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Abstract

This paper is concerned with a characterization of all symmetric solutions to the discrete-time algebraic
Riccati equation (DARE). Dissipation theory and quadratic difference forms from the behavioral approach
play a central role in this paper. Along the line of the continuous-time results due to Trentelman and Rapisarda
[H.L. Trentelman, P. Rapisarda, Pick matrix conditions for sign-definite solutions of the algebraic Riccati
equation, SIAM J. Contr. Optim. 40 (3) (2001) 969-991], we show that the solvability of the DARE is
equivalent to a certain dissipativity of the associated discrete-time state space system. As a main result, we
characterize all unmixed solutions of the DARE using the Pick matrix obtained from the quadratic difference
forms. This characterization leads to a necessary and sufficient condition for the existence of a non-negative
definite solution. It should be noted that, when we study the DARE and the dissipativity of the discrete-time
system, there exist two difficulties which are not seen in the continuous-time case. One is the existence of
a storage function which is not a quadratic function of state. Another is the cancellation between the zero
and infinite singularities of the dipolynomial spectral matrix associated with the DARE, due to the infinite
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generalized eigenvalues of the associated Hamiltonian pencil. One of the main contributions of this paper is
to demonstrate how to resolve these difficulties.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The algebraic Riccati equation (ARE) plays an important role in many control problems such
as linear quadratic optimal control, H*° optimal control, optimal filtering, and so on. Since its
introduction in control theory, the ARE has been studied extensively.

An important problem related to the ARE is to find a necessary and sufficient condition for
the existence of a sign definite solution of the equation. For the continuous-time system, Willems
[1] derived a necessary condition for the existence of a non-positive definite solution. But it
turned out that this result was not a sufficient condition [2]. Molinari [3] derived a necessary and
sufficient condition for the existence of a non-positive definite solution. However, it is impossible
to numerically check this condition because it contains the non-negative definiteness of infinite
number of matrices [4]. Since then, several attempts have been made to this open problem. From
the viewpoint of the behavioral approach, Trentelman and Rapisarda [5] derived a characterization
of all unmixed solutions of the ARE by using quadratic differential forms. Their characterization
results in a necessary and sufficient condition for the existence of a sign definite solution in terms
of a single finite dimensional matrix called the Pick matrix.

The purpose of this paper is to derive a characterization of all symmetric solution to the
discrete-time algebraic Riccati equation (DARE) along the line of [5]. In the discrete-time system,
a necessary and sufficient condition for the existence and uniqueness of an unmixed solution are
obtained by Clements and Wimmer [6]. But, there has never been derived the characterization of
the solutions of the DARE so far.

In order to obtain a characterization of solutions of the DARE, we have to overcome the
following two difficulties which are not seen in the continuous-time case. One difficulty arises in
the construction of a storage function. In the continuous system, since every storage function is
a quadratic function of state [7], a solution of the ARE can be obtained from a weighting matrix
of a storage function. In contrast, in the discrete-time case, a storage function is not necessarily
expressed as a quadratic function of state [8]. Only sufficient conditions have been known so
far [8]. Another difficulty is the cancellation between the zero and infinite singularities of the
dipolynomial spectral matrix associated with the DARE. This cancellation is due to the well-
known fact that the Hamiltonian pencil has zero and infinite generalized eigenvalues [9,10]. We
will show how to resolve the above difficulties by developing a spectral factorization algorithm
satisfying a certain biproperness condition.

This paper is organized as follows. In Section 2, we review the basic definitions and results
from the behavioral system theory. In particular, quadratic difference forms are introduced to
formulate the dissipativity of a linear discrete-time system. We give some results related to storage
functions in terms of quadratic difference forms. In Section 3, we solve the discrete-time problems
as described the above, and derive a necessary and sufficient condition for the existence of a
symmetric solution of the DARE. In Section 4, we obtain a characterization of all unmixed
solutions of the DARE using the Pick matrix as a main result of this paper. As a corollary of this,
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we obtain a necessary and sufficient condition for the existence of a non-negative definite solution
of the DARE. In Section 5, a numerical example is given in order to demonstrate the procedure
for the present characterization of all unmixed solutions. Several preliminary lemmas used in this
paper are collected in Appendix A. The proofs of our results are given in Appendix B.

We give the notations used in this paper in the following:

R the set of m x m real symmetric matrices

R[£]: the set of polynomials with coefficients in R

RM1>m2[£]: the set of m] x my polynomial matrices in the indeterminate &
R™1*™M2(£): the set of m| x my rational matrices in the indeterminate &

R7™1>X™M21¢ p]: the set of m| x my polynomial matrices in the indeterminates ¢ and n
RY*™[z, n]: the set of m x m real symmetric polynomial matrices in the indeterminates ¢
and 7

R[£~", £]: the set of dipolynomials in the indeterminate &

R™>me=1 £]: the set of m x m dipolynomial matrices in the indeterminate &

WT: the set of maps from T to W

:={we ®R)H| 32 _lw®|? < oo}

RE)™=RE T

MO (&): the Ith derivative of the polynomial matrix M (£)

R:= [Ro Ry --- RL]: the coefficient matrix of the polynomial matrix R(§) = Ry +
Ri§ + -+ RE"

col(Ar, Ay, ..., A =[A] AT . ATl

diag(ay, az, ..., any) : m x m diagonal matrix with diagonal elements {ay, az, ..., a;}

rowdim (A): the row dimension of a matrix A

A(E, A): the set of the generalized eigenvalues of a square matrix pencil £ E — A. This
set consists of the finite eigenvalues which are the roots of det(§ E — A), and the infinite
eigenvalues which are the reciprocals of the zero eigenvalues of nA — E (see e.g. [9,10,11,
12]).

2. Preliminaries

In this section, we will review the basic definitions and results from the behavioral system
theory.

2.1. Linear discrete-time system [13,14,20]

In the behavioral system theory, a dynamical system is defined as a triple ~ = (T, W, B),
where T is the time axis, and W is the signal space in which the trajectories take their values
on. The behavior B € W is the set of all possible trajectories. In this paper, we will consider a
linear time-invariant discrete-time system whose time axis is T = Z and signal space is W = R?.
Such a X is represented by a system of linear constant coefficient difference-algebraic equation
as

R0w+R10w+-~-+RL6Lw=O, @))
where Ro, R1, ..., Ry € R®*%and L > 0.Thevariable w € (R?)? is called the manifest variable.

The operator o is called the shift operator defined by (c w)(¢) :=w(z + 1) and (oTw)(t) =w(t +
T) forall T € Z. We call (1) a kernel representation of B. A short hand notation for (1) is
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R(o)w =0,
where R(£):=Ro + Ri1£ + --- + R EL € R**9[£]. Hence, B is given by
B = {w e (R)? | R(o)w = 0}.

Whenever rank R()) is constant for all A € C, there exists a polynomial matrix M € R?*™"[&]
satisfying R(§)M (§) = 0 with m > rank M = g — rank R [13], where ‘rank M’ is viewed as
the normal rank of a polynomial matrix M (&). Then, for every w € B, there always exists an
£ € (R™)Z such that

w = M(o)L. 2

The above system representation is called an image representation of B, and ¢ is an auxiliary
variable called a latent variable of B. In terms of the image representation, B can be rewritten as

B ={we (RH |3 e (R s.t.w= M(c)t}.

An image representation of B is called observable if M (c)€ = 0 implies £ = 0. This is the case
if and only if M (A) is right prime, i.e. M (A) is of full column rank for all A € C [13].

