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Abstract

An approach to state estimation for discrete-time linear time-invariant systems with measurements that may be affected by
outliers is presented by using only a batch of most recent inputs and outputs according to a moving-horizon strategy. The
approach consists in minimizing a set of least-squares cost functions in which each measure possibly contaminated by outlier is
left out in turn. The estimate that corresponds to the lowest cost is retained and propagated to the next time instant, where the
procedure is repeated with the new information batch. The stability of the estimation error for the proposed moving-horizon
estimator is proved under mild conditions concerning the observability of the free-noise state equation and the selection of
a tuning parameter in the cost function. Robustness is guaranteed with sufficiently large outliers. The effectiveness of the
proposed method as compared with the Kalman filter is shown by means of a numerical example.
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1 Introduction

In numerous applications there exists the problem of
dealing with large deviations in the measurements be-
cause of sensor malfunctions, wrong replacement of mea-
sures, or large non-Gaussian noises. These abnormal sig-
nals are usually called outliers in many different fields
such as process control [22], heart surgery [21], intrusion
detection [28], environmental monitoring [14], position-
ing [9], cloud management [19], and fault detection [11].
Various filtering methods have been proposed to atten-
uate or detect outliers (see, e.g., [13] and the references
therein). In this paper, a more general problem is ad-
dressed that consists in estimating the state variables
of a linear system by means of measures possibly cor-
rupted by outliers. The estimation is performed by using
a moving-horizon approach, which will be set in such a
way to make it robust to outliers.
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The problem of estimating the state variable of a lin-
ear system with output contaminated by outliers can
be treated by using the Kalman filter with some conve-
nient adjustment. As is well-known, under the assump-
tion that initial state and disturbances are white Gaus-
sian stochastic processes, the best estimator in the sense
of the minimization of the expected quadratic estima-
tion error is the Kalman filter. Such an estimator is re-
cursive in that the new output is processed by iterat-
ing the estimate update based on the current residual,
i.e., the output error given by the difference between the
measure and its prediction obtained from the last state
estimate. Thus, one may check abnormal residuals via a
threshold test to skip the Kalman estimate update with
such residuals. This procedure can be motivated from a
theoretical point of view by using the maximum likeli-
hood criterion [2].

The first ideas about what is currently denoted as
moving-horizon estimation (MHE) are presented in [16].
MHE consists in performing state estimation by using a
limited amount of most recent information. The state es-
timates are obtained by minimizing a least-squares cost
function with a batch of the inputs and outputs accord-
ing to a sliding-horizon strategy. Constraints on the state
variables may be easily taken into account since the op-
timization is carried on line. The first results on MHE



for linear systems [3,24] have been extended to nonlinear
(see, e.g., [5,7,8,15,25]) and large-scale systems [10].

Outliers are particular type of uncertainty that prevent
an estimator from ensuring guaranteed performances
[18]. Robustness is thus a fundamental requirement in
the design of filters for uncertain systems. A method to
enhance the robustness of the Kalman filter in the pres-
ence of outliers is presented in [13]. In [1,26] statistical
tests are proposed that are less sensitive to abnormal
noises. For the same reasons, an /1 loss function is more
suitable for the the purpose of identification with mea-
sures affected by outliers [17,27]. The reader is referred
to [23] for a complete review of the most important meth-
ods of regression that account for robustness to outliers.

Based on the preliminary results of [2], here we focus
on MHE for linear discrete-time systems with measure-
ments contaminated by outliers. Toward this end, first
we will prove the stability of the estimation error and,
second, the robustness to outliers. Conditions for the
stability of moving-horizon estimators for uncertain lin-
ear systems are reported in [6], where explicit bounding
sequences are provided thanks to the adoption of worst-
case cost functions. Unfortunately, such cost functions
are not helpful in case of measurements affected by out-
liers, thus a different criterion is proposed here. More
specifically, at each time instant we separately minimize
a set of least-squares cost functions, where the measure-
ments that can be affected by outliers are left out in turn.
Then, we choose the minimizer associated with the low-
est cost, and this estimate is propagated ahead to the
next time instant according to the usual moving-horizon
strategy. Such an estimation criterion ensures robust-
ness to outliers of sufficiently large amplitude.

