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CHAPTER 1

Geometry of oblique splitting subspaces,
minimality and Hankel operators

Abstract

Stochastic realization theory provides a natural theoretical background
for recent identification methods, called subspace methods, which have shown
superior performance for multivariable state-space model-building. The basic
steps of subspace algorithms are geometric operations on certain vector spaces
generated by observed input-output time series which can be interpreted as
“sample versions” of the abstract geometric operations of stochastic realization
theory. The construction of the state space of a stochastic process is one such
basic operation.

In the presence of exogenous inputs the state should be constructed start-
ing from input-output data observed on a finite interval. This and other related
questions still seems to be not completely understood, especially in presence
of feedback from the output process to the input, a situation frequently en-
countered in applications. This is the basic motivation for undertaking a
first-principle analysis of the stochastic realization problem with inputs, as
presented in this paper. It turns out that stochastic realization with inputs is
by no means a trivial extension of the well-established theory for stationary
processes (time-series) and there are fundamentally new concepts involved,
e.g. in the construction of the state space under possible presence of feedback
from the output process to the input. All these new concepts lead to a richer
theory which (although far from being complete) substantially generalizes and
puts what was known for the time series setting in a more general perspective.

1. Introduction

In this paper we shall study the stochastic realization problem with inputs.
Our aim will be to discuss procedures for constructing state space models for
a stationary process y “driven” by an exogenous observable input signal u,
also modelled as a stationary process, of the form

{ z(t+1) = Awx(t)+ Bu(t) + Gw(t) (1.1)
y(t) = Cax(t)+ Du(t) + Jw(t) ’

where w is a normalized white noise process. We will especially be interested
in coordinate-free (i.e. “geometric”) procedures by which one could abstractly
construct state space models of the form (1.1), starting from certain Hilbert

3



4 1. OBLIQUE SPLITTING SUBSPACES

spaces of random variables generated by the “data” of the problem, namely
the processes y and u. We shall also characterize some structural properties
of state space models of this kind, like minimality absence of feedback etc.

Stochastic realization theory lies at the grounds of a recent identification
methodology, called subspace identification, which has shown superior perfor-
mance especially for multivariable state-space model-building, and has been
intensively investigated in the past ten years [11, 18, 19, 16, 27|. The ba-
sic steps of subspace algorithms are geometric operations on certain vector
spaces generated by observed input-output time series. These operations can
be interpreted as “sample versions” of certain abstract geometric operations of
stochastic realization theory [16, 22, 24|. In fact, it is by now well understood
that stochastic realization theory provides a natural theoretical background
for subspace identification of time-series (no inputs). The celebrated subspace
algorithm of [18] uses the sample-version of a standard geometric construction
of the state space (projection of the future onto the past) and computes the
G, J parameters of the model by solving the Riccati equation of stochastic
realization.

The situation is unfortunately not as clear for identification in the presence
of exogenous inputs. Some basic conceptual issues underlying the algorithms
remain unclear (see [4]). One such issue is how the state space of a stochastic
process in the presence of exogenous inputs should be constructed starting
from input-output data observed on a finite interval. This and other related
questions are examined in the recent paper [4]. On the basis of the analysis of
this paper, one may be led to conclude that all identification procedures with
inputs appeared so far in the literature use ad hoc approximations of the basic
step of state-space construction of the output process y, and can only lead to
suboptimal performance.

This state of affairs is the basic motivation for undertaking a first-principle
analysis of the stochastic realization problem with inputs, as presented in
this paper. We warn the reader that stochastic realization with inputs is
not a trivial extension of the well-established theory for stationary processes
(time-series) as there are fundamentally new concepts involved, relating to
the construction of the state space, like the possible presence of feedback [7, 6]
from the output process to the input, the diverse notion of minimality etc.. All
these new concepts lead to a richer theory which substantially generalizes and
puts what was known for the time series setting in a more general perspective.

In order to construct state-space descriptions of y driven by a non-white
process u of the above form it is necessary to generalize the theory of sto-
chastic realization of [14, 15]. The construction presented here is based on
an extension of the idea of Markovian splitting subspace which will be called
oblique Markovian splitting subspace, a concept introduced in [24, 10]. For
this reason we shall start the paper by studying oblique projections in a Hilbert
space context.
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2. Oblique Projections

Let H be a Hilbert space of real zero-mean random variables with inner
product

(x, z) :=E {xz} (2.1)

the operator E denoting mathematical expectation. All through this paper
we shall denote direct sum of subspaces by the symbol 4. The symbol & will
be reserved for orthogonal direct sum. Consider a pair of closed subspaces
A, B of H which are in direct sum, i.e. AN B = {0} so that every element
v € A+ B can be uniquely decomposed in the sum

v=va+vg, va€EA vgEB

It follows that the orthogonal projection of a random variable z € H, on A+ B
admits the unique decomposition

E[z|A+B]=2z2a+28

the two components za and zg being, by definition, the oblique projection of
z onto A along B and the oblique projection of z onto B along A, denoted by
the symbols

za=Eg[z|A] , zB=E|a[z]|B]
If A and B are orthogonal, then the oblique projection becomes orthogonal,
ie.
sa=Eslz|A]=E [z | 4

which, trivially, does not depend on B.
Projections of one subspace onto another subspace will be encountered
frequently. We shall denote these objects by

E[B|A]:=span{E [z |A]|z€ B}
and
Ejg (€| A]=span{Eg[z|A]|z€C}

The following lemma will be extensively used in the following.

LEMMA 2.1. Let A, B, C and D be closed subspaces of H, where B C C.
Assume that

Dne={0} (2.2)

and
EA|D+C=EI[A|D+ B] (2.3)

then
Bicl4|D]=Eg[4] D] (24)
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PROOF. jFrom (2.2) every a € A can be uniquely decomposed as a =
(ap + ac) ® a where ap € D, ac € €, and a L (C+ D). It follows from (2.3)
that ac € B and therefore ag = ac, or, more precisely,

Eipla|€] = E|p[a]|B] acA

By uniqueness of the orthogonal projection, E [a|D+C] = ap + ag =
E [a | D+ B] which implies Ec[a | D] = Eg[a|D]. This equality obvi-
ously holds for any finite linear combinations of elements of A. To complete
the proof just take closure with respect to the inner product (2.1). O

Note that in general the converse implication (2.4) = (2.3) is not true since
E g lac | D] = 0, does not imply that ac € B but only that E [ac | D + B] =
E [ac | B] = ap, i.e. ac = E [ac | B] ® ag where ag L D + B which is for
instance always the case if C& B L D.

Also the following lemma will be of primary importance.

LEMMA 2.2. Let A, B, C and D be closed subspaces of H where
enD = {0} (2.5)

If B C € then the following conditions are equivalent:
(1) Ejp[A|C=E|p[A|B];
(2) E[A|C+D]=E[A]|B+ D]

PROOF. (1 = 2) By assumption (2.5) every a € A can be uniquely de-
composed as a = (ac + ap) ® a where ac € €, ap € D,and a L (C+ D). It
follows from (1.) that ac € B; in fact (1.) implies that ac = Ep[ac | €] =
E b [ac | B]. Therefore ag = ac. This condition insures that E [a | € + D] =
ag + ap = E [a | B + D] by uniqueness of the orthogonal projection, which,
taking closure, implies (2.).

(2 = 1) Making use of the same decomposition of a, (2.) implies that E [a | € + D] =
ac+tap = E [a | B + D] and hence by uniqueness ac € B. Therefore ag = ac.
The above condition implies that Ep[a|C] = ag = Ep[a| B]. To com-
plete the proof just take closure with respect to the inner product, and every-
thing goes trough since all subspaces are closed. ([

REMARK 2.1. While Lemma 2.1 gives conditions for reducing the subspace
along which we project, Lemma 2.2 gives conditions for reducing the subspace
onto which we project. In Lemma 2.2 the conditions are equivalent, while in
Lemma 2.1 only one implication holds. The reason for this is explained in
the proof of lemma 2.1 and, roughly speaking, it amounts to the fact that
condition (2.4) only guarantees that the component ac lying on € of any
element in A (which is uniquely defined), splits uniquely in the orthogonal
sum ac = E [ac | B] ® ag where ag L. D and not ag = 0, which would
be necessary to prove the opposite implication. In lemma 2.2 instead the
condition on the oblique projection actually guarantees that the component
ac lying on C of any element in A is indeed in B.
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How oblique projections can be computed in a finite dimensional setting
is addressed in Lemma 1 of [10].

3. Notations and Basic Assumptions

The Hilbert space setting for the study of second-order stationary processes
is standard. Here we shall work in discrete time t = ... ,—1,0,1,..., and
make the assumption that all processes involved are jointly (second-order)
stationary and with zero mean. The m + p-dimensional joint process [y u]’
will be assumed purely non deterministic and of full rank [26]. Sometimes we
shall make the assumption of rational spectral densities in order to work with
finite-dimensional realizations, however the geometric theory described in this
paper is completely general and works also in the infinite dimensional case.

