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Abstract Prior results on input reconstruction for multi-input, multi-output discrete-
time linear systems are extended by defining /-delay input and initial-state observ-
ability. This property provides the foundation for reconstructing both unknown in-
puts and unknown initial conditions, and thus is a stronger notion than /-delay left
invertibility, which allows input reconstruction only when the initial state is known.
These properties are linked by the main result (Theorem 4), which states that a MIMO
discrete-time linear system with at least as many outputs as inputs is /-delay input and
initial-state observable if and only if it is /-delay left invertible and has no invariant
zeros. In addition, we prove that the minimal delay for input and state reconstruction
is identical to the minimal delay for left invertibility. When transmission zeros are
present, we numerically demonstrate /-delay input and state reconstruction to show
how the input-reconstruction error depends on the locations of the zeros. Specifically,
minimum-phase zeros give rise to decaying input reconstruction error, nonminimum-
phase zeros give rise to growing reconstruction error, and zeros on the unit circle give
rise to persistent reconstruction error.
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1 Introduction

Input reconstruction, that is, the problem of inferring the inputs to a system from
available measurements, impacts numerous applications, ranging from machine tool
control to cryptography, filtering, and coding. In particular, when unknown inputs
represent disturbances or the effects of system uncertainties, estimates can be used
to improve the control system performance. In addition, when unknown inputs repre-
sent the effect of actuator failures, estimates can be used to implement fault-tolerant
control, and thereby enhance system reliability [6]

The reconstruction of unknown inputs under the assumption that the initial state
of the system is either known or zero is addressed by left inversion, a long-studied
problem in the systems literature [14, 17, 18, 22, 23]. In particular, necessary and
sufficient conditions were obtained in [17, 18, 22, 23] for the existence of a linear
time-invariant dynamical system that, when cascaded with the original system, pro-
duces as its output the input to the original system. These conditions are given in
terms of a rank condition on matrices made up of either the system matrices or the
system Markov parameters. The issue of internal stability of the resulting cascade sys-
tem was addressed in [14], which considers both left inversion and the dual problem
of right inversion. The issue of internal stability and the effect of nonminimum-phase
zeros on input reconstruction were addressed within the context of right inversion
along with the related notions of noncausal inversion, preview, preaction, and steer-
ing along zeros [4, 7, 8, 12, 16, 20, 25]. A unified approach to noncausal right and
left inversion is given in [13].

Although the problem of left inversion has been extensively studied, the more
realistic problem of determining the unknown inputs from measurements when the
initial state is nonzero has received less attention. In the continuous-time case, [1] de-
fines the notion of an unknown-state, unknown-input-reconstructible system, which is
characterized through a necessary and sufficient geometric condition, which implies,
in particular, that the system has no invariant zeros. Later, [9] and [3] present input
and state asymptotic reconstructors. In particular, the reconstructor of [3] does not
require differentiators and ensures convergence up to an arbitrary degree of accuracy.
More recently, [24] introduces a modified version of the reconstructor of [3], which
provides an asymptotic estimate of both a function of the state and the unknown in-
put; in fact, in [3] it is observed that, in general, the entire state is not needed to
reconstruct the unknown inputs.

For discrete-time, minimum-phase systems, [5] introduces a constructive algo-
rithm for establishing whether the system is finite-time observable and left invertible
with or without sampling delays, and provides a procedure for obtaining an estimator
that allows both the unknown input and state to be retrieved after a finite number of
sampling intervals.

The input-reconstruction problem is distinct from, but closely related to, the prob-
lem of state observation with unknown inputs. In both problems, the inputs are un-
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known. However, unlike the input-reconstruction problem, the problem of state ob-
servation with unknown inputs does not seek estimates of the unknown inputs. The
literature on unknown-input observers is extensive; see, for example, [19, 21].

In this paper we extend the results of [15] on one-step-delay exact input recon-
struction in discrete-time systems by deriving a reconstructor for /-step-delay input
and initial-state reconstruction, where the delay / accounts for the relative degree
of the system. This reconstructor uses an input-output model that depends on the
observability matrix and a block-Toeplitz matrix of Markov parameters. The main
result, given by Theorem 4, states that a MIMO discrete-time linear system with at
least as many outputs as inputs is /-delay input and initial-state observable if and
only if it is /-delay left invertible and has no invariant zeros. A computational proce-
dure is given by Proposition 7. In addition, we prove that the minimal delay for input
and state reconstruction is identical to the minimal delay for left inversion. When
invariant zeros are present, we demonstrate /-delay input and initial-state reconstruc-
tion on several numerical examples to show how the input-reconstruction error de-
pends on the locations of the zeros. Specifically, minimum-phase zeros give rise to
decaying input-reconstruction error, nonminimum-phase zeros give rise to growing
input-reconstruction error, and zeros on the unit circle give rise to persistent input-
reconstruction error.

We apply the [-step-delay reconstructor to several numerical examples to show
how the input-reconstruction error depends on the locations of the zeros. Specifically,
we show that minimum-phase zeros give rise to decaying input-reconstruction error,
nonminimum-phase zeros give rise to growing reconstruction error, and zeros on the
unit circle give rise to persistent reconstruction error. The effect of nonminimum-
phase zeros shows that this feature increases the delay needed to obtain accurate
estimates of the unknown inputs.

In Sect. 2, we state the objective of the paper and introduce notation. In Sect. 3,
we review necessary and sufficient conditions for /-delay left invertibility. These re-
sults unify and extend standard conditions for left invertibility, and thus provide the
foundation for subsequent results on input reconstruction. In Sect. 4, we focus on the
problem of input reconstruction with /-step delay when the initial conditions of the
system are nonzero and unknown. The basic notion of /-delay input and initial-state
observability is defined and characterized through necessary and sufficient algebraic
conditions. Sections 5 and 6 illustrate the effect of invariant zeros on the solvability of
the input and initial-state reconstruction problem. Several numerical examples help
to clarify the new notions and illustrate the effectiveness of the proposed methods.

A preliminary version of some of the results in this paper appeared in the confer-
ence paper [10].

2 Problem Statement

Consider the linear discrete-time system

Xk+1 = Axg + Bug, (D
Yk = Cxi + Duy, )
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where k is a nonnegative integer, uy € R™, x; € R", yy e R?, A e R"*" B € R"*™",
C e RP*" and D € RP*™ We assume that (A, B, C, D) is minimal. The p x m
transfer function of (1), (2) is G(z) = C(zl, — A)~!'B + D. For each nonnegative
integer r, we define the output sequence Yx:x+r] € RPU+D and the input sequence
Ulkektr) € RMCHD by

Yk Uk
A | Vet A | Uk+1
Yieksr1 = | . > Ulkck4r1 = 3)
Yk+r Uk+r

The objective is to use measurements of the output vector Y[o.,,] to determine the
initial state xo and the input vector Ujg.y,], where r; > rp > 0. The goal is to determine
values of r; and r, for which input reconstruction is possible.

