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with unknown inputs.

For linear stochastic time-varying systems, we investigate the properties of the Kalman filter with partially
observed inputs. We first establish the existence condition of a general linear filter when the unknown
inputs are partially observed. Then we examine the optimality of the Kalman filter with partially observed
inputs. Finally, on the basis of the established existence condition and optimality result, we investigate
asymptotic stability of the filter for the corresponding time-invariant systems. It is shown that the results
on existence and asymptotic stability obtained in this paper provide a unified approach to accommodating
avariety of filtering scenarios as its special cases, including the classical Kalman filter and state estimation

© 2014 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

State estimation plays an important role in state space mod-
elling and control. It has been applied to a wide range of areas; see
Li (2009) and Liang, Chen, and Pan (2010) for some recent applica-
tions in network control systems, transportation management, etc.

In the recent decades, state estimation for discrete-time linear
stochastic systems with unknown inputs (also termed as unknown
input filtering (UIF) problem) has received considerable attention
since the original work of Kitanidis (1987) first appeared. Various
filters were developed under different assumptions for the systems
with unknown inputs; see, e.g., Cheng, Ye, Wang, and Zhou (2009),
Darouach and Zasadzinski (1997), Darouach, Zasadzinski, and Xu
(1994), Fang and Callafon (2012), Gillijns and De Moor (2007),
Hsieh (2000, 2010) and Kitanidis (1987), among many others. Most
of these researches used the technique of minimum variance unbi-
ased estimation, hence leading to an unbiased minimum-variance
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Council (EPSRC) and BAE Systems (EP/H501401/1). The material in this paper was
not presented at any conference. This paper was recommended for publication in
revised form by Associate Editor Tongwen Chen under the direction of Editor lan R.
Petersen.
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w.chen@lboro.ac.uk (W.-H. Chen).
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filter (UMVF). Another important research line is state estimation
for descriptor systems (Hsieh, 2011, 2013). It has been recently
shown in Hsieh (2013) that any linear descriptor systems can be
transformed into a linear stochastic system with unknown inputs.
This shows a close link between these two kinds of problem. In
addition, various properties for these developed filters have been
investigated, including the existence condition (Darouach & Za-
sadzinski, 1997), asymptotic stability (Fang & Callafon, 2012), and
global optimality of the UMVF (Cheng et al., 2009 and Hsieh, 2010).

Recently, Li (2013) has developed a Kalman filter for linear sys-
tems with partially observed inputs, where the inputs are observed
not at the level of interest but rather the input information is avail-
able at an aggregate level. It has been shown that the developed
filter provides a unified approach to state estimation for linear sys-
tems with Gaussian noise. In particular, it includes two important
extreme scenarios as its special cases: (a) the filter where all the in-
puts are completely available (i.e. the classical Kalman filter; see,
e.g., Simon, 2006); and (b) the filter where all inputs are unknown
(i.e. the filter investigated in Kitanidis, 1987 and many others for
the UIF problem). Potentially the proposed filter can be applied to
avariety of practical problems in many different areas such as pop-
ulation estimation and traffic control.

So far there is not any study discussing the existence and
asymptotic stability issues of this newly proposed unified filter.
In this paper we investigate the properties of the Kalman filter
with partially observed inputs developed in Li (2013). For linear
stochastic time-varying systems with partially observed inputs, we

0005-1098/© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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establish the existence condition for a general linear filter. Then we
show that the developed filter is optimal in the sense of minimum
error covariance matrix. Finally, we consider asymptotic stability
of the filter for the corresponding time-invariant systems based on
the established existence condition and optimality result.

This paper has provided a unified approach to accommodating
existence and asymptotic stability conditions in a variety of filter-
ing scenarios: it includes the results on existence and asymptotic
stability for some important filters as its special cases, e.g., the fil-
ters developed for the problems where the inputs are completely
available and where all the inputs are unknown. Note that the
former is the classical Kalman filtering problem and the corre-
sponding existence and asymptotic stability conditions are well
established in the literature. For the latter case with unknown in-
puts, there has been a continuing research interest in existence
and asymptotic stability conditions for various discrete-time sys-
tems (e.g., Cheng et al., 2009, Darouach & Zasadzinski, 1997, Fang &
Callafon, 2012, Kitanidis, 1987) and continuous-time systems (e.g.,
Bejarano, Floquet, Perruquetti, & Zheng, 2013, Corless & Tu, 1998,
Hou & Muller, 1992).