The paper is organized as follows. In Section 2, the pro-
posed MHE method is described. Stability and robust-
ness properties are illustrated in Sections 3 and 4, re-
spectively. In Section 5, simulation results are presented
and discussed. Finally, the conclusions are drawn in Sec-
tion 6.

Let N:={0,1,2,...}. The minimum and maximum
eigenvalues of a real, symmetric matrix P are denoted by
Amin (P) and A\pax(P), respectively; in addition, P > 0
means that it is positive definite. Given a generic matrix
M, M| = Amax(MTM)Y? = pax(MMT)) V2,
For a vector v, |[v]:=(vTv)Y/? denotes its Euclidean
norm, and B(r):={veR":|v|| <r} for » > 0.
Given a sequence of vectors wv;,vit1,...,v; for @ <

.,v;). Moreover,

1/2

7, let us define v!:=

7 :=col (v;, viq1,..

vf‘ denotes vf without the k-th element, with
k=12,...,7 —t+ 1. In other words, vflzzvgﬂ,
vl ‘k :=col (Ui, Vi1, .., Vith—2, Vitk,...,0;) for k =

J

2,3,...,5 — 1, and v; ::vffl. For the sake of

j—i+1

simplicity, let vg ‘ = vf . Finally, recall the square sum
0

bound, namely, given m scalars $i,S2,...,8m € R, we

have )
(Z sz-) <m Z sf .

i=1
2 MHE With Measures Corrupted by Outliers

Let us consider the discrete-time linear system

Ti41 = Al’t + But + we (la)
Yt = Cﬂ?t + (0 (1b)

where t = 0,1,... is the time instant, z; € R"™ is the
state vector, u; € R™ is the control vector, w; € R"
is the system noise vector, y; € R is the measure, and
vy € R is the measurement noise.

As to the system disturbance, w; is supposed to be
“small” as compared with the dynamics (i.e., bounded
and taking zero or around zero values). In other words,
we assume the following.

Assumption 1 There exists ., € (0,00) such that, for
al t=0,1,..., |lw] <7ry.

The measurement noise, instead, is “small” except on
rare occurrences. More specifically, we assume the fol-
lowing.

Assumption 2 There existr, € (0,00), M > r,, and a
nonnegative, strictly increasing sequence {t;} such that,
forall t = 0,1,... and i = 0,1,..., (a) |ve| < 1y for
tZ{ti}, (b) |vg,| € (ry, M].

The assumption above means that the measurement
noises may take abnormal but bounded values at certain
instants #; since, of course, M is much larger than r,,.
Such time instants correspond to the outliers and they
are unknown. Indeed, we suppose to know r,, and r,,
and the reader is referred to [20] for an overview of the
methods to estimate such parameters together with the
underlying model. As will be clearer later, the knowl-
edge of M is not required since it would be sufficient to
assume that the outliers, though large, are bounded. In
Section 4, a lower bound on the absolute value of outliers
will be provided in such way that robustness is ensured
for the proposed MHE method.

The moving-horizon approach consists in
deriving a state estimate at the current
time ¢ by wusing the information given by
Yt NsYt—N41y -+ > Y, Ut— N, Ug—N+1, - - -, Ug—1 With the
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Fig. 1. Pictorial sketch of the MHE algorithm when moving from time ¢ to t + 1.

integer N > 1. More specifically, we aim to estimate
Ti_N,--.,Ty on the basis of such information and of
a “prediction” Z;_n of the state x;_n at the begin-
ning of the moving window. We denote the estimates
of my_n,...,zy at time t by Ti_njs, Te— N1t -+ Dot
respectively.

