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Abstract

We give new simple general expressions for the asymptotic covariance of the estimated system parameters
(A, B,C, D) in subspace identification. The formulas can be applied to a whole class of subspace methods
including N4SID, MOESP, CVA etc. The asymptotic expressions highlight how the conditioning of the
estimation problem influences the accuracy of the estimates.
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1 Introduction

In this paper we shall provide new expressions for the asymptotic covariance of the estimated parameters
(A, B,C, D) of a state space model, obtained by some popular subspace identification methods. The expres-
sions are similar but simpler than the asymptotic covariance expressions which have so far been published
in the literature (Bauer 1998, Bauer and Jansson 2000, Jansson 2000). The covariance formulas in partic-
ular involve the inverses of certain conditional covariance matrices (¥gxu+) Which play an important role
in measuring the possible ill-conditioning of the identification problem, see (Chiuso and Picci 1999, Chiuso
and Picci 2001b), thus providing a direct link of possible ill-conditioning of the estimation problem with the
asymptotic variance of the estimates.

The structure of the paper is as follows:

e In Section 2 we shall introduce notations, review a “sample” Hilbert space framework which provides a
convenient tool in the analysis, and discuss the basic ideas of stochastic realization involved in subspace
identification.

e In Section 3 a complementary model is introduced which allows a unified analysis of various estimation
algorithms of the (A, C) parameters of the model. Among these algorithms, common subspace methods
like Robust-N4SID, MOESP and CVA methods can be accommodated.

e In Section 4 the complementary model is used to derive error expressions for the (A,C) parameter
estimates and the asymptotic variance formula for the (A, C) parameters is obtained.

e In Section 5 a Markov estimator of the (B, D) parameters is discussed and an expression for the
asymptotic variance is provided. The estimator is first derived assuming that A, C are known, but the
effect of uncertainty in A, C' can be taken into account at the price of some additional complication.

e Section 6 contains some conclusions.

Unfortunately the proof of the main result (Theorem 4.1 ) requires a good deal of concepts and notations
which need to be introduced gradually in the course of the paper. The reader who is only interested in the
statement of the result, may just glance at the definition of x¢ in Sect. 3, understand the (asymptotic) choice
of basis defined in Lemma 4.2 and (patiently) keep track of the notations.

2 Subspace identification

We shall assume that the observed input-output data

{uto,...,ut,...} {ytoa---7yta-~-} UteRp, ytERm (21)
satisfy the zero-average condition
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and that the limit for N — oo and for all 7 > 0, of the sample correlation

1 N+to u u T
b || W >0 2.2
N+1t§[yt+THyJ T= (22)

exists, and is independent of the initial time ¢5. A time-series satisfying this assumption is called (second-
order) stationary'.

In continuous-time, functions admitting an “ergodic” limit of the sample correlation function (2.2), have
been studied by Wiener in his work on Generalized Harmonic Analysis (Wiener 1930, Wiener 1933). It is

L Also called a quasi-stationary signal.



easy to show that Wiener results hold for discrete-time signals as well. In particular, the limits of the time
averages (2.2) define a positive matriz function, i.e. a bona-fide stationary covariance matrix function,

lim

N+to

“t”} {“tr = A(r) = {A““(T) Ay (7) T>0, (2.3)
= LYer | LW Ayu(T)  Ayy(7) N
The function A(7) is called the true covariance of the data.

Now, given the true covariance A, one can formally manifacture a RP™"-valued second-order stationary
stochastic process say {z(t)} = {[u(t)’ y(t)T]T}, defined on the sample space ) = (R”+m)Z+, having
precisely covariance function A and zero mean. Actually there is a whole equivalence class of such processes
all sharing the same second order statistics; one can fix a representative assuming say a Gaussian probability
law. The construction goes back to Kolmogorov and we shall not report it here. The space of elementary
random elements € is the space of all possible sample paths, (R”+7'L)Z+, of the process.

The observed sample (2.1) is an ergodic trajectory of the second-order process z, the term meaning that
the limit (2.3) determines the covariance function (and hence the probability law in the Gaussian case) of z
uniquely. Hence, under the assumption of second-order stationarity of the data, an essentially unique pair of
second-order stationary stochastic processes (called the “true processes”) exists which produces the observed
trajectory (2.1) according to the classical “urn” scheme of probability theory 2.

In this paper it is assumed that the true processes have a rational spectral density and hence can be
described by a linear stochastic system (in innovation form) of the type

(2.4)

{ x(t+1) = Ax(t) + Bu(t) + Ke(t)
y() = Cx(t)+ Du(t) +e(t)

where {x(¢)} is the state process of dimensions n, and {e(t)} is a white noise process with the meaning
of (stationary) one-step prediction error of {y(¢)}, given the infinite past history of {y(¢)} {u(t)} up to
time t — 1, and A, B, K,C, D are constant matrices. Here {u(t)} is an exogenous input and is not modelled
explicitly. In the following we shall make the blanket assumption that there is no feedback from y to u.
This implies that {u(?)} and {e(¢)} are uncorrelated at all times. See e.g. (Caines et al. 1976, Gevers and
Anderson 1982, Gevers and Anderson 1981, Picci and Katayama 1996) for a discussion of this concept.

Subspace identification is based on the following idea. Since the processes {y(t)}, {u(t)}, {x(t)} satisfy
the equations of the linear innovation model (2.4), it is obvious that the finite “tail” matrices, Y;, U, X,
constructed at each time ¢ from the observed sample (2.1) by letting

Yi = [y Y+1 - YeaN]
Ut = [Ut Ut4+1 - ut-l—N]
Xt = [IL't Te41 e It_;,_N]
must also satisfy (2.4), i.e.
X1 = AXy + BU, + KE; (2.5)
5/;5 - CXt + DUt —|— Et :
where E; :=[e; €441 ... epyn | is the innovation tail. This equation can be interpreted as a regression

model. Hence, if the tail matrices X;1, X;, Uy, i, are given, one can solve (2.5) for the unknown parameters
(A, B,C, D), by least squares.

In the ideal case when infinitely long sample trajectories are available (N — oo) , E; is orthogonal  to
the past data, namely E; 1 (X, Us) for all s < ¢ by absence of feedback (this is only approximately true for
N large but finite). This implies that, under generic assumptions on the data guaranteeing uniqueness of
the solution, the estimates computed by solving the regression equation coincide, for N — oo, with the true
parameters (consistency). Hence, in an ideal situation where we have available the input-output tail matrices
at time ¢, and also a corresponding pair of state tail matrices at the time instants ¢ and ¢ + 1, consistent
identification of the parameters (A, B, C, D) of the system (2.4) would be a straightforward matter.

2A rather artificial stochastic process to be sure, which nevertheless, is mathematically, a perfectly legitimate object.
3“Orthogonality” here is with respect to the inner product (2.7) which is defined below.



In practice the state trajectory is not given to us. However, it is known that the state of certain
representations, in particular the innovation realization (2.4), can be constructed from the input-output
processes. In practice we only have a finite input-output tail sequence {Uy,Y; }1=o,....7 (where T << N) and
the state at time ¢ needs to be constructed (in general approximately) from these available data. One can see
that the construction of the state becomes a central step in subspace identification. In particular, it appears
that asymptotic analysis of subspace identification methods needs to be based on an in-depth analysis of the
state construction step.

The problem of constructing the state and state-space models of stochastic processes is the main concern
of stochastic realization theory. Stochastic realization theory provides procedures for state space construction
based on geometric operations on certain Hilbert spaces of random variables which are linear functionals of
the input and output processes of the system (2.4). These spaces will be introduced below.

In general terms, subspace identification with inputs could be seen as consisting of three basic steps:
i) construction of (a sample estimate of) the state vector of a state-space representation of the process
y, ii) solution of a multiple linear regression problem to determine the system matrices (A, B, C, D) of
the deterministic part of the model, iii) estimation of the stochastic noise parameters K and A from the
parameters obtained in the previous step.

In this paper we shall not consider the third step at all and concentrate only on the estimation of the
“deterministic” parameters (A, B,C, D).

2.1 Notations

For —oo < tp <t <T < 400 define the Hilbert spaces of scalar second order random variables

U,y = span{ug(s); k=1,...,p, to <s<t}
Vito,ty = span{yp(s); k=1,...,m, to <s<t}

where the bar denotes closure in mean square, i.e. in the metric defined by the inner product (&, n) :=
E{,n}, the operator E denoting mathematical expectation. We shall let Py, +) := Uy, +) V Vyt,,+) denote
the joint past space of the input and output processes at time ¢ (the V denotes closed vector sum). Similarly,
let Uy, 77, Vi, 1) be the respective future spaces up to time T

Uy = span{up(s); k=1,...,p, t<s<T}
Vie,r) = Span{yr(s); k=1,....m, t<s<T}
By convention the past spaces do not include the present. When t; = —oo we shall use the shorthand

Uy, Yy for U_o,t), Vi—oo,t), the closed vector sum U, V )V, being denoted by P; (the infinite joint past
at time ¢). These are the Hilbert spaces of random variables spanned by the infinite past of u and y up to
time ¢.