For —oo < t < +o0 introduce the linear subspaces of second order random
variables

U; := span{uk(s); k=1,...,p, s<t}
Y, = span{y(s); k=1,...,m, s<t}

where the bar denotes closure with respect to the metric induced by the inner
product (2.1). These are the Hilbert spaces of random variables spanned by
the infinite past of u and y up to time ¢. By convention the past spaces do
not include the present. We shall call

iPt = Ut_ \/Ht_

(the Vv denotes closed vector sum) the joint past space of the input and output
processes at time t.

Subspaces spanned by random variables at just one time instant are simply
denoted Uy, Y, etc. while the spaces generated by the whole time history of
u and y we shall use the symbols U, Y, respectively.

The shift operator o is a unitary map defined on a dense subset of UV Y
by the assignment

o (X k apy(te) + 2o Vjulty)) = (g 0y (te + 1) + X bju(t; + 1))
ap € R™, bjGRp, tk,tjEZ

Because of stationarity o can be extended to the whole space as a unitary
operator, see e.g. [26].

The processes y and u propagate in time by the shift operator (e.g. y(t) =
o "y(0)); this in particular implies that all relations involving random variables
of U VY which are valid at a certain instant of time ¢, by applying the shift
operator on both sides of the relation, are seen to be also automatically valid
at any other time. For this reason all definitions and statements this paper
involving subspaces or random variables defined at a certain time instant ¢ are
to be understood as holding also for arbitrary t € Z.
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3.1. Conditional Orthogonality. We say that two subspaces A and B
of a Hilbert space H are conditionally orthogonal given a third subspace X if

(a—EX*a,3—FEXB3) =0 for acA BcB (3.1)

and we shall denote this A L B | X. When X = 0, this reduces to the usual
orthogonality A L B. Conditional orthogonality is orthogonality after sub-
tracting the projections on X. Using the definition of the projection operator
EX, it is straightforward to see that (3.1) may also be written

(EXo, EXB) = (o, B) for aecA, feB. (3.2)
The following lemma is a trivial consequence of the definition.
LEmMA 3.1. If A LB | X, then Ag L Bo | X for all Ay C A and By C B.

Let A ® B denote the orthogonal direct sum of A and B. If € = A ® B,
then B = C & A is the orthogonal complement of A in €. The following
Proposition from [14, 15] describes some useful alternative characterizations
of conditional orthogonality.

LEMMA 3.2. The following statements are equivalent.
(i) ALB|X

(i)
(iii) AVX) LB|X

(iv) EAYX3 =EX3 for 3c B
v) AVX)eX LB

(vi) EAB = EAEXB for BB

3.2. Feedback. Let y and uw be two jointly stationary vector stochastic
processes. In general one may express both y(t) and u(t) as a sum of the best
linear estimate based on the past of the other variable, plus “noise”

y(t) = Ely@) | U] +d(?) (3.3a)
u(t) = Efu(t) | Y] +7() (3.3b)

so that each variable y(t) and u(t) can be expressed as a sum of a causal linear
transformation of the past of the other, plus “noise”. Here the noise terms
are uncorrelated with the past of u and y respectively, but may in general be
mutually correlated.

Since both linear estimators above can be expressed as the output of linear
filters, represented by causal transfer functions F'(z) and H(z), the joint model
(3.3) corresponds to a feedback interconnection of the type

where (in symbolic “Z-transform” notation)

d(t) = Gw(t)  r(t) = K(2)e, (1

in which G(z), K(z) may be assumed, without loss of generality, minimum
phase spectral factors of the spectra ®4(z) and ®,(z) of the two stationary
“error” (or “disturbance”) signals d and r.
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l w(t)

G(2)
er(t) L) . l (1)
S K(2) F(2)

FIGURE 1. Feedback model of the processes y and u.

In this scheme the “errors” r and d are in general correlated. More useful
are feedback schemes which involve uncorrelated error processes, since in phys-
ical models of feedback systems this will more usually be the situation. It can
be shown that any pair of jointly stationary processes can also be represented
by schemes of this last type. In this case however, although the overall inter-
connection must be internally stable, the individual transfer functions F(z)
and H(z) may well be unstable; see [6] for a detailed discussion.

Following Granger [8], and subsequent work by Caines, Chan, Anderson,
Gevers etc. [3, 7, 6] we say that there is no feedback from y to w if the future
of u is conditionally uncorrelated with the past of y, given the past of u itself.
In our Hilbert space framework this is written as

U LY (3.4)

This condition expresses the fact that the future time evolution of the process u
is not “influenced” by the past of y once the past of u is known. This captures
in a coordinate free way the absence of feedback (from y to u). Taking A = U;"
in condition (iii) of Lemma 3.2 above, the feedback-free condition is seen to be
equivalent to Y, L U | U; and hence, from (iv), to E {Y; | U} = E{Y; | U; },
so that

E{y(t) | U} = E{y(t) | U}, forallteZ, (3.5)

meaning that E{y(t) | U} depends only on the past and present values of
the process u but not on its future history. We take this as the definition of
causality. In this case (and only in this case), it is appropriate to call u an
input variable. One says that there is causality from u to y (or u “causes” y).

Let us consider the feedback interconnection of fig. 1 and let F = N, FDgl,
H= D;{lN H be coprime matrix fraction descriptions of the transfer functions
of the direct and feedback channel. An important technical condition often
used in this this paper is that the input process is “sufficiently rich”, in the
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sense that U admits the direct sum decomposition U = U, + U, for all ¢.
Obviously, sufficient richness is equivalent to

U, NU; = {0} (3.6)

Various conditions ensuring sufficient richness are known. For example, it is
well-known that for a full-rank p.n.d. process u to be sufficiently rich it is
necessary and sufficient that the determinant of the spectral density matrix
®,, should have no zeros on the unit circle [9]. Using this criterion the following
result follows readily.

LEMMA 3.3. The input process is sufficiently rich, i.e. ®, does not have
unitary zeros, if and only if both of the following conditions are satisfied:

(1) Dp has no zeros on the unit circle

(2) NgG and DyK do not have common zeros on the unit circle with
coincident corresponding left zero directions (this we simply say: do
not vanish simultaneously on the unit circle).

4. Oblique Markovian Splitting Subspaces

The idea of (stochastic) state space is the fundamental concept of sto-
chastic realization theory. In the classical setting, i.e. stochastic time series
modelling, a state space is characterized by the property of being a Markovian
splitting subspace [14, 15]. This idea captures in a coordinate-free way the
structure of stochastic state-space models and lies at the grounds of their many
useful properties. Realization of stochastic processes (without inputs) has been
investigated by a number of authors, including [21, 2, 1, 13, 17, 14, 15].

The intuitive idea of a stochastic state space model with inputs is different
from that of a state-space model of a single process since in the former type
of models one wants to describe the effect of the exogenous input w on the
output process without modeling the dynamics of w. This is also in agreement
with the aim of most identification experiments, where one is interested in
describing the dynamics of the “open loop” system only and does not want
to worry about finding a dynamic description of w at all. Hence the concept
of state-space has to be generalized to the new setting. This will lead to
the introduction of the concepts of oblique (conditional) Markov and oblique
(conditional) splitting. The idea behind these definitions is to factor out the
dynamics of the input process, which should not be modeled explicitly. When
applying classical realization theory to the joint input-output process (y wu)
the dynamics of u will also be modeled.

At the end of the paper we shall see some connections between classical
stochastic realizations of the joint input-output process and realization of y
in terms of u as we are studying in this chapter.

Note that since the input is an observed variable, one is generally interested
in realization which are causal with respect to w. For this reason in this
more general setting one should not expect the same mathematical symmetry
between past and future as in the time-series case.
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A source of difficulty in dealing with realization with inputs is the possible
presence of feedback from y to w. In this paper we shall strive to keep a certain
level of generality without making too restrictive assumptions regarding the
presence of feedback between y and w. Dealing with feedback is a necessity
in the design of identification algorithms and the complications we incur are
not searched for just for academic sake of generality.

Later on we shall specialize to the case when there is no feedback from y
to u and a much simpler and elegant theory will emerge.

All Hilbert spaces that we consider will be subspaces of an ambient Hilbert
space H containing U and Y and equipped with a shift operator under which y
and wu are jointly stationary. We shall also assume that H has a finite number
of generators i.e. there are N < oo random variables {h1,... ,hy} such that

span{c hy |k=1,... N, teZ} =%

This is sometimes referred to by saying that 3 (or the shift o acting on H)
has finite multiplicity. The multiplicity is certainly finite in the interesting
special case where

H=YvU (4.1)

Let X be a subspace of H and define the stationary family of translates,
{X:}, by: Xy :=0"X, € Z. The past and future of {X;} at time ¢ are

x; = V<t Xs, xfr = \/SZtDCS'

Generalizing a construction of stochastic realization theory (see e.g. [14]),
we define a pair of subspaces (8, S) attached to a given X, as follows:

S=P VX~ (4.2)

where P~ is a shorthand for the joint past space P, := U, VY, at time t = 0;
8 will be called the incoming subspace associated to X, while

S=ytvxt (4.3)

will be called the corresponding outgoing subspace.

Recall that in classical stochastic realization the subspaces 8§ and § are
incoming and outgoing subspaces for the shift o, in the sense of Lax-Phillips
Scattering Theory [20]. In the present setting 8 is not outgoing as it does not
satisfy UyS; = H. However, it will turn out to be convenient to keep the same
terminology to make connections with classical stochastic realization theory,
especially when studying minimality. Later we shall also introduce “extended”
versions of 8 and 8 which will in fact be incoming and outgoing subspaces in
the sense of Lax-Phillips.