This paper is structured as follows. First, Section 2 is devoted
to problem statement. Then we establish the existence condition
in Section 3. We focus on the properties of the filter proposed
in Li (2013) in Section 4. In Section 5, we investigate asymptotic
stability. Finally, this paper concludes in Section 6.

2. Problem statement

Consider a linear stochastic time-varying system:

X1 = Arxy + Gdy + wi

Yk = Gy + i, (1)

where x;, € R" is the state vector, d, € R™ is the input vector,
and y, € RP is the measurement vector at each time step k with
p > mandn > m.The process noise w; € R" and the measurement
noise vy € RP are assumed to be mutually uncorrelated with zero-
mean and a known covariance matrix, Qu = E [wka),f] > 0 and
Ry, =E [ukv,f | > 0, respectively. Ay, G, and C;, are known matrices.
Without loss of generality, we follow Gillijns and De Moor (2007)
and Kitanidis (1987), and assume that G, has a full column-rank.
The initial state x is independent of w;, and vy, with a known mean
Xo and covariance matrix Py > 0.

We consider the scenario where the input vector dj, is not fully
observed at the level of interest but rather it is available only at an
aggregate level. Specifically, let Dy be a q; x m known matrix with
0 < gx < m and Fy an orthogonal complement of D[ such that
DiFox = Ogyx(m—gqy and FFox = Im_q,, where O and I represent
the zero matrix and identity matrix of appropriate dimensions.
We suppose that the input data is available only on some linear
combinations:

rc = Dydy, (2)

where ry is available at each time step k. D, is assumed to have a
full row-rank; otherwise the redundant rows can be removed.

As pointed out in Li (2013), the matrix D, characterizes the
availability of input information at each time step k. It includes two
extreme scenarios that are usually considered: (a) gy = m and Dy is
an identity matrix, i.e. the complete input information is available;
this is case that the classical Kalman filter can be applied; (b) g, =
0, i.e. no information on the input variables is available; this is the
problem investigated in Darouach and Zasadzinski (1997), Gillijns
and De Moor (2007), Hsieh (2000) and Kitanidis (1987).

Throughout this paper, we use A(B) to denote any eigenvalue of
a square matrix B. For any two symmetric matrices A and B with
suitable dimensions, the notation A > B is used if and only if

A — B is non-negative definite. In addition, we use G} to denote
an orthogonal complement of Gy and 2, = [Gy, le]. Define

_ Dr—1
e = (Ckckfl) ' 3

3. Existence condition

To establish the existence condition of a general linear filter
for system (1) and (2), we first consider an invertible linear
transformation.

3.1. Transformation

Consider the following invertible matrix:

D Ogi x (n—m)
Mk = O(n—m)xm  p— .Qk_l.
T
Fox Om—gi) x (n-m)

It is straightforward to verify that M G,d can be expressed as:
MiGidi = [Dy, Omx (n—my> Forl" di

= [(Dxd)", (On—myxmdi)", (Fopdi)'1"

= [r], O1xnmy, (Fopdi)™1"

= i + Gidr, (4)

where fk = [rkT7O]x(n—m)»olx(quk)]Ty Sk = F()dek and Gk =
[Otm—q)xqr> Otm—aq) x (n—m)» Im—q, ) - We note that 7, is completely
available due to Eq. (2).

Left-multiplying both sides of Eq. (4) by M,(_l, Gidy can be
decoupled into two parts:

Gidk = My 'Fie + My 'Gidy. (5)
From Eq. (5), the dynamics of x;1 can be rewritten as:

Xep1 = A+ M T+ M, ' Gidi + o
= AgXx + Ui + Fid + wy,

where u, = M, 1%, is a known term, and Fy is given by

1= F
Fe = M, 'Gy = [Gy, G [ gk} = GyFox. (6)

Consequently, linear system (1) with the partially observed inputs
. = Dyd, can be equivalently represented by the following
system:

X1 = ArXy + Uy + Fidy + wi

Yk = CeXy + Uk )

The above manipulation shows that a linear stochastic system
with partially observed inputs (2) is equivalent to a linear system
with unknown inputs; similar property is also found for linear
descriptor systems (Hsieh, 2013).