Subspaces spanned by random variables at just one time instant (e.g. U, 4, Ve, 4, ete) are simply denoted
Uy, YV, etc. while for the spaces generated by the whole time history of u and y we shall use the symbols U,
Y, respectively.

All through this paper we shall assume that the input process is “sufficiently rich”, in the sense that
U(t,, ) admits the direct sum decomposition

Uito, 71 = Upty, 1y + Ui, 115 to<t<T (2.6)

the + sign denoting direct sum of subspaces. The symbol @& will be reserved for orthogonal direct sum.
Various conditions ensuring sufficient richness are known. For example, it is well-known that for a full-rank
purely-non-deterministic (or linearly regular see, e.g. (Rozanov 1967, p.52)) 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 (Hannan and Poskitt 1988).

The sample-trajectory framework

Under the natural assumption of second-order stationarity, the sequence of semi-infinite tail matrices con-
structed from the data (2.1), can be looked upon as an object isomorphic to a stationary random process.



The definitions and the basic facts of this isomorphism are shortly reviewed in Appendix A. Then, as it is
shown in Appendix A, the vector space span{Y;,U; | t > to}, linearly generated by the rows of the semi-
infinite tail sequences {Y;, U | t > to} (here N = oo !), closed with respect to the norm induced by the inner

product of semi-infinite sequences &, n € RZ+ defined by the limit 4

N
(&m) = Z e (2.7)
=0

and the “stochastic” Hilbert space ) VU of zero-mean second order random variables introduced above,
are isometrically isomorphic Hilbert spaces. This means that for operations concerning computations of
second order moments and the relative limits, working with bona-fide random variables as maps defined on
a probability space, is equivalent to working with semi-infinite real sequences belonging to the isomorphic
Hilbert space span{Y:, U | t > to}.

Henceforth it will be convenient to regard the two spaces as being the same object. We shall therefore
denote semi-infinite real or vector-valued sequences in Span{Y;,U; | t > to} by boldface lowercase letters,
exactly like random quantities in ) V. This point of view will turn out to be very convenient later on, since
it will allow us to employ in the statistical setup of identification, exactly the same formalism and notations
used in the ordinary L? setting of stochastic systems.

From now on we shall denote by boldface characters also finite data sequences. For a (possibly vector-
valued) infinite sequence v we shall normally use the subscript “v” to denote the tail matrix of v obtained
by truncation to length N, and append a superscript “/V” to the corresponding symbol denoting the subspace
spanned by the rows of the (finite) tail matrix vy .

The symbol (y[,, 7))~ will be used to denote the vector (actually a block-Hankel matrix of dimension
m(T —7+1) x (N +1))

yn(7) y(7)

yn(T) y(T) |y
and y[Nn 7] the corresponding (finite-dimensional) rowspace. Since for N — oo, (y[,,77)n “expands” to the
m(T — 74 1) x oo matrix of semi-infinite tails y[, 77 (which is the same thing as the m(7T" — 7 +1)-dimensional
column random vector yi, 1)), we shall agree to say that (y-,7)n “tends” to y[., 7] as N — oo. Likewise,
for the corresponding rowspaces, we use the notation y[ﬁ T~ Yz, 1) for N — oco. “Approximating” spaces
of random variables by vector spaces spanned by the rows of tail matrices is a standard idea at the heart of
subspace identification.

Since the only difference between operations on finite and infinite sequences is in the inner product, we
shall use a different notation for the inner product. Namely, we shall denote by E [xyT] the mathematical
expectation (true covariance matrix) when x and y are random vectors (or infinitely long vector-valued data
sequences) and by En [XyT] the sample covariance matrix of the finite (vector) sequences x, y,

En [xy = N+12xtyt.

so that limy s En [xy "] = E [xy"]. In the same spirit we shall understand that E [x | y] is the wide-sense

conditional expectation
-1
Ex|y]:=F [xyT] E [ny] y

when x and y are random vectors, while

Exlx|yl:=FEx[xy | Ex[yy] 'y

4The sum in (2.7) converges for all sequences whose elements are made of finite linear combinations of the rows of (possibly
time-shifted) tails of the given stationary time series.



will denote the corresponding object when x and y are finite sequences. This is nothing else but the well-
known formula solving the (deterministic) Least-Squares problem

Clearly, under second-order stationarity, imy_.co En [x | y] = F[x|y]. This simple fact will be used quite
frequently in this paper.

2.2 Constructing the state

The construction of the state should be based on the prescriptions of stochastic realization theory with inputs
(Picci and Katayama 1996, Katayama and Picci 1999). In particular, we recall that the state space at time
t of the stationary realization (2.4)

Xt Z:m{Xk(t); k:17~~~7n7}

is the so-called oblique predictor space
Xy = By (Vi | P (2.8)

where the symbol E)¢ [A | B] denotes oblique projection of the subspace A onto B along the subspace C (Picci
and Katayama 1996, Katayama and Picci 1999). Note that this subspace can in principle be constructed
using input-output data, although the complete infinite past, P, , is needed in (2.8).

In identification the infinite past is never available and the state construction must be done starting from
input-output tails {y(¢), u(t)} on a finite interval, [to, T]. Obviously, since in practice the data are finite, we
should consider finite length tails {yn(t), un(¢); t € [to,T]}. However since the discussion here is intended
primarily to clarify conceptual issues, we shall pretend below that N = oo, in other words that {y(¢), u(¢)}
are true random variables. Dealing with data of finite length will be the main objective of the following
sections.

Henceforth we shall consider the problem of constructing state-space representations of the process y
where the state is a function of the input and output variables on a finite interval [ty, T] only. These models
will be called finite-interval realizations. In general they involve non-stationary parameters.

In principle y can be represented by a finite-interval realization involving the same constant parameters
(A, B, C, D) of the stationary model (2.4) that one wants to identify. This is the transient conditional Kalman
filter realization on the interval [to, T'] first used in (Van Overschee and De Moor 1994)

x(t+1) = Ax(t)+ Bu(t) + K(t)ée(t)
yit) = Cx(t) + Du(t) + é(t) (2.9)
x(to) = E [x(to) | Uiy 1]
where
)A((t) =F [X(t) | P[to,t—l] Vu[t,T}] (2.10)

x(t) being a basis for a stationary state space X; and é(t) the transient (conditional) innovation process
defined by

e(t) =y(t) = E[y() | Pleg,e-11 V Ue, 1] (2.11)

Note that the transient innovation space & defined by the orthogonal decomposition
Plio.t) vV Uprsrir) = € ® (Plag,e-11 VU, 1) (2.12)

is precisely spanned by the components of é(t), i.e. & = span {&(t)}.

Remark 2.1 Contrary to the standard Kalman filter, the initial state estimate X(to) is not zero and depends
on the future inputs Uy, 7. This implies that %(t) is also influenced by future inputs on [t,T], in spite of
the “causal” look of the state equation (2.9). For this reason, the construction of (a basis, x(¢), in) the state
space X; := E [Xt | Pleg,t-1] V L{[t,T]] of the model (2.9), using only finite input-output data, is apparently



an impossible task. See (Chiuso and Picci 2001b) for a discussion of this point. The simple strategy based
on solving a linear regression problem, which was alluded at in the beginning of the previous section, cannot
be implemented if we work with the model (2.9). O

Ideally we would like to construct state subspaces of Yy, 17V Ujs, 17, leading to state-space models which
are causal in u, as well as in the driving noise (the “transient innovation” é(t)). In the next section we shall
obtain models of this type.

3 The complementary model

In this section we shall build a special finite interval realization which permits a unified analysis of most
subspace methods with inputs. This model will also be instrumental for the derivation of the asymptotic
variances expressions to be given in the following sections.

The basic idea, inspired by a preliminary orthogonal projection step first introduced in the MOESP-type
algorithms (Verhaegen and Dewilde 1992, Verhaegen 1994), and then also used in the “Robust N4SID, and
CCA (with finite data) algorithms, is to form the orthogonal complement in Py, ) V Uy, 7] of the future
input space (i.e. to “subtract off” the effect of future inputs) and to study the dynamics of the system on
this subspace. As we shall see, this will lead to a stochastic realization which is constructible from finite
input-output data, and involves (modulo a change of basis) the same parameters (A4, C) of the steady-state
model.

Introduce the orthogonal complement of Uy 71 in Py, ) V U, 1)

Flto,t-11 = (Pla, 1) VUpe, 1) © Upe, 11

and similarly
Firo.t) = (Piro.e) VUi, 7)) © Upesr, 1)

Note that at different times we are taking orthogonal complements in a different ambient space. For later
reference we point out the following “constructive” formula whose proof will be left to the reader.