We introduce the notion of state maps [14]. X € R"*™[&] is said to induce a state map for X
and a latent variable x = X (0){ is called a state variable for X, if x satisfies the axiom of state

{ [“’1} , [’”2} € By and x;(0) = x2<0)} — [“’1} A [“’2} € B, 3)

X1 X2 X1 X2
where By is a full behavior defined by
By :={col(w, x) € (RIT)Z 3¢ € (R™)? s.t. w = M(0)l, x = X(0)¢}.

In (3), (v A v2)(¢) denotes (v A v2)(¢) = v1(t) fort < 0 and (v A vp)(¢) = va(t) fort > 0. It
is easily seen that the state map X (o) is not unique. A state map X (o) is said to be minimal, if
rowdim(X) < rowdim(X’) for any other X’ € R”,X’"[S] which induces a state map for X [14].

If w = M (o0){is an observable image representation, there exists a partition M (§) = col(Y (§),
U (&)) satisfying U € R™*™[£]is non-singular, and Y (§)U (§) ™! is proper, possibly after permut-
ing the components of w appropriately and, accordingly, the rows of M (£) [8]. Such a partition
is called a proper input—output partition of M(€). We can regard u = U(o)¢ and y = Y (0){ as
input and output, respectively.

Let X € R"™[&] induce a minimal state map for X, and let x = X (o)£. Then, there exist
matrices A € R and B € R™" satisfying x (¢t + 1) = Ax(¢) + Bu(t) from Proposition IX.2
in [13]. Also, we have the next lemma.

Lemma 1 [7,15]. Suppose that X € R**™[&] induces a minimal state map for X represented
by the observable image representation w = M (o ){. Let M(§) = col(Y (&), U(€)) be a proper
input—output partition. We introduce a new polynomial matrix F € RP*™[&]. Then, the following
statements (1)—(iii) hold.

(i) There exists a matrix C € RP*" satisfying F (&) = CX (&) if and only if F(€)U (€)' is
strictly proper.
(ii) There exist C € RP*" and D € RP*™ satisfying F(§) = CX (&) + DU (&) if and only if
F(%‘)U(E)_l is proper.
(iii) In the case of p = m, there exist a matrix C € R™*" and a non-singular matrix D € R™*™
satisfying F(&) = CX (&) + DU (&) if and only if F(£)U (&)™) is biproper.
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2.2. Quadpratic difference forms and dissipativity

Consider a two-variable polynomial matrix in R™!1*™2[¢, n] described by

N N
B,m =)y bty “)
i=0 j=0
where @;; € R™*™2 and N > 0. This @(¢, n) induces a bilinear difference form
N N
Lo : (R™)" x (R™)” — RY, Lo, £2)(1):= Y > £a(t + )T @jba(t + ).
i=0 j=0

This means that ¢ and 5 correspond to the shift operations on £1(¢) and £,(¢), respectively.
We call &(z, n) symmetric whenm| = mo = mand ®(¢, n) T = ®(n, ¢). Inthis case, D(Z, )
induces a quadratic difference form (QDF)

Qg : (RM* — RE, Qa(0)(1):=La(L, O)(1).

A QDF Qg (?) is called the rate of change of Qy(£) if Qu()(t + 1) — Qw(£)(t) = Qo (L) (2).
In terms of two-variable polynomial matrices, this relationship is expressed equivalently as

En—DYE, n =P, n).
With every @ € RI'™[¢, n] in (4), we define its coefficient matrix by

D9 Do -+ Doy
PR L It
. . . . . S .
Dyog Py -+ DPyy

For ® € R™ ™[z, 5], a QDF Q¢ (¢) is called non-negative if Q(£)(t) > 0 for all £ € (R™)%
and ¢t € Z. If Q4 (¢) is non-negative, and if Q¢(£) = 0 implies £ = 0, then Q4 (¢) is said to be
positive. Clearly, Q4(€) is non-negative if and only if @ > 0.

For ¢ € RY"™[¢, n], its coefficient matrix can be factored as &= M"XeM, where X¢ €
[Rgank‘pxrankq), M € Rank @x(N+Dm 3¢ of 1] row rank, and det ¢ # 0, i.e. rank X3 = rank P.
With such a factorization of @, we obtain a canonical factorization of ®(¢,n) as ®(¢, n) =
M) T ZeM(n), where M(£):= Mcol(ly, €Ly, ..., ENT,) € Rk &xm[g],

The map O associates a dipolynomial matrix with a two-variable polynomial matrix as follows.
Given @ € R"™[¢, n], we define the map

ORI, M - R™METL €L 0d() =D, §),
A QDF Q4(?) is called average non-negative, if Zfi_oo Q¢(£)(t) > Oforall £ € I7'. Then, from
Proposition 3.1 in [16], Q4(£) is average non-negative if and only if P (el®) > 0 holds for all
w € [0, 2m).
Here, we introduce the notion of dissipativity.

Definition 1 [8]. Let IT € RI*[¢, n]. A system X = (Z, R, B) is called dissipative with respect
to the supply rate Q7 (w) if Zfi_oo On(w)(®) > 0 holds for all w € lg N Y.

We can think of Qp(w) as the power delivered to the system 2. The dissipativity implies that
the net flow of energy into the system is non-negative, i.e. the system dissipates energy. Hence,
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the rate of increase of the energy stored inside of the system does not exceed the power supplied
to it.

In the remainder of this section, we assume that B has an observable image representation w =
M(0)e, M € RT*™[£]. Then, X is dissipative with respect to the supply rate Q(w) if and only
if the QDF Q4 (¢) induced by ®(¢, n) = M(¢) "II(¢, )M (n) is average non-negative. Hence,
we can describe any claims on the dissipativity with a general QDF in terms of a latent variable.

Definition 2 [8,15]. Let & € R"™>™[¢, 7].

(i) The QDF Qy(¢) induced by ¥ € RY"*™[¢, n] is a storage function for Q4 (¢) if
Qv+ 1) — Qw(0)(1) < Qa(H)(@) )]

holds for all 1 € Z and £ € (R™)”. We call (5) the dissipation inequality.
(i) The QDF Q 4(¢) induced by 4 € R{*™[¢, n] is a dissipation rate for Q¢ (€) if

Y Q=Y 0400 ©)

1=—00 I=—00

and Q4(£)(t) > Ohold forallt € Zand £ € I7'.

Moreover, there is a one-to-one relation between a storage function Q(€) and a dissipation
rate Q 4(¢) defined by

Qw)(t + 1) = Qu(D)(1) = Qo) (1) — Qu(E)(1), (7
or equivalently,
&n—=DYE, n) =P, n) — A&, n). ®)

Eq. (7) is called the dissipation equality.

It follows from Lemma 3.1 in [16] that (6) is equivalent to 0®(A) = 04(A) for all non-zero
r e C.

The next theorem gives a characterization of average non-negativity of Q¢ (£) in terms of a
storage function and a dissipation rate.

Proposition 1 [8]. Ler @ € R [¢, n. The following statements (i)—(iii) are equivalent.

(1) Q¢(0) is average non-negative.
(i) Q¢ (£) admits a storage function.
(iii) Q¢ (€) admits a dissipation rate.

In the rest of this section, we restrict our attention to the case where a supply rate Q(w) for
Y is induced by a symmetric matrix IT € R?”?. Then, a QDF Q4 (£) is induced by a two variable
polynomial matrix defined by

(¢, n) = M) IIM (). )

Let X € R™™[£]induce a minimal state map for X, and define x := X (¢0')¢ € (R")Z. We factorize
a dissipation rate Q4(£) as A(¢, n) = F(¢)T F(n), F € RP*™[&]. Then, (8) reduces to

Cn—1DYE,n =MEC) ' TIM®n) — F©&)F@). (10)
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Let M(&) = col(Y(§), U(&)) be a proper input—output partition. Such a partition always exists
by the observability assumption of the image representation w = M (0)¢. From Lemma 1 and
(10), we obtain the following proposition.

