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Abstract

This thesis deals with the problems of (1) realization (2) partial realization and (3) approximate
realization. Focus is directed towards the partial realization problem, which asks for an internal
model description for a linear dynamical system provided we only know partial information about
its input-output behavior. We study two aspects of this problem: construction and complexity
of models, which is measured by the number of equations needed to describe the system. The
construction of an internal model description from partially known input-output behavior is fairly
trivial but the construction of a simple one is not. We emphasize two methods: one where we treat
the problem as one of interpolation and one where we decompose an already known model to a
simpler one. If our simplest model is still too complex for any simulation, analysis or controller-
synthesis to be made, we turn to the problem of approximate realization in which we find models
of lower complexity that approximate the behavior. We treat this approximation problem as a
problem of structured low-rank approximation. This all can be seen as a model-order reduction
procedure where we make the model smaller while keeping — or in this case, approximating — some
desirable attribute.

Sammanfattning

I denna uppsats hanteras problemen om (1) realisation, och (2) partiell realisation, (3) approx-
imativ realisation. Fokuset ligger pa det partiella realisationsproblemet som fragar efter en intern
modell for ett linjart dynamiskt system givet ofullstdndig information om dess in- och utdataférhal-
lande. Vi studerar tva aspekter av detta problem: konstruktion och komplexitet av modeller, som
méts i antal ekvationer som kravs for att beskriva systemet. Det &r ganska enkelt att konstruera en
intern modell fran ofullstdndig in- och utdata, men att konstruera en enkel modell ar inte det. Vi
betonar tva metoder, en dar problemet omformuleras till ett om interpolering och en dar vi bryter
ner en modell till en mindre som ger samma in- och utdataférhallande. Om den enklaste modellen
for ett system fortfarande ar for komplex sa vinder vi oss till modeller av lidgre komplexitet som
approximerar vart ofullstédndiga in- och utdataférhallande. Vi behandlar detta som ett problem om
lagrangsapproximation av strukturerade matriser. Allt detta i var kontext kan ses som en typ av
modellreduktion dér vi forenklar var modell medan vi behéller — eller som i detta fall, approximerar
— vissa onskvirda egenskaper.
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Chapter 1

Introduction

The realization problem is a fundamental inverse problem in systems-and-control theory and con-
cerns the construction of models for dynamical systems with data from its input-output behavior.
The model is often called an internal description of the dynamical system and is typically given by
a set of equations describing how the quantities of interest, as well as other measurable quantities,
evolve over time. The input-output behavior is a so-called external description of the system as
it specifies how the measurable quantities depend on how we influence the system, like a cause-
and-effect relationship. For linear, time-invariant systems, it can, for example, be represented by a
matrix-valued rational function called the transfer function which describes this relationship in the
frequency domain.

The problem of realization for linear, time-invariant (finite-dimensional, deterministic) systems
was solved in 1963 by Kalman and Gilbert in [Kal63] and [Gil63], respectively, using partial fraction
decomposition of the transfer function to derive an internal description. This was only the begin-
ning, as sub-problems of realization such as the minimal realization problem were still of interest.
Great effort was put into understanding the problem and aspects such as dimension and minimality,
which tells how simple or complex a model is, were connected to concepts such as observability and
reachability, which are of great importance in designing feedback and observers.

A few years after his paper on the solution of the realization problem, Kalman posed the
problem again, but now with a sequence of matrices derived from the transfer function, called a
Markov sequence. Kalman solved the problem with Ho in [HK66], where an algorithm for finding
a simplest possible internal description was presented. Kalman, and many others, later went on
to work on the partial realization problem, in which we have an incomplete picture of what the
external description of our system is. This was formulated by having only finitely many terms of a
Markov sequence. The question of finding a simplest model in the case of an incomplete external
description, was now of interest. It was revealed that solutions to this problem lose certain structure
that make solutions to the minimal realization problem “nice” and “simple”. Two notable works on
the problem, aside from Kalman’s, were Rissanen’s work in 1971 ([Ris71]) dealing with recursive
construction of models from partial input-output data, and Bosgra’s in 1983 ([Bos83]) concerning
the construction of a simplest model and the parameterization of all such models.

During the late 1980’s and early 1990’s a lot of effort was put into solving the general problem
of matrix-valued rational interpolation, in which we want to find a matrix-valued rational function
which interpolates some prescribed set of matrices. A connection was made between this problem
and that of partial realization. As presented by Anderson & Antoulas in [AA90], one could actually
solve the partial realization problem with the methods of rational interpolation by first performing
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an elementary transformation of the transfer function.

Thus, the problem of constructing simple models for our linear dynamical systems from input-
output data was essentially solved, but practically it was not enough. In some modeling scenarios,
our simplest possible models for a system would still be too complex for any analysis or control, so
there was incentive to study the process of decomposing models to even smaller ones which only
preserve, or even approximate, some properties of the original simplest model. This process was
named model-order reduction and one such problem formulation is that of approximate realization.
Approximate realization is a problem in which we want to find a model which approximates the
external description, rather than exactly reproducing it, and a notable paper is [Kun78|, which
details an algorithm for constructing approximate realizations using singular value decomposition
on a matrix made of the input-output data. This approach is used in many other areas of model-
order reduction such as in balanced model reduction (see [Moo81]), and in noisy realization (see
[JP8&5]).

In this thesis, we solve study these problems of realization, partial realization and approximate
realization, and for each problem provide a few different solution methods.

The outline of the thesis is as follows. In Chapter 2, we present different ways to represent
linear, time-invariant dynamical systems and how the realization problem can be stated with the
transfer function and with the Markov sequence. The connection between transfer functions and
Markov sequences is also established. We then cover basic realization theory from the view of
Markov parameters, present solutions as well as study some of their properties. Lastly, we present
the partial realization problem and detail in what ways it differs from the realization problem.

In Chapter 3, we solve the partial realization problem in the case where our transfer function is
scalar-valued by re-interpreting it as a rational interpolation problem, and solving it by means of
residue interpolation. After that, we solve the problem of finding the simplest model that reproduces
an incomplete external description, and describe when such a model is essentially unique.

In Chapter 4, we formulate the approximate realization problem, and solve it by first solving a
structured low-rank approximation problem, which in turn is solved by treating it as one of least
squares. Here, we tie in some of the methods discussed in Chapter 3, since the presented model-
order reduction method rests on finding a model for a constructed sequence that approximates the
original Markov sequence we have.

We end the thesis with Chapter 5, where we shortly summarize what we have done, as well as
bring up what else could be done from here.
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Chapter 2

Realization and Partial Realization

The construction of models for dynamical systems from experimental input-output data is an im-
portant task in many disciplines of engineering and science. The problems of realization and partial
realization can be posed as such tasks since we use what we know about the input-output behavior
of the system to construct a model for that specific behavior.

In what follows, we introduce necessary system-theoretic concepts and terminology to formulate
and solve the realization problem, as well as the problem of “minimal” realization. After that, we
formulate the partial realization problem and point out key differences between it and the realization
problem. This chapter is based largely on the chapters 6.5 and 6.6 on realization theory for linear
systems in [Son98], as well as the report [Sch00].

2.1 State-space Models and Transfer Functions

2.1.1 Representation of Systems

Let K be either the real or the complex field, and K be the algebraic closure of K. In this thesis,
we work exclusively with linear, time-invariant, continuous-time dynamical systems, i.e., those
governed by equations of the following type:

&(t) = Az(t) + Bw(t)
Y : < y(t) = Cz(t) + Dw(t), (2.1.1)
z(0) =0,

where A € K"*", z(t) € K", w(t) € K™, and y(t) € KP for all admissible ¢. The matrices
A, B,C, D are the system-matrices for the system ¥, but we will sometimes say that the matrix-
tuple (A, B, C, D) itself is a system, in which case we write ¥ = (A, B, C, D).

The above representation is often called a state-space model, or internal description, of
a dynamical system since we can solve for the state z(t). Apart from this representation, we will
also consider the transfer-function model which is a so-called an external description of the
system since it reveals nothing about the state of the system. This description is given by the
so-called transfer function. Transfer functions of systems governed by equations like Equation
2.1.1 are given by matrix-valued rational functions of the following form:

W(s)=D+C(sI — A7 'B, sck.

13



To distinguish transfer functions of different dynamical systems 3 and ', we will denote them
by Wy, and Wx. We need this since different systems can have the same transfer function. Consider
the following example.

Example 1. Let T be non-singular. The systems ¥; = (A, B,C, D) and
Yo = (T7YAT, T71B,CT, D) have the same transfer function.

The act of going from one representation to another is of interest since control problems in
one might be easier to solve than in another. Going from internal to external involves a routine
calculation and the resulting representation is unique. Going from external to internal, however,
is highly nontrivial since many different systems share the same transfer function and there isn’t
really a “one true way” to go about it. This problem, going from external to internal, is what is
usually referred to as realization.

2.1.2 Realization of Transfer Functions

The problem of realization can be stated in the following way: if W is a matrix-valued rational
function, does there exist a system X = (A, B,C, D) for which Wy, = W? The answer to the
proposed question is unsurprisingly: it depends on W. If it does exist we say that W is realizable,
that ¥ realizes W and that Wy (or X) is a realization of W.

Now one would naturally ask: what property must W have for it to be realizable? The answer
to this question is given by the following result.

Proposition 2.1.1. The matrix-valued rational function W is realizable if and only if it is proper,
that is, the (entry-wise) limit

W(o0) = lim W(s)
exists and is finite. In other words, W with values in KP*™ is realizable if and only if W (oc0) € KP*™.
Proof. [BGRS88, Chapter 2.4]. O

Remark 2.1.2. Note for each K € {R,C} that K = C.

Remark 2.1.3. What the above theorem really says is that a matrix-valued rational function is a
transfer function of some system if and only if it is proper. To be brief, we will say that W is a
transfer function if (and only if) it is proper.

Example 2. In the case of scalar-valued rational functions, properness is equivalent to the de-
gree of the numerator-polynomial of the rational function being no greater than the degree of the
denominator-polynomial. Thus, all rational functions f = p/q where degq > degp are transfer
functions.

Suppose now that we want to find a realization for W, which is a proper matrix-valued rational
function with values in KP*™. By the above result, we at least know that there is a (currently
unknown) system ¥ = (A, B, C, D) such that

W(s)=Ws(s)=D+C(sI — A)~'B.

A well-known fact is that C(sI — A)~!B is strictly proper, meaning C(sI — A)"'B — 0 as
|s| — oo. This is because

_ Cadj(sI — A)B

C(sI—A)'B=—"—""_""

(s ) det(sl — A)
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where the entries of Cadj(s] — A)B are polynomial of degree at most degdet(s] — A) — 1. A
consequence of this is that
D =W ().

Hence, we only need to determine matrices A, B,C to find a realization of W since D can be
calculated by taking a limit. Furthermore, D is unique since if I' = (A’, B’, C’, D’) also realizes W,
then it must hold that

D' = Wr(o0) = W(oo) = Wg(oo) = D.

Using Proposition A.1.1, we have that
W(s)=D+C(sI—A)'B=D+Cs (I -s'4)7'B,

which for |s| > ||A||F, means that

W(s)=D+Cs™* (Z s"“Ak> B
k=0
=D+ s*NCA*B)=D+)» s (CA'B).
k=0 i=1

Since W is proper, we may compare the above expansion to the entry-wise Laurent-expansion of
W around infinity, given by

o0
W(s)=D+ Z 57" A;, |s| sufficiently large,

i=1
where Aj, Ag, As, ... € KP*™ are called Markov parameters of W, and the sequence A = {A4;}5°,
of Markov parameters is called the Markov sequence of W.

Since the Laurent expansion is unique with respect to where we expand, we have for sufficiently
large |s| that 4
A;=CA"'B, forallieZ".

This gives us another characterization of realization which is purely matrix-algebraic. In this
characterization, the problem boils down to factoring a sequence of matrices in a certain way. This

problem of matrix-factorization is also known as “the realization problem”. We therefore state it
below as such.

Problem 1 (Realization). Given a Markov sequence A = {A4;}52; of p x m matrices over the field
K, find n € Z* and matrices A € K®*", B € K®™*™ C € KPX" such that

A;=CATIB, forallieZ™ .

One would naturally ask the following question: if (A, B, C) solves Problem 1 for the Markov
sequence of a transfer function W, is it really the case that

W =Wy

everywhere on the complex plane? Above we see for a sufficiently large L that the triple will for
|s| > L > ||A||r satisfy
W(s)=W(co)+ Y s 'A=W(o0)+ ) s (CAT'B)=W(c0)+C(s] — A)'B,

i=1 i=1
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but does not mention what happens for |s| < L. The answer is that the matrix-valued functions will
also coincide there. To prove this, we use the uniqueness property of direct analytic continuations
on each of the entries of the matrix-valued rational functions W and Ws;.

Let f and g be the (7, j)th entry of W and Wy, respectively, and assume that they are irreducible,
i.e., pole-zero cancellation has already been made. Let Ly > L be a constant such that the domain

Dy Z:{S€C3|S|>L0}
has no poles of either f and g, and consider also the domain
Dy :=C\ {poles of f or g}.

We have that f = g on Dy. Thus, f is a direct analytic continuation of g to D;. Similarly, g is
a direct analytic continuation of f to Di;. By uniqueness, we have that f = g on D;. Now we
consider the following, if g has a pole at z of order k, and f is not analytic at z, then f also must
have a pole at z since it is an irreducible rational function. If f does not have a pole at z, then f is
analytic at z, since, again, f is an irreducible rational function. Thus, for a sufficiently small € > 0,
we have that
g(s) = (s —2)7"h(s) for0<|s—z| <e

where h is analytic at z with h(z) # 0. Choose now 0 < ¢y < € such that any s satisfying
0 <|s—z| <epalso is in D;. We have then that

(s —2)Fh(s) = f(s) for0<|s—z| < eo.

In particular, we have that h(z) = (s — 2)* f(s). The right-hand-side is analytic at z, and thus is
the unique direct analytic continuation of h to {s € C : |s — z| < ¢y}. We have from this though
that h(z) = 0, which is contradictory, since we assumed that h(z) # 0. Thus, either g has no pole
in z or f is not analytic at z. Similar argument on the poles of f yield that the poles of the rational
function coincide, meaning f = g on C.

2.2 Realization Theory for Linear, Time-invariant Systems

2.2.1 Existence of Realizations

A Markov sequence A of p x m matrices over K is realizable if there are matrices A, B, C that solve
Problem 1 for A. The triple ¥ = (A, B, C) is said to be a realization of A. Note here the distinction
between realizations of transfer functions and realizations of Markov sequences. The latter is only
a matrix-triple but the former is a matrix 4-tuple. Despite this, we will use the symbol ¥ for both
types of realization. In this section, we refer to realizations of Markov parameters as “realizations”.

Determining if a sequence has a realization boils down to studying the rank of the sequence.
The rank of a sequence A C KP*™ is defined by

rank A := sup rank H;(A)

s,teZt
where M, ¢(A) is the (s,t)th block-Hankel matrix of the sequence A, given by
Al A2 . At
A Az A Kpsxmt
As Aerl o -As+t71



When the sequence is scalar-valued, its is instead just called the (s,¢)th Hankel matrix of A. In
general, Hankel matrices are defined by having constant anti-diagonals.

Theorem 28 in [Son98, Chapter 6.5] states that a sequence is realizable if and only if its rank
is finite. The calculation of the rank of a generic sequence is no trivial task, and thus determining
realizability of any chosen sequence of p x m matrices is not easy in general. Not only is it difficult to
determine realizability via the above criterion, it also doesn’t reveal anything about how to obtain a
realization. Therefore, one may want to characterize realizability in another way, like the following.

