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Preface

Origin of the book

This book originates from research mainly performed at the Bernoulli Institute
for Mathematics, Computer Science and Artificial Intelligence at the University
of Groningen in the period between 2019 and 2025. The goal of this research
has been to establish a unifying framework for a data-based analysis and control
theory. The idea is to analyze system properties and to design controllers for dy-
namical systems, directly from data and without the use of explicit mathematical
models. This is a radical departure from mainstream systems and control theory
where mathematical models are the central objects of study. This book aims at
rewriting parts of systems and control theory by placing time series data at the
forefront. There are several motivations for this work. Due to technological ad-
vancements, modern engineering systems are so complex that obtaining models
from first principles is not feasible. On the other hand, these systems produce
massive amounts of data that can be readily harvested. Given the absence of
mathematical models, the question of how to utilize the data for analysis and
control design is therefore highly relevant. Overall, the development of this book
aligns with a general trend in science and engineering towards the extensive use
of data, as witnessed by the artificial intelligence boom.

Contents of the book

This book intends to provide a comprehensive framework for data-driven system
analysis, control design and modeling. We will focus on discrete-time linear
time-invariant systems and data that can be either noisy or noise-free. The
central concept used within the book is the notion of data informativity. Among
other things, the data informativity framework enables the design of controllers
from data that do not necessarily satisfy restrictive requirements like persistent
excitation. The book begins with a historical perspective in Chapter |, which is
followed by an introduction to the data informativity framework in Chapter
The main body of the book contains five parts. In Part I, we apply the
informativity framework to deal with a range of data-based system analysis
problems. These problems include deciding on the basis of data whether a
system is, for example, controllable, stabilizable or stable. Part Il focuses on
data-driven control design. Here, we study problems like designing stabilizing
and optimal controllers on the basis of data. In Part III, we apply the data
informativity framework to the problem of system identification. First, we will
provide conditions on the data under which the data-generating system can be
uniquely identified. Subsequently, we exploit these conditions to develop online
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experiment design methods. Part ['V studies reduced order modeling on the basis
of measured data. This problem is approached from two different angles, namely
balanced truncation and moment matching. Finally, Part V is an appendix and
is devoted to notational conventions, along with a detailed discussion of the
quadratic matrix inequalities used throughout the book. We recommend reading
the basic notation in Section before reading the chapters in the main body
of this book.

Intended audience and teaching instructions

The intended audience of the book includes researchers who want to deepen their
understanding of data-driven control, and practitioners and engineers interested
in applying data-driven control techniques. The book is also suitable for master
and PhD students in engineering and mathematics programmes.

To use the book as lecture notes for graduate level courses, a selection of
topics can be made. For instance, Chapter 1-2 and a selection of topics from
Parts | and Il of this book have been used in a master course on data-based
analysis and control at the University of Groningen. These topics can be covered
in around 30 hours of lecture time.

The required background for the book is a good command of linear algebra
and calculus, and basic linear systems theory. The book aims at a self-contained
treatment of data-driven systems and control, also including a chapter on math-
ematical results and their accompanying proofs.
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1

Introduction and historical perspective

In this chapter we give a general introduction to the topic of data-driven con-
trol by means of a literature overview. In particular, we will follow a timeline
highlighting the main developments in data-driven control. We will also delve
into the details of some methods that are most relevant for this book, including
the fundamental lemma by Willems et al., and its applications like subspace
identification, data-driven simulation and tracking, data-enabled predictive con-
trol, and data-driven stabilization. These examples serve as a motivation for the
material developed in the rest of the book.

1.1 Introduction

In broad terms, systems and control theory deals with the problem of making a
concrete physical system behave according to certain desired specifications. In
order to achieve this desired behavior, the system can be interconnected with a
device, called a controller. The problem of finding a mathematical description
of such a controller is called the control design problem.

To obtain a mathematical description of a controller for a to-be-controlled
physical system, a possible first step is to obtain a mathematical model of the
physical system. Such a mathematical model can take many forms. For exam-
ple, the model could be in terms of ordinary or partial differential equations,
difference equations, or transfer matrices.

There are several ways to obtain a mathematical model for the physical
system. The usual way is to apply the basic physical laws that are satisfied
by the variables appearing in the system. This method is called first principles
modeling. For example, for electro-mechanical systems, the set of basic physical
laws that govern the behavior of the variables in the system (conservation laws,
Newton’s laws, Kirchhoff’s laws, etc.) form a mathematical model.

An alternative way to obtain a model is to do experiments on the physical
system: certain external variables in the physical system are set to take particu-
lar values, while at the same time other variables are measured. In this way, one
obtains data on the system that can be used to find mathematical descriptions
of laws that are obeyed by the system variables, thus obtaining a model. This
method is called system identification.
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The second step in a control design problem is to decide which desired behav-
ior we would like the physical system to have. Very often, this desired behavior
can be formalized by requiring the mathematical model to have certain quali-
tative or quantitative mathematical properties. Together, these properties form
the design objective.

Based on the mathematical model of the physical system and the design ob-
jective, the third, ultimate, step is to design a mathematical model of a suitable
controller. This approach, leading from a model and a design objective (or list
of design specifications) to a controller is an important paradigm in systems
and control, and is often called model-based control. Indeed, many existing con-
trol design techniques rely on a system model, represented by, for example, a
state-space system or transfer matrix.

In this book, we will deal with an approach to control design that circumvents
the step of finding a mathematical model of the to-be-controlled system. This
alternative approach deals with the problem of synthesizing control laws directly
on the basis of measured data, and is called the data-driven approach to control
design. Of course, one can argue that also the combination of system identifi-
cation and model-based control as described above is an instance of data-driven
control design. Indeed, methods using this combination are often called indirect
methods of data-driven control, consisting of the two-step process of data-driven
modeling (i.e., system identification) followed by model-based control.

In addition to the above indirect methods, we distinguish direct methods to
data-driven control design. These direct approaches focus on directly mapping
data to controllers without an intermediate step of system identification. Both
paradigms have different pros and cons. For example, identification might be
expensive and the obtained model may not always be useful for the intended
control design problem. In addition, in many situations unique system identifi-
cation is impossible, for example because the data are corrupted by noise and do
not contain sufficient information about the underlying system. In contrast, di-
rect data-driven control design has the premise of being an end-to-end approach,
requiring less expert knowledge. It could therefore be the preferred choice for
practitioners. However, in comparison to the maturity of system identification,
the theory of direct data-driven control is still very much under development. In
fact, the early 2020s witnessed a surge of research activity in direct data-driven
control. Some of these results have been summarized in survey papers, such
as those in the Control Systems Magazine double special issue on data-driven
control [148,149].

With the current book, we aim at giving a general treatment of direct data-
driven analysis and control design from the unifying perspective of data infor-
mativity. The overarching question that will be studied is how to use only the
data obtained from the unknown system to verify its system-theoretic properties
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and to construct controllers. Interestingly, the data informativity framework
does not only shed light on direct data-driven analysis and control, but also
has consequences for modeling. This will be demonstrated by studying system
identification and reduced order data-driven modeling through the lens of data
informativity.

1.2 Historical perspective

The purpose of this section is to provide a bird’s-eye view of the developments
of data-driven control in the period between 1950 and 2025, following the coarse
timeline in Figure 1.1. We emphasize that this timeline is by no means exhaus-
tive, but it contains many of the main contributions. The high-level discussion
will be followed by five detailed subsections summarizing results that are most
closely related to this book, as well as an overview of further developments.

Early developments in data-driven control mainly include the combination
of system identification (i.e., data-driven modeling) [59], followed by control
design based on the identified model. We mention contributions to prediction
error methods [95,960] in the 1970s and 1980s, and subspace identification [115,

, , 187] in the late 1980s and 1990s. The analysis and control design
methods developed in this book depart from identification-based approaches, in
the sense that the intermediate modeling step is skipped. Instead, in this book we
design controllers and analyze system properties directly using time series data.
As we will see, this direct data-driven control approach is powerful especially
in situations when the data do not enable unique system identification [175].
Although the direct approach is a radical departure from the indirect one, we
do mention some important parallels with the system identification literature.
First of all, one of the main ingredients of the data informativity framework, used
throughout this book, is the set of all data-consistent systems. This is in line
with set membership identification (SMI) methods [92, 110], where sets of data-
consistent systems also play an important role. In SMI, these sets are typically
called feasible system sets. Through the lens of SMI, the main contributions
of this book are to provide easily verifiable conditions on the data under which
all systems in the feasible system set have a certain system-theoretic property,
and when all of these systems can be controlled by a single controller. The
material of this book also resonates well with the development of identification
for control [58,062, 164] in the late 1980s and 1990s. The main idea of this
movement was to take into account the eventual purpose of the model during
the identification stage. In this way, the identified model is suitable for its
intended application, which is typically control design. In this book we take one
step further: by eliminating the need for intermediate system identification, we
naturally place the intended control design task at the forefront.
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[14,86]
1950s| adaptive control

[ b ]
prediction error methods [1976]

[187] [62,164]

from time series to linear system [1986] identification for control

[ ) ? }
11989 | subspace identification

[ b ]
set membership identification [1991]

[72,73]
11994/ iterative feedback tuning

[34]
virtual reference feedback tuning (2002

[190]
12005] fundamental lemma

[104]
data-driven simulation and tracking [2008]

[36]
2019| data-enabled predictive control

[44] I [175]
formulas for data-driven control |2020| data informativity

Figure 1.1: Coarse timeline of data-driven modeling and control approaches.
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Early developments in direct data-driven control are more scattered than
their indirect counterparts. We mention adaptive control methods [14], for which
both direct and indirect methods exist, and whose origins can already be traced
back to the 1950s [86]. In the 1990s and early 2000s, a number of direct data-
driven control schemes emerged, including éterative feedback tuning (IFT) [72,73]
and virtual reference feedback tuning (VREFT) [34]. These methods both aim at
using data to directly minimize a cost function of the control parameters, with
the notable distinction that IFT is an iterative approach while VRFT is one-shot.

In 2005, the paper [190] was published, whose main result would later be-
come known as the fundamental lemma. Roughly speaking, the result asserts
that all finite-length trajectories of a controllable linear system can be obtained
from a single one whose input is persistently exciting. This result has major
consequences for the subspace identification methods developed in the 1990s,
because it provides conditions on the input data that enable system identifica-
tion. The fundamental lemma was not widely adopted in the years following its
publication, although an early paper is [104] in which the result was used for
direct data-driven simulation and tracking.

It was only around 2018-2019 that direct data-driven control started to gain
a lot of momentum. On the one hand, it is safe to say that the wave of new results
was partially due to a renewed interest in the fundamental lemma, that served
as a source of inspiration for many new developments. On the other hand, the
interest was motivated by the development of low cost sensing devices, meaning
that data were by now widely available. This, combined with an increase in
available computational power to analyze large datasets, fueled the interest in
direct data-driven control.

Because of the importance of the fundamental lemma, we will spend some
time to review it in detail in Subsection . We will then highlight the im-
portance of this result in a number of applications ranging from subspace identi-
fication [115] to data-driven tracking [104], predictive control [30], and feedback
design [14]. Finally, we close this chapter with Subsection by giving a
summary of further developments within direct data-driven control in the time
period between 2018 and 2025.

1.2.1 The fundamental lemma

In this section we review the fundamental lemma of [190]. To improve the
readability of this chapter, we will introduce some notation on the fly throughout.
See Chapter A in the appendix for a full account of the notation used in this
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book. Consider the linear time-invariant (LTI) system

J?(t + 1) = Atruex(t) + Btrueu(t) (118,)
Y(t) = Chrue(t) + Dirueu(t) (1.1b)

where t € Zy :={0,1,2,...}, z(t) € R™me is the state, u(t) € R™ is the input,
and y(t) € RP? is the output. The true state-space dimension n.,e and the
matrices Agpye € RMrueXnoue - B € RMtrueXm o € RPXMrue gand Dyyye €
RP*™ are assumed to be unknown. However, an upper bound NN on the state-
space dimension is given, i.e., N > ng. The high-level goal is to simulate
and/or control the dynamics of (1.1) using input-output data.

Before we introduce the data, we discuss some preliminaries on trajectories
of (1.1). A sequence

(u(t), z(t), y(t))iZo

is called an input-state-output trajectory of (1.1) if

[w(t—l—l)] B {Atme Btrue:| {x(t)]

y(t) N Cirue  Drrue u(t)

for all ¢t € Z4. Since the system (1.1) is linear, sums and scalar multiples of
input-state-output trajectories are also input-state-output trajectories of (1.1)".
Moreover, by time-invariance of (1.1), we have that

(u(t +7),2(t+7),y(t + 7))o

is also an input-state-output trajectory of (1.1) for any 7 € Z..

A sequence (u(t), y(t))s2, is called an input-output trajectory of (1.1) if there
exists @ : Zy — R™ve such that (u(t), z(t), y(t))2, is an input-state-output tra-
jectory of (1.1). Let 4,j € Zy with i < j. Given an input-state-output trajectory
(u(t), z(t),y(t))52y, the sequence (u(t),z(t),y(t));_; is called a restricted input-
state-output trajectory (on the time interval [i, j] := {¢,i+1,...,j}). Restricted
input-output trajectories are defined analogously.

We will identify restricted input-state-output trajectories with the vectors

u(i) (i) y(i)

u(i+1) xz(i+1) y(i+1)
Upi,j) = ) Tfig) = , and yp; ) =
u(j) z(j) y(4)
Hn fact, the space of all such trajectories is called the behavior of the system [129]. In

order to keep the exposition as simple as possible at this point, we do not use behaviors here.
However, they will be used at a later stage, in Chapter
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We will sometimes also collect restricted trajectories in matrices, which we will
denote by capital letters. For example,

Xiig) o= [#(@) z(i+1) - x(j)]

and the matrices U}; ;) and Y}, ;) are defined analogously.

Now, as our data set, we consider the restricted input-output trajectory
(ufo,r—1]>Yjo,7—1)) of (1.1), where T' is a positive integer. An important ingredi-
ent of the fundamental lemma is the Hankel matrix of these inputs and outputs.
For a given integer L € [1,T], let the Hankel matriz of depth L of these inputs
and outputs be given by:

u(0)  u(l) u(T — L)
Helwpr—y) | _ | wL—1) w(L) --- w(l—1) (1.2)
Hr(yj0,7-1)) y(0)  y(1) y(T— L)
y(L=1) y(L) - y(T-1) |

By time-invariance of the system, each column of (1.2) gives rise to a re-
stricted input-output trajectory of (1.1) on the time interval [0, L—1]. Moreover,
by linearity of the system, every linear combination of the columns of (1.2) is
also a restricted input-output trajectory on the time interval [0, L — 1].

The powerful crux of Willems et al.’s fundamental lemma is that every re-
stricted input-output trajectory of length L can be expressed as a linear combi-
nation of the columns of (1.2), assuming that the system (1.1) is controllable,
and wjo, 1) is persistently exciting of sufficiently high order. In order to state
the result, we first define the concept of persistency of excitation.

Definition 1.1. Let & € [1,T] be an integer. The input up 1y is called
persistently exciting of order k if Hy(ujo—q)) has full row rank.

Next, we will formulate the fundamental lemma [190].

Theorem 1.2. Assume that the pair (Atrue, Btrue) is controllable. Consider
a restricted input-state-output trajectory (ujo,r—1}, %o, r—1],Yjo,r—1]) of (1.1),
where T > 1. Let L € [1,T] be an integer. If the input ujo r_1) is persistently
exciting of order N + L, then the following statements hold:
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(a) The matrix

20 =) o 2T D)
lX[o,T—Lll | wO) () e w(T - L) w3
Hy (ujo,r—-1y) : :
u(L—1) w(L) -+ u(T-1)

has full row rank.

(b) (@jo,L—1),Yjo,L—1)) Is a restricted input-output trajectory of (1.1) on the
time interval [0, L — 1] if and only if

Uo,L—1]| _ HL(U[O,T—l])] 14
|:y[0,L1]:| [HL(Q[O,TU) g (14)

for some vector g € RT—L+1,

(c) Fori € Zy, (U};i+1—1), Ujii+L—1]) 1S a restricted input-output trajectory
of (1.1) on the time interval [i,i + L — 1] if and only if

|:U[i,i+L1]] _ {HL(U[O,Tu)} g (1.5)

Yli i+ L—1) Hr(yo,r-11)
for some g € RT—1+1,

We note that the condition of persistency of excitation requires a sufficiently
long trajectory, namely

T>(m+1)(N+L)—1. (1.6)

Statement has appeared first in [190, Cor. 2(iii)]. This result is intriguing
since a rank condition on both input and state matrices can be imposed by
injecting a sufficiently exciting input sequence. Statement is a reformulation
of [190, Thm. 1]. We note that the ‘if’ part of this statement simply follows
from the discussion before the theorem. However, the importance of the result
lies in the ‘only if’ part of statement , which implies that the image of the
Hankel matrix (1.2) is precisely equal to the space of all restricted input-output
trajectories on the interval [0, L — 1]. Finally, note that statement simply
boils down to statement in the case that ¢+ = 0. However, this statement
asserts, in addition, that for any i € Z, the space of all restricted input-output
trajectories on the interval [i,i + L — 1] coincides with the image of (1.2). This
statement follows from the controllability of (A¢rye, Birue) since, in this case, the
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spaces of restricted input-output trajectories on the intervals [¢,7 + L — 1] are
equal” for all ¢ € Z,..

Item of the fundamental lemma is the most involved statement to prove.
However, as we will see, this statement can be obtained as a corollary of the
results in Chapter 11. For this reason, we will postpone the entire proof of The-
orem to Chapter 11, see Section . Instead, at this point we note that the
fundamental lemma has important consequences for subspace identification and
data-driven control applications, which we will review in the next subsections.

1.2.2 Subspace identification

Subspace identification deals with the identification of the state-space dimension
Ngrue Of the true system (1.1) and the matrices Atrue, Btrues Ctrue and Dypye from
data. In this section, we review a subspace identification result by Moonen et al.
that was developed in 1989 in [115]. Although the fundamental lemma emerged
around fifteen years after this publication, it has important consequences for
subspace identification.

The problem of subspace identification is formulated as follows.

Problem 1.3. Consider the system (1.1) and assume that (A¢yue, Btrue) iS con-
trollable and (Ciyue, Atrue) is observable. Given

(a) an upper bound N > nyye on the state-space dimension of (1.1), and
(b) a restricted input-output trajectory (ujo,r—1),¥[0,r—1)) of (1.1),

find the state-space dimension ny,e of (1.1), and matrices A € RMtrueXMtruc
B € RMtrueXm (0 ¢ RPXMtrue gnd D € RP*™ gsuch that

A= SAtruesila B = SBirye, C= Ctrue5717 and D = Dypye (17)
for some nonsingular matrix S € R™trueX7true,

In other words, subspace identification deals with the reconstruction of the
true system matrices up to a similarity transformation, using input-output data
and an upper bound on the state-space dimension. If (1.8) holds for some non-
singular S then we call the systems (A, B, C, D) and (Atrue, Btrues Ctrues Dtrue)
isomorphic.

To explain the approach of [115], we start with the following thought exper-
iment. Suppose that, in addition to the input-output data, we also have access
to nyue and a state sequence g ) that is consistent with the data, i.e.,

X[I,T] _ Agrue  Birue X[O,T—l] . (18)
Yv[O,T—l] Ctruc Dirue U[O,T—l]

2We note that this is not the case for uncontrollable systems, which may be verified using
the example Atrue = 0, Btrue = 0, Ctrue = 1 and Diyye = 0.



10 INTRODUCTION AND HISTORICAL PERSPECTIVE

If the matrix

|:X[O,T1]:|
Ulo,7-1]

has full row rank, then the linear equation (1.8) has a unique solution

(Atrue7 Btrue7 Ctruea Dtrue)-

In this situation, we can thus uniquely identify the true system from input-state-
output data.

Of course, the state sequence o 7 and its dimension are not part of the
data, so the above approach cannot be applied directly. However, a central
idea” in the subspace identification literature is to identify a state sequence from
input-output data. Since the data (ujo,7—1],¥[0,7—1)) can be produced by any
system that is isomorphic to (Atrue, Btrues Ctrues Dirue), the best we can hope for
is to identify n¢rye and SX[p ) for some nonsingular matrix S € R rue e,
i.e., to identify the row space” of the matrix of states X|o 7).

To this end, the paper [ 15] assumes that 7' > 2N and considers the following
partitioned input Hankel matrix:

u(0) u(1) u(T —2N)
R RGN BRI G et B A
AT T TN iV ) wWT—-N) | |Us
i u(QN -1 u(QN) u(T; 1)

The Hankel matrix Hon(yjo,r—1)) of outputs is partitioned similarly into the
blocks Y}, and Y. The matrices U, and Y}, are often referred to as ‘past’ data
matrices, while Uy and Y are ‘future’ data matrices. This terminology should
be taken with a grain of salt since some inputs (like w(N)) appear in both U,
and Uy. With this terminology in place, we state the main result of [115].

Proposition 1.4 (Theorem 3 of [115]). Assume that (Atyye, Birue) 1S control-
lable and (Cirue, Atrue) is observable. Let (ujo,r—1), T[0,7—1]> Y[o,7—1]) be a re-
stricted input-state-output trajectory of system (1.1). Assume that the following

3There are also other subspace identification methods that aim at first reconstructing the
observability matrix from data, see [L65] for an overview.

4The row space of a matrix M is the space of all linear combinations of the rows of M, and
is denoted by rsp M.
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rank conditions hold:

rank [HQN(u[O’Tl])] = Ngrue + 2Nm, rank {Up] = rank [Uf} = Ngrue + NM.

Haon (yjo,7-1)) Y, Yy
(1.9)
Then Xy r—n) has rank nie and its row space is given by:
U, Uy
rsp Xy 17— :rsp{p}ﬁrsp{ ] 1.10
[N, T—N] Y, Yy (1.10)

In other words, under the three rank conditions in (1.9), we can obtain the
row space of the state sequence on the time interval [N, T — N] from input-
output data. At the time of [115], it was not very well-understood how the
rank conditions (1.9) can be verified and/or imposed. In fact, at first glance, it
appears to be impossible to verify (1.9) since npye is unknown. Indeed, we recall
that only an upper bound N on nypye is given. An important consequence of the
fundamental lemma is that (1.9) can be imposed by choosing the input sequence
to be sufficiently persistently exciting, after which n... can be extracted from
the data. In fact, the following proposition follows in a straightforward manner
from the fundamental lemma.

Proposition 1.5. Assume that (Atrue, Birue) is controllable and (Ciyye, Atrue)
is observable. Let

(U[O,T—l]ax[O,T—l]ay[O,T—l])
be a restricted input-state-output trajectory of system (1.1). If up 1y is per-
sistently exciting of order 3N then (1.9) holds.

For example, the first rank condition of (1.9) follows from the fact that
{H2N(U[O,T—l])} _ [ 0 I } { Xo,7—2N] ] (1.11)
Han (yjo,7-1) Qon  Oon | |Hon(ujo,r-17)]’

where 2o and ©s are observability and Toeplitz matrices, defined recursively
via

Q
Ql = Ctrue7 Qk:+1 == |:Ct flk :| (112)
rue<true
1—‘1 = Btrue7 1_\k+1 = [AégrueBtrue Fk] (113)
S} 0
@1 = Dtruev @k+1 = [Ctrujrk Dtrue] (114)

for k > 1. Since the pair (Cirue, Atrue) is observable and 2N > ngpye, the matrix
Qon has rank n4e. As such, the matrix

0 I
Qon  Oan
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has full column rank. We conclude from (1.11) that

Han (upo T—l])] { X{o,r—2N) ]
rank ’ = rank ’ = Ngrue + 2NM,
{H2N (i0,7-1)) Hon (up,7-11) ¢

where the last equality follows from Theorem and the assumption that
ujo,r—1) is persistently exciting of order 3N, and thus also of order n¢ye + 2N.
The other two rank conditions in (1.9) can be proven in a similar way.