Proposition 2. Ler @ € R"™[¢, n] be defined by (9). Let ¥ € R"*™[¢, n] induce a storage
function for Q ¢(£) corresponding to the dissipation rate induced by A(¢, n) = F({)TF(n), F e
RP*™[&]. Then, there exists a symmetric matrix P € R1*" satisfying ¥ (¢, 1) = —X (&) T PX (n),
i.e. Qp(l) = —x ' Px if and only if F(§)U(£)~" is proper.

Proof. See Appendix B. [

If a storage function Qy(¢) is expressed as Y(¢,n) = —X(¢) T PX (n) for some P € R,
then Qw(¥) is said to be a quadratic function of state, or simply a state function.

Remark 1. In continuous-time systems,! since F(£)U (§) ™! is always proper, every storage func-
tion is a state function [7]. On the contrary, in the discrete-time case, the same claim does not hold
in general. Because there exists a dissipation rate induced by 4(¢, n) = F (;)TF (n) for which
FE)UE )~ ! is not proper [8]. Only sufficient conditions have been known so far.

We give the following proposition about the smallest storage function under some biproperness
restriction.

Proposition 3. Let @ € RY*"™ (¢, n] be defined by (9). Assume that 0d(e) > 0 holds forall w €

[0,27). Let ¥ € RI*[¢, n]induces a storage function for Q 4(£) corresponding to the dissipation
rate induced by F(¢)T F(n) such that F € R™™[£],0®(&) = F(§)~F(&) and F(€)U (&) Vs
biproper. Let H € R™*"™[&] be a Schur® polynomial matrix such that (&) = H (&)™ H(£) and

HEU &)™ is biproper. Then, the storage function induced by W~ (¢, n) = %W
satisfies

Qu-(0) < Quw(®), YVrelZ, tely an

for any other W (¢, n) satisfying the above conditions.

Proof. See Appendix B. [

3. Solvability condition of the DARE
In this paper, we consider the DARE with the unknown matrix P € RY*"

ATPA—P+Q—(ATPB+SHV(P) Y(BTPA+S) =0, (12)
V(P)=B'PB+R,

! In the continuous-time case, the dissipation equality of (8) is replaced by (¢ + n) ¥ (¢, n) = P&, n) — 4(¢, n). Also,
0@ (&) and F (&)™ are defined by 0@ (&) :=®P(—£,&) and F(§)™ := F(-&)T, respectively.

2 Fora polynomial matrix F € R™*™[£], we call it Schur (respectively, anti-Schur) if det F (1) # 0 for all A € C such
that |A] > 1 (respectively, |A| < 1).
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where A € R™", B e R, Q € R, R € RV, and § € R"*"™. The DARE (12) is associ-
ated with the linear quadratic optimal control problem of minimizing the quadratic performance
index

A [x01" L [x@) _To s7
=X i) nle] =[S %]

t=0
for the system described by the state space equation
x(t+1)=Ax@®) + Bu(t), (13)

where x(¢) € R” is a state variable and u(¢) € R™ is an input variable. We assume that (A, B)
is reachable. Recall that (A, B) is reachable if and only if [A — A1,  B] has full row rank for
all A € C. Hence, the reachability of (A, B) is equivalent to the controllability in the behavioral
system theory [13].

We define the manifest variable w € (R"™")? by w :=col(x, u). Then, the state space equation
(13) is equivalent to the kernel representation R(o)w = 0 with R(§):=[A — &1, B]. Hence,
this system is defined by X := (Z, R"*™ B) with the behavior B = {w € (R"™)Z | R(c)w = 0}.
Since R(}) is assumed to have full row rank for all A € C, (£, — A)"'B has a right coprime
factorization over the polynomial ring, namely

€L —AT'B=X®UE™, (14)
where X € R™"[£]and U € R™*"™[£] are right coprime. Without loss of generality, we assume

det U (&) = det(£1, — A). By using the coprime factors X (&) and U (§), the observable image
representation of B is obtained as

_[xo] _[x@
w(r) = [WJ = [U(GJ ¢, (15)

where £ € (R™)? is a latent variable. Since we assumed that (A, B) is reachable, it can be shown
that x = X (0)£ is a minimal state variable for 2.

Let the QDF
On(w) = w' Mw (16)
be a supply rate for X. Define the symmetric two-variable polynomial matrix
Bz, m):=M() TIM(n) € R™[¢, 0], M(E) = col(X (&), U(&)). a7

Since Qp(w) = Q¢ (£) from (15)—(17), the dissipativity of X for the supply rate Q ;7(w) is equiv-
alent to the average non-negativity of Q¢(£) as explained in Section 2.2. Hence, from now on,
we assume

Assumption 1

(i) 00(e'®) > 0, Yo € [0, 27). This implies that the system X is dissipative with respect to the
supply rate Q(w), or equivalently, Q¢(£) is average non-negative.
(ii) det 0P(&) # 0 holds as an element of R[E‘l, £l

For a given P € R™", we define
P == X PX (),

T _ T T
A ) =M@ TL(PYM@p), L(P):= [A PA-P+Q A PB+S }

BTPA+S V(P)
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We easily see from (14) that § X (§) = AX(§) + BU(§). It thus follows that ¥ (¢, ) and A(¢, 1)
satisfies

B, ) — A, =1 —mXE) PX(0), (18)
or equivalently,
0a(O)(t) — Q40 (1) = Qu(E)(t + 1) — Qu(E)(1) (19)

holds for all £ € (R™)? and for all ¢ € Z. We obtain the following proposition from Definition 2
and Proposition 1.

Lemma 2. Let @ € R [¢, n] be defined by (17). Then, for P € RY*", the following statements
(1)—(ii) are equivalent.

() L(P) = 0.
(ii) The QDF Q¢ (L) is average non-negative, and the QDF Qw(£) = —x ' Px is a storage

function for Q¢ (£).
(iii) The QDF Q(X) is average non-negative, and the QDF Q 4(£) = w ' L(P)w is adissipation
rate for Q¢ ().

Proof. See Appendix B. [

We define the set of the solutions to the DARE (12) by
S :={P € R*"|P satisfies the DARE (12) and V(P) > 0}.

Then, we have a necessary condition for .% # ) in the following lemma.

Lemma 3. Let X € RV™[&] and U € R™*™[&] be a right coprime factorization of (§I, —
A)"'B. Let ® € R"™™[¢, ] be defined by (17). Then, for any P € &, 0®(&) is factorized as
0B(E) = Fp(€)™ Fp(&), where Fp(£) = V(P):(KX(€) + U(§) and K :=V (P)" (BT PA +
S). Therefore, the following statements (i)—(iii) hold.

(i) The two-variable polynomial matrices defined by ¥ (¢, n) = —X({)T PX(m)and A, n) =
Fp(¢)T Fp(n) satisfy the dissipation equality (10). Thus, they induce a storage function
and a dissipation rate for Q¢(£), respectively.

(ii) det Fp (&) = /det V(P) det(£I, — Ap), Ap:=A — BV(P) " (BT PA +5).
(iii) deg det Fp(£) =n holds, and the rational matrix Fp (§)U (§)~' =V (P) K (€1, — A)~' B+
V(P) > s biproper.

Proof. See Appendix B. [

We see from Lemma 3(iii) that a necessary condition for .’ & ¢ is that there exists F €
R™¥™[£] satisfying 0D(&) = F (&)~ F(£) and F(£)U(£)~! is biproper. The next proposition
guarantees that this necessary condition is also sufficient for & # .