Theorem 2.2.1. A Markov sequence A is realizable if and only if it is recursive, i.e., if there is
a positive integer n and scalars oy, as..., o, € K such that

An—i—k—i—l - anAn+k + an—lAn+k—1 + -+ alAk+l

for all k > 0. We say in this case that A is recursive for (aq,..., ).

Proof. Suppose (A, B, C) realizes A. By the Cayley-Hamilton Theorem, we have that
A" =, AV f o, AT o]
where the coefficients come from
xa(s) =det(s] — A) = s" —aps" ' — - — .

By left-multiplication of CA**2, where k € N is arbitrary, and right-multiplication by B, we get
from the above equality that

Aptit1 = 0 Apti + o1 Apgi—1 + - + a1 Agya,

meaning that A is recursive.

Suppose now instead that A is recursive for (aq,...,a,). We set A to be the matrix
o I, 0 - 0
o o0 I, - 0
. c Knpxnp’

0 0 0 0 I,
al, ool, aszl, ... ol

and denote Hpyrn(A) with the first k£ block-rows, i.e., first kp rows, removed by H§+,€)n(¢4). Note
for k =0 that H~ +k.n(A) =Hpnn(A). Simple but tedious calculations show that

AHfLJrk,n (-A) = Hﬁi}c-s-l,n(A)v

and by induction, that
A*H,, o (A) = HE L, L (A) forall k € N.
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Thus, we have that

I,
0
Av=(I, 0 0 0) A" 'H,, . (A) | O
0
Ay
As
=(, 0 0 0) AF 1| As
An
Setting
Ay
Ay
C=(I, 0 0 -~ 0) and B= |43 [
An
we have found a realization for A, given by (A, B, C). O

The constructed realization in the proof above is called the observability-form realization of
A since it can be shown to be “observable”.

Definition 2.2.2. A pair of matrices (A, C) where A € K"*" and C € KP*" is observable if its
observability matrix

C
CA
O(4,C) =
CAn!
is full-rank.
An alternative realization for a Markov sequence A which is recursive for (aq,...,a;,) is the
so-called controllability-form realization, given by (F, G, H) where
0 o --- 0 oil,
I, 0 -+ 0 «ly
F = 0 Im te 0 Oégfm
0 0 - I, aply
I,
0
H=]|0
0
G = (A1 Ay Az - .An).

18



Unsurprisingly, its name comes from the fact that it is “controllable”.

Definition 2.2.3. A pair of matrices (A4, B) where A € K**"™ and B € K"*™ is controllable if
its controllability matrix

R(A,B) = (B AB ... A”le)
is full-rank.

One thing to note is that determining a recursive relation for a sequence is also not trivial in
general. But what the above characterization gives us is a clear way to realize our sequence provided
we know it is recursive.

2.2.2 Minimal Realizations

As in Example 1, we see that realizations are not unique. We can for a recursive sequence construct
both its observability-form and controllability-form realizations, which are different. It is then
natural to ask how we choose a realization among these. One way to think about this is practically.
We want a model for our dynamical system that is as simple as possible while also, obviously, having
the exact same input-output behavior we have witnessed. The simplicity (or rather, complexity)
of a realization ¥ = (4, B, C) is usually measured by its dimension, dim ¥, which is given by the
number of columns of the matrix A.

Thus, searching for a realization that is “as simple as possible” is equivalent to constructing
a realization which has smallest dimension among all possible realizations, a so-called minimal
realization. The minimal possible dimension a realization of a finite-rank Markov sequence is the
rank of the sequence, according to Theorem 27 combined with Theorem 28 in [Son98, Chapter 6.5].

Minimality of a realization 3 = (A, B, C) is, by Theorem 27 in [Son98, Chapter 6.5], equivalent
to the condition of (A, B, (') being canonical, i.e., (A4, B) is controllable and (A, C) is observable.
To obtain a minimal realization of a Markov sequence, one can simply construct the observability-
form realization and perform so-called Kalman decomposition (see Lemma 6.5.1 in [Son98, Chapter
6.5]) to obtain a canonical triple that realizes the Markov sequence. Alternatively, one can con-
struct the controllability-form realization and then perform Kalman decomposition. The Kalman
decomposition can be seen as performing two other decompositions in succession, the so-called
controllability-and-observability decompositions (see Lemmas 3.3.3 in [Son98, Chapter 3.3] and the
discussion on p.272 in [Son98, Chapter 6.2]). See example below.

Example 3 (Observability-form + Controllability Decomposition). Suppose our Markov sequence
is A = N. This sequence is realizable since n = (n — 1) + (n — 2) — (n — 3) for all naturals n > 3,
meaning (by shift of indices) that

Apya = Ak + Agyo — Agy1, forall k €N,

where A4; = 0, 43 = 1, A3 = 2. The observability-form realization of A is given by

0 1 0 0
A=[o0 o 1],B=(1],c=(1 0 0.
-1 1 1 2

19



Note that
R(A,B) = (B AB A2B)

I
o~ O

1
2
3

=W N

which is does not have full-rank, meaning (A, B) is not controllable. By utilizing the
ControllableDecomposition-function in Wolfram Mathematica v14.3, we find a decomposition of
(A, B, C) which is controllable,

F(_lg (1)>,G<_\/\g§),H(\}§

o - ()= (% %)

which has full rank, implying that (F,H) is observable. The realization (F,G,H) is therefore
canonical, and thus also minimal.

Sl
w
N———

We further note that

S-S

2.2.3 Uniqueness of Realizations

In the previous section, we saw mentioned two similar methods for finding a minimal realization
for a finite-rank Markov sequence. The methods do not necessarily produce the same realization.
So one would naturally ask if there is a way all minimal realizations. The answer to this question
is given by Theorem 27 in [Son98, Chapter 6.5], which states that that all minimal realizations are
similar, i.e., that for any two minimal realizations ¥; = (A, B,C) and ¥y = (F,G, H) there is a
non-singular matrix 7', which we will call a similarity transformation, such that

F=T71AT,
G=T"'B,
H=CT.

Thus, if we obtain one minimal realization we obtain all of them, via the parameterization

P, (T) = (T *AT, T~*B,CT), T non-singular.

This similarity property can be used to prove a result which is used to derive a class of more
direct minimal realization methods. Before presenting and proving the result, we need the following
lemmas.

Lemma 2.2.4. A triple ¥ = (A, B, C) realizes a Markov sequence A = {A;}52, if and only if
Hs1(A) = Os(A, C)R(A, B)
for all s,t € Z*, where

C
CA
Os(A,C'):: . ,Rt(A,B)::(B AB .- At_lB),

CA:S—I
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are so-called the s—observability matrix of (A, C) and the t—controllability matrix of (A, B), re-
spectively. In particular, if n = dim 3, then

Hipn(A) = O(A,C)R(A, B).
Proof. [Son98, Chapter 6.5]. O

Lemma 2.2.5. If ¥ = (A, B,C) is a canonical realization of the Markov sequence A = {A4;}5°,,
then
rank H, ,(A) = dim X,

for all integers s,t > dim . In particular, if n = dim ¥ is the rank of A, then rank #H,, ,,(A) = n.
Proof. [Son98, Chapter 6.5]. O
We now present the result.

Theorem 2.2.6. Let A be a Markov sequence of rank n < oo. If matrices N € K"*" and
M € K™"*™™ qre such that

Hpn(A)=NM and rank N =rank M =n,
then
1. there are matrices A € K"*" B € K"*™ and C € KP*" such that
O(A,C)=N and R(A,B)=M,
2. and the matrices A, B,C, given by
A=N""H,  (AME,

B=N"",,(A) (I()”) :
C=(I, 0)Hyn(AME,

where N=L and M~ are left-and-right pseudo-inverses of N and M respectively, form a minimal
realization of A.

Proof. To prove the first statement, note that N M is a full-rank factorization of H,, ,,(A) by Lemma
2.2.5. Let now (F,G, H) be a minimal realization of A. We then get another full-rank factorization

Hon(A) = O(F, H)R(F, G),
by Lemma 2.2.4. By Proposition A.1.4, there is a similarity matrix S € GL, (K) such that
O(F,H)=NS and R(F,G)=S""'M.
Thus, we have that

HS™!
HFS!
N=0O(F,H)S ' = . :
HFnilsfl
M = SR(F,G) = (SG SFG --- SF"7'G).
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The matrices given by

A=SFS™1 e KM,
B = 5G € K™,
C=HS!eKkrxn,

satisfies the first statement. In addition, since (F, G, H) minimally realizes A, (4, B, C) will as well
since it is similar to (F, G, H), meaning

CA* B =HS YSFS™H)15G = HF*'G = A}, foric ZT.

We now prove that A, B,C' can we written in a certain way. Since B is in the first m columns of

M, we have that
_ [m _ —L Im _ —L Im
B—M<O>_N NM(O)_N Hn,n(A)<0>7

since N~F is well-defined by Proposition A.1.3. Similarly, since C is contained in the first p rows
of N, we get that
C=(Ip 0)Hpnn(AMF,

since MR is well-defined by Proposition A.1.3. We can get A by noting that
H711+1,n("4) = NAM.

Thus, we have that
A= N_LH711+1,TL(A)M_R’

as expected. O

A slight generalization of the above theorem can be used to prove a well-known construction
method of Ho & Kalman. The generalization is to instead use the matrix H, ;(A) where s, ¢t € Z™*
is large enough such that the rank of M ;(A) doesn’t increase.

The following is a special case of the method that can be proved from Theorem 2.2.6. The proof
is a direct application of the theorem and will therefore not be given here.

Corollary 1 (Special case of B. L. Ho). Let A be Markov sequence of rank n < co and P €
KpPxpn () € K™™>X™™ he non-singular such that

P’}-[”m(_A)Q = <I(;‘ g) e Kpnxmn.

Then (A4, B, C) defined as

is a minimal realization of A.
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2.3 The Partial Realization Problem

Suppose we do not have access to the entire Markov sequence, but instead only the first » > 0
terms. We would still like to know if there is a transfer function having these terms as its first r
Markov parameters, and how to construct it if it exists. This is what the partial realization problem
is all about.

Formally, we deal with finite sequences of Markov parameters which we call truncated Markov
sequences. We identify Markov sequences of » Markov parameters with points in (KP*™)" where
the parameters themselves are p X m matrices over K. In the case where p = m = 1, truncated
Markov sequences will be identified by column-vectors in K".

Continuing with the matrix-algebraic formulations, we present the partial realization problem
as a factorization problem.

Problem 2 (Partial Realization). Given a truncated Markov sequence
M = (My, Ms, ..., M,) of pxm matrices over the field K, find n € Z* and matrices A € K"*" B €
Knxm ' e KP*™ such that

M; =CA™'B, foralli=1,...,r

Like solutions to Problem 1, we say that a triple ¥ = (A, B,C) is a realization of truncated
Markov sequence M = (Mjy, ..., M,) € (KP*™)" and that it realizes M, if M; = CA*"1B holds
for all i = 1,...,7. The definitions and notation of the concepts of dimension and canonicity of a
realization remain the same.

To distinguish between realizations of Markov sequences and realizations of truncated Markov
sequences, we sometimes may call the latter partial realizations.

2.3.1 Existence of Partial Realizations

Unlike realizations of (infinite) Markov sequences, realizations of truncated Markov sequences al-
ways exist. To show this, we embed our finite sequence in a realizable Markov sequence. In this
way, we can utilize the solution methods for realization to solve the partial realization problem.
Consider the following example.

Example 4. Let M = (My,...,M,) € (KP*™)" be a finite sequence. Since we do not care what
any realization of M will give after the rth Markov parameter, we can extend M with a countable
number of zero-matrices from KP*™. Suppose M’ = {M’'}22, is that sequence. Then we have for
all k € N that

0=Mrip1 = Mo +ar Mg+ oM

fora; =as=--=a, =0and M}, = M, fori =1,...,r. Thus, we can construct the observability-
form realization of M’ which is a partial realization of M.

2.3.2 Minimal Partial Realizations

We have seen previously that minimality of a realization X is equivalent to it being canonical. This
does not in general hold for partial realizations. We can therefore not reliably determine minimality
by checking observability and controllability. This is demonstrated in the following example.
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Example 5. Consider the truncated Markov sequence M = (1,1,2)T. It can be realized by

010 1
A=(o0 o 1|,B=[1],c=(1 0 0.
00 0 2

This is a canonical realization since both

R(A,B) = ,and O(A4,C) =13

N = =
O N =
O O N

have full rank. But the triple (F, G, H) where

F:G’ }),G:G),H:(l 0)

also realizes M and has a dimension lower than 3.

Remark 2.3.1. What is true, though, is that every minimal realization of a truncated Markov
sequence is canonical, since otherwise we could decompose it via Kalman to a realization of smaller
dimension, contradicting minimality.

2.3.3 Uniqueness of Partial Realizations

The similarity property among minimal realizations does not in general hold for minimal partial
realizations. This means that we cannot parameterize all minimal partial realizations via a mapping

Ps(T) = (T AT, T 'B,CT), T non-singular
for an arbitrary minimal partial realization ¥ = (A, B, ). As an example, consider the following.

Example 6. Consider again the truncated Markov sequence M = (1,1,2)". We have seen that a
realization of this sequence is

F((l) D,GG),H(I 0).
F’(? 42),G’((1)>,H’(1 1).

There is no realization of M of smaller dimension that 2. To see this, we assume the contrary.
Thus, by the definition of dimension of a system, we must have a realization of dimension no lower
that 1, i.e., there exists A € K, B € K and C' € K such that

Another one is given by

CB=1, CAB=1, CA’B=2.

Note from the first two equations that we have A = 1, but then CA?’B = CB =1 # 2, s0 a
realization of dimension 1 cannot exist for M. This implies that (F,G,H) and (F',G’,H’) are
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minimal realizations of M. Furthermore, they are not similar, i.e., there is no T € GL3(K) such
that (F',G',H') = (T7'FT,T~'G, HT). We show this now.
If there were a T' € GLo(K) such that (F',G',H') = (I"'FT, TG, HT). Then, clearly,

det F' = det(T"'FT) = det F.
By calculation, we find that det F = —1 # —4 = det F’. Hence the triples cannot be similar.

Another consequence of the non-similarity is that we cannot use Theorem 2.2.6 or Ho’s algorithm
in the way it was previously stated since the proof assumed similarity, as well as knowledge of the
rank of a sequence, which is not applicable for finite sequences. To remedy this, we present the
following.

Proposition 2.3.2. If M = (Mj,..., M) € (KP*™)?" is a finite sequence of matrices for which
rank H, (M) = rank H, 11 (M) = rank H, .11 (M) =1,
then there is a unique Markov sequence M’ of rank r with the first 2r Markov parameters being
My, M, ..., Myy_1, Mo,
Proof. [Son98, Chapter 6.6]. O

The above result can, as in the case of the extension of a finite sequence by zeros, be seen as
embedding the truncated Markov sequence in a realizable Markov sequence. The knowledge of the
rank of the above Markov sequence is what allows us to construct a partial realization of our finite
sequence by applying Ho’s algorithm on the embedded Markov sequence.
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Chapter 3

Interpolation and Minimal
Realization

The finite nature of the partial realization problem makes it more difficult to construct minimal
realizations but it also makes it easier for us to interpret and reformulate the problem in order to
solve it. In this chapter, we will study one of these re-interpretations, as well as answer the question
of how to find minimal realizations of truncated Markov sequences.