Now, note that under the condition of persistency of excitation of order 3N,
Propositions and allow us to extract ng.ue from input-output data as

—q; Up Uy
Ngrue = dim (rsp [YJ N rsp [Yf]) .

Moreover, we can obtain vectors Z(N), Z(N +1),...,Z(T — N) € R"=ue from the
input-output data such that the matrix

satisfies
> U, Uy
rsp Xy 17— :rsp{p}ﬂrsp{ ]
[N,T—N] Yp Yf
Then, by Proposition |.4, SX|nyr_n) = X[N’T,N] for some nonsingular matrix

S € RMtrueXntrue - We then conclude that

|:X[N+1,TN]:| _ |:SAtrueS_1 SBtrue:| |:X[N,TN1]:| .
Yinr-N—1) CirueS™" Die | |Unr—N-1]

Therefore, if the matrix -
|:X[N,TN1]:|
Unr-nN—1

has full row rank”’, then the system of linear equations

[X[N+1,T—N]:| _ [A B} |:X[N,T—N—1}]
Yinr-n-1 C D] |Unr-n-1

has a unique solution (A, B, C, D) and, moreover, A = SA4,0S™!, B = SBirue,
C = C’trueSfl, and D = Dyye. This provides a solution to the subspace identi-
fication problem.

There is a lot more that can be said about the topic of subspace identifi-
cation. Our aim in this subsection was only to explain some of the basic ideas

5Also this rank condition can be imposed, in conjunction with (1.9), by choosing Ujo,T—2]
to be persistently exciting of order 3N.
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and to make a connection to the fundamental lemma. For further extensions, for
example to the case of noisy data, we refer to the books [165,178]. In the context
of the current book, it is interesting to note that the condition of persistency
of excitation of order 3N is sufficient but not necessary to solve the subspace
identification problem. In fact, it is quite straightforward to see that persistency
of excitation of order 2N + 1 is sufficient, by noting that all input-output tra-
jectories of (1.1) can be obtained from all restricted input-output trajectories
defined on the interval [0, N]. However, even this condition is not necessary in
general. Necessary and sufficient conditions under which the input-output data
contain enough information to identify the system matrices were described in
the paper [32]. We will come back to this point in Chapter 11, where we treat
such necessary and sufficient conditions in detail.

1.2.3 Data-driven simulation and tracking

A few years after the publication of the fundamental lemma, in [104] a framework
was proposed for data-driven simulation and control based on the parameteriza-
tion of trajectories as expressed by (1.5). In this subsection, we will review some
of the ideas from their paper. We will start with the problem of simulating tra-
jectories of (1.1) using measured input-output data. This problem is formalized
as follows.

Problem 1.6. Consider the system (1.1). Assume that (Atrye, Birue) is con-
trollable. Let Liy; and L. be positive integers and define L := L + Lyet.
Given

(a) an upper bound N > nye on the state-space dimension of (1.1),
(b) a restricted input-output trajectory (ujor—1),yj0,r—1)) of (1.1) with T' > L,
(c) an initial restricted trajectory (up 1], Y[o,L:;—1)) of (1.1), and
(

d) a reference input uyr, ;-1 € R™Erer,

find outputs yz,,;,r—1) such that (@, L1}, Jjo,L—1)) is a restricted input-output
trajectory of (1.1).

So the problem is to use the data (ujo,7—1),¥jo,7—1)) to find (‘simulate’) the
output yir,,;,.L—1], given the reference input w4z, r—1) and an initial trajectory
of the system. The reason for including the initial trajectory is to ‘fix’ an initial
state of the system (1.1). Indeed, given only the reference input UL, L—1], the
output Yz, r—1] is not unique, since it also depends on the state of system
(1.1) at time L. We will see, however, that by choosing the length of the
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initial trajectory appropriately, there exists a unique output sequence ¥z, . r—1]
which can be readily computed from the data.

We will now outline the approach of [104] to solve Problem 1.6. To this end,
we partition the Hankel matrices of the input-output data in a similar way as in
Section . In particular,

Hy(ujo,r—1)) = {gﬂ (1.15)

Hi(yo,r-17) = {g] (1.16)

where U, and Y, have mLi,; and pLiy; rows, and Uy and Yy have mL,.s and
pLyet TOWs, respectively. Moreover, we define the lag fipye of (1.1) as the small-
est integer k for which rank Q) = rank i, where we recall that € is the
observability matrix defined in ( ). With this in mind, we state the following
theorem from [104].

Theorem 1.7. Consider the system (1.1) and assume that (Atrue, Birue) 1S con-
trollable. Suppose that ujo r_1) is persistently exciting of order N+ L. Moreover,
consider the restricted input-output trajectory (uo,r,,;~1], ¥[0,Lm—1]) of (1.1)
and the reference input ;1 € R™"f. Then the following statements
hold:

(a) The system of equations

Up U[0, Lins—1]
Yol 9= | Y0,Lim—1] (1.17)
Uy U[Lips, L—1]

has at least one solution g € RT—1+1,

(b) Let g be a solution to (1.17) and define the output iz, . 1—1] := Yyg. Then
(4[0,—1, Yjo,.—1]) is a restricted input-output trajectory of (1.1).

(c) If, in addition, Lin; > lirue then the output Y, . r—1) in is unique in
the sense that it is the only vector in RPTret for which (40,01 Yjo,0—1]) 18
a restricted input-output trajectory of (1.1).

Theorem 1.7 provides a simple approach to simulate the output of the dynam-
ical system (1.1) by solving a system of equations ( ), where the coefficient
matrix is constructed directly from a Hankel matrix of input-output data. De-
pending on the application, the initial trajectory (ujo,r,,,—1]» ¥[0,Lin;—1]) can be
chosen in different ways. For example, in [104, Sec. 4.5], Theorem is used to
simulate the first Lot Markov parameters of the system (1.1), i.e., the matrices
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Dirue and Cirue Al o Birue for i = 0,1,..., Lyes — 2. This is done by simulat-
ing m input-output trajectories, where in each trajectory, up,r,,;—1) = 0 and
U[0,L:ni—1] = 0. The reference input is selected as an ‘impulse’, i.e., u(Lini) = e;
and 4(Lipi+1) = --- = u(L—1) = 0, where ¢; is the i-th standard basis vector of
R™ for i = 1,2,...,m. This ensures that the i-th simulated output trajectory is
equal to the i-th column of a matrix containing the first L.. Markov parameters
of (1.1), see [104, Prop. 11].

In addition to the simulation problem, [104] also considers data-driven track-
ing. In what follows, we will review this problem in more detail.

Problem 1.8. Consider the system (1.1). Assume that (Agrue, Birue) 18 con-
trollable. Let Li,; and L. be positive integers and define L := Ly, + Lyet.
Given

(a) an upper bound N > nyye on the state-space dimension of (1.1),

(b) a symmetric positive semidefinite matrix

_ Q@ Qi
Q= {Qm Q22}

where Q11 € R™*™ Q15 = @, € R™*P and Qoo € RPXP.

(c) a restricted input-output trajectory (ujo,r—1),¥jo,r—1)) of (1.1) with T" > L,
(d) an initial restricted trajectory (i, r,,,—1], Y[0,L:;—1)) of (1.1), and

(e) a reference signal (vir,.,.L—1] ?[Lini,L—1]) € R et ¢ RPLver

find (@r,,;,L-1]> J[Lin;,L—1]) that minimizes the cost function

[t —v) ", [a) - o)

) [t P (118)

subject to the constraint that (ﬂ[o,Lq],@[o,Lq]) is a restricted input-output
trajectory of (1.1).

The paper [104] focuses on the case that @ is positive definite. In this case,
three solutions are proposed for Problem 1.8. Two of them are indirect methods
that first compute a representation of the system (1.1) in the form of a state-
space model or impulse response matrix. The other one is a direct approach

6 A symmetric matrix M € R™*" is called positive semidefinite if T Mx > 0 for all z € R™
and positive definite if z1 Mz > 0 for all nonzero z € R™. This is denoted by M > 0 and
M > 0, respectively.
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that uses concepts from the behavioral approach to systems and control. In this
subsection, we formulate an alternative solution to Problem that relies on
elementary concepts like the solution to a constrained least squares problem.
As in the simulation problem, we will consider the partitioned Hankel matri-
ces of the data in (1.15) and (1.16). Now, we note that if ufg p_qj is persistently

exciting of order N + L, then, by Theorem 1.2, the constraint of the minimiza-
tion problem in Problem is equivalent to the existence of g € RT~E+1 such
that

U[0, Lin;—1] Up

Yo, Lim-1 | _ | Yp

AL o Uy g. (1.19)

Y[Lins,L—1] Yy

We define the matrix

) I, ®Qu 1L, ® Q12
= re re 1.20
@ |:ILref ® Q21 11, ® Q2 ( )

where ® denotes the Kronecker product. With this notation in place, the cost
function in (1.18) can be rewritten as

_ 2
ob |:U[Lini,L—1]] _ At {U[Lmi,L—u}
HQ YLins, L—1] @ Z[Ling,L—1]

Then, Problem can be reformulated as the problem of finding a minimizer

g € RT=L+1 of the optimization problem

Ul A1 U[Lim,L—l]}
[Yf}g @ |:Z[Lini,L—1]

U Uio L
subject to Pl o= |0 Lini 1]] )
: |:Yp:| g |:y[O)Lini_1]

2

W=

minimize

\Q

(1.21)

Indeed, for any such minimizer g, the trajectory (u(r,,, n—1], Y[L.,1—1]) defined

by

- )

YlLini, L—1] Yy
is a solution to Problem |.8. Vice versa, given a solution (uz,, 1], Y[Lii,L—1])
to Problem 1.8, any solution g to (1.19) is a minimizer of (

Next, we note that ( ) is a least squares problem with a linear equality
constraint. The following basic lemma discusses conditions under which such a
problem has a solution, and how to find one if it exists. For additional informa-
tion on constrained least squares problems, we refer to [27, Ch. 16].
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Lemma 1.9. Let A € R™™ b c R", C € RF*™ and d € R*. Consider the
problem
minimize || Az — b||?

. (1.22)
subject to Cx = d and x € R™.

Assume that d € im C. Then, the system of equations
ATA CT] [z ATb
IR 2

|

Moreover, & is a minimizer of ( ) if and only if there exists 2 € R* such that
(1.23) holds.

has at least one solution

W

] c Rm—i—k'

Based on Lemma 1.9, we now formulate the following solution to Problem

Theorem 1.10. Consider the system (1.1) and assume that (Atrue, Btrue) IS
controllable. Suppose that ujy r_1) is persistently exciting of order N + L. There

exist vectors g € RT=I+1 and h € R™+P)Lini sych that

T i T T
Uy o) Ur| i |Up Uy G |Vl L1)
Rt Yl 1Y) M | Y T -]

[Up} 0 h |:u[OsLini1]:|
Uy | I Y10, Lini—1]

For such g and h, define

{U[L‘““L‘”] = _Uf} g.
Y[Lini,L—1] RE:
Then, (Ur,,, .—1], Y[Li;,L—1]) i a solution to Problem

1.2.4 Data-enabled predictive control

In this section we will review the paper [36], in which the fundamental lemma
was applied to develop data-enabled predictive controllers for linear systems'.
The main idea of [36] is to apply data-driven tracking in a receding horizon
manner. This means that, at every time step, a sequence of ‘predicted’ inputs

TWe note that the idea of using the fundamental lemma for data-driven predictive control
design has also been used in the paper [196].
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and outputs is computed that solves a finite-horizon tracking problem as studied
in Section . Only the first” input is applied to the system, after which the
procedure is repeated.

For data-enabled predictive control we require the following ingredients:

(a) an upper bound N > nyrye on the state-space dimension of (1.1),
(b) positive integers Lin; and Lyer with Lini = lirue and L := Lin; + Lyet,

(c) a symmetric positive semidefinite matrix

_ @ Q2
©= {Qm QzJ ’

where Q11 € R™*™, Q12 = Q3, € R™*? and Qqp € RP*?,

(d) a restricted input-output trajectory (ujo,r—1,¥jo,r—1)) of (1.1), where the
input u, r_1) persistently exciting of order N + L,

(e) an initial restricted trajectory (ujo,r,,,—1], Y[0,Limi—1)) Of (1.1),

(f) a reference signal (v(t),z(t))gS, = where v(t) € R™ and z(t) € R? for t €
[Lini7 OO)

In [36], the authors further work under the assumptions that Q12 = Qq; = 0
and v(t) = 0 for all ¢ € Z,. With these ingredients in place, we recall the
data-enabled predictive control algorithm [36, Alg. 2]. Starting from the initial
restricted trajectory (o, z,,,—1]> ¥[0,Lm—1]) Of (1.1), the algorithm computes the
inputs @(7 + Liy;) in an iterative manner by solving a finite horizon data-driven
tracking problem for every 7 =0,1,....
1: procedure DATA-ENABLED PREDICTIVE CONTROL
2: require: Positive integers Lin; and Lyef, positive semidefinite matrix @,
data (up,7—1],¥jo,r—1]), initial restricted trajectory (uo,r,,,—1]¥[0,Lini—1])s
and reference signal (v(t), 2(¢))2 . .
3: for r=0,1,.... do
4: Compute

uP™Y (7 4 Ling), ..., uPd(r + L — 1) € R™

5: and
yP T + Lini), ..., y” (7 + L—1) € RP

8 Alternatively, a number of predicted inputs can be applied to the system before repeating
the procedure [36].
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6: that minimize the cost function

T+L—-1 red T red
uPre(t) — v(t) uPre(t) — v(t)
> [yt 50| @ [yt 200) (24

t=T+Lini
7 subject to the constraint that
a[T’T“I’Lini*l] g[T,T+Lini*1]
pred ’ pred
u[T+Lini ,T7+L—1] y[T+Lini77-+L_1]
8: is a restricted input-output trajectory of (1.1).
9: Apply (T + Lini) := uP™d(7 + Lipn;) to (1.1) and measure 4(7 + Lin;)-

10: end for
11: end procedure

The minimization of ( ) is essentially a finite horizon tracking problem
that can be solved in the same way as in Section . In [36], it was shown that
data-enabled predictive control is equivalent to model predictive control under
the assumptions of the fundamental lemma. More precisely, if (Atrue, Btrue) 18
controllable and wujg r_1y is persistently exciting, the above procedure generates
the same input-output trajectory as an associated (model-based) model predic-
tive control scheme, given the same initial and reference trajectory. In the case
that the data (up,7—1],¥[0,7—1]) are corrupted by noise, the paper [37] further
proposes robust versions of the basic data-enabled predictive control algorithm,
by adding regularization terms to the objective function in ( ). We also note
that the paper [19] further studies the stability of data-driven predictive control
schemes with terminal constraints.

1.2.5 Formulas for data-driven control

The paper [44] also approaches data-driven control from the perspective of the
fundamental lemma. In contrast to the results in the previous sections, however,
[44] focuses on the design of state feedback controllers of the form u(t) = Kx(t).
In this subsection, we will review the main idea of [14]. For this, we will focus
on the input-state dynamics (1.12) and the input-state data up, r—1; and zjo 77,
collected from ( ). In this case, the state-space dimension nue of (1.1) is
assumed to be known. Define the matrices

X =Xpor-1, X+:=Xpm, U-:=Upr_1-

Then we have the following relation between the true system matrices and the
data:
X1 = AtrueX— + BirueU-—. (1.25)
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If (Atrue, Btrue) is controllable and ufo,7—1] is persistently exciting of order n¢rye+
1, then we see that

rank Fé} = Ngpue + M (1.26)

by applying Theorem with L = 1. Moreover, if ( ) holds, then for any
matrix K € R™X™re  there exists a G € RT*™rue such that

4-[¢]e

This means that the closed-loop system, obtained from interconnecting (1.1a)
with the controller u(t) = Kxz(t) can be expressed as

.T(t + 1) = (Atrue + BtrueK)x(t) = [Atrue Btrue] |:K:| LL’(t)
X_
U

= [Atrue  Birue { ] Gz(t) = X, G(t).

The idea of [14] is now to impose suitable properties on the closed-loop
system matrix X, G by choosing G appropriately. As long as such a G satisfies
X_G = 1, we can retrieve a suitable feedback K as K = U_G, viz. (1.27). In

what follows, we will focus on the specific problem of data-driven stabilization,
with the goal of finding a G such that the closed-loop system

z(t+1) = X1 Ga(t)

is stable, equivalently, the matrix X, G is a stable matrix, meaning that all its
eigenvalues have modulus strictly less than one. With this terminology in place,
we now recall the following theorem from [44, Thm. 3].

Theorem 1.11. Suppose that (1.26) holds. If the matrix © € RT*"ue gatisfies

_ T X_ 6 X0
then the controller
K=U06(Xx_0)! (1.29)

is such that Atrue+ Birue KK is stable. Conversely, if K is such that Atrue + Birue K
is stable, then it is of the form (1.29) with © a solution to (1.28).

We note that the paper [14] further studies the problem of designing linear
quadratic regulators using data, and also discusses the case in which measure-
ments are corrupted by noise. The approach was further extended to other
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classes of systems in follow-up works, such as the paper [68] on polynomial sys-
tems. Theorem is relevant in the context of Section of this book. In fact,
as we will show there, the rank condition (1.26) (and persistency of excitation of
the input ujg 7_1)) is in general not necessary to find stabilizing controllers using
data. Using the data informativity framework developed in this book, we will
derive necessary and sufficient conditions on the data under which data-driven
stabilization is possible.

1.2.6 Further developments to data-driven control

In addition to the work treated in the previous subsections, a large number of
contributions to data-driven control have emerged. Central to this book is the
informativity approach to data-driven control [173, ], which will be intro-
duced in detail in Chapter 2. In contrast to the work discussed above, within
the informativity approach we do not assume that the data are persistently ex-
citing. Instead, we aim at deriving necessary and sufficient conditions under
which models, system properties, and controllers can be obtained from the data.
Such necessary and sufficient conditions provide valuable insight into the relative
merits of direct and indirect methods. For example, in Section we will see
that stabilizing controllers may be found from data that do not enable system
identification, thereby highlighting the power of direct data-driven control tech-
niques. The conditions obtained through the informativity framework are also
important in situations where generating persistently exciting inputs is challeng-
ing, for example, because the number of data points are limited or the data are
collected in closed-loop. In the latter scenario, the loss of persistency of excita-
tion is a well-known issue in system identification [163], typically requiring the
addition of external reference inputs. As we will see, the informativity approach
also naturally applies to data that are corrupted by noise. In this situation,
we will provide a plethora of analysis and control design tools allowing us to
ascertain system properties and design robust controllers for all systems that
are consistent with the data.

The topic of noise-corrupted data has received a lot of attention, and various
ways of modeling the noise have been considered. For example, the paper [10]
considers process noise of bounded /,-norm. This leads to a polytopic set of
systems consistent with the data, to which robust control techniques are applied.
The case that the energy of the process noise is bounded has also been stud-
ied in [18,44,169]. The paper [44] uses Young’s inequality to develop sufficient
conditions for data-driven stabilization. Additional sufficient conditions for data-
driven stabilization are provided in [18], based on linear fractional transforma-
tions. The first necessary and sufficient conditions for data-driven stabilization
of linear systems were developed in [169], based on a matrix version of the S-
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lemma (see also Chapter A). These results were further extended in [23] using the
related Petersen’s lemma, and a unification of these results is provided in [168].
Furthermore, data-driven stabilization using measurement noise satisfying an
energy bound has been studied in [24]. The works [121, 122] take a different
approach and quantify uncertainty using a distance between finite-dimensional
subspaces containing restricted trajectories of the system. In addition to these
contributions, also statistical assumptions on the noise have been considered, see
for example the paper [162] that addresses the LQR problem in the setting of
Gaussian noise, [197] that introduces a maximum likelihood framework with ap-
plications to predictive control, and [124] that studies stochastic optimal control
from the perspective of the fundamental lemma.

Yet another line of research involves the extension of data-driven control tech-
niques for discrete-time linear time-invariant dynamics to other system classes.
For example, data-driven control of continuous-time systems has been stud-
ied in [21,419, 136, 115]. We also point out methods for data-driven (absolute)
stabilization of Lur’e systems [99, , 168], i.e., systems that are the feedback
interconnection of a linear system and a static nonlinearity. In addition, data-
driven control of polynomial systems [68, 74,75, 106] and rational systems [158]
has received attention. Here, the vector field of the system is assumed to be a
linear combination of known polynomials or rational functions. In [4,5], data-
driven control of a class of feedback linearizable systems was considered. Here,
the linearizing feedback is assumed to be (approximately) equal to a linear com-
bination of known basis functions, and the purpose is to identify the coefficients
of this linear combination using data. Positive linear systems have been tack-
led in [81,111]. In addition, methods based on Koopman operator theory have
been used in [56, 85,93, 151], with the idea of lifting the nonlinear dynamics to
an (infinite-dimensional) linear system. Finally, we mention contributions to
data-driven control of linear time-varying [120], linear parameter-varying sys-
tems [112,179], and networked control systems [3, 15, 83].

Data-driven stabilization is a prototypical control problem that has been
studied in several papers, including some of the ones mentioned above. However,
there are also many contributions that study additional performance guarantees
such as linear quadratic regulation [44-16,63, 76, ], iz and f, performance
[18,20, 156,169, 176], and model matching [28, 181]. In addition, data-driven
tracking has been considered in [43, 161].

The interest in data-driven control has not only delivered a variety of new
controllers for various classes of systems, but has also led to a revival of interest
in the fundamental lemma. Its original proof was presented in the language
of behavioral theory; an alternative proof for state-space systems was provided
in [172]. The original fundamental lemma works with Hankel matrices of trajec-
tories, but various other matrix structures have been considered such as mosaic-
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Hankel matrices [172], Page matrices [37] and “trajectory matrices” [102]. The
condition of persistency of excitation is sufficient to generate rich data that en-
able the parameterization of all system trajectories. However, it is in general not
necessary. In [103], it was shown that for a class of controllable single-input sys-
tems, persistency of excitation is necessary and sufficient to generate such rich
data for all possible initial conditions. Moreover, in [150] general multi-input
systems were studied and it was shown that persistently exciting inputs precisely
coincide with those inputs that lead to rich data for any initial condition and
any controllable system. Generalizations to uncontrollable systems are presented
in [102,113,198] and extensions to continuous-time systems in [97,98, 133, 134].
Robust and quantitative versions are explored in [17, 38, 39] while frequency
domain formulations have been considered in [52, 109]. Furthermore, the fun-
damental lemma has been generalized to various other model classes such as
descriptor systems [146], flat nonlinear systems [1], linear parameter-varying
systems [180], and stochastic ones [51].






2

The data informativity framework

In this chapter we will introduce the concept of data informativity. This notion
will play a central role in this book. It will be shown to constitute a powerful
framework that can be applied to a large number of data-driven system analysis,
control design, and modelling problems.

2.1 Introduction

As was discussed in the previous chapter, in some situations data obtained from
the physical system contain sufficient information to identify the true system
model uniquely. For the situation that the data are noiseless it was explained
in Subsection that the true system can be identified from data provided
that the input data are persistently exciting. An important role is played here
by Willems’ fundamental lemma as discussed in Subsection . It is not
surprising that in such situations, analysis and control design can be based on
the data directly. Indeed, Subsections to describe examples in which
data-driven analysis and control problems are treated under the assumption that
the input data are persistently exciting. In general however, it is not possible
to uniquely identify the physical system because the input data may not be
persistently exciting, may not contain a sufficient number of samples, or the
data may be corrupted by noise.