Proposition 4. Let X € R™™[&] and U € R™*™[&] be a right coprime factorization of (§1I,, —
A)"'B. Let @ € R"™™[¢, n] be defined by (17). Then, & # @ holds if and only if there exists a
polynomial matrix F € R™ ™ [£] satisfying 0D (&) = F (&)~ F(£) and F(£)U (£)~" is biproper.
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Proof. See Appendix B. [
We define

g,:{femg] FE) = fot fig+---+ fus", fn>0,}.

det0®(§) = f(6)" f(&)

In view of Lemma 3 and Proposition 4, the basic idea for solving the DARE (12) is as follows. If we
can find a spectral factorization 0@ (§) = F (&)™ F (&) suchthatdet F(§) = f(§)and F(éE)U(é)_1
is biproper for f € &, then the solution P corresponding to f(£) is obtained by solving the
polynomial matrix equation

O, —FQ Fn)=1-cmX©) PX(n). (20)

Hence, in order to establish the solvability condition of the DARE (12), we need to show the
existence of a factorization such that F (&)U (€)' is biproper for any f € %. But, unlike the
continuous-time case, it is not trivial to prove this for the following two reasons.

(i) There holds deg det 0@ (&) = 2r < 2n in discrete-time systems, while deg det 0@ (&) = 2n
is always guaranteed in the continuous-time case.> Thus, f € % can be described by f(£) =

§"7" fo(§), where fo € R[] is such that det 0P (§) = fo(§)™ fo(§), deg fo(§) = r, and fo(0) #

0. Hence, the singularities of 0@ (&) are arranged as

0,000, Alyeery Ay AL A Y, 00,100, 00,
—_— T —— —— ——
n—r r r n—r
where A1, ..., A, and kl_l, el )Lr’l are the non-zero roots of det 0®(£) = 0. Note that n finite

singularities of 0@ (&) are the zeros of f (&), while n other singularities including infinities are
the zeros of £" f(£~1). There are cancellations between the zero and infinite singularities in
det 0®(&). Moreover, the singularities of 0®(&) coincide with the eigenvalues of Ap and their
reciprocals from Lemma 3(ii). Actually, these are the generalized eigenvalues of the Hamiltonian
pencil associated with the DARE (12) [9,10]. Although Popov [18] proved the existence of a
factorization 0®(&) = F(§)™ F (&) such that det F(§) = f(&) for f € #, the biproperness of
FEUE )~ is not guaranteed yet.

(i1) As pointed out in Remark 1, from the existence of a dissipation rate such that F(§)U (& y~!
is not proper, storage functions are not expressed as a state function for discrete-time systems in
general. This implies that the necessary condition for %’ # ¢ in Lemma 3(i) is not always satisfied.

Example. Consider the case where X(§) = 1,U(§) =&, Q =2, R = 1,and S = 0. In this case,
we have n = 1 and @(¢, n) =2 + ¢n. It is clear that 0@(£) = 3, and hence degdet 0P (&) =
0 < 2 = 2n. Hence, the singularities of 0®(§) are {0, oo}. If we choose F(§) = \/552, then
F(&)UE)~" = /3¢ is not proper. Taking A(¢,n) = F(¢)T F(y) = 3¢%n? yields ¥(¢, ) =
—2 —3¢n. Since F(£)UE)~! is not proper, by Proposition 2, this (¢, ) induces a storage
function which cannot be expressed as a state function. Indeed, the induced storage function
Qv (£) = —2x% — 3u? depends not only on the state but also on the input.

In the remainder of this section, we will discuss how to overcome the above difficulties peculiar
to the discrete-time case. More specifically, we will present a method for constructing a spectral

factor F(£) that satisfies the biproperness condition of F(£)U (&)~ .

3 The degree of a dipolynomial ¢ (§) = ¢L§L + -4 ¢l§l (¢, ¢ #0,L > 1) is defined by degp(§) = L — 1 [17].
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For this purpose, we assume that U (§) is column reduced without loss of generality. Otherwise,
we can always obtain such a coprime factorization as follows. There always exists a unimodular
matrix V € R"™*™[g]suchthat U’ (&) :=U (§) V (£§) is column reduced (see [19, p. 386]). Then, the
image representation of (14) is equivalently rewritten asw = M’ (c)¢', where M’ (§) = M(§)V (&)
and ¢/ = V(o)™ '¢. Let nj (j=1,2,...,m) be the degree of the jth column vector of U (§). We
define the diagonal polynomial matrix Ug(§) :=diag(™,&"2, ..., &™), ni+ny+---+ny, =
n. It is well-known that U (§) is column reduced if and only if U (§)Uq(§ )y~ lis biproper [19].
Moreover, the identity F(£)U (§)~! = F(&)Uq(§)™! - Ug(&)U (¢) ! implies that F (&)U (§) ! is
biproper if and only if F(£)Uq(£)~ " is biproper. Therefore, we have only to check the biproperness
of F(§)Ug(&)" 1. A spectral factor F (&) satisfying the biproperness condition can be obtained by
the following iterative algorithm.

Algorithm 1

Step 1: Let f € # be given. Then, f (&) is expressed as f(§) = &£"7" fo(§), where fy €
R[&] satisfies deg det fo(£) = r and det 0P(&) = fo(§)™ fo(&). It is clear from the definition that
f0(0) # 0.Find a factor Fy € R"™>*"™[&] satisfying 0P(§) = Fo(§)™ Fo(&) and det Fy(§) = fo(&).
The existence of such an Fy(§) is guaranteed for any f € # (see e.g. [18]). Note also that
Fo(£)Uq (€)™ ! is always proper.

Step 2: If degdet Fi(§) = n, then stop, and the desired factor F'(§) is obtained by F(§):=
Fi (). Otherwise, go to Step 3.

Step 3: At the (k + 1)th iteration, we define Hy := lim¢|— 00 Fx(§)Ug(&)~!. Let p; denote
the rank deficiency of Hy, namely rank Hy = m — pi. There exists an orthogonal matrix Z; €

Op xXm A
R™>™ such that Zy Hy = |:kA], where Hj, € R""=P0X™ is of full row rank. Then, Z; Fi (£) is
Hy
expressed as '
e e - fWeT
e B - m2e
nE©=| o
e rHe o e
i Fr(®) _

where Fi € R™~#)>"[g] and £ € RI£] satisfy

lim Ij"k(f;‘)Ud(g)*l = I:Ik . full row rank,
[§]—>00

lim fP@EE =0 (=1,2...,00 j=1,2,...,m).
|&|—>00 "

Define puy; := minje[q m{n; — deg fi(jk) &)} fori =1,2,..., px, and form a unitary polynomial
matrix Wi (&) :=diag(&#ct, g4, gk 1, ..., 1) € RI™[&]. Update the polynomial matrix
Fi(§) by Fii1(8) := Wi (§) Zi Fi.(§), and go back to Step 2.

We obtain the next lemma since it can be shown that F (&§)Uq (&)~ is biproper for the factor
F (&) obtained from Algorithm 1.
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Lemma 4. Forevery f € F, there exists a polynomial matrix F € R™*™[&] satisfying 0®(§) =
F(&)™F(§), det F(§) = f(&), and F(§)U(§)™" is biproper.

Proof. See Appendix B. [

Summarizing Lemmas 3, 4 and Proposition 4, we conclude that the solvability condition of
the DARE (12) is given by Theorem 1.

Theorem 1. There exists a real symmetric solution of the DARE (12), i.e. ¥ # ) if and only if
Assumption 1 is satisfied.