In the sequel, we build towards the treatment of partial realization as a problem of interpolation
by scalar-valued transfer functions. After that, we solve the minimal partial realization problem,
and show under what conditions the solutions are essentially unique.

3.1 Interpolation by Transfer Functions

In this section, we confine ourselves to the single-input, single-output (SISO) case of the partial
realization problem in which our truncated Markov sequence is scalar. Furthermore, we assume
that K = C. In this case, we can reformulate the problem to one of interpolation, and solve it by
methods of so-called residue interpolation.

Systems which have scalar Markov parameters have scalar-valued transfer functions, and are
called SISO-systems. An equivalent characterization for SISO-systems is that X is SISO if the
matrices B,C are column-and-row vectors, respectively, and D is scalar. To distinguish SISO-
systems from other systems, we will for the most part use lower-case letters for the matrices B, C, D.

3.1.1 Scalar-valued Transfer Functions

We have previously defined what a transfer function of a system is. In this section, we go a bit
deeper and prove some properties concerning scalar-valued transfer functions. Certain properties
discussed here are used to motivate the reformulation of the problem to one of interpolation.

Definition 3.1.1. The McMillan-degree of a scalar-valued transfer function f = pg~!, where

p,q € C[s] are co-prime, is the degree of . We denote it by deg,, f to distinguish it from the degree
of a polynomial, denoted by deg(-).

Remark 3.1.2. To make it easy for us, we only consider scalar-valued transfer functions that are
non-constant.
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The McMillan degree of a transfer function does not change if a scalar is added to the function.
This is crucial for understanding that strictly proper and non-strictly proper transfer functions have
the same complexity in terms of their McMillan degrees. Thus, we can chose to only study the
properties of McMillan degree for strictly proper transfer functions.

Proposition 3.1.3. If p, q € C[s] are co-prime, then so are dg + p and ¢ for every d € C.

Proof. Let r = dq + p. Clearly, 1 divides both ¢ and r. Let ¢ be a divisor for both ¢ and r. Then
it must divide p = r — dg, meaning that ¢ divides ged(p, q) = 1. Thus, ged(r,q) = 1. O

1

Corollary 2. if f = pg~! is a scalar-valued transfer function where p,q € Cl[s] are co-prime, then

for every d € C,
1. g =d+ f is a transfer function, and

2. degy,(f) = degy,(9)-

Proof. Since f is proper, then so is g, which is equivalent to g being a transfer function by Propo-
sition 2.1.1 and its remark. Furthermore, g = d + pg~! = (dg + p)g~*. Since dg + p and ¢ are
co-prime by Proposition 3.1.3, we have that

degy; f = degy (pg™"!) = degq = degy,((dg + p)g~") = degp (d+pg~") = degy; 9.
O

The following theorem gives a transfer-function description for what it means for a triple to be
canonical.

Theorem 3.1.4. Let f be a strictly proper transfer function with realization (A, b, c,0). The triple
(A, b, ¢) is canonical if and only if cadj(sI — A)b and det(sI — A) are co-prime.

Proof. Suppose f is realized by a non-canonical triple (A, b, ¢) together with d = 0. Then there is
a canonical triple (F, g, h) that , with d = 0, realizes f, i.e.,

cadj(sI — A)b _ hadj(s] — F)g

det(sI —A)  det(s] — F)

fs) =

Since degdet(sI — F) < degdet(sl — A), cadj(sI — A)b and det(sI — A) cannot be co-prime.
Suppose now instead that f is realized by (A4, b, ¢,0) where cadj(sI — A)b and det(sI — A) are not
co-prime. Then, by cancellation of common zeros, we have that

cadj(sI — A)b  p(s)

T6) = Get(sT=4) ~ a5)”

with degp < deg cadj(sI — A)b, deg g < degdet(sI — A) and p, g co-prime. Let p and ¢ be given by

q(s) = qo + qos + q28* + -+ + qms™
p(s) =po+pis+pas” + -+ pus” +0- " 4405
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where m = degq and n = degp. For simplicity’s sake, we assume ¢,, = 1. Note that n < m since
f is strictly proper. In [nd], the triple (A", ¥/, ¢’) together with d = 0, given by

0 1 0 e 0
0 0 1 x 0
Al = : : : N S
0 0 0 0 1
—qm-1 —qm-2 —Ggm-3 -  —qo
0
0

b/: 0 E(CmXI

1
c/: (po pl oo pn O PP 0) GCIXm.

is said to form a realization for f, which means that (A,b,¢) cannot be minimal and thus, not
canonical. We show now that this is indeed the case. Note firstly that det(sl — A’) = ¢(s) by
Proposition A.1.5. Thus, if we show that c’adj(s] — A’)d’ = p(s), we will be done since it follows
directly that f(s) = ¢/(sI — A’)~!b'. We have that

s -1 0 0
0 s -1 .- 0
(sI-A)=| : : : : e cmxm,
0 0 0 s -1
gm—1 Gm-2 Gm-3 " S+Q

and since adj(sI — A")b gives the last column of the transpose of the co-factor matrix of A’, we
have that

Cm1
Ny Cm2
adj(sI — A" = |
Cmm
where (Cm1,Cm2,--->Cmm) | is the last row of the co-factor matrix of (sI — A’). The first three
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entries are given by

e I A

o= (D" = )y =,

tmg = (<)L= ()R =

00 s -1
and by calculation of the rest, we see that we can express the co-factors as

i—1

Cim=s—, 1<t1<m.
Thus, we have that
1
s
2
adj(sI — AW =] % ,
o
meaning
T
Po
P
: 2
cadj(sI — AV = | pa | =po+pis+p2s®+--pps”
0 :
N R
0

Remark 3.1.5. The above constructed realization is sometimes called the standard reachable

realization of f.

An immediate consequence is the following.

Corollary 3. If (A,b,c) is canonical and f(s) = ¢(sI — A)~1b then the McMillan-degree of f is
given by the number of eigenvalues of A, counting multiplicities. Equivalently deg,, f is given by

the number of columns of A.
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Proof. Since (A, b, c) is canonical, we know that the numerator, cadj(sI — A)b, of f and the denom-
inator, det(sI — A), are co-prime by Theorem 3.1.4. Thus, deg,, f = degdet(sI — A). O

What the above two results hints at is that the dimension of a canonical system is exactly the
McMillan degree of its transfer function. We state it without proof as a corollary.

Corollary 4. The minimal dimension of a realization of a scalar-valued transfer function f is
degyy f-

We now want to study what happens to the McMillan-degree of f = p/q if we first compose it
with s — s~1. To be precise, we ask if the McMillan-degree of g = f o (-)~! is ever the same as the
McMillan-degree of f. The following lemma says that it is, under certain conditions.

Lemma 3.1.6. If p, g € C[s] satisfy the following:
1. p,q are non-zero and co-prime,
2. degq > degp,
3. q(0) #0,

then a,b € C[s] defined by

with n = deggq, are co-prime.

Proof. Since p, g are co-prime, they share no roots. The non-zero roots of a and b are the reciprocals
of the roots of p,q. So a and b cannot have any non-zero roots in common. If p has 0 as a root,
then a will still have that zero, but b cannot have a zero root. Thus, a and b must be co-prime. [

The above lemma can be used to prove under the same conditions that f and g = fo(-)~! have
the same McMillan degree.

Theorem 3.1.7. If f is a proper rational function with no pole in s = 0, then g = fo (-)~! is also
proper. Furthermore, deg,,; f = deg,, g.

Proof. Since f # 0 is proper, we have that

m

£(s) = Po+pis+ - -DPmsS
qo+qs+-+qus”  q(s)

where gy # 0 and m < n since f is proper and has no pole in s = 0. Thus, we see that

—m

gls) = flsh) = RERLE b P
qo+q "+t gnsT"

_potpisTt 4 pmsT™ s”

ot s S"

n—m

S'VL

ags™ + a1s" L4 ams
bos™ + b18n71 + -+ b,

)
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meaning g is proper. If the numerator and denominator of f, as represented above, are co-prime,
then so are the denominator and numerator of g by Lemma 3.1.6. This is because

5 = Po +pisTh4pnsT™ s" s"p(sTh)

Qo+ + At gus sm stq(sTl)’

q(0) = qo # 0 and degq = n > m = degp. Thus, we have that deg,, f = deg,, g. O

We now want to know the following: If (A, b, ¢, d) realizes f. Then what will realize g = fo(-)~1?
The following gives a realization that works for points far away from the origin.

Proposition 3.1.8. If f is a transfer function with realization
f(s) =d+c(sI —A)~ b,
and 0 ¢ o(A), then g = fo (-)~! is given by
g(s) =d—cA™ b —cA™2(sT — A7) b,
for all s such that |s| > [[A7!||F.

Proof. Since 0 is not an eigenvalue of A, A has a trivial nullspace, meaning it is non-singular. Thus,
via Proposition A.1.1, the following computation works.

g(s) = f(s~1) = d+ e(s~1T — A)1b
=d+cs(I—sA)'b

=d—cAls(sI—AH
=d—cA! (sZAi Zl) b
=0
=d—cA™! (Z A‘is_l> b
=0
=d—cA™ (I +)° A_is_1> b
i=1

=d—cA b —cAT2(sI — A7H) 7M.
O

The above result will be an important component for the method of realization we will later
discuss. With it we get a realization of g for |s| > ||[A~!||r. For our purposes, we we only need
to know how the function looks for large |s|, so the fact that we don’t have a realization for g for
|s| < ||JA7Y||F is not a problem. Although, there is something to be said about it, but we leave that
for to the reader to figure out.
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3.1.2 Residues of the Resolvent Matrix

We intend to reformulate the partial realization problem as a problem of transfer-function inter-
polation. This formulation involves residues of matrix-valued functions, so we need to define what
it means to integrate such functions in general and how to compute the integral for two special
matrix-valued functions in particular.

Definition 3.1.9. By a (complex) matrix-valued function we mean a function F': D — CP*™,
where D C C. We say that F' is integrable along a contour v C D if all of its entries are integrable

along v and define
/F(s)ds = (/ Fz(s)ds> .
v v 1<i<p,1<j<m

In other words, the integral of F' is defined entry-wise.

Definition 3.1.10. Let A € C*"*™. The resolvent of A is the matrix-valued function

Rale) = (51 = A) 1 = TR

The resolvent of a matrix is an important part of the interpolation formulation we are building
towards. This is because they specify where the points we want to interpolate between are, and
how the interpolation conditions look in general. Thus, we need to know how integration of it looks.
See below example.

Example 7. We now consider for a matrix A € C™*" its resolvent

Ra(s) = (sI — A)~' = m.

The entries of adj(sI — A) are polynomials, which are holomorphic, so for a simple contour ~ that
encloses no eigenvalues of A we have

[/RA(S)dS =0,

by applying Cauchy’s Theorem entry-wise. If, however, 7 does enclose an eigenvalue, and lets for
simplicity’s sake assume it encloses all of o(A), then we need to analyze further.
Suppose J = T~'AT is given in Jordan-normal form. We have that
Ry(s)=(sI —J) ' = (T 'T =T 'AT) ™ = T"'Ra(s)T.
If A has p < n distinct eigenvalues, we can write J in the form
J1
Jo
Ip

where J; is the n; x n; Jordan-block of the ith eigenvalue of A, provided some ordering of the p
eigenvalues have been made. Note that n; +ny +--- +n, =n.
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We now explicitly calculate what R; is. We have that

Jl 8I1 - Jl
) Jo sly — Jy
(Ry(s))™ = s — § -

Iy sI, — J,

where I; is the n; x n; identity, for each i < p. By multiplication of block-matrices, it can be then
shown that
(SIl — Jl)il
(812 — J2)71
Ry(s) =

Now let A;, where i < p, be an eigenvalue A. We have that
Ry (s) = (sI = (M + Ny)™h = ((s = NI = N;) ™1,

where J; denotes the Jordan-block in J associated with A;, and N; is the n; X n; matrix with 1’s
on the super-diagonal and 0 everywhere else. For |s — A;| > ||N;||r, we have by Proposition A.1.1
that

Ry(s) =Y (s =A)*INF =3 (s = M) FINT,

k=0 k=0

where n; is the multiplicity of A;, since IV; is nil-potent with index n;. Note that the right-hand-side
is a finite sum, and so the series converges for all s — \;, meaning the condition “|s — A\;| > ||V;||¢”
is redundant.

Thus, if ¢ is a simple contour enclosing A;, we have that

/{RJi(s)ds _ /i(s ) EINRds

S k=0

3 1 k 1 _
- kz:;) </ (s—AWdS) e = (/ (S_Ai)o+1d8> I, = 2mil;,

We have therefore on a contour v enclosing o(A) that

L Ra(s)ds = T ( L RJ(s)ds> 7!

f,Y(SIl — Jl)ilds
fv(SIQ — Jg)_lds

f'y(SIp - Jp)_lds
=T2mil)T" = 2nil.

With the above computation, we can consider the integral of a little more intricate matrix-valued
rational function. The following example will be used later on.
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Example 8. Let A € C"*™, B € C™*™ and M € C"*™. We now want to compute
/RA(S)MRB(s)ds,
2l
where v is a simple contour enclosing o(A) U o(B). To do so, we consider the block-matrix
A 0
K= ( 4 B) .
we have that

_q sI — A 0 ! sI— A)~1 0
Ric(s) = (sI = K)™ = ( —M sI—B) = ((sI—/g)lM(iI—B)l (sI—B)l)’

by Proposition A.1.6. The spectrum of K is exactly o(A)Uc(B), which can be seen from Proposition
A.1.7, because
det(sI — K) = det(sI — A)det(sI — B).

So, if v is a simple contour that encloses o(A) U o(B), we have by Example 7 that

1 fy(s]—A)_lds 0 _
L(SI_K) ds = (fw(sI—A)lM(sI— B)~lds [, (sI - B)lds) = 2mil,

meaning that
/(s[ —A)"'M(sI — B)"'ds = 0.
y

3.1.3 Residue Interpolation

In this section, we introduce a special case of the results on the interpolation by transfer functions
that are treated in [GM10]. Namely, the formulations for the SISO-case. But before that, we
present a more general problem of rational interpolation.

By a (two-sided) residue interpolation problem we mean a problem where we for chosen
(data-)matrices Aj, Az, Wi, Wy, H want to find a matrix-valued function @ such that

i (SI — A1)71W1Q(8)W2(SI — Ag)ilds =H, (RI)

271 ~

where 7 is a contour enclosing o(A;) U o(Ag).
If either of the pairs (A1, W1) or (A, W1) aren’t specified, we have a one-sided residue interpo-
lation problem, which is to find @ satisfying

1
21

[{Q(S)WQ(SI —Ay) " 'ds = H, or % /(5] — AW Q(s)ds = H.

~

Residue interpolation problems can be viewed as a generalization of many types of interpolation
problems. Consider the following simple examples.
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Example 9 (Interpolation). Let @ be scalar-valued and that

Ay = diag(sy, s2,...,8,) € C™*"
Wo=(1 1 .-+ 1)eC™,
H=(hi hy -+ hy,)eC™,

then RI is equivalent to the following interpolation conditions:
Q(Si) = hi, 1= 1,...,71.
Example 10 (Right-tangential Interpolation). Let @ be scalar-valued and that

Ay = diag(sy, sa,...,8,) € C™*7
Wy = (w1 Wwo - wn) S (Clxn,
H = (h1 hy - hn) S (C1><n7

then RI is equivalent to the following tangential interpolation conditions:
Q(si)w; =h;y, i=1,...,n.