DEFINITION 4.1. The family {8;} is (forward) purely-non-deterministic
(p-n.d.) if

M = {0} (4.4)

t<0
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The subspace X is then called (forward) purely-non-deterministic (p.n.d.)
whenever the associated incoming subspace has the p.n.d. property.

Let us define the sequence of wandering subspaces Wy = o' W associated
to {8;} as:

Wi =841 © (8¢ + Usp) - (4.5)

LEMMA 4.1. The wandering subspaces are pairwise orthogonal, i.e. Wy 1
W, Vit # s.

PROOF. Let us assume t > s; by construction we have W, C 8,41 while
clearly Wy L 8;. Since 8; is non-decreasing (backward-shift invariant), i.e.
8s C &, it follows that W; L 85 and hence W; L 'W,. O

It follows from (4.5) that the incoming subspace admits the decomposition
St+1 = (8¢ + Us) & Wy (4.6)
For future reference we note the following fact:

FacT 4.1. The future W] is orthogonal to 8; + Us.

Since H has finite multiplicity, the wandering subspace W is finite-dimensional
and admits an orthonormal basis w(0). It follows that W, = H; (w) where
w(t) = o "w(0) is a normalized white noise process which is called the (for-
ward) generating process of X.

The following are basic definitions which capture the notion of state space

in presence of exogenous inputs.

DEFINITION 4.2. The subspace X is (forward) oblique Markovian, if U N
(X7, VU;) = {0} and the following equality holds:

By, [ X1 | Xy VU] = By, [ Xig | Xe]- (4.7)
We shall say that X is causal oblique Markovian if X; C P, .

Note that the condition U;NU; = {0}, necessary for the oblique projection
to be well defined, is implied by the richness Assumption 3.6.

The oblique Markovian condition can be written in terms of conditional
orthogonality as follows:

PROPOSITION 4.1. The oblique Markovian property (4.7) is equivalent to

E [xt+1 ’ :X:t_—&—l V ut__H] = E[xt+1 ’ X + ut] (48)
and hence to the following conditional orthogonality property
X L (X7 VU | (e + Us) (4.9)

which can be interpreted by saying that X; is conditionally Markov given U;.

Proor. Setting A = Xy 41, B = X141, € =X, VU, and D = U; in Lemma
2.2 the oblique Markovian property (4.7) is seen to be equivalent to (4.8). The
conditional orthogonality follows from Lemma 3.2. (]
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To be honest, the oblique Markovian property of the definition should
be named “one-step-ahead” oblique Markovian property. For it is in general
not guaranteed that the sufficient statistic property of X; holds also when
one wants to predict random variables in the distant future X;yx, & > 1.
However we shall see later that the extension of the “one-step-ahead” oblique
Markovian property to an arbitrary number of steps ahead, holds when there
is no feedback from @ to wu, in which case condition (4.7) is equivalent to

E||u;r [xz_‘xt_-i-l \/ut_] = E||uj [T)Cj | xt]

Unfortunately in general (4.7) is not equivalent to the above. In fact, we
shall see that the property of sufficient statistics for the whole future will hold
only “conditionally”, given the subspace generated by all future inputs to the
realization with state space X;, where “inputs” now means input signal which
may be observable and not. To make this precise, we shall have to introduce
the “extended” or joint future input space

g = (U VW)

of the p.n.d. subspace X.
The joint future plays a role in generalizing the fundamental concept of
splitting to the oblique splitting property defined below.

DEFINITION 4.3. A subspace X is (forward) oblique splitting for (Y,U), if
Y5 LPr | [% v I (4.10)
We will say that X is a causal oblique splitting subspace if X; C P, .

Condition (4.10) says that once the (real plus unobservable white) future
inputs are given, the information in the present state space X, is equivalent
to the knowledge of all the (joint) past history of state input and output, for
the purpose of predicting the future of y. Indeed, provided that

X, N, = {0}, (4.11)

by using Lemma 2.2, it follows that (4.10) can be expressed using oblique
projections

g+ Y 1% vPr] = g+ (97 1]

Unfortunately, there may be situations in which condition (4.11) does not
hold, for virtually all oblique Markovian splitting subspaces X;. Intuitively,
this will be the case when the transfer function F'(z) in the forward loop in
Fig. 1 is not stable (which can happen, even if the feedback interconnection
is internally stable).

Another difficulty related to the presence of feedback is that it may happen
that (UT v W) N (U~ VW) # {0}. This fact would make some oblique
projection formulas meaningless.

A sufficient condition for zero intersection is given in following Proposition,
whose proof we shall leave to the reader.
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PROPOSITION 4.2. The joint spectral density matrix (I)"u#’ has no zeros

w
on the unit circle, or, equivalently, (Ut VWT)N (U~ VW™) = {0}, if and only
if, with the same notation of remark 3.8, Dp Dy K does not vanish on the unit
circle.

Note that if there are no inputs, X; VF,;" = X; @ W, and condition (4.10)
reduces to

90 LY | (Xes W)
and since WZF 1 Y, the latter is in turn equivalent to
yr LY | X

which is the usual splitting property.

The oblique Markov and the splitting conditions separately are not enough,
in general, to fully characterize the state space in the presence of inputs. A
condition which implies both (4.10) and (4.7) is the oblique Markovian splitting
property, defined below.

DEFINITION 4.4. A subspace X is an oblique Markovian splitting subspace
for the pair (Y,U) if

U N (X v ;) = {0} (4.12)

and
By, 9V Xoga | Xy VP = Eju, [de V Xiga [ X (4.13)
We shall say that X is a causal oblique Markovian splitting subspace if X C P~

This condition is precisely what is needed for the space X to qualify as a
state space for a stochastic model described by equations of the form (1.1)
Note that the “extended richness condition”

W, NP, = {0} (4.14)

is a necessary condition for the oblique projection to be well-defined. This
property will be necessary in order to be able to derive unique state-space
equations.

PROPOSITION 4.3. If the joint spectrum of y and w is coercive then the
zero intersection property (4.14) holds.

ProOF. If the joint spectrum is coercive, then one has that
(U vY5) N v, = {0}
and then in particular (4.14). O
REMARK 4.5. Again, the property that we would like to hold is
Byt Y5 VL [ Xy VP = Byt Y5V 0 [ %] (4.15)
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however this condition is in general not equivalent to (4.13). In fact, when
feedback is present (the past output space Y, is not conditionally uncorrelated
with the future inputs uj given the past past inputs U; ), one has

E[Y| X, VP, VU # EYe |, X, VP, VU

so that requiring the stronger condition (4.15) would make the state space
“unnecessarily large”. We shall see later (see Lemma 7.2) that when there is
no feedback from [z ' y'] to u, condition (4.13) is equivalent to (4.15).

The result which follows is in the same spirit of Proposition 4.1.

PROPOSITION 4.4. The oblique Markovian splitting property (4.13) is equiv-
alent to

E X VYe | Xy VU VP ] = E[Xeg1 V Y | X + Uy
(4.16)

and hence to the conditional orthogonality property:
(Xpp1 VYY) L (DC; V fPt_) | (X +Uy)

PROOF. Letting A = (:X:t—i-l \/‘At), B = f)Ct, C = x;+1 \Y T; and D = ut
in Lemma 2.2, the oblique Markovian splitting property (4.13) is seen to be
equivalent to (4.16). O

PROPOSITION 4.5. Under condition (4.11) the oblique Markovian splitting
property (4.13) is equivalent to

E[X VY | X VI VP = BIXS VYT X+ T )
4.1

which can also be written in form of conditional orthogonality as
(X V) L (X V) | (G + )
PROOF. Assume (4.17) holds. It follows that
EXia VY | Xy VP VI C X+ F
However, from X1 VY, C 8441 we obtain
EXi1 VY | Xy VP VEF]C S+ U @ Wy
Using the fact that (4.11) implies §; N F;" = {0} it must be that
ElXe1 VY | X VP VU VWY = E[X1 VY | Xy VP VST C X+ U Wy

which clearly implies (4.13). The proof of the converse will be given after
Theorem 4.6. (]

COROLLARY 4.1. Under condition (4.11) the obligue Markovian splitting
property (4.13) is equivalent to
Eigy [Xf VSF 1550 V97]) = By [ 1)
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PROOF. Setting A = (X[, VY/), B =X, C=X;; VP and D = F}
in Lemma 2.2, we have that (4.18) is equivalent to (4.17) and therefore, from
Proposition 4.5 to (4.13). O

The following result is a coordinate-free version of the equivalence between
oblique Markovian splitting property and representability by a state space
model of the form (1.1). The Theorem holds without finite dimensionality
assumptions.