Note that Y{o.r], U0}, and xo are related by

X
Y[O:r] =T,xo+ M, , U[O:r] = tI/r,r I:U[(;)'r]:| s @

where, for r| > ry >0, I, € RPC1HDxn pp e RPOIHDxm24D and ¢, €
Rp(r1+l)><[n+m(r2+l)] are defined by

™ Hy 0 . 0 7
¢ H Hy :
<4 H H ' 0
A 2 A .
Frl = CA 5 Mrl,rz = .2 _1 . s (5)
CcA" .
L Hr1 Hr| -1 .- Hr1 —ry
and
A
Vrir, = [Frl Mrlsr2:|’ Q)
and where
A | D, k=0,
H, = 7
k {CA"‘B, k>1, M

denote the Markov parameters of the system. Note that M, o € RP"+D>™ Further-
more, for all z € C such that |z] > p(A), where p(A) denotes the spectral radius of A,
it follows that

G)=) <z 'H. ®)
i=0

Throughout this paper, d denotes the relative degree of G(z), that is, the smallest
nonnegative integer i such that H; # 0.
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3 [-Delay Left Invertibility of Transfer Functions

In this section we introduce and characterize the notion of /-delay left invertibility,
where [ refers to the number of time steps that must pass before the inverse can be
causally realized. These results set the stage for results on /-delay input reconstruc-
tion. A transfer function F(z) is proper if it is either exactly proper (F'(oco) # 0) or
strictly proper (F(o0) = 0).

Definition 1 Let / be a nonnegative integer. Then G(z) is l-delay left invertible if
there exists an m x p proper transfer function G (z) (called an [-delay left inverse of
G(2)) such that G;(2)G(z) = z~'1I,, for almost all z € C. In this case, the smallest
nonnegative integer [y for which G(z) is lp-delay left invertible is the minimal delay
of G. Finally, G is left invertible if there exists a nonnegative integer ¢ such that G is
q-delay left invertible.

Note that if G(z) is [-delay left invertible, then G(z) is r-delay left invertible for
all r > [. Recall that the normal rank of a polynomial matrix or transfer function in z
is the maximal rank over all values of z.

Theorem 1 The following statements are equivalent:

(1) G(2) is left invertible.

(i) The normal rank of G(z) is m.

(iii) The normal rank of[ZIC_A _DB] isn—+m.

Proof To prove (i) implies (ii), suppose G(z) is [-delay left invertible for some non-

negative integer /. Then there exists an m x p proper transfer function G;(z) such

that z/G;(z) G (z) = I, for almost all z € C. Therefore, the normal rank of G (z) is m.
To prove (ii) implies (i), note that, since the normal rank of G(z) is m, it follows

that the Smith-McMillan form of G (z) has the form

r1(@)
q1(2)

G(2) = S1(2) $2(2), ®

Pm(2)
qm(2)

O(p—m) Xm

where off-diagonal zero terms are omitted, and S; and S are p x p and m x m
unimodular matrices, respectively. Now define

91(2)
p1(@)
JAN [P . _
GI(Z) =z lSz I(Z) . Omx(p—m) Sl I(Z),

qm(2)
Pm(2)

where [ is a positive integer chosen to be sufficiently large such that G;(z) is proper.
Then, G;(z)G(z) = z 1 for almost all z € C.
Finally, the equivalence of (ii) and (iii) follows from Proposition 12.10.3 of [2]. [J
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Theorem 1 shows that, if G(z) is [-delay left invertible, then G;(z)G (z) =z ' 1,
holds for all z € C except the poles of G(z) and G,(z) and, if / > 1, then z = 0.
Now, for r > > 0, partition M, , as
Mr,r = [Mr,r—l Mr,l ] 5 (10)
where M,; € RPU+D>m Noting that

O,=[I M, )=[I Moy Myg]=[%, My], (11)

it follows that (4) can be written as

Yiorr] = Irx0 + My r—1Ujor—1) + My 1 Upp—141:] (12)
=Y,y [U[O:rl]] + My Upp—i41:1- (13)
Furthermore,
5 0p(r+1)x0s =0,
Mrl == I:OPI:;*HJ)XW[I:I , l 2 1’ (14)
1-1,1-1

and thus, forall / > 1,
rank(M,.;) = rank(M;_1;_1). (15)

Note that A;I,,o € RPC+Dx0 j5 an empty matrix whose range is {0} and rank is 0. Let
‘R denote range and N denote null space.

Theorem 2 Let [ be a nonnegative integer. Then the following statements are equiv-
alent:

(1) G(z) is [-delay left invertible.
(i) There exists a matrix K € R™<PUHD sych that

KM]J:[Im o --- 0]. (16)

(iii) ug is uniquely determined by Yo, and x.

(iv) N(Mp) € R([ %))

IHI
(v) Mo has full columln rank, and

R(M;,0) NR(My,;) = {0}. (17)
(vi) p>m and
_ [ rank(Mo,0), 1=0, (18)
| rank(M; ;) —rank(M;_1 ;—1), [>1.
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Proof To prove (i) implies (ii), let G;(z) be an m x p proper transfer function such
that G;(z)G(z) = z~'I for almost all z € C. Then there exists pg > 0 such that, for
all z € C satisfying |z| > po, it follows that G;(z) = Z?io z”fli, where IEIO, I:Il, .
denote the m x p Markov parameters of G;(z). Now it follows from (8) that

o0 o0
T=61(6R) = (Zz-fﬁ,) Y H;
i=0 =0
00 00 ook
= ZZZ_(i+j)ﬁiHj = ZZZ_kﬁin_i.

i=0 j=0 k=0 i=0

Therefore, Y\ _o H; Hj—; = I, and, for all k > 0 such that k # [, "o H; Hy—; = 0.
Let K 2 [ H_y --- Ho). Then KM, =[1, 0---0].
To prove (ii) implies (iii), consider input sequences Ujo.; and U[O:l] such that

M; 1 Uro.y = Yoy — Lixo

and

My, Upo.y = Yiou) — Tixo.
Therefore,

My (Ujo:) — Upouy) = 0.
Hence

ig—uo=\[In 0 --- 0] U041 — Uroy)
= K M;,;(Ugo.4y — Upoy) = 0.