3.2. Existence condition

In this subsection, we will establish the existence condition of a
general, asymptotically stable and unbiased linear filter for system
(7) and hence for its equivalent system, Egs. (1) and (2).

Motivated by the linear filter structure in the literature (e.g.
Darouach et al., 1994), we consider a general linear filter for
discrete-time linear system (7) of the form

X1 = Exi + Jiuk + K 1Vier, (8)
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where the gain matrices Ej, Ji and K. 1 are to be designed. Based on
(7) and (8), one can obtain the error dynamics ey, = Xj1 — X1

ext1 = (AXi + U + Fidy + 1) — (Eilkec + Jettk + Kiep1Yir1)
= Exex — Uk — I + Kiy1Cer 1)tk
+ (Ak — Kiy1Cer1Ar — E)Xie — (K 1Ciey 1 Fe — Fi) S
+ (I = K 1Cey 1) 0k — Kiey1Vper1-

To ensure the filter is unbiased, it is required that the filtering
error is independent of uy, X, and §;. In addition, it is expected
that the error approaches to zero as time k increases. Hence the
existence condition for filter (8) is given by:

(i) Ey is stable (i.e., any eigenvalue of Ej, satisfies |L(E,)| < 1);
(ii) Ex = Ak — Kier1Ger At
(iii) Kit1CierrFie = Fi;
(iv) Jk =1 — Kig-1Creg 1.
For system (1)-(2), however, the existence condition for system

(7) should be expressed in terms of matrices A, G, C, and Dy. For
this end, we first state a lemma.

Lemma 1. For system (1)-(2), we have

ZIn - Ak _Gk
rank Ci+1 0
0 Dy

= rank ([zIan:]Ak _(;: k]) + rank(DyDy).

See the Appendix for proof. We now provide a condition for
the existence of a general linear filter for a dynamic system with
partially observed inputs.

Theorem 1. Suppose that both matrices D[ and Gy have a full
column-rank. Then a sufficient condition for the existence of a general
linear filter (8) for system (1)-(2) is given by:

rank(IT11) = m 9

and forallz € C (C isthe field of complex numbers) such that |z| > 1:

ZIn - Ak _Gk
rank Cis1 0 =n+m. (10)
0 Dy

Proof. We note that we can select matrices E, = Ay — Ki+1Cr+14k
and Jy = I —Kjy41Cy1 to ensure that condition parts (ii) and (iv) are
satisfied. Hence, we will focus on condition parts (i) and (iii). We
first show that Eq. (9) guarantees there exists a matrix Ky, such
that condition part (iii) holds. We note

Dy
[ Conn Gk] [Fo« Di]

— [quX(mqw

_ DiD; } . (11)
Cr1GrFor

Ce+1GiDy

Since [Foy, DZ] is invertible and Ty, has a full column-rank, we
obtain that Cyy1GyFor = Crs1F (see Eq. (6)) is also of full column-
rank, i.e.

rank(Cr1F) = m — qy. (12)
Eq. (12) guarantees there exists a matrix Ky, such that condition
part (iii) holds.

Next, since Cyi1F; has a full column-rank, there exists an
invertible matrix Ny, € RP*P such that

O _
NiCesrFr = |: (p—m—+qg) x (m Qk)] .

Im*‘lk

The general solution Ky of Ky 1Crs1Fx = Fy is given by K1 =
[T, F¢INy, where I, can be any matrix of suitable dimensions and
is to be designed for the gain matrix Ky 1.

Now define Sy, and Sy, such that

[g;z] = NiCer1A. (13)
Then from condition part (ii), we can obtain
Ex = Ak — Ki+1Cir1Ak

= Ar — [Tk Fe]NkCer1Ar = Ax — [Tk, Fil [gi]

= Ax — FSak — TSk (14)

According to Anderson and Moore (1979, p. 342), the existence
condition part (i) holds if and only if the following equivalent
conditions hold:

(a) Ax — FiSox — I S1y is stable for a matrix I
(b) S1xn = 0 and (Ax — FSak)n = An for some constant A and
vector  implies |A| < 1orn = 0.