Therefore, an intriguing question is the following: is it possible to verify
system properties and/or to obtain controllers from data that do not contain
sufficient information to uniquely identify the true system? In this book we will
address this question. The answer will turn out to depend on the particular
system property or control design problem at hand. For several properties and
problems, we will show the answer to be affirmative. This is remarkable because
it highlights situations in which direct data-driven control is more powerful than
the indirect approach, i.e., the combination of unique system identification and
model-based control. On the other hand, in some situations the answer is neg-
ative. Such a negative answer is also significant, because it reveals situations in
which identifiability of the system is necessary for data-driven analysis/control.

In this book we will restrict ourselves to discrete-time, linear, time-invariant
systems, both in state space form, and in the form of higher order autoregressive
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models. In that context, the informativity approach will be applied to estab-
lish data-based tests for verifying whether an unknown system satisfies certain
system theoretic properties such as, for example, stability, stabilizability and
controllability. If, for a certain system property, the data indeed contain suffi-
cient information to verify that property then we will call the data informative
for this system property. Data informativity will also turn out to provide direct
methods to data driven control design in the context of several classical con-
trol problems, such as, for example, stabilization, the linear quadratic regulator
problem, A and fi, control, and the problem of tracking and regulation. Before
embarking on these concrete system analysis and control design problems, in
the next section we will first introduce the framework of data informativity at a
rather general level.

2.2 Data informativity

In this section we will introduce the concept of data informativity for verifying
a given system property or solving a certain control design problem at a fairly
abstract level. We will then illustrate this abstract setup by means of a series of
concrete data driven analysis and control design problems.

To start with, we fix a certain model class M. This model class is a given
set of systems that is assumed to contain the ‘true’ system (i.e., a mathematical
model of the underlying unknown physical system), denoted by S. We assume
that the true system & is not known but we do have access to a set of data,
D, generated by this system. More concretely, we think of D as the set col-
lecting the data from some input-output experiment applied to the system S.
As explained in the introduction to this chapter, we are interested in assessing
system-theoretic properties of S and designing control laws for it from the data
D. Given the set of data D, we define Xp C M to be the set of all systems in
the model class M that are consistent with the data D, i.e., that could also have
generated the same data. In other words, it is impossible to distinguish the true
system S from any other system in Xp on the basis of the given data D alone.
This will be explained in more detail in several examples below.

We will first focus on data-driven analysis of system theoretic properties.
Let P be some system theoretic property. We will denote the set of all systems
within M having this property by ~p. Suppose we are interested in the question
whether our true system S has the property P. Since the only information we
have to base our answer on are the data D obtained from the true system, we can
only conclude from the data that the true system has property P if all systems
consistent with the data D have the property P. If this is the case, we call
the data informative for the system property. More precisely, this leads to the
following definition, see also Figures and



Data informativity 27

Definition 2.1 (Informativity for system analysis). We say that the data D
are informative for property P if ¥p C Yp, i.e., all systems that are consistent
with the data have the property.

M
Xp
Yp
M: model class Yp: data consistent systems
S: unknown system P: system property
D: given data set Yip: systems with property P

Figure 2.1: The data are informative for property P as Yp C Xp.

Xp

Figure 2.2: The data are not informative for property P. Depending on the
situation, either S € Yp or § € ¥p. On the basis of the given data D, it is
impossible to distinguish these two cases.

Example 2.2. For given n and m, let the model class M be the set of all linear
input-state systems of the form

xz(t+1) = Ax(t) + Bu(t)
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where x is the n-dimensional state and u is the m-dimensional input. Let the
true system S be represented by the matrices (Atrue, Btrue)-

An example of a data set D arises when considering data-driven problems
on the basis of input and state measurements. Suppose that we collect input
and state samples u(0),u(1),...,u(T — 1) and x(0),z(1),...,z(T) on the time
interval [0, T]. Recall the notation

Up,r—1 = [u(0) u(l) - u(T—1)]
Xy = [2(0) =(1) - =(T)]

from Chapter 1. Here, in addition, we will use the shorthand notation

U_ .= U[07T—1] (218,)
X = X[O,T]' (21b)
By defining
X_ = X[O,T—l] (22&)
X+ = X[LT] (22b)

we clearly have X = AgyeX— + BirueU— because the true system is assumed
to generate the data.

We then define the data as D := (U_, X). In this case, the set Xp is equal
to ¥(y_, x) defined by

S = {(A,B) EM|X,=[A B [iﬂ } (2.3)

Clearly, we have (Atrue, Birue) € Zp.
Suppose that we are interested in the system theoretic property P of stabi-
lizability. The corresponding set Yp is then equal to Y, defined by

Ystab := {(A, B) € M | (A, B) is stabilizable}.

Then, the data (U_, X) are informative for stabilizability if ¥ x) € Xgtab,
that is, if all systems consistent with the input-state measurements are stabiliz-
able. |

In general, if the true system S can be uniquely determined from the data D,
that is ¥p = {S} and S has the property P, then it is evident that the data D
are informative for P. However, the converse may not be true: >p might contain
many systems, all of which have property P. In this book, we are interested in
necessary and sufficient conditions for informativity of the data. Such conditions
reveal the minimal amount of information required to assess the property P. A
natural problem statement is therefore the following:
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Problem 2.3 (Informativity for system analysis). Provide necessary and suf-
ficient conditions on the data D under which these data are informative for
property P.

The above gives us a general framework to deal with data-driven analysis
problems. Such analysis problems will be one of the main subjects of this book.

We will also deal with data-driven control problems. The objective in such
problems is the data-based design of controllers such that the closed loop system,
obtained from the interconnection of the true system S and the controller, sat-
isfies the given control objective. As for the analysis problem, we have only the
information from the data to base our design on. Therefore, we can only guar-
antee that our control objective is achieved if the designed controller achieves
the design objective when interconnected with any system from the set 3p.

For the framework to allow for data-driven control problems, we will con-
sider a given control objective O (for example, a system theoretic property or a
guaranteed performance of the closed loop system). Denote by Yo the set of all
systems that satisfy the control objective O. For a given controller K, denote
by ¥p(K) the set of all systems obtained as the interconnection of a system in
3p with the controller . We then have the following variant of informativity:

Definition 2.4 (Informativity for control). We say that the data D are in-
formative for the control objective O if there exists a controller I such that
Ep(K) € Xo.

Example 2.5. In order to illustrate the above formal definition, in this example
we will consider data driven stabilization by state feedback. In that context, for
systems and data like in Example 2.2, we take the control objective O: ‘inter-
connection with a state feedback controller yields a stable closed loop system’.
The set of all systems that satisfy the control objective is then equal to

Yo ={AeR"™"| Aisstable'}.

For a given state feedback controller K = K € R™*™ the corresponding set of
closed loop systems consistent with the data is equal to

Sp(K) = {A+ BK | (A,B) € Sp}.

The data D are thus informative for the control objective O if there exists a
single controller K such that A + BK is stable for all (A, B) € Xp. [ |

Obviously, the first step in any data-driven control problem is to determine
whether it is possible to obtain, from the given data, a suitable controller. This
leads to the following informativity problem:

1We say that a matrix is stable if all its eigenvalues are contained in the open unit disk.
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Problem 2.6 (Informativity for control). Provide necessary and sufficient con-
ditions on D under which the data are informative for the control objective O.

The second step of data-driven control involves the design of a suitable con-
troller. In terms of our framework, this can be stated as:

Problem 2.7 (Data-driven control design). Under the assumption that the
data D are informative for the control objective O, find a controller K such that
Ep(K) € Xo.

Example 2.8. In our previous example, we have considered stabilization using
data obtained from input and state measurements. In the present example we
will illustrate that also output measurements can be taken into account, and
consider data driven stabilization by dynamic output feedback. In that context,
our model class M consists of all systems of the form

z(t+1) = Az(t) + Bu(t) (2.4a)
y(t) = Cx(t) + Du(t). (2.4b)

Here, = is the n-dimensional state, u is the m-dimensional input and y is the
p-dimensional output. The dimensions n, m and p are given, fixed, integers. The
unknown, true system S is given by the matrices A¢ue, Birues Cirue, and Dipye-

Suppose that we have collected input-state-output data on the time interval
[0,7]. Let U_,X,X_, and X be defined by (2.1) and (2.2) and let Y_ be
defined in a similar way as U_ by Y_ := Y|gr_q;. Our data are given by
D = (U_,X,Y_). Since these data are assumed to be generated by the true
SyStem (Atrum Btruc, Otrum Dtruc) we have

X+ _ Atrue Btrue X_
Y_ B Ctrue Dtrue U_|-
The set of all systems that are consistent with these data is then given by:

={wmenl |y =[5 5] 7]}

We want to design a stabilizing dynamic controller K of the form

z(t+1) = Kz(t) + Ly(t) (2.5a)
u(t) = Mz(t). (2.5Db)

Here, the controller state z is g-dimensional, where the controller dimension ¢
needs to be designed as well.
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The design objective O is: ‘interconnection with a dynamic controller yields
a stable closed loop system’ Obviously, the set of all systems satisfying the
control objective is

Yo = {A e RFD*X(+D | g € N, and A’ is stable}.

For a given dynamic controller K of the form (2.5), the corresponding set of
closed loop systems consistent with the data is equal to

S (K) = {[LAC w Dl A B.cD) e ED}.
The data D are informative for stabilization by dynamic output feedback if
there exists a single controller IC such that ¥p(K) C ¥, i.e. the controller K
stabilizes all systems in M that are consistent with the data D. The problem is
to find necessary and sufficient under which D satisfies this property and, if so,
to design a suitable controller /. [ |

Example 2.9. In some situations state data cannot be obtained, and only
input and output data are available. This means that our data are of the form
D= (U_,Y_), where

U_-= U[O,T—l]
Y_ =Yo7y

Assuming that our model class is still given by all systems of the form (2.4)
with dimensions n, m, and p given, the set of all system consistent with the data
becomes

X A B| |X_
L nx(T+1) + | _
Sp = {(A,B,C,D) 13X eR a.t. {Y_} - {c D] [U_”.

Again, the data D are informative for stabilization by dynamic output feedback
if there exists a single controller IC such that ¥p(K) C Y. If this holds, the
problem is to design a suitable dynamic controller K. ]

As stated in the introduction, in this book we will highlight the strength of
the informativity framework by solving multiple problems. In addition to the
noise-free setting of the previous examples, we will also consider data driven
analysis and control problems where the model class M consists of system mo-
dels with unknown process noise and/or measurement noise. An example of this
is the problem of quadratic stabilization by state feedback as illustrated below.

2We denote by N = {1,2,...} the set of natural numbers.
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Example 2.10. For given n and m, consider the model class M consisting of
all discrete-time linear input-state systems with unknown process noise of the
form

z(t+1) = Az(t) + Bu(t) + w(t)

where z(t) € R™ is the state, u(tf) € R™ is the control input and w(t) € R™ is
an unknown noise term. Suppose we have data (U_, X) given by (2.1). The
noise w is unknown, so w(0),w(1),...,w(T — 1) are not measured and hence
are not part of the data. However, as part of the data D we do assume that
we have the following information on the noise during the data sampling period:
the individual noise samples w(0), w(1),...,w(T —1) satisfy the pointwise norm
bound

|lw(t)||3 <e for te[0,T—1] (2.7)

for some known upper bound € > 0. In other words, the data D consist of
the measurements (U_, X) together with the information that the noise on the
sampling interval satisfies the inequality (2.7). Define

W_ .= W[O,T*l] .

Then we see that the set Yp is equal to the set of all systems (A, B) explaining
the numerical data (U_, X) together with the information (2.7) on the noise,
i.e., all (A, B) satisfying

Xy =AX_+BU_+W_ (2.8)
for some W_ satisfying (2.7):
Yp ={(A,B) | (2.8) holds for some W_ satisfying (2.7)}.

We will now formulate a control objective 0. Let @ be a given real positive
definite n X n matrix. The control objective O depends on this given matrix Q
and is taken as: ‘interconnection with a state feedback controller yields a stable
closed loop system with Lyapunov function V(z) = 2" Qz *. Hence the set Yo
is given by

Yo={AcR™ | Q- ATQA > 0}.

For a given state feedback controller L = K € R™*"_ the set of closed loop
systems is equal to

Sp(K) = {A+ BK | (A,B) € Sp}.

In accordance with Definition , the data D are informative for the control
objective O if there exists a single controller K such that A+ BK is stable with
Lyapunov function V(z) = 2T Qz for all (4, B) € ¥p.
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The informativity problem is now to find necessary and sufficient conditions
on the data D (so on the numerical data (X, U_) and on the positive real number
¢ that represent the bound on the noise) under which there exists a positive
definite matrix @ such that the data are informative for the control objective
O. In that case, we will call the data informative for quadratic stabilization. In
addition, we want to find a suitable controller K. |

In this book, we will extensively study a range of analysis and control design
problems within the data informativity framework, including those illustrated
in the examples of this chapter. As explained before, the main tool for verifying
whether a given system property holds for the unknown system will be to check
whether the property holds for all systems in the model class that are consistent
with the data. Any test for verifying this will always be a test in terms of the given
data set, and such a test will obviously depend on the particular property that
needs to be verified. Once all systems in the set of systems that are consistent
with the data satisfy the given system property, also the true system will.

In the same way, the crucial idea in designing a controller that achieves a
given control objective for the unknown system will be to design a single con-
troller that achieves the design objective for all systems consistent with the data.
Here, the main problem will be to establish necessary and sufficient conditions
for the existence of such controller. These conditions will be in the form of a
test on the data. Once this test confirms that a suitable controller indeed exists,
the problem is to design such controller based on the given data. In the end,
this controller will then achieve the control objective for all systems consistent
with the data.

Note that this setup is reminiscent of the problem of robust control design.
In fact, in robust control one typically considers a nominal system with an un-
certainty set around it. There, the problem is to find controllers that achieve the
design objective for all systems in the uncertainty set. The framework that we
consider in this book circumvents finding a nominal system and an uncertainty
set. Instead, we work directly with the set of consistent systems induced by the
given data. In other words, the ‘system uncertainty’ is determined immediately
by the given data, and no attempt is made to find a nominal system and an
uncertainty description that is suitable for existing methods in robust control
design. The given data are called informative for a given design objective if the
associated robust control problem allows a solution for the system uncertainty
imposed by the data.

Of course, once a model class is given and data have been obtained, the
set of systems consistent with these data will be nonempty, since as a standing
assumption we assume that the unknown true system has generated these data,
and is therefore consistent with the data. In general, this set will contain an
infinite number of systems: all systems that could also have generated the same
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data. We will illustrate this by means of the following example.

Example 2.11. Consider the true (but unknown) system
z(t+ 1) = Agrue(t) + Birueu(t)

where Atrye and Bipye are given by

15 0 1
Atrue = |: 1 0.5} ) Btrue = |:O:| .

We collect data from this system on the time interval from ¢t = 0 until ¢t = 2,
which results in the data D = (X,U_) with

1 05 -0.25
X[O 5 ] U_—[-1 —1].

As model class M we take
M ={(A,B)| AcR®? BecR*>'}.

Recall from Example that the set of all systems Y1 that are consistent with
the data is given by

X_
E(U,,X) = {(A,B) eM | X, = [A B] |:U_:| } .
It is easily verified that (A, B) € ¥y_ x) if and only if

A— 1.5+ a; 0.5a1 |1 +aq
| 14 a9 0.5+ 0.5a5 |’ o as

for some ay,az € R. Thus, ¥(y_ x) is an (infinite) affine subset of R2%2 x R2X1,
In fact, it will be shown in Chapter 6 of this book that the data given above
are informative for stabilization by state feedback, meaning that a single state
feedback control law v = Kz exists that stabilizes all systems in ¥ x, so
also the unknown, true system. |
A particular special case occurs if, for a given model class and a given set of
data, the set of systems consistent with these data is a singleton, i.e. consists of
exactly one system. If this is the case, then this single system must be the true
system. We will then call the data informative for system identification.

Definition 2.12. Let M be a model class and let D be a given set of data.
We say that the data D are informative for system identification if the set Xp
contains exactly one element.
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The following is then a natural, high level, formulation of the problem of
system identification.

Problem 2.13 (System identification). Find necessary and sufficient conditions
on the data D to be informative for system identification. If so, determine the
unique element of ¥p.

In case the data are informative for identification, then verifying a system
property within the informativity framework amounts to verifying this property
for the unique system consistent with the data (i.e., the true system). On a
conceptual level, this can be done using two different approaches. A first ap-
proach is to actually identify the true system using the data, and subsequently
verify the given property using existing (model based) methods. A second ap-
proach is to directly verify the given system property using a test in terms of
the data. As explained before in this introduction, the first approach is called
indirect, whereas the second approach is called direct. Similarly, in case the data
are informative for identification, we can distinguish between the direct and the
indirect approach to control design.

We will illustrate the distinction between the indirect and direct approach
by means of the following example.

Example 2.14. For given n and m, let the model class M be the set of all
linear input-state systems of the form

x(t+1) = Az(t) + Bu(t).

As in Example , suppose we have collected data (U_,X). The set Xp is
equal to ¥(y_ x) defined by (2.3). It will be shown later in this book (see
Section 3.1) that the data D are informative for system identification if and only
if the (n +m) x T matrix

X

] as)

has full row rank (i.e., has linearly independent rows). If this is the case, then
the unique element (A¢rye, Birue) of Xp (which must be the true system that has
actually generated the data) is given by

[Atrue Btrue] = X+ [Vl VQ] (2.10)

where [V1 V3] is any right inverse’ of the matrix in (2.9).

Suppose now that we want to check internal stability of our unknown system.
Call this property P. The indirect approach (assuming that we have informa-
tivity for identification) for verifying the property P is now to compute Agpye

3We say that V is a right inverse of a matrix M if MV = I. We denote any such right
inverse by M#.
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using ( ) and to apply any standard test for checking whether Ay, is stable
(i.e., has all its eigenvalues inside the unit disc).

Instead, a direct approach is to establish a test in terms of the data directly,
without the intermediate step of identification. Indeed, later on in this book (see
Section 3.3) it will be shown that all system in ¥p have the property P if and
only if the data D satisfy the following conditions: X _ has full row rank and it
has a right inverse X* such that U_X* =0 and X+Xﬁ7 is stable. Clearly, this
test circumvents the identification step and is completely in terms of the data.
It should be noted that the latter test does not even require informativity for
identification. ]

In the previous example, we have discussed informativity for system iden-
tification in the presence of input-state data. A more challenging problem is
identification in the situation where the state of the system is not measured and
its dimension is not given. This is discussed in the following example.

Example 2.15. Given integers m,p € Nand N € Z,, consider the controllable
and observable input-state-output system

z(t + 1) = Atruex(t) + Birueu(t)

y(t) = Ctruex(t) + Dtrueu(t)
where u(t) € R™, y(t) € RP, and z(t) € R with ngee < N. Here, the
true system matrices Atrue, Birue, Ctrue and Dipye are unknown. Also, the true

state-space dimension nue is unknown, but an upper bound N is given. In this
setting, the model class M consists of all controllable and observable systems

(A, B,C, D) € R™ ™ x R™X™ x RPX1  RMXP

with m inputs, p outputs, and n < N states. We collect input-output data
(U-,Y_) from the true system. Now, a system (A, B,C,D) € M is consistent
with the input-output data if

X, =AX_+BU_

(2.11)
Y. =CX_+DU_

holds for some X € R™*(T+1 with n < N. The set of all systems consistent with
the data (U_, Y_) is denoted by ¥y y_). We call the data (U_,Y_) informative
for system identification if all systems in X(y_ y_) have precisely ngye states,
and any pair of systems in X(;_ y  is isomorphic, that is,

(Aa Ba Cv D)’ (Av Bv C’v D) € E(U,,Y,)
implies that there exists a nonsingular S € R™trueX™true gych that

SAS™'=A, SB=B, CS™'=C, and D=D.
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In other words, the data (U_,Y_) uniquely determine the true state-space di-
mension Nypye, and the true system matrices Atrue, Btrue, Ctrue and Dipye up to a
similarity transformation. In Chapter 11 we will provide necessary and sufficient
conditions on the input-output data to be informative for system identification.
|

If our model class M involves systems with process and/or measurement
noise, then in general a set of data D will not be informative for identification,
i.e. the set Y¥p will contain infinitely many systems. This can, for example,
be seen from Example , where Xp will contain infinitely many elements,
regardless of the algebraic properties of the numerical data (U_, X), due to the
presence of the wide range of noise matrices W_ satisfying the inequality (2.7).
This observation highlights the fact that the informativity framework, as it is
dedicated to the direct approach to system analysis and control design, can be
particularly useful in the context of systems with noise.

Although in this book we will be mainly concerned with the direct approach,
in the context of systems without noise a natural question is how to generate
data that are informative for identification. This question touches upon the
problem of experiment design, an issue that will be addressed in Chapter 12 of
this book. This problem is formulated as follows.

Problem 2.16 (Experiment design). Given a model class M, design an exper-
iment to generate data D that are informative for system identification.

We will illustrate the issue of experiment design in the following example.

Example 2.17. For given n and m, consider the model class M consisting of
all controllable linear input-state systems of the form

x(t+1) = Az(t) + Bu(t)

where z(t) € R” and u(t) € R™. Our aim is to obtain data (U_, X) that are
informative for system identification, equivalently, the matrix in (2.9) has full
row rank. First, note that this matrix is (n + m) x T, where T represents the
length of the sampling interval. Suppose now that we are free to choose 7" and a
suitable input sequence ujg 1. Choosing this input sequence in an appropriate
way will be our experiment design. It follows immediately from the fundamental
lemma (see Theorem 1.2) that if we choose the input sequence wuyy _1) to be
persistently exciting of order n + 1, i.e., the Hankel matrix

8 W
Hppa(upr-1) = | . : : (2.12)

wn) w(n+1) - (T —1)
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has full row rank, then indeed for any initial state 2(0) the resulting data matrix
(2.9) has full row rank. Thus, within the model class of controllable input-state
systems one can always uniquely identify the true system by first applying to the
unknown system a suitable (persistently exciting) finite length input sequence,
followed by ‘harvesting’ a corresponding state sequence. |

We will conclude this chapter with an example illustrating data informativity
for systems with unbounded noise.

Example 2.18. Consider the linear input-state-output systems with noise given
by

z(t+ 1) = Agruez(t) + Bu(t) + Ew(t) (2.13a)
y(t) = Cx(t) + Du(t) + Fw(t) (2.13b)

where v is the m-dimensional control input, = is the n-dimensional state, y the
p-dimensional output, and w r-dimensional unknown noise. In this example, we
assume that the system is only partly unknown, in the sense that the true state
matrix A¢ue is unknown and can be any real n X n matrix, but the matrices
B,C,D,FE and F are known. The term FEw represents process noise, whereas
Fw represents measurement noise. Thus, our model class M consists of all
systems of the form

x(t+1) = Az(t) + Bu(t) + Ew(t) (2.14a)
y(t) = Cx(t) + Du(t) + Fw(t) (2.14b)

parametrized by A € R™*™,

We assume that we have input-state-output data D = (U_, X,Y_) on a given
finite time interval [0,7]. A system in M is consistent with the data if and only
if there exists a real » x T" matrix W_ such that

X, =AX_+BU_+EW_ (2.15a)
Y. =CX_+DU_+FW_. (2.15b)

Hence the set of systems in M consistent with the data can be represented as
Yp ={A € R"™"| there exists W_ such that (2.15) holds}

As an example, take the property P as: ‘the system is detectable’, i.e., the ‘true’
pair (C, Agrue) is a detectable pair. Then, as before, the data D are informative
for property P if for all A € Yp the pair (C, A) is detectable. The problem is
to find necessary and sufficient conditions on D for this to hold. Yet another
property could be: ‘the system is controllable’; i.e. the true pair (Atrue, B) is a
controllable pair. The data are informative for this property if for all A € ¥p the
pair (4, B) is controllable. These issues will be discussed in detail in Chapter

of this book. |
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2.3 Notes and references

In this chapter, we have defined a general notion of data informativity for system
analysis and control design. The first paper that studied data informativity in
this context was [L75], see also the overview paper [L73]. The terminology of
‘data informativity’ finds its roots in system identification [60, 61, 96], where
informativity is usually understood as a condition on the data under which
it is possible to distinguish between different models in a (parametric) model
class. Here, we are not necessarily interested in distinguishing between different
models, but rather want to understand whether it is possible to assess a system-
theoretic property, or to synthesize a controller using the data. As we will see
in later chapters of this book, this is often possible even when the data do not
allow us to distinguish between different (data-consistent) systems.
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3

System properties from data

This chapter deals with data-driven analysis of basic system-theoretic proper-
ties. We will establish tests on the data to be informative for identification,
controllability, stability and stabilizability. This will be done both for systems
with noise and for the noiseless case.