As compared with the previous literature on MHE, here
we consider explicitly the occurrence of outliers in the
measures. In such a setting, a natural criterion to de-
rive the estimator consists in resorting to a least-squares
approach by explicitly trying to reduce the effect of the
outliers. Though in principle we can deal with an arbi-
trary number of outliers, we restrict our attention to the
case of at most only one measurement affected by outlier
in the batch of measures included in the sliding window,
thus assuming what follows.

{t;} is such that

Assumption 3 The sequence
infiey (fig1 — 1) > N+ 1.

If an outlier corrupts the k-th measure of the batch
1,2,..., N + 1, a least-squares cost function that leaves

out such a measure is

JE(@-n) = | Ze-n — Te-n |I?
t

by

i=t—N
iAt— N4k—1

+ay (yi — Ci;)?

(2)

for k=1,2,...,N 4+ 1, where g > 0 and «aj > 0. The
cost (2) is to be minimized together with the constraints

3)

If no outlier affects the measures of the batch, we may
use all of them:

ii+1:A.fiﬁ*Bui,i:t*N,...,t*l.

JP(@-n) = pl| N — TN |
t
+ag Y (gi—Cd)’

i=t—N

(4)

where ag > 0. Of course, also the minimization of (4)
has to be performed with the constraints (3). In practice,
at each time t = N, N 4+ 1,... we have to solve N + 2
problems given by

. k /A
min J7 (%), k
scrmM s, b ( ) ’
(3) holds

0,1,....,N+1



and compare the optimal costs (2) and (4): the best of
such costs is associated with the estimate (see Fig. 1).
Such a strategy is thus given by

; k
o o2, ) ®)
(3) holds

and, at each timet = N, N+1,.. .,
as follows.

it can be summarized

MHE Algorithm

Input: TNy Yt=N> Yt—N+411- > Yts Ut—N; Ut—N415 - - -
Ut—1

Output: Z;_ N

l: for k=0to N +1do

compute & NpE = 31;%?131 JE(#)
(3) holds

2: endfor

3: choose kf € argmin

k(~k
Ji ('thN\t)
k=01, .N+1

4:set Ty = 2,0 Nt

Note that the estimate &, |, is not unique in general.
To complete the estimation, we have to determine the
remaining estimates at time ¢ by using (3) as follows:
Ty Nyit1e = ATy Ny + Bug-nNyi, 1 =0,..., N = 1.
If 2; belongs to X C R™ compact, one may take into ac-
count this information by performing the cost minimiza-
tion with such additional constraints, namely Z; _ny; €
X,i=0,1,...,N.

Before solving the minimization problems, we need to
assign T;_ n, for which various choices can be made. For
example, we can choose the result of the correspond-
ing estimate at previous step, i.e., Ty—N = Ty_Njt—1-
Another possibility consists in propagating the value
of #;_n_1j4—1 as follows: Ty y = AZi_n_14—1 +
Bui_n—1. To simplify the stability analysis, we will
adopt this last choice. Of course, it is necessary to select
an a-priori prediction of zg, which will be denoted by Z.

Remark 1 In case of multiple outliers in the batch, one
has to deal in general with | = 2,3,..., N + 1 outliers
affecting the batch of measures yi—N,Yt—N+1,---,Yt bY
considering all permutations of | measures over the entire
set. The number of costs to evaluate is equal to

<N+1>
n; = I .

In such a general case, one may resort to a mixed-integer

formulation as follows:

min plld—n — Ty ||?
it,Nemn,ﬁf_Ne{o‘l},
k=0,1,...,N+1

—i—ﬁt N Qo Z sz

i=t—N
N+1 t
A \2
+Y B yvar Y (yi—Cii)
k=1 i=t—N

i#t— N4k—1
N+1

st > Bf oy =1and(3) hold.

where the binary variables 6571\7’ k=201....N+1
are introduced to the scope [29]. The problem with | =1
reduces to (5) and there is no computational advantage
as compared with the solution method based on the MHE
Algorithm. Clearly, the problem forl € {2,3,...,N+1}
is computationally challenging. The use of branch-and-
bound methods may result in some computational savings
as compared with a pure zero-one enumeration technique,
but in general mixzed-integer optimization problems with
quadratic cost function are pretty well-known to be NP-

hard [12].