Example 11 (Single-point Hermite interpolation). Let @ be scalar-valued and that

s* 1
5*
A2 — s* 1 c (Cn><n7
S*
Wo=(1 0 - 0)eC™,
H = (h1 hy --- hn) S (Clxn,

then RI is equivalent to the following Hermite interpolation conditions:
QWU (s*)=hi, i=0,...,n—1.

We now present the SISO-case of the main theorem in [GMI0], retaining some of the more
general notation used in the formulation. Furthermore, the proof shown here works for the p x m-
case.

Theorem 3.1.11. Let
1. Q(s) = D+ C(sI — A)~'B be a scalar-valued transfer function where (A, B,C) is canonical,

2. Ay, Ay be square matrices in K™ *™ gnd K"2X"2 respectively, such that their spectra do not
intersect with the set of poles for @,

3. v be a simple contour that encloses o(Az) U o (Asz) but not any poles of Q,

4. Wi, Wy be matrices in K" *' and K'*™2 respectively,
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then for a given H € K" *"2 () satisfies

L_ /(SI — A1)71W1Q(8)W2(SI — .AQ)ildS = H,
5

273,
if and only if the solutions Y1,Ys to

- A1+ YV1A+W1C =0
AYs — Yo A5 + BWWs, =0

satisfy the condition
1Y, = H.

In this case, defining

Vi =Y1B+ WD e Km*!
Vy = CYs + DW, € K1*X"2,

we get that
(sI — A1)~ '(W1Q(s) — V1) = =Yi(sI — A)7'B,
(Q(s)Wo — Vo) (sI — Ax) ™' = —C(sI — A) Y.

Proof. Since (A, B, C) is canonical, we have that the set of poles for @ is exactly o(A). Furthermore,
the solutions Y7, Y5 for the Sylvester equations exist by Proposition A.1.8 and are unique since the
spectra of A; and A are disjoint with the spectrum of A. Using V5 = CY5 + DWs, we have that
[Q(s)Wa — Va](sI — As) ™" =
(D +C(sI — AT 'B)Wy — Va(sI — Ag) ™ =
[DWy — Vo](sI — Ag) ™t + C(sI — A) "' BWy(sI — As) 1.

Using BWy = —AYs + Yo Ao, we have get

[DWy — V] (sI — Ag) ™ 4+ C(sI — A) "L BWy(sI — Ag)~?
[DWy — Va](sI — Ag) ™t + C(sI — A) (=AY, + Yo o) (s] — Ag) ™t =
[DWy — Vo] (sI — Ag) ™! — C(sI — A)™'Ys + CYa(sI — Ag) L.

The last equality holds since (sI — A)~!(sI — A) = I and (sI — Az)(s] — Az)~! = I, meaning
(sT —A)PA=s(sI — A)7' =T and Ag(sI — Ap)~ ! = s(s] — Ap)~* — I
Since DWy — Vo = CY5, we have that

[DWy — Va|(sI — Ap) ™t — C(sI — A) ™YY, + CYa (sl — Ay) ™t =
—C(sI — A)7'Ys.
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A similar computatlon usmg WiC = A1Y71 —Y1Aand V;, =Y1B+ W1 D yields
(sI — A1) *(W1Q(s) — Vi) = =Yi(sI — A)~1B. Thus, we have

L o A WAQu (sl — A~ as =
;ri[y[(sf AD)TIW[Q(s)Wa — Vo] (s — Ag) '] ds =
—5 | LI = A)TIWC(sT — A)7Ya] ds

since we by Example 8 have that
1

377 ). [(sI — A1) 'WiVa(sI — As) '] ds = 0.

Using W1C = —A1Y; + Y1 A, we obtain

—i [(sI — A)7'WLC(sI — A)™'Ya] ds =

211 y

™

—;L (5T — A" (—ALY: + ViA) (s — A)'Ya] ds =

—i. [(sI — A)"'V1Ys — Yi(sI — A)"'Ya] ds.
2mi J,

We have by Example 7 that

/(sI A tds =1,
T

y
1

—/s] A lds=0

2 Y

since v does not enclose any eigenvalue of A. Hence,

1
5 [(sI — A)"™Ys = Yi(s] — A)"'Ya] ds = —V1Y2 = H.
i J,
For a proof of the other direction, we refer the reader to [GM10]. O

Remark 3.1.12. The matrices V; and V5 may seem unintuitive but for the case where A; and A,
do not share any eigenvalues with A, it just gives two more interpolation conditions:

_ 1 —1
i= o /71(51' A1) T W Q(s)ds
1
Vo = 5 Q(s)Wo(sI — Ap) " tds

2

where 7; are simple contours that enclose o(A;), i € {1,2}, but not any poles of Q. In practice, we
may also specify what V7 and V5 are since they can be used to construct interpolants.
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As a consequence of the above, we get the following results, giving a lower bound of the McMillan-
degree of proper (matrix-valued) rational functions that solve to RI and detailing how we can
construct rational functions ) that solve RI and have lowest possible McMillan-degree.

Corollary 5. If @ is realized by (A, B,C, D) and solves RI, then deg,; @ > rank H provided
(A1) Uo(Az) and o(A) are disjoint.

Proof. [GM10]. O

Corollary 6. Assume the same hypothesis as Theorem 3.1.11, that V1Y, = —H is a full-rank
factorization and that D € C is fixed. Then the rational functions @1 and @2, realized by ¥; =
(A1, B1,C1, D) and ¥y = (Ag, By, Cy, D) respectively, where

A=Y EAY - YR,

B, =Y (v —wWiD),

Cr = (Vo — DWy)Yy &,

and
Ay = YooYy ' — BiWLY, B
B, =Y (v, =W D),
Cy = (Vo — DWo)Y, 1)

solve RI. Furthermore, dim ¥; = dim ¥ = rank H.
Proof. From the equations
0=-A4Ys +V1A+ Wi C

Vi=Y1B+ WD,

Vo = CYs + DWy,
we have that

A=Y A Y Ewe

B =Y (Vi - WD)

C=Vo—DWy)Yy #

D =D,
realizes ). Similarly, the other equations combined with D = D give the other realization. We
have that the number of rows of A is given by the number of column of YQ_R, which is rank H since

Y5 is full row-rank. Thus, for ¥ = (A, B,C, D), we have that dim ¥ = rank H. Similar argument
gives the same dimension for the other realization. O

Remark 3.1.13. Note that the above triples (A1, B1,C1) and (As, Ba, C3) have to be canonical.
Otherwise, we could decompose them via Kalman to triples that together with D represent real-
izations of the same transfer functions but of smaller dimension than rank H, which is not possible
according to Corollary 5.
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3.1.4 Application to Partial Realization

In this section, we aim to use the developed tools of the previous ones to solve the partial realization
problem in the case where we have an odd number of Markov parameters. Partial realization can
be viewed as an interpolation problem at the point at infinity. Since our interpolation formulation
implicitly assumes that the points we interpolate between are finite, we want to perform some kind
of transformation on the problem to make it into one where we interpolate at a finite point on the
complex plane.

The idea is from [AMY91, Chapter 4.3.c] and is to do the following. For a Markov sequence
M = (My,Msy,...,Ms,_1)" and a chosen Mj, we construct a proper rational function f given by

f(s8) = Mg + Mys+ Mas® 4 - + Ma,_15" + O(s*"),

by solving a Hermite interpolation problem at s = 0. We then pre-compose the function with s —
s~1, which gives another proper rational function function g = fo(-)~! of with the same McMillan-
degree as f, by Theorem 3.1.7. The first 2r — 1 Markov parameters of g are My, M5 ..., Mo,._1,
and g(co) = My. By utilizing the transfer-function interpolation methods in [GM10], we can find
a realization for f, and thus also a “local” realization for g. This realization is a partial realization
of M.

To make this approach of partial realization concrete, we begin by specifying what data-matrices
we should use for the characterization and methods in [GM10].

Theorem 3.1.14 (Single-point Hermite interpolation). Let k € Z*
and Qo,Q1,Q2,-..,Qak—1 and sg be points on the complex plane. Any transfer function Q(s) =
d+ c(sI — A)~Yb with canonical (A,b,c) that satisfies Q(so) = Qo and RI for

S0
1 S0
Al = . . € (Cka7
1 So
1
0
Wy = . S (CkX1,
0
So 1
Ay = o e Chxk,
. .
S0
Wo=(1 0 --- 0)eC™,
H = Hk,k(Q)7
where @ = (Q1,Q2,...,Qar_1)", also satisfies the Hermite interpolation condition

QW (sg) =il Q;, foralli=0,1,...,2k—1.

Proof. We have that
-/42 = SOI + Na
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where N has super-diagonal with 1’s and other entries being 0. Thus,

Ra,(s) = Z;N?

k

Calculation shows that N7 is a non-zero matrix and has 1’s on the jth super-diagonal for j < k—1.
Thus, we have that

(s —s0)"t (s—s09)72 (s —s9)7F
Ra,(s) = (o)™ (ool
(s — s0)~"
Left-multiplication by W5 then gives
(s—s0)"t (s— so)j (s — SO);il
Walsl— As) = (1 0 - 0) (s — o) (8—5(:))
(s — 50)L.
= ((5750)71 (s—s0)"2 - (5750)7’“) .
In a similar fashion, we have that
(s — 80):; »
Ra = |[CT BT ,
(s —s9)7F (5—s9)7FH! (s —s0)7 !
meaning
(s — 80):;
(sI — A))~'Wy = (s ':SO)
(s — 59) "
We have therefore that
(s —s0)t (s —s0)7 ! T
(s —s0)72 (s —s0) 72
Ry (IW1Q(s)WaRoay(5) = Qs) | |
(s —s0)7" (s —s0)7"
(s —s9)72 (s —s9)73 (s —s0) 7kt
0 (s —s0)73 (s —s9)74 (s —s9)~ k2
(s— s('))_k_1 (s — so.)_k_2 (s —s0)72k
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Thus, by the Generalized Cauchy’s Integral Formula we get

L (SI — Al)ille(S)WQ(SI — Az)ilds =

27 J,
Q(s)(s—s0)72  Q(s)(s—s0)"% -+ Q(s)(s —s0) 7!
1 Q(s)(s—50)™%  Qs)(s—s0)™* -+ Q(s)(s —s0) "2 &
omi /7 : : 5T
Q(s)(s —s0) "1 Qs)(s —s0)F 7% - Q(s)(s —s0) %
oG  AQU0) e QW)
51Q'% (s0) 51Q" (s0) T aE@ (50)
%Q(é)(so) (kil)gQ(kH)(So) coe m@é%_l)(so)
By the hypothesis we have that
oG AQU) QW)
51Q' (s0) 51Q" (s0) @ (50) B
%QU’C)(SO) (kin!Q(kH)(sO) T (2k1; 1)!’Q(.2k_1)(50)
HT,T(Q) ==
Q1 Q2 - Qg
Q2 Q3 - Qr1
Qk Qk;tl o Qz;cq
so the interpolation condition is satisfied. O

Corollary 7. If Q(s) = d + c(sI — A)~'b # 0 satisfies the hypothesis of Theorem 3.1.14 for s = 0
and Qo, Q1,...,Q2—_1 € C, then R given by

R(s) =d—cA™'b— cA™%(sI — A71)™1b,

has its first 2r—1 Markov parameters being Q1, . .., Q2,—1. Furthermore, R(c0) = Qg and deg,; R =
deg,, Q.

Proof. Since @ satisfies the hypothesis of Theorem 3.1.14 for sg = 0, we have that
QW) =il-Q; foralli=0,1,...,2k— L.
Thus, we have that
Q(s) = Qo+ Q15+ Q25" + -+ + Qap—15™ 1 + O(s*),
meaning that

R(s)=Q(s") =Qo+Qus™ "+ Qas >+ -+ + Qap—1s "+ O(s7).
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For |s| > ||A7!||F, we by Proposition 3.1.8 that
R(s)=T(s):=d—cA™'b—cA™?(sI — A7) b,

Similarly, we have by Proposition A.1.1 that

0o 2k—1
T(s)=d—cA b+ Z sTR(—cATH) A=) = Z Qis™ "+ O(s72k),
i=1 i=0

for |s| > ||[A7!||F, meaning that Qo = d — cA~1b and that
(—cA™H(A DY =Qy, forallk=1,2,... 2k —1.
By Theorem 3.1.6, we have that deg,; R = deg,; @ since x4(0) # 0, @ is non-zero and proper. [J

Remark 3.1.15. To actually utilize the above result, we need to first construct a rational function
Q(5) = Qo + Q15 + Qor_15%* 71 4+ O(s?)). We may use either of the constructions presented in
Corollary 6. Note though that we need to specify what V7 and V5 are. An example that works is

Qo

(o
vi=| . lec™, v=v".

Qr—l
We refer the reader to [GM10] for the proof.

What we have uncovered above is that if (4, b, ¢, d) is a system with canonical (A, b, ¢) for which
the transfer function has My, My, ..., Ms,_1 as its first Maclaurin coefficients, then the system given
by (A", b0, c,d') = (A=Y, b, —cA=2,d — cA=1b) satisfies My = d — cA~'b and has My,..., My, _; as
its first 2r — 1 Markov parameters.

We end this section with an example that ties everything together and illustrates how the above
material can be used to construct partial realizations.

Example 12. We have the truncated Markov sequence M = (2,1,3)T which we want to realize.
In this case, we have that r = 2, and by setting

a0
1
=)

Wo=(1 0)
H = Ha o (M) = (f il,))

as well as specifying
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we can utilize Corollary 6 to construct a realization. We first need a full-rank factorization of —H.
Note that H, and thus —H, is non-singular, so what we want are two non-singular matrices whose
product is —H. One such pair is obtained by a LU-factorization of H, which is given below

U

—_—

1 0\ /2 1

H—(;1>Q 9'
——

L

Setting Y7 = —L and Y> = U, we have found a full-rank factorization —H = Y7Y5. Note that both
Y1 and Y5 are non-singular, so
YfL = Yfl = (11 01> )

By following the first construction in Corollary 6, we have a triple ;1 = (A, b, ¢) given by
c=WY, ' =(0

5)
b=Y 'V = (_02>

4
A=Y ALY - YW C = (0 52> .

1 =3
1
07

h=—cA?= (-1 -1),

We now define the triple X5 = (F, g,h) by

F:A1:<

NS NI

and show that this is a realization of M. We have that

h= (-5 -1 %) =2

o) (7)) =4 0 (2h)-s

>
Rl
Na)
|
1
N
|
—_
S—
7 N\
IN[S; SIEENNTS; ST
O =
N~
/|\
N (a]
~_
Il
T
N
—
SN—
/—l\
— [\
"
Il
\:—‘

are both full-rank.
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3.2 Minimal Partial Realizations

In this section we return back to the general case, where our Markov parameters are p x m matrices
over K € {R,C}, to solve the minimal partial realization problem.

We have previously seen that canonicity of a partial realization is not sufficient for it to be
minimal. Luckily for us, a very similar set of properties is. We present them below, and show how
to obtain realizations satisfying them.

3.2.1 A Minimality Condition

Theorem 3.2.1. A g—dimensional realization ¥ = (A, B,C) of the truncated Markov sequence
M= (My,...,M,) € (KP*™)" is minimal if and only if the following hold:

C
CA .
(i) ker [, = {0},
C«A'r—l
(ii) Im (B AB --- A"'B) =K,
C
CA 4
(i) ker . CIm(B AB .-+ A"™77B) forallj=1,...,r—1.
cai!
Notation 3.2.2. For the triple ¥ = (A, B,C) we will for k € ZT denote
C
CA k .
ker ) = ﬂ ker(C A7) and,
cart)
k
Im(B AB .- AMIB) =) Im(A"'B),
j=1

by Ok(2) and R (X) respectively. When there is no ambiguity about which triple the reachability
subspaces or non-observability spaces are associated with, we write O and Ry.