Proof. See Appendix B. [J

4. Characterization of all unmixed solutions

In this section, we derive a characterization of all unmixed solutions of the DARE (12). A
solution P € & is called unmixed if A(I,, Ap) N A(Ap, I,) = @ is satisfied,* where Ap = A —
B V(P)_1 (BTPA + §). We define the set of all unmixed solutions by % ynm. Also, we define

Feop={f €7 | f(§)and £" f(¢7") are coprime}.

It is straightforward to verify under Assumption 1 that & o, # @ if and only if dd(e'?) > 0 for
all w € [0, 27). Hence, we see that & ynm # ¥ if and only if F o, # ¥ from Lemma 3(ii). In the
following, we assume a more restrictive condition than Assumption 1.

Assumption 1. 0d(e'®) > 0 holds for all w € [0, 27).

We define the map
Ric : #cop = Lunm

as follows. For f € F ¢op, find a factorization 0P (§) = F(§)™ F (&) such that FEUE) ! is
biproper and det F'(§) = f(§). Then, Py = Ric(f) is defined as a unique solution of the equation
(20).

Proposition 5. Under the Assumption 1, the map Ric is well-defined and bijective.
Proof. See Appendix B. [

‘We consider the relationship between the map Ric and the characterization of all unmixed solu-
tions. Fora given f € F ¢op, let F € R™*™[£] be such that 0@ () = F (&)™ F(§) and det F(§) =
f(&). Let Py = Ric(f).

We now define the Pick matrix which plays a central role in our characterization of all unmixed
solutions. For f € F cqp, suppose that A1, A2, ..., Ax € C are the roots of f(§) = 0. Note that
these roots are not necessarily distinct. Let A; have the partial multiplicity d; > 1. Then, d; +

4 Our definition of the unmixed solution is slightly different from the definition by [6] in that we do not allow A p to
have an eigenvalue on the unit circle.
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dy+---+dy =n.Let F e R™™[£] be the ith derivative of F(&). By the result of Theorem

3.2.16 in [20], there exist non-zero vectors a;; € C" (j =0, 1,...,d; — 1) such that
di-1 ,.
> <{> FUDO)a; =0 (1=0,1,....d; —1). 1)
j=l

Using these vectors, we form the matrix V; € Climxdi aq

B 0 1 di —2 di — 1 ]
O aio 1 ail dl _ 2 aia’,'—Z dl _ 1 aidi—l
1 2 di —1
o) @it 1) @2 g — o) didi=1 0

1
Vi= : : 0 0
di —2 di —1
0 daid; -2 1 aid; —1

di —1
_( tO )aidi—l 0 0 0

22)

Fori, j =1,2,..., k, we construct the matrix A4;; € C4ixdj by
0 0 ... 0 07
dj—1 - s 1 0o . 0 0
A P .
s=0 ) . . .
|0 0 -~ d—-1 0]

Finally, we define the Pick matrix associated with f (&) by the matrix 7y € C"*" whose (i, j)th
block T;; € CH™*dim(j, j =1,2,..., k) is given by
min{d,-,dj}—l 1 !
._ T VA (L)

le = g W (ATlLl ) Aji\/i*@lj Vj/ll] (L]/l,]) . (24)
In(24), ©;; € Cdim>djm is the matrix whose (r, s)th block is givenby @9 (¢, n) (r =0,1,...,
di—1,5=0,1,...,d; — 1) and @9 (¢, n) denotes the (r, s)th derivative with respect to ¢ and
nof (&, n).

We derive the relationship between the solution Py and the Pick matrix Ty in the following.
Recall that Py is uniquely determined by

D&, m) = F@OTFm =0 —-¢mX @) PrXm). (25)

The (r, s)th partial derivative of (25) is given by

"5, ) — FO@)TFY ()

dr
de¢r
forr =0,1,...,di— 1,5 =0,1,...,d; — 1. Since

dS
dns

= XD TPXO () = — [t X (@) Pr— (nX () (26)
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dl
'
the right hand side of (26) can be rewritten as

EXE) =exD@E) +1x D), 27)

(¢, m) = FO)TFO )
=1 =mX @) PO ) —rs XUV TP XV (p)
—rXV@ TP XS ) — st XD TP XV (. (28)
Substituting (¢, ) = (A;, A;) into (28) yields
UG aj) = FOGHTFO ()
= (1= 2ar)XO0) TP XSO0 —rsXV0NTP XD (1))
—rXTVOD TP X 0G) — s XO ) TP XSV (). (29)
From (29), the direct calculation of V;*@;;V; yields
V¥O;;Vi = (1 — Airj)SiPsS; — L SfPrS;L; — AjL] SFPrS; — % SFPyS;Lj,  (30)
where
Si=[X0) XV - X4TDap]vi 3D

Notice that the terms involving F OGHTFS (n j) vanish, because a straightforward calculation
shows

o r, 0 - 0
o o0 21, --- 0
N;Vi=ViL;, Ni:=|. o . . : , (32)
o 0 -~ 0 (@—-DIy
o o -+ 0 0
and (21) implies
[FG) FOG) - FUDap]v =0. (33)
Pre- and post-multiplying (30) by /17,. and A;;, respectively, we obtain
_ 1
Aj,.v,.*@ijvjA,-,- = (1 —AA))SSPrS; — mAjiLiTS;"PijLjAU. (34)
irj
From (L A;j)% = 0, constructing the matrix T;; yields
T;; = SFPsS;. (35)
Since (35) holds for all i, j = 1,2, ..., k, we obtain
Ty = SpPrSy. (36)

In (36), Sy € C"*" is called the zero state matrix associated with f(£) defined by
S¢i= [Sl AYIEEE Sk] . (37

We can prove that S is non-singular under Assumption 1. Hence, we obtain a characterization
of all unmixed solutions as a main result of this paper.
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Theorem 2. Under Assumption 1', all unmixed solutions to the DARE (12) are parametrized by
Rie(f) = (SH™'TrS;' f € Feop

Proof. See Appendix B. [J

Using Propositions 3, 5, and Theorem 2, the largest solution of the DARE (12) is given by P, =
(;S‘;’;)’1 1S _1, where h € Z op is Schur. Hence, we obtain a necessary and sufficient condition
for the existence of a non-negative definite solution of the DARE (12).

Corollary 1. Under Assumptions 1', let h € F cop be Schur. Then, the DARE (12) has a non-
negative definite solution if and only if Ty, is non-negative definite.

Proof. See Appendix B. [

5. Numerical example

Consider the DARE (12) with the coefficient matrices

0 1 10 30 2 0 0 0
S | B ] e R AR U

Note that n = 2 in this case. One of the right coprime factorizations of (¢, — A)~! B is given by

X(s;):[(l) ﬂ and U(g):[fl E:—lé]'
2

The corresponding two-variable polynomial and dipolynomial matrices are

_[3+2n -2 _[ 3 s

respectively. It is easy to verify by direct calculation that 9@ (') > 0 for all w € [0, 27). Since
det 0P (&) = 38 + 15 + 38!, we have degdet 0P(£) = 2 < 4 = 2, i.e. there is a cancellation
between £ and £ 1. 9d(&) has four singularities
:Mz—ﬂ_@ e STV L, Mzoo}.
2 2

Then, 7 .op consists of two elements /(&) = h(E —X1)E —A3)anda(€) = a'(§ — A)(E — A3),
where ', a’ > 0 satisfy h'a’ = 15.

