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Abstract

In this paper we develop a canonical state space representation for rational stochastic
processes containing unit roots with integer integration orders at arbitrary points on
the unit circle. It is shown that the state space framework, which is — in a certain
sense made precise in the paper — equivalent to the ARMA framework, is very suit-
able for the analysis of unit roots and cointegration issues. The advantages become
especially prominent for systems with higher integration orders at the various roots
on the unit circle. A unique state space representation is constructed that clearly
reveals the integration and cointegration properties. The canonical form given in
the paper can be used to construct a parameterization of the class of all rational
processes with a given state space unit root structure, which is defined in the paper.

JEL Classification: C13, C32
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1 Introduction

In modelling economic time series over the last several decades linear dynamic models in-
corporating unit roots and cointegration have become prominent tools. The literature in
this area is primarily focused on (vector) AR or (vector) ARMA models, see e.g. Baner-
jee et al. (1993) or Johansen (1995). The state space framework, which is - in a specific
sense discussed below - equivalent to the ARMA framework, has surprisingly not received
a lot of attention for modelling unit root processes. Only a few earlier exceptions exist
like e.g. Aoki (1990), Aoki and Havenner (1989), Aoki and Havenner (1997) or some of
the contributions in the special issue on state space modelling in Econometric Reviews
(1991). These contributions considering unit root analysis in the state space framework
can to a certain extent be regarded as preliminary as they are focused only on the unit root
z = 1 and on integration order 1. This shows an imbalance between the extent to which
theory is developed for ARMA models as compared to state space models: For ARMA
models representation theory exists for processes with unit roots possibly located at other
points than z = 1 and of higher order of integration, see e.g. Gregoir (1999a). An eminent
feature that emerges from this ARMA cointegration literature is the fact that for higher
integration orders even the determination of the integration order (for an exact definition
see below) tends to be inconvenient, see e.g. Johansen (1992) or again Gregoir (1999a). It
is the purpose of this paper to show that the state space framework is a very convenient
alternative to the ARMA framework for discussing unit root processes leading directly to
simple and easily interpretable characterizations of the (co)integration properties.

In the discussion we allow for processes with a finite number of unit roots with integer
integration orders at arbitrary points of the unit circle. The analysis is restricted to ratio-
nal processes, in particular to ARMA processes, see the discussion below. Hence, issues
like fractional (co)integration are not dealt with. Usually a process is defined to be a unit
root process, if it constitutes a solution to a vector difference equation (VDE) with certain
properties, see e.g. Johansen (1995, Chapter 3) for the vector AR case. The first point of
the paper is to show that any unit root process can also be represented as a solution to
suitably defined state space system equations, see below (6) in Section 3. Based upon this,

the first main result of the paper is to show that for any given unit root process a unique



state space representation that very clearly reveals the integration and cointegration prop-
erties can be given. This unique representation can be used to classify state space systems
according to their state space unit root structure. In the state space unit root structure
i.a. the locations and orders of the unit roots are collected, see Definition 6 in Section 6
below.

The developed unique state space representation leads directly to Granger type representa-
tions and reveals the cointegrating relationships, either static, dynamic or polynomial, via
orthogonality relationships. A detailed discussion of polynomial cointegration in the state
space framework is outsourced to a companion paper, Bauer and Wagner (2003a). Thus,
the representation in the state space framework is indeed more convenient than represen-
tation results derived in the AR or ARMA framework, see e.g. Johansen (1992), Johansen
and Schaumburg (1999), Lee (1992), Stock and Watson (1993) or Gregoir (1999a). Also
the classification of processes according to their state space unit root structure is simpler
than the corresponding classification in the ARMA framework.

The second advantage is that the developed canonical form can be used to construct a
parameterization. Based on the results presented in this paper Bauer and Wagner (2003b)
present one specific parameterization that possesses relevant topological properties impor-
tant for subsequent statistical analysis. The parameterization can be used e.g. to perform
maximum likelihood analysis for classes of processes with fixed state space integration
structure. First results are derived in Bauer and Wagner (2002b), where pseudo maximum
likelihood estimators and their asymptotic distribution are derived for processes where the
integration orders corresponding to all unit roots are equal to 1 (cf. Remark 3). Up to
now, estimation for processes with a general unit root structure seems to have been limited
to autoregressive processes cf. e.g. Gregoir (1999b).

The paper is organized as follows: Section 2 presents the class of processes dealt with in this
paper and gives the relevant definitions. Section 3 discusses state space representations.
Section 4 links and compares the state space representation to the VAR framework for I(1)
processes. Section 5 demonstrates the key ideas using some illustrative examples, while
the presentation of the canonical form is given in Section 6. Finally Section 7 concludes
the paper. The proof of the main result is contained in the Appendix.

Throughout the paper the following notation is used: [; denotes the d x d dimensional



identity matrix, 0°%® the a x b dimensional null matrix. 2’ denotes the complex conjugate
transpose of a complex vector and T the complex conjugate, unless stated otherwise. For
a matrix C' € C**¢ ¢ < s, a matrix whose columns span the orthogonal complement of the
space spanned by the columns of the matrix C is denoted by C'; € C***=9_ The ambient
space is complex-valued if not stated otherwise explicitly. With abuse of notation we will

call a matrix C' € C**¢ orthonormal, if C'C' = I..

2 The Class of Processes Considered

Unit root processes are usually discussed in a vector ARMA framework. In the following
we review the basic facts about ARMA processes needed in the paper. For a detailed
discussion in the stationary case refer to Hannan and Deistler (1988) in particular chapters
1 and 2. An s-dimensional process (y;)ien is an ARMA process, if there exist matrices
AjeR>* 5=1,...,pand B; e R®* 7 =1,...,q, A, # 0, B, # 0, a white noise process
(¢¢)ten and (possibly random) initial conditions y;,t =1—p,...,0and g;,t =1—gq,...,0,
such that

Y+ Ay F Asypo+ . F Apy—p =1+ Biggo1 + ...+ Bygr—g, t €N (1)

Considering the polynomials a(z) = Iy + A1z + ...+ A,2” and b(z) = I+ Bz +. ..+ B,29,
the pair (a(z),b(z)) is called an ARMA system corresponding to the process (y;)ieny. The
representation of (y;);en as the solution to the vector difference equation (1) is called
ARMA representation of (y;)en. Here z denotes a complex variable. Letting z also denote
the backward shift operator * the ARMA system equations can compactly (but somewhat
loosely) be written as a(z)y: = b(z)e;. It is well known that the solution set to the system
of equations (1) is given by the sum of one particular solution and the solutions to the
homogenous equation a(z)y, = 0,t € N. We call a process (y;)ien linearly deterministic,
if supysq, || — Yejtol| = 0 for some t, € N, where g4, denotes the best linear prediction of
Yr given Yi,, Yio—1,- - -, y1. Hence, linearly deterministic processes are perfectly predictable
from some time instant on. Therefore typical deterministic terms such as the constant, a

polynomial trend or seasonal dummies are linearly deterministic and so are all solutions

'Note, that the definition of z requires the setting of initial values 3o, g, y—1, . ... Hence the backward-
shift operator depends on initial values. However, this is neglected in the notation.



to the homogenous equation a(z)y; = 0.
The ARMA representation of (y;)ien is not unique: If (y;)ien solves the ARMA equation
corresponding to (a(z),b(z)) and p(z) = I;+ Pyz+. ..+ P.2* denotes a polynomial matrix,
then (y;)ien also solves the ARMA equations corresponding to (p(z)a(z),p(2)b(z)). If
a(z) = p(2)a(z),b(z) = p(2)b(2), then any solution to the equation a(z)y, = b(2)e;,t € N
differs from any solution to a(z)y; = b(z)e; only by a linearly deterministic process z;, such
that a(z)z; = 0. Left coprime pairs (a(z),b(z)) play a special role: In this case the roots of
det a(z) determine the stationarity respectively nonstationarity properties of the process
(y¢)een- If all roots of det a(z) in a left coprime pair (a(z),b(z)) are outside the unit circle,
then there exist initial conditions such that the corresponding solution is stationary. For
stationary processes it is well known that it is no restriction of generality to consider only
left coprime representations, where moreover the roots of det b(z) are outside the open unit
disc, i.e. det b(z) # 0, |z| < 1. The pair of polynomials (a(z), b(z)) in this case corresponds
to the rational transfer function k(z) = a(z)~'b(2) = 372, K;2/, which converges on the
closed unit disc. In this case the stationary solution (y;);en possesses a representation for
white noise (&¢)iez as

ytZZKﬁt—j,tEN (2)

=0

and corresponds to a special choice of initial conditions. If in a left coprime pair (a(z), b(z))
some of the roots of det a(z) are on the unit circle, the solutions to the corresponding vector
difference equations are called unit root processes, which are formally defined below. Let

us first define the difference operator at frequency w:

[ 1-e%z, we{0,7}
Au(z) = { (1—e“2)(1—e™2), we(0,7). (3)

Note that for real valued processes complex roots occur in pairs of complex conjugate roots.
Therefore the way we define the differencing operator A, (z) = (1 — e®2)(1 — e7™2) =
1 — 2(cosw)z + 22 already incorporates the assumption of real valued y; by filtering pairs
of complex conjugate roots.

In order to simplify the notation we will use A := Ay(z). Note that the application
of a filter of degree g (polynomial degree in the complex variable z) to a process (¥;)en
necessitates ¢ initial conditions to be specified. We are now ready to define unit root

processes:



Definition 1 The s-dimensional real process (y;)ien has unit root structure ((wy, hy), ..., (wx, hg))
with) < w; <wy < ...<wr <m hy € NJk=1,...,I%, if there exist random initial values
Yi-H,-- - Yo, H = ZZRZO[hk + hil(wg ¢ {0,7})] with finite second moments and a linearly

deterministic process (Ty)ien such that
h
Alr(z)-- Az (2)yy=v+T;, teN (4)

for vy = Z;io cjei—; corresponding to the Wold representation of the stationary process
(vi)iez, where for c(z) = 222 ¢! with Y77° [lej|l < oo it holds that c(e™*) # 0 for
k=1,...,1% Herel(.) denotes the indicator function.