THEOREM 4.6. Let X; be a p.n.d. oblique Markovian splitting subspace for
(Y, W); then the following inclusions hold

Xip1 C© (X +Up) Wy (4.19)
Ye € (X +Up) © Wy (4.20)

PROOF. Since Xy4+1 C 8441 using the decomposition 841 = (8; + U) Wy
we obtain :

E[Xeg1 | S41]

E[Xi1] (8¢ + Up) & Wy]

E X | (8¢ + )] & Wi
(Bju, [Xes1 | 8] +Up) & Wy
(X +Us) © Wy

where the last equality follows from (4.13). A completely analogous derivation
holds for the second inclusion. O

X1

NN 1N

We can now complete the proof of Proposition 4.5. To this purpose it will
be handy to introduce a notation for vector sum of subspaces of the type

Upg, ik = U + WUpr + -0+ U1

Similar notations will be used without further comments in the following.
Proof of Proposition 4.5 Conversely, assume (4.13) holds. It follows from
Theorem 4.6 that, for every kK >0

Xitk1 V etk © X+ W, ) + Wit 148)
which implies that
Xy VU7 C X+ U+ WY
and therefore (4.17). O

When X is finite-dimensional, we can obtain state-space representations of
the form (1.1) just by choosing a basis in the subspaces X and W. Conversely,
given a finite-dimensional state-space model of the form (1.1), it is easy to
check that the subspace generated by the components of the state vector

Xy :=span{x1(t),... ,xn(t) }

is an oblique Markovian splitting subspace. We shall leave this check to the
reader.
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By using the representation Theorem 4.6 we can show that the oblique
Markovian splitting property implies both the oblique Markovian and the
oblique splitting property.

PROPOSITION 4.6. The oblique Markovian splitting property implies oblique
Markovian and oblique splitting, i.e. (4.13) implies both (4.7) and (4.10).

PROOF. Projecting both members of (4.19 ) along U; we obtain
E||Ut [DCtH | X Vv u;] c Xy

which is the oblique Markovian property (4.7). Combining (4.20 ) and (4.19)
we obtain

Y X vuS VW =, v 3
which implies (4.10). If (4.11) holds, the projection of any element y* € Y;"
onto X V P, along .’f;r is equal to the projection of its (unique in this case)
component in X;. In other words

Ejer [y 10 VP = Ees [y, vt ey

5. Acausality of Realizations with Feedback

Stationary models for the pair (y,w) of the form (1.1), or in symbolic
(z-transform) notation,

Y(t) = F(z)u(t) + G(2)w(t)

tend to give for granted that y depends causally on the input signals u, w.
This is in general false if we are in the presence of feedback.

Certainly causality holds as long as F(z) and G(z) are stable, or, equiva-
lently, |[A(A)| < 1 in the model (1.1). However, in the presence of feedback the
pair (y,u) may well be stationary even if F'(z) is not stable. In this situation,
the eigenvalues of A may lie anywhere, in particular some may be (strictly)
outside of the unit circle. Then, the customary interpretation of the state
space model (1.1) as a forward difference equation, does not make sense. Un-
stable modes must be integrated backwards see [25]. In general when there is
feedback, past outputs may be influenced by future inputs, which, according
to what has been seen above, means that the model is not causal. We shall
briefly analyze how this acausality shows up and what are the consequences.
For simplicity of exposition we analyze only the finite dimensional case.

Consider a basis for (1.1) so that the matrix A is of the block-diagonal
form

A 0 0
A= 0 4 o0 (5.1)
0 0 A

where |A(A_)|] < 1, |[A(Ao)| = 1, [AM(A4)| > 1. Correspondingly we shall
denote with X_ the “stable manifold”, with X, the “unstable manifold” and
with Xy the “central manifold” of the state space. The symbols x_, y and
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xo will denote the bases in the corresponding spaces. A similar meaning will
be attributed to the symbols B_, By, By, G_, G4 and Gy. Hence the state
space equation can be rewritten in decoupled from as follows:

x_(t+1) = Ax_(t) + B_u(t) + G_w(t)
xo(t+1) = Aoxzo(t) + DBou(t) + Gow(t) (5.2)
z_(t+1) = Ayxy(t) + Byu(t) + Giw(t)

The three difference equation can be thought of as running forward, for-
ward or backward, and backward respectively. The interpretation of the equa-
tion on the “central manifold” is somewhat delicate and we shall not insist
on this point here, however see [5, p. 105]. May it suffice to say that this
component belongs to both past U; VW, and future W, vV W;". This is not a
contradiction as pointed out in remark 4.2. Concerning the first and the third
block, it is trivial to recognize that these may be thought as a stable difference
equation running forward and an unstable difference equation running back-
ward in time. This implies that z_(t) € U; VW, and x4 (t) € U VW, = F}.
From this we see that in general one cannot assume that X; N F;” = {0}. This
fact is the source of a number of complications.

To avoid these complications we shall henceforth restrict to the case |A(A4)| <
1 (i.e. we have a feedback interconnection with a stable forward loop trans-
fer function F'(z)) and postpone the discussion of the general case to future
publications.

We formalize this assumption below.

AsSSUMPTION 5.1. The joint spectrum of w and w is coercive (see remark
4.2) and the poles of F'(z) lie strictly inside the unit circle.

5.1. Observability, Constructibility and Minimality. Minimality is
a fundamental property of state space models. The concept can be described
purely in geometrical terms as in the following definition

DEFINITION 5.2. An oblique Markovian splitting subspace X is minimal if
it does not contain properly other oblique Markovian splitting subspaces.

Structural properties which are instrumental in the study of minimality are
observability and constructibility of an oblique Markovian splitting subspace
X;. One measures the “observability” of X; on the basis of its “ability” of
predicting future outputs “given” (in an appropriate sense), the future inputs.

Let X; be an oblique Markovian splitting subspace, and introduce the
(adjoint) observability operator

0O*: Yyt =X , O*)\:= Ejr+ A X], Axey" (5.3)
The subspace
7 := Range O* = By (Y7 | X (5.4)

will be called the observable subspace of X; given F;F.
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DEFINITION 5.3. We shall say that X; is observable given F; if X¢ = X,
or, equivalently, if the operator O* has dense range.

Similarly we may consider the “constructibility” property of X;. Let
K:X—P , K&:=Ejg+ [£]P7], e (5.5)

be the “constructibility” operator. It measures the degree of predictability of
an element of X based on the joint past P~ given the future inputs F+.

DEFINITION 5.4. Let X; be an oblique Markovian splitting subspace. The
closure of the range of the adjoint constructibility operator is called the “con-
structible part” of X; and denoted as Xf.

We shall say that X; is constructible if X¢ = X;.

PROPOSITION 5.1. The constructible part X¢ of Xy is given by:
Xi =Xy o Ker K
Proor. This is immediate from the fact that
H = Range ¢ @ (Ker K)*
for any bounded linear operator. ([

A central goal of this paper will be to prove the following criterion for
minimality. The proof will be given in the following.

THEOREM 5.5. An obligue Markovian splitting subspace X is minimal if
and only if it is both observable and constructible.

5.2. Causal Oblique Markovian Splitting Subspaces. In this sec-
tion we will restrict our attention to causal oblique Markovian splitting sub-
spaces, namely we will require that

XCP . (5.6)
In this case clearly
\V Xcyvu
t=—00
and hence the ambient space can be taken to be
H=YVvU (5.7)

The corresponding realizations are called “internal”. The motivation for this
restriction is that in system identification we want to construct the state space
from the available data, which (ideally) generate the subspace Y v U.

Once we restrict to the causal situation, since (5.6) implies that X~ C P,
the incoming subspace is given by

§=X"VvP =P,
Therefore the incoming subspace coincides with P~ in the causal situation.

We shall denote by &; the wandering subspace which generates P~
= (Pr U e ey (5.8)
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Note that P~ is p.n.d. by assumption.
Assumption 5.1 allows to "iterate” (5.8) so that

1 = (&7 +Upy) @ &
It is common use to take as a basis for &; the innovation e(t) defined by
e(t) =y(t) - E[y(t) | Py VU] (5.9)

which is a (non normalized) white noise process whose variance is positive
definite by the full-rank assumption.

We are eventually in a position to give a procedure to construct an oblique
Markovian splitting subspace. The construction is motivated by the definition
of observability (5.4) !

Define the oblique predictor space DCZF/_ at time ¢ as follows; let G; := U;BE;
and let

X = Eyg+ [4f 1 P/ ] (5.10)

Obviously f)Ct+ /~ is contained in P, and is oblique splitting. Let us prove that
it is oblique Markovian splitting.

PROPOSITION 5.2. The predictor space DCZF/_ 18 a causal oblique Markovian
splitting subspace

PRrooF. It suffices to prove that
+/— | p— +/-
E||Gj‘ [xt+/1 | P } S /
but this is trivial since
+/— _ _ _
EHGj [xt—f—/l | Py ] = EHG;r [EHGjH [92;1 | 9)1t+1] | Py }
Eer [E [ | Prn + G5a] | P ]
= By [Y51 | P7]
C X/
where the last equality follows from the fact that 3 = P, + G/ . g

As we have anticipated in Theorem 5.5 minimality is equivalent to both
constructibility and observability. Clearly in the casual case constructibility is
granted for free and therefore one just need to check observability. However,
for the oblique predictor space a proof of minimality can be given directly.

PROPOSITION 5.3. The oblique predictor space is the minimal causal oblique
Markovian splitting subspace, in the sense that

x:r/_ C Xy

for every causal oblique Markovian splitting subspace X.