The condition (b) can be expressed in the following equivalent
formforallz € € and |z| > 1:

rank ([ZI” N AS" T stz"]) =n. (15)
1k

The following identity, in conjunction with Lemma 1, shows that
Eq. (15) is satisfied:

ZIn — Ak —Fk
rank([ Cerr 0 ])
[ 0] [z, — A —F
= rank " "
(__Ck+1 ZI] |: Crt1 0 :I)

-Zln — Ak —Fk
| Cer1Ac GieaFi
(1, 0][zl,—Ac —F¢
10 Ni|| Ger1Ae  CeyiFi

_ZIn - Ak _Fk
= rank Stk 0
L S2l< Iquk

rank

rank

Stk 0
0 Im—‘lk

[zln — A + FeSae O :|>

[z, — Ak + FSok - —Fy
= rank

Sk 0
L 0 In—g,

= rank ( 2 = AS"]:— stijD +m — qy.

Hence, Eqgs. (9) and (10) guarantee there exists a gain Ky, such
that: (a) Ki41Crr1Fx = Fi; and (b) Ex = Ax — Ki11Cri1Ax is stable.
This completes the proof.

= rank

Remarks. (i) Eq. (9) is the estimability condition for the filter
developed in Li (2013) for system (1) with partially observed
inputs (2). From the proof of Theorem 1, it also guarantees the
unbiasedness of a general linear filter. In addition, Theorem 1
shows that to ensure the estimation error of a general linear
filter is stable as time k increases, a detectability condition (10)
needs to be met.



152 J. Su et al. / Automatica 53 (2015) 149-154

(ii) When condition parts (i)-(iv) are satisfied, the general linear
filter (8) is given by

Xir1 = Ak — Kir1Ger1ADRk + (I — Kiey1 Ceg1) Uk
+ K 1Yrt1- (16)

(iii) The error dynamics of the above filter (16) that satisfy
condition (i)-(iv) become

ex+1 = (Ar — Kir1Cep1Ar)ex

+ I = Kit1Ces 1, —Kiep 1[0, U1 (17)

3.3. Relationships with the existing filters

As mentioned earlier, system (1) with partially observed inputs
(2) includes two important scenarios as its special cases: (a) the
complete input information is available; and (b) no information
on the input variables is available. In this subsection, we compare
the developed existence condition in the previous subsection for
partially observed inputs to the condition derived for the classical
Kalman filter with complete information on the inputs, and to that
of the filter with unknown inputs.

Theorem 2. The proposed existence condition for filter (8) in Theo-
rem 1 reduces to: (a)the existence condition of the classical Kalman
filter when the complete information on the inputs is available, i.e., Dy
isinvertible; and (b) the existence condition of the filter with unknown
inputs, i.e. Dy is an empty matrix.

Proof. First, we consider the case that matrix Dy is invertible. It
is clear that Eq. (9) is satisfied due to the non-singularity of Dy. In
addition, we have

ZIn — Ak —Gk ZIn — Ak 0
rank Cit1 0 = rank Ci+1 (0]
0 Dy, 0 Dy

A"D + rank(DiD}).

zl, —
= k n
ran ([ Cerr

Since rank(DkD{) = m, the existence condition (10) reduces to

rank([d”c_ Ak]) =n, Vzee@, |z]>1
k+1

which is the detectability condition of the classical Kalman filter
(see, e.g. Anderson & Moore, 1979; Simon, 2006).

Next, we turn to the scenario where no information on the
inputs di is available. Since matrix D, reduces to a zero-by-zero
empty matrix in this case, Eq. (9) becomes

rank (Ci41Gr) = m. (18)
In addition, Eq. (10) reduces to

zl, — Ay Gy .
rank<[ s O]) =n+m, VzeC, |z| >1. (19)

Eqgs. (18)-(19) are identical to the results for the filter with un-
known inputs (Darouach & Zasadzinski, 1997). This completes the
proof.

Theorem 2 shows that the obtained existence condition in this
paper is a more generic condition. In addition, comparing the
existence condition (9) and (10) of the general linear filter (8) for
systems with partially available inputs to the existence condition
(18)-(19), it can be seen that partial information on the unknown
inputs has relaxed the existence condition of a general linear filter.
In other words, with the information on the unknown inputs at an

aggregate level (2), it is more likely that the general linear filter (8)
exists.