The stability properties of the proposed method are pre-
sented in the next section.

3 Stability of MHE

The collections of measures at time steps t — N,t — N +
1,...,t, with the k-th measure left out are given by

t t—1 t
Yi-nlp = Fiweon + Hyw "y + vf_y |,

k=0,1,....,N+1

with Fj and Hj for k # 0 obtained from Fy and Hy by
deleting the k-th block row, respectively, where

C
CcA
F()::
C AN
0 0 0
C 0 0

CAN-L cAN-2  C



In the following, we will denote («g, aq, ..., ant1) by «
and let

Qin := min QO Qmax i= max Qg
k=0,1,....N+1 k=0,1,...,N+1
and
h:= max || Hgl-
k=0,1,...,N+1

Based on the aforesaid, we can state the following result
on the stability of the estimation error e;_n:=x;_n —

Tt_N|t-

Theorem 1 Suppose that Assumptions 1, 2, and 3 hold,
Fy is of full rank for allk =0,1,...,N 4+ 1, and let

§:=  min_ A (F) Fi) > 0. (6)

k=0,1,...,N+1
Then the sequence {(;} given by

CO = /4’(//67 O{) (73)
Cv1=a(p, @) G+b(p,a),t=0,1,... (7b)

is such that |le;_n||? < ¢ fort = N,N +1,..., where

2
K (1, @) SRl — (QM lwo — Zol|? +C)
_ SullAlP?
a(/L?a) '7M+6amin
8ur? + 2c
b =t
(/,L,CE) u+6amin

¢:=2 (min + Omax) (N°r2h* + (N7, + M)?) .

If 1 is chosen such that a (u, o) < 1, the sequence {(;}
converges to
b(p, )

l-a (M) Oé)
and is strictly decreasing if

b(p,a)
O T aa)

Proof. First, we will derive a useful bound, which will
be used later on. Since Hka;:IlvH < ||Hgl| ||wf:11\,|| <
| Hy|| N7y and || vf_ x|, || < Nry + M, from the bound

1y = Fraen|| = [|HiwiZy + vl
< (|l =[]+ (ol

we obtain

lvi—wl, = Feaeon||” < 2 (N*2% + (N7, + M)?) .
(®)

Consider the optimal cost at time :

JE(@enpe) = pl| Ze-npg — Te-N 12

2

¢
+ oy ‘ Yt—nN
and hence

JF@e-nye) = pll Bnpe — Ze-n |

2
t ~
+ Omin yt—N k: - Fk?z( "L‘th‘t (9)
S
where, from now on, J; stands for J,*. Since
- _ ¢ ¢
| Fraxe—n — kat—N|t” = HFkIt—N - yt—N|lc + Yi-N|;

- Fka}t,N“H < HFkxt—N - y;—N|kH

{19l = Fudenie]

)

we have
| Frai—n — Frdinel® < 2| Fra—n — yi—N|k||2
+2|vf_wly, = Fude e’

and hence

1
H1/€7N|k - Fki't—N|tH2 > §HFkxt7N - Flcj:t—N|t||2

= [ iowli = Fiwe |l (10)

for k = 0,1,...,N + 1. Using (8) and ||Frxi—n —
Fkit,mtnz > 0l|lze—n — j:th|t||2 with § > 0 since all
the matrices Fj, are of full rank by assumption as pointed
out in (6), it follows from (10) for k = k; that

2 2 6amin

O'min

yLN 21— N

ke — Py Ze-nie
- -'fjth|t||2 -G
where
C1:=2 Omin (NQT?th + (Nr, + M)z)
and, using this inequality in (9), that
%/ 2 N _ 2 0 Omin
JE(@—ne) 2wl Be—npe — Te-n 17+ 9

— Z_npel® — 1 (11)

lzt— N

Since

lze-n — e—well < |we-n = Ze- N || + |1 Te-n — Te— el
(12)



I?

and hence |lz;-n — Z—np® < 2l|lz-n — TN +

2| TN — 56th\15||27 we have

. _ 1 .
|&e—npt — Ze—n||* > §|‘1'th — & npell?