Therefore, Ujo.0) = uo is uniquely determined by Y[o.;; and xo.
To prove (iii) implies (iv), let & € A'(M; 1), and consider the input sequences U, [0:/]
- A . . - .
and Ujo.) = Uy + &, which satisfy M; ;Uo.;; = Mp,1Uo.n = Y(0.1 — T1x0. Now, it
follows from (iii) that uo = iig, which implies that & = Ujo.) — Upos = [ ; O ]-

Unn—Un
Therefore, £ € R([O»; ><lml])'
m

To prove (iv) implies (v), let v € R(M;,0) N R(Mu). Then there exists an in-
put sequence Ujgj such that M; oug = M; ;(—=U.)) = v, that is, Ujgy € N(M[’[).
Since by (iv), Ujo.:) € R([O’"xm’]), it follows that ug = 0, and thus v = 0. Therefore,

Lt
R(My,0) N R(My1) = {0). Next, let ug € N'(My.0). Then, with Uyo. = [ ], it fol-
lows that Ujo; € N'(M; 7). Now (iv) implies that Uy, € R([O’;XI’”[]), that is, ug = 0.
Therefore, N'(M; o) = {0}, that is, M ¢ has full column rank.

To prove (v) implies (i), note that R(A;I”) is a k-dimensional subspace of R” a+D),
where k 2 rank (My)). Let Q € RPUFDXIPU+D=K] be quch that the columns of Q
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form an orthonormal basis of R(]VI;J)J‘. Then
0™M;;=0. (19)

Since M; ¢ has full column rank and R(M; o) ﬂR(M])l) = {0}, it follows that QTMl,o
has full column rank. Then the generalized inverse (QTMI,O)T = (MIT’0 0 QTM[,O)_1 X

MIT0 Q satisfies

(Q™M0) Q™M1 0 = . (20)

Now, it follows from (12), (19), and (20) that

(Q"™My0)' Q" [Yjou1 — Iixol = (0" My0)" QT [My ouo + My Upi)]
= (0"M1.0)" Q" My ou0 = uo.

Now, partition (QTM; 0)T QT as
(M) 0" =11 Rii - Rol,

where K; € R"*?, i =0,1,...,1. Then it follows from (20) that 3"'_  K; Hj_; =
I, Next it follows from (19) that (QTM; o) QTM;; = 0, that is, for all k such that
1<k<I, Y X  KiHi_i =0. Now, let K; =0 for all i > [, and define G,(z) 2
> z7'K;. Then

Gl(z)G(z)=<Zz ’K)Zz THj = ZZZ (DK H;

i=0 j=0
1

ook
=) > T KiHi=z") KiHii=2"lIn.

k=0 i=0 i=0

Hence, G;(z) is an [-delay left inverse of G (z).

To prove that (v) implies (vi), note that rank (M; o) = m. For [ = 0, it follows that
rank (Mp,0) = m. Hence, (vi) holds for [ = 0. Next, for [ > 0, it follows from (15) and
(17) that

rank(M; ;) = rank [Ml,o Ml,l] = rank(M”) +m
=rank(M;_1,-1) + m.

To prove (vi) implies (v) suppose [ = 0. Then it follows from (18) that Mo o has
full column rank. Since Mo o 1s an empty matrix, R(Mop, o) N R(Mo 0) = {0}. Hence,
(17) holds for I = 0. Next, for / > 1 note that, since rank (M ;) < rank (Ml,l) +
rank (M; o), it follows from (15) that

rank(M; ;) <rank(M;_1 ;—1) + rank(M; o). 21
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Using (vi) it follows that
rank(M; ;) =rank(M;_1 ;-1) + m. (22)
Now, it follows from (21) and (22) that m < rank (M o). Therefore,
rank(M; o) = m, (23)

that is, M; o has full column rank. Next, it follows from (15) with r =1, (22), and
(23) that

rank(M; ;) = rank(Ml)l) + rank(M; o). 24)
Furthermore, since
rank(M; ;) = rank [MI,O Ml,l]
= rank(M0) + rank(M; ;) — dim(R(My,0) N R(My,)),
it follows from (24) that dim(R(M; o) N R(Z\;Il,l)) =0, and thus (17) holds. Il

The equivalence of (i) and (v) of Theorem 2 implies that G (z) is [-delay left in-
vertible if and only if each of the first m columns of M; is linearly independent of
the remaining columns of M; ;.

Note that if G(z) is SISO, then G4(z) 2 274G 1(z) is exactly proper and satisfies
Ga(z)G(z) = z~¢, and thus Iy = d. However, the following example shows that /o
and d may be different in the MIMO case.

Example 1 Consider the transfer function

—1 -2
GQ) = [i_z 2—2}

with the minimal realization

0000 10
100 0 00 100
A:0000’B:01’C:[10]

0010 00

Note that Hy = [88], H = [(1)8] (and thus the relative degree d = 1), Hp = [(1) 11],
H; =0foralli > 2,and

1 2 2
G“(z):—[z2 §].

z—1|—z Z

Next, define G;(z) =z 'G~1(z). Then G;(2) is proper if and only if [ > 2. Hence
lp = 2. Since d = 1, it follows that [y > d.
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The following result gives a necessary and sufficient condition for [p =d.

Proposition 1 Let [y denote the minimal delay of G(z2), and let | > ly. Then,

rank[Ho Hl]zm, (25)
Hy
H,

rank | . =m, (26)
H

and ly < n. Furthermore, ly > d with equality if and only if rank (Hz) = m.

Proof Suppose [ =1y =0 so that [y < n. Then it follows from condition (vi) of
Theorem 2 that rank (Mp o) = rank (Hy) = m. Therefore, (25) and (26) hold. Now
suppose lp > 0 and [ > 1. Then it follows from condition (vi) of Theorem 2 that
rank (M; ;) — rank (M;_1 ;—1) = m. Since

Mi—iy-1 | O } @7

M;; =
Ll |:Hl - Hy | Ho

it follows that rank (M;_1 ;—1) +rank[ Hp - - - H; ] > rank (M} ;), which implies (25).
Furthermore, since G(z) is /-delay left invertible, it follows from condition (v) of
Theorem 2 that M ¢ has full column rank. Since

Hy
H,

Mio=| . |,
H,

(26) holds.
Next let k > 0 and note that
rank(My ;) = rank [Mk,O A;Ik,k ]
< rank(My o) + rank(Mk,k)
< m + rank(Mj x). (28)

It then follows from (14) that
rank(My ) — rank(My_1 x—1) < m. 29)

Since G (z) is [-delay left invertible, it follows from condition (vi) of Theorem 2 that

(29) holds with equality if and only if k > [. Next, define ¢ 2 dim(NV (D)), and note
that

rank(My o) =rank(D) =m —q. (30)
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Suppose g = 0. Then rank (M o) = m, and it follows from (vi) of Theorem 2 that
lp = 0 and thus [y < n. Now suppose g > 1. Then it follows from (28) with k = [y
that

rank(My 1,) < lom — 1) + (m — ) + 1. (31)

Next, define Q 2 [ADB ... B]. Since G(z) is left invertible, it follows from (31) that

0=dim(N<|:Mf’lO:|>)z(lo—i—q—l)—n. (32)

Since g > 1 it follows thatlp <n —q + 1 <n.