The approach in [GKL87] to proving the above minimality condition rests on a few lemmas
which postulate the existence of decompositions that turn realizations into realizations that satisfy
the properties (i) — (4i1). We now present these decompositions.

Lemma 3.2.3 (Observability-type Decomposition). Let X = (A, B,C) be a
g—dimensional realization of M = (M, ..., M,) € (KP*™)". There is a T' € GL,(K) such that

_ Fio Fi
F=T1AT =
(Fn Foo )’



and the following hold:
1. 3¢ == (Fpo, Go, Hp) is a (¢ — dim O, (X)) —dimensional realization of M,
2. 0,(%0) = {0}.
Proof. Pick a subspace ), of K? such that
K7 =X @ ).

where X} = O,(X). Fix now a basis X = {z1,...,2,} for X;, where n := dim X}, and a basis
Y = {yn+1,.--,yq} of Yo. We then define the matrices Py and Py whose columns are made up of
X and Y respectively, and lastly we define

T:(PX Py):(xl e Xy Yng1 yq)GGLq(K).

Consider now H = CT. Let u € K9. Then there are u; € K" and uy € K?~™ such that u =
(u{ ,ug)T. Thus, we have that

CTu=C(Px Py) <Z;) = CPxu; + CPyuy = 0+ CPyus,

since X1 = O,.(X) C ker C. Partitioning H into H; and Hy, where H; is made up of the first n
columns of H, we get that

HUZ (Hl Ho) <Z;> :H1U1+HOU2:6—|— CPYUQ.
Since this holds for all u € K9, we have that H; = 0 € KP*™.

Since O, (%) C ker(C'A), we have that
HF = CAT = (0 Hy) (?0 §Ol> = (HoFoo HoFoo) = (0 HoFop) .
11 Foo
By iterating the same argument for £k = 2,3,...,7 — 1, we also get that
HF* = CA*T = (0 HoF})
since ker(CA*) D O,.(X) for the same k. Thus, we have clearly that
M, =CA"'B
= (CTN(T AP ') (T 'B) = (CT)(T*AT) Y (T7'B)

G1

=HF"'G=(0 HoF3™") (Go

) = HoFi'Gy, fork=1,..,r,

implying that Xy = (Foo, Go, Ho) is a realization of M. Its dimension is ¢ —n by construction, and
since n = dim O, (X), we find that dim ¥y = ¢ — dim O,.(%).

Consider now zo € O,(%y) € K9, Extending zo to z = (0, z)" € K9, we sece firstly that
Tx € Yy and secondly that

HFFy = CARTw = (0 HoFl) (;?0) — HoFtzo=0, k=0,...,r—1,

so Tz € O,(¥) = X;. But since X7 and ) are direct complements, we must have that Tx = 6,
meaning 2o = 0 € K9~". Thus, we must have that O,.(X) = {0}. O
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Lemma 3.2.4 (Controllability-type Decomposition). Let ¥ = (A, B,C) be a
g—dimensional realization of M = (M, ..., M,) € (KP*™)". There is a T' € GL,(K) such that

F F
F = T*lAT — 10 01
(Fn Foo )’

G=T"'B= <C?o> ,
H=CT= (H1 HO)
and the following hold:
1. Xg = (Fpo, Go, Hp) is a dim R, (¥)—dimensional realization of M,
2. Rp(8g) = KdmRr(2),
Proof. Pick a subspace X} of K¢ such that
K? =X @ W,
where Yy = R.(X¥). Fix now a basis X = {z1,...,2,} for X1, where n := dim X}, and a basis
Y = {ynt1,...,yq} of Yo. We then define the matrices Px and Py whose columns are made up of
X and Y respectively, and lastly we define
T=(Px Py)=(x1 - @n yny1 - Yq) € GLy(K).
Now consider the matrix G = T~!B. We have for all u € K™ that
Bu = Py

for some v/ € K¢~ since Im(B) C R,.(X) = ). By setting v’/ = (07, u/T)T € K¢, we get that

—

Pyu’ = (PX Py) (3,) = Tu//’

so, it means that Gu = T~(Tu") = u”. By partitioning G to (Gir G;—)T, where G is the first
n rows of G, we get for all u € K™ that

o Gl o Glu _ 6
au= (&)= (@) - (2)

so it must mean that G; = 0 € K»*™. With this we have that
Fyy For 0 Fy1Gy 1
FG = = =T AB.
(F11 Foo ) \Go FooGo

Since Im(AB) C R,(X), we have again that Fy1Go = 0. So,
0
FG = .
(FOOGO)
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Using the same argument for £ = 2,3,....,r — 1, we also get that
Fra=1"4"B=(_°
FiGo)
since Im(A¥B) C R,.(X) for the same k. Thus, we have clearly that

0

M, =HF"'G= (H, Ho) (F’“Go
00

> = HoF(;gO_lGo, k= 1, ey Ty

so Yo := (Fyo, Go, Hp) is a realization of M.

To show that ¢ — n = dim R,.(¥) = dim )y, note that n is the dimension of X; and that the direct
sum of A} and )y is K¢ and has dimension ¢. Thus, ¢ — n = dim ).

We now show that R,.(Xo) = KImR() By construction of ¥y, we have that R, (Xg) C KI~".
Take now an arbitrary zo € K¢, By setting z = (07,2 )T € K¢, we note that

Tx = Pyxg € RT(Z)

Thus, there are uy, € K™ for k = 0,...r — 1 such that

— r—1
0\ _ _ k
T <x0> =Tz = ZA Buy,

k=0
r—1
k=0
r—1 —
0 0
= T u; =T _ ,
kz:o <F5€0G0) ! ( o F(%Gouk>
which implies that x¢ = Z;é F&Gouj since T is one-to-one, meaning that zo € R, (o). O

Lemma 3.2.5 (Kalman-type Decomposition). Let ¥ = (A, B,C) be a ¢—dimensional realization
of M = (My,...,M,) € (KP*™)". Fix j € {1,...,r — 1}. There is a T' € GL,(K) dependent on j
such that

F Fi
po1-igr— (F10 fo
(Fn Foo )’

_p-1g_ (0
a-rs-(8)
H=CT= (O HO)
and the following holds:

1. ¥o = (Foo, Go, Hp) is a realization of M with
dim¥y = ¢ — (dim 0;(X) — dim{0,;(X) N R,—;(£)}),

2. 0;(%0) € Rr_; (o).
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Proof. To prove this, fix 1 < j <r —1 and pick a subspace X} in O;(X) such that
Rr—j(X)+ O0;(2) =R,—; () & X1
Pick then a subspace Yy 2 R,—;(X) such that
K? =X, @ Vo.

With the above decomposition in mind, we pick a basis X = {x1,29,...,2,} of X1 and a basis
Y ={vy1,y2,...,Yq—n} for Yo such that X UY is a basis for K?. We then define the basis matrices
Px and Py whose columns are made up of X and Y respectively, and lastly we define

T=(Px Py)=(x1 - xpn y1 - Yg—n) € GLy(K).

Consider now the matrix G = T-'B. For any v € K™, it is clear that Gu = T~ 'Bu. Since
Rr—;(X) € D, we have in particular that Im(B) C ),. Thus, there is v/ € K?7" such that

Bu = Pyu'. Extending v’ by adding n zeroes, we get a g—vector v’/ = (07, ') T satisfying

vt (§) e ()
u U

Simultaneously, we also have that G can be split up to G; having the first n rows and Gy having

the rest, meaning that
o Gl o Glu
Ghu = <G0> u= (G0u> :

But we know that any m—vector v multiplied by G gives a resulting vector g—vector with the first
n coordinates being 0, so G; = 0.

In a similar way, we find that H; = 0.

The fact that ¥; is a realization of M is due to the following: (F,G, H) realizes M since it is
similar to 3. We have also via iteration on k that

ke 0 — 4 _
FG_(F(;%GO , fork=0,1,...;r—j5—-1

HF"= (0 HoF}), fork=0,1,...,5—1,

which together give
My = HF*1G = HyF)'Gy for k=1,...,7

Now we need to prove that O;(Zq) € R,—;(X0), so we let g € O;(£9) € K?" be non-zero. Then
it means that
HoFlaxg=0, k=0,..,j—1

and by embedding zo in K¢ as 2 = (0", 27 )", we have that

HFfz = (0 HoF}) (:i) = HyF§ao=0, k=0,...5— 1.

But since H = CT and F = T~ AT, we get that

HF*z = CT(T 'AT)* 2 = CA*T2 =0, k=0,....5—1.
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meaning Tz € O;(X). Since O;(X) C R,—;(X)® &) and R,—;(X) C Do, we have that Tz € R,_;(X)
since, by definition of T', Tx = Pyxzg € Yy and Yy N X} = {6} If 2 = 0 € K¢=" then Tx = 0 is
still in R,_;(X) since it is a subspace. So then we get that

k=0
r—j—1
= ) TFGu
k=0
r—j—1 =
0 0
kz:% (FOOGO ! b FooGour
for some vectors ug, ..., ur—j—1 € K. Since T' is one-to-one, this means that
r—j—1
T = Z F5Goug,
k=0

implying that zg € R,—;(2o). Thus, O;(Xo) € Rr—;(X0). To calculate the dimension of ¥y, recall
that
dim ¥y = ¢ — n = dim ),

and that

n=dim&; = dim{R,_;(X) + 0;(2)} — dim R,_;(X)
= (dimR,_;(X) + dim 0;(X) — dim{R,_;(£) N O;(2)}) — dim R, _; (%)
=dim 0;(%) — dim{R,_;(£) N O;(2)}.

Combining these yields the desired value of dim . O

Remark 3.2.6. The guaranteed existence of subspaces X; and ) for a which, for a fixed 1 < j <r-—1,
satisfy

1. X, CO;(5%)

2. Yo 2 Rr—;(2)

3. X B R (E) = Roy(5) + O;(5),
4. K?= X1 & Mo,

is not entirely trivial. Here we give a proof. Let B = {v1,..., v}, where k < ¢, be a basis for
the subspace R,_;(2) + O;(X) of K9. Let By = {vn,, Uny,...,Un,} be a subset of B consisting of
vectors that are basis vectors for O;(X) but not for R,_;(X). Now set X; = span B; C O;(X). Set
Yo to be the span of the remaining basis vectors of R,_;(X) + O;(X) in addition to vectors needed
to extend B to a basis for K. This pair of subspaces satisfy the above conditions.

Note the fact that if 3 does not already satisfy the properties in Theorem 3.2.1, then there will
be a guaranteed reduction of dimension when performing the decomposition according to Lemmas
3.2.3, 3.2.4, 3.2.5. This can be seen by the dimensions of the new realizations. For example, if
R, (2) # KUM= meaning dimR,.(X) < dim X, then decomposition via Lemma 3.2.4 will yield a
realization ¥ with dim X5 = dimR,.(X) < dim X.
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3.2.2 The Compression Algorithm

The act of decomposing a realization according to Lemmas 3.2.4, 3.2.5, 3.2.3 depending on what
property is missing is in [GKL87] referred to as a “compression algorithm” for finding a minimal
partial realization. The fact that every realization can be decomposed to a realization satisfying
(¢) — (#7) is not entirely trivial, and not explicitly proved. Here, we provide an argument for it.

The compression algorithm is not well described in [GKL87] since there is no mention of order of
operations on the decompositions, i.e. no prescribed order on the properties. We shall here impose
the order (i) < (i4) < (i), which means that property (i) should be checked and then property
(#4) and lastly, property (#i7) (See Figure 3.1). For the algorithm, this means that decompositions
according to the above lemmas are made with respect to this order. Note that the proofs here
should work with any other order.

Figure 3.1: Graphical representation of the compression algorithm with prescribed order

- 1

Observability-Type Controllability-Type Kalman-Type
Decomposition Decomposition Decomposition

Proposition 3.2.7. If ¥j as in Lemmas 3.2.4, 3.2.3, or 3.2.5 has the same dimension as ¥ then T’
is a similarity transformation.

Proof. If dimensions of the realizations are the same, then the sizes of the matrices Fyo, F' and A
are the same, meaning that corresponding matrices are of the same size. O

Notation 3.2.8. When convenient, we will denote the image of a subspace S under a linear map
T defined on S by T'S.

Proposition 3.2.9. Suppose X = (A, B, C) is a g—dimensional realization of M = (My,..., M,) €
(KP*™)" satisfying the properties in Theorem 3.2.1 and T € GL,(K).

Then 3 = (T-'AT,T'B,CT) = (F,G, H) is a realization of M satisfying the same properties in
3.2.1. In particular, properties (i) — (4i7) are preserved under similarity.
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Proof. 1t is clear that 3 will realize M, so we only prove the preservation of the properties. Note
for k € {1,...,r} that

k—1 k—1 k—1
Or(%) = [ ker(CAY) = (\ ker(HFIT) = (| T~ ker(HF') = T~ Ok(%),
§=0 §=0 j=0
and that
k-1 k—1 k—1
Ri(D) =Y Im(A'B) = Im(T'FIG) =T > Im(F/'G) =T 'Ry(),
§=0 §=0 §=0
The desired result follows from the above. O

Theorem 3.2.10. The compression algorithm terminates with final state satisfying conditions
(7) — (4i3) in Theorem 3.2.1.

Proof. Let M = (My,...,M,) be a truncated Markov sequence and ¥ = (A, B,C) a realization
of M. We consider the sequence of realizations {¥;};cn, where X, is the ith iteration of the
compression algorithm, provided we start with 3y = X. By construction, we have that

dim¥ =dim ¥y > dim¥; > --- > 1,

since the dimension is given by number of columns/rows of matrices, which are always at least 1.
Thus, the sequence {dim X; };cn forms a bounded subset of the natural numbers and must therefore
have a minimum, ¢ > 1. Suppose n € N is an index for which

dim ¥, = q.

We have for all k¥ € N that
q = dim¥,, > dim Zn+k >q,

So it must be that
dim¥, =dim¥,1x, k€N

We now show that any two realizations of {¥;}$2  are similar. Take X;,%; with & > 1 > n. If
k =1+1, then by Proposition 3.2.7, they are similar. Similarly, for the case where k > [+ 1, we have
that ¥4, and ¥;4,41 are similar for p = 0,1,2, ...,k — 1 — 1. Let T}, be similarity transformations
for which

(Tp_lAl+pT T_lBl-i-p’ CT;D) = (Al+p+17 Biypta, Cl+p+1)v

P>+ p

where Ay, By, C; are system-matrices for realizations 3;, where [ < ¢t < k. We have then that
T =TT\ Ts - Th1—3Tp—1—2Tk—1—1

is a similarity transform satisfying
(T7'*AT, T7'B;,CT)) = (Ag, By, Ci).

Thus, we have that any realization in {¥;}22  is similar to any other in the sequence. By Proposition
3.2.9 we then have that all realizations share the same properties among (i), (i¢), (ii4). If 3, does
not satisfy a property among (4), (i7), (#i¢), then by the algorithm, ¥,, 11 would. But since ¥,,;; has
the same properties as ¥, it must be that ¥, satisfies all three conditions, (4), (i¢) and (i74). O
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3.2.3 Minimal Dimension of Partial Realizations

Knowing now for certain that the algorithm stops with final state being a realization satisfying
(1) — (4i%) in Theorem 3.2.1, we can finally embark on proving that minimality is equivalent to
satisfying (¢) — (4i).

We begin with the following definition.

Definition 3.2.11. The degree of a truncated Markov sequence M = (M, ..., M,) € (KP*™)"
is the smallest possible dimension for a realization of M. It is denoted by §(M) or §(Mq, ..., M,).