Lemma 3.1
Fito,t—11 = E{ P, 1) | u[tl_,T]} :=span{p — E [p | Uy, 71] | P € Piro, )} (3.1)
Sometimes we shall use (P[tmt) | Z/l[i‘ T]> as a shorthand for E{Py, ) | Z/{[Jt‘ T}

Now assume the true process y admits a (minimal) stationary realization, not necessarily of the innovation

type,
{ x(t+1)
y(t)
with state space &} := span{x(¢)} and let W; := span{w(?)}.
Define the “complementary” process

ye(t) = E [y(t) | Fiso,¢]] (3-3)

which by construction is orthogonal to the future input space, and introduce the “complementary state
space” Xf as follows:

Ax(t) + Bu(t) + Gw(t)
Cx(t) + Du(t) + Jw(t)

(3.2)

/?tc I:E[Xt ‘F[to,t—l]} :E[Xt | (P[to,t) |U[tJ‘7T]>} 5 t:t()7...,T (34)
A basis in X¢ can be constructed by choosing
X°(t) = E [x(t) | Fitg, 1-11] (3.5)

The following Lemma will be used below to show that the complementary state space can indeed give origin
to state space models.



Lemma 3.2 Let & be the transient innovation space (2.12) and let

Vi i=Up, 1) ©Ups1, 1) (3.6)

be the transient backward innovation space of the input process u. Then the following inclusions hold
‘)et(i‘rl g ‘)Etc EB f)t @ (cjt (37)

and

E{Vi | Fito,0)} C XDV D&, (3.8)
Proof. From the definition of backward transient innovation of u we have that
Plio,e) VU, 1) = Ui, 71D Flto, t-1]
= u[H—LT] DV @ f[to,t—l]

and since R
Pito, 0]V Uir1, 71 = (Prto, 1) V Ui, 17) © &

we obtain the decomposition
Pito,t1 VU1, 1) = U1, 71 @ (vt S Fltg, t-1] P ét)

and hence . )
Fitot] = Flto,t-1) DV B & (3.9)

The first statement of the Proposition follows by projecting the subspace inclusion
Xip1 C (X VU Wy

(which is a coordinate free version of the state equation in (3.2)) onto Fy;, ¢]. The second also follows by
projecting
Vi C (X VU) & Wy

onto Fiz,, ¢]-

Obtaining state-space models is now just a matter of choosing bases, a particularly convenient choice
being that given in (3.5).

Proposition 3.1 Let x°(t) be the basis defined in (3.5). Let also v(t) be the backward innovation process,
v(t) =u(t) — E [u(t) | Upsr,7)] (a basis for the space Vy). Then the following representation holds

{ XC(t+1) = AX(t) + B(t)v(t) + K(t)e(t) (3.10)

ye(t) = Cxe(t) + D(t)v(t) + é&(t)

for all to <t <T. All the terms on the right hand side are mutually uncorrelated. The matriz coefficients
are given by B(t) = (AK,(t)+ B), D(t) = (CK,(t) + D), where

Ku(t)=FE [x(t)éT(t)] (E [v(t)éT(t)])_l (3.11)

and K (t) is the transient Kalman filter gain in (2.9).



Proof. Since P, )V U, 71 C Fity,1-1], it is the same to use the Kalman filter state %(t) in place of x(t) in
formula (3.5). Projecting term by term the conditional Kalman filter equations (2.9) onto Fp, ], using the

decomposition (3.9) and noting that E{x(t) | &} = 0, E{u(t) | &} = 0 we get
B{x(t) | Firp0)} = E{x(t) | Fu 11} + B{x(t) | Vi} + B{x(t) | &}
= Xt) + Ku(t)v(t)

E{u(t) | Flee,e-11} + E{u(?) | Vi) + E{u(t) | &)
= K, ()v()

E{u(t) | Fiie, 11}

the realization (3.10) follows after some rearrangement of terms. The formulas for B(t), D(t) also follow
after some simple algebra.
O

We shall now show that a basis in the complementary state space 22,5“ can be constructed starting from
the observed data. We shall do this here for infinite length sequences (random variables) and postpone the
discussion of the finite length case to the next section.

Consider the output predictors based on the complementary past information up to time ¢ — 1

yt+k|t—1):=E[y(t+k)| Fyy-11] k>0 (3.12)

Note that we can decompose the output string at time t+k as y(t+k) = y°(t+k)+y°(t+k) where y¢(t+k) =
E [y(t +k)| ]-"[to,t_%ﬂ is the complementary output at time ¢+ k while y¢(t+k) = E [y(t +k) | Z/I[t+k+17T]]
is the part of y(t + k) which is predictable based on future inputs after time ¢ + k. Since Ujyypq1,7) C
U, 1 L Fieg,¢—1), we have

yt+k|[t=1)=E[y(t+k)| Fi 1)), k=0

Note that since F;, ;1) can be computed from the data, this quantity is also computable from the data.
Assume that the integer v := T — ¢ is greater or equal than the order n of the true model (2.4), and let

gt t—1) FE+111)

br o | FEFTIED or o |[FUE21D 1)

t : t+1 -7 : ’
FT-1]t—1) (T | 1)

the vector y;- 1 is called the (one step ahead) conditional shift of y; . By minimality and by the orthogonality
property of the complementary state equations (3.10) we have

row-span{y; } = span{X§(t); k=1,...,n} = Xf (3.14)

and changing t into ¢t + 1, the analogous relation results for ?EtCH .
It also follows from (3.10) that the matrices (A, C) are uniquely determined by the chosen (state vector)
bases x¢(t + 1), x°(¢), and by y(¢), by the formulas

a=Blary )| (80 (§<C(t))TD71 (3.15)

and
-1

c=Elym &) (Bxo&w]) (3.16)

where we have assumed invertibility of £ {f{c(t) (f{c(t))T}. Clearly in (3.16) we can substitute y°(¢) with
y(t), as this does not change the covariance.

One can show (Chiuso and Picci 2001b), that certain particular choices of basis in /’?tc give origin to the
(theoretical) state underlying well-known subspace identification methods like the robust N4SID algorithm



(vanOverschee and De Moor 1994), Verhaegen’s MOESP algorithm with “shift invariance” (Verhaegen 1994),
and also the canonical correlation analysis (CCA) method based on a finite data window. Following early
observations of (Van Overschee and De Moor 1995) the different bases can all be seen as “canonical” variates
obtained by SVD of a correlation matrix between suitably weighted future outputs and past input-output
data. It follows that, provided the state X is chosen in the appropriate coordinate system, the same formulas
(3.15), (3.16) describe asymptotically the estimates of (A, C) by the various subspace methods mentioned
above.

The original N4SID method can also be related to a particular choice of basis in the complementary state
space 22; since, as observed in (Chiuso and Picci 2001b), the asymptotic estimates of the A and C' matrices
by N4SID, can be written

A=Y ut Tza C = Syzju+Eag (3.17)

x%|ut xx|ut

where % = X(¢) is the state of the Kalman filter realization (2.9), X = %(t + 1) and

Segr = B[(&(E+1) = B&(+1) | Uy r)]) (%) — B [%(0) | Uy 7)) ]
Yigjut = B (fc(t)—E[fc(t)|L{[t7T]])(§<(t)—E[fc(t)|Ll[t)T]])T}

Clearly formulas (3.17) are the same as (3.15) (3.16), as it follows from the equality
KE(8) i= B [x(t) | Fisg,1-1)] = B [X(0) | Feo,uon)] = B [%(0) | Ut 1] (3.18)

We shall take up the state construction step again in more detail in section 4 below.

The discussion above concerns estimation of (A, C'). Unfortunately a unified treatment regarding estima-
tion of the (B, D) parameters seems not to be possible. In Section 5 we shall do some asymptotic analysis
of the (B, D) estimates obtained by the so-called “linear regression” method.

3.1 A finite data length complementary model

In this section we shall construct the “finite-data” version of the complementary model (3.10) starting from
real data of finite duration.

WARNING: in this and following subsection, boldface quantities will denote tail sequences of finite length
N (tail matrices with N 41 columns). In particular, the matrices of future and past input and output data,
like all other tail matrices we shall form with the data, are of finite length N. For an infinite sequence v
(possibly vector-valued) we shall normally use the subscript “vy” to denote truncation to length N. To
be completely consistent one should append an “N” to all corresponding symbols denoting subspaces, but,
in order to keep notations simple, we shall refrain from doing that. The reader should keep in mind that
the same symbols U}y 71, Ve, 715 Ujte,t]> Plio, ) etc. which were used for the “theoretical” subspaces made
of infinite-length sequences will now be used for the corresponding subspaces spanned by the rows of the
relevant finite tail matrices.