Since H; = 0 for all i < d, it follows from (25) that [y > d. Now suppose
lo = d. Then (25) implies that m < rank[Hy--- Hy] = rank (Hy) < m, and thus
rank (Hy) = m. Conversely, suppose rank (Hy;) = m. Then M, ¢ has full column rank
and Md,d = 0. Therefore, condition (v) of Theorem 2 holds with [ = d, that is, [y <d.
Since lp > d, it follows that [ = d. Il

Proposition 1 shows that, if G(z) is /-delay left invertible, then both (25) and (26)
are satisfied. However, in the following example, both (25) and (26) hold for [ =1,
whereas [y = 2.

Example 2 Consider the transfer function
Gy=|z?% 1 z7'],
2
for which n = 5 and d = 0. Note that

01 0 1 00 0
Hy=({0 1 0|, H=|0 0 1], Hy=1]1
0 0 O 01 0 1

S O O

1
0 ’
1

and H; =0 foralli > 2. Then rank (Mo 0) = 1, rank (M1,;) = 3, and rank (M> ») = 6.
Since rank (M1 1) — rank (Mo o) < 3, and rank (M 3) — rank (M1 1) = 3, it follows
from condition (vi) of Theorem 2 that [y = 2. However, (25) holds for [ = 1, that
is, rank [ Hy Hi ] = 3, and (26) holds for / = 1, that is, rank[Z?] = 3. Note that
d <lp <n, as implied by Proposition 1. In fact, d < Iy < n.

Theorems 1 and 2 provide necessary and sufficient conditions under which the
identity transfer function can be attained by a left inverse after [ steps. However,
this noncausal left inverse has limited value for input reconstruction for two reasons.
First, the transfer function formulation of a dynamical system does not account for
the initial condition of the state of a corresponding state space realization. Therefore,
we must consider a state space formulation in order to have a more complete picture
of the free response of the system, which is present in practice. Furthermore, within
a state space formulation, if G(z) has a transmission zero, then G(z) can have a
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nonzero input such that, for some nonzero initial condition of a corresponding state
space model, the output is identically zero. We explore these issues in the following
sections.

4 [-Delay Input Reconstruction with Known Initial State
In this section we show that if G(z) is [-delay left invertible then we can achieve
input reconstruction with an /-step delay from a known initial condition x¢ and output

measurements Y[o.r].

Lemma 1 Assume that G(2) is [-delay left invertible. Then, for all r >,

N(Mr,r) cR <|:Onz(r—l+l)xml]> ) (33)
I
Proof Note that
0 Mo | M |0
M —|m pxm(l+1) — 1,0 11 p+Dxm ) 34
I4+1,141 [ 1+1,0 M Ho | H - H | Ho (34

Since G(z) is [-delay left invertible it follows from condition (v) of Theorem 2
that M; ¢ has full column rank. :Fhen it follows from (34) that M4 o has full col-
umn rank. Since R(M; 0) N R(M; ;) = {0} and M; o has full column rank, it follows

from (34) that R(M;4+1,0) N R([Ol’mﬂq) = {0}. Then My41,1 = [Mi41,0] %g;g‘] has

full column rank and R(M;4+1,1) N R(MIHJ) ={0}. Let &, € C?" and & € C™ be
such that My y1.1&1 + Ml+1,l§:2 =0, that is [g] € N(Mj41,1+1)- Since R(Mj4+1.1) N
R(]\;IIHJ) = {0}, it follows that M;41 1&; = 0. Since M;41,1 has full column rank,
it follows that & = 0. Therefore, N'(Mj11,41) R([Oz;”mxl’”l]). Hence, (33) holds

with r =1 + 1. Proceeding similarly, we attain N'(M,.,) C R([O’”“’I”I”X’”l ]) for all
r>1. O

Theorem 3 Assume that G(z) is [-delay left invertible. Then, for all r > I, Ujo.r—y
is uniquely determined by xo and Y|o.r|. Furthermore, the unique solution of (4) with
reconstruction delay 1 is
Uto:r—11 = toW[1:¢—1+1ym1 [ M, (Y01 — T7x0) - (35)
Proof Note that (4) implies
M, Uo:) = Yio:r) — I Xo- (36)
Then it follows from Proposition 6.1.7(v) of [2] that

Ujo:r) = M, (Yjo.r) — Tvxo) + (I — M} M, ) Upo:r). 37)
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Using Proposition 6.1.6(viii) of [2] it follows that R(I — MZ,M”) = NM,,).
Then,

Uor—i = [ Ingr—141)  0](M]], (Yjo:r) — Tx0) + (I — M, My, )Ujo:r))

€ {[Im(r—l+l) O]Mj,r(Y[o;r] — I}x0)

n [Im(r—l+l) 0] R <|:Om(r—l+1)xmli|> }
Iml

={[In¢—111y OIM;, (Yjo.1 — [1x0)}.

Therefore, Uo:r—i) = row[1:¢—i+1m] (M. » (Yo.r) — T7x0)]. 0

5 [-Delay Input and Initial-State Reconstruction

In this section we take into account the unknown and possibly nonzero initial condi-
tion of (1), (2) and consider the problem of input and initial-state reconstruction. The
following definition provides the foundation for input and initial-state reconstruction.
For the following definition, recall the definition of ¥, ,, given by (6).

Definition 2 Let / be a nonnegative integer. The system (1), (2) is [-delay input and
initial-state observable (IISO) if there exists » > [ such that

N(Wr,r) c R (|:O[n+m(r—l+1)]><lm j|> . (38)

Iim

In this case, the smallest nonnegative integer l(’) for which (1), (2) is l(’)—delay input
and initial-state observable is the minimal I1SO delay. Furthermore, (1), (2) is input
and initial-state observable if there exists a nonnegative integer ¢ such that (1), (2)
is g-delay input and initial-state observable.

In Definition 2, r + 1 is the length of the output data window used to reconstruct
the input and initial state. Specifically, if Y[o.,} = 0 in (4), that is,

X *0
|:U(§) :| = U[():r—l] € N('I/r,r),
[0:r] U[r—l+1:r]

then (38) implies that [U[: L]] =0, and thus xo and Ujo.,— can be uniquely recon-
structed from Y[o./].

The following result provides necessary and sufficient conditions for /-delay input
and initial-state observability.

Proposition 2 Let [ be a nonnegative integer. The system (1), (2) is [-delay input and

initial-state observable if and only if there exists r > | such that both of the following
statements hold:
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(i) rank (¥, ,) = rank (¥, ,_;) + rank (M,.).
(1) ¥ ,—; has full column rank.

Proof To prove (i), let v € R(¥,.,_;) N R(M,,). Then there exist & € R0 —I+D
and & € R such that ¥, ,_& = M,.;(—&) = v, that is, [ gzl] e N(¥,,). From (38)
it follows that & = 0, and thus v = 0. Therefore, R(¥,,—;) N R(M,J) = {Q}. Con-
sequently, it follows from Fact 2.11.9 in [2] that rank (¥}, ) =rank ([ ¥, ,_; M, ;]) =
rank (¥, ,—;) + rank (A;Ir,l).