INote that any causal oblique Markovian splitting subspace will be constructible by
construction.
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PROOF. From the fact that §; = X, VP, =P, we obtain
+ — —
X = B [ 197] €%
from which the statement follows. ]

Note that in order to construct the oblique predictor space we have used
the “innovation” space &;. Theoretically one could construct the innovation
space € starting form the “data” Y and U, using (5.8), and after that construct

X,
There is, however, a direct construction which, although somewhat com-
plicated, permits to skip the first step of this procedure.

PROPOSITION 5.4. Define the k step ahead (oblique) predictor space

Xf = E||Gt+ wtﬂc | ﬂ)t_]
= B, [Bloc [ Bjuee B [ Pog] - 120 1P0] (501

Then the oblique predictor space can be computed as the (closed) infinite vector
sum

X" =\ xf (5.12)
k>0

PROOF. We just need to show that (5.11) holds true. From Theorem 4.6
we have

Yitr C (x;r/,; + ut+k> ® Citk
and
x:;/h_ - (x:;/h_—l + ut+h—1> & Etin-1.
These two conditions imply that
_ +/—
Eju., [yﬂrk | ?t+k] C Xk
and
_ +/_
Eju., [xt+h+1 | ?t+h] < Xefn
which, together with
Yur C 0T U €
t+k & A T+ U ek T Cle k)
imply (5.11). O

REMARK 5.6. Note that in the finite dimensional case the sum (5.12) can
be limited to n terms, where n is the dimension of a minimal causal realization.
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6. Scattering Representations of Oblique Markovian Splitting
Subspaces

In this section we shall establish some general properties of oblique Mar-
kovian splitting subspaces in order to facilitate the study of minimality.

Let X be an oblique Markovian splitting subspace and let § defined by
(4.2) and §, defined by (4.3) be the associated incoming-outgoing pair. The
oblique Markovian splitting property (4.13) can be written as

E|||:+[S|S] :E|||:+[S|3q. (6.1)

The following Lemma gives a formal characterization of any oblique Mar-
kovian splitting subspace as the oblique predictor space of the outgoing sub-
space.

LEMMA 6.1. Let (8,8) and F* be as defined above. Then
X = E|r+ 8]8]
hence every X is the oblique predictor space of S, given S, along F+.

PROOF. Every element 5 of 8§ has the form s =y +x, y € Y+, x € X
so that Ejy+[y|8] = Ejp+[y|X] € X € 8. On the other hand, by definition
of oblique splitting we have

EH|:+[CC’S] =E|“:+[:BIX] w€x+,
therefore )
span{ L g+[s|8]|s € 8} = X.
This implies that X is the oblique predictor space of § given § along F*. O
LEMMA 6.2. Let (8,8) be as above. Then
X=8N8 (6.2)
PROOF. The fact that X C SN8§ is trivial. Let us show the other inclusion.
Let s € SN S; then s € § and s € 8. Therefore
s = EH|:+ [5]8] = E|||:+[§ | X] € X.
O

The following proposition is a generalization of the perpendicular intersection
property known for ”orthogonal” splitting subspaces.

PROPOSITION 6.1. Let X be an oblique Markovian splitting subspace and
let 8, 8 be the relative incoming-outgoing pair of subspaces. Then the following
oblique intersection property holds:

L8| (X+9T) (6.3)
PRrROOF. Condition (7.3), is equivalent to (see Lemma 2.2)
E[8|8+3FT) = E[§|X + 1]
which by (6.2) is precisely the oblique intersection property (6.3). O
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The following theorem gives an “almost” one-to-one correspondence be-
tween oblique Markovian splitting subspaces and “scattering pairs”.

THEOREM 6.1. Let H be a Hilbert space of random wvariables with shift
operator o and let X be a subspace of H such that

%:yvuv<Vm>.

t

Then X is an oblique Markovian splitting subspace, if and only if
X=8n8§

for some pair of subspaces 8, 8 such that the following properties hold
(1) Extended past and future property

Yt cs
P-C8 ., 8NFt={0}
(2) Shift-invariance
o - S
o*§ C 8§

(3) Oblique intersection at X
SL8| ((8NS)+TT)

Conversely, given an obligue Markovian splitting subspace X, a pair of sub-
spaces satisfying conditions 1), 2), 3), can be constructed as follows

§=P vX~ , YrtvxtcsScyrvxtvur. (6.4)

The minimal subspace § satisfying 1), 2), and 3) (i.e. contained in any other
S satisfying 1), 2), and 3)), is given by

S=Ytvxr

PROOF. Let X be an oblique Markovian splitting subspace, then § = P~V
X~ and § = YT VX7 satisfy the assumptions above and X = §N8§. Conversely,
let 8, § be subspaces of H which satisfies the conditions above. Define the
subspace X = 8N §; then by assumptions 1) and 2) we have that P~V X~ C §
and Y+ v XT C §, which by the oblique intersection property 3) implies that

(YrvXt) L (P vXT) | (X+T5Y). (6.5)

By lemma 2.2 condition (6.5) is equivalent to the oblique Markovian splitting
property (4.13).

Let us prove that 8 and § are given by (6.4). We have already pointed
out that 8™ := P~ v X~ C 8. Assume the inclusion is strict; then since
S§C H=8"VvS8VUT, s € 8§ can be written as: s = s™ + § + u where
s™ € 8™, 5€8, ucUt. Therefore we have:

s = EH|:+ [3’8] =38+ E|||:+[.§|S] =s"+x
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where & € X C 8™ which contradict the hypothesis that s ¢ 8™.

Similarly, we have seen that 8™ := YT v X+ C §. Assume (Y*vXtVvUT)CS§
strictly. Then, since Y* v Xt v Ut v 8™ = 3, there exists 3 € §, s ¢
(Yt v Xt v UT) which lies in 8™. Therefore 5 € X, and hence 5 € 8™ which
contradicts the hypothesis. Requiring § to be minimal implies that 8™ = §

since 8™ C 8. |

The question of minimality of oblique Markovian splitting subspaces can be
rephrased as a question of minimality for the subspaces § and §. In fact, given
a Markovian splitting subspace X and the corresponding pair (8, 8), reducing
(8,8) without violating the properties 1), 2) and 3) of theorem 6.1 amounts
to constructing an oblique Markovian splitting subspace which is contained in

X.

6.1. Scattering Pairs and Minimality. Our aim in this section is to
adapt to oblique splitting subspaces a construction inspired by a similar proce-
dure in stochastic realization theory, [14], which allows to construct a minimal
Markovian splitting subspace starting from an arbitrarily “large” scattering
pair (8, S) of perpendicularly intersecting subspaces. As it will be clear in a
little while, we will only be able to draw a completely parallel construction in
case of absence of feedback.

The construction of a minimal Markovian splitting subspace can be done
in principle by reducing (in the sense of subspace inclusion) the subspaces
(8,8) without violating properties 1), 2) and 3) of Theorem 6.1.

Before doing so we shall clarify the geometric meaning of constructibility
and observability.

PROPOSITION 6.2. Let X be an oblique Markovian splitting subspace and
let (8, 8) be the scattering pair associated to it. Let us introduce the extended
scattering pair, 8, := 8§ + F* and 8. := 8 VIF*. Then X is observable if and
only if

Se=8rvytvagt (6.6)
and constructible if and only if
Se=8LvP vIt (6.7)

PROOF. Assume (6.6) holds. Since by definition 8+ 1 (8§ + F¥) then

X = B+ [S]8]
Ejje+ [Se | X]
= Ejpt Yt X]

which is observability. Conversely, if X is observable
X+FT=E[YtvFT | X +F7]
which is in turn equivalent to

(y* VI 0 (X +57) = {0)
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Taking orthogonal complements we can rewrite
YtV Ity (X 4+ 7))t =5
since
(X+9FF) =8.n8.
and 8} C 8. the following orthogonal decomposition holds
H=8to (sHvytvar)

from which the conclusion follows.
As far as constructibility is concerned, assume X is not constructible. There

exist © € X such that Eyg+ [z |P7] = 0, ie. z € Tt @ (P~ JrS’JF)L and
therefore can be uniquely decomposed as * = xy ® Ty where x; € FT and
xy e (P~ +FH). Note that &y # 0 since X NFT = {0}. It follows that
z; € 8¢ N 8¢. This condition insures that &, L (Se)L VP~ VF* and therefore
Z; ¢ (8°)" VP~ v FT which implies 8¢ C (8°)" v P~ v FT strictly.

Conversely, assume 8¢ C (Se)L\/fP_ VJT strictly. Then there exists s € 8¢ and
s € [(SE)L VPV ?Jr}l or, alternatively, s € 8¢ N (P~ + I}“")J‘. Therefore
s €8N8N (P +FNT = (X+F) N (P +F")". The last condition
insures that s = s, + sy, s, € X, sy € I, and, for obvious reasons s, # 0.
Writing s, = s — sy we have that s, € XNFT @ (P~ + F) contradicting

constructibility, which concludes the proof. O

We shall now introduce an orthogonal intersection property which is implied
by the oblique intersection.

LEMMA 6.3. Let (S,S) satisfy the oblique intersection property

SL8|(X+TFT).
Then the extended subspaces Se = 8V Ft and S, = SV Ft intersect

perpendicularly, i.e.
8e LS| (8.N8e).