Lemma 3.2.12. The degree of a truncated Markov sequence M = (M, ..., M,) is bounded below
by the quantity
p(M) = p(My,...,M,) = Z rank H; j(M) — Z rank H; ;(M).
i+j=r+1 it+j=r
Proof. Let ¥ = (A, B,C) be an arbitrary realization of M. We then get for ¢ +j < r + 1 that
O,(A,C)R;(A,B) =H,; (M),

where

C
AC

0,(4,0) = . ,R;(A,B)=(B AB -.- AI"'B).
cA
We first show that
rank #; ; (M) = dim{O; + R;} — dim O;.

This is because
rank H; j(M) = dim R, — dim{O; N R, },
by Proposition A.1.9, and that
dim{0; + R;} = dim O; + dim R; — dim{O; N R;}.
Thus,
rank H; j(M) = dim R, — dim{O; N R}

=dimR; + dim{O0; + R;} —dim O; — dim R,

=dim{0; + R;} — dim O;.
Using this, we get that

p(M)= > (dim{0; +R;} —dimO;) — Y (dim{O; + R;} — dim O;})

r—1 r—1
=Y (@m{O; 11 + Rr—i}) = Y (dim{O; + R,;}) — dim O,
1=0 =1
r—1 r—1
= dim{0; + R,} = dim O, + > _ (dim{O; 11 + Rp—i}) = Y _ (dim{O; + R,_;})
=1 =1
r—1
= dim{0; + R,} —dim O, — Y (dim{O; + Ry_;} — dim{Ois1 + R,i}) .
=1
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Note that

r—1

Z (dlm{ol + 'R,Tfi} - dim{0i+1 + eri}) >0
i=1
since O; O Oj41. Thus, it is clear that

p(M) < dim %,

since O + R, C K4™> has dimension at most dim Y. Taking the minimum dimension among
realizations of M, we finally get that

p(M) < 6(M).

We now have everything need in order to prove Theorem 3.2.1.

Proof of Theorem 8.2.1. Suppose ¥ = (A, B,C) is a realization of M satisfying (i) — (i#4). We
calculated in the proof above that

r—1
p(M) = dim{O; + R} — dim O, — Y (dim{O; + R,_;} — dim{ O 1 + Rr_i}).
i=1
Since ¥ satisfies (i) — (¢4¢), we have that
R. = KdimE
07‘ = {G}a
Oj gRT—j7 .7: 17"'ar_1a
so,
r—1
pM) =dimB - 0— > (dimR,_; - dimR,_;) = dim 3,
i=1

since O; D O;41 for i = 1,...,r — 1 in particular. Thus, we have that §(M) > dim ¥, and by
minimality, we must have that dim ¥ = 6(M).

Suppose now that ¥ = (A, B, () is a minimal realization of M. By compressing via Lemmas 3.2.4,
3.2.5, 3.2.3, we can achieve a realization ¥’ satisfying (¢) — (¢i¢). By minimality, we must have that
dim ¥’ = dim ¥, meaning that triples are similar. Thus, ¥ satisfies (¢) — (i44). O

Example 13 (Minimal Realization of Truncated Fibonacci). Consider the scalar sequence F =
(1,1,2) 7. A realization for this sequence is ¥ = (4, B, C) where

0 1
1].B=|1],c=( 0 0.
0

0
A=10
0 2

OO =

This is just the observability form realization of the Markov sequence

1 ifi=1,
M=t =2

2 ifi=3,

0 otherwise.
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We have that

0(F) = Z rank M, ;(F) — Z rank H; ;(F)
itj=4 i+j=3
= rank H; 3(F) + Hs,1(F) + rank Hg o(F) — rank Hy o(F) — rank Hy 1 (F),

where
Hig(F)=(1 1 2),
Mz 1 (F) =His(F) ',
Hao(F) = G %) ’
Hi2(F) = (1 1)
Ha 1 (F) = Hia(F) ',

since F is a scalar sequence. Thus, we have that

S(F)=1+142-1-1=2.

O N =
O O N

Since ¥ has dimension 3, it is not minimal, so we check which properties from Theorem 3.2.1 fail.
R3(A,B)= (B AB A2B) = (

We have that
1
1 ;
2
C 1 0
Og(A,C) = CA = 0 1 :.[3,
CA? 0 0

which means that O3 = {0} and Rz = R?. We also have that

(9}

0
1
0
0
ker<COA)Span{ (1) },
1
1
2
1
1
2

= O O

ker C' = span {

Im(B) = span {

Im (B AB) = span {

Therefore, we see that property (#ii) does not hold for j = 1 nor j = 2. We perform a decomposition
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in accordance with Lemma 3.2.5. We fix j = 1 and set

C
X, = ker (CA)’

Then, we have that

N

I
—_ o O
N — —

and that

1 1 -2

G=T"'B=

)

2 0 -8
F=T1'AT=|-1 0 4 |,
0
1
0
1

H=CT=(0

1)

Note that Lemma 3.2.5 says the dimension of the new realization should be 3 —dim X} =3 -1 = 2,

so we have that
0 4 1
FOO = (1 _2) ,GO = <0) ,HO = (1 1) .

Simple calculation shows that the triple X = (Fyg, Go, Hp) indeed is a realization of F and since
its dimension is equal to the degree of F, we are done.

3.2.4 Uniqueness of Minimal Partial Realizations

We have previously seen that the solution to the minimal partial realization is not necessarily unique.
A sufficient and necessary condition for uniqueness (up to similarity) is given by the following.

Theorem 3.2.13. Let M = (My,...,M,) € (KP*™)" be a truncated Markov sequence. The
quantities

a(M) =a(Mi,...,M,) =min{i : rank H; (M) =rank Hi1,,—;(M),1 < i <r},
BM) =B(My,...,M,) =min{i : rank H,_; ;(M) =rank H,_; ;11(M),1 <i <r},

where we take min () to be r, satisfy the inequality
a(M)+ M) <r
if and only if all minimal realizations of M are similar.

Notation 3.2.14. When it is not ambiguous, we will use the notation a and g instead of a(M)

and B(M).
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The complete proof of the statement above is only cited to in [GKL87] and involves a lot of
interesting algebra and topology that is beyond the scope of this thesis. The interested reader can
find the proof of the above statement (formulated in a very different way) in [Bos83] and its relevant
sources.

In this thesis, we provide an alternative proof for the sufficiency-part of the above theorem,
utilizing the following lemma.

Lemma 3.2.15. Let M = (My,...,M,) € (KP*™)" be a truncated Markov sequence satisfying
a(M) + B(M) <r+1. Then

1. § :=0(M) =rank H, (M), and
2. (A, B,(C) is a minimal realization of M if and only if

C
CA B
ker ) = {0},
cAe-
Im(B AB .- AP7'B) =K’
Proof. [GKLS87]. O

Proof of Theorem 3.2.13 (Sufficiency). We assume that a + f < r and let 31 = (A4, B,C) be a
minimal realization of M. We denote the Markov sequence of Wy, by M’ = {M}}22,. We have
by Lemma 2.2.4 that

Hog(M) = Ha (M) = 0,(A, C)Rs(A, B).

By Lemma 3.2.15, we have that rank H, g(M) = ¢, and since (A, B, C) is minimal, we also have
by 2.2.4 that
rank O, (4, C) = ¢ and rankRg(A, B) = 4.

Thus, He g(M) = O4(A4, C)Rg(A, B), and thus is a full-rank factorization of H g(M). Consider
now another minimal realization ¥y = (F, G, H) of M and the Markov sequence of Wy,, which
we denote by M” = {M/}22,. This triple yields another full-rank factorization of Hq, g(M) =
Ha,p(M"), namely

Hmﬁ(M) = 04 (F, H)RB(Fa G).

By Proposition A.1.4, there is a T € GL4s(K) such that
0.(A,B) = O,(F,H)T and Rs(A, B) = T 'R(F,G).
By looking at the equalities block-entry-wise, we find that B = T~'G and C' = HT. Recall that
Hierl,B(M) = Hiﬂ,ﬂ(MI) = Hiﬂ.ﬂ(M”)
is well-defined since the last block-entry M, g exists and that
Hl 1 3(M) = O4(A, C)ARs(A, B) = O, (F, H)FRs(F, G).
Thus, we have, since left-and-right inverses exist by the matrices being full-rank, that

A=0,(A,C) 0, (F,H)FRs(F,G)Rs(A, B) "
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Since T~ = 04(A,C) L0, (F,H) and T = Rs(F,G)Rz(A, B)~® from the above relations, we
have that
(A,B,C) = (T"'FT, T"'G,HT).

Since (A, B,C) and (F, G, H) were chosen arbitrarily, we have that similarity holds for all minimal
realizations of M. O

Remark 3.2.16. Note that by proving above that ¥; and ¥, are similar, we have proven that they in
fact generate the exact same Markov sequence. In other words, that Wy, = Wy,. This is significant
since we apriori only knew that they matched up to and including the rth Markov parameter, i.e.
the last parameter in M. Another interpretation is that, in the case of o+ 5 < r, there is a unique
Markov sequence of rank 6(M) that extends M. This connects to Proposition 2.3.2, which is a
similar result.

57



Chapter 4

Approximate Realization and
Structured Total Least Squares

The approximate realization problem essentially asks for a transfer function whose first r Markov
parameters approximately match up with a truncated Markov sequence, as opposed to exactly
matching up with it. In this thesis, we study this problem in the real SISO-case, i.e., the case where
p=m=1and K=R.

4.1 Approximate Realization

We now present the problem a bit formally.

Problem 3 (Approximate Realization). Given a truncated Markov sequence
M = (My,Ms,...,M,)" of real numbers, find n € Z and matrices A € R"*", b € R"*! ¢ € RI*"
such that

LYo | My — cA™1b|? is small,
2. for ¥ = (A,b,c), we have dim ¥ < §(M).

Remark 4.1.1. The reason for not specifying how small Y _;_, |M; — cA*~'b|* should be by setting
an upper bound is that it is not all that clear if for every error tolerance ¢ > 0 there is a triple
(A, b, c) such that

T

> M — AT <

i=1
Investigation into which error tolerances admit triples (A,b,¢) and which do not is beyond the
scope of this thesis. Furthermore, nothing is said about Y ._, |M; — cA*~1b|? being minimal among
systems with dimension lower than §(M). This is choice is strategic since it otherwise would be a
problem of rank-constrained minimization, which is also beyond the scope of this thesis. Nothing
is said concerning how much lower the dimension of an approximate realization should be for the
same reason.

We say that a triple £ = (A4,b,¢) is an approximate realization for M = (M, ..., M,)T

if it solves Problem 3 for the same truncated Markov sequence. All other notions and concepts
concerning partial realizations stay the same.
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4.1.1 Kung’s Algorithm

One method of solving the approximate realization problem for instances with an odd number of
Markov parameters is via Kung’s algorithm. The algorithm has two main steps. The first step
involves a low-rank approximation of a Hankel matrix made up from the Markov parameters. A
low rank approximation of a matrix M is a matrix M which is of lower rank than M and is close
in some norm sense to M, i.e., | M — M]|| is small. One way of obtaining a low rank approximation
in the Frobenius norm is via the following lemma which details how to construct a best possible
approximation with respect to some upper bound on the rank.

Lemma 4.1.2. Let D = UXV ", be the singular value decomposition of D and suppose U, ¥ =
diag(o1,09,...,0p),V are partitioned as

U= U), 2(21 O), V=V V)

0 X
where Uy and V; are the first m columns of U and V respectively and ¥y = diag(oy,...,0,,). Then
D* =U %, v,

solves the program to
minimize over D ||D — D||p subject to rank D < m.

Proof. [Marll, Appendix B] O

The second step of the algorithm is the actual construction of the system-matrices of the ap-
proximate realization. It resembles the construction of the system matrices in the proof of Theorem
2.2.6 in the way that we factor the low-rank approximation of the Hankel matrix into a full-rank
factorization. A huge detail to note is that the low-rank approximation need not be Hankel, so
we lose some structure in the sense that our factors may not be observability-and-controllability
matrices to any system, and that the constructed realization may or may not reproduce the low-
rank approximation as its Hankel matrix. Furthermore, knowing how good/ bad the approximate
realization is parameter-wise is not possible since, again, the low-rank approximation may not be
a Hankel matrix, meaning there is no truncated Markov sequence that produces it.

We now present the construction algorithm in the form of an example. The algorithm is pre-
sented as in [PCMS86].

Example 14. Let M = (My,..., Ms,_1) be a truncated Markov sequence. We form the singular
value decomposition of its (r,r)th Hankel matrix

Her(M) =USVT,
and then form the low-rank approximation
H=U2XV,"
according to Lemma 4.1.2, for m smaller than §(M). Then, note for O = UXY? and R = 22V T,

with ¥/2 = diag(\/1, . .., /Fm), that
H=OR
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is a full-rank factorization of H. We let B be the first column of R and C be the first row of O. The
matrix A is retrieved through the following reasoning. If (F, G, H) is an n—dimensional realization
of M, then

FR(F,G);f =R(F,G);, O(F, H);F =O(F,G),

where subscript f means first n — 1 rows or columns and [ means the last n — 1 rows or columns.
In our case, O and R play the roles of R(F,G) and O(F, H), so we can find A by solving

ARf = Rl or OfA = Ol.

Note that Oy is full-rank since it the first n —1 vectors of O = U /2 whose columns are all linearly
independent. Thus, we can do the following

O;jO;A=0;0, = A=(0;05)7'0[ 0y,
by Proposition A.1.3. Thus, A = (OJT Of)*lO;Ol is a suitable matrix for our approximate realiza-
tion (4, B,C).
4.1.2 Towards a Structure-preserving Method

What we would like to keep in the low-rank approximation is the Hankel structure of the original
matrix. Such an approximation is called a Hankel low-rank approximation. In the context of our
problem, we want to find an approximation of the (r,r)th Hankel matrix of a real scalar sequence
M= (My,..., Mgr,l)—r that is of lower rank and is Hankel. The method we intend to use assumes
that the original Hankel matrix is non-singular. This means that the method we are about to discuss
is not a universal way to find approximate realizations. We therefore begin by first identifying a
class of truncated Markov sequences we can apply the method on.

Theorem 4.1.3. Let r € Z*. For a truncated sequence of scalar Markov parameters
M= (My,...,My_1)" € R~ we have that

det Hy (M) #0 <= (M) =r.

Proof. Suppose det H,.,.(M) # 0. This means that rank H, (M) =r. If ¥ = (A, b, ¢) is a minimal
realization of M with dimension less than r we would have, by Lemma 2.2.5, for s,¢ > dim X that

rank Hs (M) =dimE < r
where M’ is the infinite extension of M given by
M, =cA D, i 7T
In particular, since r > dim X, we have that
rank H, (M) <r.
This is contradictory since H,. . (M') = H, . (M).
Suppose now that §(M) = r. Then there is an r—dimensional realization X = (A, b, ¢) of M. Thus,

we have, again by Lemma 2.2.5, for s,¢ > r that

rank H (M) =r
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where M’ is the infinite extension of M given by
M, =cA D, i 7.
In particular, for s = ¢ = r we have that
rank H, ,(M') =r.
Since H, (M) = Hy (M), we get that H, (M) is non-singular. O

With the above result, we see that low-rank approximation via the method to be presented is
possible for the (r,r)th Hankel matrix of truncated Markov sequences of length 2r — 1 that have
degree equaling to r. We detail now through two examples how this can be used in combination
with some of the discussed methods of partial realization to yield approximate realizations.