Next, to prove (ii), it follows from (11) and (38) that

& Iim

Therefore, N (¥, ;) = {0}, that is, ¥, ,_; has full column rank.

Conversely, assume that both (i) and (i) hold. Let [gzl] e N, ), that is,

W, &1 + My & = 0. It follows from (i) that R(¥,., 1) N R(M,,;) = {0}, and thus
Y, &1 =0 and M, ;5 = 0. Since, by (ii), ¥, —; has full column rank, it follows

that & = 0, and thus N (¥,.,) C R([O["Jr’”(’ll’””w’"]). Hence (1), (2) is [-delay input

and initial-state observable. O

{|:%-1 :| :51 G./\/’(Wr’r_[), %-2 EN(Mr,l)} gN(Wr,r) C R ([0[n+m(rl+l)]xlm:|> .

Lemma2 LetxgcC", . €C,upeC", r >0and
, 11T
Ulo:r] [ug {ug Y ug] e Cr+bm (39)

Let Yjo.r) = ¥y, [ vy, |- Then

[CIEA—DB]D(;}ZO “0)

if and only if, for all r > 0,

Yo = 0. (41

Proof For r > 1, define x, 2 Ax,_1 + B¢"lug. Noting that (40) implies Cxq +
Duo =0 and (¢I — A)xg — Bug = 0, it follows that x; = ¢xo. Hence, (40) holds
with [;Cg] replaced by [ ;;10]. Proceeding similarly, it follows that x, = ¢"x¢ and
Cx; 4+ D¢ ug =0 for all r > 0. Next, note that

Cxo+ Duyg
Yo = : =0,
Cx, 4+ D¢ ug

which proves that (41) holds for all r > 0. The converse follows by reversing these
steps. O
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¢I-A—B

Recall that ¢ € C is an invariant zero of (1), (2) if rank[ c D

ZIC—A —DB]

] is less than the

normal rank of [

Lemma 3 Assume that (1), (2) is input and initial-state observable. Then (1), (2) has
no invariant zeros.

Proof Suppose that (1), (2) has an invariant zero ¢ € C. Then rank[“ c A _DB] <

n + m, that is, there exists nonzero [ ;8] e C* that satisfies (40). Then Lemma 2
implies that [U;Sr]] satisfies (41) for all r > 0. Therefore, (1), (2) is not input and
initial-state observable. U

Theorem 4 The system (1), (2) is l-delay input and state observable if and only if
G (z) is l-delay left invertible and (1), (2) has no invariant zeros. Furthermore,

lo=1I)<n. (42)

Proof To prove sufficiency, note that, since G(z) is [-delay left invertible, it follows

from (iii) of Theorem 1 that the normal rank of [ZIEA ;)B ] is n + m. Since (1), (2)

has no invariant zeros, it follows that rank [ ¢l C_ A _DB ] =n+m forall ¢ € C. Then it
follows from Theorem A.1 that there exists » > n such that R(I;) N R(M, ) = {0}
and I has full column rank. Since G(z) is [-delay left invertible, it follows from
condition (v) of Theorem 2 that, for all r > Iy, R(M, _;)) N R(Mr,lo) = {0} and
M.y, has full column rank. Furthermore, it follows from Proposition 1 that [y < n.
Therefore, for some r > n, R(¥;,,—;,) N R(Mr,lo) = {0} and ¥, ,_;, has full column
rank. Hence, it follows from Proposition 2 with [ = [y < r, that (1), (2) is [-delay
input and initial-state observable.

To prove necessity, suppose that (1), (2) is /-delay input and initial-state observable
for some [ > 0. Then it follows from Lemma 3 that (1), (2) has no invariant zeros.
Next, it follows f~r0m condition (i) of Proposition 2 that there exists r > [ such that
R(lpj,rfl) N R(M,,;) = {0}, and thus (since R(M;,,—1) € R(¥r—1)) R(My,—1) N
R(M,;) = {0}. Note that

Mryrfl = |:Mr,rll

OP(V*I)Xm Y Op(rfl)xml
, M, = ~ . 43
Mo ! M, (“43)

It then follows that
{0} S {0p¢—n} x (R(M10) N R(Myp))
00— O0pr—1yxmi
() os ()
([ Mo M,
C (R(M,—1) N R(M,,))) = {0}.

Hence (17) is satisfied. Next, it follows from condition (ii) of Proposition 2 that
M, _; has full column rank. Thus, it follows from (43) that M; ¢ has full column
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rank. It then follows from condition (v) of Theorem 2 that G(z) is /-delay left invert-
ible.

Finally, it follows from Proposition 1 and the arguments used in the previous para-
graphs that [p =1 <n. O

Let def(M) denote the defect of the matrix M, that is, the dimension of the null
space of M.

Proposition 3 Assume that G(z) is SISO and (1), (2) is input and initial-state ob-
servable. Then

lo=ly=d=n. (44)
Furthermore, for all r > n — 1, def(¥,.,) =n.

Proof Let [ > 0 be such that (1), (2) is /-delay input and state observable. Then it
follows from Theorem 4 that G(z) is /-delay left invertible and has no invariant zeros.
Since G(z) is SISO it follows that z~¢G~!(z) is exactly proper, and thus [ > Iy =d.
Since G(z) has no zeros it follows that n = d. It then follows from Theorem 4 that
lo=1y=d=n.

Finally, let r > n. Then ¥, = [I7|My,—| "5 "], Since Hy # 0 it follows

that M, ,_, has full column rank and thus ¥, ,_, = [, M, ,_,] has full column
rank. Since A;I,,,n = 0 it follows that

def(¥,.,) = dim(./\/'(lllr’r)) = rank |:O(r+11n)xn :| —n .

n

Proposition 4 Let m = 1 and assume that (1), (2) is input and initial-state observ-
able. Then

lo=ly=d <n. (45)

Proof Let [ > 0 be such that (1), (2) is /-delay input and state observable. Then it
follows from Theorem 4 that G(z) is [-delay left invertible and (1), (2) has no in-
variant zeros. Since G(z) is SIMO it follows that H,; has full column rank. Then it
follows from Proposition 1 that Iy = d. Therefore, it follows from Theorem 4 that
lo=1y=d <n. O

The following SIMO example is input and initial-state observable and satisfies
d <n.

Example 3 Consider the transfer function

G(Z)=[ '

NN|_ N =
|
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with the minimal realization

TS S R ) I

Then H = [ é] has full column rank and d = 1. It then follows from Proposition 1
that G (z) is 1-delay left invertible and /p = 1. Next it follows from Proposition 4 that
lo=1=d <n=2.Infact,d <n.

Proposition 5 Assume that (1), (2) is input and initial-state observable. Then
d<lp=Ily<n. (46)

Proof Since (1), (2) is input and initial-state observable, it follows from Theorem 4
that [y = l(’) < n and G(z) is lp-delay left invertible. It then follows from Proposition 1
that d < lp. Hence (46) is satisfied. Il

The following result provides necessary conditions for /-delay input and initial-
state observability.