3.1 Informativity for identification

In this section, we will study informativity for identification as defined in Defini-

tion and illustrated in Example . As in Example 2.2, suppose we have
some unknown system S given by
z(t+1) = Atruex(t) + Birueu(t) (3.1)

where x is the n-dimensional state and w is the m-dimensional input. The
dimensions n and m are assumed to be known, but the matrices (A¢rue, Btrue)
are unknown. We embed the unknown system S into the model class M, which
we take as the set of all discrete-time linear input-state systems (with given state
space dimension n and input dimension m) of the form

z(t + 1) = Az(t) + Bu(t). (3.2)

Suppose the data set is given by D = (U_, X) with U_ and X collecting the
data obtained from the true system (3.1) on the time interval [0, T], defined by

(2.1) as
U-=Upr-1 = [u0) ul) - uT-1)]
X =X =[=(0) z(1) - z(D)].

The set of all systems in M consistent with these data is then equal to ¥ x)
defined by

X_
with X_ and X defined by (2.2) as
X = X[O,T—l]

X+ = X[l’T].
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By assumption we have (Age, Birue) € X, x)-
Note that the defining equation of (3.3) is a system of linear equations in
the unknowns A and B. The solution space of the corresponding homogeneous

equation is denoted by E?[‘}‘j‘ x) and is equal to

om X_
ST v = {(AOaBO) |0=[40 Bo) {U} } (3.5)
Now recall from Definition that the data (U_, X) are informative for sys-

tem identification if the set ¥;_ x) contains exactly one system. If this is the
case, this system is necessarily equal to the unknown system (Atue, Btrue). The
following theorem gives necessary and sufficient conditions for this to hold:

Theorem 3.1. The data (U_,X) are informative for system identification if
and only if

rank [iﬂ —n+4m. (3.6)

U_] , partitioned

Now, suppose that (3.6) holds. Then for any right inverse of [

as .
X_
o] - vl

where Vi € RT>*" and Vo € RT*™, we have Ayue = X4 Vi and Bipye = X4 Vo.

Proof. Obviously, ¥_ x) contains exactly one element if and only if the so-
lution set (3.5) of the homogeneous equation only contains (0,0). This is the
case if and only if (3.6) holds. For any right inverse [Vl VQ] then, the unique
solution (Atrue, Btrue) Of the inhomogeneous linear equation

X_
X,—[A B [U}
is then given by (Atrue, Birue) = X+ [Vl Vg] O

Note that this result confirms the claims made in Example

3.2 Controllability and stabilizability from data

As we will show in this section, condition (3.6) is not necessary to perform
data-driven analysis in general. Indeed, we will establish data-driven tests for
verifying controllability and stabilizability that do not require the data to be
informative for system identification.
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Recall the well-known Hautus test for controllability: a system (A, B) is
controllable if and only if

rank [A— X B]=n (3.7)

for all A € C. For stabilizability, the Hautus test requires that (3.7) holds for all
A outside the open unit disc. We refer to [160, Thm. 3.13] for a discussion of
Hautus tests for continuous-time linear systems. For discrete-time systems, the
conditions are analogous, as explained here.

Now recall from Definition the definition of informativity of data for a
given system property. In the following we apply this setup to study informa-
tivity of input-state data as introduced in Section to the properties P of
controllability and stabilizability. In accordance with Definition we have the
following notions of informativity for controllability and stabilizability:

Definition 3.2. We say that the data (U_, X) are informative for controllability
if all systems in X(7_ ) are controllable and informative for stabilizability if all
systems in ¥(y_ x) are stabilizable.

The following theorem gives necessary and sufficient conditions on the input-
state data to be informative for these two properties. The result provides tests
on the given data matrices.

Theorem 3.3 (Data-driven Hautus tests). The data (U_-,X) are informative
for controllability if and only if

rank(X, —AX_)=mn forall A\ € C. (3.8)
Similarly, the data (U_, X) are informative for stabilizability if and only if
rank(X, —AX_)=n forall A\ € C with |\| > 1. (3.9)

Before proving the theorem, we will discuss some of its implications. We
begin with computational issues.

Remark 3.4. Similar to the classical Hautus test, (3.8) and (3.9) can be verified
by checking the rank for finitely many complex numbers A. Indeed, (3.8) is
equivalent to rank(Xy) =n and

rank(X; —AX_)=n

for all A # 0 with A7t € U(X,Xi), where Xi is any right inverse of X,.
Here, we recall that o(M) denotes the spectrum, i.e. set of eigenvalues of the
matrix M. In order to prove this, note that one direction of this equivalence is
obvious. Conversely, assume that (3.8) does not hold. Then there exists A € C
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and v € C", v # 0 such that v*(Xy — AX_) = 0. Since X has rank n, it has
a right-inverse Xi, from which we obtain v*(I — /\X_Xi) = 0. Since v # 0 we
have A # 0 and therefore also v* (A‘ll—X_Xi) = 0. Hence A\~ ! is an eigenvalue
of X_ Xi, which yields a contradiction.

Similarly, (3.9) is equivalent to rank(X; — X_) = n and

rank(X; —AX_)=n

for all A # 1 with (A — 1)7! € o(X_ (X4 — X_)¥), where (X, — X_)* is any
right inverse of X, — X_. The proof of this equivalence is left to the reader.

As announced at the beginning of this section, there are situations in which
we can conclude controllability or stabilizability from the data without being
able to identify the true system uniquely. This is illustrated in the following
example.

Example 3.5. Suppose that n =2 and m = 1. Assume we collect data on the
time interval [0, T] with T' = 2 to obtain

0 1 0
X_{O 0 1} andU_—[l 0].
This implies that

X_,_:[(l) ﬂ andX_:[g (1)]

Clearly, by Theorem 3.3 we see that these data are informative for controllability,
as

1 -
rank [O 1

}:2 VA eC.

Since therefore all systems consistent with the data are controllable, we conclude
that the true system is controllable. Note that the data are not informative for
system identification, because

S (I —

so the set of systems that are consistent with the data contains infinitely many
elements. ]

Proof of Theorem . We will only prove the characterization of informativ-
ity for controllability. The proof for stabilizability uses very similar arguments,
and is hence omitted.
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Note that the condition (3.8) is equivalent to the implication:
zeC"AeCand 2" X, =X\z"X_ = z=0. (3.11)

Suppose that the implication ( ) holds. Let (A,B) € X_ x) and sup-
pose that z* [A— Al B] = 0. We want to prove that z = 0. Note that
z* [A -\ B] = 0 implies that

* X_

2*[A—=X B| {U_} =0
or equivalently z*X; = Az*X_. This means that z =0 by (3.11). We conclude
that (A, B) is controllable, i.e., the data (U_, X) are informative for controlla-
bility.

Conversely, suppose that (U_, X) are informative for controllability. Let

z € C" and A € C be such that z*X, = Az*X_. This implies that for all

(A,B) € ¥_ x), we have z* [A B} {g_] = Az*X_. In other words,
* X_
z*[A= X B] {U_] =0. (3.12)

We now distinguish two cases, namely the case that X is real, and the case
that A is complex. First suppose that A is real. Without loss of generality, z is
real. We want to prove that z = 0. Suppose on the contrary that z # 0 and
2Tz =1. We define the (real) matrices

A:=A—22"(A=X)and B:= B — 22" B.
In view of (3.12), we find that (A4, B) € ¥(_ x). Moreover,
2TA=2TA—2T(A- X)) =)z

and -
2'B=2"B-2"B=0.

This means that ~ ~
2T [A-M B]=0.

However, this is a contradiction as (A, B) is controllable by the hypothesis that
the data (U_, X) are informative for controllability. We conclude that z = 0
which shows that (3.11) holds for the case that A is real.

Next, we consider the case that A is complex, say A = 0 +iw with w # 0. We
write z as z = p + iq, where p,q € R". We now distinguish two special cases,
the case that p and ¢ are linearly dependent and, secondly, the case that they
are linearly independent.
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If p and ¢ are linearly dependent, then p = aq or ¢ = fp for a,p € R. If
p = aq then substitution of z = (o +14)q into 2* X = A\z*X_ yields

(a—i)g" X; = (0 +iw)(a—i)g X_.

Thus, ¢' Xy = (0 — aw)q' X_, which means that ¢ = 0 by the special case that
A is real treated before. Then also p = 0 so we find z = 0. Using the same
arguments, we can show that z = 0 if ¢ = (p.

Now assume that p and g are linearly independent. Since A is complex, n > 2.
Therefore, by linear independence of p and g there exist 1, € R™ such that

T
P 1 0
i a=l O
We now define the real matrices A and B as

Re (z* [A — M BD

[A Bl==[A Bl-[n ¢ Im (% [A— M B])

By (3.12) we have (A4, B) € Yw_,x). Next, we compute

Re (z* [A— A B])
Im (z* [A — Al B])
—2[A B]-2[A-A B]

=2z* [)\I 0] .

z*[/_l B]:z*[A B]—[l z]

This implies that z* [f_l — M B] = 0. Using the fact that (A, B) is controllable,
we conclude that z = 0. This completes the proof of the theorem. O

3.3 Informativity for stability

In this section we will study how to check from the data obtained from some
unknown system whether this system is stable. Again assume our model class
M to consist of all systems of the form (3.2) with given state space dimension
n and input dimension m. Our data set is given by D = (U_, X) with U_ and
X representing the data on the time interval [0, 7] as given by (2.1). As before,
the set of all systems in M consistent with these data is given by (3.3).

Definition 3.6. We say that the data (U_,X) are informative for stability if
for all (A, B) € ¥(y_ x) the matrix A is stable, i.e. |A| <1 for all A € o(A).

The following theorem gives conditions on the data to be informative for
stability.
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Theorem 3.7. The data (U_, X) are informative for stability if and only if X _
has full row rank and there exists a right-inverse X ! of X_ such that XX !is
stable and U_X* = 0. In that case we have that A = X, X" for all (A, B) €
Yw_,x), so in particular Agrye = X+Xﬁ7.

Proof. To prove the ‘if’ statement, let (4, B) € X_ x). We need to prove
that A is stable. We have X, = AX_ + BU_. Assume that X_ has full row
rank and take a right-inverse X* with the properties as stated. Then clearly

X, X* = AX_X' + BU_X' = A, so A is stable.
To prove the ‘only if’ statement, let z € R™ and v € R™ be such that

X_

T T _

[z v ] [U_] =0.

Take a fixed (A, B) € ¥(y_ x). Then for all a € R, the system (A + azz',B+
avv') € ¥(y_ x) as well. Hence for all a, A+ azz" is stable. In particular this
implies that |tr(A + azz")| < n. However, tr(A + azz') = tr(A) + az' 2z and
therefore we must have z = 0. Thus,

[ﬂ € ker [X;r UI] implies z =0

equivalently, ker [X T U I] C ker [In O]. By taking orthogonal complements,
this yields

.|, Ny

im {O} Cim [U] .

Thus there exists a matrix W such that

I,|  |X-
o] =[]
Define X* := W. This is a right-inverse of X_ with the property that U_ Xt =
0. Moreover, X+Xﬁ_ = AX_X* + BU_X* = A is stable.
To prove the remaining statement, note that (4, B) € ¥(y_ x) implies that

X, = AX_+ BU_ so X, X* = AX_X" 4+ BU_X" = A. This completes the
proof. O

The above theorem shows that if the data are informative for stability then
they are informative for ‘partial’ identification in the sense that the true system
matrix Ague i uniquely determined by the data. In general, however, the true
input matrix Bypue is not determined by the data. This is illustrated in the
following example.
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Example 3.8. Suppose our unknown system is (Atyye, Birue) With

0 0

2
Atrue = |:1 %:| and Btrue = |:1:| .

Assume we have data for t = 0, 1,2 given by

01 4

X:F 0 ﬂ,U_:[O 0.

1 0

Then X_ = },X+X_1:[O

1

0 1 0} is stable, and U_X_' = 0. It can be

1
2

(e

In the above, we have given necessary and sufficient conditions for informa-
tivity of input-state data for systems with inputs. A relevant issue that remains
is to find conditions for informativity of data for autonomous systems, i.e. sys-
tems without inputs. In that case, the input matrix is absent, and the unknown
system S is of the form

shown that

x(t+1) = Atruez(t) (3.13)

where the state x is nm-dimensional. This situation requires a different model
class, namely the model class M,y consisting of all autonomous systems

2(t+1) = Ax(t) (3.14)

where A ranges over all real n X n matrices. As data we now have state mea-
surements of the system S, collected in the matrix X, again as defined in (2.1).
The set of all autonomous systems consistent with these data is

Sy o= {A| Xy = AX_}.

Definition 3.9. We call the state data X informative for stability if all matrices
A € Y x are stable.

It turns out that the latter notion of informativity of state data is strongly
related to informativity for stabilizability as studied in Section 3.2. In order to
make this precise, recall the model class M of all input-state systems of the form
(3.2) with given state space dimension n and input dimension m. We have the
following lemma.

Lemma 3.10. Let m be any positive integer. Then the state data X are infor-
mative for stability (in the sense of Definition 3.9) if and only if the input-state
data (0, 7, X) are informative for stabilizability (in the sense of Definition 3.2).
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Proof. We first prove the ‘only if’ statement. Let (A, B) € ¥, , x),i.e. (A, B)
is consistent with the input-state data (0, 7, X). We need to prove that (A4, B)
is stabilizable. Note that X, = AX_ + BO0,, 7. Obviously, this implies that
X, = AX_. Since the state data X are informative for stability, this implies
that A is stable. But then also (A, B) is stabilizable.

Next we prove the ‘if’ statement. Assume that the data (0,7, X) are in-
formative for stabilizability. Take any A € ¥x. Then X, = AX_ = AX_ +
On,mOm, 1, 80 (A, 0y ) is consistent with the input-state data (0, 7, X). This
implies that the pair (A, 0, ,,) is stabilizable, hence A must be stable. |

Using this lemma, we are now able to characterize informativity of the state
data.

Theorem 3.11. The data X are informative for stability if and only if X_ has
full row rank and XX ¥ is stable for any right inverse X . In that case the
set Y x contains exactly one element. This unique system is equal to Agwe and
Atrue = XJrXﬁf

Proof. We first prove the ‘if’ part. Assume that X_ has full row rank and
X+XE is stable for any right inverse X*. Let A be in Yx. Since X1 = AX_,
this immediately yields A = X+Xﬁ7, so A is stable. This proves that the data
X are informative for stability.

Next we prove the ‘only if’ part. By Lemma , the (artificial) input-
state data (0,7, X) are informative for stabilizability, and hence it follows from
Theorem that

rank(Xy — AX_)=n for all A € C with [A\| > 1. (3.15)

Let 2 be such that 2" X_ = 0. Take any A € ¥y and \ such that || > 1. Then
A is not an eigenvalue of A. Note that

2T A=A H Xy - AX_)=2"X_=0.

Since rank(X; — AX_) = n, we may conclude that z = 0. Hence, X_ has full
row rank. Therefore, the solution set of Xy = AX_, equivalently the set Xy,
contains exactly one element. By informativity this element is stable, and is
equal to X1 X ¥ for any right inverse X L which is therefore stable. Finally, this
unique element must be equal to A¢rue. O

Note from Theorem that informativity for stability (with respect to the
model class of autonomous systems) implies that the true system can be uniquely
identified from the state data. This is in contrast with the notion of informativity
for stability as defined in Definition (defined with respect to the model class
of input-state systems), where identifiability is not necessary, and where only
the true system matrix Agge is uniquely determined by the data.
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3.4 Systems with noise

So far, we have obtained data-driven tests for verifying stability, controllability
and stabilizability of noiseless input-state systems. We have also established
a test for stability of noiseless autonomous systems. In the remainder of this
chapter we will study data-driven tests for input-state systems with noise and
for autonomous systems with noise. Before embarking on this, in the present
section we will first introduce the model classes of input-state systems with
noise and autonomous systems with noise that we will be using, and discuss the
assumptions that will be made on the noise samples.

We will start off with input-state systems. Suppose that the unknown, true
system is given by

2(t+1) = Aruer(t) + Birueu(t) + w(t) (3.16)

where z(t) € R™ is the state, u(t) € R™ is the control input and w(t) € R™ is
an unknown noise term. The matrices Airue € R™*™ and Birue € R™*™ denote
the unknown state and input matrices. We embed this unknown system into
the model class M of all input-state systems with unknown process noise, with
fixed dimensions n and m, of the form

xz(t+1) = Az(t) + Bu(t) + w(t). (3.17)

Suppose that we obtain data from the true system (3.16) on the time inter-
val [0,7]. These data are given by (U_,X). The noise w is unknown, so
w(0),w(1),...,w(T — 1) are not measured, and therefore are not part of the
data. In addition to the data D we do however assume that we have the follow-
ing information on the noise during the data sampling period.

Assumption 3.12. The noise samples w(0),w(1),...,w(T — 1), collected in
the matrix

W_ = W[O,Tfl]
satisfy the quadratic matrix inequality
T
MT] o [WH >0 (3.18)
where ® € S"*7 is a given partitioned matrix
P11 P2
o = 3.19
[‘1’21 @22} (3:.19)

with &1 € S?, ®15 € R™*T, &gy = <I)1TQ and P9y € ST. Here we assume that
[ONS Hn,T as defined in ( ), ie. Py < 0,0 ‘ P95 > 0 and ker P9y C ker P1s.
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In other words, in addition to the data D consisting of the measurements
(U_-,X) we know that the noise on the sampling interval [0,7] satisfies the
inequality (3.18) for a given known partitioned matrix ® € II,, 7.

As a result, the set of systems consistent with the data is now given by

Yp={(A,B)| Xy = AX_ + BU_ + W_ for some W_ satisfying (3.18)}.
(3.20)

Of course, an issue is whether the set of noise matrices W_ defined by ( ) is
nonempty, equivalently, whether the set Zp(®) associated with the partitioned
matrix ® (as defined in (A.3)) is nonempty. This issue can be dealt with in The-
orem . Indeed, under the assumption ® € IL, r, the set Zp(®) is nonempty
and convex. Consequently then, the set of of noise matrices W_ satisfying (3.18)
is nonempty and convex.

In order to make the above quadratic inequality constraint on the matrix of
noise samples more concrete, we will now look at a number of special cases.

(a) In the special case 12 = 0 and Py = —1I, the quadratic inequality (3.18)

reduces to
T—1

W =Y wt)wt)" < @1 (3.21)
t=0
The inequality ( ) can be interpreted as saying that the energy of w
has a given upper bound on the time interval [0,T — 1].

(b) Let Wq; and Woy be given positive definite matrices of dimensions T x T
and n X n, respectively, and suppose that the matrices of noise samples
W_ satisfy the quadratic inequality

W Wy W_ < Uyy. (3.22)

Note that (3.22) is a ‘transposed version’ of (3.21). This inequality can
be reformulated as an inequality of the original form ( ). Indeed, using
two Schur complement arguments, ( ) is equivalent to

Uy, Wl
>
[W— %—;} >0

which, in turn, holds if and only if W5,' — W_W;'W.' > 0. The latter can
be expressed as
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More generally, consider the noise model

-
I I
>
nEne -
where U € S"*7' is partitioned as
Ui Uy
\II =
{\1’21 \1’22} ’
where Uy; € S” and Wyy € ST. Assume that In(¥) = (7,0,n). Then by
Lemma the ‘dual noise model’ (3.23) is equivalent to the noise model
(3.18) with
L O _IT -1 0 _In
el el )

in the sense that W_ € Z,,(¥) if and only if W € Z7(®).

Norm bounds on the individual noise samples w(t) also give rise to bounds
of the form (3.18), although this does introduce some conservatism in
general. Indeed, note that for all ¢ the pointwise norm bound |jw(t)]]3 < e
is equivalent to the matrix inequality w(t)w(t)T < el. As such, the bound
( ) is satisfied for ®1; = Tel.

In some cases, we may know a priori that the noise w does not directly
affect the entire state-space, but is contained in a subspace, say im F,
with F a known n x d matrix. This prior knowledge can be captured by
the noise model in Assumption . Indeed, suppose that w(t) = Ed(t)
for all t € [0,T — 1], where w(t) € R? and E € R"*? is a given matrix
of full column rank. The matrix W_ = W(o,r—1] captures the noise. As
before, W_ is unknown but is assumed to satisfy wT e ZT(&)), where
= II; 7 is such that <f>22 < 0. Now, by Theorem , W_ = EW_ for
some W € Zp(®) if and only if W' € Zp(®), where

E® ET Ed,
D= |2 A ell, r. 3.24
[ oy ET Dog T (3:24)
The conclusion is that Assumption also covers the case in which the
noise is constrained to a known subspace, which is captured by the noise

bound (3.18) with ® in (3.24).

This shows that our noise model as introduced in Assumption encompasses
many relevant special cases. This noise model will be adopted in most of the
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data-driven analysis and design problems based on noisy data that will be treated
in the remainder of this book.

In addition to input-state systems we can also consider autonomous systems
with noise. In that case we suppose that the unknown, true system is given by

x(t + 1) = Atruex(t) + U}(t)

where z(t) € R™ is the state and w(t) € R™ is an unknown noise term. The ma-
trix Agrue € R™™™ denotes the unknown state matrix. We embed this unknown
system into the model class M of all autonomous systems with unknown process
noise, with fixed dimension n, of the form

z(t+1) = Az(t) + w(t). (3.25)

The true system produces data X € R™(T*+1) on the time interval [0, 7] as
before, under the influence of an unknown sequence of noise samples, captured
in the matrix W_ satisfying ( ). The data D now consist of the state samples
X and the information that the noise satisfies the bound governed by the known
matrix ® € II,, 7. In this case, the set of consistent systems Xp is given by

Sp={AeR"™" | X, = AX_ + W_ for some W_ satisfying (3.18)} .

3.5 Stability and stabilizability with noisy input-state data
In the present section we introduce the following four notions of informativity for
stability and stabilizability of input-state systems with noise of the form ( ).

Definition 3.13. Let (U_, X) be data collected from (3.16) with noise matrix
W_ satisfying (3.18). Let Xp be given by (3.20). Then (U-, X) are called

(a) informative for stability if A is stable for all (A, B) € ¥p.

(b) informative for quadratic stability if there exists a real matrix P > 0 such
that P — APAT > 0 for all (A, B) € ¥p.
(¢c) informative for stabilizability if every (A, B) € Xp is stabilizable.

(d) informative for quadratic stabilizability if there exists a real matrix P > 0
such that P — APAT + BB > 0 for all (A, B) € ¥p.

The informativity notion in Definition expresses that all systems
consistent with the data are internally stable. Property requires something
more, namely that all of these systems not only are stable, but also have a
common Lyapunov function. Indeed, the linear matrix inequality’ (LMI)

P—APAT >0

Ifor a general reference on linear matrix inequalities, we refer to [144].
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holds for P > 0 if and only if P~ — ATP~'A > 0. Thus, means that all
systems in ¥p have the same (quadratic) Lyapunov function z"P~'x. Prop-
erty entails that all systems consistent with the data are stabilizable. Lastly,
property is its ‘quadratic’ variant, which we will now explain in more detail.
It turns out that for a single system (A, B), the existence of a P > 0 such that
P — APAT + BBT > 0 is necessary and sufficient for stabilizability. This is
shown in the following lemma.