If ¢(z) is a rational function of z, then (y;)ien is called a rational process.

Remark 1 The assumptions on c¢(z) rule out a number of cases, such as e.g. long memory
processes or processes with discontinuous spectral densities. For a detailed discussion of
these issues see e.q. Leeb and Pdtscher (2001). In this paper we study only rational
processes, i.e. processes for which a finite dimensional state space representation exists.

Therefore the difficulties encountered in Leeb and Pétscher (2001) do not occur.

Remark 2 The requirement that c(e™*) # 0 only at the points at which filtering has
taken place and not for all points on the unit circle allows to classify processes of the form
Yt + Yo = € — €11, with €, as in the above definition. In the light of the above definition
this process y; has integration structure ((g, 1)), but would not be covered by the definition

if ¢(z) # 0 were required for all |z| = 1.

The definition just given is formulated to discuss differencing simultaneously at pairs of
complex conjugate unit roots. If one wants to disentangle the effects on y; of each of
a member of a pair of complex conjugate unit roots, the definition can be reformulated
counting each complex unit root separately. The corresponding definition of a complex
unit root structure is also needed in order to keep the presentation of the results to follow
algebraically as simple as possible. Disentangling the contributions to each unit root allows

to simplify the algebra of the arguments by using complex quantities.

Definition 2 The s-dimensional random process (y;)ien has complex unit root structure

(w1, 7)), (Wi, ) with 2z, = €%, 0 < wp < wy < ... < w < 2w and hy € N for
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k=1,...,1, if there exist random initial conditions y1_g,...,yo, H = hy + -+ + hy with
finite second moments and a linearly deterministic process (T;)ien such that

l

H(l — )y, = v+ T, teN (5)
k=1

with vy = ¢(z)e; as in Definition 1.

Here and throughout the rest of the paper the unit roots w1, . ..,w; denote the unit roots
with negative imaginary part, i.e. with frequency in the interval (m,27). For real valued
processes for each k such that wy, € (0, 7) there exists a k* such that wy« € (7, 27) and with
wrx = 2m — wyg. In later sections, to distinguish notationally, we will use the term complex
integrated of order hy at z, if the pair (wg, hy) is contained in the unit root structure, where

2 = ek,

Remark 3 Note that in the above definitions the integration orders are defined for the
s-dimensional process, and not for the indiwidual components. It follows, however, directly
from the definition that for all unit roots wy there is at least one component of y; that
15 integrated of order hy at this unit root frequency. This stems from the requirement
c(e® ) £ 0V k = 1,...,1. Alternatively unit root processes could be defined for scalar
processes in total analogy. For a multivariate process the unit root structure could then be
defined as the maximum integration order of all components, leading to exactly the same

classification as the one given above.

Remark 4 Note that due to our definition of the unit root structure deterministic terms
are subtracted before defining the integration orders. This implies e.g. that so called trend
stationary processes are not integrated according to this definition. It does also not hold
that the first differences of processes with unit root structure ((0,1)) are stationary. In

general they may contain a linearly deterministic component T.

Processes where the only unit root is located at z = 1 are as usual called integrated of

order m, say, see the following definition:

Definition 3 A real valued process with unit root structure ((0,m)) is called I(m) process.
A real valued process with unit root structure ((wy, 1), ..., (wy, 1)) is called multiple frequency

I(1) process, or short MFI(1) process.



Let us next define cointegration. For processes with higher integration orders and with
unit roots at different points on the unit circle a multitude of possibilities for cointegration
and polynomial cointegration of different orders arises. In the following definitions it is
understood that pairs of the form (wy,0) are removed from the unit root structure of
the transformed processes. For the vector polynomial ((z) = ;1.:0 B;27,3; € R let

B(2)y = ']1.:0 Biys—j, where y; = 0 is used for ¢ < 1.

Definition 4 The real valued s-dimensional random process (yi)ien with unit root struc-
ture (w1, h1), ..., (wr, hr)) is called cointegrated of order ((wy, ka1, hY), ..., (wz, iz, hly)),
0 < Ay < hk = 1,...,0%, where max,—;__x(hy — h}) > 0, if there exists a vector
B e R, B # 0 such that (8'y)wen has unit root structure ((wi,hY),..., (wg, hiy)). The
vector 3 is in this case called cointegrating vector of order ((wl, hy, BY), ... (wi, Iz, th)).
The real random process (y;)ien with integration structure ((wy, hy), ..., (wr, ir)) is called
polynomially cointegrated of order ((wr, hy, 1Y), ..., (wi, lyz, hi)), 0 < WY < by k= 1,... (%,
with max,_; _mr(hy — hy) > 0, if there exists a vector polynomial B(z) = Z;I':o B;27,
B; € R® with maxy—y = ||B(zk)||(his — hY) > 0, such that (8(2)"y)ien has unit root struc-
ture ((wl, YY), (Wi, th)). The vector polynomial (3(z) is in this case called polynomial

cointegrating vector of order ((wi,hy,hY), ..., (W, e, hiz)).

Remark 5 Analogously to the definition of complex integration, also the definition of coin-
tegration can be extended to complex static and complex dynamic cointegration, by consid-
ering the complex unit root structure as the basis in Definition 4 and allowing for complex

coefficients 3; € C°.

Remark 6 The condition that a polynomial cointegrating vector has to fulfill the constraint
maxy_1 e ||B(zk)|| (b — h}) > 0 excludes trivial polynomial cointegrating relationships
which achieve the reductions in the integration orders simply due to differencing. For
a detailed investigation of polynomial cointegration see Bauer and Wagner (2003a). In
that paper it is shown that the canonical representation developed in this paper also forms
the basis for an elegant and simple analysis of polynomial cointegration in the state space

framework.

In the paper we only deal with rational processes, where hence a(z)v; = b(z)e; for some

(a(z),b(z)) such that a(z)~'b(z) = c(z) holds, i.e. where (v;)ex is a stationary ARMA
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process. If furthermore T; = 0 holds, then (y;)en is an ARMA process with corresponding
ARMA system (Hézl(l — 2;2)"™a(z),b(z)). Therefore every rational unit root process
(y¢)ten is the sum of an ARMA process and a solution to the vector difference equation

H2:1(1 — 212)" 2, = T, for identical initial values.

3 State Space Realizations

It is well known (see e.g. Hannan and Deistler 1988, Chapter 1) that for every stationary
ARMA process (y:)ien corresponding to the ARMA system (a(z),b(z)) there exists an

equivalent representation, the so called state space representation: For t € N

vy = Capt+ey (6)
Tiy1 — Al’t + B(‘:t.

Here x; € C™ denotes the n-dimensional unobserved state vector. The initial conditions
x1 are set in order to render the processes (x;)ieny and (yg)ien jointly stationary. A €
Cvm B € C" C € C**" are complex matrices. Usually it is assumed that z;, A, B
and C' are real rather than complex, however for some of the following results the use of
complex quantities simplifies the algebra and the interpretation considerably. To ensure
that y,; is real valued, the matrices A, B and C have to fulfill certain restrictions, which
will be commented upon below (cf. Theorem 2). For a given ARMA representation of a
rational process one way to obtain a (specific) state space representation corresponding to
this process is e.g. given on page 15 of Hannan and Deistler (1988).

The first equation in (6) is termed observation equation and the second state equation.
The dynamics of the system are contained in the state equation. Note that the state is by
construction an AR(1) process. It follows that

t—2
Y = CfEt + &= OAZL't_l + CBSt_l +e == OAt_ll'l + &+ Z CAngt—j—l- (7)

=0
For stable A, i.e. A is such that [Apa(A)| < 1, where A\jq.(A) denotes an eigenvalue of
maximum modulus, the choice z, = > 22 A7Be_; (again using white noise (&;);ez) leads

to a stationary process (y;)ieny With the representation (cf. (2))

Y = & + Z CAjBé“t,j,l.

J=0

11



Consequently Ky = I and K; = CA7"'B, j > 0 holds. This implies that the transfer func-
tion k(z) = a~(2)b(z) can alternatively be written as k(z) = I, + 2C(I,, — zA) "' B. In this
case the system (A, B, () is called a state space realization of the transfer function k(z).
Letting .S,, denote the set of all triples of complex matrices (A, B, C') of appropriate dimen-
sion we can define the mapping IT : |J,,», Sn — U, (A, B,C) = k(z) = [,+2C(I,—2A)""'B.
Here U denotes the set of all s x s dimensional matrix valued functions, where each entry
is a rational function of the complex variable z.

Like ARMA representations also state space representations are not unique. There are two
sources of non-uniqueness. For each transfer function there exist state space realizations
of different state dimension. A state space system (A, B,C) with state dimension n is
called minimal, if there exists no realization (/1, B, é) with state dimension 7, such that
II(A, B,C) = II(A, B,C) and n > #1. The second source of non-uniqueness relates to the
choice of the basis of the state. Since the state is not observed this basis can be chosen
arbitrarily. A change of coordinates using a nonsingular transformation 7" € C"*" leads to
a different realization (TAT ', TB,CT ') of the same transfer function. The two different
realizations are called observationally equivalent. Given a particular system (A, B, C) the
set T (k(2)) C U,pso Sn with k(2) = I, + 2C(I,, — 2A) ™' B is called observational equiva-
lence class.

Both sources of non-uniqueness can be investigated using the so called Hankel matrix
H = [Kitj-1lijen. As seen above for state space systems K; ;.1 = CA™ 2B and
hence the Hankel matrix can be factored into H = OC,0 = [C', A'C’, (A%)C’,...],C =
[B,AB, A?B, .. .]. Tt is well known (cf. e.g. Theorem 2.4.1. in Hannan and Deistler 1988)
that the transfer function k(z) is rational, if and only if the rank of H is finite. In this case,
the rank of H is equal to the dimension of any minimal state space realization. Therefore
the rank of the Hankel matrix is called the order of the state space system and the corre-
sponding transfer function. It can be shown that the order coincides with the McMillan
degree of the transfer function (Hannan and Deistler 1988, Theorem 2.4.1.). This implies
that a state space system is minimal, if and only if O and C are of full rank. A change
of coordinates using a nonsingular transformation matrix T is equivalent to a different
factorization of the Hankel matrix into @ and C as H = OC = [OTY][TC].

