l(xg—;/ u,Wi_q) / (A10)
Xje—1 X1 =Rp_ 1] 1 M=, W)y =My =0
of(x,u,w)
oxT
1 0 —Vpdtsinc(g(x))sin(g(x)) 0 0O 0
0 1 Vpdtsinc(q(x))cos(g(x)) 0 O 0
0 0 1 00 0
0 0 0 1 0 —(Vr+wy)dtsinc(gr(x))sin(gr(x)) |’
0 0 0 0 1 (Vr+wy)dtsinc(gr(x))cos(gr(x))
0 0 0 0 0 1
N, | — 3fk71(xakv;1Truerf1) , (A11)
k—1 X1 =Xg 1 k1 0=1,Wy_1 =mw=0
F o 0
0 0
0 0
of(x,u,w
(awT ): ang;::,w) aqg;,;;,w) , (A12)
ofs(x,uw)  ofs(x,uw)
oWy E)wtp
ofg(x,uw)  ofg(x,uw)
Jwy, dwy
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7]
=
=}
—
QR

o O O O

where

ofy(x,u, w)
oWy

— dt sinc(qr(x))cos(gr(x)) — dt gy (x)sinc(gr(x))sin(gr(x))
+dt (cos(gr(x)) — sinc(gr(x)))cos(gr (x)),

X, u,w 0 2 442 - .
Bf4(aZrU¢r ) _ (r Jrng) dt (1+tan2(1p+ww))smc(qT(x))sm(gT(x))
(Vr +wo) dt (1+tan?(yp + wy))
tan(¢ + wy) cos(gr(x))cos(qr(x))
- o tjilgllp—:_t;;) lp+ww))Cos(gT(x))sinc(qT(x)),
%@ZIW) = dt sinc(q7(x))sin(gr(x)) + dt qr(x) sinc(gr(x))cos(gr(x))

+ dt (cos(qr(x)) — sinc(gr(x)))sin(gr (%)),

M) = 21 LRl (14 tan(p + ) )sine(gr () cos(gr(x)
L Vet w) dtt(alr:(L l/}t)an2(¢ 90) Gin(gr(x))cos(qr(x))
(e wv)tZ;Ezlp:t:j)(lp 90) G (gp())sine(ar (x)),

%W:/W) gtan(lp +wy),

afé(ale()l;/W) _ (v +Dz;’v)dt (1 + tan® (y + ww))-

e  (S3) Both additive and non-additive noise: in this case /lsk,l and Nk,l are computed
as in S2)

Appendix A.3. Nonlinear Measurement Model

The nonlinear measurement model is given in Equation (48). To use the EKF and

LCEKF we need to compute the approximation Hy = % = ahé‘)(# ,
k xk:ill;\k—l x xk:iZ\k—l
which is given by
. . —sin(ag) ((x T
—cos(ag) —sin(ag) 0 cos(ay)  sin(ay) (+ COS((DZ())(((< TT)) (( ))]f))>
. —cos(ay)(xT — x
k) —cos(ag) 0 —sin(ag) cos(ag) (_ sin(ak()(]((j)q( )Z B (;B)) ))
0 1 0 0 (AL3)
0 0 1 0 0
0 0 0 1 0
0 0 0 0 1 i
Xk= xk\k 1

Notice that in this case My = 0.

Appendix A.4. Linear Constraints

As already stated, the goal is to mitigate the possible mismatch impact by exploiting
the constraints

afk(xk, u, Wk)

T 4
da X =X | U=, Wi =Ty =0

(I ~ Lkﬁk>dFk_1 — 0, dF, = (A14)
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witha = [V, ¢, Dg, V7, P, ﬁﬂ Tand a = [Dp, Dr]”. Omitting the dependency with discrete
time k for the sake of simplicity, such constraint is computed as follows. Let

q(x) = Vg dt tan(¢)/(2Dg), g(x) = 6 + q(x),
qr(x) = (Vr +wy) dt tan(yp +wy)/(2D1), 87(x) = & + g7(x),
[ ofy (x,u