PROOF. The proof follows readily from Theorem 2.1 in [14] O

Making use of this lemma we obtain immediately the following orthogonal
decomposition of the ambient space H which is analogous to the one valid in
stochastic realization for time series, and plays an important role in many
structural questions in stochastic systems theory.

THEOREM 6.2. Let X be an oblique Markovian splitting subspace and (8, S.)
the associated extended scattering pair. Then the following orthogonal decom-
position holds

H=8 & (X+F") a8 (6.8)
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The characterization of oblique Markovian splitting subspaces in terms of
their scattering pair is a fundamental tool to study minimality. As we have
seen an oblique Markovian splitting subspace can always be represented as
the intersection of § and §. These subspaces, or more precisely their extended
versions are related to observability and constructibility. Apparently, failing
either of them, these subspace are not "minimal”, in the sense of proposition
6.2. At this point, following classical stochastic realization theory, we would
need a procedure to reduce, if possible, the subspaces § and 8. Unfortunately
such a procedure is not yet available and at this point the analogy with the
classical theory seems to halt.

Nevertheless a proof of theorem 5.5 can still be given.

Proof of Theorem 5.5 According to theorem 6.1, if (6.6) and (6.7) hold, it
is not possible to reduce these subspaces and therefore X must be minimal.
Conversely, if X is minimal, it cannot be possible to reduce 8 and 8 any further.
This implies that (6.6) and (6.7) hold and therefore X is both observable and
constructible. O

7. Stochastic Realization in the Absence of Feedback

When there is no feedback from from y to u, some of the results presented
above simplify considerably. For instance the construction of the oblique pre-
dictor space, somewhat complicated in the general setting, can be simplified
when there is no feedback. Moreover, specializing some definitions, we shall
also be able in this case to give a procedure to reduce the incoming and out-
going subspaces in order to achieve minimality. The following lemma will be
useful in this respect.

LEMMA 7.1. Assume there is no feedback from y to w. Let € be the inno-
vation space of y defined by (5.9), then:

By [€71P7] = {0}
PROOF. Decomposition (4.5) can be rewritten in this causal case as:
= (P W) @&
Since &; = span {e(t)} it suffices to show that
By le(t+k) | P7] =0

for all kK > 0. As we have already pointed out e(t) L U +1 and obviously

e(t) L P, V Uy, therefore the oblique projection is zero.
This fact can be verified directly since by absence of feedback

Ely@t) | Py VU] = E[y<t>|<9 >* (U V)]

= Elyt)| (Yo, ] @ Ely(t) | U

= () [()\Um]
E[y(t) | Py VU

which proves that e(t) is orthogonal to U/, ; and hence e(t) L U. O
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We have seen that the wandering subspace generated by the innovation is
orthogonal to the whole input history in the absence of feedback. Recall that
the feedback-free property was defined from an input-output point of view,
apparently putting no restrictions on the state . However it is straightforward
to see that:

PROPOSITION 7.1. In the causal case, absence of feedback from y to u
implies absence of feedback from x to w.

PrROOF. Since X; C P, and P, L U | U, it is also true that
X, LW | Uy (7.1)
holds. O
Even in a non-causal situation, it is useful to restrict our attention to
realizations whose state space satisfies the condition (7.1). Let us consider the

subspace Z; =Y, VX, . Henceforth we shall only consider state spaces such
that

2, LU uy (7.2)

and we say that the corresponding realizations are feedback free. This extended
notion of absence of feedback guarantees not only that the innovation e is
orthogonal to future inputs, but that so will be any wandering subspace W;.
The following proposition states this formally.

PROPOSITION 7.2. Let X be an oblique Markovian splitting subspace. The
wandering subspace W which generates X is orthogonal to the whole input
history if and only if the feedback-free condition (7.2) is satisfied.

ProOF. (if) Recall that
=X, vY, vU,,
and, by (7.2),
S LW | u .
From
Stt1 = (8¢ + W) & Wy
we have that W, is contained in 8;11 and therefore W; L UZF 1 | Uy |1; since
W L U, by construction, we obtain Wy L U;l and hence

W, LU

which is the thesis.
(only if) Assume W; L U, since §; = U; + W, it follows that

S LU | Uy .
Therefore, since Z, = (f)Ct_ VY, ) C 8, the thesis follows
Z, LUl | uy.
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REMARK 7.1. Note that, under hypothesis (7.2), also the incoming sub-
space 8; satisfies 8; L U, | U; . It follows that the richness condition

U ns, = {0}
is automatically satisfied as long as the input is coercive (Assumption 3.6).

The following result gives a somehow simpler geometric characterization
of the oblique Markovian splitting property in the absence of feedback.

THEOREM 7.2. Let the symbols have the same meaning as above. Assume
there is no feedback from y to w and that (7.2) holds. The subspace X is
oblique Markovian splitting if and only if

E\u+ [8]8] = E||U+[S | X]. (7.3)
PRrOOF. The condition is obviously sufficient since Y; V X411 C 8; and, by
absence of feedback (7.2):
ElYe VX1 |8 + U = E[Ys V Xyiq | 8¢ + Uy
which by lemma (2.1) implies that
Eyus 190V Xey1 [8i] = Eju, [Ye V X1 | 8]

and therefore
By, [¥e v Xeg1 [ 8¢] € X
To prove the other implication just note that by Theorem 4.6
Yere © (X 4+ Upe, i) © Wit 14k)
and
X1 C (X + Uy, t+k)) E Wi, t4k)
where the last sum is orthogonal from Proposition 7.2. It follows that for every
k>0
Eyu+[erx V Xiprgr [ 8] € X

which is equivalent to (7.3). O

The following lemma is the equivalent of Lemma 6.1

LEMMA 7.2. Let (8,8) and U* be as defined above. Then
X = E||U+[S | 8]

Hence every oblique MArkovian splitting subspace X is the oblique predictor
space for 8, given 8, along UT.

PRrROOF. In the feedback free case, from Proposition 7.2we get W+ L
(8 +UT). Therefore, since F* = U v WT,

B+ [X 18] = Ejp+[X]8] =X
where the last equality follows from Lemma 6.1. O

The following proposition specializes the concept of oblique intersection to
the case when there is no feedback.
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PROPOSITION 7.3. Assume there is no feedback from y to w. Let X be an
oblique Markovian splitting subspace and let 8, S be the incoming and outgoing
subspaces attached to it. Then the following holds:

§L8] ((8NS)+ut) (7.4)
PRrOOF. Condition (7.3), is equivalent to (see Lemma 2.2)
E8|8§+Ut=E[S|X+ Ut
which by (6.2) is precisely the oblique intersection property (7.4). O

REMARK 7.3. It is worth to stress, at this point, that condition (3) (oblique
intersection) of Theorem 6.1 can be replaced by condition (7.4).

The following theorem gives a characterization of the oblique predictor
space in absence of feedback.

THEOREM 7.4. In absence of feedback the oblique predictor space can be
computed by the formula

X~ = By YT P (7.5)
PROOF. To show this let us just note that by (7.2) and by lemma 2.1
By, [Been | Pepnl = Eyur,, [een | Pipn] € Xegn
for any causal oblique markovian splitting subspace X;.; and
By, [Xernin | Pen] = By, [Xernsn | P

in the absence of feedback; this implies the following:

\F B B .
(x:_/ ) = L, [EHUtJrl [ By, [yt'*'k | Tt—i—k] e fPt.H] | Py ]
= By [EHU+ {"'E\\U;k Yok | Pry] o | g>t—+1} \3’{}

t+1

= E||Uj' [yt—&-k’ ‘ {‘P;]
and hence

X = Viso Byur [k | P7]

= Bt e (76)

O

7.1. Scattering Pairs and Minimality (without Feedback). In this
section we shall give a procedure to reduce the state space when it is not
minimal, by reducing the incoming and outgoing subspaces using a two-steps
procedure similar to that described in [14].

The construction of a minimal Markovian splitting subspace can be done
by reducing (in the sense of subspace inclusion) the subspaces (8, S) without
violating properties (1), (2) and (3) (which in this case is equivalent to (7.4)) of
Theorem 6.1. We shall first state some technical results which will be needed
throughout the section.
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First of all, we shall introduce an orthogonal intersection property which
is implied by the oblique intersection.

LEMMA 7.3. Let (S, S) satisfy the oblique intersection property

8§L8|((8N8)+Ut).
Then the extended subspaces Sey := SV UT and 8¢y := SV UT intersect

perpendicularly, i.e.
Seu 1 Seu ’ (Seu N Seu) .

PRrROOF. The proof follows readily from Theorem 2.1 in [14] O

Using this lemma we obtain the orthogonal decomposition of the ambient
space H valid in the feedback-free case

H=385o (X+U")®8 (7.7)

Note that 1zﬁi\/ UT C 8¢y and P~V UT C 8., must hold for every pair of
subspaces (S, 8) attached to an oblique Markovian splitting subspace.

We shall construct a pair of subspaces (81,31), which are contained in

(S, S) and which satisfies all the conditions of Theorem 6.1 by defining their
“extended” version and then by properly reducing them.