Lemma 3.14. The system (A, B) is stabilizable if and only if there exists a
matrix P > 0 such that P — APAT + BBT > 0.

Proof. To prove the ‘if’ statement, let v € C", v # 0, be such that v*A = \v
and v*B = 0. Then (1 — |\|?) v*Pv > 0 which yields |A| < 1. Using the Hautus
test this implies that (A4, B) is stabilizable.

Conversely, if (A, B) is stabilizable then there exists K € R™*" such that
A+ BK is stable. As a consequence there exists P > 0 such that

P —(A+ BK)P(A+ BK)" > 0.
By expanding this expression we obtain
P—APA" - B(KPA+ KPK"B")— (ATPK" + LBKPK")BT > 0.

It then follows immediately from the standard Finsler’s lemma (see Proposi-
tion ) that there exists p € R such that

P — APAT — uBB" > 0.

We now distinguish two cases. If y > 0, then P — APAT > 0, so obviously
P—APAT 4+ BBT >0 as well. If s < 0 then

1 1 T T
THP—A(:LP)A +BB' >0
where }MP > (0. This completes the proof. O
In view of the above lemma, we see that property in Definition means

that not only all systems (A, B) € Xp are stabilizable, but in addition, there
exists a common matrix P > 0 such that P — APAT + BBT > 0 holds for all
(A, B) € Yp.

Clearly, implies and implies (¢). However, the other implications
do not hold in general, as demonstrated for the case of stabilizability in the
following example.

Example 3.15. Consider the case that n = 1, m = 1 and let the noise model

be given by
0 O
o= 0]
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We consider the (unknown) true system Agpye = 1, Birye = 1 that has generated
the data u(0) = 1, 2(0) = 0 and z(1) = 1 with the noise sample w(0) = 0
satisfying the noise model. In this case, the set of systems consistent with the
data is ¥p = {(a,1) | @ € R}. Therefore, the data are informative for stabiliz-
ability. However, they are not informative for quadratic stabilizability since, for
any P > 0, we can make the expression P —a?P + 1 negative by choosing a suffi-
ciently large. This shows that informativity for stabilizability and informativity
for quadratic stabilizability are not equivalent. |

In the sequel we will provide conditions for the four notions of informativity
defined in Definition . In particular, in Section we will establish con-
ditions for quadratic stability, and in Section we will study conditions for
quadratic stabilizability. The non-quadratic versions require a more sophisti-
cated approach and their treatment is deferred to Section

3.6 Tests for informativity for quadratic stability

In this section we will establish necessary and sufficient conditions under which
the data D obtained from ( ) are informative for quadratic stability.

Informativity for quadratic stability requires all systems in YXp to be stable
with a common Lyapunov function. The conditions that we will establish will be
in terms of feasibility of certain linear matrix inequalities involving the numerical
data (U-, X) and the (known) matrix & representing the quadratic inequality
constraint on the matrix of noise samples.

Again consider the model class M of all noisy input-state systems with state
dimension n and input dimension m of the form ( ). Suppose we have input-
state data (U_, X) on the time interval [0, T] and assume that, in addition, the
possible matrices W_ of noise samples satisfy the quadratic inequality ( ) for
a given matrix ® € II,, 7. Then the set Xp of all systems consistent with the
data is given by (3.20).

We explicitly assume that the data (U_,X) have been obtained from the
unknown system ( ). In other words, we assume that (Agrue; Birue) € 2p- In
particular this implies that the set ¥p is nonempty.

We will now outline our strategy for characterizing informativity for quadratic
stability defined in Definition . Let (4, B) € ¥p and rewrite the equation
defining (3.20) as

W_=X,-AX_—BU_. (3.26)

Recall that by Assumption , we have

IT T 1®y, @y, IT ~ 0.
W_ (1)21 (1322 W_
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By substitution of (3.26), this yields

T T

I I Xi e ao1f X+ I
AT o —Xx_ {q)“ @12] 0 —X_| |AT|>o0. (3.27)
BT 0 —-U_ 21 22 0 —-U_ BT

This shows that A and B satisfy a quadratic matriz inequality (QMI) of the
form ( ). In fact, the set ¥p of all systems consistent with the data can be
equivalently characterized in terms of ( ), as asserted in the following lemma.

Lemma 3.16. We have that Yp = {(A, B) | (3.27) is satisfied}.

Proof. Suppose that (A, B) € ¥p. Then (3.20) is satisfied for some W_ satis-
fying (3.18). This means that (3.27) holds. Therefore,

YXp C{(A,B) | (3.27) is satisfied} .

To prove the reverse inclusion, let (A, B) be such that ( ) is satisfied. Define
W_ =X, —AX_—BU_. By (3.27), W_ satisfies Assumption (3.12). Since the
equation Xy = AX_+ BU_+W_ holds for (A, B) by construction, we conclude
that (A, B) € ¥p. O

By Lemma the set ¥p of systems consistent with the data is charac-
terized by a quadratic matrix inequality in (A, B). Next, suppose that we fix a
Lyapunov matrix P > 0. Note that the inequality P — APAT > 0 is equivalent

to

117°[P o o][1

AT 0 —P 0| |AT|>0 (3.28)
BT 0 0 o0||BT

which is yet another quadratic matrix inequality in A and B. Therefore, char-
acterizing informativity for quadratic stability essentially boils down to under-
standing under which conditions there exists a matrix P > 0 such that the
quadratic matrix inequality ( ) holds for all (A, B) satisfying the quadratic
matrix inequality ( ). This naturally leads to the following fundamental ques-
tion.

When does one QMI imply another QMI?

A detailed discussion on this question can be found in the appendix (see Sec-
tion ). We will now apply the theory developed there in order to obtain
necessary and sufficient conditions on the data to be informative for quadratic
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stability. To this end, for given P = PT > 0 define the partitioned matrices

(M M| | 2100
M= =10=P0 (3.29)
_M12‘M22_ Oi 0 0
r T
_ _ X,
NN | o - ) i S N [,
N=I NN | =0 % Lbi q);z] 0 -X_| . (3.30)
e A 0 —U_

Recall that informativity for quadratic stability entails deciding whether there
exists P so that (3.28) holds for all (A4, B) satisfying (3.27). In terms of the
matrices M and N as defined above, we thus have to decide whether

T T
H M H >0 for all Z e R™™)X" guch that H N H >0, (3.31)

Z Z A Z
AT
Z = |:BT:| .

Using the sets defined in (A.3) and ( ) (see Section ), condition (3.31)
can be equivalently restated as

where 7 is given by

Zn+m (N) c erer (M) (332)
Strict matrix S-lemmas (Theorem and Corollary ) give conditions such

that (3.32) holds. In fact, these theorems give necessary and sufficient conditions
for ( ) to hold. Obtaining sufficient conditions is straightforward. However,
showing that these conditions are also necessary requires the full force of these
results, for which it is required to verify their assumptions on N and M as given

by (2.20) and (3.30).
We will start off with the assumptions of Corollary , which requires that

Ny < 0, ker Nog C ker Ny1g, N | Nag > 0 and My < 0. Obviously, Mo < 0 since

P > 0. Also,
-
X_ X_
Nog = [U} D) {U} <0

because P25 < 0 by the assumption that ® € II,, 7. We also see that

T
ker NQQ = ker (‘I)QQ |:)U(_:| )

X T
ker N1o = ker (((1312 + X Do) [U_:| )
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Using the assumption ker @95 C ker @15 this implies ker Nos C ker Ni5. Next
we prove that N | Nag > 0. Indeed, recall that 2,4, (N) = Xp is nonempty
because of the assumption that it contains the true system (A¢yye, Birue). Since in
addition Nog < 0, by applying inequality ( ) with IT = N we get N | Nog > 0.

Corollary now asserts that (3.32) holds if and only if there exist scalars
a >0 and B > 0 such

BI 0 0
M—-aN>|0 0 0 (3.33)
0 0 0

Of course, the matrix P that appears in M is not given. However, by the above
discussion, the data (U_, X) are informative for quadratic stability if and only
if there exist an n x n matrix P > 0, and two scalars a > 0 and 3 > 0 such that
(3.33) holds. Note that (3.33) is a linear matrix inequality in P, @ and 5. Due
to the particular structure of M and N, it turns out that the scalar o must in
fact be positive, and therefore the inequality ( ) can be scaled by é Thus
we obtain the following theorem that characterizes informativity for quadratic
stability in terms of feasibility of a linear matrix inequality composed of the data
(U—, X) and the given ®-matrix.

Theorem 3.17. The data (U-, X) are informative for quadratic stability if and
only if there exists an n x n matrix P > 0, and a scalar $ > 0 satisfying

P—BI 0 0 I X e[l Xs i
0 -P 0| -0 —-X_ [(I)“ @12} 0 —X_| >0 (3.34)
0 0 0 0 —u_| L7 T2 —U-
Proof. By Corollary , the inclusion ( ) holds if and only if there exist
scalars a > 0 and 8 > 0 such that
P—BI 0 0 I Xilre e[l X+ T
0 —-P 0|-al|0 —X_ {q)“ q)”] 0 —-X_| >0.
0 0 0 0 —u_| L7 T2 U

Taking a look at the (2,2) block in this inequality, we see that we must have
—P —aX_®3,XT > 0. Since P > 0 this yields o > 0. By scaling P and 3 by
L we arrive at the inequality (3.31). O

Next, we will show that under the additional assumption that

X_
rank [U ] =n+m (3.35)
we can apply Theorem to obtain alternative conditions for informativity for

quadratic stability. Indeed, in Theorem the assumptions are that Noy < 0
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and N | Nas > 0. As we have already proven above, the second condition is indeed
satisfied. The condition Ny < 0 holds if we impose the condition $5 < 0 and
the full row rank condition ( ).

In that case, Theorem asserts that (3.32) holds if and only if there exist
a scalar a > 0 such that M — N > 0. As in the previous, the scalar « is
necessarily positive, and therefore this inquality can be scaled. This leads to the
following theorem.

Theorem 3.18. Assume that ®95 < 0 and the full rank condition (3.35) holds.
Then the data (U—, X) are informative for quadratic stability if and only if there
exists an n X n matrix P > 0 satisfying

P 0 0 I X g e[l Xe T
0 —P 0|-|{0 —X_ [@11 @12} 0 —X_| >o0. (3.36)
0 0 0 0 —u_| 2 T2y U

In contrast to the notion of informativity for stability in the exact data set-
ting, as studied in Theorem 3.7, we note that informativity for quadratic stability
does not imply that Aiue is uniquely identifiable from the data. However, by
inspection of the (2, 2)-block of (3.36), we do note that a necessary condition for
informativity for quadratic stability is that X_ has full row rank.

3.7 A test for informativity for quadratic stabilizability

In this section we will derive tests for verifying informativity for quadratic sta-
bilizability, as defined in Definition . Again, these tests will involve
feasibility of linear matrix inequalities composed of the data (U_, X) and the
given matrix ®.

As in Section 3.0, we consider the model class M of all noisy input-state
systems ( ) with state dimension n and input dimension m. Also, we assume
that we have input-state data (U_, X) on the time interval [0, T], with the prior
information that the possible matrices W_ of noise samples satisfy the quadratic
inequality (3.18) for a given ® € II,, 7. Then the set p of all systems consistent
with the data is given by ( ). Recall that we assume that the unknown system
(Atrue, Btrue) is in Xp, which is therefore nonempty.

Recall from Lemma that ¥p is equal to the set of all (A, B) that satisfy
the quadratic matrix inequality ( ). On the other hand, also the inequality
P—APAT 4+ BBT > 0 can be reformulated as a quadratic matrix inequality in
A and B. Indeed, for given P > 0, this matrix inequality holds if and only if

1177 o o][1I

AT 0 —P 0| |AT|>0 (3.37)
BT 0 o0 1I||BT
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Hence, characterizing informativity for quadratic stabilizability amounts to find-
ing necessary and sufficient conditions under which the quadratic matrix inequal-
ity (3.37) holds for all (A, B) satisfying the quadratic matrix inequality (3.27).
As before, let N be given by (3.30). For given P = P > 0 define

y o [Miang] [P0 0
My | Mo 0i0 I

Then, again, we have to find conditions in terms of the matrices M and N
such that Z,1,,,(N) C 2\, (M). Note that in this case not all assumptions of
Corollary can be satisfied. In particular the condition M35 < 0 never holds.
However we are able to apply Theorem under the additional assumption
®y5 < 0 on the noise model and the full rank condition ( ) on the data.
Indeed, under these assumptions we have Ny < 0, so Theorem states
that Z,4.,(N) C 2, (M) if and only if there exists a scalar a > 0 such that
M —aN > 0. Thus we obtain the following characterization of informativity for

quadratic stabilizability.

Theorem 3.19. Assume that ®92 < 0 and the full rank condition (3.35) holds.
Then the data (U-,X) are informative for quadratic stabilizability if and only
if there exist a scalar « > 0 and an n X n matrix P > 0 satisfying

P 0 0 I X, Iox: 17

D, Pyo
0 =P 0| —a|0 —X_| [ "o -x | >0 (3.38)
0o 0 I 0 —-U_ 2 m2l gy

Finally, we note that (3.38) can be further simplified. In particular, (3.38) is
equivalent to a linear matrix inequality of size 2n x 2n. This is made precise in
the following corollary.

Corollary 3.20. Assume that oo < 0 and the full rank condition (3.35) holds.
Then the data (U_, X) are informative for quadratic stabilizability if and only
if there exists a real matrix P > 0 such that

T
P 0| I Xy ||[®Pn P |l X4
{0 —P} {0 —X] [%1 q@} {0 x| 7" (3:39)
Proof. By Theorem , the data (U_, X)) are informative for quadratic sta-

bilizability if and only if there exists a matrix P > 0 and a real number a > 0
such that (3.38) holds.

By zooming in on the (2,2)-block of that inequality, we observe that the
inequality can hold only if @ > 0. Hence, feasibility of ( ) is equivalent to
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the existence of P > 0 and p > 0 such that

P 0 0 L L. T
0 -P 0|—-1|0 —X_ {qjl @12} 0 -X_| >0 (3.40)
0 0 pul 0 —-U_ =22l —uo

Note that the upper left 2 x 2 block of the matrix in ( ) equals the matrix
in ( ). Therefore, it is clear that informativity for quadratic stabilizability
implies (3.39). Conversely, if (3.39) is feasible then there exists a sufficiently
large p > 0 such that ( ) holds, i.e., (U-,X) are informative for quadratic
stabilizability. This proves the corollary. O

An interesting consequence of Corollary is that the condition for in-
formativity for quadratic stabilizability in ( ) is precisely the same as the
condition for informativity for stability of the state data X (see (3.44)). We
do note, however, that the state data in the current section have been obtained
from a different system ( ) including a control input w.

3.8 Stability of autonomous systems using noisy state data

At this point, the reader may wonder whether the stability of autonomous sys-
tems (analogous to the last part of Section 3.3) can also be studied in the noisy
data setting. This indeed turns out to be the case. As explained in Section 3.4,
for this we consider the system

x(t+1) = Apruex(t) + w(t). (3.41)

This system produces the data X € R"*(T+1) a5 before, under the influence of
an unknown sequence of noise samples, captured in the matrix W_ satisfying
(3.18). The data D now consists of the state samples X and the information
that the noise satisfies the bound governed by the known matrix ® € IL, 7. In
this case, the set of consistent systems is given by

Sp={AeR"" | Xy = AX_ + W_ for some W_ satisfying (3.18)} .

Analogous to Definition we now have the following definition of informativ-
ity for stability and quadratic stability of the state data X.

Definition 3.21. The state data X, obtained from (3.41) with noise samples
W_ satisfying ( ), are called

(a) informative for stability if all matrices A € Xp are stable.

(b) informative for quadratic stability if there exists a matrix P > 0 such that
P— APAT > 0 for all matrices A € Ip.
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In the present section we will give necessary and sufficient conditions for
informativity for quadratic stability for autonomous systems as defined in Defi-
nition . A discussion on informativity for stability without the requirement
of a common Lyapunov fuction will be provided in Section

To treat informativity for quadratic stability, we will need the following two
lemmas.

Lemma 3.22. Let the data X be obtained from (3.11) where the noise samples
satisfy (3.18) for a given ® € IL,, p. Then

.
I X, I X,
b el ] e (3.42)

Proof. Let N be the matrix in (3.42) and note that N equals

D1y + X1 Poy + ProX | + X P X | -6x’
-X_eT X_ P X'

where
O :=d5 + X Do (343)

Since ®9p < 0, we have that X_®2,X T < 0. In addition, ker(X_ P X ") =
ker(®9 X ). Since ker @55 C ker @y, it holds that ®15 = M4, for some real
matrix M. We conclude that ker(X_®2X ) C ker(—©X'). Since A/, €
Z,(N), it follows that N | (X_®9XT) > 0 by ( ). This proves the lemma.

O

Lemma 3.23. The data X are informative for quadratic stability only if X _
has full row rank.

Proof. Assume that the data X are informative for quadratic stability. In
particular this implies that all systems in ¥p are stable. Let £ € R™ be such that
€TX_=0. Then A+ aé€" € ¥p for any A € ¥p and o € R. Hence A + o€ T
is stable for all & € R. This implies that for all & € R, the trace of A + a&&’
satisfies tr(A + a&éT) < n. In other words, for all a € R, tr(A) + ol|¢|> < n.
This implies that £ = 0, thus X_ has full row rank. (|

Based on the previous two lemmas, we can state the following theorem that
provides a necessary and sufficient condition under which the data X are infor-
mative for quadratic stability.

Theorem 3.24. Let the data X be obtained from (3.41) where the noise sat-
isfies ( ) with ® € IL,, 7 and ®33 < 0. Then X are informative for quadratic
stability if and only if there exists a real matrix P > 0 such that

[lg OP} N {é );f_} ® {é );_T_]T > 0. (3.44)
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Proof. The ‘if’ part follows directly by taking A € ¥p and multiplying (3.441)
from the left by [I A} and from the right by its transposed.

Next, we focus on proving the ‘only if’ part. Thus, suppose that there exists a
P > 0such that P—APAT > 0forall A € ¥p. The matrix X_ has full row rank

by Lemma . This implies that X_®5, X < 0. Moreover, by Lemma ,
(3.42) holds. Therefore, by Theorem , there exists a real number a > 0
such that -

P 0 I X I X,

o el el A ] e

In particular, —P —aX_®2, X" > 0, so a > 0. Therefore, by rescaling P by é,
we conclude that the linear matrix inequality (3.441) is feasible. O

3.9 Informativity beyond common Lyapunov functions

In this section we will provide conditions for informativity for stability and
stabilizability for noisy input-state systems and for noisy autonomous systems
as defined in Definition , Definition and Definition . Inall
these cases it turns out that, under certain technical assumptions, informativity
for stability and quadratic stability are equivalent, and allow a test in terms of
the given data.

3.9.1 Stability from noisy state data

We start off with the case of state data X obtained from (3.41), and formulate
a theorem that characterizes informativity for stability of autonomous systems
as defined in Definition . Also, a numerical example will be given to
illustrate this result.

It turns out that under a certain eigenvalue condition on a matrix obtained
from the data, informativity for stability and quadratic stability are equiva-
lent. Moreover, the theorem provides an alternative for Theorem by giving
a condition for informativity for quadratic stability that does not rely on the
solvability of a linear matrix inequality. In fact, condition of the following
theorem involves checking that X _ has full row rank, and that two other matri-
ces are negative definite and stable, respectively. In the following, let N be the
matrix in (3.42) and let © be as defined in (3.43).

Theorem 3.25. Let the data X be obtained from ( ) where the noise satis-
fies ( ) with ® € IL,, 7 and ®33 < 0. For A € C define

T(N) = Kf] N [H . (3.45)
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Assume that U(1) is invertible and the matrix

0 U(1)~t

U(-1) 2(0XT —X_0T)u(1)! (3.46)

has no eigenvalues on the imaginary axis. Then the following statements are
equivalent:

(a) The data X are informative for quadratic stability.
(b) The data X are informative for stability.

(¢) X_ has full row rank, ¥(1) < 0, and the matrix (X_®2X')71X_ 0T is
stable.

Before we are able to prove this theorem, we need a lemma, a proposition
and a corollary, as discussed next. In what follows let C denote the unit circle
in the complex plane C.

Lemma 3.26. Let Q € S" and R € R"*". Define ¥()\) := Q + \R+ \"'R".
We have that W()\) < 0 for all A € C if and only if ¥(1) = Q+ R+ R" < 0 and

the matrix 0 @(1)71
[\p(n 2(RRT)\I/(1)1} (3.47)

has no eigenvalues on the imaginary axis.

Proof. First note that

[@(21) ~2(R ! %)T_;\P(l)l} M 7 M

for p € C and x,y € C" if and only if y = p¥(1)x and (u?¥(1) +2u(R—RT) —
¥(—1))z = 0. We substitute ¥(1)=Q + R+ R" and ¥(-1)=Q — R— R" and
rearrange terms to show that the latter equation is equivalent to

(Q+“+1R+ RT> —0.

Finally, by substituting \ := ”H , the latter is equivalent to = € ker ¥(\). Note

that M : iR — C\ {1} deﬁned by M : p— z—ﬂ is a bijection between the

imaginary axis and C \ {1}. As such, the above discussion shows that (3.417) has
no eigenvalues on the imaginary axis if and only if ¥(\) is nonsingular for all
AecC\ {1}

Next, we prove the ‘if’ part. Thus, suppose that ¥(1) < 0 and (3.47) has no
imaginary axis eigenvalues. This implies that W()) is nonsingular for all A € C.
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We note that ¥(\) is Hermitian and thus has only real eigenvalues for all A € C.
Moreover, WU(A) is a continuous function of . It thus follows that the largest
eigenvalue of W(\) is a continuous function of .

Now, suppose that there exists a A € C such that U(\) £ 0. By continuity
of the largest eigenvalue of ¥(\) and the fact that U(1) < 0, there exists a
particular value A € C such that W()) is singular. This is a contradiction, and
we thus conclude that ¥(\) < 0 for all A € C.

Next, to prove the ‘only if’ part, suppose that ¥(\) < 0 for all A € C.
Clearly, this implies that U(1) < 0. Also, ¥(\) is nonsingular for all A € C,
thus, in particular, for all A € C\ {1}. We conclude that (3.47) has no imaginary
eigenvalues. This proves the lemma. O

The following proposition is a discrete-time version of the well-known Kalman-
Yakubovich-Popov (KYP) lemma. It can be obtained as a special case from the
generalized KYP lemma [80] (see also [127]).

Proposition 3.27. Let A € R"™*" B € R"™™ and N € S"*™. There exists a
matrix P € S™ such that

-
I 0 P 0 I 0
{A B} {o —P] [A B} N0
if and only if for all A € C the following implication holds:
[A—X B]v=0forveC""™\ {0} = v*Nv<0.

Corollary 3.28. Let N € S?" be partitioned as

N1y Nio
Nai N

N = [
where Ni1, N2, Ny and Nog are n X n matrices. For A € C define the mapping
\If()\) = N11 + N22 + )\ng + /\71N21.

Then there exists a P € S"™ such that
P 0
{0 _P]—N>O (3.48)
if and only if ¥(1) < 0 and the matrix

0 U(1)~t

[qj(_l) —2(N12 — N21)\I/(1)_1] (3.49)

has no eigenvalues on the imaginary axis.
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Proof. The result follows by consecutively applying Proposition with m =
n, A=0and B = I, and Lemma with Q = Ny1 + Noo and R = Nyo. O

Finally, we are in the position to prove Theorem

Proof of Theorem . The implication == is clear. Next, we
prove that = . First, we see that implies full row rank of X_ by
Lemma ,s0that X_®55X " < 0. Let N be the matrix in (3.42) and note that

N €11, , by Lemma . Therefore, N | Nao > 0 and thus —N2}1N21 € Z,(N).
Since —N12N231 € Yp, it is stable. We thus conclude that

—Nyp'Nop = (X_®9X )7 1X_O7

is also stable. Finally, we will prove that ¥(1) < 0. Suppose on the contrary
that there exists a nonzero vector € R™ such that =7 ¥(1)x > 0, equivalently,

i

By Lemma there exists a matrix Z € Z,,(N) such that

1-2-

Since Zx = x, Z has an eigenvalue 1 and is thus not stable. However, this is a
contradiction because ZT € Yp. As such, we conclude that (1) < 0.