of; (x,u [of; (x,u) T

) ) 0
D5 oDy aDg
afs(Dx ) afsg u) afs(Dx,u) 0
B T B
of3(x,u Jf3(x,u Jf3(x,u
o) | %5p Up T o (A15)
daT 8f4(x u)  ofy(xu) | T 0 ofy(xu) |7
aDB aDT aDT
ofs(x,u)  9fs(xu) 0 of5(x,u)
aDB aDT aDT
ofg(x,u)  ofg(x,u) 0 ofg(x,u)
L aDB aDT J L aDT .
How) _ Vel (g(x))cos(g(x) — 222 cos(g(x))cos(g(x)
8DB Dp B
+ 2B xsinc(g(x)sin(g (1),
Malou) _ VBt (g(e))cos(g(x) — L% cos(g(x))sin(g(x))
BDB DB B
— LB xsinc(g(x)cos( (x),
ofz(x,u)  2g(x)
aDg _ Dg '
8f4(x,u) _Vr dt . Vr dt
) — M R sinc(gr(x))cos(gr(x)) — “cos(qr(x))cos(gr ()
Vr dt . .
+ =, a1 (x)sinc(qr(x))sin(gr(x)),
Hslou) _ Vit e (ar()sin(er(x) — L% cos(gr(x))sin(gr (x))
oDy Dr Dr

P o (e)sine(gr (x)cos(gr(x)),
T

ofs(x,u)  2g7(x) .

oD Dr

References

1.

AN N

Crassidis, ].L.; Junkins, J.L. Optimal Estimation of Dynamic Systems, 2nd ed.; CRC Press: Boca Raton, FL, USA; Taylor & Francis
Group: Abingdon, UK, 2012.

Diniz, P.S.R. Adaptive Filtering: Algorithms and Practical Implementation, 4th ed.; Springer: Cham, Switzerland, 2013.

Simon, D. Optimal State Estimation: Kalman, H-infinity, and Nonlinear Approaches; John Wiley & Sons: Hoboken, NJ, USA, 2013.
Groves, P.D. Principles of GNSS, Inertial, and Multisensor Integrated Navigation Systems, J. Navig. 2014, 67, 191-192.
Arasaratnam, I.; Haykin, S. Cubature Kalman Filters. IEEE Trans. Autom. Control 2009, 54, 1254-1269. [CrossRef]

Spall, J.C.; Wall, K.D. Asymptotic distribution theory for the Kalman filter state estimator. Commun. Stat. Theory Methods 1984,
13, 1981-2003. [CrossRef]

Vorobyov, S.A. Principles of minimum variance robust adaptive beamforming design. Signal Process. 2013, 93, 3264-3277.
[CrossRef]

Liu, X.; Li, L.; Li, Z.; Fernando, T.; Lu, H.H.C. Stochastic stability condition for the extended Kalman filter with intermittent
observations. IEEE Trans. Circuits Syst. II Express Briefs 2016, 64, 334-338. [CrossRef]

Vila-Valls, J.; Chaumette, E.; Vincent, F; Closas, P. Modelling Mismatch and Noise Statistics Uncertainty in Linear MMSE
Estimation. In Proceedings of the European Signal Processing Conference, La Corufia, Spain, 2—-6 September 2019.


http://doi.org/10.1109/TAC.2009.2019800
http://dx.doi.org/10.1080/03610928408828808
http://dx.doi.org/10.1016/j.sigpro.2012.10.021
http://dx.doi.org/10.1109/TCSII.2016.2578956

Sensors 2021, 21, 2086 17 of 17

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

Khaledian, H.; Vila-Valls, J.; Chaumette, E.; Prats, X. On Parametric Model Mismatch in Nonlinear EKF Approximations. In
Proceedings of the IEEE Asilomar Conference on Signals, Systems and Computers, Pacific Grove, CA, USA, 1-4 November 2020.
Zoubir, AM.; Koivunen, V.; Ollila, E.; Muma, M. Robust Statistics for Signal Processing; Cambridge University Press: Cambridge,
UK, 2018.