Define
8L, == 8t vyrvur (7.8a)
sk, = (L) vevut (7.8b)
and also the related state space

Xew = 8eu N 8ey (7.9)

LEMMA 7.4. The pair of subspaces defined in (7.8) intersect perpendicu-
larly, i.e.

8L, L8L, |8, N8l (7.10)

ou» Which together implies
that 8!, and 8!, intersect perpendicularly. 0

ProoOF. Clearly H = 8!, v 8., and (Séu)J‘ C 8}

Of course from (7.8) we can see that 8!, C 8., and from the fact that
(8L)" = 8eu N (YT N (U also 8L, C Sey, which implies that
ut C 8§, N8, Cx+ut.
Let us define the subspace X! as follows:
X=X (8, NSL,) =X NXL,. (7.11)

We shall show that X! is a minimal Markovian splitting subspace (clearly
contained in X). Before doing so we state the following technical lemma which
will be used in the following:
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LEMMA 7.5. There holds
XL, =X +ut (7.12)

PROOF. Since X! C X!, and UT C X},, clearly X' + Ut c X!,. Con-
versely, since X1, C X +UT, any & € X}, can be written as £ = x + u™ with

x € X, ut € UT. However since X!, D UT, then u™ € X!, as well, and hence

x belongs to both X!, and X, so that = € X!. O
THEOREM 7.5. The pair of subspaces (8*,8') defined as
81 :=8n8.,
B o (7.13)
81 :=8N8L,

satisfy the conditions of theorem 6.1 and X' = 8'N8'. Therefore X' is oblique
Markovian splitting subspace and is contained in X.

PROOF. First of all let us just note that since X! C X then X! C 8 agd
X! C 8, which implies that X' C 8! and DC} C 8'. Moreover P~ C 8!, Y+ C §!
and Ut N 8! = {0}. Clearly X! C 8' N 8!, let us show the converse. Since,
from Lemma 7.5,
St NSe, =X'+UT D (81 N8 + U,
by the direct sum property we have that

stns' c ot
and therefore
Xt =8'n§! (7.14)
Proving the shift invariance properties
{ 08 C38
o*8 C 8

is just an easy check. The oblique intersection property is immediate from
(7.10) and (7.14). O

We have seen a construction which allows us to reduce an oblique Markov-
ian splitting subspace. We shall now prove that indeed this procedure yields
a minimal one.

THEOREM 7.6. The subspace X' defined above is a minimal oblique Mar-
kovian splitting subspace.

PRrROOF. The proof follows the same lines as in the stochastic case. Namely
we assume that there exists an oblique Markovian splitting subspace, say X°,
properly contained in X!'. If such a subspace exists, then we could attach to
it a pair of subspaces (8°,8°), which obviously satisfy §° C 8! and 8° C 8.
Then by the same argument we have already used we get that (Sgu)L C 8¢,
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and therefore 82, O (Sgu)L VP~ VUT. But from the very definition of 8!, we
have

Sk, = (8L)"vP vut csg,

which implies that 8!, = 82,. Moreover since 8}, C 8¢y, 8, = 85, VYTvUT C
82, and therefore 8!, = 82, which guarantees that 8! = 8§° and §' = 8° and
therefore X° = X1 O

7.2. Splitting property and Hankel Operators in the Absence of
Feedback. In this section we shall study observability and constructibility of
an oblique Markovian splitting subspace in the absence of feedback. The state
space property of X will be interpreted in terms of factorization of a certain
Hankel operator defined on the data space.

We first state, without proof, a lemma which provides a representation of
the observability and constructibility operators in the absence of feedback.

LEMMA 7.6. Assume there is non feedback from y to w. Then
O\ = E'||U7L [)\ | :X:] , AE H+ (7.15)
and

Ke=E[¢|P7], €eX. (7.16)

Let us consider also the Hankel operator H : Y* — P~ defined as
HM := E||U+ [/\ ’ fpf] , AE yt.

PROPOSITION 7.4. The splitting property of X is equivalent to the factor-
ization H = KO*.

PRrROOF. For every A € YT,
EXN[P"+UT|=E[E[X] (P”+X)+UT] [P +UT]
and by the splitting property,
EXN[P +UT]=E[EN|X+UT] P +UT]

which implies that

Ejy+ M P7] = Eju+ [E M X4+UT] | P7]
and since X NUT = 0 in the feedback-free situation, we have

EXNX+UT) =Eju+ [MX]+ Ejx [A | UT]
which implies that

Ej+ M P =E[Eu+ N X] | P7]

This is the factorization H = KO*. O
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As usual we say that this factorization is canonical if O* has dense range
and if K is injective. Using the well known relations, valid for every bounded
linear operator 2

X = Range O* @ Ker O X = Range K* @ Ker K
we see that

Range OF = Eju+ [Y* |X] , Ker O=Xn (Eps [¥*X])"

and
1

Range K* =E [P~ |X] , Ker K=Xn(P")
Therefore we shall call Range O* the observable component of X and its or-
thogonal complement Ker O the unobservable subspace. Similarly, Range K*
is the constructible component of the state and Ker K = X N ([P_)L is the
unconstructible subspace.
As we can see, in stochastic realization with inputs one is led to consider
a “mixture” of the concepts of constructibility and reachability®. Let us look
at the expression for the unconstructible component. Since by the feedback
free property P~ =Y, ® U~ we obtain:

Ker K= X0 (¥7)"]njxn )], (7.17)

We anticipate here that this concept of constructibility, which, as we shall
see later, is the one which is linked to minimality (in the sense of subspace
inclusion) does not in general imply constructibility of the stochastic compo-
nent and hence the condition is not strong enough to characterize stochastic
minimality.

In order to get a deeper understanding of the situation, let us define the
restricted operators

Ky =K (7.18)

and

R* = K", (7.19)

the former being related to the “stochastic” component and the latter to the
“deterministic” component.
Let us define

Xg=E[X|UT]=RX, , Xy:i=E[X|W]=R,X,
(7.20)

I?= 1-024 ' where

2Note that the norm of the oblique projection satisfies ||O*
Omax is the maximum canonical correlation coefficient between Ut and X, which is strictly
less than 1 by the zero intersection property X N U™ = {0}.

3This is the reason why in the beginning of the section we have used the word “con-

structibility” between quotes.
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where R,, is the “stochastic” reachability operator

Ry, : X — W~
x — Elx| W]

Recall that § = U™ & W™, which implies that X4 | Xs. Let us also note that
X CXsd Xy From

Elz|Y7|=E[E[z|W] Y] , VoeX
the restricted constructibility operator K, can be factorized as follows:
K = KRy (7.21)

where K, is the usual “stochastic” constructibility operator.

In general neither K* nor R* will have dense range, or equivalently, nei-
ther K, nor R will have a trivial kernel. The meaning of the constructibility
condition for the state space, is that the intersection of the two kernels must
be the zero random variable.

On the other hand, since all processes involved are assumed to be p.n.d.,
the joint system is reachable, (recall that X C 8),* and therefore Ker R, N
Ker R = {0}.

The following fact clarifies the link between constructibility of the joint
model and constructibility of the “stochastic” component.

PROPOSITION 7.5. If the “stochastic component” is constructible, i.e. Ker Kz =
{0}, then the joint model is so. Geometrically this condition reads as

X0 (¥5) " = {0}

Proor. This is immediate since Ker K = Ker K, N Ker R. Therefore,
if x € Ker K then, x € Ker R, x ¢ Ker R,, and hence R,x € Ker K; form
(7.21). O

REMARK 7.7. Note that in general Ker K = {0} does not imply Ker K, =
{0}. In fact, assume & = x5+ x4. It might well happen that K,z = K;R,x =
KsRyxs = 0 while Rz = Ry # 0. Geometrically

XN (P7)" = {0}
does not imply
X0 (4)" = {0},
In fact we might have x4 € (H_)L, without & € (P7)

1
5 .

In some sense this shows that the definition we have given of “minimality”
is not quite complete. Since however the concept of minimality is historically
linked to “dimension”, or more generally, to inclusion in the infinite dimen-

sional case, we shall introduce a further definition.

4Here we assume that there are no p.n.d. components, see [12] for a discussion on this
topic.
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DEFINITION 7.8. An oblique Markovian splitting subspace X is strongly
minimal if it is minimal and X5 defined in (7.20) is constructible, i.e. Ker Ky =
{0}, or, equivalently,

X0 (¥5)" = {0}

It is apparent that minimality and strong minimality are equivalent in the
causal case, as the following proposition states.

PROPOSITION 7.6. Let X be a minimal causal obligue Markovian splitting
subspace, then it is strongly minimal.

PROOF. In the causal case W™ is the space spanned by the past innovation
€7, which is nothing but Y ; therefore X3 N (‘j;)L = {0}. O

Using decomposition (7.20) one can define the observability operators

Of :=Eju+ [Y" | Xs] = E[Y" | Xs] = E[YT | XS] (7.22)
and
0} = Ejyu+ (Y7 | Xa] = Eyu+ [Yy | Xa - (7.23)
It is easy to see that the following factorizations hold
0; = R,0"
and
0} = RO™.

Note that the observability conditions for the “deterministic” and “sto-
chastic” component, i.e. Ker Oy = {0} and Ker O5 = {0} do not in general
imply that Ker O = {0}, while the converse is always true since (Ry) |x, and
R |x, have trivial kernel by construction.