—ze—n — TN

and, using this inequality in (11), we finally obtain

/A 1% 5amin A
JE (@) = (2 + 5 ) |lze—n — $t7N|t||2

—pllze-n = TN [? — 1 (13)

Consider the following inequalities, which hold for the
various definitions we have introduced so far:

T (@) <T@ ) < TP (@e-n) = pllze-n — Ze-n|®

+ oy HyLN’k — Fj, xthH2 < llzeen = Ton )

+ Omax || 9w ], — Frze-n |

fork=0,1,..
yields

., N+1. Using (8), the previous inequality

JE(E—npe) S e N — Ti_n|* + 2 (14)
where

€2 = 20 max (N2r12uh2 + (Nr, + M)Q) )

It follows from (13) and (14) that

505min —
<g +— ) lee-nll* < 2p llze-n — Te-n|* + ¢

(15)

where c:=c; + cp. Since zy- v = Ari_n_1-1 +

Bui_n_1+wi—n—1 and Ty_ny = AZy_n—1 + Bus—n—1,

we obtain

2N — T < |A(zi—N—1t—1 — Be—n—1)

2 ) 2

+we—n-1||” S 2|AIP [|omn1 — Beono1p—1]|” + 275
(16)

Summing up, if we combine (15) and (16), it follows that

1% 5 Omin
<2+ 2

) leen |2 < 42 A1 lern1?
+4pr? 4 ¢
and hence that

8 1]l A]?
2 + (Samin

8ur? + 2c
2 2 w

(e < €r_N— + —
” t N” > ” t—N lH L S Cenin

forall t = N, N + 1,.... After fixing the initial condi-
tion for ¢ = N in (7a) by using (15), from the above
inequality it is straightforward to set the sequence {(;}
according to (7b), thus concluding the proof. O

Note that Theorem 1 with the choice of a sufficiently
small p ensures that the estimation error e;_ belongs
to the compact set B(r.), where

Te:= max <“(“’a)’ %)

from now on.

Remark 2 The stability condition § > 0 in (6) is to be
ascribed to observability. More precisely, such a condition
corresponds to have full rank for the observability matriz
Fy as well for all the matrices obtained from Fy by deleting
each row in turn. In other words, the system should be
observable also by excluding each of the measures in the
batch in accordance with what one can expect because of
the leave-one-out moving-horizon strategy proposed here.
The bounding sequence (7) depends on the various system
parameters such as || A||, 1w, 7y, and M. The smaller such
parameters, the tighter the bound. The choice of p and
N is more involving and deserves a careful analysis with
some specific tools such as quadratic boundedness [4].

In the next section, we will address the robustness prop-
erty of the moving-horizon estimators.

4 Robustness of MHE

In this section, we will discuss the selection of the design
parameters g, g, . .., a1 in such a way to ensure the
rejection of the outliers to improve the performance of
the moving-horizon estimator.

The MHE strategy (5) guarantees outlier rejection if

Jf@gN@<<ﬁ(ﬁfMJ, k=1,2,...,N+1,
i=01,... N+1,i4k (17)

with the k-th measure in the information batch affected
by outlier, i.e.,

= 5o ot—1
Ye-Nti—1 = Fixy_ny + Hiow, "y +vi-Nyio1,

i=1,2,...,N+1 (18a)
|'Ut7N+i71|érvai:172,"'7N+1a Z#k (18b)
FU < |Ut7N+k71| (].8(3)

for some 7, > 0 with F; and H; denote the i-th rows of
Fy and Hy, respectively. More specifically, the following
result holds.