Let
(Y(t)l) T I (U(t)l)
t+ u(t +
yn(t) = Y : ul(t) = : (3.19)
y(T-1)ly Lu(T-1)1
u(to)  y(to) 7
ulto + 1) ulto)
uy(t) == py(t) = y(t _ 2) (3.20)
u u(t —2)
A i 1)
N Lu(t —1)1

10



be the finite-data tail matrices with N + 1 columns.

It is not difficult to see that all the subspace manipulations introduced in the previous section make
sense also in the present setting. Everything we did can actually be repeated verbatim for finite-length
subspaces provided the finite expectation symbol E is substituted in place of the ordinary expectation FE.
In particular, the (finite) orthogonal complement of U, 71 in Py, ¢) V U, 7, is defined as

Flto,t-11 = (Pito, 1) VUpe, 71) © Upt, 11

and similarly for F;, ).
The finite-length innovation at time ¢ is defined by

en(t) =yn(t) — Ex [yn(t) | Py, o) VU 1] (3.21)
and is the finite-length counterpart of (2.12 ) with the finite projection operator En [ | -] replacing the
stochastic (infinite-length) projection E[- | -]. Note that, since the truncation and projection operators do

not commute, €y (t) is not equal to éy(t). The finite-length innovation space is
& = spanf{én(t)}

The basic recursion . )
Flio,t] = Flto,t-1] @ Ve © & (3.22)

still holds, the finite-length backward innovation space ljt being the orthogonal complement of U1, 7) in

Us, 71- The generator of Vi, i.e. the finite-length backward innovation is

@N(t) = uN(t) — EN [uN(t) ‘ u[t+1,T]} (323)

Consider now the “truncated” stationary innovation model obtained by truncating to length N all stochas-
tic variables in the model (2.4)

{ xn(t+1) Axn(t) + Buy(t) + Keyn(t)
yN(t) = CXN(t)+DuN(t)+eN(t)

(3.24)

Let us introduce the finite-length complementary process

Y& () == En [yn(®) | Fuo, o)) (3.25)

which is orthogonal to the (finite-length) future input space Up41, 7). Consider also the projection of the
state, X (t), of the model (3.24) onto Fjy, ¢—1)

25(t) == En [xn(t) | Fitg,t-11] (3.26)

here, again, we warn the reader that 24 (t) # x4 (¢).
Introduce the finite-length complementary state space X as follows:

Xy = span{z4 (1)} = En [X | Firg,-11] (3.27)

where X; = span{xy(¢) }. Likewise one should remember that all subspaces in this subsection are of finite
length N. Again, for later reference, we rewrite this as

Xf:E[Qm(P[to,t)w[jﬂ)} L t=tg,...,T (3.28)

Proposition 3.2 Let 25,(t) be the basis in the finite-length complementary state space /f’f defined in (3.26)
and let 25, (t + 1) be its conditional shift. Let

(n(t) :=Ey len(t) | Fito, t—11] (3.29)

11



Then the finite length complementary process y§; admits the following representation

{en = i Bltyow(t) + R(t)en(t) + Ky (1) 5.30)
YR = Cay(t) + D(t)on(t) + en(t) + &y (1)

for all tg < t < T. The matriz coefficients are given by the expressions B(t) = (Aku(t) +B —|—E(t)),
D(t) = (CKu(t) +D+ E(t)) , where

Kult) = By [xn@on®)] (Bx [onox(®)T]) (3.31)
K = By pev(t+ Den()] (By [enen®T]) (332)
B) = By [ex®in®] (Bx [onmon®)T]) (3.33)
For N — oo, ) )
Cn(t)—0 On(t) — v(t) en(t) — é(t) (3.34)

and the matrixz coefficients of (8.30) converge to those of the complementary model (3.10).

Proof. Denote Sy, 4 := Flty,t—1] D )jt. Projecting the truncated innovation model (3.24) onto the subspace
Flto,t] = Slto, ] © &, one obtains

En{xn(t+1) | Fuo, 01} AEN{xn (1) | S, 0} + BEN{un(t) | Sy, g} +

+ KEn{en(t)| Sy, 4} + En{xn(t+1)| &}

CEN{XN(t) | Sito, 51} + DEn{un(t) | Sz, 1+
EN{eN( | S[to,t]} + én(t)

yi ()

+

and the representation (3.30) follows from the equalities

]?N{XN(t) | Stto, 11} = ?N{XN(t) | Fltg,t—11} + E:N{XN(t) | 1}} =25 (t) + Ku(t)On(t)
En{un() [ Spo,ny = Ex{un() [ Firo,i-11} + Enfun(t) [ Ve} = 0+ On (1)
En{en(t) | Sio.q} = En{en(®) | Fi,e-11} + En{en(t) | Vi} = Cn(t) + E(t)On(t)

of which only the second requires some justification. Namely, the first term in the right is zero since
Flto,t-1] C Z/{[J;, 7] and, by definition, Enx{un(t) | ]jt} = Un(t). Moreover, from the definition of finite-length
innovation space, & L Uiy, 17, SO that Ex{uy(t)| &} =0.

The statements in (3.34) concerning the limit of @y (t), éx(t), are obvious. That ¢ (t) — 0 follows

since the finite truncation ey (t) of the stationary innovation process will, in the limit for N — oo, become
orthogonal to U D U, 77, because of the feedback-free hypothesis, and to P,” D Py, ), by definition of

stationary innovation. Since Fy, 1—1] = span{py — Ex [py [ U, m)] | PN € Po, iy} C Plig,y V Uy, 17, We
see that A
EN [eN(t) | f[to’t,lﬂ —0 as N — oo

Hence E(t) — 0 and B(t) — AK,(t) + B = B(t), D(t) — CK,(t) + D = D(t), K(t) — K(t).
0

4 The state approximation step

From the finite-data complementary model (3.30) of the previous section, one can naturally write subspace
estimates of (A4, C) which are the finite-length counterpart of formulas (3.15), (3.16) providing, under a non-

singularity assumption of the covariance matrix F [)2"’ (t) ()A(C(t))w , consistent estimates. The only difficulty

12



with these estimates is that the finite-length state variable z$;(¢) is not directly computable since it involves
the (truncated) unmeasurable state of the stationary innovation model. In practice, an estimate of 2% (¢)
must be constructed from the available input-output data.

Assume for the moment that the order n of the model (3.10) is known. Consider an estimate, £(¢), of
the state at time ¢ of the model (3.10) based on input-output data of length N + 1. This estimate will be a
certain n x (N + 1) tail matrix which we shall construct later on as an “approximation” of the state z$, (%)
of the finite-length model (3.30). Since &(¢) will approximate z%(¢) only in a certain basis, which will in
general be different from the particular basis chosen for the model (3.30), we shall write

&(t) = Tz (1) + &(1) (4.1)

where T is a n x n (data-dependent) nonsingular matrix, and £€() is an error term.
We shall assume that state estimate at time ¢ + 1, obeys an analogous relation

E(t+1)=TynaS(t+1)+EE+1)

which means that &(¢ 4+ 1) is obtained by updating in a suitably “coherent” way the construction of &(%)
implemented at time t. We shall be more precise on this point in the next section. Then, using the
complementary model (3.30) we can formally write a state-space representation of y% (¢) in terms of the
finite-length state estimate as

{ Et+1) = AnE®) + By(Oon(b) + ealt) "
yi(t) = Cn&(@t)+ D()On(t) + .

where
An = TN ATN! On = CTy* By =TNB (4.3)

&(tp) =0, and the “error terms” are given by

ealt) i= (E(t+1) - ANE() + Kn(Den (D) + Knlu() eyt = (en(t) ~ CnEW) +En(0)  (44)

where Ky := T K and Ky(t) := Ty K(t). Naturally, we shall look for state estimates &(¢) which also belong
to the finite-length subspace F;, ;—1]. In this case the first two terms on the right of (4.2) are orthogonal
(i.e. finite-time uncorrelated).

The estimates of the model parameters, Ay, Cy, obtained by using the approximate states £(¢) and
£(t + 1) are defined as the matrices Ay, Cy solving the regression problem (4.2) in the least-squares sense.