Example 15. Let M = (My,...,Ms,._1)" be a truncated real Markov sequence with §(M) = r.
Let now H be a Hankel low-rank approximation of H, (M) in the Frobenius norm, i.e.

e H € R"" is Hankel,
o rank H < rank H, (M)
o ||H—Hyr(M)]|F is small.

The entries of H constitute an approximation of M, which we will denote N’ = (N, No, ..., Na,_1) T,
so H = H, (N). We have that 6(N') < r since we can apply the methods of residue interpolation to
find a realization of dimension rank H < r. Thus, by finding a low-rank approximation of H, (M),
we get a sequence close to M with smaller degree, meaning we can realize the new sequence and
by the Compression Algorithm get an approximate realization of M.

Example 16. Let M = (M,...,My,._1)" again be a finite real sequence with §(M) = r. We
can find a minimal realization of M by finding a full-rank decomposition of H, (M) and using the
methods from rational interpolation. This (partial) realization will be canonical, but aslo minimal
since 6(M) = rank #H, ,(M). If we instead had a Hankel low-rank approximation H of #, (M),
we could instead factor H to a full-rank decomposition and then use the same methods to yield
a realization of the finite Markov sequence H is made up of. This realization would be of lower
degree than that of H, (M) and the difference in Markov parameters would be small. Thus, we
get an approximate realization of M.

4.2 Hankel Total Least Squares

As was hinted at in Example 15, the Hankel low-rank approximation problem for a full-rank matrix
H can be posed as one to

H Hankel,

N HLRA
rank H < rank H. (HLRA)

minimize over H ||H — H||p subject to {

The rank constraint in this formulation is difficult to deal with, so we will not be solving this
particular problem in this thesis. We instead formulate a similar problem without a rank constraint,
by treating it as a problem of structured total least squares (STLS). To do so, we need do define
what is meant by “structure” in the structured total least-square formulation.
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Definition 4.2.1. A map B: R® — RP*™ ig called an affine matrix-function if there are matrices
By, B1,...,B, € KP*™ guch that

B(z) = By + Z%Bi for all x € R”,
i=1

where x = (21, 29,...,2,)".

Example 17. Let h = (hi,ha, ..., hon_1)" € R?"7! be an arbitrary vector. The (n,n)th Hankel
matrix of h, H, »(h), can be seen as the application of an affine matrix-function, namely the (n,n)th
Hankel affine matrix-function H, , : R**~! — R"*". We have that

2n—1

Hnm(h) = Z hiHi7
i=1
where H; € R™*" i€ {1,...,2n — 1} are matrices defined entry-wise by

1 fk+1l=di+1,
(Hi)ky = .
0 otherwise.

As an illustration, the first three matrices are

10 0 - 0 01 0 0 00 1 0
00 0 - 0 10 0 0 01 0 0
g—|00 0 o g _f00 0 Of gy—|1 0 0 0
00 0 0 0 00 0 0 0 00 0 0 0

By checking for the properties, one will find that the Hankel affine matrix-function is linear, one-
to-one and maps onto the subspace of Hankel matrices in R™*",

Notation 4.2.2. To reduce clutter, we will from here on out denote the (n,n)th Hankel affine
matrix-function by H,.

With the concept of a Hankel affine matrix-function and noting that rank deficiency for square
matrices is equivalent to having a non-trivial null-space, we can formulate for a full-rank Hankel
matrix #H,(h) the Hankel total least squares problem.

Problem 4 (Hankel Total Least Squares). Let h € R*"~1 be such that H,.(h) is non-singular. Find
(h*)T,(y*)T)" € R*~! that solves the program to

]tL e RQT—I’
N 2r—1 . y € R”
minimize over h and h; — h;)? subject to 0 HTLS
v X (= b suby = (HTLS)
yly=1

Remark 4.2.3. Replacing the Hankel affine matrix-function with a general affine matrix-function
yield the general STLS. As in the specific case, we always assume that B(h) is full-rank, so that h
is not in the feasible set.
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Solutions, when they exist, to HTLS may not solve the Hankel low-rank approximation problem
as formulated as HLRA, but make for good approximations nonetheless. The advantage of this for-
mulation though, is that it is an equality-constrained optimization problem with objective function
and constraint function both being continuously differentiable, which means we can use the method
of Lagrange multipliers provided the LICQ (see Definition A.2.1) holds at all relevant points.

The method of multipliers is the main tool used in [Mo094] to prove that another set of equations
can be used to find global solutions to a general STLS. In this thesis, we will focus on the case
where the STLS is the HTLS, since further analysis shows that it has solutions and that the LICQ
is satisfied at the relevant points.

4.2.1 Existence of Minimizers

Notation 4.2.4. We will, for the rest of the thesis, identify points in R”*™ by points in R x R™
and write vectors x € R"™ as (z1,3), where £; € R and xo € R™. This is purely notational
so when we deal with functions f : R™ x R™ — R, we are actually talking about a function
f:R*™™ 5 R and when we for 1 € R", x5 € R™ write (1, 22) € R"™ we actually mean that
(z,25)" €R™™.

It is not all that clear that HTLS has solutions. One might naively want to argue by the Extreme
Value Theorem since the objective function f(b,y) = ||a — b||3 is continuous, but the problem is
that the feasible set

F={(by) eR" ' xR":H,(b)yy=0,y y=1}

is not bounded for > 2. To show this, note first that it is non-empty, since (b, e1) € F, where

e1 =(1,0,0,...,0)T e R"
b=(0,0,...,0,1,1,1,...,1)T e R*" 7L,
———

By linearity of H, we have for each A € R that (V',e1) € F, where

b
b= —o.
1612
For the case when r = 1 we have that r = 2r — 1. The HTLS is not meaningful since the Hankel
map is the identity, meaning the feasible set is

F={by) eRxR:Hi(b)=by =0, y*> =1} = {(0,1), (0, -1)}.

Thus h = 0 is the only approximation for h # 0 which is of lower dimension. In the context of
approximate realization, we have a degenerate case for » = 1, since if we want to find approximate
realizations for only one Markov parameter, it would have to be zero-dimensional.

We now introduce concepts and a theorem from [Gral7] that can be used to prove existence of
solutions for HTLS. Instead of looking at compactness of the domain, we leverage nice properties
of the objective function. We need the following two definitions.

Definition 4.2.5. A function f: D CR"™ — R is lower semi-continuous if for every x € D and
every sequence xy € D converging to z, we have that

F() < liminf ()
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Example 18. Continuous functions are lower semi-continuous.

Definition 4.2.6. A function f: D C R™ — R is coercive if for every sequence x; € D such that
|zk]l2 — oo, we have that f(xy) — oo.

Example 19. The objective function f(b,y) = ||a — b||3 is coercive.

We now state and prove an existence result, and then prove that the HTLS has at least one
solution.

Theorem 4.2.7. Suppose F is a non-empty closed subset of D C R™ and that f : D — RU {400}
s lower semi-continuous and coercive. The program to

minimize over x f(x) subject to x € F,

admits a solution.

Proof. If f(x) = +oo for all x € F, we have nothing to do, so assume that there is one 2’ € F such
that f(z') < +oo. Thus, we have that f* := inf,c 7 f(z) < f(2') < +00. Let {z}r be a sequence
of points for which the images converge to f*. What this means is that f(zx) # 00, meaning the
sequence has to be bounded, by coercivity of f. By the Bolzano-Weierstrass Theorem, there is a
subsequence {xg, }n, that converges to some z* € R™. Since F is closed, we have z* € F. Thus,

ff=lm f(zx) = lim f(zg,,)=liminf f(z,, ) > f(z¥),
k—o0 K —00 Ko —00

meaning f(z*) = f*. Hence, f attains a minimum in F. O
Corollary 8. The HTLS has a solution.
Proof. The HTLS program can be written as a program to
minimize over h and y f(h,y) subject to g(h,y) =0,
where f : R 1 xR" = R and g : R ! x R"” — R"*! are given by
o) = =B, gl = (F000).

Thus, it is clear that our feasible set is F = kerg. By later analysis of g, we will see that g has

continuous partials and thus is differentiable. Hence, it is continuous, meaning that F is closed.
Our objective function f is continuous and also coercive. Thus, the statement follows from the

previous theorem. O

4.2.2 Existence of Multipliers

Since we are dealing with an equality-constrained problem, we would like to use the Lagrange
multiplier method. To do this, we need to prove that multipliers exist by showing that the LICQ
is satisfied.

Lemma 4.2.8. The LICQ for HTLS is satisfied at every point in the feasible set. In particular, it
is satisfied at every local minimum.
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Proof. We again use the compact form of writing the problem, which is to
minimize over h and y f(h,y) subject to g(h,y) = 0.

Our goal here is to show that rank Vg(n,v) = r + 1 for an arbitrary feasible point (n,v). The
gradient of g at (n,v) is given by

_( Hiv Hyv --- Hy v | H.(n) (r1) % (3r—1)
Vg(TI?U)_ < 0 0 0 2'UT eER .
A sub-matrix of particular interest is
S = (H1’U Hyv --- HQT»_l'U) € Rrx(erl).
We have that the first  columns are given by
U1 () VU3 Ur
0 U1 VU2 Ur—1
Hyv = 0 , Hov = 0 ,Hyv=|Y1 |, ..., Hov=|Y-2
0 0 0 vy
and the rest of the columns are
0 0 0
Uy 0 0
Hyjpyo= Y1, Hopov= Y|, .. Hy_jv= 0
(%) U3 Uy
In other words, we obtain
v Uy U3z - Uy 0 o --- 0
0 v Vg - Ur—1 Up 0 LR 0
S = 0 0 v1 -+ Vp_o Up_1 v --- 0
o o o0 --- U1 Vg U3 o+ Up

Suppose now v; # 0, otherwise, take vy and so-on and so-forth. We can always find a non-zero
entry of v since it is non-zero. The (r + 1) X (r 4+ 1) sub-matrix of Vg given by

v1 Vg V3 - Up *

0 v ve -+ U1 %

0 0 v - v c RO+Dx(r+1)
o o0 0 --- (1 *

o 0 0 --- 0 2u

of Vg(n,v) is upper-diagonal and thus has non-zero determinant 2(v;)"*1. Thus, we have found a
non-zero minor of Vg(n, v) which is of order r+1. The matrix Vg(n, v) has r+1 rows so there cannot
exist any minors of higher order. By Proposition A.1.12 it then holds that rank Vg(n,v) =r+1. O
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4.2.3 The Riemannian SVD

We fix now an affine matrix-function B : R” — RP*™ and a vector a € R™.
In [Mo094], the author introduces the following set of equations called the Riemannian SVD:

_ T _
{B(a)v =1D,u, u' Dyu=1 (RSVD)

B(a)"u=71D,v, v D=1,

where
Dy =Y B (u'Bi(-))u,
=1

D, = Z B;((-) " Byv)w,

and shows that they play an important role in describing the solutions to STLS problems in general
and HTLS in particular.

Before presenting the main result, we note that D, is quadratic in the components of u. For
x = o~ lu, where 0 = ||lu||2, we have that

Dy =Y Bl (uT Bi()u =3 Bl (o) Bi(-))ow = o* 37 B (u” Bi())u = 0" D

i=1 i=1

Similar computation shows that D, is quadratic in the components of v. Another interesting
property of D, and D, is that they, for every u and v respectively, are symmetric, positive semi-
definite matrices. For example, we have for arbitrary u,v that

v Dyv = Z’UTB:(UTBZ"U)U = Z(uTBiv)2 >0,

i=1 i=1

since the transpose of a scalar is itself.
With that out of the way, we now formulate the main theorem of [Mo094] in its full generality.

Theorem 4.2.9. Consider the program to

beR",
n
eR™
minimize over b and y Z(ai —b;)? subject to 4 T
pat B(b)y =0,
y'y=1

A solution (b*,y*) to the program is obtained by finding a triple (u, T,v) € RPXRXR™ corresponding
to the smallest || that satisfy the RSVD and setting

*

=—— and bf=a;—u' Bt fori=12,... n.
[v]]2

We need the following statement before presenting the proof of the theorem for § = H,,.
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Lemma 4.2.10. If (uq,71,v1) solves RSVD, then there are non-zero constants asq, 51 € R such
that (u},7{,v}), where / B / / L,
uy =ay uy, 7 =mnofB, v =p) v,

solves the Multiplier condition
(MC)

Similarly, if (ug, 72, v2) solves MC, then there are non-zero constants as, S2 € R such that (uf, 74, v}),
where

/ —1 / / -1,
Uy = Qg U2, T9 = Toia 32, Vg = 62 Vg,
solves RSVD.

Proof. Suppose the triple (u,7,v) solves the RSVD. By u' D,u = v' D,v = 1, u and v must be
non-zero. By setting v/ = |lull3 u, v' = ||[v]3 *v and 7" = 7||v||2||ul|2, we have that

1 U
B(a)v" = B(a) 7 = (7|lvllzllull2) =5 Do = 7' Dot
v || w13 flull2
1 v
B(a)"u' = B(a)j—r = (7l|v]l2l|ull2) 5 Du = = 7' Dt
lu || ull3 " vl
Since we normalized, we have that (u') v/ = (v/)Tv =1, so ( T ) solves MC.
Suppose (x,0,y) solves MC. Setting 2’ = a 'z, ¥ = 7'y and o/ = oaf for some non-zero

a, B € R, we have that
B(a)(By') = oDy f*az’ <= Bla)y' = o'Dya’
B(a)"(az') = 0Dwa?By <= B(a)'2' =o' Dyy.
Note for all (v,w) that
v B(a)w=w'B(a)"v=w"Dyw=1v"D,v >0,

since D,, and D,, are positive semi-definite. We set v2 = " D, =y D,y > 0, from which We get
that

(LL'/)TDy/.’L'/ _ (y/)TDx’yl — ’72(045)_2
Thus, we are done by choosing «, 3 satisfying 72 = a?32. The reason for ¥2 not being zero is that
if it were, then both non-zero vectors z and y would be in the null-space of B(a), but it is assumed
to be of full-rank, so it can’t be the case. Thus, we have that (z,0’,y’) solves RSVD. O

Remark 4.2.11. Thus, we see that the MC and RSVD are in some loose sense equivalent, since each
solution for one problem yields a solution for the other.

Proof of Theorem 4.2.9 (B =H, ). The Lagrangian for HTLS is

L(b,y, A\ p) = la—0bl3 =X H,(b)y+p(l—yTy).
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We search for stationary points by setting V£ = 0, which yield the following equations
VL = —2(a—b) — X(\,y) =0,
VL =~H,() "\ —2uy =0,
VAL = Hn(b)y =0,
V,lﬁzyTy—le
where X is defined entry-wise by
(X(\y)i=A"Hyy = Z Ay, fori=1,2,...,n.
kl=i+1
Moving terms around gives us the following;:
2(b—a) = =X\ ),
H7l(b)T>‘ = —2py,
Ho(b)y =0
yly=1.

Since the LICQ is satisfied throughout the feasible region, we have that the above equations do
have at least one solution, since we have found that HTLS has a solution.
From the second equation, we get that

0=0"A=y"H,(b)"A=—2uy"y =24,

meaning p = 0.
We substitute A with v = %)\ and consider the first equation entry-wise:

a; —b; = fyTHZ-y, where i =1,2,...,n.
With this we get that

Hn(a)y = (Z aﬂﬂ) y
- (Z(bi +JHZ-y)Hi> y
— (zn: biH; + (’YTHiy)Hi> Y

=Hn(b)y+ Y _ Hi(y" Hiy)y
i=1
= Dyy.