We first choose the Schur polynomial /(£), and compute the corresponding solution, i.e. the
largest solution of the DARE (12). A spectral factor satisfying the biproperness condition and
det H(§) = h(§) is given by

(4—+/21)4/7395+1530+/21 _ A/7395+1530v/21
H(%-) — 85 %_ 85 s
«/782+102@S (=23+3+/21)/7824+1024/21 \/782+102«/ﬁ$
B A 340 34

Solving H(A;)V; =0 (@ =1, 3) yield v| = [4 —1«5] and v = [(1)] Then, the zero state matrix Sy,

15-3/21
L=vel 14 V21

and Pick matrix 7}, are given by §j, = [4 _{/ﬁ (ﬂ and 73, = { | £ AT 3

}, respectively.
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Since the eigenvalues of 7}, are 47+3V2I1y7T58-78V21 4 474321 - 2‘0758_78 V2L the corresponding
. . .- . . 3 -1 L. .- .
solution Py, is positive definite. Indeed, we obtain P, = [ | 173 \/ﬁ} which is positive definite.
SR [

Moreover, the closed-loop zeros are 0 and #ﬁ, which coincide with the roots of A(§) = 0.
Thus, Py, is the stabilizing solution of the DARE (12).
Next, we choose a(&). Similarly to the above case, the zero state matrix and Pick matrix are

15+3v/21
givenby S, = [ 4 +] et 1} and 7, = [ 5 —i- m} , respectively. We obtain the indefinite

0 -1-21 3
-1
solution as P, = 31 173 ﬁ} which is neither stabilizing nor anti-stabilizing solution of the
_ 173421
DARE (12).

6. Conclusion

In this paper, we have derived the characterization of all unmixed solutions of the DARE (12)
based on QDF. Moreover, we have obtained a necessary and sufficient condition for the existence
of a non-negative definite solution.

Using the QDF and the dipolynomial matrix associated with the DARE, we have shown that
the existence of a real symmetric solution of the DARE is equivalent to a certain biproperness
condition of a spectral factorization of the dipolynomial matrix. It appeared that the discrete-
time problem was that there does not always exist such a spectral factorization. We have solved
this problem by developing a spectral factorization algorithm satisfying the above condition, and
shown that the solvability of the DARE is equivalent to a certain dissipativity of the associated
discrete-time state space system. Also, we have shown that the singularities of the dipolynomial
matrix coincide with the generalized eigenvalues of the associated Hamiltonian pencil. Such a
relationship has never been considered from a behavioral viewpoint so far.
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Appendix A. Preliminary lemmas
We here collect some preliminary lemmas that will be used in the proofs in Appendix B.

Lemma A 1. Foragiven ® € RI'"™[¢, n], we assume that d®(e'?) > 0 holdsforallw € [0, 27).
Let fo € R[E] be an arbitrary polynomial satisfying det 0@ (&) = fo(§)™ fo(&) and fp(0) # 0.
Then, there exists a polynomial matrix Fy € R™*™[&] satisfying 0@ (&) = Fo(§)™ Fy(§),
det Fo(§) = fo(§) and Fo(§)U (§)~" is proper.

Proof. It is obvious from Theorem 1 in §37 of [18] that there exists a square polynomial ma-
trix Fy € R™ " [£] satisfying 0@ (&) = Fo(§)™ Fo(§) and det Fy(&) = fo(§). Then, Ag(¢, n) 1=
Fo(¢) " Fo(n) induces a dissipation rate for Q4(£). Let Fy(£) be expressed by Fy(£) = Fo.o +
Fo& + -+ Fo &, where Foo, Fo1...., Fo, € R"™™ and Fpy, # 0. Since det Fy o =
det Fp(0) = fp(0) # 0, we obtain
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rank 4¢(0, 0) = rank FJOFO,O = rank }:"(;r I:"o = rank ZI().

Hence, by Lemma A 2 below, the storage function corresponding to the dissipation rate
0 4,(0) is given by —X ()" PyX (n) for some Py € RZ*". This is equivalent to the properness of
Fy (S)U(é)_1 from Proposition 2. [

Lemma A 2 [8]. Suppose that X € R*™[&] induces a minimal state map for X. Let ® €
RI™[¢, n]. Let 4 € RT™*™[¢, n] induce a dissipation rate for Q¢(£). Let ¥ € RIV™[¢, 1]
induce a storage function for Q¢ (£) corresponding to the dissipation rate induced by A(¢, n).
Assume that rank A = rank 4(0, 0). Then, there exists a symmetric matrix P € R}*" satisfying

Y. =~X©&) " PX().

Lemma A 3. Let M € R XM (£] be defined by (17). Then, the mapping
wo : (R™M? — R™™, wo(0) := (M(0)(£)) (0)

is surjective. Therefore, the coefficient matrix M has full row rank.

Proof. The proof is omitted because the lemma can be proved in the same way as the continuous-
time case [5]. O

Appendix B. Proofs

Proof of Proposition 2. Let ¥(¢, n) = G() " ZyG(n), G € RK xm [£] be a canonical factor-
ization, where Xy € [F\R?‘“k Pxrank ¥ i non-singular. Substituting the above factorization and the

proper input—output partition of M (&) into (10) yield

y) 1" [rm
U(g)} 1 [U(n)

Pre- and post-multiplying (B.1) by U(¢)~ " and U ()", we get

&n—1DGE) ZyGn) = [ ] — F(@) F(n). (B.1)

&n—DUE@) "GO ZuGmUm ™

_ [Y(c)U(g)-l]TH [Y(n)U(n)_l

In I, ] —U@)TFQOTFmUm ™. (B.2)

Since Y (§)U (¢ ) Lis proper, we can see from (B.2) that G(§)U (§ )y~ lis strictly proper if and only
if F(&)U (&)~ is proper. From Lemma 1, the strict properness of G (£)U (§)~! is equivalent to

the existence of H € R X" guch that G(§) = HX (£). In this case, ¥(¢, n) is expressed as
P, n) =—X(¢)"PX(n) with P = —H " Xy H. This completes the proof. [

Proof of Proposition 3. The dissipation equalities associated with the dissipation rates F(¢) T
F(n) and H(¢)" H(n) are given by

Qu(O)(t+1) — Qu(O) (1) = Qu(O)(¥) — | F(0)t®)|, (B.3)
Qu- (O +1) — Qu-(O)(1) = Qu(8)(1) — | H ()LD, (B.4)

respectively. Subtracting (B.3) from (B.4) yields
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Quu—w(O + 1) = Q) (@) = IF (@) — | H(@) D). (B.5)

Let X € R"™[&] induce a minimal state map for X, and define x:=X(o)£. Since both
F(é)U(‘fS)’1 and H(é)U(é)’l is biproper, we see from Proposition 2 that ¥ (¢, n) and ¥~ (¢, )
can be expressed as P (¢, 1) = —X ()" PX(n) and Y~ (¢, ) = —X(¢) " P, X () for some P €
R?*" and P, € R?*", respectively. Thus, (B.5) can be rewritten as

xt+ DT (P, = P)x@t+ 1) —x(@)" (P, — P)x(1)
= | F(o)eI* — |1H (@)@ (B.6)

We now show that there exists a latent variable satisfying H(o)€(t) =0 (¢t > 0) and x(0) =
(X (0)£)(0) = xo forany x9 € R". Since X (&) induces a minimal state map, there exist A € R"*"
and B € R™*™ satisfying

x(t+ 1) = Ax(t) + Bu(r), (B.7)

where u := U (0)£ serves as an input for 2. By Lemma 1(iii), there exist a matrix C;, € R™*" and
a non-singular matrix D;, € R™*" satisfying H (&) = C, X (£) + D, U (£) since H(E)U (§) 7! is
biproper. This implies H (0)£(t) = Cpx(t) + Dpu(t). Then, H(c)£(t) = 0 (t = 0) is equivalent
to

Cpx(t) + Dpu(t) =0 (¢t > 0). (B.8)
It is obvious that the state space equation
x(t+1) = (A= BD;'Cix(1), x(0)=xo

has a solution for any initial state xo € R". By taking u(t) = —Dh_IChx(t) (t > 0) for such a
solution, both (B.7) and (B.8) are fulfilled. This clearly implies that there always exists a latent
variable satisfying the requirements described above.