Lemma 4.1 Assume that the state estimate §(t) € Fpu,,1—1] and that for N large enough, the covariance
255 is non-singular. Then, the least-squares estimates of the parameters Ay, Cn in the regression model
(4.2), are given by the formulas

Ay :iglgigé_ANJr( e ANE€£+KNEC£> 55 (4.5)
Cn = iygié =On+ @C& — CNE&) Eéé (4.6)
where
See = Ev{et+De®T) Spe = En {ee+nemT)
2:355 = Ev{€t)&n)’} iég = By {E(t)'f(t)T} (4.7)
S = En {YN HOM Spe = Bn {enemT}
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Proof. Project both members of (4.2) onto F, ;—1]. Since the terms containing ¥y (t) and €éy(t) are
orthogonal to F;, ¢—1], we are left with

Et+1) = AnEW® + (&t +1) — AvE®) + KnBy [Cn(0) | Fioio1))
i) = Cné®) + (~OnEW®) + En [Ch(®) | Fupioa))
Formulas (4.5), (4.6) are obtained by right multiplying the above formulas by (£(¢))" which amounts to

taking (finite) expectations on both members.
O

4.1 Construction of the state from measured data

Formulas (4.5), (4.6) provide a rather explicit expression for the estimation errors of the A, C' matrices,
but to proceed further in our analysis we need to introduce a specific state estimate. In this subsection
we shall review a general state estimation procedure based on (weighted) canonical correlation analysis, a
well-known concept in subspace identification (vanOverschee and De Moor 1995). We shall just introduce
a slight variation in the standard procedure which, as we shall argue, yields a lower error covariance as it
eliminates one source of error.

Consider the prediction of future outputs based on the (finite-length) “complementary past” subspace
Flto,t—1]

Fult+k [t =1) =By [yn(t+ k) [ Fupaon] = Bn [yn(t+0) [ (o0 [ (@i®)")] k=0 @)

Note that we can decompose the output string at time ¢t + k as yn(t + k) = y$ (¢ + k) + y5 (¢t + k) where
y&(t+ k) = En [yN(t—I— k) | }—[to,t-s-k]] is the complementary output at time t + k while y%,(t + k) =
Ex [yN(t +k)| u[t+k+1,T]] is the part of yn(t + k), predictable based on future inputs after time ¢ + k.
Since Uy kg1, 7] C Uy, 1) L Fltg,1—1], it follows readily from (3.30) that
yn(t+k|t—1) = En[y§{t+k)| Fu 1)) = CA 25 (t)+
+ Ex [CAk—lK&N(t) + CAR 2K N (E4+1) + ... (4.9)
+ CKEn(t+k—=1)+Cn(t+ k)| Frgion)]

Now, introduce

S’N(tlt—l) eN(t)
vn(t+1]t—1 R N en(t+1
I )v = it : | ) . (&)w =By ol ;+ : | Fito, t—1] (4.10)
yN(T—1|t—1) eN(T—l)

(note that here we consider a future history up to time 7" — 1) and let
A +t
wi = Hy(¢ )n (4.11)

where Hy is the block-lower triangular Toeplitz matrix of the stochastic subsystem,

I 0 ... 0 0
CK I ... 0 0
¢ = : N vi=T-—t (4.12)
CA* 2K CA* 3K ... I
so that we can write
(3 )nv =Ta(t) + W, (4.13)



where I is the observability matrix I' = [CT (CA)" ... ((CA)*~)T] T Note that the “noise” vector w; s
zero for infinite data length.
. o - AT _ 1
Similarly, letting ¥ (t+k | £) == Ew [yn(t+ k) | Fuo.11] = En |[yn(t+5) | (pN(t +1) ] (uf(t+1)) )}
and bringing in the conditional shifts )

ynE+1]t) en(t+1)
. yn(t+2]1) At . en(t+2)
(CAYINEE : ) (Cir1)n = EN : | Frto, ] (4.14)
yn(T | t) en(T)
we can write
Fh)n =T25(t+1) + Wi, (4.15)

here, in accordance with (4.11), we have set W, := H, (é;:_l)N.

Now, since we are operating with data of finite length, due to the additive noise term W;", we no longer
have equality between (finite-length) predictor space and state space as in (3.14). In fact row-span{(y;" )}
will in general be of full dimension mv = m(T —t). One has to construct a suitable subspace of the
(finite-length) predictor space row-span{(y; )x}, i.e. an “approximate ” state space built from the available
input-output data, which is a “best” approximation of the (unknown) theoretical finite-length state space
row-span{z$(¢)}.

A standard way to solve this problem, is to consider the singular value decomposition of the (weighted)
covariance matrix °

. PN N~ NN PR N mo oA
WEN{F N (3 )w) W = [On Vv diag {S% S3} [On V] = OnSRON + VSRV (416)

where W is a nonsingular weighting matrix 6, [U N VN} is an orthogonal matrix and 5'12\, is the diagonal

matrix of “small” squared singular values which are declared to be noise. Deciding how many singular values
are declared to be zero and how many are retained in the first piece of formula (4.16) is the order estimation
problem which we shall not discuss in this paper. We shall just assume that the order estimator is consistent
in the sense that the correct number n of (nonzero) singular values is retained for N large enough.

After separating “signal” from “noise”, the approximate basis in the state space at time ¢ is taken to be

£(t) = Sy PURW (97 ) (4.17)
while, at time ¢t + 1 we choose the conditional shift
E(t+1) =S PULW (30w (4.18)

From the viewpoint frequently taken in subspace identification, one might, equivalently, say that Iy =
w-lu NS}V/2 is the estimate of the observability matrix I (in the chosen basis). This is clearly the same
thing as saying that £(t) = D" (§; ) is the chosen basis for the approximate state space. Here we shall
always use the left inverse given by

—L G—1/245T

IyF = Sy PN (4.19)

Lemma 4.2 Consider the vector of infinite-length predictors (3.13) and let

WE{y; )" W' =us?u’ S? = diag {o?,...,02 (4.20)

5To avoid ambiguities we shall henceforth assume that the singular values are distinct and U is taken with a positive first
non zero element in each column.

6Which for simplicity will be assumed constant; in reality W = Wy is data dependent, but converges to a fixed nonsingular
matrix as N — oo, so the more complicated asymptotics which applies to the data dependent weighting will in the end give
the same results as for a constant weighting.
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where the singular values are ordered in decreasing magnitude. Assume that the n-th singular value of (4.20)
is positive” and that the following canonical basis

(1) = STV2UTWyS  (here N = c0) (4.21)

is chosen in the state space (3.14) of the true complementary model (3.10). Then, for data of infinite length,
the approximate basis £(t) coincides with (4.21), which we shall write as

lim £(t) = %°(t) (4.22)

N—o0

Proof. By consistency of order estimation, for N — oo the term VNS’]QVVJ tends to zero and the factorization

in (4.16) converges to (4.20). Hence S~Y/2U "W is the asymptotic value of S;,l/sz;W for data of infinite

length (i.e. for N — 00).
O
Having fixed the basis in the true model, it is clear that the n x n matrix

Ty = Sy P05 WT = Sy 0 Us /2, (4.23)

defines the change of basis which was alluded to in (4.1). Note that Tn asymptotically tends to the identity
matrix and hence it may be assumed of full rank provided N is taken sufficiently large. From equations
(4.13), (4.14), (4.17), and (4.18) we obtain

E(t) = T (t) + Sy Uy W (4.24)

and
E(t+1) = Taasy (t+1) + S5 UL Wwi | (4.25)
where, as required in the preceding discussion, the same matrix TN appears in both equations.

Remark 4.1 Introduce the “augmented” noise vector

en(t)
en(t+1)
w, = H,Ey : | Fito, t-1] (4.26)
en(T—1)
en(T)

and let H, be the block Toeplitz matrix H, of (4.12) bordered with one more block row and column.

Most standard procedures in subspace identification use an “augmented” predictor vector (}QI:F) N =
x| t—1DT . yn(T —1|t—=1)Ty5(T |t—1)T]T with T — ¢ + 1 block rows and row-span{ (§:)N} in
lieu of row-span{ (y; )x}. This leads to an extended observability matrix T ~ with one extra block in the
formula for the state space at time t while I' is used instead at time ¢ 4+ 1. With this choice, we have that

~ ~—L ~ ~
Tn=TNyT%# F&L I' = T, due to errors in the estimation of the observability matrix. Therefore a further
source of errors may be introduced due to the fact that equations (4.24) and (4.25) now read

o ~—L ~
E(t) = Tnai(t) + Ty W, (4.27)
and . R
E(t+1) =Tnas (t+1) + T, (4.28)

Here the difference between TN and Ty should be accounted for in the computation of the error covariance.