Theorem 2 Under the assumptions of Theorem 1 and
having chosen ag,aq,...,an+1 oll equal to any strictly
positive constant and p > 0 such that a(p, o) < 1, (18)
implies (17) if the absolute values of outliers are strictly
larger than

Ty = \/3(15’1'*6* + Hpw* +0%)° + 322 + 3h2Nr2,

(19)
where
Fom  max B he=  max |E|
k=1,2,...,N+1 k=1,2,...,N+1
(ef,w*,v*,i") € argmax (Fie
eEB(Tﬂ)vwEB(\/ﬁrw)7‘U|§7'v7i6{17--~7N+1}
+ How +v)” (20)
with
Ty > Ty (21)

Proof. Instead of proving (17) directly, we will consider
the stronger but more easily tractable condition

th(jth\t) < Jti(jjtfl\qt)a k= 172a"'aN+17
i=0,1,...,N+1i#k, Vi_y,€R"
(22)

since it is straightforward to verify that (22) implies (17).
We will consider first (22) for ¢+ = 0 and later on the
remaining cases, namely, for i = 1,2,..., N + 1.

Case analysis for i =0

To ensure JF (2, ) < JN(&—npe) fork=1,2,... N+
1 and all Z;_n|; € R", consider the following:

VP Nkl = (Frei—n + Hyw!” § + v N1

— Frer—n — ﬁszjv)z < 3(Ye—Ntk-1

— Fednp)” +3 (Frern) +3 (Hpwi~})®

< 3(ye-niwot — Fudeonye)” + 3| B e

3| A i Al < Bl nrios — Fiioie)”

+3f2r2 + 3R?Nr2 (23)
where the first inequality was obtained by using the

square sum bound. Thus, the term y;— N1, —1 — FrZ:— Nt
is nonnull and hence

_— 2
(ythHcfl - Fkxth\t) >0 (24)

if
U Nag_1 > 3f2r2 4+ 3hANTL . (25)

Using (24), we easily derive

t

t
Qg Z (yz - Ci%zs—N|t)2 < ag Z (yz - C@t—mt)?

i=t—N i=t—N
i#t—N+k—1

as, by assumption, ag = ay. After adding pl|%;—n: —

Z;_n||? to both sides of such an inequality, we obtain
(22) for i = 0.

Case analysis fori =1,2,... . N +1

We will adopt a reasoning quite similar to the previous
case. First, note that, since we assume that all the cost
parameters aq, g, ...,an+1 are equal to some strictly
positive value, (22) restricted toé = 1,2,..., N+1 holds
if

— _ _ 2 _
(Fiermn + Hwl "y + ventio1) < (Frer—n
. 2
+ Hyw! "y + V- Nik—1) (26)
fori=1,2,...,N + 1. Toward this end, we will get an
upper bound on the 1.h.s. and a lower bound on the r.h.s.
of (26) and then combine these bounds in such way to
satisfy the inequality. The former is simply given by
(erth + ﬁkwfjv + UthJrkfl) < (Fz’*e* + Hjw*
+ ) (27)

where the maximizer defined in (20) exists for the Weier-
strass theorem. The latter stems from (23), which yields

2
Vi N+k—1
3

+ 'Uth+k71)2 . (28)

- f27’z — i_LzNT?H < (ert_N + Pfsz‘:]lv

Using (27) and (28), it follows that (26) holds if

2
Vi N+k—1

3 —f%g —B2Nr12u

(Fi*e* + Hpw* + v*)Q <
or, after a little algebra,

Vi Nko1 > 3_(Fi*€* + Hpw* + 1)*)2 + 322
+ 3h2N7r2 . (29)

Let us now combine the two cases. Since (Fj«e*+H;«w*+

v*)2 > 0, the r.h.s. of (25) is less than or equal to the
r.hus. of (29), it is straightforward to conclude that (22)
holds by choosing 7, as in (19).