To complete the proof, we choose the latent variable so that H(c)£(t) = 0 (¢ > 0). Recall
that £(¢) — 0 (¢ — o0) holds because H (§) is Schur. Hence, we get x(t) — 0 (t — o0). Then,
summing (B.6) up from ¢ = 0 to t = oo along the above trajectory yields x(0) " (P, — P)x(0) =
Z;ﬁo | F(c)£()]|? > 0. Since x(0) is arbitrary, it follows that P, — P is non-negative definite.
This is equivalent to Qy- (€)(#) < Qw(£)(¢) forall £ (R™Z and forallt € Z. O

Proof of Lemma 2. (iii) = (i) We easily see from (iii) that (M (c)¢) " L(P)M(c)£ > 0 for all
¢ ely andt € Z. This is the case if only if MTL(P)M > 0, which is equivalent to L(P) >
from Lemma A 3.

(1) = (iii) Summing up the dissipation equality (19) from t = —oo to ¢t = oo yields
Yo oo Qo)) = Y72 Q4(0)() = 0. Since Q4(¢) = w' L(P)w and L(P) > 0, we ob-
tain Y02 Qa(0)(1) = 02 Qu(0)(1) > 0.

(ii) < (iii) The equivalence of (ii) and (iii) follows immediately from the fact that ¥(¢, n) and
A(¢, n) satisfy the dissipation equality of (10). O

Proof of Lemma 3. Let P be an element of .. Since V (P) > 0 holds from the definition of .%,
it follows from (12) and the definition of L(P) that

LP)=[K I.] " V(P)[K 1I.]>0, (B.9)
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where K = V(P)"'(BTPA + S). Then, the QDF Q,(¢) = w' L(P)w induced by A(¢, n) =
M(¢)TL(P)M () is a dissipation rate for Q¢ (¢) by Lemma 2. Moreover, pre- and post-multi-
plying (B.9) by M(;)—r and M (n) yield

A, ) = (KX Q)+ U@} V(PUKX () + U} = Fp(¢)" Fp(n).

This implies that 0®(§) = Fp(§)™ Fp (&) holds, because 0@ (&) = 04(§).

(1) It is clear that ¥ (¢, n) and 4(¢, n) satisfy the dissipation equality (10). It follows that they
induce a storage function and a dissipation rate for Q ¢(£), respectively.

(i1) By the identity

L —XE | _|[In Of|lL 0 I, —X(§)
K U®& | |K L]0 Kx@®+UE@||O0 Ly |’
we easily see that
det(§1, — A)det{K X (§) + U (&)}
_ §l,—A B L —X©&)|_ El, —A B||l, —X(&)
=aa[ gt P el =0t Sl UES]
:det[fln—A+BK 0

© U(E)] — detU(¢) det(¢l, — A + BK).

Since we have assumed det U (§) = det(§1, — A), we get

det Fp(€) = det{V(P)2} det (KX (&) + U (£)} = v/det V (P) det(¢ 1, — Ap).

(iii) Since deg det Fp (§) = n from (ii), we can get FP(S)U(E)_I = V(P)% {K(EI — A~ B+
V(P)%} by direct calculation using (14). Moreover, the inverse of Fp(§)U(£)~! is given by a
proper rational matrix {Fp(£)U (&)™} = {I — K (&1, — Ap)~'BYV(P)~%. This implies that
Fp&U®E) is biproper. [

Proof of Proposition 4. We have only to prove the sufficiency, since the necessity immediately
follows from Lemma 3.

Let F € R™*™[£] be a polynomial matrix such that 0®(£) = F(£)~ F (&) and F(§)U (&)~}
is biproper. From Lemma 1, there exist a matrix C € R™*" and a non-singular matrix D €
R7™*™ satisfying F(§) = CX(§) + DU (&). Letadissipation rate Q ,(£) be induced by 4(¢, n) =
F(¢) " F(n). Then, by Proposition 2, the corresponding storage function is expressed as ¥(¢, ) =
—X(¢ yTpx (n) for some P € R{*". Furthermore, it follows from Lemma 2 that Q4(¢) can
be expressed as Q4(£) = w' L(P)w, or equivalently, A(¢, n) = M(()TL(P)M(T/). Hence, we
obtain

T
M@)'[Cc D] [C DM@ =M@ L(PYM). (B.10)
Interms of coefficient matrices, (B.10) is equivalent to M7 [C D]T [C D] M=M"L(P)M.
Since M has full row rank from Lemma A 3, it reduces to
[c D] [c D]=L(P). (B.11)

Since D is nonsingular, we get rank L(P) = m. We also see that V(P) = DTD > 0 from the
(2, 2) block of (B.11), which implies that rank L(P) = rank V (P) = m. This is the case if and
only if the Schur complement of V (P) in L(P) is equal to zero, namely
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ATPA—P+Q—-ATPB+SHV(P) Y(BTPA+S)=0.

It is clear from this equation that P satisfies the DARE (12). This completes the proof of suffi-
ciency. [

Proof of Lemma 4. The proof is completed by showing that F(£)Uq(£)~! is biproper for the
polynomial matrix F € R”*™[£] obtained from Algorithm 1. Notice that F (£)Uq(£)~" is proper
because, at each iteration, W (&) and Z; are chosen so that Hy 1 = limg|— o0 Fx41(5)Ud (.;f)’1
be finite.

Suppose that Algorithm 1 stopped at k = [ with F(§) = F;(§) and degdet F (§) = n. To prove
the biproperness, we assume on the contrary that F(£)Ug(€)~! is proper but not
biproper. In this case, we carry out Step 2 for k = [ once more to obtain Fy11(§) = Wj(§)Z; F(§).
It follows from the definitions of Wi (&) and Z; that Fj1(§)Uqg &)1 is proper, and hence
limg |00 Fi41(6)Ug (6)~! is finite. On the other hand, it is not difficult to see that

o
degdet Fip1(§) = ) i +n > n = degdet Ua(§).
i=1
The strict inequality in the above equation immediately follows from the assumption that
limjg| - 00 F141(85)Uqg (&)~ ! is singular. Hence, we obtain

. _ . det F41(8)
lim det{F; Ug®) )= lim ———2>2 =
A {Fi+1(§)Ua(§) "} A et Ua ®)
This contradicts the properness of Fj1(§)Uqg (5)_1. Therefore, the proof of this lemma is com-
pleted. [

Proof of Theorem 1. The necessity is clear from the result of Lemma 3. The sufficiency can be
shown by Proposition 4 and Lemma 4. [J

Proof of Proposition 5

Proof of well-definedness: To prove the well-definedness of the map Ric, we introduce two poly-
nomial matrices F; € R™*™[£] (i = 1, 2) suchthatd®P(§) = F; (&)~ F;(§),det F;(§) = f(£§),and
Fi&UE) s biproper for a given f € F ¢op.

We first show that L(&):=F»(£)F) (é})’1 is a constant orthogonal matrix. Assume that L(&)
is a rational matrix. Then, it is biproper because F; (§)U (€)~! (i = 1, 2) is biproper and L(&) =
{F(UE)"HFIEUE) ). Moreover, it follows from Fy ()™ Fi(§) = F2(§)~ F2(§) =
0®d(&) that L(§) is unitary, i.e. L(§)7L(§) = I,,. Recall that, if » € C is a pole of a unitary
rational matrix L (&), then A~! is a zero of L(£). If the pole A is equal to zero, then L (&) will have
a zero at infinity. This contradicts the biproperness of L(£), and hence L(£) does not have any
poles at & = 0.