O

"This is generically true. See however (Chui 1997, Jansson and Wahlberg 1997) for precise conditions on the underlying
processes.
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_ Using the formulas (4.24), (4.25) and comparing with (4.1), we get explicit expressions of the error terms
£(t), £&(t+1) and &,(t), &,(t). After substituting in (4.4) we obtain

o [ (8 +1) — AnE(®) + En(en () + Knln(®) | Fo )| =
(Kn DN°) = Ay (DN Onsn )W/

Similarly

En [(en(t) = OnED +Cn(0) | Fipin)] = Cx)—CnD bt
= [(Im Opmxm—1)) — CNT7E] W/
In order to work with more compact formulas we introduce the matrices
My :=[(Kny T3")—An (TN Onxm)] Ry =[(In Opmxm@-1)) — CNIN"] (4.29)
which, for N — oo, tend to the limits M and R given by
M:=[(K T7")=A(T™" Opm)]  R=[In Omxmw-1)— CT™"]

Proposition 4.1 The errors on the system matriz estimates with data of length N, can be expressed as

Ay = Ay —Ay=MyH,Ey[6/€t)]S Eﬁ = MyH, ze+£2& (4.30)
Cy = COn—-Cy=RyH,Ey{ef €t)"} Sz, et = RyH, z,ﬁszég (4.31)
where & = [en(t)T en(t+1)T ... en(T—17T en(T)T]" is the augmented truncated stationary

innovation vector of the true model.

Proof. Tt follows from (4.5) and (4.6) that

AN = AN—AN :MNEAN{VQij(t)T}igé

éN = C'N —Cy = RN EN {VAV?_ f(t)T} 2%%
and since &(t) € Fj,,1—1] we may write the finite expectation term in the first formula as
en(t)
ey (t + 1)
Ex {v%zj £(t)T} =, Ey [67¢t)T] = H, By : €07 p=H. S,
en (T — 1)
en(T)

Likewise, we can write En {W+£ T} H, E w3
O

Remark 4.2 We have chosen to express the estimation errors A N, Cy in the current, data-dependent, basis
determined by the SVD step of the estimation algorithm. In other words, both the estimates and the true
values A, C are expressed in the basis (4.17) determined by the SVD (4.16). It is however immediate to
express the estimation errors in the asymptotic canonical basis of the true system, defined by (4 21) In fact,
since the estimates expressed in the asymptotic basis are, respectively, given by the formulas T YANT N and
CNT v the errors in the asymptotic basis are just

/:1]\7 = TJGIANTN —A = T];l (AN - AN> TN = TJGIANTN (4.32)
éN = CNTN -C = (ON — CN) TN = ONTN (433)
0
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4.2 Main Result

We now come to the main result of this section. We shall assume that in the model (2.4) of the true system
generating the data, the innovation process {e(¢)} is a martingale difference with respect to the o-algebra
& VU generated by the random variables {e(s); s < t} and {u(¢); t € Z}, more precisely, assume for j, k > 0,
that

E{e(t+k)|&VvU} = 0 k>0 (4.34a)
Ele(t+j)e(t+k)"|&VUY = Efe(t+je(t+k)"}=Ad (4.34Db)

for a positive definite matrix A. We shall also need boundedness of the fourth moment of {e(¢)}. These
“noise conditions” are often found in the statistical literature, see e. g. (Hannan and Deistler 1988); they
hold, for example, if {e(¢)} is a i.i.d. process (strict sense white noise) with finite fourth order moments,
independent of u, or if {e(t)} is Gaussian, independent of u. In the first situation we shall also assume
that the observed trajectory (2.1) is an ergodic trajectory of the joint input-output process. For Gaussian
process, second-order ergodicity suffices since it is the same as ergodicity.

The Gaussian distribution with mean p and covariance matrix 3 is denoted N (i, 3). If a sequence of ran-

dom vectors {zy } converges almost surely to a constant zg and is asymptotically normal, i.e. VN (zy — 2p) 4,

N(0, ¥), where 2 denotes convergence in distribution, one says that X is the asymptotic variance of
{V'Nzy}. Notation: ¥ = AsVar (VN zy). The asymptotic covariance of two, asymptotically jointly Gaus-
sian, sequences is defined in a similar way.

Theorem 4.1 Assume that the stationary innovation process, {e(t)}, in the model (2.4) of the true system
generating the dala, satisfies the conditions (4.34) and has finite fourth order moments. Then the vectorized
parameter estimates [vec(An)T vec(Cn)T]T form an asymptotically Gaussian sequence with

AsVar (\/Nvec(AN)) — F{Y Seexe(r) @ Sever(7) § FT (4.35)

IrI<v

AsVar (\/Nvec(C'N) F Z Yiexe (T) @ Betor (1) p FT (4.36)

) |T|<v
)

= F {T_ZV_ Ygexe (T) ® Latet (T)} F' (4.37)

T=—v

AsCov (\/NVGC(AN), VNvee(Cy)

where F := E;clﬁc ®[RH,, F:= E;clﬁc ® [M HS] and
Sgese (1) i= E{oT0%(0) ), Saver (7) = Blefy, (1)} (4.39)
the operator o™ being the T-steps ahead stationary shift of the processes y,u, whereby
oTX(t) = 0TE [x(t) | Fitg,1-1)) = B [x(E+7) | Flegsr, t4r-1)) (4.39)

The understanding here is that Fygyr t47-1] := (P[tOJrT) t4r) VUpyr, T+T]) S Utyr, 7471

Proof. The proof follows a standard line of arguments (Hannan and Deistler 1988, Viberg et al. 1997,
Jansson 2000). By elementary manipulations of Kronecker products we can write the errors given in Propo-
sition 4.1 as, say,

vec (AN> = Egé & |:MN HS] - vec (EN{é;rﬁ(t)T}) = FN WN(t)
where the matrix F ~ and the vector wy (t) are

Fryi=Sgo[MyA],  wa(t) =vec(En{e/€()}) = En{e() o e}
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Consider now the quantity

Ex () oe] Ex €)@ éﬂT = m Zfio Z;‘V:o [€ri @ €] [StTﬂ‘ ® (é;j)T]
= i Tino Lo [Gritl] © o @)

This quantity of course changes randomly depending on the particular sample trajectory (2.1) chosen by
“nature”, so we can (and shall) think of it as a realization of a bona-fide random variable whose expected
value we want to compute. To this purpose we may also think of the column vectors §t+i,§t+j,éj i
as particular sample values of random variables (which we shall here denote by the same symbols), each of
which has been properly defined in the course of the preceding sections, as a function of the sample trajectory
(2.1).

Lemma 4.3 Under the stated assumptions the following limit relation holds

lim NE{Ey [£(t) @& En 1) 98] } = Y Sgexe(r) @ Serer(r) (1)

N—oo
Ir|<v

where Yge 3¢ () is defined in (4.38).

Proof. Note that &; is measurable with respect to 4; VU so that, using (4.34), after some rearrange-
ments and using ergodicity, one obtains

v

Blby [60) ©&/] By [0 96/] 1 = g Y0 (11— 1170) S (r) @ Ve e ()

T=—v

where 255(7) = E[07&(t)&(t)T]. The limits in the sum can be taken to be v since X+ g+ (7) is zero for

| 7 |> v. Note that (4.22) implies that 255 — Yge ge.
1

We can now invoke a version of the central limit theorem, see e.g. (?, p. 550), to conclude that
VNwy(t) < N (0, P) where the asymptotic variance P is the matrix in the last member of (1).
Finally, since Fy := XA]gé ® [M N H’S} converges almost surely (and hence in probability) to the constant

matrix F =YL, ® [M ﬁs], we easily conclude that

VNAy = VNEywy(t) 5 N(0, FPET)

which is (4.35).
The proof of (4.36) and of (4.37) is analogous.
O

Remark 4.3 Formulas (4.35), (4.36) and (4.37) should be compared with the asymptotic variance expressions
in the literature, notably with those obtained in (Bauer and Jansson 2000, Jansson 2000). In this respect
we highlight the following points

1. The state covariance matrix Yxege(7) appears in place of the joint data covariance matrix Re¢(7) of
formula (37) in (Jansson 2000). Moreover the identity (3.18) already discussed in section 3, relates
the variance of the estimates with the possible ill-conditioning of the subspace estimation problem, see
(Chiuso and Picci 2001b).

2. The expressions (4.35), (4.36), (4.37) can be used for parameter estimates obtained by many subspace
methods, namely MOESP, Robust N4SID, and finite-interval CCA, by specializing the choice of the
weighting matrix W, see (vanOverschee and De Moor 1995, Van Overschee and De Moor 1996) for
the particular expression of W which applies in each case. This may allow to compare the accuracy of
different methods, given that both ¥jcxc and the matrices M and R in general depend on the choice
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of the weighting matrix W. The dependence can be seen for instance from the formula I'SgegeI' T =
E{y(3)"} (Lemma 4.2),where Y4c4c = S; depends on W (unless W is chosen to be an orthogonal
matrix). A comparison of these methods from the point of view of relative asymptotic efficiency is
however outside the scope of this paper.