Finally, we prove that = . Since ¥(1) < 0 and (3.46) has no
imaginary eigenvalues, we conclude by Corollary that there exists a P € S"™
satisfying (3.48) with N given in (3.412). We will now show that P > 0. To
this end, note that Z := (X_®2, X )"1X _OT € Z,(N). Hence, by multiplying
(3.18) from the left by [/ Z'] and from the right by its transposed we obtain
P —ZTPZ >0, that is, P satisfies the Lyapunov equation P — Z'PZ =Y for
some matrix Y > 0. Since Z is stable by hypothesis, the solution P is unique
and given by P = 332 ((Z7)kY Z¥. We observe that P > 0 because Y > 0.
Therefore, we conclude that there exists a P > 0 satisfying ( ) with N given
by (3.42). According to Theorem , the data X are therefore informative for
quadratic stability. O

N m > 0. (3.50)

Example 3.29. Consider the unweighted Laplacian matrix L € S™ associated
with an undirected cycle graph. This means that all diagonal entries of L are
equal to 2, while the off-diagonal entries are L;; = —1if [i —j| =1 or |[i — j| =
n —1, and L;; = 0 for all other i # j. We study the discrete-time consensus
protocol

x(t+1) = —al)x(t)
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where a € (0, %) This protocol is studied in the presence of a so-called stubborn
agent, assumed to be node n, who keeps its state at the contant value x,,(t) = 0
for all ¢. The resulting dynamics are thus

I - aLg O(nfl)’l

z(t+1)= 01 n_1y 0

x(t) (3.52)
where L, € R=Dx(n=1) is the grounded Laplacian, i.e., the upper left (n —1) x
(n — 1) submatrix of L. It is well-known that (3.52) is stable (i.e., all agents
reach consensus and converge to the zero state of the stubborn agent) if and
only if the network graph underlying L is connected.

With complete knowledge of the (cycle) topology of the network, we are thus
immediately able to conclude stability of ( ). In this example, we aim to
verify stability without knowledge of the graph, but using data instead. To this
end, we assume that state data are obtained from ( ) with Ague equal to the
matrix in ( ). The noise only directly affects node 1, that is, we assume that
|wy (t)] < e and w;(t) =0 for all i = 2,...,n. This implies that the noise satisfies
the noise model (3.18) with

e2TEET 0
o= 7070

where E € R™ denotes the first standard basis vector of R™.

We take n = 500. In this case, quadratic stability is challenging to verify
by solving ( ) using LMI solvers, since a large number of 125250 decision
variables is involved. Therefore, we apply Theorem . We collect 30 data sets
according to X! = Ague X" + W=, wherei =1,2,...,30. The matrices X*, X
and W' are in R"*100 Each entry of the first row of W is selected uniformly at
random from {—¢, e}, while all other entries are zero. The initial state of each
experiment, i.e., the first column of X?, is drawn randomly from a standard
Gaussian distribution, and is scaled by n. The combined data matrices of all 30
experiments are given by X_ = [X! ... X*]and X, = [X{ .- X3
Next, we verify the conditions of Theorem for various levels of €. For each ¢
we generate 100 data matrices X_ and X . For the assumption of Theorem
and each of the three conditions of Theorem , we record the number of
data sets for which the condition was satisfied. The results are displayed in
Table 3.1. Here ‘Eigs. (3.16)’ refers to the conditions that ¥(1) is invertible
and (3.46) does not have imaginary eigenvalues. Moreover, ‘stable’ refers to the
matrix (X_®9X )71 X _OT being stable.

We see that the assumption on the eigenvalues of ( ) is satisfied for every
data set and all levels of €. Also, the rank of X_ is always 500 and the matrix
(X_®9X)71X_0OT is stable in all experiments. The condition ¥(1) < 0,
however, is not satisfied in all experiments. We see that for a small value of
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H € ‘ Eigs. (3.46) W¥(1) <0 rankX_=n stable H

0.10 100% 100% 100% 100%
0.15 100% 95% 100% 100%
0.20 100% 75% 100% 100%
0.25 100% 55% 100% 100%
0.30 100% 33% 100% 100%

Table 3.1: Percentage of trials in which the different conditions of Theorem
hold, for various levels of .

e = 0.10, ¥(1) < 0 for all 100 data sets. This implies that each of these data
sets are informative for stability, by Theorem . The percentage of data sets
for which ¥(1) < 0 decreases as ¢ increases. For ¢ = 0.30 only 33 of the 100
data sets were informative for stability.

It is of interest to observe that even in the case of the larger noise bound
e = 0.30, the matrix (X_®2,X )71 X_0O7 is always stable. This highlights the
‘price of robustness’: even though there exists a system in Yp that is stable, we
cannot always conclude that all systems in ¥p are stable. ]

3.9.2 Stability from noisy input-state data

Next, we consider data (U_,X) obtained from the noisy input-state system
( ) and study mformathlty for stability as defined in Definition

First note that Lemma can be extended straightforwardly to the mput—
state case, which we present here without proof.

Lemma 3.30. Let the data (U_, X) be obtained from (3.16) where the noise
samples satisfy (3.18) with ® € IL,, p. Then

I X, I ox. 1"
0 —X_|®[0 —X_| €Mupim. (3.53)
o -u_| |0 -U-

Again, let the matrix © be as defined in (3.43) and let N be the matrix in

(3.93).

Theorem 3.31. Let the data (U—_, X) be obtained from (3.16) where the noise
satisfies ( ) with ® € IL, pr and ®32 < 0. Assume that the data (U_, X)
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satisty the full rank condition ( ). For A € C define the mapping ¥ by

*

I 0 I 0
U(AN):=[A 0] N|M 0]. (3.54)
0 I 0 I
Also define .
. —0X_ 0 (n+m)x(n+m)
R:= [U<I>22XT O] €R (3.55)
Suppose that U(1) is invertible and the matrix

0 w1~ } (3.56)

{‘I’(—l) —2(R—-RT)¥(1)~!

has no eigenvalues on the imaginary axis. Then the following statements are
equivalent:

(a) (U-,X) are informative for quadratic stability
(b) (U—, X) are informative for stability
(¢) ¥(1) <0 and the matrix

(el Bl o

is stable.
Proof. The implication == is clear. Next, we prove that -
. By Lemma , N € II,, 4+ and therefore N | N > 0. By assumption,

®95 < 0 and therefore
T
X_ X_
Noy = |:U:| Doy |:U} < 0.
Thus, Noo is invertible and N{;Nm € Z,4+m(N). Therefore, (4,B) € Yp,
where
AT
o

Since the data (U_, X) are informative for stability, A is stable and hence AT is
stable. Stability of the matrix ( ) then follows from the fact that it is equal
to [I, 0] Ny'Nop = AT, Next we will prove that ¥(1) < 0. Suppose, on the
contrary, that there exist vectors z € R™ and y € R™, not both zero, such that

HIRCIART

:| = N2_21N21.
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That is,
T
T T
x| Nz >0
Y y

Clearly, x # 0 since Nog < 0. Define W := [In Onm] and

Rt |

0 Iner O In+m
Then
+
x x
) Y
>
T Nw x| 7 0
Y Y
By Lemma , there exists a matrix Z € Z,,1,,,(Nw ) such that
.
vl _ Lnvm| |z
x Z Y
Y
SO i
1=2L]
Y Y

Moreover, by Theorem A.7, Z = ZW where Z € Z,,,(N). Hence, B] = Zux.

_ AT
Z - |:BT:| .
Then ATz = x. Because the data are informative for stability, AT is stable.

However, since o # 0, AT also has an eigenvalue 1. We thus reach a contradic-
tion. In other words, ¥(1) < 0. This shows that item (c) holds.

Partition

Finally, we prove that = (a). Since ¥(1) < 0 and the matrix (3.56) has
no eigenvalues on the imaginary axis, by Lemma , U(A\) <0 forall A eC.
Therefore, by applying Proposition with A = 0 and B = [In On,m] we
conclude that the matrix inequality

P 0 0
0 —P 0| -N>0 (3.58)

0 0 O
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has a solution P € S™. To prove that P > 0 we note that —N2}1N21 € Znim(N).
Partition 7N2_21N21 = [A B}T and note that AT is stable by assumption.
By multiplying ( ) from the left by [I A B] and from the right by its
transposed we obtain P — APAT > 0, that is, P satisfies the Lyapunov equation
P — APAT =Y for some matrix Y > 0. Since A is stable by assumption,
the solution P is unique and given by P = > 72  AFY/(AT)k. We observe that
P > 0 because Y > 0. Therefore, we conclude that there exists a P > 0
satisfying (3.58), By Theorem then, the data (U_, X) are informative for
quadratic stability. This proves the theorem. O

3.9.3 Stabilizability from noisy input-state data

To conclude this section, we turn our attention to data (U_, X) obtained from
the noisy input-state system ( ) and study informativity for stabilizability
as defined in Definition . Recall that the condition for informativity
for quadratic stabilizability in Corollary is the same as the condition for
informativity for quadratic stability of the state data X given in Theorem

One may thus think that an extension of Theorem to stabilizability is
straightforward. However, this extension is hindered by a subtle fact. To explain
this, recall Lemma . Now, even though ( ) holds, the subtlety is that the
upper left 2n x 2n submatrix of the matrix in ( ) is generally not a member of
IL, ., ie., ( ) does not hold. Nonetheless, we provide the following theorem
that characterizes informativity for stabilizability and quadratic stabilizability
in the case that (3.12) is satisfied. Again, let the matrix © be as defined in

(3:43).

Theorem 3.32. Let the data (U_, X) be obtained from (3.16) where the noise
satisfies ( ) with ® € II,, v and ®92 < 0. Define the mapping ¥ as in ( ).
Assume that the data (U_, X) satisfy (3.42) and the full rank condition (3.35).
Suppose that U(1) is invertible and the matrix

0 (1)

U(-1) 20XT —X_0T)u(1)! (3.59)

has no eigenvalues on the imaginary axis. Then the following statements are
equivalent:

(a) (U-,X) are informative for quadratic stabilizability.
(b) (U-, X) are informative for stabilizability.

(c) (1) < 0 and the matrix (X_®2 X)X _OT is stable.
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Proof. The implication == is clear. Next, we prove that ==
. Let N be the matrix in (3.42) and N’ be the matrix in (3.53). Since (3.42)
holds by hypothesis, we have that

(X_dPpXx )" 1x 07

0 € Znim(N').

In other words, (OXT(X_®2X )71 0) € ¥p. Since every system in Xp is
stabilizable, we must have that the matrix ©X T (X_®, X )71 is stable. We
thus conclude that its transposed (X_®2,X)"1X_0OT is also stable.

Next, we prove that (1) < 0. Suppose on the contrary that there exists a
nonzero vector x € R™ such that " ¥(1)z > 0, equivalently, ( ) holds. By
Lemma there exists a matrix Z € Z,(N) such that (3.51) holds. Since
Zx = x, Z has an eigenvalue 1 and is thus not stable. However, this is a
contradiction because (Z",0) € ¥p. As such, we conclude that ¥(1) < 0.

Finally, we prove that = . Since ¥(1) < 0 and (3.46) has no
imaginary eigenvalues, we conclude by Corollary that there exists a P € S™
satisfying (3.48) with N given in (3.412). It remains to be shown that P > 0. To
this end, note that Z := (X_®2, X )71 X _OT € Z,(N). Hence, by multiplying
( ) from the left by [I VA T} and from the right by its transposed we obtain
P —ZTPZ > 0, that is, P satisfies the Lyapunov equation P — Z"PZ =Y for
some matrix Y > 0. Since Z is stable by hypothesis, the solution P is unique
and given by P =Y ;7 (Z")kFY Z*. Clearly, P > 0 because Y > 0. Therefore,
we conclude that there exists a P > 0 satisfying (3.18), with N given by (3.12).
Thus, by Corollary , the data X are informative for quadratic stabilizability.
This proves the theorem. (Il

3.10 Controllability from noisy data

This section deals with informativity of noisy data for controllability. In contrast
to our tests for stability and stabilizability, we will only establish sufficient con-
ditions, again in terms of feasibility of a linear matrix inequality. To start with,
we first state a necessary and sufficient condition for controllability of stable
input-state systems.

Lemma 3.33. Assume that A is stable. Then the system (A, B) is controllable
if and only if there exists a matrix P > 0 such that P — APAT — BBT €0.

Proof. To prove the ‘if’ statement, let v € C™, be such that v*A = Av* and
v*B = 0. Then (1 — |A]?) v*Pv < 0. Since, by stability, |A| < 1 we must have
v*Pv =0, so v =0. The result then follows from the Hautus test.

Conversely, if A is stable and (A, B) is controllable then the controllability
Gramian P > 0 satisfies P — APAT — BBT = 0. This completes the proof. [
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Again consider the model class M of all noisy input-state systems given by
(3.17) together with input-state data (U_, X) on the time interval [0,7]. The
possible matrices W_ of noise samples satisfy the quadratic inequality ( ) for
a given ® € II, 7. The set ¥p of systems consistent with the data is given by
( ), and we assume that it contains the true system (Atrue, Birue)-

In the remainder of this section it will be assumed that ®55 < 0 and that
the data (U_, X) satisfy the full rank condition (3.35). Thus we have Nay < 0,
which in turn is equivalent to boundedness of ¥p = Z,4,,(N) (see Theorem

). Obviously, in that case there exists v > 0 such that AAT < I for all
(A, B) € ¥p, which implies that %A is stable for all (A, B) € Xp.

Our definition of informativity for controllability requires all systems that
are consistent with the data to be controllable.

Definition 3.34. The data (U_, X) are called informative for controllability if
every (A, B) € ¥p is controllable.

We will now derive sufficient conditions for informativity for controllability.
The idea it to first compute a scaling factor v > 0 such that AAT —~I < 0 for all
(A, B) € ¥p. This can be done in the following way. Note that AAT —~I <0
can be written as

17"y o o][1
AT 0 —I 0] |AT|>0. (3.60)
BT 0 0 0| |BT
As a consequence, we need to find v > 0 such that the strict quadratic matrix

inequality (3.60) holds for all (A, B) that satisfy the quadratic matrix inequality
(3.27). For given 7 > 0, define

~I 0 0
My:=1|0 —I 0f. (3.61)
0 0 I

Again, let N be given by ( ). Then we have to find conditions in terms of
the matrices M; and N such that

Zn+m(N) c Z:+m(M1)- (362)
By virtue of Theorem the inclusion ( ) holds if and only if there exists

a > 0 such that M; — aN > 0, equivalently

NI 000 L L ! T
0 —-I 0|-al|0 —X_ [q)“ @12} 0 -X_| >0
0 0 I 0 —-U_ 2 m2l g —yl
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As a consequence, a suitable v can be found by solving this linear matrix in-
equality.

Next, after fixing the scaling factor v obtained above, we want to find P >
0 such that the (nonstrict) inequality yP — APAT — BBT < 0 holds for all
(A,B) € ¥p. This inequality can also be reformulated as a quadratic matrix
inequality in A and B. Indeed, for given v and P > 0, the inequality holds if
and only if

I7' [P 0 0] [1
AT 0 P o |AT| >0 (3.63)
BT 0 o0 I||BT
Now define
—~P 0 0
My = 0 P 0 (3.64)
0 0 I
We have to find conditions in terms of the matrices Ms and N such that
Znam(N) C Zpm(Ma). (3.65)
By Theorem , the inclusion (3.65) holds if and only if there exists o > 0
such that
My —aN > 0. (3.66)

The following theorem then gives a sufficient condition for informativity for
controllability.

Theorem 3.35. Assume that ®22 < 0 and that the full rank condition (3.35)
holds. Let v > 0 be such that AAT —~I < 0 for all (A,B) € ¥p. Then the
data (U_,X) are informative for controllability if there exist an n X n matrix
P >0, and a scalar a > 0 satisfying

P 0 0 I XY re o[l Xy i
0 P O|l-al0 —X_ [(I)“ @12} 0 —X_| >o0. (3.67)
0 0 I 0 —U_ om0y UL

Proof. Suppose (3.67) holds for some P > 0 and o > 0. Let (A, B) € ¥p. By
the inclusion (3.65) we then have yP — APAT — BBT < 0. Since %A is stable,

this implies that (%A7 %B) is controllable, so (A, B) is controllable. O
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3.11 Notes and references

The notion of informativity for system identification and the characterization in
Theorem 3.1 can be found in [175].
For the classical Hautus tests for controllability and stabilizability (see Equa-

tion 3.7) we refer to [160, Thms. 3.13 and 3.32].
The problem of verifying controllability of a linear system from input-state
data has been studied in different papers. The authors of [182] consider m in-

dependent experiments, where the initial state of each experiment is zero and
the inputs of the ith experiment are all equal to the ith standard basis vector
of R™. Under these experimental conditions, they show how to verify control-
lability of the true system from the combined data. Extensions of the approach
were considered in [94,119,199]. The data-driven Hautus tests for controllability
and stabilizability in Theorem were proven in [175]. One of the attractive
features of these tests is that they can be applied to general sets of input-state
data, that is, the inputs and initial states can take arbitrary values.

The results on informativity for stability are partially based on the paper
[175]. In particular, [175] considered the problem of verifying stability of an
autonomous system using state data (see Theorem ). In this book, we have
also studied the problem of verifying internal stability of an input-state system
using input-state data. Stability analysis of autonomous linear systems has been
considered before in [125]. In the notation of this book, the paper [125] assumes
that X_ has full row rank. An interesting consequence of Theorem is that
this condition is mecessary for informativity for stability. Data-driven stability
analysis has also been considered for a class of switched linear systems [88] from
a probabilistic viewpoint.

The energy bound on the noise in (3.18) has become a common modeling
approach in recent work on data-driven control. In this particular form, ( )
was introduced in [169]. However, related noise models have appeared elsewhere.
In particular, [14] considers a special case of (3.18) while [18] makes use of
a ‘dual’ noise model. Other references that work with energy bounded noise
include [29,89,157]. We also refer to [168] for the discussion of special cases of
the model (3.18).

In the setting of noisy data, the notions of informativity for stability, quadratic
stability, stabilizability and quadratic stabilizability were introduced in [171],
alongside their characterizations in Theorem , Corollary , and Theo-
rems and . In order to prove Theorems and we required some
technical results, including Lemma and Proposition . In the proof of
Lemma we make use of the fact that the largest eigenvalue of ¥(A) is con-
tinuous, which follows from [87, p. 125-126]. In Example we have studied
a consensus protocol with a so-called stubborn agent. More details on such
protocols can be found in [128].
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Dissipativity analysis

In this chapter we consider data-driven dissipativity analysis. This problem is
concerned with deciding on the basis of data whether an unknown input-state-
output system is dissipative with respect to a given supply rate. We first consider
the case that the input-state-output data obtained from the unknown system
are noiseless. It will be shown that in this situation the data are informative for
dissipativity if and only if they are informative for system identification and, in
addition, the unique system consistent with the data is dissipative. Next, we turn
to the noisy case. We consider an unknown input-state-output system corrupted
by unknown process noise and measurement noise. The matrix collecting the
samples of these noise signals are assumed to satisfy a given quadratic matrix
inequality. For two different set-ups of these quadratic inequality constraints we
establish necessary and sufficient conditions for informativity for dissipativity.

4.1 Dissipativity from noiseless data

Before turning to data-driven dissipativity analysis, we will first review the defi-
nition of dissipativity. Consider a discrete-time linear input-state-output system

x(t +1) = Az(t) + Bu(t)

y(t) = Cx(t) + Du(t) (4.1)

where A € R™*" B € R"*™ (C € RP*"™ and D € RP*™ are given matrices. Let
S € S™P. The system (4.1) is said to be dissipative with respect to the supply

. st = |1} s H (12)

if there exists P € S™ with P > 0 such that the dissipation inequality
z(t+ 1) Po(t+1) —2(t) " Po(t) < s(u(t),y(t)) (4.3)

holds for all ¢ > 0 and for all trajectories (u,z,y) : Zy — R™T"HP of (1.1). For
any such matrix P, the function x — x| Px is called a storage function for the
system (4.1) and the supply rate (1.2). It follows from (1.3) that dissipativity



80 DISSIPATIVITY ANALYSIS

with respect to the supply rate (4.2) is equivalent with the feasibility of the
linear matrix inequalities P > 0 and

T T
10 P 0 10 01 01
>

{A B} [0 —P] [A B] + [C D} S {0 D} > 0. (44)
In the framework of data-driven system analysis, the system matrices are
unknown. The question we want to study then is whether we can verify dis-
sipativity using only the input-state-output data obtained from the unknown
system. In the present section we will study this question for the situation that

our data are noiseless.
Consider the unknown input-state-output system

I'(t + 1) = Atrucx(t) + Btrucu(t) (45&)
y(t) = Otruex(t) + Dtrueu(t) (45b)

where the input u is m-dimensional, the state z is n-dimensional and the output
y is p-dimensional. We assume that the dimensions m,n and p are known,
but the true system matrices (Atrue, Btrues Ctrue; Dirue) are unknown. What is
known instead are a finite number of input-state-output measurements of (4.5).

More concrete, we suppose that we have collected input-state-output data
on the time interval [0,7]. Let U_, X, X_, and X, be defined by (2.1) and
(2.2) and let Y_ be defined in a similar way as U_. Our data are now given by
D = (U_,X,Y_). These data are assumed to be generated by the true system
(Atrues Birues Ctrues Dirue), which means that

X+ _ Atruc Btruc X_
|:Y:| N |:Ctrue Dtrue Uv-|- (46)
The set of all systems that are consistent with these data is then given by:
X A B| | X_
2(U,,X,Y,) = {(Aa B7Cv D) | |:Yj:| = |:C D] |:U_:| } : (47)

It follows from (4.6) that the unknown system (A¢rue, Btrue, Corues Dirue) 1S con-
tained in X(y_ xy_). Our goal is to infer from the data (U_,X,Y_) whether
the unknown system (4.5) is dissipative.

On the basis of the given data we are unable to distinguish between the sys-
tems in ¥y x,y_), in the sense that any of these systems could have generated
the data. Nonetheless, if all of these systems are dissipative, then we can also
conclude that the true data-generating system (1.5) is dissipative. With this in
mind, we now define the property of informativity for dissipativity for the case
of noiseless data.



Dissipativity from noiseless data 81

Definition 4.1. The data (U_,X,Y_) are informative for dissipativity with
respect to the supply rate (1.2) if there exists a matrix P € S®, P > 0, such that
the LMI (+.4) holds for every system (A, B,C,D) € ¥_ x,y_)-

Note that our definition of informativity for dissipativity requires the systems
in ¥_ x,y_) to be dissipative with a common storage function.

We will restrict ourselves to the case that the number of negative eigenvalues
of the matrix S representing the supply rate is equal to the output dimension
p and the number of positive eigenvalues of S is equal to the input dimension
m. In particular then, S is nonsingular. In other words, we will impose the
following assumption on the inertia of S:

In(S) = (p,0,m). (4.8)

It is a well-known fact that a necessary condition for dissipativity of any system
of the form (1.1) is that m < Iny(5), i.e., the input dimension does not exceed
the positive signature of S. Our assumption requires that the input dimension is
equal to this positive signature and in addition that the matrix S is nonsingular.
This assumption is satisfied, for example, for the positive-real and bounded-real
case. Indeed, in the positive-real case we have that m = p and

0 In
o= 0. %]
so that In(S) = (m,0,m). In the bounded-real case we have

2
I, O
=l

for some v > 0, which implies that In(S) = (p,0,m).