Dunik, J.; Straka, O.; Kost, O.; Havlik, J. Noise Covariance Matrices in State-Space Models: A Survey and Comparison of
Estimation Methods - Part I. Int. . Adapt. Control Signal Process. 2017, 31, 1505-1543. [CrossRef]

Ardeshiri, T.; Ozkan, E.; Orguner, U.; Gustafsson, F. Approximate Bayesian Smoothing with Unknown Process and Measurement
Noise covariances. IEEE Signal Process. Lett. 2015, 22, 2450-2454. [CrossRef]

Nurminen, H.; Ardeshiri, T,; Piché, R.; Gustafsson, F. Robust Inference for State-Space Models with Skewed Measurement Noise.
IEEE Signal Process. Lett. 2015, 22, 1898-1902. [CrossRef]

Huang, Y.,; Zhang, Y.; Shi, P.; Wu, Z.; Qian, J.; Chambers, ]. Robust Kalman Filters Based on Gaussian Scale Mixture Distribution
with Application to Target Tracking. IEEE Trans. Syst. Man. Cybern. 2019, 49, 2082-2096. [CrossRef]

Catlin, D.E. Estimation of Random States in General Linear Models. IEEE Trans. Autom. Control 1991, 36, 248-252. [CrossRef]
Chaumette, E.; Vincent, F; Priot, B.; Pages, G.; Dion, A. On LMVDR Estimators for LDSS Models: Conditions for Existence and
Further Applications. IEEE Trans. Autom. Control 2019, 64, 2598-2605. [CrossRef]

Vila-Valls, J.; Vivet, D.; Chaumette, E.; Vincent, F,; Closas, P. Recursive Linearly Constrained Wiener Filter for Robust Multi-
Channel Signal Processing. Signal Process. 2020, 167, 107291. [CrossRef]

Teixeira, B.O.S.; Chandrasekar, J.; Palanthandalam-Madapusi, H.J.; Torres, L.A.B.; Aguirre, L.A.; Bernstein, D.S. Gain-Constrained
Kalman Filtering for Linear and Nonlinear systems. IEEE Trans. Signal Process. 2008, 56, 4113—-4123. [CrossRef]

Hrustic, E.; Ben Abdallah, R.; Vila-Valls, J.; Vivet, D.; Pages, G.; Chaumette, E. Robust Linearly Constrained Extended Kalman
Filter for Mismatched Nonlinear Systems. Int. J. Robust Nonlinear Control. 2021, 31, 787-805. [CrossRef]

Simon, D.; Chia, T.L. Kalman Filtering with State Equality Constraints. IEEE Trans. Aerosp. Electron. Syst. 2002, 38, 128-136.
[CrossRef]

Simon, D. Kalman Filtering with State Constraints: A Survey of Linear and Nonlinear Algorithms. IET Control Theory Appl. 2010,
4,1303-1318. [CrossRef]

Lynch, K.M.; Park, F.C. Modern Robotics: Mechanics, Planning, and Control, 1st ed.; Cambridge University Press: Cambridge, MA,
USA, 2017.


http://dx.doi.org/10.1002/acs.2783
http://dx.doi.org/10.1109/LSP.2015.2490543
http://dx.doi.org/10.1109/LSP.2015.2437456
http://dx.doi.org/10.1109/TSMC.2017.2778269
http://dx.doi.org/10.1109/9.67306
http://dx.doi.org/10.1109/TAC.2018.2868239
http://dx.doi.org/10.1016/j.sigpro.2019.107291
http://dx.doi.org/10.1109/TSP.2008.926101
http://dx.doi.org/10.1002/rnc.5305
http://dx.doi.org/10.1109/7.993234
http://dx.doi.org/10.1049/iet-cta.2009.0032

	Introduction
	Background
	An LCEKF with Non-Additive Noise and System Inputs, and Its Use in Robust Filtering
	Mismatched and True System Models
	Impact of System Parametric Modelling Errors
	Mitigation of Parametric Modelling Errors through LCs
	Exploiting LCs for Robust Filtering under Mismatch
	Special Cases: Linear and Additive Systems

	Illustrative Example: Robust Vehicle Tracking and Navigation
	State Model with Both Additive and Non-Additive Noise
	Nonlinear Measurement Model and Mismatch
	Scenarios
	Results

	Conclusions
	Details on the Robust Vehicle Tracking and Navigation Example
	Tricycle Dynamic Model
	Nonlinear Discrete State Model
	Nonlinear Measurement Model
	Linear Constraints

	References