O

Remark 4.4 For the practical computation of gcxe(7) one should be careful not to confuse the stationary
shift 07x¢(t) with the conditional shift x°(¢ + 7) (which is not stationarily correlated with %¢(¢)). The
stationary shift makes it easy to approximate Ygcge(7) from finite I/O data. As seen in the course of the
proof, a natural sample estimate can be obtained by just using the state approximation &(t), computed at
time ¢, using the formula

Yigege (T) N+l 1 Z §t+l+7’£t+z N — o0

of course we should make sure that the estimate is a positive function, but we shall not insist on this point
here. O

Remark 4.5 The asymptotic variance expressions (4.35), (4.36), (4.37), describe the errors in a data-
dependent basis. However the same formulas provide also the asymptotic variances of the estimation errors
expressed in the asymptotic canonical basis (4.21) of the true system. We state this formally in the following
Corollary.

Corollary 4.1 Ezactly the same asymptotic variance expressions (4.85), (4.86), (4.87), hold for the errors

Ay ,Cn, expressed in the asymptotic canonical basis of the true system.

Proof. This follows from formulas (4.32) (4.33), the first of which can be rewritten

Ay = (I — (Ty — I))_l Ay (I — (Ty — I)) = Ay + (Ty — DAy + An(Ty — 1) + O(| Ty — I|?)

and the fact that, from (4.23), Ty — I = [5_1/2 — S~ 12uTUsy/? = O(ﬁ) for N — oo. In other words,
VN [Ay — An] — 0 almost surely (and in probability) which implies that vV NAy and v/ N Ay have the same

asymptotic distribution, see e.g. (?, Theorem 6, p. 39). An analogous expansion holds forC'y.
[l

More generally, it may be worth stressing that, provided of course the estimates are consistent and
asymptotically expressed in the same basis chosen for the true parameters, knowing the asymptotic variance
of the estimates (A ~.Cn,Bn,D N ), permits to compute the asymptotic variance of any smooth function of
the true parameters, in particular of any system invariant. More precisely, let

0 .= [vec(A)Tvec(C)T VeC(B)TVeC(D)T]T

denote the true system matrices and let §y denote the estimate of the (vectorized) system matrices based
on N data points. Assuming that VN is consistent and asymptotically normal, i.e. that BN,DN have
the same kind of asymptotic behavior as Ay, Cy, the asymptotic variance of the estimate, g(@N) of any
smooth function ¢(#), can be computed by a well-known linearization technique, see (?, Thm. 7, p.45),

AsVar {\/]Vg(é;v)} = %k} AsVar {VNly} % i (4.40)

We will see an application of this formula to the estimate of the transfer function, at the end of the next
section.

As suggested by a reviewer, we shall demonstrate the use of the expression of the asymptotic variance
(4.35) for computing the asymptotic variance of certain system invariants, in particular the eigenvalues of
the system.
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Assume for simplicity that the “true” matrix A has simple eigenvalues. According to (Stewart and
Sun 1990, Thm 2.3, p. 183), there is an eigenvalue A\’ of A such that the difference between the i-the
eigenvalue of (T) *ANTn, A, and \!, satisfies

i i ’Uz‘TjNUi i
NoA =t O(IAn|1?) (4.41)

where v; and u; are the normalized left and right eigenvectors of A corresponding to Al From this it is
immediate to see that v N(Ay — ") is also asymptotically normal with asymptotic variance

AsVar [VN(\y — XY)] = AL (u; ®v]) AsVar {\/Nvec (AN>} (u; ® v;) (4.42)
which in particular implies
S i 1 i
AsVar [VN(\y — \)] < T Amax {ASV&I’ [V Nvec (AN) ]} (4.43)

where Ay 4x[-] means maximum eigenvalue. Note that (v, u;)? is the square of the cosine of the angle between
the two eigenvectors. This is less or equal to one and equal to one just in case the matrix A is symmetric
(in which case v; = ;).

Formula (4.42) provides a simple and useful estimate for the asymptotic variance of the eigenvalues of
the system. O

Remark 4.6 Under slightly more stringent assumptions guaranteeing that F N = f]gé ® [M N ﬁs} (or

the companion sequence of estimates F ) converges to F' (F) also in L2, it is possible to show that the
asymptotic variances (4.35) are actual limits of the finite sample variances, e.g.

]\}Enoo NE {vec (AN) vec (AN>T} = AsVar (\/Nvec(jhv)) (4.44)
A}i_r)noo NE{Vec (C'N) vec (C'N>T} = AsVar (\/ﬁvec(é]\;)) (4.45)

J\}ilnoo NFE {Vec (AN) vec (C'N>T}

This means that the asymptotic variance formulas of Theorem 4.1 describe the outcome of a Monte-Carlo
simulation where the data are generated by a known true system, whose (A4, C) parameters may always, by
standard computations, be brought to the (asymptotic) canonical basis (4.21). Of course the sample variance
of the results of say M Monte Carlo runs should be computed subtracting the “true” known mean values.
For example, the right hand side of (4.35) is the limit for M — oo of the average

AsCov (\/Nvec(AN)\/Nvec(é'N)) (4.46)

M
N . N Al . n A T
> vee [(T}V)”AQT}\, - AO] vec {(T}\,)*lAﬁVT}V - AO}
i=1
where Ay is the true known A matrix of the simulated system, expressed in the canonical basis (4.21).

¢

5 The asymptotic variance of (B, D)

Several algorithms have been proposed in the literature for the estimation of the matrices (B, D), see e.g.
(vanOverschee and De Moor 1996, Verhaegen and Dewilde 1992, Verhaegen 1994). In this section we shall
generalize slightly a standard procedure which is based on “linear regression on B, D”. The algorithm of
(Verhaegen and Dewilde 1992) is a special case of the one described below.

21



We shall derive the minimum variance (Markov) estimate of (B, D) and the relative expression for the
error covariance, assuming first that A, C' are known. An expression for the asymptotic variance which takes
into account also the sample variations in the estimates of A, C' can be obtained from these expressions using
a linearization technique similar to that employed in (Jansson 2000). The calculations are easy but tedious
and since do not add anything conceptually new we shall omit most of the details.

Let us consider the equations obtained by substituting all infinite-length (random) variables in the model
(2.4) by the corresponding tail matrices of length N. In the following, unless otherwise stated, all bold
symbols will represent tail matrices with N columns and for simplicity we shall not use subscripts.

Let Ey [yi | u/] be the projection of the future outputs onto future inputs at time ¢. Here there is no
need to chose the same “present” time ¢ as in the previous sections (in fact, it may be reasonable to pick
t = tp), but, just in order to avoid having to introduce further notations, we shall keep the same meaning
of t. The vectors y;, u; are defined in (3.19) where they carry a subscript ; which has now been dropped.
This projection can be written as

Enx [yf |uf] =TEyN [x(t) | 0] + Ho(B, D)uf + H.Ey [e] | uf]. (5.1)

where Hg is the lower triangular block-Toeplitz matrix of the Markov parameters of the “deterministic”
subsystem, namely

D 0 ... 0 0
CB D ... 0 0

Hd:Hd(BaD): : .. N
CA*2B CA"3B ... D

and where H, is the lower triangular block-Toeplitz matrix of the Markov parameters of the “stochastic”
subsystem defined as in formula (4.12). The third term in (5.1) is the regression of future innovations
{e(t),...,e(T — 1)} on future inputs at time ¢t. By the feedback-free assumption, it should ideally be zero;
in practice, due to finite sample length effects, it is not. It can formally be expressed by the formula

EN [e;" | uﬂ = 2ADe*ulJri],__l-%l—u-%—u?_'
The left-hand side of (5.1) has the form y;” = Ey lvi [uf] == ®,u;” where the regression matrix @,
can be computed by solving a least-squares problem. Hence equation (5.1) is rewritten as

b, uf = (réz + Hy(B,D) + Hsfle+u+f];iu+) uy, (5.2)

where @, is the regression matrix of the (unknown) state on ut. Due to the “sufficient richness” (or
persistence of excitation) of u, (5.2) is immediately seen to be equivalent (for N large enough) to the “dual”
equation for the coefficients

O, =Td, + Hy(B, D) + HySe+u+ X1 s - (5.3)
Now, Hy(B, D) is linear in the parameters (B, D) so that it can be written in vectorized form as
_ vec(B)
vec Hy(B,D) =L {vec(D)} (5.4)
for a suitable matrix L depending on (A, C'), and equation (5.3) re-stated in vectorized form is rewritten
p - vec(B o -
vec (<I>y) = [Lym ® [ vee (@m) ) [VGCE Dﬂ + (zuiu+ ® H) vec (ze+u+) (5.5)

Assuming (A, C) are known, this relation can be interpreted as a linear regression of the (known) vector
vec ®, on the (known) quantities ([l @ I', L), with unknown parameters (®,, B, D).