LetL(§) = Ly(§)L, (E)_l, L1, Ly € R™"[&] be aright coprime factorization of L(&). Then,
by the unitarity of L(&), we get

La(§) " La(§) = L1(§) L1 (8). (B.12)

From the above discussion, the zeros of L;(§) (i = 1, 2) are identical to the non-zero roots of
f(&) =det F;(§) = 0. Suppose that A # 0 is a root of det L1(£) = 0. Then, there exists a non-
zero vector v € C” such that L1 (A)v = 0. Substituting & = X into (B.12) and post-multiplying by
vyield Ly(A™H)TLoy(Wv = Li(A~H) T L1 (A)v = 0. Since f(£) belongs to F cop, det Li(A) =0
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implies det L (A~") = det Lo(A~") = 0. It thus follows that L,(A)v = 0. This contradicts the
right coprimeness of L1(£) and Ly(£). Since A is an arbitrary zero of L{(€), we conclude that
L1(¢) and Ly(&) are non-singular constant matrices, namely they do not have any zeros. This
implies that L = L2L1_l is an orthogonal constant matrix.

We now complete the proof of the well-definedness of Ric. As was discussed in Section 3,
the Riccati solution P; = Ric(f) corresponding to F;(§) (i = 1,2) is obtained by solving the
polynomial equation

D, m) — F(@Q) T Fn) = (1= ¢mX©) T PiX (). (B.13)
We will prove the well-definedness by showing P; = P». Since L = F>(§)F1 (¢ )_1 is an orthog-
onal matrix, we have F1(¢) T Fi () = F2(¢) " Fo(n). It follows from (B.13) that X (¢) T P1 X () =
X ()" P,X(n). Since X (o) is a minimal state map for X, the map £ — (X (¢/)£)(0) is surjective.
Hence, we have xg— Pixg = x(—)r Pyxp for all xg € R". Clearly, this implies P, = P;.

Proof of bijectiveness: Let P be an element of .. We assume that there exist two polynomials
f1, fr € Fcop satisfyingRic(f1) = Ric(f2) = P.Let F1, F, € R™*™[£]be polynomial matrices
suchthat 0@(£) = F; (&)~ F;(£),det F;(£) = f; (&) and F; (§)U (§)!isbiproper (i = 1, 2). Then,
we obtain Fi(¢) " Fi(n) = F»2(¢) T F>(1), since

O, n) — Fi(Q) Fi(n) = (1 —¢cm)X©) PX(n)

holds for i = 1, 2. This implies that detF'| (¢)detFi(n) = detF>(¢)detFa(n), ie. f1(¢) fi(n) =
f2(2) f2(n). Given that the highest degree coefficients of f1(£) and f>(£) are positive, it follows
f1(€) = f2(£). This concludes the proof of the injectiveness of Ric.

The surjectiveness is easily proved by taking f(£) = det Fp(&), where Fp(§) is defined in
Lemma3. O

Proof of Theorem 2. We have only to show that S is non-singular under Assumption 1’.
There holds £ X (§) = AX (&) + BU (&) from (14). Then, it follows from (27) that £ XV (¢) +
IXCDE)y = AXD@E)+ BUDE) forl =0, 1, ..., d; — 1. Hence, we obtain
(X XG0 XEDOD] (ila, + Ni)
=[A B][MO) MDYy - MYUDoy]. (B.14)

Post-multiplying (B.14) by V;, it follows from (31) and (32) that
ASi+SiLi=ASi+B[UM) UDM) - UG Doyl (B.15)

Since F(£)U(&)~! is biproper, there exist a matrix C € R™*" and a non-singular matrix D €

R™>™ gatisfying F(§) = CX(§) + DU () from Lemma 1. Thus, we get

[F) FO@) - FY=Doy]
=CxGy xWay) - X4GTDGp]
+D[UGy) UDGy) - UG Day].

Post-multiplying this by V;, there holds from (31) and (33) that

[Uow) D0y -+ v4=Dap]vi=-D7'Cs;. (B.16)
Substituting (B.16) into (B.15) yields

(il —A+BDT'O)Si = =SiL; (i=1,2,...,k). (B.17)
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We now prove that S; has full column rank. Partition S; as S; = [Si0  Si1 -+ Sig-1],
SiieC"(=0,1,...,d; —1). (B.17) implies that S; o, Si.1, ..., Si,4—1 satisfy
(hil, —A+BD7'O)S; = -1+ 1Sy (=0,1,...,d; —2), (B.18)
(ril, —A+BD7'C)S; 4—1 = 0. (B.19)
It is sufficient to prove that S/ := [Sii  Sitt1 -+ Sig—1] has full column rank for [ =

di —1,...,1,0 using a induction. For [ =d; — 1, (31) and (B.16) imply that there holds
M(Xi)a; g,—1 = col(ly, —-D! C)Sz{,dl-—l' Since a; 4,—1 # 0 and M (A;) has full column rank from
the observability, S} ;, | # 0,i.e.S] ; | is of full column rank. Assume that S; ; is of full column
rank for [ =d; — 1,d; — 2, ..., k. To deduce a contradiction, we also assume that Sz{,k—l =
[Sik-1 Six ] does not have full column rank. Then, there exists a non-zero vector v; x € cdi—k
satisfying S; x—1 = Sl.’)kvi’k.Since il — A+ BD_IC)S{)k = —S{’kLl;k from (B.18) and (B.19),
we see (Ail, — A+ BD_IC)S,;k_l = —Slf’kLi,kvi,k, where L; x € R@—k)x(di=k) ig the lower
subdiagonal matrix with elements {k,k + 1,...,d; — 1}. Since (\; I, — A + BD*IC)S,-,k_l =
—Sl-”k -col(k, 0, ..., 0) from (B.18), we obtain S, (L; xv;x — col(k, 0, ...,0)) = 0. From the
assumption that Sl.’!k is of full column rank, we have L; xvix —col(k,0,...,0) =0. This is a
contradiction, because this is not the case for any choice of v; ;. Hence, S; is of full column rank.

From (B.17) and the fact S; has full column rank, the column vectors of §; are the eigen-
vectors of A — BD~!C for the eigenvalue A; with the partial multiplicity d;. Thus, if i # j, the
column vectors of S; and S; are linearly independent. Since i, j =1, 2, ..., k are arbitrary, Sy
is non-singular. [J

Proof of Corollary 1. Let f € F ., be arbitrary. Under Assumption 1’, the map Ric is bijective
from Proposition 5. Thus, the polynomial matrix which induces the corresponding storage func-
tion is given by Y (¢, n) = —X({)TPfX(n), where Py = Ric(f). Similarly, from Proposition
3, the polynomial matrix which induces the smallest storage function is given by Y~ (¢, ) =
—X (¢)T PyX (n), where P, = Ric(h). This implies —x T Pyx > —x T Pyx forall € € (R™)Z and
t € Z. Since X (o) is a minimal state map for 2, the map £ — (X (0)£)(0) is surjective. Hence,
we have —xoT Prxg = —xoT Pyx for all xg € R". This implies Py < Py forall f € Fcop. From
Theorem 2, we see that P, = (S;l“)’lT;Z A\ ! gives the largest solution of the DARE (12). Since
the existence of non-negative definite solution of the DARE (12) is equivalent to P, > 0, this is
the case if and only if 7}, > 0, which completes the proof. [
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