4. The filter with partially observed inputs

Now we focus on the filter proposed in Li (2013) for linear
stochastic systems when the inputs are partially observed. Note
that this filter was derived under the Bayesian framework with the
assumption that wy and vy follow a Gaussian distribution, and &
has a noninformative prior distribution. We summarize the results
of the filter below. Define

i~ Dk 0 X (n—m)
Dy = K .
k <o(n7m)><m In—m

Let 1\7Ik = I5k9,j]. It is shown in Li (2013) that for system (1) with
the input data available at an aggregate level (2), if matrix IT has
a full column-rank, then the posterior distribution for x; at any
time step k is a Gaussian distribution with posterior mean Xy, and
posterior covariance matrix Py given by:

Rie = AR 11 + PuMi_; (M1 P M) ™!
X -1 4+ Ke Wk — CrAk—1Xk—1jk=1)» (20)
and
Py = Pij—1 — Pk\chkTH,;lequkq + [Fi—1
— Py 1 G Hy ' CeF A 1R GO H ' CeFie 17!
X [Fi1 = Paio1 G Hy ' GeFi a1 (1)
with
K = Pyr—1CIH! TH!
k = Pe—1CG Hy " + [Fee1 — Pre—1C Hy, " GeFre—1]

x [F_ T H, " GeFe1] ™ 'R GOH T, (22)
= T T1T _ T —
e = [, 01, Peg—1 = Ac—1Pr—1k—144_; + Q-1 and Hy =
CkPk|k_1CkT + Ry > 0. Note that Eq. (9) guarantees Eq. (12) holds,
and hence F]_,CTH, 'C¢Fy_1 is invertible in the above equations.

Under the Bayesian framework, X was shown to be a mini-
mum mean square error (MMSE) estimate in Li (2013). However,
no further properties of the filter were explored.

We now derive the dynamics of the state estimation error e, =
Xk — Xk|k-

Lemma 2. The estimation error e, = X, — Xy of the filter (20)-
(22) follows the recursive equation

ek = (A—1 — KeCeAr—1)ex—1 + [I — KiCr, —Killwk—1, vil",  (23)
where Ky, is given by Egs. (21)-(22).

Proof. Let W,_; = Pk|k1\~/1,37](1\~/1k_1Pk|k_11\~4kT71)*1. The error dy-
namics of the filter (20)-(22) are given by

ex = Ak—1Xi—1 + Gr—1dr—1 + wr—1 — Arc1Ri—1jk—1
— Wi—1Tk—1 — Kk — CeAk—1Xk—1jk—1)
= (Ak—1 — KkGeAr—1)ex—1 + (Gr—1 — Kk Gy Gr—1)dy—1
— Wiife1 + (I — K G wi—q — Kevg.
Noting that r,_; = I\7Ik_1Gk_1dk_1, we obtain
(Gk—1 — KiCGi—1)di—1 — Wie—1Ti—1
= [I — KiCe — WicatMy—11Ge—1die—1. (24)
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Inserting (21) and~(22) into (24), we can obtain (23) by noting that
I — K,,.C, — Wy_1My_1 = O. This completes the proof.

Lemma 2 shows that, for the gain K} given in Eqs. (21)-(22), if
Ar_1 — K CyAx_1 is stable, the error of the developed filter in Li
(2013) will be stable as time k increases. In addition, the estimation
error Eq. (23) shares the same structure as that of Eq. (17), upon
which we can conclude that the filter (20)-(22) falls into the filter
family with the generic linear structure Eq. (8).

We now consider the error covariance matrix Py.

Theorem 3. Let ﬁk‘k denote the error covariance matrix of any filter
X, (Yy) based on the sequence of measurements Yy = {yo, Y1, - . . » Yi}-
Then for linear system (1) with partially observed inputs (2), we have
Pk > Pk, where Py is given by Eq. (21).

Proof. By definition, the conditional covariance matrix of the
estimate X, (Yy) for given Y is

P = E{[x¢ — R (Y 1%k — R (Y 1" Y}

It is easy to verify the following identity:

P = E{[xkx — Rige + R — Re(Ye)]
X [Xk — Rk + R — X (V)" [Yie)
= Pk + E{[Rix — RV MRie — X (V)1 Vi)
+ E{[xk — Reil Rige — R (Vi) 1" [Yie)
+ E{[Rie — Re(Yi)1lxe — Rigi]" 1Y)

Li (2013) shows that the estimated state vector Xy in Eq. (20) is
the posterior mean conditional on the sequence of measurements
Yi = {¥o0, Y1, - .., Yk}. Hence, we have E{x;|Y,} = Xy and the last
two terms on the right-hand side of the above equation vanish, i.e.