The additive term vec (Ze+u+> is regarded as a random perturbation vector whose covariance matrix

Yo, can be computed exactly for finite N. Under the same assumptions (4.34) of the previous section, we
have

Sy = E {Vec (ie+u+) vec (ie+u+)T] = ﬁ 3 (1 - ]\|7:-|1> St ut (T) ® Lt (7) (5.6)

|| <v
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where
Surut (1) = B{uf, (0f) T} (5.7)

Assuming N is large enough, so that iu+u+ (1) ~ Eg+u+ (1) (the population covariance) we get a good
approximation, Wy, of the variance of the additive noise term in (5.5) by the formula

Wo = (Sghy ® Hy) So (St e © H,) '
The following statement easily follows.

Theorem 5.1 Assuming (A, C) are known, the formula,

vec(B;) Tor—T/2 A Lixir—1/27\ % 7 Tor ~T/2 A L 1/2 2
{VGC(D)} (LW At L) LTwy T AaLwy Vec(CI)y) (5.8)

provides the minimum variance linear ( Markov) estimate of B, D from the “dual” regression equation (5.5).
Here Wy RAEs (Wo_l/Q)T, A= Wo_l/2 [Tk @) and A+ = I-A(ATA)"YAT is the orthogonal projection
onto [col-span(A)]", and ~* denotes Moore-Penrose pseudoinverse. The variance of the estimates of the B, D
parameters 1S A
Var{[vec(B) ]} _ (LT W T2 AL w2 ) f (5.9)
(D)

To obtain realistic expressions for the asymptotic variance one needs to account for the uncertainty in
the parameters A and C. In order to streamline notation, let us define

0= (LTW TRAL 2L ) LW TR a w2,

and denote by fIN, ﬁN, fN and Iy, Ly, 'y the matrices I, L, I' computed using respectively the estimates
AN and C’N and the true values, Ay and Cy, converted to the basis defined by (4.23). In the same basis
the B and K matrices of the system are given by By := Ty B, Ky := Ty K. The estimates provided by
formula (5.8) will be denoted by By, Dy. In the following, the subscript x will be used to denote estimates
computed with a data set of length N, expressed with respect to the basis defined by (4.23).

Recall that, by construction, HNLN = I and HN(I ® FN) = 0, so that we can write the estimate

vec (g];) = HN vec (i)y)N as

[vgggg] _ [nggfl%)} Ty (T ® (T — Pan)) (@) + Tin (L — E) [jjjggm ;

+I N (Eu+u+ ® (H )N) vec (f)e+u+)

Note that if Ay and Cy were known exactly, the two terms containing (I'y — f‘N) and (Ly — f/N) would
vanish and from this expression one would get back the variance formula (5.9). Moreover, since these terms
are linear functions of the errors Vec(A ~) and vec(CN) linearizing Iy and (i)l) ~ around the true values
Ay and Cl, i.e. substituting Iy = (ILy —IIx) +1Iy, (P2)n = [(P2)n — () n]+ (Po) v ete. and neglecting
higher order terms whose variance goes to to zero faster than 1/N for N — oo, the error can be expressed
as

vec(B;N) - e s vec(Bn)

|:V€C(DN)] = HN(I®(FN FN))VQC((I)Q;)N+HN(LN LN) |: VeC(D) +
+ Iy (E;+u+ ®HS7N> vec (ie+u+> +o(ﬁ)

and hence as a linear function of vec(Ay) and vec(Cy) as follows:

[VGC(BN)

Vec(DN)] = Layvec(An) + Loy vec(Cn) + Ly vec (f}e+u+) + o

1
) (5.10)
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where L., Loy, L, are the evaluation at A = Ay, C = Cn, B = By of

Ly = Iy [(I@ (av%(A) F>) ®yp vec(Py) + (%%M)L) Ry vec (g)}
Lo = Iy [(I@ <%(C)P>> ®p vec(Pg) + (%(C)L) ®p vec (gﬂ
Ly = Iy (Sl ®H,)

Here ®; denotes block Kronecker product. Introducing compact symbols for the various asymptotic covari-
ances

- vec(Ay) 1, [ (4.35) (4.37)
24,0 = Asvar{{vec(AéM}"[<4-37>T (4o |
Y(B,D) = AsVar{{ngEgzg] | Ay = A, C'N:C'}:N<LTWO—T/2AJ-WO—1/2L)W

we obtain the following expressions for the covariance matrices,

ASCOV{{ vee(Ay) } {VGC@N)]T}

(4,0) { L ]+

vec(Cy) | | vee(Dn) Ll )
+ [ (Ea;la‘cc ®MHS) (ZZ:W Tgeut+(T) ® Lgtat (7')) } LT ’
(B3 © RHy) (37— 1 Sxeur (1) © T (7)) | 7H
AsVar { D{j{fgzg]} — N(BD)+[ La Le |S(AC) %
(E;clfcc ® MH'S) (Z::ﬂ, Ef(cu‘*' (7) ® Eé+é+ (T))

+ [ LA LC ] |: (Z;clﬁc X RHS) (Z::—V+1 Zﬁcu+ (T) & Ee+é+ (T)) :| LE
(Z;cl,zc & ME’S) (E::ﬂ/ Ygeut (T) ® Ygtet (T)) :
- <[ ba Le } |: (Ejl ® RHS) (Z::—V-‘rl Tgey+(T) @ Teret (T)) :| LE)

XC}A(C

The formulas above provide complete expressions for the overall asymptotic covariance matrix of the pa-
rameter estimates. Similar (although a bit less explicit) expressions have been obtained by (Jansson 2000)
based on an unweighted least squares estimator of B, D.

Remark 5.1 Naturally, for assessing the overall quality of the estimates, the most interesting quantity
to consider is just the system transfer function. According to the general principle discussed in Remark
7?7, the asymptotic variance of the transfer function can be computed by using the previous expressions
for the asymptotic covariance of the estimates (1211\/7 C’N, BN, ﬁN). The result follows by a straightforward
linearization,

vec (W(z) - W(z)) ~

- - - . (5.11)
2[W1W2 W1 W2 I]VGC([AN CN BN DN])
where
-1 T -1
Wy = ((z[ — Ay) BN) ®I, Wyi=I®Cx (I Ay)
as explained in the paper (Jansson 2000), to which the reader is referred for the details. O

6 Conclusions

Using ideas of stochastic realization we have derived asymptotic expressions for the covariance matrix of
subspace estimates of the matrices (A, B, C, D, ) of a state-space realization. These expressions provide
new insight in the estimation problem. In particular

1. The variance of the estimates of A,C is seen to be roughly “proportional” to the inverse of the
conditional covariance Yzgu+. This relates the statistical accuracy to the possible ill-conditioning
of the computation of the estimates.
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2. The inverse of the covariance of the input process appears in the expression of the variance of the B, D
parameters (5.9). This describes the influence of the conditioning of the input process on the estimates
of B, D. A poorly conditioned input Toeplitz matrix 3,+4+ is seen to correspond to a “large” additive
noise variance Wy and to poor estimates.

3. The formulas can be used for several estimation algorithms ( CVA, N4SID, MOESP) by specializing
the choice of the weighting matrix W as described in (vanOverschee and De Moor 1995).
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Appendix A: The sample-trajectory framework

Let (2.1) be a second-order ergodic ® trajectory of a bona-fide (m + p)—dimensional second-order stationary

process z = [y ', u']T. Consider the correspondence

T, a'y(t) — a'V acR™
Sl bTu®) — b0 beRP

associating a generic linear combination of the components of the ¢-th random variables of the processes {y}
and {u} to the same linear combination of the rows of the “tail” matrices made with the present and future
after time ¢ of the ergodic trajectory.

This map can be extended by linearity to all combinations of random variables of the processes {y} and
{u}. In fact, the correspondence 7 seen as a map from the “stochastic” Hilbert space Y VU of zero-mean
second order random variables to the vector space span{Y;, Uy, | t € Z} closed with respect to the inner
product (2.7), is an isometry, i.e. it maps random variables into semi-infinite sequences, preserving their
inner product. It follows from a general theorem on isometric maps on Hilbert spaces (Rozanov 1967),
that 7 can be extended to an isometric map from the Hilbert space generated by zero mean second order
random variables of the process {z(t)}, into the Hilbert space span{Y;, Uy, | t € Z} generated by the tails
constructed with the ergodic trajectory. We can actually make this map wnitary by identifying stationary
trajectories which give rise to the same true covariance.

Hence the “stochastic” Hilbert space of zero mean second order random variables and the Hilbert space
of a stationary sample function (2.1) of the underlying stochastic process are isometrically isomorphic. This
means that for operations concerning computations of second order moments and the relative limits, working
with bona-fide random variables as maps defined on a probability space is equivalent to working with semi-
infinite real sequences belonging to the Hilbert space span {Y;, Uy, | t € Z, }. For this reason we shall denote
this latter space by the same symbol introduced for subspaces of random variables, and denote also the
corresponding elements (semi-infinite tail sequences) by boldface letters as done for random quantities. This
useful correspondence was introduced and used in (Lindquist and Picci 1996a), (Lindquist and Picci 1996b).
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