Before establishing conditions for informativity for dissipativity, recall the
notion of informativity for identification (see Section 3.1). In particular, recall
from Theorem that the noiseless input-state data (U_, X) are informative
for system identification if and only if the full rank condition

rank [5_

] =n+m (4.9)
holds. This notion can of course be extended to noiseless input-state-output

data. Indeed, in accordance with Definition , we define:

Definition 4.2. The data (U_, X,Y_) are informative for system identification
if ¥(y_ x,y_) contains exactly one element.
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If this is the case, then by (4.6) this single element must coincide with the un-
known system (Atrue, Btrues Ctrue, Dirue). It turns out that the data (U—, X,Y_)
are informative for system identification if and only if the corresponding input-
state data (U_, X) are informative.

Theorem 4.3. The data (U_,X,Y_) are informative for system identification
if and only if the rank condition (41.9) holds. In that case we have Ay = X4 V1,
Birue = X Vo, Cirye = Y-V1 and Dyyye = Y_Va, where Vi and Va are such that

v -le L] (4.10)

Proof. The set ¥(;_ x,y_) of systems that are consistent with the data contains
exactly one element if and only if the solution set of the homogeneous equation

0] [4B][x_
0|  |C D||U-
only contains (0y,5, Onm, Op.n, Op.m). This is the case if and only if (4.9) holds.

For any right inverse [V1 Vz] the unique solution (Atrue, Birues Ctrues Dirue) Of
the inhomogeneous linear equation

Y=o o)

|:Atrue Btrue:|

is then given by

C’true Dtrue

],

This completes the proof. O

As the main result of this section we will now show that the noiseless input-
state-output data (U_, X, Y_) are informative for dissipativity if and only if they
are informative for system identification and the unique system consistent with
these data is dissipative. In addition, dissipativity of this unknown true system
can be expressed in terms of feasibility of an LMI involving the data.

Theorem 4.4. Assume that In(S) = (p,0,m). Then the data (U_, X,Y_) are
informative for dissipativity with respect to the supply rate (1.2) if and only if
they are informative for system identification and there exists P > 0 such that

o N S I A EC
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Proof. We first prove the ‘only if’ part. Suppose that the data are not infor-

mative for system identification. Then by Theorem 4.3 the rank condition (1.9)
does not hold, so there exist & € R™ and n € R™ such that £T¢ +7n'n =1 and
X_
T, T _
€7 n'] {U} =0. (4.12)

The set I' = {u € R™ | 3y € RP such that s(u,y) < 0} has nonempty interior
since there exists (@, §) with s(d,§) < 0 due to our assumption on the inertia of
S. We claim that there exist z € R™ and v € I" such that

a+n u=1 (4.13)

Indeed, if £ # 0, then one can construct & and u by selecting u € I' arbitrarily,
and by defining z := 12?;“{ . If £ =0 then x € R™ can be selected arbitrarily.
In this case, we can choose u as follows. Since I' has nonempty interior, there
exists & € T such that '@ # 0. Note that ar € T for all nonzero a € R. As
such, there exists an a € R such that u := ot € I' and "« = 1. For this u, we
obtain (4.13) which proves our claim.

Since u € T, there exists y such that s(u,y) < 0. Let (Ag, Bo,Co, Dg) €
E(U,,X,Y,)' Define

(:=z—Apx—Bou and 6:=y—Cozr— Dou (4.14)

A B| _ Ao Bo Clirer T
col=lam] e
It follows from ( ) that (A, B,C,D) € ¥_ x,y_). Since the data are infor-

mative for dissipativity with respect to the supply rate (4.2), there must exist
P > 0 such that the linear matrix inequality (4.4) holds. Note that

ol =E] e e sl )=
due to (4.13) and (4.14). Therefore, the following inequality holds:
(] [0S [as]+[e o] <o 2]

[ [ L sl -

However, this contradicts (4.1). Consequently, the full rank condition (1.9)
holds. Next, it then follows from Theorem that

Z(U,,XJ/,) = {(Atru67 Btrue, Ctrues Dtrue)}-

and
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Define

L__[I O]T[P oHI 0]+{0 Irs[o I}
' Atrue Btrue 0 —-pP Atrue Btrue Ctrue Dtrue Ctrue Dtrue ’

Since the data are informative for dissipativity, there exists P = PT > 0 such
X_
that L > 0. By post- and pre-multiplying this expression by {U } and its

transpose, we conclude that ( ) holds.
To prove the ‘if’ part, note that by assumption we have that (4.6) holds.

Then (4.11) implies
bR EL (4.15)

It immediately follows from the full rank condition (1.9) that L > 0. By (1.4),
this means that the system (Atrue, Birues Ctrue, Diruc) 18 dissipative with respect
to the supply rate (4.2). Finally, since ¥ x,y_) = {(Atrues Borues Ctrues Dirue) }
we conclude that the data are informative for dissipativity. This completes the
proof. O

Remark 4.5. The result of Theorem implies that it is only possible to ascer-
tain dissipativity from noise-free data if the plant is uniquely identifiable, in the
sense that the data are informative for system identification. Consequently, in
the noise-free setting, methods for determining dissipativity directly from data
are conceptually equivalent with indirect ones consisting of a system identifica-
tion stage, followed by a second one involving a check on the solvability of an
LMI (condition (4.1)).

4.2 Dissipativity from noisy data

In this section we proceed with studying informativity for dissipativity in the
case that our input-state-output data are obtained from an unknown system
subject to unknown process noise and measurement noise. We assume that the
unknown system is given by

z(t+ 1) = Atruer(t) + Birueu(t) + w(t) (4.16a)
Y(t) = Cirue®(t) + Dipueu(t) + 2(t) (4.16D)

where the input u is m-dimensional, the state x is n-dimensional and the output
y is p-dimensional. The dimensions m,n and p are assumed to be known. The
terms w and z are n-dimensional and p-dimensional, respectively. They represent
process and measurement noise, respectively, and are assumed to be unknown.
Also the system matrices (Agrue; Birue, Ctrues Dirue) are assumed to be unknown.
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Again, we assume that a supply rate is represented by a given matrix S € S™*?,
viz. (4.2). The problem that we will study in this section is to determine whether
the unknown system (4.16) is dissipative with respect to the given supply rate.

Suppose that we obtain input-state-output data data from the unknown sys-
tem (1.16) on the time interval [0,T]. These data are collected in the matrices
(U_-, X,Y_) that are given as before by

U_ =Upr_q
X == X[O,T]
Y_ =Yor_1-

Also the auxiliary matrices X_ and X, are as defined before. The noise terms
w and z are unknown, so w(0),w(1),...,w(T — 1) and 2(0),2(1),...,2(T —1)
are not measured, and are therefore not part of the data. We denote

W_ = Wjp,r_q

Z_ =Zpr-1-

As part of the data D we do assume that we have the following information on
the noise during the data sampling period.

Assumption 4.6. The noise samples, collected in the real (n 4 p) x T matrix

v ]

satisfy the quadratic matrix inequality

{VI_T] s [VI_T] >0 (4.19)

where ® € S"*P*7T is a given partitioned matrix

P11 Pio
P = 4.20
{%1 <I>22] (420)
with ®1; € S"tP, &5 € ROHPXT o, = &, and Py € ST. We assume
that ® € II,,1, . Then Zp(®) is nonempty and convex (see Theorem ).
Moreover, V_ satisfies (1.19) if and only if V' € Z7(®) (see Section A.2).

In other words, the data D consist of the input-state-output measurements
(U-, X,Y_) together with the information that the noise on the sampling interval
[0,T] satisfies the inequality (1.19) for a given partitioned matrix ® with the
properties stated above.
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We now turn to defining the property of informativity for dissipativity for
noisy input-state-output data, i.e. data that are generated by the unknown
system (4.16) with unknown process noise and measurement noise whose samples
satisfy the quadratic matrix inequality ( ). For our model class M we take
all noisy input-state-output systems

x(t+ 1) = Ax(t) + Bu(t) + w(t) (4.21a)

y(t) = Cx(t) + Du(t) + 2(t) (4.21b)

with input dimension m, state space dimension n and output dimension p. Given
the input-state-output data (U_, X,Y_) together with the information that the

matrices of noise samples satisfy ( ), the set of all systems consistent with
the data is then given by

Yp = {(A,B,C,D) | (ﬁ&] - [é g} EDT € ZT(<I>)}. (4.22)

We assume that the data have been obtained from the unknown system ( ),
i.e., (Atrue, Btrues Ctrue, Dirue) € 2p. Therefore, ¥p is nonempty. Define

T
X4 L X
_ ,Nu,%,f,\ﬁz, i Yo @ @ Y— (4.23)
Ni5 i Nao —X_ | |P21 P22 X
—-U_ -U_
Note that (A, B,C, D) € ¥p if and only if
,,,,,, T R T
AT CT | N| AT CT | >0 (4.24)
BT DT BT DT
This can be restated equivalently as
AT C
|:BT D::J € Zn+m(N)
From Assumption we have ®55 < 0 and therefore Nog < 0. It follows from

the assumption ker @99 C ker @15 that ker Nag C ker Nio. Since Z,,4,,(N) is
nonempty, it follows from inequality ( ) that N | Naz > 0. Thus the matrix
N given by ( ) isin Iy p ntm-

Next, we give the definition of informativity for dissipativity in the context of
noisy input-state-output data. Again, we will require that all systems consistent
with the data are dissipative with a common storage function.
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Definition 4.7. The noisy input-state-output data (U_, X, Y_) are informative
for dissipativity with respect to the supply rate (4.2) if there exists a matrix
P > 0 such that the LMI (4.4) holds for all systems (A, B,C, D) € ¥p.

Similar to the noiseless case as studied in Section 4.1, in the remainder of this
section we will assume that the matrix S representing the supply rate satisfies
the inertia condition In(S) = (p,0,m).

The following preliminary lemma states that also in the context of noisy data,
the rank condition (4.9) on the input-state data is necessary for informativity.

Lemma 4.8. Assume that In(S) = (p,0,m). If the data (U_, X,Y_) are infor-
mative for dissipativity with respect to the supply rate (41.2) then

rank [‘g_} =n+m. (4.25)

Proof. Suppose that ( ) does not hold, i.e., there exist £ € R™ and n € R™
such that £T¢ +7'n =1 and

X_
T T —
€' n'] {U} =0. (4.26)
The set I' = {u € R™ | 3y € RP such that s(u,y) < 0} has nonempty interior

since there exists (@, ) with s(@, §) < 0. Similar as in the proof of Theorem 4.4,
there exist x € R™ and v € I" such that

e +nlu=1. (4.27)
Since u € T', there exists y such that s(u,y) < 0. Let (Ag, Bo, Co, Do) € Xp,
equivalently
-
X, Ag Bo| | X_
(=] [a ))<=

Define

(:=z—Apx—Bou and 6:=y—Cozr— Dou (4.28)
and

A B] _ [Ao Bo| | [¢] rer T
{CD] = [co Dy, +[9 " ']
It follows from (4.26) that
A B [X_]  [4 By [X_
C D||U-] |Co Do |U-
and therefore (A, B,C,D) € Yp as well. Since the data are informative for
dissipativity with respect to the supply rate (4.2), there exists P > 0 such that
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the dissipation inequality (4.4) holds. As before, due to (4.27) and (4.28) we
have )
I0]| |zl |z d 0 I||z| |u
AB||u] |z an C D||u|  |y|°
Therefore, the following inequality holds:
] "([1 01" [P o1 0] fo1]" g0 1]\]e
u| \|AB] |0o-P||aB]"|cD| ®|cD|)u
T T
T P 0] |z U U
=[] [o LB ob) s <o

However, this contradicts (4.4). Consequently, the full rank condition (4.25)
holds. ]

The following lemma states that if the data are informative for dissipativity
with all systems in Xp having a common storage function P > 0, then P is
necessarily positive definite. We will prove this under the additional assumption
that the Schur complement N | Nay is positive definite. Combining this with
the fact that N € Il,yp n+m as was already established above, we see from
Theorem that Yp has a nonempty interior. The positive definiteness of
P will play an important role in the remainder of the chapter, as it will be
instrumental in deriving LMI conditions under which the data are informative
for dissipativity.

Lemma 4.9. Suppose that In(S) = (p,0,m) and that N | Ny > 0. If P > 0
satisfies the dissipation inequality (4.4) for all (A, B,C, D) € ¥p then P > 0.

Before we can prove Lemma 4.9, we need the following technical lemma on
the inertia of certain products of matrices. Again let Iny (M) and In_ (M) denote
the number of positive and negative eigenvalues of a symmetric matrix M. In
addition, let dim V denote the dimension of a subspace ¥V C R".

Lemma 4.10. Let M € S™ and H € R"*™. Then
In, (M) + (m —n) — dimker H < In, (H"MH)

and
In_(M)+ (m —n) — dimker H <In_(H"MH).

Proof. We will first prove that

In (H'"MH)>Tn, (M) +In,(H"H) —n.
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Denote 7 := In, (H"H) and s := In (M). Then there exists an r-dimensional
subspace V C R™ such that v HTHuv > 0 for all nonzero v € V. Also, there
exists an s-dimensional subspace W C R™ such that w™ Mw > 0 for all nonzero
w € W. Note that VNker H = {0} and therefore dim HV = r. Define a subspace
Uy by

U:={veV]|HveW}

Then obviously v' H" M Hv > 0 for all nonzero v € U. This implies
In, (H'"MH) > dimU.

Also, by the fact that V Nker H = {0}, we have dim¥/ = dim(HY N W). Using
the fact that

dim(HY NW) = dim HY + dim W — dim(HY + W)

together with HY+W C R"™, we then obtain Iny (H " MH) > dimU > r+s—n,
as claimed. The proof of the first statement of the lemma is then completed by
noting that

r=In,(H"H)=m—dimker H' H = m — dimker H.

To prove the second statement, note that the number of positive and neg-
ative eigenvalues are interchanged by replacing M by —M and H'MH by

~-H"MH=H"(-M)H. O
Proof of Lemma 4.9. Let £ € ker P. It follows from (4.1) that
_ FTATT}P[Ag B] + [ y I]TS[O I} >0
B c¢ D c¢ D

for all (A, B,C, D) € ¥p. This implies that

-
0 I 0 I
>
e o] 5lce |0
for every (A, B,C, D) € ¥p. It now immediately follows from Lemma that

In_(S) + (m + 1) — (m + p) — dim (ker [c(*)g éD <.

Using the assumption that In_(S) = p this yields

dim (ker {C(V)f é]) > 1.
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Therefore, C¢ = 0 for every (A, B,C, D) € Xp. Moreover, since N | Nag > 0 by

assumption, it follows from Theorem that Yp has a nonempty interior. As
a consequence we have C'¢ = 0 for a sufficiently rich set of matrices C' so that
we can conclude that £ = 0. This implies that P > 0. ]

Our next step is to partition

S— [F G] (4.29)

PO 00
0F 0 G

M=10 0 —po (4.30)
0G" 0 H

Then the system (A, B,C, D) can be seen to satisfy the dissipation inequality

(1.4) if and only if
-

AB| M| AB|>0 (4.31)

Moreover, with this notation in place, the problem of characterizing informa-
tivity for dissipativity is equivalent to finding conditions for the existence of a
matrix P > 0 such that the inequality (4.31) holds for all (A, B, C, D) satisfying
the inequality (1.24).

Our strategy to solve this problem is to invoke the nonstrict matrix S-lemma,
Theorem . Before we can apply Theorem , however, note that the
inequality (4.31) is in terms of (A, B,C, D) while the inequality ( ) is in
terms of the transposed matrices (AT,CT, BT, DT). Therefore, we will need an
additional dualization result that we formulate in the following lemma.

Lemma 4.11. Let P > 0 and let (A, B,C, D) be any system with input di-
mension m, state space dimension n and output dimension p. Assume that
In(S) = (p,0,m). Define

A._ 0 _]p -1 0 —Im
S = [Im 0 ]s Lp 0 ] (4.32)

Then we have

[/11 JOBTP; OP] [1{1 2;] + {8 117} s [g é} >0 (4.33)



Dissipativity from noisy data 91

if and only if

T T
I 0 P71 0 I 0 0 I al 0 1
T Bl 2] 5L e

Proof. Partition the matrix S as in (4.29). Since P is positive definite and
In(S) = (p,0,m), the inertia of the matrix M given by (4.30) is given by In(M) =
(n+p,0,n+m). The lemma now readily follows by applying Lemma to the
matrix M. ]

Lemma can be interpreted as saying that the system defined by the
quadruple (A, B,C, D) is dissipative with respect to the supply rate S, with
storage function P if and only if the dual system (AT,CT, BT, DT) is dissipative
with respect to the supply rate S , with storage function P~!.

Partition now
_ F G
S 1=, 7
{GT H}

where ' = FT e Rm*m G e R™*P and H = H' € RP*? and define

Pl 0o 0 0

- 0o H o -=-GT

M=| o 0 _p1 o (4.35)
0 -G 0 F

Then it is easily seen that (AT,CT, BT, DT) satisfies the inequality (1.34) if
and only if
-

AT CT | M| AT CT | >0 (4.36)

We may now observe that, under the assumptions that In(S) = (p,0,m) and
N | Nas > 0, informativity for dissipativity with respect to the supply rate given
by S holds if and only if there exists P > 0 such that the quadratic inequality
(4.36) holds for all (A, B,C, D) that satisfy the the quadratic inequality ( ),
equivalently

Zim(N) C Znm (V). (4.37)

This brings us in position to apply Theorem and to obtain the following
characterization for informativity for dissipativity for noisy input-state-output
data.
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Theorem 4.12. Assume that In(S) = (p,0,m) and that the data (U_, X,Y_)
are such that N'|Nag > 0. Partition

e [P €
s [ 9 s

where ' = FT e Rm*™ G € R™*? and H = H' € RP*P. Then the data are
informative for dissipativity with respect to the supply rate (41.2) if and only if
there exist a real n X n matrix Q > 0 and a scalar a > 0 such that

Q0 0 o0 X Xy
3 —GT PYD Y.
0 H 0 —GT|_ LY Oy o] | L V- 0. (439)
00 -Q 0 Co X | (P21 P22 X
0-G o F 0 u_ U

In that case P := Q™' is a common storage function for all systems consistent
with the data.

Proof. To prove the ‘if’ statement, assume that the LMI (4.39) holds for some
Q > 0. Define P := Q' and define M by (1.35). Then clearly Z, ., (N) C
Zn+m(]\;[), so P is a common storage function for all (4, B,C, D) € Yp, which
implies that we have informativity for dissipativity with respect to the supply
rate (1.2).

To prove the ‘only if” part, suppose that the data (U_, X, Y_) are informative
for dissipativity. Using the assumptions In(S) = (p,0,m) and N | Nag > 0, this
is equivalent with the existence of a matrix P > 0 such that the inclusion
(1.37) holds, with M given by (4.35). Also recall that N € TL,ypnim. In
addition, N has at least one positive eigenvalue. Now define Q := P~!'. Then

by Theorem there exists a scalar o > 0 such that (4.39) holds. This
completes the proof. O
Theorem provides a tractable method for verifying informativity for

dissipativity of noisy data given the noise model introduced in Assumption
The procedure involves solving the linear matrix inequality ( ) for @ and a.
Given @, a common storage function P for all systems in YXp is also readily
computable as P = QL.

4.3 Informativity with an alternative noise model

In the preceding two sections we have studied informativity of input-state-data
in two different setups. In Section we assumed that our data are noiseless,
and in Section we considered the situation that samples of the process noise
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and measurement noise on a finite interval satisfy a given quadratic matrix
inequality. This quadratic inequality was introduced in Assumption and
involved an a priori given weighting matrix ®. In the present section we will
discuss an alternative noise model and establish conditions for informativity of
input-state-output data in the context of this alternative noise description.

Again our unknown system is assumed to be of the form ( ). The input
dimension m, state space dimension n and output dimension p are given. We
also assume that a supply rate is given by a given matrix S € S™*P  viz. (41.2).
We have input, state and output samples U_, X and Y_ and our aim is to
determine on the basis of these data whether the unknown system is dissipative
with respect to this supply rate. Again, the matrices Airue, Birue; Ctrue and
Dyyye are unknown. Also the process noise w and measurement noise z are
unknown. We do however assume that we have the following information on the
possible noise samples on a given finite time interval.

Assumption 4.13. The noise samples, collected in the real (n+ p) x T matrix

satisfy the quadratic matrix inequality
T
I I
>
AHE )

where © € S"TP*T is a given partitioned matrix

©11 O12
@ =
[@21 @22}

with ©1; € ST, ©15 € RT*(HP) @, = O], and O,y € S**P. We assume that
BO22 <0
and the Schur complement satisfies
O]05 > 0.

Assumption implies that © € Ily ,,4,. In view of Theorem A.5, Z,,4,(0)
is bounded and has nonempty interior. Furthermore, V_ satisfies (1.410) if and
only if V_ € Z,,4,(0) (see Section A.2).

Now, given the input-state-output data (U_, X, Y_) together with the infor-
mation that the matrices of noise samples satisfy ( ), the set of all systems
consistent with the data is given by

Sp = {(A,B,C,D) | [iﬂ - {é{ g} [)U(:] c zn+p(@)}. (4.41)
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The corresponding definition of informativity is then the following.

Definition 4.14. Given the noise model of Assumption , the noisy input-
state-output data (U_, X,Y_) are informative for dissipativity with respect to
the supply rate (1.2) if there exists a matrix P > 0 such that the LMI (1.4)
holds for all systems (A4, B,C, D) € ¥p.

In order to obtain conditions for informativity in this new noise set up, we
prove the following duality result.

Lemma 4.15. Assume that Oz < 0 and ©|Ogq > 0, equivalently, Z,.,(0) is
bounded and has a nonempty interior. Define

Py P12 _ (0 —1| |O11 O1p o -r1 (4.42)
$y1 Poa| © |1 O | |O21 O I 0] ’
Then for any V € RP)XT e have

V€ Zup(0©) <= VI € Zr(d).

Proof. Note that In(©) = (n + p,0,T). The result then follows immediately
from Lemma . |

An immediate consequence of Lemma, is that a given system (A, B, C, D)
is consistent with the data (U_, X,Y_) using the alternative noise model of
Assumption if and only if it is consistent with these data using the original
noise model of Assumption with @ defined by ( ). In other words,

Yp = {(A7B7C,D) | ([)Y(j] - [é g} FU(:DT € ZT(<I>)}. (4.43)

We now turn to finding conditions for informativity using the alternative noise
model. In order to do this, we first need to check whether the matrix ® defined
by (4.412) satisfies the conditions that were imposed in Assumption 1.6. We will
show that, in fact, @95 < 0 and @ | P9y > 0. Using the Schur decomposition
(A.8) applied to the partitioned matrix O, it is easily seen that, in fact,

{@11 <I>12} _ [—6221@21(@|®22)—1@129221 05,021 (0]O092)7! (4.44)
Dy oo —(0]042)71012605; Gl ’
From this we immediately seen that ®25 = —(© | O2)~1 < 0. It also follows

from (4.42) that In(©) = —In(®) = (T,0,n + p). Since Pyy is a T x T matrix,
this implies that ®|®Pg5 > 0 as desired.
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As before, in the sequel we will assume that the supply rate satisfies the
inertia condition In(S) = (p,0,m). Define

. . T
- I X+ I
Y N Nig. Y— [‘I)n ‘1312} Y—
S NE N || Pex | [0 B |
U U

with ® given by ( ). For completeness we finally state the following charac-
terization of informativity using the alternative noise model.