The set of solutions to the system equations (6) has the same structure as the set of

12



solutions of an ARMA system, since it is in effect constituted by an AR(1) equation
for the state and a linear mapping, the observation equation. Hence any solution to
ye — Cry = €, 0401 — Axy = Bey,t € N is given by the sum of one particular solution and
a solution to the equations y; — Cxy = 0,241 — Azxy = 0,t € N, which is simply given by
yy = C A1z, for some initial conditions x;. This decomposition has already been given
in (7). Note that (Tt)teN = (C A" 'zy)4en is a linearly deterministic process.

For ARMA processes with left coprime pairs (a(z),b(z)) the locations of the roots of
det a(z) are known to determine the stochastic properties of the corresponding ARMA
processes. For minimal state space processes the eigenvalues of A have the same function.
Theorem 1.2.2. of Hannan and Deistler (1988) states that the nonzero eigenvalues of A
are the inverses of the roots of deta(z). Hence the condition |Anq.(A)| < 1 is equivalent
to the stability assumption deta(z) # 0, |z| < 1. Here A\jq.(A) denotes an eigenvalue of
maximum modulus. Eigenvalues of A on the unit circle hence imply unit roots in the corre-
sponding solution processes. Analogously, the condition det b(z) # 0, |z| < 1 is equivalent
to the condition |Aje.(A — BC)| < 1 (minimum-phase assumption).

The first lemma shows that all unit root processes as given in Definition 1 have a state

space representation.

Lemma 1 For every rational process (y;)ien with unit root structure (w1, hq), ..., (Wr, hix))
there exists a linearly deterministic process (di)ien, such that the process (y; — di)ien has
a state space representation (6). By choosing the linearly deterministic process (dy)ien ap-
propriately the state space realization (A, B,C') can be assumed minimal.

Conwversely for minimal (A, B,C'), every solution to the state space equations (6), where
| Amaz(A)| = 1 is a rational process with unit root structure ((wy,hy), ..., (w, h)), where

2, = e“F are the eigenvalues of A of unit modulus and hy > 0 are suitable integers.

Proof: Rational processes with some unit root structure are defined as solutions to a
difference equation. In the difference equation two terms on the right hand side have
been included: A stationary process v; = a(z)~'b(2)e; and a linearly deterministic process
T;. Due to the linearity of the vector difference equation the solution y; can be repre-

R
sented as y, = vy} + yi where y; is a solution to the equation AP!(z)... Af}lR 2yt = v

13



and y7 is a solution to the equation AP (z)... Affl;(z)yf = T;. Denoting the latter solu-
tion as d; (which clearly is linearly deterministic) it suffices to show, that every solution
to the difference equation A (z). .. AZ]%{R(Z)ytl = v; has a state space representation. By
the definition of a rational process, v; is a stationary ARMA process and hence denotes
the stationary solution to the equation a(z)v; = b(z)e;,t € N. Therefore v, = k(2)g;
for k(z) = a~'(2)b(z) = TI(A, B,C) for some state space realization (A, B,C). Hence
vy = Ciiy+ep, T4q = AR+ Bey,t € Z. Choosing z, = [(y- ), (L), ... (il g) @), t €N
it follows that y} = Cxy + &y, 7411 = Ax; + Bey,t € N for suitably defined (A, B, C), see
the discussion in Section 4 below and Hannan and Deistler (1988, p. 15) for details. This
shows the first part of the lemma.

Concerning minimality of the state space representation, it follows from the representation
y—dy = CAY g + 6, + z;;% C AV Be,_;_; that incorporating CA*'z; into d; and noting
that for linearly deterministic d; also d; + C A*'x; is linearly deterministic, the contribu-
tion of the state space system (A, B, C) to y; is determined only by the impulse response
sequence CA’B and the noise &;,. This directly implies that minimality is no restriction
as this sequence is identical for all (minimal and non-minimal) realizations in the observa-
tional equivalence class T17!(k(z)).

Conversely, let y; denote the solution to the state space equations (6) for some minimal
system (A, B,C) and initial state x;. The matrix A is similar to its Jordan normal form
J, i.e. there exists a nonsingular transformation 7' € C**", such that TAT ! = J. Let
the eigenvalues be ordered according to their modulus in decreasing order. This ordering
implies that J = diag(A;, Ag), where in A} € C¢ all eigenvalues of unit modulus are
collected? and A, contains the remaining stable ones. Denote the corresponding trans-
formed system as (J,B,(), ie. B = TB,C = CT'. Let z; = [} 1,7} ) men € C°
and B = [B},B,],C = [C}, Cy] be partitioned accordingly. Let a;(z) denote the monic
polynomial of minimum degree such that a;(A;*) = 0. Since for det(I. — zA;) it holds
that det(l, — A;*A4;) = 0 such a polynomial exists and it divides det(, — z4;). Hence
the degree, ¢ say, of a;(z) is at most equal to ¢. Therefore the roots of a;(z) are a subset
of the inverses of the eigenvalues of A;, which are by definition of unit magnitude. Hence

ar(z) = (=1)4Al (2) ... AZI’TR(Z) for some unit root structure ((wy, hy), ..., (Wgr, hr)), where

2T.e. c is the sum of the algebraic multiplicities of all eigenvalues of unit modulus.
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d =0 or d = 1. From the block-diagonal structure CA’B = ClA{Bl + C’StAgtBst follows

immediately. Consider a;(2)y; for t > ¢:
ar1(2)ye = a1(2)(Crag1 + Cspy o + €4).

Since |Apmaz(Ast)] < 1, an initial state z;4 can be chosen such that z; is stationary.
Every other solution to the state space equation differs only by a linearly deterministic
term. Hence the stationarity of z;, can be assumed without restriction of generality.
Consequently also a;(z)z: s is stationary and by assumption ¢; is stationary. Since every
matrix fulfills its characteristic equation, we obtain from the definition of x;;

a1(2)re1 =20 F a1+ Qg1 =

Az g1+ Y1) AlBre o1 + on(AT gy + 3000 Al Bigy_j o) + ..+ 0gi_gn

= (Al + AT+t agl)m g + Y Gla o = Y Gier
since A9 + o AT+ 4 agl, = AN + AT 4 0, ATY) = Alai(ATY) = 0 and thus
ai(z)xe1,t > g is seen to be an MA(q-1) process with the coefficients G; defined by the
above equations and hence in particular stationary. For 1 <t < q equality can be obtained
by a suitable choice of T;. Over-differencing of z; by the filtering is ruled out by minimality
of the degree of a;(z). From the definition of ai(z) it can also be observed that the unit
root structure is given by the factorization of the minimal A;-annihilating polynomial. [
The above lemma shows that also in the unit root case the state space representation covers
the same class of processes as the ARMA representation. The lemma in addition states
that it is no restriction of generality to consider only minimal representations. Therefore
in the remainder of the paper we are only concerned with minimal state space systems.
Note here again that the linearly deterministic component d; is included for two purposes:
It absorbs by appropriate choice all effects of the initial values (CA*"'z;) and it allows to
incorporate deterministic components like constants and deterministic trends and cycles
in the analysis.
The major aim of this paper is to provide a unique state space representation for all
unit root processes that clearly reveals the integration and cointegration properties. The

representation result is based on so called canonical forms:

Definition 5 A canonical form of the set M C U is a mapping ¢ : M — szo S; k(z) —
(A, B,C).
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In words thus a canonical form selects for each transfer function k(z) € M one representa-
tive (A, B, C) of the class of observationally equivalent systems ITI7'(k(z)) corresponding
to k(z). This implies that for every state space realization there exists one unique ob-
servationally equivalent realization in the image of the canonical form. Usually canonical
forms are defined on subsets of U. The partitioning of U is determined by characteristics
of the contained transfer functions. In this paper the discussion is limited to the sets M,
of transfer functions k(z) of order n, where det k(z) # 0, |z] < 1 and k(z) has no pole for
|z] < 1. Thus, the canonical form will be defined on (J, oy My.

There is a variety of possibilities of constructing such a mapping (see e.g. Hannan and
Deistler, 1988, Chapter 2, for a discussion of the so called echelon canonical form). In this
paper we develop a specific canonical form for state space systems corresponding to unit
root processes, which has the special feature that the orders of integration corresponding
to the solutions to a given state space system can be directly read off from the canonical
form. The possibility to construct such a representation is seen to be an advantage of the

state space framework over the ARMA framework.