Proposition 6 Let [ be a nonnegative integer, and assume that (1), (2) is l-delay input
and initial-state observable. Then the following statements hold:

(1) (1), (2) is k-delay input and initial-state observable for all k > 1.
(i1) rank (¥, ,—;) =rank (¥, ,—;—1) +m forall r > n.
(iii) m < p.
(v) If m = p, then n <ml.

(v) rank (I,—1) =n.

Proof To prove (i), since (1), (2) is /-delay input and initial-state observable, there
exists r > [ such that (38) holds. Now, note that

W lIlr,r—l (47)
r+l,r—1 =
" CA™*' Hyy - Hip
and
0
. Opxml ~
~ M, 0
Mryriy1=| Ho | :[Hz ol H, 1’“[;(1)”"1]. (48)
: Mr,l
H

Then it follows from condition (ii) of Proposition 2 that ¥, ,_; has full column rank.
It then follows from (47) that ¥, 11 ,—; has full column rank. Next, it follows from
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condition (i) of Proposition 2 that~R(lI/r, r—1) N R(Mr, 1) = {0}. Then it follows from
(47)~(48) that R(¥y+1,,—1) N R(My+1,+1) = {0}. Since

0
Hy
H
has full column rank, it follows from (48) that Vil r+1-1 has full column rank

and rank (¥ 1,41) = rank (Y 1r1-1) + rank (My1.1.0). Hence, N'(ri1,41) <

R([O[”“"ZZ)'””X""]). Proceeding similarly, for all s > r,

N(Ws,s) c R ([0[n+(s—l+l)in)]xlm ]) ) (49)

Iim

Lets >k > 1. Then

R O+ (s—1+Dym) I xim cR Opn+(s—k+1)m)]xkm ’
I Iim

and it follows from (38) that

NW, ) CR <|:O[n+(s—k+l)m)]><km }) _

Iim

Hence, (1), (2) is k-delay input and initial-state observable.
Next, to prove (ii), it follows from (ii) of Proposition 2 that

'J/r,rfl = [lpr,r—l—l COI[n+(r—l)m+11n+(r—l+l)m](lpr,r—l)]

has full column rank and thus ¥, ,_;_; and the last m columns of ¥, ,_; have full
column rank. Therefore, rank (¥, ,—;) = rank (¥, ,—;—1) + m.

Next, to prove (iii), since Proposition 2 holds for all r > n, it follows that ¥, ,_;
has full column rank, thatis, n +m(r —1+1) < p(r+1) forall r > [. Hence, m < p.

Next, to prove (iv), it follows from (ii) of Proposition 2 that n +m(r — [+ 1) <
p(r +1). Now with m = p, it follows that n < ml.

Next, to prove (v), it follows from (ii) of Proposition 2 that ¥, ,_; has full column
rank, and thus I has full column rank. Therefore, rank (I'},_;) = n. O

The following result provides an explicit reconstructor for the /-delay input and
initial-state reconstruction problem.

Proposition 7 Assume that (1), (2) is [-delay input and initial-state observable and

(38) holds for some r > 1. Then xo and U|p.r—;) are uniquely determined by Y|o.,].
Furthermore, the unique solution of (12) with reconstruction delay [ is given by

X0 T AT
= Y- Yio:r) 50
|:U[0:rl]i| (Q"¥r1) O Y0 (50
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. . A ~
where 7 represents the Moore—Penrose generalized inverse, k = rank (M,.;), and the
columns of Q € RPUFDXIPUTD=K gre an orthonormal basis of N(M)).

Proof Letr >1>d,and & = [U[O)fi]] ]- By assumption, each row of QT is an element
of R(]VI,, I)L. Therefore,

Qi1 = 0. (51)

Since by (ii) of Proposition 2, ¥, ,_; has full column rank, it follows that QTlI/,,,_l
has full column rank. Then the generalized inverse (QTI,I/,’,_I)T = (l]frT ;0 X

T
0", 7' 0 satisfies
(QTLI,r,r—I)TQT‘IIr,r—l = In+(r—l+1)m- (52)

Now, it follows from (12), (51), and (52) that

(0", 1) 0 Y0 = (Q"W10) Q" (¥, 18 + M, Uy —141.1)

= (QTlpr,r—l)TQqur,r—lE = ;5_ O

The special case [ =1, d = 1 is given in [15]. Proposition 2 shows that, for
this special case (1), (2) is 1-delay input and initial-state observable if and only
if there exists r > 1 such that ¥, ,_; has full column rank. Furthermore, since
]l;[r,l = 0(+1)pxm> it follows from Proposition 5 that Q = I(,11), and it follows from
(50) that the unique solution of (12) for each r > 1 is given by

X0 _wT
|:U[0:r—1] ] N lpr’r_] Y[O:r]- (53)

Example 4 Consider the transfer function

1
(z—0.5)(z—0.6)

G()=

with the minimal realization

A:Bé'ﬁb] B:[ﬂ, c=[0 1], D=][0].

Since ¥, has full column rank, ¥, ; does not have full column rank, and
rank (¥, 2) = rank (¥2,9) + rank (Mz)z), it follows from Proposition 2 that G(z) is
2-delay input and initial-state observable but not 1-delay input and initial-state ob-
servable. Therefore, l(’) = 2. Since G(z) is SISO with d = 2, it follows that [y = d
and thus /o = I{; = 2. For both cases we compute the least-squares expression in (50),
and Fig. 1 compares 1-delay and 2-delay input and state reconstruction. As expected,
2-delay input and state reconstruction described by (50) correctly estimates the input
and initial state, whereas, for [ = 1, the solution given by (50) fails.
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1.4 T T T T T T T T
Actual Input
% Reconstructed Input with | = 1

121 Reconstructed Input with | = 2|

1
0.8 E

=

0.6 -
0.4 -
0.2 i

0 1 1 1 1 1 1 1 N3

1 2 3 4 5 6 7 8 9 10

Time

Fig. 1 Comparison between the actual input sequence Uj. () and the reconstructed input sequence 0[0;9]
for / =1 and U|.g) for / =2 delay input and state reconstruction in Example 4

Example 4 demonstrates the case lo = [{,, and Fig. 1 shows 1-delay and 2-delay
input and state reconstruction for a 2-delay input and initial-state observable system
with d = 1. In this case, 1-delay input and state reconstruction estimate is given by

XAO T
N =y Yo 1. 54
|:b[0:r—1]] rr=1701 G

6 Invariant Zeros and Unobservable Inputs

If the system (1), (2) has invariant zeros, then it follows from Lemma 3 that (1), (2) is
not input and initial-state observable. In this case, the input and initial state cannot be
exactly reconstructed from output measurements. In this section we relate the error in
input reconstruction to the locations of the invariant zeros relative to the unit circle.