The geometric characterizations of minimality given above does not ad-
dress the question of strong minimality. This has clearly to do only with the
“stochastic” component and therefore it can be expressed geometrically in the
usual way as

Yo v = (YEvah) vy
where orthogonal complement is taken in H(w).

THEOREM 7.9. Let X be an oblique Markovian splitting subspace and let
Seu =8+ U, 8oy = SV UT. The following conditions are equivalent:
i) X is strongly minimal
i) X is minimal and Ky is injective
iii) Ser = 8L VYT VUT and Y7 VX7 = [H(w) S (YF v XDV Ys
iv) 8w = 8L VYT VUT and 8¢y = [H(w) © (YF VXD VP vUT
PROOF. i) and i7) are equivalent by definition. The fact that X is minimal
implies that it is observable, i.e. S., = 8% VvV Y+ v U, and K, injective is
equivalent to Y; vV X; = [H(w)o (Y5 vX)] VY;, from which condition
iii). To show that i) implies iv) just note that since Y5 V X5 VU = 8¢y,
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Y; VX, = [H(w) e (Y7 v X)) VY, implies that 8¢, = [H(w) & (Y v XV
Y VU= [H(w) o (YT vXH)] VP vUT. Conversely, if iv) holds, 8., ©U =
[H(w)oe (Y- vXHvP-vUtolU, ie Y; VX, = [H(w) o (YT vXDH]VY;,
which concludes the proof. O

8. Reconciliation with Stochastic Realization Theory

So far we have studied state space construction in the presence of exoge-
nous inputs, based on the concept of Oblique Markovian splitting subspace. In
this section we shall examine the relation between oblique splitting and the
classical construction of stochastic realization theory based on (orthogonal)
splitting. We shall show that, in the absence of feedback, stochastic realiza-
tions with inputs can be constructed directly from stochastic realizations of
the joint input-output process.

Let (87,8 ) be an orthogonal scattering pair for the joint process [yT uT] T,
where the subscript J stands for joint, and let us assume that there is no feed-
back form y to w. The following technical lemmas will be useful.

LEMMA 8.1. Let [yT uT]T be a stationary process, and assume that there
is no feedback form y to w. Then there exist joint Markovian splitting sub-
spaces Xj = (87,87) such that

Sy Lut|u- (8.1)

ProOOF. We just need to show that there exists at least one. Let us con-
sider any causal realization, and let X; be its state space. It is clear that by
causality Xy C Y~ VU™, which implies that 8; =Y~ VU™ and therefore (8.1)
follows. ([

DEFINITION 8.1. In the sequel we shall say that joint Markovian splitting
subspaces (realizations) which satisfy (8.1) are feedback free.

LEMMA 8.2. Let Xj = (87,87) be feedback free, then
SyN ut = {0}

ProoF. From (8.1) E |:8J | (u—)ﬂ 1 U, so that any element s € §;

can be uniquely decomposed as s = § + § where 8§ := F[s | U] € U™ and
3 1 U. Let us assume that s € UT; it follows that § = F[F[§ | UT] | U] and
therefore § € UT N U~ which, recalling the sufficiently rich assumption (3.6),
implies 8 = 0 and therefore 8 € U™; hence, 8 = 0 and therefore s = 0, which
concludes the proof. O

We are now ready to state the following result.

THEOREM 8.2. Let X := (87,87) be a feedback free realization of the
stationary process [yT uT]T
subspace.

Then Xy is an oblique Markovian splitting
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PRrROOF. We just need to verify the conditions of Theorem 6.1; Y* C 87 and
P~ C 8, by construction; the fact that §; N UT = 0 follows from Lemma 8.2;
forward and backward shift invariance follow from the fact that (8, S J)is a
scattering pair and the oblique intersection property holds since, in particular,
also

SJLSJ’SJOSJ
holds. U

However, as one may expect, Xy is not, in general, a minimal oblique
Markovian splitting subspace.

In order to construct a minimal oblique Markovian splitting subspace we
can follow the procedure described in the previous section.

Let us assume that X7 := $;N8 s is a minimal Markovian splitting subspace
for the joint process. The reason for X; being not minimal oblique splitting,
is that it includes the dynamics of the input process u. We want to “factor
out” this dynamics.

The basic idea in the reduction process is to consider first an “extended”
state space

Xje =Xy + u*
together with the associated “extended” pair (8¢, 8e), e := Sy +UT, 8¢ :=
SV UT. We proceed to reduce this subspace, subject to the constraint that
it must always contain U™.

Denote, as in the previous section, by (853731]@) the reduced pair, let
fx},e = Sﬁe N 853 and let

Xt =%, 0 (8. N8Y.) =X, XY,
Introduce the generating process, Wy, for Slje, as
(S}Te)t-s-l = (8§6)t S W

Of course the subspaces {W,} are pairwise orthogonal, i.e. W, L W, t # s.
Since .')C}]e is (orthogonally) Markovian splitting, the usual state update
equation in geometric form holds

(x}ie)t+1 < (xbe)t © We.
Using Lemma 7.5, the last equation can be written as

Xipr + Uy © (G + ) © W (8:2)

THEOREM 8.3. The subspace X' is a minimal oblique splitting subspace.
Extl + ut; D Wy

In fact we have
Xit
Y, X!+ Uz) © Wy

PROOF. We show that (8.2) is equivalent to

Xiq (XF +Up) & Wy
Uy Uy

NN

N 1N
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In fact, if this was not the case, there would be elements x{,; € X} ; C (87), 4
which could be written as @}, | = (@] +u; +wy) +u;, | where (z} +uy+w;) €
(81)¢41> Uy € Uy, which would imply that u),, = @}, | — (xf +u; +wy) €
(87)¢41 contradicting the fact that (8;),,; NUS; = {0}. Similarly, since
Yt € (87),4, it follows that

Y C (xtl+ut)€9wt
U < U

Since u is known, we can “drop” the second part of the state equations, i.e. the
component lying on U™ and end up with the equation state din the Theorem.
This equation obcviously implies the oblique splitting property of X*.

Note that, by construction, X' + UT is the minimal splitting subspace
containing the future of the input process, which, as it turns out, corresponds
to the fact that X! is the minimal subspace of Xy which is oblique splitting. [

It is natural to ask when a minimal (feedback free) Markovian splitting
subspace for the joint process is a minimal oblique Markovian splitting sub-
space. It turns out that this is true if and only if the input predictor space is
contained in the oblique Markovian splitting state.

THEOREM 8.4. Let X be a (feedback free) minimal Markovian splitting
subspace for the joint process [y uT]T and let X/~ = E [UT | U] be the
predictor space of the input process. Then X' = X if and only if DCI/_ c Xt

PRrROOF. Since X; is minimal it is constructible. Therefore, §; = SJJ- \%
U~ VY™, which implies that 8; is minimal. By observability we have that

E[u+v9+|8J] =X,. (8.3)
On the other hand

EUTvYt s, +Ut] =X+ Ut (8.4)

Equation (8.3) can be rewritten as

E[EUTVY"[8,+UT]|8;] = E[X'+UT|8,] =
= XIVE[U"|8)]= 85
- XvEU U= 8D
LRV

Therefore X; = X' v X;L /= which implies that X; = X! if and only if T)C:I /= -
Xt O
It is natural to ask what kind of situations may lead to such degeneracy. In
order to address this problem we shall make a finite dimensionality assumption
and work with the spectral representations of these spaces. We shall have to
refer the reader to [23] for details.

Let dz := [d'&T dﬁ;T]T be the spectral measure (i.e. the Fourier trans-

form [26]) of the joint stationary process [u' (t) w' (t)] T Letalso (A,B,C,D,K)
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be a minimal (oblique) realization of y with state space X! and let (A, Ky, Cy, 1)
be a minimal innovation representation (with state space Xof / ) of u. The

spectral representations, X!, and f)ACJ/ ~, of X! and X} /= with respect to the
spectral measure dz are given by:

X! = row-sparr { [(zl —A)'B (21— A)! K] } (8.6)
and

X/~ = row-span { [(zl — (Ay — K,C) K, 0} } . (8.7)

We are now able to give precise conditions for X' and X to be the same
space.

PROPOSITION 8.1. Let (A, B,C, D, K) be a minimal (oblique) realization
of y with state space X' and let (Ay, Ky, Cy, I) be a minimal innovation rep-

resentation of uw (with state space DCI/_). Then X' = X if and only if there
exist a nonsingular change of basis T such that:
&-m@o]

* *

TAT—IZ[

and
TB = [K”} , TK = [O}
* *

The proof of this Proposition is a bit lengthy and will be given in another
publication.

9. Conclusions

In this paper we have presented the basic ideas for a comprehensive theory
of stochastic realization in the presence of exogenous inputs. The central
concept of Oblique Markovian Splitting Subspace leads in principle to state-
space construction and to a coordinate-free analysis of stochastic models with
inputs. Most of the ideas are applicable to the general case where feedback
is present, however there seem to be still some gaps to be filled, in particular
we need to understand better how to deal with mixed causality structures as
they occur in feedback interconnections where F'(z) may be unstable. Some
new idea and additional work are needed.
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