4 The I(1) VAR Models in the State Space Frame-
work

The overwhelming majority of the literature on unit root processes is concerned with (1)
processes, often studied in a VAR framework (cf. e.g. Johansen 1995, and the references
contained therein). In this section we exemplify the links between the autoregressive and
the state space framework using the notation of Johansen (1995) for VAR processes. Re-
lating to the discussion in Section 2, (y;)ew is an s-dimensional (here s > 1) VAR process,
if there exist matrices II; € R®*® 5 = 1,...,p such that the pair of polynomial matrices
a(z) = Iy — Iz — ... = 11,27, b(2) = I, corresponds to an ARMA representation of the

process (Y )ien. In this case
e =y +oyro + ...+ Iy p+e, tEN

for initial conditions y;_,,...,yo. One state space representation for (y:)ien is derived

by defining the state z; = [y; ;,...,y;,] € RP*. This leads to the following minimal
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representation:

y o= [ Ty ... I, | +e,
¢
1L I I, ]
I, 0 0 I
: : 0
Tir1 = o I, . : ol N %
: 0
0 0 I, 0 I
~~ - B
A

Note that the above state equation resembles the so called companion form of the VAR (see
e.g. page 15 of Johansen 1995). In the sequel we describe a set of basis transformations
that parallels the transformation of the above VAR to its error correction representation

(see e.g. page 45 of Johansen 1995). Starting with the transformation matrix

I, 0 ... 0
T — Is _Is
o . .0
0o ... I, —I
the state is transformed to ¥, = Tx; = [y;_;, Ay y,...,Ay;_,,). This results by con-

struction in the new state being the stacked vector of all lagged regressors from the VAR
error correction representation. It follows from straightforward computations that this

basis change transforms the system matrices to:

CLAI|T, . T, ] L
o |1 ... ... ... T, L
i o |, o ... ... 0 i I
A= T . |.B=| 0|, C=[L+0O|T ... Ty |
: e e T : 0
0 |0 ... 0 I, 0 | -
where IT = — I, + >0 | 11;, Iy = = >0 Il fori=1,...,p—1. It is well known that the

process is integrated, if IT is not of full rank. Asin Johansen (1995) let IT = o, a, § € R**",
where o and [ are assumed to be of full column rank and 0 < r < s is assumed here to
exclude the boundary cases of an integrated process with no cointegration (r = 0) and a

stationary process (r = s). To ensure that the process is integrated only of order 1 we
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assume additionally that o/, (I, — 327~} T;)3, has full rank (cf. e.g. Johansen 1995, p. 49).
Then there exist r linearly independent cointegrating relationships and consequently the
number of common trends is equal to ¢ = s — r. Note that after this transformation the
observation equation reads already as y, = C&y + &, = (Is + My, 1 + Zf:_ll LAy + &
The first block-row of the state equation is of the same form and the second block-row of
the state equations reproduces the VAR error correction form.

Next use a specific choice for 3, such that /8. = 0 and 3,3, = I. and define 3 =
B(B'3)~L. Denote with S = [3,, ], with inverse S™* = [3,,3]. Use the matrix S to

perform another basis change with T = diag [S, I (p—l)s]' This results in the transformed

state and system matrices:
i't = [(ﬁiyt—lyv (ﬂ/yt—lya Ay{ﬁ—la s 7Ay£—p+1]/a

_[c H ﬂiOz ‘ﬂif‘l ﬂirp,l_ -

0 [r—i-ﬂ/C( ﬁTl ﬁlrp,1 L

0 a T, ... ... ... T, g
A= 0 I, 0 ... ... 0 B = 6 ,

: 0 , : :

: . . . . . : i 0 |

L 0 0 0 ... 0 I 0 |
C=[8]|a+B|T1 ... Thu].

The matrix A is in the above representation already seen to have the eigenvalue 1 with
multiplicity greater or equal to c¢. According to the assumptions on a(z) it follows that
Amaz(A) = 1. Thus, analyze the eigenvalues of the south-east block of the matrix ;17
separated by the double lines, Ay say. We show by an indirect argument that under the
I(1) assumption |[Ames(As)| < 1 holds. Therefore, let z = (21,295, 2] 21 € RT 25 €
R*, 5 > 2 denote a vector such that /ulstz = z. It follows from the structure of fulst that

29 = ... = %,. Further one obtains from the first two block-rows that zo = az; + Z?: [z
and z; = 21+ az + 5 ?;} I';z9 = 21+ 3 z2. This shows that (I, — ?;i I';)z2 = az and

('z5 = 0. This system of equations has a nonzero solution if and only if | (15— Zf;ll )61
is rank deficient. Hence under the condition of no integration of order higher than 1 it
follows that |)\max(;15t)’ < 1.

The state space representation (;1, B , C ) has a direct interpretation in terms of the quan-

tities used in the VAR cointegration literature. Let us start with the state equation. The
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first block-row, above the double lines, of the state equation gives the dynamic behavior
of the ¢ common trends #4111 = v It can easily be shown, and is well known from the
VAR cointegration literature, that this part of the state is an I(1) process with no cointe-
gration. The second block-row gives the dynamics of the cointegrating relationships, 3'y;
and thus describes for suitable initialization a stationary process. The first block-row of the
remaining equations (below the single line) replicates the error correction representation
and the latter rows are shifting the lagged differences in order to capture the short-run
dynamics of (y;)en in the AR(1) state equation.

Inserting in the observation equation leads to

p—1

Yi = Cu%t +e =010 1+ (a+ B)ﬁ/yt—l + Z LAy + &

i=1
which decomposes in the specific normalization chosen the impact from the stochastic
trends, the stationary directions and the lagged differences on ;.

The above transformations separate in the state equation the nonstationary and the sta-
tionary components. In the representation developed in this paper we go further. By one
further transformation of the basis of the state we can obtain nonstationary state compo-
nents that follow a vector random walk, i.e. whose first difference is white noise. In the
above example this means that a further basis change has to be performed that gives the
A-matrix a block-diagonal structure with the ¢ x ¢ identity matrix in the upper corner.
This then completely separates the unit root dynamics from the stationary dynamics, due
to the block-diagonal structure. Concerning the part of the system matrices corresponding
to the stationary components of the state it is then with analogous basis changes possible
to transform it in the corresponding Jordan normal form as well. However, such a trans-
formation does not seem to be of much value for the discussion in this section and hence

we refrain from presenting the details in this respect.

5 Some Illustrative Examples

In the previous sections already a few important observations concerning the behavior
of solutions to the system equations (6) have been made. In particular the relationship

between the eigenvalues of A and the integration properties of the process y; being the
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solution of equations (6) is important: For minimal systems the presence of eigenvalues
of A on the unit circle is equivalent to integration of the process y; at the various corre-
sponding frequencies, see Lemma 1. One main goal of this paper is to provide a unique
state space representation for rational unit root processes. The main strategy in this re-
spect is to successively impose restrictions on the system (A, B, C), such that the set of
observationally equivalent systems, which furthermore fulfill all imposed restrictions is in-
creasingly restricted and ultimately is a singleton. It has been shown in Lemma 1 that it
is no restriction of generality to consider only minimal state space systems.

The eigenvalues are directly seen when the matrix A is given in its Jordan normal form,
see e.g. Meyer (2000). For this reason, as we want to construct a canonical form that
clearly reveals the integration and cointegration properties, we restrict ourselves to sys-
tem representations, where the A-matrix is in (reordered) Jordan normal form.* Since
any square matrix A is related to its Jordan normal form via TAT~! = J, for suitable
nonsingular 7', there always exist observationally equivalent realizations, where the matrix
A is in (reordered) Jordan normal form. However, as we will see below, restricting A to
be in (reordered) Jordan normal form is in general not a sufficient restriction to achieve
identification. In other words, usually there exist more than one minimal realization of a
given transfer function k(z) of the form (J, B, C), with J denoting a matrix in (reordered)
Jordan normal form. Hence state space representations with the matrix A in (reordered)
Jordan normal form are not unique. Therefore further restrictions have to be imposed in
order to characterize a unique realization.

In this section the issue of imposing appropriate restrictions is discussed for several exam-
ples that are intended to reveal the type of restrictions that can be put in place in such a
way that the cointegration properties of the system are clearly revealed. A secondary aim
of this section is to present the canonical state space representation of the most commonly

used unit root processes.

3We will see in Section 6 that for processes where identical Jordan blocks appear in the Jordan normal
form a specific reordering of the Jordan normal form to obtain the so called reordered Jordan normal form
is very convenient.
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5.1 Example 1: I(1) Processes

Let us start with the simplest but most important example, with cointegration in I(1)
processes. In this case all unit roots are located at z = 1, i.e. in the Jordan normal form
only one Jordan segment (using the notation of Meyer, 2000) is present in the nonstationary
part. All Jordan blocks composing the Jordan segment have to be of size one, i.e. there are
no generalized eigenvectors corresponding to the eigenvalue 1, to ensure that the process
is indeed I(1), cf. Archontakis (1998), Theorem 1 below or the discussion for I(1) VAR
processes in the previous section. This is also documented by the fact that in this case
the minimal annihilating polynomial must be equal to A = (1 — 2z). As a counterexample

consider the following state equation that leads to higher integration orders:

110 0
Ti11 = 011 T+ 0 E¢-
0 01 1

Denoting the coordinates of z; by x;1,7:2 and x;3 respectively, we obtain: x;413 =
Tp3 + €, Tig12 = T2 + Ty 3, Tey11 = Ti1 + Tp2. Using the difference operator we directly
obtain Az 3 = &4, Axy o = 43, Az 1 = x15. Both representations directly show that x5 is
integrated of order one, x; is integrated of order two and x,, is integrated of order three.
This example leads to two observations: First, the integration order is equal to the size of
the Jordan block, compare again to Archontakis (1998). Second, the components of the
state corresponding to a Jordan block are linked to each other in a chain of subsequently
increasing integration orders. It is easy to see that the same relationships hold also for
higher dimensions and also for unit roots not equal to z = 1.

For a minimal state space representation it can be shown (cf. the proof of Theorem 1)
that the output has the same unit root structure as the state. This shows that for minimal
representations the integration orders can be deduced from the state equation. However,
for non-minimal system representations this equivalence does not prevail.

Thus, for I(1) processes the A-matrix in Jordan normal form is given by J = diag(/., J&),
i.e. the multiplicity of the unit root is denoted by c. Jg corresponds to the eigenval-

4

ues smaller than one in absolute value.* Partition the matrices B and C' accordingly,

4The following discussion will make clear that the stationary part can be dealt with using any canonical
form for stationary state space models. Thus, we transform it to Jordan normal form only for simplifying
the discussion at this point.
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ie. B = [By,B,] and C = [(4,Cy] with C; € C**¢ and B; € C**. The Granger

representation of y; (see e.g. Engle and Granger 1987) is in this particular case, for

)

yr = C1 By Z;;ll ;4 ksi(2)er, where kg (2) = I+ 204 (I — Ay2) "' By denotes the transfer

r11 = 0,214 = Z;io AgtBsts_j, directly given by solving the system equations (6) for

function of the stationary part of the system. Hence we see that the use of the Jordan
normal form separates the nonstationary from the stationary part of the system. It will
be seen below that the dynamics corresponding to different unit roots are decoupled from
each other for the same reason, when the A-matrix is in Jordan normal form respectively
reordered Jordan normal form. Now, due to the fact that in minimal representations the
matrices C| and B; both have full rank (see again the proof of Theorem 1 below), the
number of common trends in x; is restricted to be smaller or equal to the dimension of the
output, i.e. ¢ < s. Furthermore, from the above Granger type representation we directly
see that the cointegrating space for y; is the orthogonal complement to the column space
of C}, henceforth denoted by Ci-. This directly implies also that the dimension of the
cointegrating space, r say, is equal to s — ¢. Thus, in minimal state space representations
of I(1) processes the well known duality, for I(1) processes, between the number of common
trends and the dimension of the cointegrating space is directly seen.