Proof of (21)

We proceed by a contradiction argument and hence let
us suppose 7, < r,,. Thus, (20) yields

r2 > 72 > 3(Fie + Huw +v)” + 322 + 30 Nr2, (30)

for all e € B(r.), w € B(VNry), v : |v| < r,, and
i=1,2,...,N+1.If we choose e = 0, w = 0, and v such
that |v| = r,, (30) results in a contradiction and hence
we conclude that (21) holds. O

Remark 3 Theorem 2 deserves a special comment
since, in principle, one may deduce a less conservative
condition for robustness by means of the direct use of (17)
instead of (22). The condition (17) may facilitate the
selection of the parameters ag, a1, ...,an41 but it re-
quires the introduction of additional assumptions on the
boundedness of the state trajectories. Indeed, the stronger
condition (22) enables to deal only with estimation error
and disturbances, thus taking advantage of the results of
Theorem 1 and allowing for a simple choice of such pa-
rameters, as detailed later on.

Remark 4 The robustness of the proposed method in
case of multiple outliers is difficult to be proved. Despite
the single outlier case, the combinatorial nature of the
problem prevents one to find suitable upper and lower
bounds on the Lh.s. and r.h.s. of (26), respectively, and
hence to fix the minimum amplitude of the absolute value
of the outliers for which rejection is ensured. The proof
of robustness in the sense of Theorem 2 is thus nontriv-
ial under the assumption of multiple outliers, though the
stability property of Theorem 1 holds.

Based on the results presented so far and without loss
of generality, we adopt the following cost functions:

¢
T @-n) =pllde-y —Z-n [P+ Y (vi— Ci;)°
i=t—N
(31a)
¢
TE (#e-n) = pll#e-n — TN [P+ Y (i —Ci)?,

i=t—N
i#t—N—4+k—1

k=1,2,....N+1 (31b)
where the scalar p = 1/« > 01is to be suitably chosen, as
the minimization of (31a) and (31b) depends just only
on the value of the ratio u/c. Likewise, the stability
properties of Theorem 1 depend only on u/a and not
separately on p and a.

Theorem 2 claims that robustness is guaranteed in case
of occurrence of outliers with absolute value larger than
7y. Clearly, the dependence of 7, on M is such that an

increase of M determines a larger B(r.) and hence a
larger 7,. Thus, we may reduce 7, by decreasing M as
much as possible, which can be accomplished by solving
an optimization problem that takes into account the var-
ious relations between M and 7,. Toward this end, we
explicitly point out the dependence on M in some pre-
vious definitions by redefining them with a little abuse
of notation as follows:

4 (pd% + N2?h2r2 + (N7, —|—M)2)

k(p, M) := o+ (32)
_ 8ol Al

a(p) = To4o (33)

b, vy = ST NI T 2 Qe MF)

where dy is an upper bound on ||zg — Zo||. Note that
in (33) there is no dependence on M, which indeed af-
fects both (32) and (34). Thus, let us choose p such that
a(p) < 1 (i.e., the stability result of Theorem 1 holds)
and consider the following minmax problem:

min _ max file,w,v 70, M) (35a)

ele—1r2<0 (35b)

w'w— Nr2 <0 (35¢)

v —r2 <0 (35d)

ro —M <0 (35e)
b(p, M)

Te — Max (/f(p, M), T a(p)) =0 (351)

with unknowns e € R™, w € R™*Y, v € R, 7. > 0, and
M > 0 and where

M?  fori=0

3(Fie+ Hyw + v)2 + 3 f2r2
+3h2N7r2 fori=1,2,...,N +1.

file,w,v,7¢, M) :=

Because of the continuity of the functions f;, the problem
(35) admits a solution.

In the next section, simulation results will be presented
and discussed.