Since we have found that H,(b) Ty = 0, we get similarly that

n

Hola) 'y =Y H (v Hiy)y = Dy.
=1
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We now normalize by defining = o~ where o = ||y||, which we can do since 7 has to be non-zero.
If that were not the case, we would have that (a,*) would be a candidate for minimization, but
H,(a) is assumed to be non-singular, and so (a, *) is not in the feasible set.

We have then that

Dy =Y H(z"Hyy)x = Hp(a) yo™
i=1

and that "
Dyr =Y Hi((0™'2) Hiy)y = o~ Ha(a)y,
1=1

meaning we have the derived the MC for the problem:
Hn(a)y = oDy, zlr =1,
Hu(a) w=0Dyy, y'y=1

We have already shown that this set of equations, are equivalent to the RSVD in the sense described
above. From above, we have that

2" Dyzo =2 Hy(a)y =y Hnla) 'z =y Dyyo.

With this, we can reinterpret the objective function:

n

la=bl3 =Y (" Hiy)

i=1

= Z(xTHiy)%Q
i=1

= Z Hi(x" Hyy)yo? = 2" Dyxo® = x"H,(a)yo
i=1

If now (u,7,v) solves the RSVD for HTLS, we have that
u"Hy(a)v = 7(u" Dyu) = T,
and by setting = = ||ul|; *u, y = ||v]l; v and o = T|ul|2||v||2 we get a solution for this problem’s
MC. Using the above objective value formula with (z,0,y), we get that

ul v u' Dyu
Hn(a)7——(Tlull2(lv]l2) = H

lulla™ o2 ulla[[v13]lull2

2

x Hy(a)yo = (Tllull2lloll2)* = 72.

Hence, we see that the key is to find a triple (u, 7, v) corresponding to the smallest |7|. We see here
also that y = ||v||3 'v, and we get for k = 1,2,...,n that

b, = ap, — xTHiya =a, —u' H;vr,

since v = ox. O
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Remark 4.2.12. The solution to the HTLS is not unique since the vectors u and v are not unique
to every 7 that together solve the RSVD. This can be seen in the following way. Let (u, T, v) solve
RSVD and let a, 8 € R such that a3 = 1. By setting ' = a~'u and v' = 8~ !v, we have that

B(a)v' = B(a)% = (Taﬂ)%Dq,g = 7Dy,
B(a) " = B(a)g = (T@B)%Du% = 71Dy,

and that
()" Dy’ =u' Dyu =1,
(V)T Dy =v " Dyv =1,

implying that (u',7,v") also solves the RSVD.

The problem of actually solving RSVD is beyond the scope of this thesis, but the interested
reader can find an algorithm on how to numerically solve them in [Moo094].

We end this chapter with a necessary condition which might be helpful in finding candidates for
minimization of the HTLS.

Corollary 9. If (b,y) solves the HTLS, then
(a—b)Tb=0,
i.e., the vectors b and (a — b) are orthogonal.

Proof. 1f (b,y) solves HTLS, we have from the proof of the previous theorem that there is a non-zero
vector « such that

7T Ha(b)y =0,
and that the components of a — b are given by
~vTH;y, fori=1,2,...,n.
Thus, we have that

2n—1 2n—1

0=7"Ha(b)y= > by Hy= > bi(ai—b;)=b"(a—b).
=1

=1
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Chapter 5

Conclusion and Further Reading

The aim of this thesis was to consider the problems of
1. realization,
2. partial realization,
3. approximate realization,

and provide solution methods for each of them, as well as think about how large/ small the resulting
models were. In this section, we recap some of the most important moments, comment on some
questions that were not treated in this thesis, as well as guide the reader to alternative treatments
of the problems that were not mentioned.

5.1 The Partial Realization Problem

The main properties that differentiate the problem of partial realization from the problem of real-
ization is the fact that solutions always exist, and that minimality behaves differently.

In Chapter 3, we investigated under which conditions our partial realizations are in fact minimal,
and presented an algorithm that turns any partial realization into a minimal one. The question of
minimality was only partly addressed towards the end of the chapter, where we proved minimality
under the very restrictive condition o + 8 < r. In general, minimal partial realization are not
unique, so it is of interest to study in which ways we can represent all minimal realizations with
a single set of formulas. The parameterization of all minimal realizations for a truncated Markov
sequence is as of 1990 still not solved according to [BGR90]. Thus, it could be of interest to see if
a parameterization has been discovered since then.

We presented a few ways to construct partial realizations, one of which is via re-interpretation
of the problem to one of rational interpolation. This was only done for the SISO case where we
have an odd number of Markov parameters. In [AA90] and in [AMY91], this restriction is nowhere
to be seen, meaning that one should be able to re-formulate and solve the partial realization
problem for the general p x m—case. What is not mentioned is that, for the re-interpretation
and subsequent solving of the partial realization problem via rational interpolation to make sense,
we needs to identify the conditions for rational matrix function W(1/s) to be proper provided
we have a rational matrix-valued function W. Furthermore, authors of [AMY91] state that the

71



McMillan degree of W(1/s) and W (s) are the same, but leaves no references to any proof of the
statement. Thus, an investigation into when the McMillan-degree of W remains the same after
pre-composition by s — s~! is warranted if one would like to extend/ apply the methods of this
thesis to the matrix-case.

A more recent interpretation of the partial realization problem in the SISO-and-real case is
through the rank-minimization of the Hankel matrix. In [FHB04], the problem of minimal partial
realization for a truncated real Markov sequence h = (hy, ha, ..., hy,)" is formulated as the following
problem to

minimize over h rank’}-[nm(fz) subject to h; = h; foralli=1,2,3,...,n.
The motivation behind this reformulation is the fact that the degree of h is can calculated by
min{rank?—ln’n(ﬁ) thi=h; foralli=1,23,... ,n},

which was also shown in the article. Since rank optimization problems are in general difficult,
the authors of the article opted to solve a convex surrogate problem with the Nuclear Norm. An
interesting thing to look at would be when a solution to the surrogate problem is a solution to the
rank-optimization problem.

5.2 The Approximate Realization Problem

The approximate realization problem can be viewed as a relaxation of the partial realization problem
since we now search for systems which only approximate our input-output data. In Chapter 4, we
presented Kung’s algorithm, and mentioned some of its features, for example the loss of Hankel
structure in using an unstructured low-rank approximation. We then considered ways to construct
approximate realizations provided we had access to a low-rank approximation with Hankel structure.
Lastly, we showed how to find a low-rank approximation that has Hankel structure. One thing to
note is that our approach is in SISO. This is partly due to the fact that in [Mo094], they only dealing
with Hankel structure and presenting the problem as minimization of the 2—norm of the difference
of vectors in some R™. In the general case, we would have needed to deal with block-Hankel
structure and minimization of some other type of objective function. Furthermore, the assumption
in the HTLS problem is that the Hankel-matrix is full-rank, which in the general matrix case would
be hard to work with. Another reason for only considering the SISO-case is that we have found a
class of truncated Markov sequences we can use it on.

An alternative way one might be able to go about constructing an approximate realization
is by using the characterization and methods in [Ast07] and in [Pad23]. In [Ast07], the author
introduced the notion of moments of a transfer function in a point on the plane, which are essentially
interpolation conditions. The author then showed that the moments of a transfer function has a one-
to-one correspondence to the solution of a certain Sylvester equation. With this characterization,
he then went on to characterize what is essentially a class of systems which has prescribed moments,
i.e., they satisfy interpolation conditions, and are of low dimension than a system that is known the
prescribed moments. In [Pad23], this moment-matching condition is relaxed to be a least-squares
moment-matching condition, which gives a way to find systems whose moments are approximately
equal to those we want. Both of these article have defined moments to be at points which are not
infinity. It could thus be of interest to see if we get approximate realizations of truncated Markov
sequences by first considering a realization, whose transfer function W has the truncated Markov
sequences as its moments at the origin, and then finding via the model reduction scheme in [Pad23],
a system which approximate those moments and then pre-composing by s — s~! to get Wo ()71
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Appendix A

Some Useful Results

A.1 Matrix Algebra

Proposition A.1.1. Let A € K"*™ be matrix such that

IAlp == D 1A 12 < 1.
\ i

(I—A)~1t= (i Ak> € Knxm,

=0

Then I — A is non-singular and

Proof. Apply Theorem 3.7 in [DP00, Chapter 3.2] to the Banach algebra B = (K"*",|| - ||¢). The
fact that this is a Banach algebra be seen by (K"*™, || - ||r) being a Banach space (since it is
finite-dimensional) and || - || being sub-multiplicative. For a proof of the latter, see [htt]. O

Definition A.1.2. A matrix A € K¥*! has
e full column-rank if rank A = [,
o full row-rank if rank A = k.
Proposition A.1.3. Let A be a k x [ matrix.
o If A has full column-rank, then A*A is non-singular and A=F = (A*A)~1A* is the left
pseudo-inverse of A, meaning A~V A =T € KX,

« If A has full row-rank, then AA* is non-singular and A= := A*(AA*)~! is a right pseudo-
inverse of A, meaning AA™T = [ € KF¥F,

Proof. Suppose A has full column-rank. Since A can be viewed as a linear operator L4 : K/ — K*
we have by rank-nullity that A is injective, due to ker A having dimension 0. Take now z € K! such
that A*Az = 0. We have then that 0 = (A*Az,2) = (Az, Az) = ||Az||3, meaning = = 0 since A
is injective. Thus, A*A is injective as a linear operator, meaning it is non-singular. Hence, A~ is
well-defined and A=YA = (A*A)~1A*A = I. A similar argument works for showing that AA* is
non-singular when A has full row-rank. O
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Proposition A.1.4. Let H € K**! be a matrix such that rank H = r > 0. There exists infinitely
many matrix-pairs X € KF*" Y € K™%/ where X has full column-rank and Y has full row-rank,
such that

H = XY.

Furthermore, if H = XY with rank X = rankY = rank H, a so-called full-rank factorization of H
and UV is also a full-rank factorization of H, then the pairs are similar, i.e. there is a ¥ € GL,(K)
such that U = OT and V = T~ 'R.

Proof. [PO99]. O
Proposition A.1.5. Consider complex numbers ¢y, ..., ¢y, and the polynomial

qa(s) = qo + @15 + q25" + - - + g™,
The matrix A, given by

0 1 0 0
0 0 1 0
A= z Co | eomm
0 0 0 0 1
—dm-1 —9m-2 —Gdm-3 -~ —qo
satisfies
xa =det(s] — A) =q.

Proof. [Son98, Chapter 5.1]. O

Proposition A.1.6. Let
A B
v-(e b)
be a block-matrix with A being m X m and non-singular and D being n X n and B and C' having
proper dimensions for M to be square. Then

4 (X Y
=)

with
X=A"1-A"'BD-CcA'B)lcA™
Y =-A"'B(D-CA™'B)™},
U=—(D-CA™'B)"'CA™Y,
V=(D-CA'B).
Proof. [Zhall, Chapter 2.2]. O

Proposition A.1.7. Let
A B
w=(c o)
be a block-matrix with A being m x m and non-singular and D being n x n and B and C having
proper dimensions for M to be square. Then

det M = det Adet(D — CA™'B).
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Proof. [Zhall, Chapter 2.2]. O
Proposition A.1.8. The matrix equation
AX+XB+C=0

admits a unique solution X if and only if the spectra of A and —B are disjoint.
Proof. [Son98, Appendix A.4]. O

Proposition A.1.9. Suppose A € K™*P and B € KP*". Then
rank(AB) = rank B — dim{ImB Nker A}.
Proof. [Zhall, Chapter 2.3]. O

Definition A.1.10. Let A be a matrix. A sub-matrix of A is a matrix which is obtained by deleting
any number of rows and/or columns from A.

Definition A.1.11. Let A be a matrix. A minor is the determinant of a square sub-matrix of A.
The order of a minor is given by the number of rows/columns of the sub-matrix.

Proposition A.1.12. The rank of a matrix is given by the maximal order of a non-zero minor.

Proof. [Rob13, Chapter 1.1]. O

A.2 Equality-constrained Optimization

Definition A.2.1. Let f : R® — R, g € R® — R™ be C!-functions and consider the equality
constrained optimization problem

min f(z) st g(z) =0.

We say that the constraint g;, for i = 1, ..., m satisfy the linear independence constraint qualification
(LICQ) at points x* if

rank Vg(z*) = m,
or equivalently, that {V,;g(z*)}, constitutes a set of linearly independent vectors.

Theorem A.2.2. Let f : R® — R, g € R* — R™ be C'-functions and consider the equality
constrained optimization problem:

min f(z) s.t g(z)=0.

If x* € ker g is a local extreme point for which the LICQ holds, then there exists a so-called Lagrange
multiplier-vector \* € R™ such that

Vf(z*) = (\")TVg(®).
Proof. [Rob13, Chapter 3.2] O
Remark A.2.3. Consider the Lagrangian of the above problem

L(z,\) = f(z) = ATg(x).
If * is a local extreme point and A* is a multiplier associated to that point, we have that

—

Vo L(z* ) = Vf(z*) — (\) Vg(z*) = 0.
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(1)

(2)

p.13: “...for all admissable ¢.”

The number ¢ is here assumed to be real.
p.15: “..., is it really the case that

W =Ws
everywhere on the complex plane?”

The unspecified system X is given by ¥ = (4, B, C, W (0)).
pAT: “.
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It should be uy and not u;.
p49: “..
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It should be u;, and not u;.
p-59: In Lemma 4.1.2, D is supposed to be a square p x p real matrix and m a positive integer
no greater than p.

In Example 14, we have assumed that the singular values o1,09,...,0,, are all non-zero, for
m < p.

In Example 14, it should be O = U1Z}/2 and R = Z}/QVF instead of O = U;¥'/? and
R = 21/2‘/11'.

In Example 14, it is stated that O, which is the matrix made up of the first rows of O is
full column rank since O is. This is incorrect, meaning we cannot in general get the matrix A
from the equation OyA = O; by multiplying with OJT to then multiplying by (OJTOf)’1 get
A= (O;O f)*lO}—Ol. In cases where Oy is rank deficient, we may instead want to construct A
by picking one that minimizes ||OfA — O;||F.

In Example 14, it is stated that Oy is made up of the “first n — 1 vectors of O”, but the correct
statement is that Oy is made up of the “first » — 1 rows of O”.



(6)

p.63: “By linearity of H, ...”

It is supposed to be H,., which is the (r,r)th Hankel affine matrix-function.

“

F={(b,y) ERxR:Hy(b) =by =0, y* =1} = {(0,1),(0,-1)}.”

It is supposed to be “Hy(b)y = by”.
p.66: “We fix now an affine matrix-function B : R” — RP*™ and a vector a € R™.”

The vector a is chosen among the vectors that make B(a) have full column-rank.
“We need the following statement before presenting the proof of the theorem for & = H,.”
It is supposed to be “B =H,”.

p.67: “Note for all (v,w) that

v ' Bla)w=w'Bla)"v=w"Dyw=1v"D,v >0,

This is incorrect. What it is meant to be is that every triple (v, o, w) that solves the MC (or the
RSVD) satisfies
v B(a)w=w'B(a)"v =ow  D,w=0cv"D,v,

and that w' Dyw = v' D,v are is non-negative since D,, and D, are positive semi-definite.

”

“..., then both non-zero vectors z and y would be in the null-space of B(a), ...

It is correct that y would lie in the null-space of B(a), but  would instead lie in the null-space
of B(a)T.

p.71: “The question of minimality was only partly addressed towards the end of the chapter,
where we proved minimality under the very restrictive condition a + g < r.”

It should be “uniqueness of minimal realizations” and not just “minimality”.
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