The above system representation is however not unique. Look only at the nonstationary
part again. Any nonsingular transformation matrix 7" € R**¢ to transform the nonstation-
ary part, delivers an observationally equivalent realization (I.,TB;, C;T~') of the non-
stationary part of the system, which also has its A-matrix in Jordan normal form. This
implies that further restrictions have to be imposed in order to achieve uniqueness of the
system representation. These additional restrictions can be put on the matrices B; and
C1. A specific way of imposing a sufficient set of restrictions on the matrices C; and Bj in
order to identify them from the product C}B; is described in the following lemma. Note

at this point as a remark that this is only one possible way to achieve identifiability.

Lemma 2 Let X € C**® denote a matrix of rank c. Then there exists a unique decomposi-
tion X = CB,C € C°*¢, B € C°**, such that C'C = 1. and B 1is positive upper triangular.

Here a matric B = [b; jliz1,..cj=1,..s is called positive upper triangular (p.u.t.), if there

-----

exist indices 1 < j; < jo < ... < j. <8, such that b;; = 0,5 < j;,b;;, > 0. Le. B is of the
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form

o --- 0 b17j1 T c. T
0 0 bQ’jZ X (8)
0 ce 0 ch‘c T

where x denotes arbitrary entries.

Proof: Consider the SVD of X = USV’, where U,V € C*¢, S € Re*¢. Choosing C = U
leads to C'C' = I,. Tt is straightforward to show that for B = SV’ there exists exactly one
orthonormal matrix Q € C*¢, such that B = QB is in positive upper triangular (p.u.t.)
form (see e.g. Ober 1996). Then C' = CQ’ and B fulfill all assumptions of the lemma. The
uniqueness of ) implies uniqueness of C' and B. [J

Due to the block-diagonal structure for the stationary part any canonical form developed
for stationary processes can be employed, e.g. the echelon canonical form (Hannan and
Deistler 1988) or balanced canonical forms (Ober 1996). The orthonormality property of
the matrix C in the canonical form representation also simplifies the computation of the

cointegrating space.

5.2 Example 2: I(2) processes

Let us next consider a trivariate system corresponding to an I(2) process. Look at a system

where A has the eigenvalue 1 with algebraic multiplicity 3 and geometric multiplicity 2:

110 0] 1 0 0
. 010 0 B 1 0 1
A=diag(A A= | 1 5 1 o ,B:[let}: R EE
000 ay | bst1 bst2 bats
_1 01 Clst
C: [C’l,Cst] = 011 Cost
_O 0 1 C3st

Here (Ag, Bgi, Cyt) is such that TI( Ay, B, Cs) = kg (2) is a stable minimum-phase transfer
function. In the following we want to find a unique minimal state space representation of
the transfer function k(z) = I1(A, B,C). From Example 1 we already know that for this
example the first component of the state is 1(2) and its first difference is up to stationary

terms equal to the second component of the state.
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In constructing a canonical representation, again the system matrix A is the starting point.
Also in this example the A-matrix is already in Jordan normal form, J say again. Thus,
analogously to the above example the first question to analyze is which transformation
matrices obey T.JT~! = J. In the case of a non-diagonal Jordan normal form, not every
nonsingular matrix 7" fulfills this equation. Look again only at the nonstationary compo-

nents, then the invariance of the Jordan normal form can also be written as:
Jl == T1J1T171 == T1[3T171 + TlNlel - [3 + N1

with

le

o O O

1
0
0

o O O

Thus, the set of transformation matrices M = {1} : Ty T} = J1} is restricted to fulfill
the equation T} NlTl_1 = Nj. This holds if and only if T} is of the form:
i tiz ti3
Ty=1 0 t1 O
0 t32 t33
with ¢;; such that T} is non-singular. Thus, we see that in the case of higher integration
orders the requirement that the part of the A-matrix corresponding to the nonstationary
components is in Jordan normal form leads to restrictions on the set of feasible transfor-
mation matrices M. The restrictions depend upon the off-diagonal elements in the Jordan
normal form. In general M is not reduced to a singleton due to the occurrence of Jordan
blocks of size larger than one, therefore again further restrictions have to be imposed. The
required restrictions are imposed on the columns of C; and the rows of B;. Denote the

first three columns of C' corresponding to the nonstationary components of the state by

C, = [ C’ll’E Cf’G Cf’E }, in the example given by:

1 0 1
crf=o |, ¢c*=11], c**=(1
0 0 1

The superscripts are chosen as follows, already in view of the general case discussed in

the following section: Superscript 1, E' indicates that this column corresponds to a state
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component of highest integration order and a column of A corresponding to an eigenvector;
superscript 2, G indicates that these columns correspond to state components of second
highest integration order. The second superscript GG indicates the correspondence to a
generalized eigenvector, as this column corresponds to the generalized eigenvector of the
Jordan block of size 2; the second superscript E indicates the correspondence to an eigen-
vector of A. For the column(s) corresponding to the highest integration order therefore
only a second superscript E occurs.

Now we will describe, in a constructive fashion, how to obtain the canonical form repre-
sentation of the system, defined in Theorem 2 below. To describe our canonical form it is
required to find restrictions on the sub-blocks composed of columns of C'; that are fulfilled
for exactly one transformed matrix él = C,T, with T such that TJT~! = J. For the given

example we have:

X 1 01 ti11 ti2 ti3 t11 T2 + 132 ti3 + 133
Ci=1011 0 tn O = 0 t11+13 33
0 0 1 0 t39 ts3 0 T30 t33

Start a recursive argument with C’ll BTt éll " is required to be an orthonormal matrix, this
implies ¢;; = £1. This restriction is already fulfilled for 011 ¥ Next, also for the column
corresponding to the other eigenvector (the eigenvector corresponding to the Jordan block
of size one), i.e. for C*F we require (C?F)CHF = I and additionally its orthogonality to
C’llE This directly implies that t13 = —t33 and t33 = il/\/i This leaves only t15 and t3,
as free entries and the signs of ¢1; and ¢33 undetermined, the remaining entries of T" already
having uniquely defined values. As a final restriction on Cy, the column corresponding to
the generalized eigenvector is required to be orthogonal to the eigenvector columns, i.e.

(CEEY[CHE, CPF] = 0, introducing the restrictions t1 + t3 = 0,117 = —2ts. This leads

to
i tin/2  —tss t11 0 t11
T - 0 tll 0 ,T_l - 0 tll O atll - :tl,tgg - :l:l/\/§
0 —t11/2 t33 0 1/(2t33) 1/t33

Noting that the sign of ¢;; determines the sign of the first nonzero entry in the second row

of Bl = T B, and that the same is true for ¢33 and the third row of l%l the restriction of
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these rows to start with positive entries determines the matrix 7" uniquely as

1 1/2 —1/V2
To=10 1 0
0 —1/2 1/V2
with which the given realization (A, B, ') has to be transformed in order to arrive at the

(therefore unique) canonical form representation given by:

2 1 0
1 0 0 Cist 1 0 1

C=10 1/2 1/V2 ¢ |, B=| 4
0 —1/2 1/V2 cza V2 V2 1/V2

bstl bst2 bst3

The system (A, B, C‘) is the only minimal realization of the class of observationally equiva-
lent state space systems corresponding to the transfer function k(z2) = I,+2C(I,,—2A)"'B
that fulfills the required restrictions. Note again that for the stationary part any canonical
form can be employed, e.g. the echelon canonical form. For this reason the stationary part
can essentially be neglected in the discussion.
The canonical representation just developed offers the advantage of revealing the cointe-
grating spaces immediately: Asin Example 1, the cointegrating relationships can be found
via orthogonality conditions to certain columns of C (again assuming x; o = Z?io AgtBsts, ;)
1 0 0
y= 0 |z + 1/2 To + 1/v2 T3 + kst (2)es. 9)
0 —1/2 1/v2
Note that the components x; 5 and z; 3 corresponding to different Jordan blocks are both

I(1) but not cointegrated, as follows from the representation

x 1 0 1 — x
) 1,2

) — E4 s _|_ )
B R PRI st b
and the fact that ¢, has a nonsingular covariance matrix. Taking this into account, the
cointegrating relationships are readily found. Any vector of the form 5 = [0, by, b3] reduces
the integration order in 3’y to at most integration order 1. It reduces the integration order
immediately to 0, if and only if it is also orthogonal to 012  and C’lz ’G, i.e. to the second and

third column of C. However, in our example the matrix built of the first three columns of

C has full rank, and thus no cointegrating relationship that reduces the integration order
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from 2 to 0 exists.

In the present I(2) system also polynomial cointegration, see Granger and Lee (1989) or
Gregoir and Laroque (1994), occurs. We abstain here from a discussion of polynomial
cointegration and refer the interested reader to Bauer and Wagner (2003a) for a detailed
discussion of polynomial cointegration in state space systems. In that paper we show that
the developed canonical representation is very suitable for the analysis of polynomially
cointegrated systems. The canonical system representation highlights the relationships
between the state components that give rise to polynomial cointegration and allows to

recover all polynomial cointegrating relationships via orthogonality constraints.