5 Numerical Example

We compared the Kalman filter with estimate update en-
abled on residual check (KF) and the proposed method
(denoted by MHF, moving-horizon filter) about the esti-
mation of the state variables of a second-order oscillating
system by using only the measures of the first variable,
possibly corrupted by outliers. Such an autonomous sys-
tem with damping ratio £ and (undamped) natural pul-
sation w is described by a discrete-time linear equation



with

1 T
—Tw? —2wéT +1

A= C=[1 0]

with ¢ = 0.2, w = 0.5 rad/s, and sampling pe-
riod T = 0.5 s. The initial states were generated as
white Gaussian noises with mean [1 1]T and covari-
ance Py = diag(2,2). White Gaussian processes with
means equal to zero and covariances Q = diag(1,1), and
r = 0.01,0.1,1.0 (except in case of outlier) were chosen
as system and measurement disturbances, respectively.
For each simulation run, we computed the correspond-
ing values of r, and r,, and finally of 7, by solving (35).
The number of time steps between one outlier occur-
rence and the next one was randomly generated between
N+1and 2 (N +1). The outlier amplitudes were chosen
according to a zero-mean, white Gaussian distribution
with dispersion equal to 7, and thus with a probability
of having an outlier amplitude for which the rejection of
the MHF is not ensured of about 68% (see Theorem 2).

The KF was designed by using Py, @, and r according
to the simulation setting and different thresholds o; to
enable the estimate update based on the current output
error. (i.e., only in case the absolute value of such an er-
ror is less than o). We considered different choices of
o by scaling the covariance of the output error, namely,
S =1+ CPt|t,1C’T, where P;;_; is the “a priori” co-
variance of the KF. Specifically, we choose o; equal to
V/5t, 24/5¢, 5y/5¢, and 10,/5;. The estimates of the MHF
were obtained according to (5) by using the cost func-
tions (31) with different choices of p such that the sta-
bility condition a(p) < 1 is satisfied.

To compare the performances of all the estimators, we
will show the mean computational time (MCT, in s) and
the root mean square error (RMSE). The MCT is just
the mean duration of the computation that is required
to generate an estimate of MHF or KF at each time
instant. The RMSE is defined as follows:

I 1/2
leeill?
RMSE(t)= () A
i=1

where e, ; is the estimation error at time ¢ in the i-th
simulation run, and L is the number of simulation runs.
The initial states of KF and MHF were initialized with
[1 1]7 in all the simulation runs.

The result of a simulation run is presented in Fig. 2. Fig.
3 shows the boxplots of the RMSEs for both MHF's and
KF's with different choices of p and oy, respectively. Ta-
bles 1-4 illustrate the results concerning tests over 100
simulation runs with zero-mean, Gaussian measurement
noises having different dispersions. More specifically, Ta-
ble 1 and 2 report the RMSE medians separately for the

first and second state variable, respectively. As compared
with the KF, the MHF performs much better in terms
of RMSE with an MCT that is about three times that of
the KF on average, as shown in Table 3. Moreover, the
performances of the MHF turn out to be quite similar
over large variations of p, whereas, by contrast, the KF
performs badly in case of wrong choice of the threshold.
Table 4 shows that the MCT of the MHF grows almost
linearly with the increase of N (i.e., with the number of
measures of the batch).

6 Conclusions

We have addressed the problem of state estimation for
linear systems with measurements affected by outliers
by devising a novel approach based on a moving-horizon
strategy, for which stability and robustness have been
established. We have verified the effectiveness of the pro-
posed approach via simulations, where the higher esti-
mation precision and enhanced robustness to outliers is
paid in terms of a moderate increase of computational
burden as compared with the Kalman filter with esti-
mate update driven by a threshold test on the output
error.

Future work will concern the extension of the proposed
method to estimation in the presence of multiple out-
liers and for nonlinear systems. The use of heuristics to
reduce the computational effort will be another topic to
investigate.
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