Definition 3 Letr > 0. Then the input Ujg., is unobservable if there exists a nonzero
initial condition xo such that [U;(;),-]] e N, ).

Theorem A.1 implies that, if G(z) is left invertible and (1), (2) has at least one
invariant zero, then there exists an initial condition and an input sequence, not both
zero, such that the output is identically zero. In fact, the following immediate result
shows that such initial conditions and input sequences are nonzero elements in the
null space of ¥, . These initial conditions and input sequences are thus unobservable
for the purpose of input and initial-state reconstruction.
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Proposition 8 Let & € R" and v e RUYD™ be such that
v, [i] = [E + My,v =0. (55)

Then, with xo = & and Ujo.,] = v, it follows that Y[o.,) = 0.

For SIMO systems that have a zero outside of the spectral radius of A, the follow-
ing result provides an explicit expression for an unobservable input and initial state.

Proposition 9 Let m = 1 and let ¢ € C be an invariant zero of (1), (2) such that
|¢] > p(A). Furthermore, let ¢ € C, define the input sequence

up =Re(cc*), k=0,1,..., (56)
and let

xozRe|:cZ§_iAi_lB:|. (57)

i=1
Then, for all r > 0, Y|0.,] =0, that is,
[Uxo } eNW,.,). (58)
[0:r]

Proof Since G(¢) =0, it follows from (8) that

C§’<Z§_iHi+ > z—"H,-> =0, (59)
i=0

i=r+1
that is,
[H- H—1 --- Holvos+CA™xg=0, (60)
where
1
N 1
Vio:r] = Re | c .
€.r
Note that

o o0
S e ATIB=Y A g,
i=l1 i=0

Now dividing (59) by ¢ yields
r—1 ' oo ‘
ct’ (Z ¢~V H; + Z;”*”Hi) =0,
i=0 i=r
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that is,
[H_y Hy—a --- Holvjs—1+CA 'x9=0. (61)

Proceeding similarly, it follows from (60), (61) and (8) that

X0
Y, =0.
nr |:V[0:r]:|

Now, with Ujo;;] = vjo.] it follows that there exists xo such that [U;JO leNW,,).O

:r]

¢I-A —B

Note that, if ¢ is a zero of (1), (2), then rank | e p

values of x( given by (57) satisty

[

Note that if ¢ is an element of the open unit disk, then (56) decays, whereas (56)
grows if ¢ is outside the unit disk. If however, ¢ is on the unit disk, then (56) neither
grows nor decays. The following examples illustrate these properties.

Consider a realization of the type of (1), (2), where A, B are given by

| < n+m. Furthermore, the

0.1 17029 0 0
A=|0 02 1|, B=|0], (63)
0 0 03 2

and where C is chosen to set the locations of the invariant zeros relative to the unit
circle. Note that xo =[10 5 15] is used only for simulation, but knowledge of xq
is not assumed to be available for input reconstruction.

Example 5 Consider the transfer function

2 —7405
(z—0.1)(z—0.2)(z —0.3)°

G(2) = (64)
which has minimum-phase zeros 0.5 + 0.5;7, 05 — 0.5; and C =
[0.25 —0.5 2]. Figure 2 compares the 1-delay reconstructed input sequence with
the actual input sequence. Note that the input-reconstruction error is largest for small
values of k, which corresponds to the fact that the system has minimum-phase zeros.

Example 6 Consider the transfer function

z—1
(z—=0.1)(z—-0.2)(z—=0.3)’

G(2)= (65)

for which C =[0 0.5 —4]. Figure 3 compares the 2-delay reconstructed input
sequence with the actual input sequence. Note that the input-reconstruction error is
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Actual Input
115  _ — - — - Reconstructed Input

T
|
0.95F ‘
0.9} | i

0.85

0.8 1 1 1 1 1 1
0 5 10 15 20 25 30 35

Time

Fig. 2 Comparison between the actual input sequence and the 1-delay reconstructed input of the sys-
tem given by Example 5, with minimum-phase zeros 0.5 + 0.57 and 0.5 — 0.5;. In this case, the in-
put-reconstruction error is decaying and oscillatory

2 T T
Actual Input
15 — - — - Reconstructed Input
1+ S ]
r ! -
D 05fF - i
[
or - I e
b
-0.5- - i
Loy L - o
_1 1 1 1 1 1 1
0 5 10 15 20 25 30 35

Time

Fig.3 Comparison between the actual input sequence and 2-delay reconstructed input of the system given
by Example 6, with zero 1. In this case the input-reconstruction error is persistent; in fact, it is constant
over the interval

persistent over the interval, which is a consequence of the fact that the zero is located
on the unit circle. In addition, the sign of the error is constant due to the fact that the
zero is located at 1.

Example 7 Consider the nonminimum-phase transfer function

z—3

YO = DG =0 =03)

(66)
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1.5
Actual Input
— — — Reconstructed Input
1k — a
O
I
| —
D 05F | -
I
I
I
I
or Iy B
b
Lo
~0.5 | | | |
5 10 15 20 25
Time

Fig.4 Comparison between the actual input sequence and 1-delay reconstructed input of the system given
by Example 7, with nonminimum-phase zero 3. The input-reconstruction error is monotonically increasing
due to the real nonminimum-phase zero

T T
‘r - —— Actual Input
[
‘ [
!
[

— — — Reconstructed Input

0.8

0.4

Time

Fig. 5 Comparison between the actual input and the 0-delay reconstructed input for the system given by
Example 8, with nonminimum-phase zero 3 and minimum-phase zeros 0.5 + 0.5 and 0.5 — 0.5;. The
input-reconstruction error is smallest in the interior of the reconstruction interval due to the presence of
both nonminimum-phase and nonminimum-phase zeros

for which C =[—0.8515 0.5000 0]. Figure 4 compares the 1-delay reconstructed
input sequence with the actual input sequence. Note that the input-reconstruction
error is monotonically increasing due to the real nonminimum-phase zero.
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Example 8 Consider the transfer function

(z—3)(z%2—2z+40.5)

@)= TG0 =03

(67)

which has nonminimum-phase zero 3, minimum-phase zero 0.5, and C =
[0.4552 —0.7772 —1.6432]. Figure 5 compares the 0-delay reconstructed in-
put sequence with the actual input sequence. Note that the input-reconstruction error
is smallest in the interior of the reconstruction interval due to the presence of both
nonminimum-phase and nonminimum-phase zeros.

7 Conclusions

In this paper we defined /-delay input and initial-state observability, and we character-
ized this property through necessary and sufficient conditions. We proved that /-delay
input and initial-state observability is equivalent to left invertibility and the absence
of invariant zeros, and that the minimal delay for input and initial-state reconstruction
is equal to the minimal delay for left invertibility. An explicit reconstructor was given
for reconstructing the input and initial state. For systems with zeros, numerical exam-
ples showed how the input-reconstruction error depends on the locations of the zeros,
specifically, the speed of convergence depends on the distance of the zeros from the
unit circle.