5.3 Example 3: Multiple Frequency I(1) Processes

As a third example consider a rational multiple frequency 1(1), or short MFI(1), process.
By this we denote (cf. Definition 3) a process that is integrated at finitely many frequencies
with the corresponding integration orders all equal to 1. The primary example of such a
process is the case of seasonal integration, where e.g. for quarterly observations unit roots
may be present at +£1 and +i. From the previous discussion we already know that for the
integration order to be 1, the Jordan segments corresponding to the different unit roots
must be composed only of Jordan blocks of size one. Let 21, ..., z; denote the [ distinct unit
roots, ordered according to increasing frequency wy, € [0,27),1.e. wp < w1, k=1,...,1—1

for z,, = e™*. Then the system can be written, with the A-matrix in Jordan normal form,

as:
..'Et+171 Zl[Cl 0 e 0 'Tt,l Bl
0
e . + gt
T41,0 : oozl 0 Tl B
Tiy1,st 0 o0 Jy Lt,st Bg
Tt
yt:[cl e G Cst} : + &t
Tt
Tt st
where x;,,k = 1,...,1 denotes the state components corresponding to the unit root z,

x5 denotes the stationary (for suitable initial values) components of the state and B and

C are partitioned accordingly. Starting with an initial state z; the above system has a
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solution y; as:

t—1 t—1
ye = C1By Z Z{_lft_j—i—' -+ B Z Zl]_lgt_j—FClBlZi_l{L’l’l—{-' . -—{-ClBlZf_l[l?u—Fk‘st(Z)Et.

Jj=1 Jj=1

(10)
Here z1 4,k = 1,...,1 denotes the components of the initial state corresponding to the
different segments in the Jordan normal form and z 4 is assumed to be chosen such that
ks(2)ey = e + Z;;% CsththstEt—j_1 + Oy Ji twy o is stationary. The representation (10)
shows an advantage of the state space representation: It directly leads to a Granger type
representation that reveals the contributions of the nonstationary components correspond-
ing to the different unit roots to the output. Starting from autoregressive or ARMA
representations requires more complicated computations to arrive at this type of represen-
tation (cf. e.g. Johansen and Schaumburg 1999).
Due to the real valuedness of (y;);en @ number of restrictions are imposed on the system
matrices. For each unit root z, = e“* w, ¢ {0,7} there exists an index k' such that
Zp = Zk, i.e. complex unit roots occur in pairs of conjugate complex roots. For these pairs
also ¢y = cx, Cw = Cy and By = By, hold. This follows immediately from the fact that
CAJB has to be real valued for all j > 0 for real valued 7,. Taking these restrictions into
account, the contribution to the output stemming from a pair of conjugate complex unit

roots is given by

t—1 t—1
CkBk Z Ziilgt,j -+ CkBk Z fiilé‘t,j -+ CkBkZ]tgll’Lk + C’kkaltglxl,k/, (11)
j=1 j=1

which is directly seen to be real valued if also the initial states to conjugate complex pairs
of roots are conjugate complex. Thus, the contribution to the output stemming from a
pair of complex conjugate unit roots is seen to be the sum of conjugate complex stochastic
cycles plus a contribution from the initial state. Similar restrictions concerning the stable
complex roots of course apply also to the stationary part. The representation (10), (11)
also shows directly that the real valued MFI(1) process (y;)ieny has unit root structure
{(w1,1),..., (wf 1)}, where w; < ... < w denote the I*, compare Definition 1, frequencies
in the range [0, 7], as (1 — 2x2) [Z;;ll zi_lat_j] =¢i_1,t >2for k=1,...,0. In a minimal
state space representation however more information is present, as also the number of

state components integrated at a specific frequency and therefore the dimension of the
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cointegrating space at this frequency is directly seen in the A-matrix in Jordan normal
form. This fact leads to the definition of the state space unit root structure in Definition 6
below.

As for the I(1) example the cointegrating spaces are directly seen from the Granger type
representation (10). Since we are concerned only with real valued cointegrating spaces, for
complex unit roots and integration of order 1 we have to distinguish between static and
dynamic cointegrating relationships (see e.g. Johansen and Schaumburg 1999) to recover
the full set of possible cointegrating relationships.

Note first at this point if we consider complex cointegration (cf. Remark 5), i.e. if we allow
for B € C* then the orthogonality constraint 3'C) = 0, where Cy € C**%* say, leads to a
s — ¢ dimensional complex cointegrating space corresponding to unit root z;. Thus, the
link, discussed above in the I(1) example, between the number of common cycles and the
dimension of the cointegrating space prevails also for the case of complex unit roots in the
MFI(1) case. Considering only real valued cointegrating vectors breaks this link.

For a real valued output process it immediately follows that the (real valued) cointegrating
spaces corresponding to complex conjugate unit roots coincide, since for 3'C} = 0 it follows
that 7C, = 3'C, = 0. Therefore a cointegrating vector at the unit root z, is also a
cointegrating vector at the unit root z;. The orthogonality constraint 3'Cy = 0 (solved
over R) can be rewritten in real form as §'[R(Cy),Z(Ck)] = 0, with R denoting the real
and Z denoting the imaginary part of a complex number. Full column rank (in C?*) of C
does not imply full column rank (in R®) of [R(C%),Z(Cy)]. The latter matrix can take
on any rank ¢g, ¢, + 1,...,min(2¢, s). Thus, in a real valued discussion there is no link
between the number of common cycles and the dimension of the static cointegrating space
corresponding to a complex unit root of order 1.

Note at this point as a remark that the above orthogonality constraint 3'[R(Cy), Z(Ck)] = 0
is exactly the same orthogonality constraint as the one that arises from the real valued
system representation, where the sub-blocks (J, By, Ci) and (Jy, By, C.) are transformed
to a real valued sub-system comprising both blocks, see (15). In the corresponding real
valued system representation, the real C-matrix corresponding to the pair of complex
conjugate unit roots, Cyr say, is given by [R(Cy),Z(Cy)].

The focus on real valued cointegration gives rise to dynamic cointegrating relationships. In
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the MFI(1) cases these are polynomial cointegrating relationships of degree 1, i.e. of the
form ((z) = By + P12z with (o, f1 € R®. To see the argument, the state space representation
is again very revealing. Look only at one term of representation (10) to obtain for z; =

t—1 _j-1 . _ L —t-2 -1
23:1 2, ey using 2z = 2 = ijl 2, €4—j—1 that for t > 2

t—2
(8) + B12)CkBrz = BiCiBreir + [B)Chzi + B1Ck] Br > _ 2 'er—j1.
j=1
Thus dynamic cointegration at the unit root z; occurs for
Crzk
b B = 0. 12
ERSIa (12)

The dynamic cointegrating relationships are found via orthogonality relationships over
a real space of dimension 2s by equating the real and the imaginary part of (12) separately.
Note that equivalently again the real valued system representation can be taken to recover

the dynamic cointegrating spaces as

CrrJkr R(ze) e, T(2k)

—~

[ o) | Gt | —mren zo ) | Bl TE | rieo i) ] <o

»

(13)
The matrix, respectively the matrix product, on the right hand sides of equations (12)
and (13) can be shown to have full column rank. Thus, the dynamic cointegrating spaces
are seen to be of dimension 2(s — ¢;) for the complex unit roots in MFI(1) processes. This
reestablishes the analogy to the well known relation for the unit roots +-1. Note that in the
above space the static cointegrating relationships are contained as a subset with 3, = 0.
It is also obvious that if 5 is a static cointegrating relationship, then 3(z) = 0 + 5z is a
dynamic cointegrating relationship. However, one that does not add additional insights.
The above discussion also makes clear that in the case of complex unit roots and a focus
on real cointegration it suffices to investigate the system blocks in the complex represen-
tation corresponding to the unit roots with frequencies in the interval [0, 7]. This, as has
been illustrated in the example and holds true in general, is equivalent to consider the real
valued blocks corresponding to pairs of complex conjugate unit roots.

Given the above discussion, a complex valued canonical representation of MFI(1) processes
is easily obtained by replicating the result from the I(1) case for each of the Jordan seg-

ments corresponding to the different unit roots. Thus, we require the matrix A to be in
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Jordan normal form, the blocks C} corresponding to the Jordan segments zj/., to fulfil
C,.Cr = I, and the blocks By to be p.u.t. The block structure of the Jordan normal
form allows to analyze each block separately. This follows from the fact that the set of all
transformation matrices T that solve TJT~! = J consists only of block-diagonal matri-
ces T' = diag(Ty,...,T;,Ts), see the proof of Theorem 2 in the Appendix. A real valued
canonical form also follows (cf. Theorem 2).

In Bauer and Wagner (2002b) pseudo maximum likelihood estimation is considered for
MFI(1) processes, based on the just discussed canonical state space representation. Both

consistency and the asymptotic distribution of the estimates are derived.

6 The Canonical Form

In Lemma 1 in Section 3 it has been shown that for every rational unit root process there
exists a minimal state space representation. It has also become clear that these representa-
tions are not unique. This stems from the fact that even under the restriction to minimal
realizations (A, B, C) of order n, the set of observationally equivalent state space systems
can be described by M, the set of all n xn nonsingular matrices. In the preceding examples
section we have already seen possible ways to restrict the set of observationally equivalent
state space realizations obeying certain restrictions to singletons. In this section the ideas
introduced already in the examples are applied to construct for any given transfer function
k(z) € M, a unique state space realization, say (A, B, C'). The construction of this canon-
ical realization is recursive and proceeds by sequentially imposing restrictions until exactly
one system in the equivalence class fulfills all restrictions. Let M; C M denote the set of
all matrices " € M for which starting from a realization (A, B, C') fulfilling all restrictions
imposed up to the i-th step, also every realization (TAT !, TB,CT™!) for T € M, fulfills
all restrictions. Thus, M; represents the class of feasible transformation matrices after
step 7. The stepwise imposition of further restrictions implies M, ; C M;. The aim is to
reduce M; to a singleton, i.e. to arrive at M, = {I,,} for some ¢.