Pigke = Pigee + E{[Rie — RV [Rigie — Re (YT Vi)

We thus conclude that 131{‘;c attains the minimum if and only if the
second term of the right-hand side is equal to zero, i.e. X, (Yy) =
Xkjk- This completes the proof.

Theorem 3 shows that the filter given by Egs. (20)-(22) is
optimal in the sense of both MMSE and minimum covariance
matrix. This result is not only important in its own right but also
useful in the subsequent asymptotic stability analysis.

5. Asymptotic stability

In this section, we discuss the asymptotic stability of the filter
developed in Li (2013) for time-invariant system (1) and (2). We
hence suppress the subscript k of matrices Ay, Gy, C, Dk, Q¢ and
Rg.

We note from Lemma 2 that the covariance matrix in Eq. (21)
can be re-written as

Pk = (A — KeCA)Py—1jk—1(A — KiCA)'
+ (I — KC)QU — KyC)™ + KiRK,, . (25)

Under the condition given in Theorem 1 and in conjunction with
Theorem 3 that the covariance matrix of the filter given by Eqs.
(20)-(22)is optimal, it can be shown that the covariance matrix Py
in Eq. (25) is bounded for all k and for an arbitrary bounded initial
covariance Pyjo. On the basis of boundedness of Py, and inspired by
the approaches in Anderson and Moore (1979) and Fang and Calla-
fon (2012), we can further show the following result. The proof is
omitted here for lack of space and is available upon request.

Theorem 4. If the condition in Theorem 1 is satisfied and (A, Q%) is
stabilizable, then the covariance matrix Py of the filter (20)-(22) will
converge to a unique fixed positive semi-definite matrix P for any
given initial condition Pojo. Moreover, with the associated limiting
gain matrices K, the time-invariant filter is also stable, i.e. all the
eigenvalues of A — KCA satisfy |A\(A — KCA)| < 1.

It is of interest to compare the asymptotic stability condition
obtained with partially observed inputs to the asymptotic stability
conditions when the complete information on the inputs is avail-
able and when the inputs are completely unknown. This is investi-
gated in the following theorem. It shows that Theorem 4 provides
a unified approach to accommodating asymptotic stability condi-
tions in a variety of filtering scenarios.

Theorem 5. The asymptotic stability condition for the filter (20)-
(22) in Theorem 4 reduces to: (a)the asymptotic stability condition
of the classical Kalman filter when the complete information on the
inputs is available, i.e. Dis invertible; and (b) the asymptotic stability
condition of the filter with unknown inputs, i.e. D is an empty matrix.

Proof. First, we note that when matrix D is invertible, the asymp-
totic stability condition reduces to: (a) (A, C) is detectable; and

(b) (A, Q%) is stabilizable. These are the asymptotic stability con-
ditions of the classical Kalman filter (see, e.g. Anderson & Moore,
1979).

Next, when no information on the inputs is available, we know
from Theorem 2 that Eq. (10) in Theorem 1 reduces to Eq. (19). In

addition, condition (A, Q%) along with R > 0 (and hence R> > 0)
can guarantee that the matrix below has a full row-rank, i.e.,

_ v 1
rank (|A=€T G Q2 O 0) oL p v e o, 27,
'c 0 0 RS

(26)

Egs. (19) and (26) are identical to the asymptotic stability condi-
tion for the filter with unknown inputs (Darouach & Zasadzinski,
1997). This completes the proof.

6. Conclusions

This paper has established existence and asymptotic stability
conditions for the recently developed filter with partially observed
inputsin Li (2013). The obtained existence and asymptotic stability
conditions provide a unified approach to accommodating a variety
of filtering scenarios as its special cases, including the important
Kalman filtering and the unknown input filtering problems. In
practice, information on inputs and/or outputs may sometimes be
only partially available in applications. This work takes a further
step towards the development of more generic filtering techniques
where different levels of information are exploited.
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Appendix. Proof of Lemma 1

ZIn - Ak _Gk
rank Ci+1 0
0 Dy
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I 0
= rank Crs1 0] [” }
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= rank Cit1 0 0
0 DiFor  DiDy
— ZIn - Ak _Fk T
= rank ([ Cerr 0 ]) + rank(DyD,).
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