Future research and open questions include: refining the bounds (45) for the mini-
mal reconstruction delay for MIMO systems; the effects of modeling errors and noisy
measurements on the reconstructed input and initial state; developing reconstructors
that cancel minimum-phase zeros; and developing strategies for minimizing the effect
of nonminimum-phase zeros. A technique for addressing the effects of nonminimum-
phase zeros is discussed in [11].

Appendix
Lemma A.1 Letr >n, xo € C", ug, ..., u, € C™ and
X0
uo
Y[O:r] = lIlr,r
Ur
Assume that rank (Hyg) = m. Then for all r > n,
Y101 =0 (68)
if and only if
n—1
xoe [\ N[U, — DDNHCK]], (69)
=0
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and, for all k > 0,
up = —H,CAKkxo, (70)
where
A Tooad
Kqs=A—BH;CA". (71)
In this case, let xp41 2 Axy + Buy for all k > 0. Then, for all k > 0, x = Ki‘xo.

Proof First, assume that Y[o.,) = 0 for all » > 0. Then it follows that, for all kK > 0,
0=Cx; + Duy. (72)

Now, suppose d = 0. Since H; = Hyp = D has full column rank, it follows that, for
allk >0,

Uk =—DTka. (73)

Then x4 1 = (A — BD'C)x; and it follows from (72) that DD'Cx; = Cxy, that is,
xx € N[(I, — DD")C] for all k > 0. Note that, for all k > 0,

vk =, — DD")C(A — BD'C)kxp =0. (74)

Using the Cayley-Hamilton theorem it follows that, for all & > n, there exist
QOk» - - A1z such that (A — BDTC)* = 37 oy 1 (A — BDTC)!. 1t then follows
from (74) that xo € (/=g NT1(I, — DDHCK!).

Now suppose d > 1. Then note that, for all r > 0,

X0
Yo =C| . | =0. (75)
Xr
Since CB=---=CA% 2B =0, it follows that, for all k e Nand i € {0, ...,d — 2},

CAixk+1 = CAi+1xk.

Since Cxgyq =0 for all k >0, Cxjpqg = CAY 'xpp1 = CA% + CA4' Buy and,
H;=C A9~1 B has full column rank, it follows that

up = —H)CAx.
Hence, xr4+1 = Kgx¢ and, for all k > 0,
vk =CKXxo=0. (76)

Using the Cayley—Hamilton theorem it follows that, for all k¥ > n, there exist
0.ks -+ -» ®n—1,% such that Kk = 7;01 al,kK(li. It then follows from (76) that xo €

MiZo NICKL.
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Conversely, suppose d = 0. Then using Fact 2.12.20 of [2] it follows from (70)
that, for all k£ > 0,

k—1
Yk = |:CA" —> cA'Bp'cklT T - DDTCK§:|x0
=0

k—d
- C|:A" —> A'BD'C(A- BD*C)"H}CO — DD'CKKxg
=0

= (I, — DD")CKkx.

Next it follows from (69) that (68) is satisfied.
Now, suppose d > 1. Then, using Fact 2.12.20 of [2], it follows from (70) that, for
allk >0,

k—d
= |:CA" —~ ZCA’BH}CAdKf;—l—’]xO
=0

k—d
- C|:Ak — > A'BHjCA%(A - BH;CAd)kll]xo
=0

= CKkxy.
Next it follows from (69) that (68) is satisfied. O

Define the discrete-time system

Xp+1 = Kaxi, 7"
=, —DD"Cx, (78)
where K is given by (71).
Lemma A.2 Let r > n. Then there exist xo € R" and uy, ...,u, € R™ such that
xo # 0 and, for all r > n,
X0
uo
Y[O:r] = ¥rr : =0 (79)
Uur

if and only if (77), (78) is unobservable. Furthermore, let xj1 2 Axy + Buy for all
k > 0. Then, for all k > 0, x; = Ké‘xo.

Proof First, assume that (77), (78) is unobservable. Now, let s = rank(Hd) Then
there exist H; € RP*S, H, € RS*™ such that H; = Hy Ho. Note that rank (H,) =
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rank(l:lz) =s. Now, let u; be given by
up = Hy vy, (80)
where v; € R®. Suppose d = 0. Then D # 0, and thus
Xi41 = Axg + Bug, 81)

yk = Cxi + D'y, (82)

where B/ 2 BI:IZT and D' 2 DI-NIér =H I:Izl:lg. Note that 1:121‘:1;F is positive definite,

and thus D’ has full column rank. Alternatively, suppose d > 0. Then D = 0, and
thus

Xip1 = Ax + B'wg, (83)

Yk = Cxg, (84)

where B' 2 BHY. Note that C A4~ B’ = Hy H, which has full column rank.
Now, let

A | D d=0
H/ = ) ) 85
d {CAdlB’, d>1, (83)
and
K, 2 A—B'(H) cAd. (86)

Then note that K, = Ky, where K, is given by (71). Since ﬂf'z_ol NI, -
DDT)CKfi] #+ {0}, it follows from Lemma A.1 that there exists xg 7% 0 such that,
for all k > 0, uy given by

up = —HY (H) C(K})*xo

satisfies (79). Now, with x; = Axg + Bug it follows that x| = K x¢. Proceeding
similarly, it follows that x; = K% xo.

Conversely, suppose that there exists xo 7 0 such that, for all r > n, Yjo.,,) = 0.
Then it follows from Lemma A.1 that ()} — N[(I, — D'(D")")C(K/)"1 # {0}. Since
K/, = Kqand D'(D")' = DD, it follows that (77), (78) is unobservable. O

Theorem A.1 Assume that, for all ¢ € C, rank [ UC_A _DB] =n-+m. Then G(z) is left
invertible, and there exists r > n such that R(I) N'R(M,,) = {0}.

Proof Suppose G(z) is not left invertible. Then it follows from (iii) of Theorem 1 that

the normal rank of [ZI C_ A _DB ] is less than n + m. Therefore, there exists ¢ € C such
that rank [UEA 7DB] < n + m. Next, suppose that, for all » > n, R(I'}) N R(M,,,) #

{0}. Then it follows that there exists xo € C" and Ujg,] € C""+1 such that xo # 0
and Ixo + M, Ujo.,) = 0 for all r > n. It then follows from Lemma A.2 that (77),
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(78) is unobservable. Now suppose ¢ is an eigenvalue of K; such that Kyxg = {xg.
It then follows from Lemma A.2 that

x1 = Axo+ Bug = Kgxo = ¢xp.

Therefore, there exists nonzero [ ;‘8] e R satisfying [“ c A-B 1 XO] = 0. Hence,

I—-A —B bt

; - —

rank[ c D]<n+m. O
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