All arguments required for the construction of the canonical form have already been pre-
sented in the examples. The A-matrix in Jordan normal form clearly displays the contribu-
tions due to the different unit roots. It has been indicated in Section 3 that the canonical

form is based on a reordered version of the Jordan normal form. Before presenting the
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canonical form in Theorem 2, the following Theorem 1 shows why the components of the
state are arranged in the way discussed next. Let us start from the A-matrix of a minimal
state space representation (A, B, C') given in its Jordan normal form, where we assume that
the Jordan segments corresponding to the unit roots zy, ..., z; with z; = e™* wy, € [0,27)
are ordered according to increasing frequency, where again each unit root is taken into

account separately. The matrix A is thus given by:

J 0 ... 0
A= 0
. . Jl 0
0 ... 0 Jg
The matrices Jy, ..., J; are the Jordan segments corresponding to the unit roots zq, ..., 2.

The matrix Jg; accounts for all eigenvalues of A smaller than one in absolute value. In the A-
matrix all information concerning the unit roots is contained. Each unit root corresponds
to an eigenvalue of A and therefore to a diagonal block J, of J. It is now possible to
reorder the Jordan blocks within the Jordan segments — this amounts to a transformation
of (A, B,C) with some matrix 7' — to arrive at the reordered Jordan normal form for each

of the Jordan segments Ji given by:

[ ZkId1 [Id1 ’ 0 (d2id1)] 0 0 0 |
02 214, [1a,, 0% (s =2)] :
Jip = 0 0 Zkfdg . 0 (14)
: : - o Ly, 0% X (g )
0 0 0 0 zild,,, i

Some notation has to be explained: The integer m; denotes the size of the largest Jordan
block corresponding to the unit root z;. The integers 1 < d; < dy < ... < d,,, denote
the differences of the dimension of the image of (J, — z,I)™ 7 and the dimension of the
image of (Jy — zx[)™ %! for j = 1,...,my. Note that in order to keep notation as sim-
ple as possible the dependence of the integers d; = dé? on k is suppressed when only one
typical block is investigated. For later use define Ny = J; — 2,/ and also d* = Z;nz’“l d?.
Notwithstanding the already large amount of notation, some more notation is required to

proceed: Let By = [(B}), ..., (B™)T, B,{; € CL>*s ), =[O}, ... ,C’,T’“],C’,i € Cxdi 1y =
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(). (x;”,f)’]’,:cgk € C% be partitioned according to (14). After collecting the no-
tation the following theorem now clarifies the properties of the state for minimal systems

(A, B,C) and also makes clear why the reordering as discussed is useful:

Theorem 1 Let (J, B,C) denote a system, where the matriz J is block-diagonal with
diagonal blocks of the form (14). Let the corresponding blocks Cy, By and x.) be par-
titioned accordingly. Further partition C,f; = [C’,JC"G C,z’E ], with C’,Z’E € Co*(di=di-1)
and C,z’G € C>%-1 5 = 1,...,my, where dy = 0 is used. Define furthermore CF =
[CLE, ... O P e Coxdme,

Then the system (J, B,C) is minimal if and only if B** has full row rank, CE has full
column rank and the representation (Ag, Bsi, Cst) of the stationary subsystem is minimal.
In this case mgk is integrated with complex unit root structure ((wg, myp — j + 1)) where
2z = ek,

Full rank of CE implies d,,, < s and full rank of C’,{;’E,j =1,...,mg.

Proof: It has been noted that minimality of a state space system is equivalent to full rank
of the corresponding matrices O and C. From the block-diagonal structure of J, it follows
that the k-th block row of C can be written as C, = [By, Ji B, J¢ B, . ..]. Full row rank
of this matrix is equivalent to full row rank of [By, NyBy, NZBy,...]. Assume, that B;"™
is of full row rank for £k = 1,...,l. The full rank of C in this case is shown via contradic-
tion. Hence let the vector u € C¢ be such that u’N,ZBk =0,7 =0,1,2,.... Decompose
u = [ul,...,ul, J,u; € C%. Then from u' N ' By, = 0 and the full rank assumption on
B it follows that u; = 0. This can be seen from a tedious but straightforward compu-
tation of N,Z'”“_l. Using u; = 0, the equation u’N,Tk_2Bk = 0 implies up = 0. Iterating
this argument leads to u; = 0,5 = 1,...,my — 1. Finally the equality «'Bj, = 0 results in
uy, By = 0 implying u,,, = 0 using again the full rank of B,"*. This shows, that full row
rank of B implies full rank of C. Conversely this argument can be used to show rank
reduction of C based on reduced rank of B;™.

From full rank of B;™ it follows for minimal (J, B, C) that ]}, | = zz;y + B, ¢; has com-
plex unit root structure ((wg, 1)) for z;, = €™+ and contains my, linearly independent com-
plex stochastic cycles. Proceeding now to xﬁkfkl = zkx:f,f_l—i- [[dmk—l7 Qb =1 (dmy _dmvl)] T+

B¢, shows complex unit root structure ((wy, 2)) for these components of the state x; .

Continuing recursively one obtains that the first d; components of z;; have complex unit
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root structure ((wg, my)).

Minimality of the realization also requires full column rank of O = [C", J'C", (J*)'C’,.. ]
Analogously to the proof above this is equivalent to full column rank of CF. O
Restricting the part of the A-matrix containing the eigenvalues on the unit circle to be in
reordered Jordan normal form and fixing a canonical form for the stationary part of the
transfer function restricts the set of feasible transformation matrices T to M; = {T =
diag(Ty, ..., Ti, ) : Ty T;;' = Jyk = 1,...,1} as is shown in the proof of Theorem 2 in
the appendix. The set M is generally not a singleton containing only the identity matrix.
This necessitates the imposition of further restrictions, which we impose on sub-blocks
of both Cj and By. Again, the idea is to formulate restrictions in such a way that the
cointegration properties of y; are highlighted. The result is summarized in the following

Theorem 2, whose proof is as mentioned above contained in the appendix.

Theorem 2 For each rational process (y;)ien with complex unit root structure ((wy, h1), ..., (Wi, hy))

there exists a unique state space representation obeying the following restrictions:

e The nonstationary part of the A-matriz is block-diagonal, where the diagonal blocks
are of reordered Jordan normal form (14) and the unit roots are ordered according to

increasing frequency wy € [0,2m). For all k the equality my, = hy, holds.

o [For each of the matrices Cy, k = 1,...,1 corresponding to unit root z the following
restrictions hold, using the notation of Theorem 1: (CEYCF =TI and (C9°)CpF =

0,i<gjforjg=1,....mpandk=1,...,1.

o Using the partitioning B, = [(B,T’“’l)’, (B,T’“’Q)', o (BT B;”’“’j € C(dﬁ_dﬁfl)xi

each sub-block B?’“’j s pout. forg=1,... . mp andk=1,...,1[.

o The stationary part of the transfer function, (Ag, Bs, Cst) is in a canonical form for

stationary state space models, e.g. in echelon canonical form.

For each real valued rational process (yi)ien this representation additionally has the fol-
lowing properties: For each z, ¢ {1,—1} there exists an index k' such that z = zp and
Jp = Jyw,Cy = Cw, By, = By. The stationary system matrices (Ast, Bst, Csp) are real val-

ued.
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Transforming the two sub-blocks corresponding to k and k' that correspond to complex con-

jugate unit roots separately for all indices k = 1, ..., I such that z, ¢ {1, —1}, the following

transformation leads to real valued matrices (Ag, Br, Cr) composed of blocks:

-1

J _ ]dk [dk Jk (_) [ ]dk [dk R(Jk;) I(Jk)
kR ilp —ilp 0 Jo || ilp —ilp | ~Z(Je) R(Jx) |’
5o [ e L By, 2R(By,)
PR i —ily | | B —27(By) |’
N
Crr=1[Cc Ci ] _ z';;k —z'dfdk | [ R(C) Z(Cy) ].

Here R denotes the real part and I the imaginary part of a complex quantity.
The mapping ¢ attaching this unique real valued state space realization (A, B,C) to the

transfer function k(z) € M,, is a canonical form.

The proof itself consists of a verification of the fact that the formulated restrictions are in-
deed sufficient to select a unique minimal state space realization. The proof is constructive
and recursive and its main ideas have already been displayed in Section 5, most notably
in Example 2.

In the chosen canonical representation the cointegrating relationships are clearly revealed.
Using the partitioning and notation introduced above, it follows that every rational unit
root process has a unique representation as

I mg

y=Coy+di+¢e4 = Z Z C,ixik + CotTpse + dy + &4
k=1 j=1
with C’,ixik of complex unit root structure ((wy,my — j + 1)) for G} # 0 according to
Theorem 1. Thus, in 3y, with § € R® such that §'[C},C?,...,C}] = 0 and F'CI™ # 0,
the order of integration corresponding to the unit root zj; is reduced to my — 7, whereas y,
itself is integrated of order my at z;. Note again that in case that zj is a member of a pair
of complex conjugate unit roots, the vector 5 from above also reduces the integration order
of y; at 2z, to my — j, compare also the discussion of Example 3. This property of revealing
the cointegrating relationships is the main argument for the ordering of the components of
the state corresponding to different integration orders. Also polynomial cointegrating rela-
tionships can be recovered via orthogonality relationships when the system is represented

in the developed canonical form, see Bauer and Wagner (2003a). Thus, the canonical
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state space representation reveals more information concerning the integration properties
of (y4)ten than is summarized in the unit root structure defined in Section 2. This leads

us to define a state space unit root structure.

Definition 6 The s-dimensional real random process (y;)ien with minimal state space rep-
resentation (6) has, using the notation of the above discussion, state space unit root struc-
ture Q@ = {(w, (d},...,d},)), s (i, (d, . d, ) H0 < df < df < ... <dfi <s forall

k=1,...,1, if the matriz A in the unique representation given in Theorem 2 is of the form

A = diag(J1, ..., J1, Js), where |Amax(Jst)| < 1 and the matrices Jy are of the form (14).

7 Summary and Conclusions

In this paper we have shown that the state space framework is very useful for the analysis
of (co)integrated processes. We have developed a specific canonical representation of unit
root processes where we allow for unit roots with integer integration orders at any point
on the unit circle. The developed state space representation clearly reveals the integration
and also the cointegration properties, also or especially for processes with unit roots spread
over the unit circle and with higher integration orders. The information is summarized
in the defined state space unit root structure. The equivalence to ARMA models also
overcomes the common limitation of the literature to AR models.

The developed representation and the discussed equivalence to ARMA models leads us to
conclude that the state space framework offers some potential advantages for understand-
ing the dynamic properties of unit root processes with a complicated unit root structure.
To illustrate this, several examples covering the main cases found to be relevant for empir-
ical analysis are discussed in detail. In one of the examples it is seen that the developed
canonical state space representation directly leads to Granger type representations for ra-
tional MFI(1) processes. Furthermore it is also illustrated in the examples that the static,
dynamic and polynomial cointegrating spaces corresponding to the different unit roots
can be recovered via orthogonality relationships. For a detailed discussion of polynomial
cointegration based on the representation developed in this paper see Bauer and Wagner
(2003a).

Two related papers contain first applications of the results developed in this paper. In
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Bauer and Wagner (2002b) pseudo maximum likelihood estimates and their asymptotic
distributions are derived for MFI(1) processes. For the standard I(1) case not only pseudo
maximum likelihood estimates are available, but also so called subspace algorithms are ap-
plied for estimation, see Bauer and Wagner (2002a). In that paper based on the subspace
algorithm estimates also tests for the cointegrating rank are presented.

A couple of important problems remain unanswered and are left for further research. Firstly
the inclusion of exogenous or deterministic variables in the canonical form representation is
not discussed in this paper. In the present paper all deterministic variables are summarized
in d; and excluded from further analysis. It has been shown above that there is an inherent
non-identifiability of the deterministic components and the initial state. The pseudo max-
imum likelihood analysis in the MFI(1) framework shows that the asymptotic properties
of the estimates differ for deterministic components that can be attributed to an initial
state and the remaining ones (cf. Bauer and Wagner 2002b). This needs to be further
investigated. Secondly, the derivation of pseudo maximum likelihood estimates also for
higher order integrated systems is straightforward using a parameterization based on the
canonical form. The properties of these estimates, however, are far from obvious. Finally

testing procedures, most importantly for the cointegrating ranks, need to be developed.
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A  Proof of Theorem 2

It follows from Lemma 1 that for 3 as in the formulation of the theorem a minimal state space
representation, say (A, B,C), exists. To show that the restrictions formulated in the theorem
select a unique state space realization we proceed as follows: Firstly, we show that starting from
any given minimal realization

(A, B, C) there exists a transformation matrix T € C™*", such that (A, B,C) = (TAT~',TB,CT~")
fulfills all restrictions stated. Secondly, we show that this transformation matrix 7" is unique.
The proof is constructive and recursive: First note that the set of all observationally equiva-
lent minimal systems can be described by M = {T'" € C*"*" : detT # 0}. In the course of
the proof we sequentially impose restrictions on the system. This results in a corresponding se-
quence of sets M; that describe all observationally equivalent state space realizations that fulfill
all restrictions up to step i. As we are sequentially adding restrictions, M;11 C M; follows.
The proof is completed, if it is shown that the imposition of all restrictions formulated in the
theorem implies M, = {I,,}, for some suitable index ¢. The first restriction imposed is that A
has to be in block-diagonal form, with the diagonal blocks corresponding to the unit roots in
reordered Jordan normal form as given in (14). This leads to M; = {T = diag(T,,Ts) : T
nonsingular, T,,J, ;' = J,}. Due to the block-diagonal structure of J, it follows that in M;
only block-diagonal matrices are contained, i.e. matrices of the form T = diag(Th,...,T;, Tst).
This fact implies that each block corresponding to one of the unit roots, i.e the blocks Ji, as well
as the stationary block, can be analyzed separately. To see the block-diagonal structure note that
TJT~! = J implies TJ™T~! = J™ and thus Tp(J)T~! = p(J) for all polynomials p(z). Using
the polynomial py(z) = (J — 2xI)™* one obtains T(J — 2, I)"™*T~! = (J — 2,,I)™*. This latter ma-
trix has a null-block as its k-th block-row and block-column respectively, and therefore null-blocks
are induced in the off-diagonal blocks of the k-th block-row of T'. The same argument repeated for
all z; (and also for the eigenvalues smaller than one in absolute value) shows the block-diagonal
structure of T for TJT~' = J. It is this fact, already used in the examples, that directly implies
that the stable part can be dealt with using any standard canonical form and parameterization
developed for the stationary case, e.g. balanced canonical forms (Ober, 1996) or echelon forms
(Hannan and Deistler, 1988). Hence, (transforming and) restricting the stationary part to be in
a specific canonical form leads to Mo = {T" = diag(Ty,...,T}, 1) : TkJ;gT,;1 =J,k=1,...,1}.
Given the above discussion it is sufficient to look at only one block corresponding to one of the
unit roots at a time. For any matrix T' € M for all k the relationship TkaT,;1 = Jj has to hold,
which is equivalent to T, N, = NiT). Now denote with fdj = [Idj,Ode(dHl_dJ')] and partition
the matrix T}, = [T} ], for i,j = 1,...,my, according to the partitioning of Ny, i.e. T} ; € C4*%
neglecting again the dependence upon £ for notational simplicity both in 7; ; and in the indices
d;. The structure of the matrices Ny, see again (14), implies that T}, N}, = N T}, leads to Ty, j = 0
for 1 < j < my. As a further restriction Tmfdj = INdiTiH,jH emerges. Thus, it follows that

’ iy 0

i+1,j+1 = (2) (1)

T Tivign Tivign

where Ti(i)l’jﬂ € Cldit1—di)xdj apq Tl-(i)u“ € Cldit1—di)x(dj+1=d;)  The above relationships and

restrictions give a complete characterization of all matrices T}, that fulfill T, N = NiT;. From
Ty = 0 for 1 < j < my and the above relation it follows that T;; = 0,1 < j < 4, hence all
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matrices T} are upper block-triangular.

Up to now all restrictions on the realization and thus on the set of feasible transformation matrices
stem from the invariance requirement of the A-matrix in reordered Jordan normal form. In a final
step now again recursively a unique transformation matrix 7" is given, that transforms any minimal
realization (A, B, C) of k(z) with the A-matrix in the required format to a system representation
where C' = CT and B = T~!B fulfill all restrictions formulated in the theorem. Look again at
one block corresponding to one unit root only. Due to the upper block-triangular structure of
feasible matrices T}, the restrictions can be imposed sequentially. Denote with C’k = CpT}, and
By, = T, ! B), and start the argument in the first block-column of the following equations:

Thvh Tia - Tim,
~ 0 T272 R TQ7
Cv = GTp=[CLCE....c*] | . S (15)
0 - 0 Topm,
. -1 . : B?
By, = T,'B,= 0 T ' N (16)
0 - 0 Tt | LBk

The first block-column of equation (15) simply reads as CA';E = C,?ETM, the last block-row of
equation (16) is given by E}an =T, B} . From the structure of Tjy,, 1, it follows, that

M, Mk

1 _[T;j 0}

me,mMg T T

where x denotes entries whose specific value is irrelevant for the argument. Therefore conditions
to uniquely determine 7 from C’;’E = C;’ET 11 B,T’“’l =17 B;Cn’“l are sought. This is equiv-

alent to finding a unique decomposition of C;’EB,T’“ 1. One solution to this problem is given in

Lemma 2, which leads to the restrictions imposed in the theorem.

Next relabel the state space system, letting (A, B, C') denote the system, where A is in the re-
quired Jordan normal form and additionally (C;’E)’ C;’E =14, and B,Tk’l is in p.u.t. form. This
results in a restricted set Mg, where T' € Mg fulfills the same restrictions imposed for My and
additionally 77 1 = I4, holds.

Now the argument proceeds with (again omitting the index k):

I, O

Tho = ) Ty, Tyo = 2 1
1,2 1,2 T2(2) T2(72)

Using this information, the second block-column of (15) reads (after the first transformation),
itself partitioned into its two sub-blocks as in Lemma 1, as

(€29, C2P = [CpPT) + CFF + opP Ty o Pl + CPP LY (17)

From the equation C’?G = C;’ETI%) + C’;’G + C]z’ETz(é) it follows that, since [C;’E,Ci’E] has
full column rank due to minimality (cf. Lemma 1), it is possible to achieve orthogonality:
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(CA‘,?’G)’ [C;’E,C,z’E] = 0. Furthermore the matrices T1(,22) and TQ(?Q) achieving orthogonality are
unique.
Next from the second part of the block-equation (17), C’,zE = C’;’ETl(IQ) + C’,f’ETSQ) results. In

)

Theorem 2, C'IEE is required to fulfil (C’le)’C’ZE = I and to be orthogonal to C’;’E. For each given

T2(12) there exists a unique T1(,12)7 such that (C}"")'C" = 0. The restriction (C7")'CP" = In,—q,

determines T. 2(12) up to right-multiplication with an orthonormal matrix. The p.u.t. restriction on

E,T’“’Q leads to a unique matrix T2(,12) in analogy to the argument given above.

The argument is now repeated also for the other block-columns of equations (15) and (16).
The analysis proceeds recursive and the proof is via induction. Thus, assume that up to some
2 < j < my, the following restrictions are imposed on C: (C’,Jg’G)’Cli’E =0,i < 7, (C,JC’E)’C;’E =
0,i < 7, (Ci’E)’C,z’E =1 and B,T’“’i,i < j is p.u.t. Concerning the sub-blocks of the matrix Ty
these restrictions imply that T;; = I4,_q4, , fori=1,...,5,T;, =0, for i < j,r <j,i# r and

- 0 0 - Iy, 0
i j+1 = (2) (1) IS +15+1 = (2) (1)
" T Tijn T T T

Now exactly the same arguments as discussed above for the first and second block-column lead
to the induction from j to j + 1, which finishes the proof. [J
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