Theorem 4.16. Assume that In(S) = (p,0,m) and that the data (U_,X,Y_)
are such that N\NQQ > 0. Let —S~! be partitioned as in ( ). Then the data
are informative for dissipativity with respect to the supply rate (1.2) using the
noise model of Assumption if and only if there exist a real n X n matrix
Q > 0 and a scalar o > 0 such that

Q0 0 0 X ;X
; _aT Y Y
0 H 0 ~GT|_ Y Oy Pp] | V- S0, (445)
0 OA —Q Q X Dy Dy -X_
0-G 0 F 0 v U

In that case P := Q' defines a common storage function for all systems con-
sistent with the data.

4.4 Notes and references

The notion of dissipativity was introduced by Jan Willems in the seminal papers
[184] and [185]. During the same period, he also made fundamental contributions
to the subject of optimal control, in particular to linear quadratic problems with
indefinite cost, and the associated algebraic Riccati equation [183]. Together,
[183], [184] and [185] are generally considered to provide the main concepts and
analysis tools in many areas of linear and nonlinear systems and control, ranging
from stability theory, linear quadratic optimal control and stochastic realization
theory, to network synthesis, differential games and robust control. The above
contributions addressed dissipativity of continuous-time systems. For an early
contribution treating discrete-time systems, we refer to [31].

In this chapter, we have focused on the problem of verifying dissipativity of
discrete-time LTT systems using measured data. The results that were presented
here are based on the paper [170]. The problem of assessing dissipativity from
data has received considerable attention in recent years, see e.g. [138] and [139].
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In [107], the notion of (finite-horizon) L-dissipativity was introduced. This no-
tion was also further studied in [137]. A discrete-time system is L-dissipative
if the average of the supply rate over the time interval [0, L] is nonnegative for
all system trajectories. This is a necessary condition for dissipativity, but it is
in general not sufficient. In both of the latter two contributions, a crucial as-
sumption is that the input trajectory is persistently exciting of a sufficiently high
order (see [190] and [172]). This property of the input sequence can be shown
to imply that the data-generating system is uniquely identifiable from the data.

In the current chapter we have adopted the more classical notion of dissipa-
tivity for linear systems, rather than L-dissipativity. We have considered a setup
similar to that of [39]. In that paper, sufficient data-based conditions were given
for dissipativity. The main difference between our results and those in [39] is
that we have provided necessary and sufficient conditions for dissipativity based
on data, for noiseless and noisy data.

Apart from conditions for verifying dissipativity based on data, we have
derived a number of additional results as byproducts that are interesting in
their own right. First of all, we have shown in Corollary that, under mild
assumptions, the different noise models studied in the papers [18] and [169]
are actually equivalent. Moreover, in the setting of noisy data, it follows from
Lemma that informativity for dissipativity requires the common storage
function to be positive definite. This is an interesting conclusion, since the
definition of dissipativity only requires positive semidefinite storage functions.
We note that conditions under which all storage functions are positive definite
have been studied before in [71, Lem. 1], for nonlinear systems. In that paper,
certain minimality conditions were imposed as well as a signature condition on
the supply rate. Here, we have not assumed minimality but we have concluded
that all storage functions are positive definite in the case that the supply rate
satisfies an inertia condition and the set of systems consistent with the data has
nonempty interior. In order to prove Lemma 4.9, we have relied on Lemma
that can be interpreted as a generalization of Sylvester’s law of inertia, see the

paper [41].



5

Analysis of further system properties

In this chapter we will further study the problem of finding data-based tests
for checking whether a given unknown dynamical system has certain structural
properties. In Sections and 3.3, tests were already established for checking
whether a given set of noiseless data is informative for controllability, stabilizabil-
ity and stability. For the case of noisy data, in Sections to data-driven
tests were discussed for stability, stabilizability, quadratic stability, quadratic
stabilizability and controllability. Also in this chapter, we will deal with infor-
mativity of noisy data. We will establish tests for informativity of several addi-
tional relevant structural system properties in the setting of unbounded noise.
More specifically, we will study informativity for observability and detectability,
strong observability and detectability, strong controllability and stabilizability,
and invertibility of linear systems.

5.1 Problem setup
We will consider the linear input-state-output system with noise given by

x(t+1) = Agruer(t) + Bu(t) + Ew(t) (5.1a)
y(t) = Cx(t) + Du(t) + Fw(t) (5.1b)

where the state x is n-dimensional, the control input u is m-dimensional, the
output y is p-dimensional, and the unknown noise w is r-dimensional. We assume
that A¢rue is an unknown matrix, but the matrices B, C', D and E, F are known.
The assumption that the matrix Aiue is unknown while the others are known
can, for example, be motivated within the context of networked systems, in
which the input and output nodes are given, but the interconnection topology is
unknown. Typically, in that context the matrices B, C' and D are matrices whose
columns only contain 0’s and 1’s, with in each column at most one entry equal to
1. The term Fw represents process noise, whereas Fw represents measurement
noise. The special case that £ =0 and F = 0 is called the noiseless case.

We assume that we have input-state-output data concerning this unknown
‘true’ system in the form of samples of z, u and y on a given finite time interval
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[0,T]. As before, these data are denoted by

U_= U[O,T—l]
X = Xo,1
Y_ =Yor-1-

It will be assumed that these data are obtained from the true system (5.1),
meaning that there exists some matrix

W_ =W r_q
such that
Xy =ApueX_ +BU_ + EW_ (5.3a)
Y =CX_+DU_+FW_ (5.3b)
where as usual we denote
X_ = X[O,Tfl]
X+ = X[LT].

We then say that the data are consistent with the true system (A¢yue, B, C, D, E| F).
The set of all n x n matrices A such that the system (A, B,C,D,E,F) is
consistent with the data will be denoted by Ap, i.e.,

Ap == {A e R™" | IW_ : ﬁﬂ = [é g} E} + {ﬂ w_}1. (5.4)

Let P denote some system-theoretic property that might or might not hold for a
given linear system. The general problem that we will address in this chapter is
to determine from the data obtained from (5.1) whether the property P holds for
the unknown true system (Ae, B, C, D, E, F). Since on the basis of the data
we can not distinguish between the true A.ue and any A € Ap, we need to check
whether the property holds for all systems (A, B,C,D,E, F) with A € Ap. In
line with Definition we then call the data informative for property P.

Example 5.1. For P take the property ‘(A, B) is a controllable pair’. Suppose
that on the basis of the data (U_, X,Y_) we want to determine whether P holds
for the pair (Atrue, B) corresponding to the true system. This requires to check
whether the data are informative for property P. Using ideas from Section 3.2, it
can be shown that in the noiseless case (i.e. the case that F = 0 and F' = 0) the
data (U-, X,Y_) are informative for P if and only if rank [X; —AX_ B] =n
for all A € C. This will be proven later on in this chapter in Subsection

|
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Example 5.2. For P take the property ‘the pair (C, A) is detectable’. In the
noiseless case it can be shown that the data (U_, X,Y_) are informative for P
if and only if ker C C im X_ and for all A € C with || > 1 we have

X, — BU_ - \X_

ox =rank X_.

rank

This will be proven later on in this chapter in Subsection . |

Remark 5.3. We note that the case of independent process noise and measure-
ment noise is also covered by the noisy model (5.1) introduced above. The noise
matrices should then be taken of the form FE = [E; 0] and F = [0 Fy], while the
noise signal is given by the vector

and, likewise,
W
w= ],
A special case of this is that only process noise occurs, in which case F3 is void
and F = F; and F = 0. In other words, in the case of independent process and
measurement noise we have A € Ap if and only if there exists a matrix Wi _ such
that Xy = AX_ + BU_ + E;W;_. The equation Y_ = CX_ + DU_ + F,W,_
can then be ignored since it does not put any constraint on A.

This chapter will provide necessary and sufficient conditions on the input-
state-output data obtained from (5.1) to be informative for a range of system
properties P. Throughout, we will restrict ourselves to the situation introduced
above, namely, that the state matrix Aipue 1S unknown, but that the matrices
B, C and D are known. We will study both the noisy case as well as the noiseless
case. In the noisy case it will be assumed that the noise matrices £ and F' are
known.

The outline of this chapter is as follows. In Section 5.2, we will state and
prove a theorem that will be instrumental in order to obtain our results on
informativity in the rest of the chapter. This theorem states that a certain rank
property of the system matrix of the unknown system is equivalent to a rank
property of a polynomial matrix that collects available information about the
unknown system. In Section 5.3, this result will be applied to obtain necessary
and sufficient conditions for informativity of noisy data for the following system
properties:

« strong observability and strong detectability of (A, B,C, D),
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« observability and detectability of (C, A),
o strong controllability and strong stabilizability of (A, B, C, D),
o controllability and stabilizability of (A, B).

In Section 5.4, we apply ideas from the geometric approach to linear systems,
to set up a geometric framework for informativity analysis for strong observ-
ability and observability. This framework will also be applied to the analysis of
informativity for left-invertibility.

5.2 A rank property for an affine set of systems

In this section we will establish a general framework that will enable us to
characterize informativity of input-state-output data for the properties listed in
Section

Let P € R™ ", Q € R®™ and R € R®" be given matrices. Here, r and
{ are positive integers, and the symbol n has the usual meaning of state space
dimension. Using these matrices, we define an affine space of state matrices A
by

A:={AeR"™" | R=QAP}. (5.5)

It is easily seen that A is nonempty if and only if the inclusions im R C im Q
and ker P C ker R hold. Assume this to be the case.

Now let B € R™*™ (C € RP*™ and D € RP*™ be given, and for each A € A
consider the system

z(t+1) = Az(t) + Bu(t) (5.6a)
y(t) = Cx(t) + Du(t). (5.6b)

The system matrix associated with the system (5.0) is defined as the first order
polynomial matrix

A—-sI B
A 2] -
In addition, we will consider the polynomial matrix
R—-sQP @B
[ oral ] (5.8)

associated with the given matrices (P, @, R) and (B, C, D). The following the-
orem expresses a uniform rank property of the set of system matrices (5.7),
with A ranging over the affine set A, in terms of a rank property of the single
polynomial matrix (5.8).



A rank property for an affine set of systems 101

Theorem 5.4. Let (P,Q,R) and (B,C, D) be given. Then

rank [A E,)J g} = n + rank [ZB;} (5.9)

for all A € A and \ € C if and only if' C~'im D C im P and

R - \QP QB

rank { oP D

} = rank P + rank {QDB} (5.10)

for all A € C.
In addition, (5.9) holds for all A € A and X € C such that |\| > 1 if and only
if C~'im D C im P and (5.10) holds for all X € C such that |\| > 1.

Proof. To start the proof, first observe that for any A € A:

o b o o1l 0B (5.11)

[A—/\I B] - [A—/\IIO] Lo
0D

Note that for any pair of matrices M and N we have rank M N = rank N if
and only if ker MN = ker N. By applying this to ( ), we see that (5.9) is

equivalent to
A— X B |& ro 13
[ . DHW]_oﬁ 0B M_o.
0D

It is straightforward to check that, in turn, this holds if and only if

{A _OM g] m =0 = £=0. (5.12)

Similarly, note that for all A € A

R-2QP QB]_[QuA-An 10] [V )
cP D ’

c o1l |? @B

This makes (5.10) equivalent to

{R *C’]\DQP %B} m =0 = Pv=0. (5.13)

From here on, we will prove the first statement of the theorem, noting any
changes required for the second part.

IFor a given subspace £ and matrix M we denote by M ~1 L the inverse image {z | Mz € L}.
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(«<): Let A€ Aand X € C (resp. A € C such that |A| > 1). Assume that
C~'im D C im P and (5.10) holds for X\. We will prove that (5.12) holds. For

this, let & and 7 satisfy
A—-M Bl [¢] 0
C Dj||n| T

Since ¢ € C~1im D C im P, we can write £ = Pv for some v. Now, by pre-

multiplying with [%2 ﬂ we obtain that

[R —\QP QB} H _ 0
CcP D | |n ’

We can now apply ( ) and thus conclude that £ = Pv = 0. This proves that

(5.12) holds.

(=): Assume that (5.12) holds for all A € A and A € C (resp. A € C such
that |[A| > 1). We will first prove that C~!im D C im P. Suppose this inclusion
does not hold, i.e., there exists # € C~1im D with # ¢ im P. There exists a
4 such that CZ + D = 0. Take any A € A and p € R (resp. p € R such
that || > 1). Since £ ¢ im P there exists a real n X n matrix Ay such that
AoP = 0 and Apgz = —(A — pl)& — Ba. This implies that QAoP = 0. Now
define A := A+ Ay. Note that A € A and

A—ul B] [2] 0
C D||a]
By (5.12), we see that & = 0, which contradicts with & ¢ im P. Therefore
C~lim D Cim P.

We now move to proving (5.13). Let A € C (resp. A € C such that |A\| > 1),
and let v and 7 satisfy

R-2QP QB [v] _,
cpP D||n|

Denote £ = Pv, then we see that C§ + Dn =0 and (A — A\I)¢ + By € ker Q for
any A € A.

We will prove that ( ) holds in three separate cases: First, we prove
the statement for real A. For complex A we consider the cases where the real
and complex parts of & are linearly dependent and where these are linearly
independent.

First suppose that A € R. Then, without loss of generality, v and 7 are real,
and as such £ is real. Suppose that £ # 0, and take any A € A. Let Ay be any
real n X n matrix such that Ag¢ = —(4 — M\I)§ — Bn and QAqP = 0. Such a
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matrix exists as —(A — AI)§ — Bn € ker @ and § # 0. Now take A=A+ A
Then it is immediate that A € A and:

A— )\ B [¢] 0
C D||n|
As (5.12) holds for A by assumption, we see that & = 0, which leads to a
contradiction. Therefore £ = 0.
Now consider that case where A ¢ R. Suppose that the real and complex

parts of ¢ are linearly dependent. Therefore, there exist real scalars o, 8 € R
and a real vector r such that ¢ = (a + iB)r. Let # = (a —iB)¢ = (a? + B?)r.

Let A € A. Then
Q(A—AI) QB N B
c D | [(a—=iB)n]

Denote A = a + bi, where b # 0, and (« — i8)n = 1 + inz. Then we see that:
QA —al)f+QBn = —bQ7 +QBny =0 and C#+ Dy = Dy = 0. Let p € R
(resp. p € R such that |u| > 1). Note that

Rt | P

As p is real, we can now apply the previous part of the proof to note that b7 = 0,
which holds only if £ = 0.

Now suppose that & = Pp+iPq, where Pp and Pq are linearly independent.
If we take any A € A, we know that Q(A — AI){ + @Bn = 0, and that we can
denote (A — M) + By = (1 + (i, where (1, € ker Q. Take Aj any real map
such that AgPp = —(1, AgPq = —(3 and QAyP = 0. Such a map exists as Pp
and Pgq are linearly independent. Now take A = A+ Ay, then A € A and clearly

A— I B] [¢] 0

C Dj|n| T
Using ( ), this implies that £ = 0. This is a contradiction with the fact that
Pp and Pq are linearly independent. (]

5.3 Informativity analysis

In this section we will apply Theorem to obtain necessary and sufficient
conditions for informativity of input-state-output data for the system properties
listed in Section 5.1. For a given system (5.6) we will denote by x(t,zo,u)
and y(t, o, u) the state and output sequence corresponding to the initial state
x(0) = z¢ and input sequence wu.
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5.3.1 Strong observability and strong detectability

We first briefly review the properties of strong observability and strong de-
tectability.

Definition 5.5. The system (5.0) is called strongly observable if for each zg €
R™ and input sequence u the following holds: y(t,zg,u) = 0 for all t € Z;
implies that xzp = 0. The system is called strongly detectable if for all o € R™
and every input sequence u the following holds: y(¢,xg,u) = 0 for all t € Z,
implies that lim;_, o (¢, 2, u) = 0.

For continuous-time systems, necessary and sufficient conditions for strong
observability and strong detectability were formulated in [160]. It can be ver-
ified that also the discrete-time system (5.6) is strongly observable (strongly
detectable) if and only if the pair (C'+ DK, A+ BK) is observable (detectable)
for all K. It is also straightforward to verify the following.

Proposition 5.6. The system (5.0) is strongly observable if and only if for all

reC
rank [A Z,/\I ZB;} =n +rank {g] . (5.14)

The system ( is strongly detectable if and only if (5.14) holds for all A € C

)
such that |[A\| > 1.

As in Section 5.2, we now consider the situation that only the matrices B, C
and D are given, and that the matrix A can be any matrix from the affine set
(5.5) with P, @ and R given matrices. By applying Theorem we then get the
following necessary and sufficient conditions for strong observability and strong
detectability of all systems (5.6) with A ranging over the affine set A.

Theorem 5.7 (Uniform rank condition). Let (P,Q, R) and (B, C, D) be given
matrices. Then (5.6) is strongly observable for all A € A if and only if C~*im D C
im P and for all A € C we have

R—- QP @B

CP D

rank { D

] = rank P + rank {QB} . (5.15)
Similarly, (5.0) is strongly detectable for all A € A if and only if C~tim D C
im P and (5.15) holds for all A € C such that |A\| > 1.

Proof. This follows immediately by combining Proposition 5.6 and Theorem
O

We will now apply the previous result to informativity of input-state-output
data. Suppose the data are (U_, X,Y_). Recall Definition of the affine set
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Ap of all n x n matrices A such that the data are consistent with the system
(A,B,C,D,E,F). We want to obtain conditions under which the data are
informative for strong observability and for strong detectability. To this end, let
[M N] be any matrix such that

ker[M N] = im {?] . (5.16)

Then we have A € Ap if and only if R = MAX_ with

Xy = BU- } . (5.17)

=M N] {Y—CX—DU

The following then immediately follows from Theorem

Theorem 5.8. The data (U-, X,Y_) are informative for strong observability if
and only if C~'im D C im X_ and for all A € C we have

R—AMMX_ MB

ox. D (5.18)

rank [ D

} =rank X_ + rank [MB}

where R is given by (5.17).
The data are informative for strong detectability if and only if C~1im D C
im X_ and (5.18) holds for all A € C with |A\| > 1.

In the case of independent process and measurement noise (see Remark 5.3),
in which case E = [E; 0] and F = [0 F3], we have A € Ap if and only if there
exists a matrix Wi_ such that X, = AX_ 4+ BU_ + E;W;_. Thus, A € Ap if
and only if R = MAX_ with

R:= M[X, — BU_] (5.19)

and M such that ker M = im E; = im E. In this case, the formulation of
Theorem holds verbatim with this M, and the new R given by (5.19).

Finally, for the special case E = 0 (the case with no process noise), we have
A € Ap if and only if R = AX_ with

R:=X,—BU_. (5.20)

In that case, Theorem holds verbatim with M = I,, and R given by ( ).

5.3.2 Observability and detectability

Next, we turn to characterizing informativity of the data for the properties of
observability and detectability. Consider the system

z(t+1) = Ax(t), y(t) = Cx(t). (5.21)
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The Hautus test states that ( ) is observable (detectable) if and only if

rank [A B )J] =n

C

for all A € C (for all A € C with |A] > 1).

Now, take the situation that only C' is known, that matrices P, Q and R are
given, and that A can be any matrix from the affine set A given by (5.5). By
applying Theorem to the special case B =0 and D = 0, we then obtain the
following.

Corollary 5.9 (Uniform Hautus test). Let (P,Q, R) and C' be given matrices.

Then ( ) is observable for all A € A if and only if ker C' C im P and for any

A € C we have

R—-AQP
CcP

Similarly, (5.21) is detectable for all A € A if and only if kerC' C im P and
(5.22) holds for all A € C such that || > 1.

rank [ } = rank P. (5.22)

We now apply the previous result to the situation that input-state-output
data on the system are available. As before, suppose that the data are (U_, X,Y_)
and consider the affine set Ap of all n x n matrices given by (5.4). The next re-
sult establishes conditions under which the data are informative for observability
and for detectability.

Corollary 5.10. Let (U_, X,Y_) be given input-state-output data. Let [M N
be any matrix such that (5.16) holds. Let R be given by (5.17). The data are
informative for observability if and only if ker C C im X _ and for all A € C we

have
R—-—AMX_

rank { ox.

] = rank X_. (5.23)

The data are informative for detectability if and only if kerC' C im X_ and
(5.23) holds for all A € C with |A\| > 1.

Again, in the special case that the process noise and measurement noise are
independent, Corollary holds verbatim with M such that ker M = im F
and R given by (5.19). For the case that there is no process noise, in the rank
test (5.23) we should take M = I,, and R given by (5.20). This proves the claim
made in Example

Example 5.11. As an example, consider the system (5.1) with
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C=1[10], D=0, F=0.
Suppose that the following data are given:

002

U_=[1 1],X{011

] LY. =10 0] (5.24)
These data are indeed compatible with the true system, since (5.3) holds with
W_ =1[0 1]. It is easily verified that

AD:{[Z g] |a,b,c€R}.

We will check whether the data are informative for strong detectability. Take
M = 1[0 1]. Since F =0 we have R= M[X; —BU_]=[0 0], MX_ =[0 1],
CX_ =1[0 0], MB = 1. The condition C~'im D C im X_ is satisfied, so
informativity for strong detectability holds if and only if

0-X1
rank[o 0 0]2

for |A] > 1, which is clearly not the case. We now check informativity for
detectability. This requires ker C' C im X_ and

0 —X
rank[o 0}1

for |A] > 1. Both conditions indeed hold. On the other hand, the data are
not informative for observability since the rank condition fails for A = 0. If, in
the example, we modify C and take C' = [0 1], and accordingly Y_ = [0 1],
then the data are still not informative for strong observability. In that case the
rank condition does hold for all A € C, but the condition C~'im D C im X_ is
violated. |

Remark 5.12. For the noiseless case, without proof we mention that if, apart
from Agrye, also the true matrix C' (which we will call Ctpye) is unknown (but
B and D are still known), then both for informativity for observability and
detectability a necessary condition is that X_ has full row rank. As illustrated
in Example , this is no longer the case if Ciyye is known. Since X, =
AtrueX - +BU_ and Y_ = CypeX— +DU_, this implies Ape = (X4 fBU_)Xﬁ_
and Cyrue = (Y- — DU_)Xﬁ_ for any right-inverse X% of X_. Hence, in that
case the data are informative for observability (detectability) if and only if X_
has full row rank, and the pair ((Y_ — DU_)X*, (X, — BU_)X") is observable
(detectable). The unknown Agye and Cirye are then uniquely determined by the
data.
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5.3.3 Strong controllability and strong stabilizability

For the system (5.6), the dual properties of strong observability and strong
detectability are strong controllability and strong stabilizability. These prop-
erties can be defined in terms of trajectories of the system. Here, for brevity,
we define (5.6) to be strongly controllable (strongly stabilizable) if the pair
(A+ LC, B + LD) is controllable (stabilizable) for all L. From this it is imme-
diate that (5.6) is strongly controllable (strongly stabilizable) if and only if the
dual system (AT, CT, BT, DT) is strongly observable (strongly detectable). As
before, assume that B,C and D are given, but that A can be any matrix from
the affine set A := {A € R"*" | R = QAP}, where P,Q and R are given. Obvi-
ously, A € Aif and only if AT satisfies RT = PTATQT. The above observations
make the following a matter of course.

Corollary 5.13. Let (P,Q, R) and (B,C, D) be given. Then (5.6) is strongly
controllable for all A € A if and only if ker Q C Bker D and for all A\ € C

R - \QP QB

rank { oP D

] = rank Q + rank [CP D] . (5.25)
Similarly, (5.6) is strongly stabilizable for all A € A if and only ifker Q C Bker D
and (5.25) holds for all A € C such that |A| > 1.

Since a given pair (A, B) is controllable (stabilizable) if and only if the
quadruple (4, B,0,0) is strongly controllable (strongly stabilizable), the follow-
ing also follows immediately.

Corollary 5.14 (Uniform Hautus test). Given (P, Q, R) and B, the pair (A, B)
is controllable for all A € A if and only if ker @ C im B and for any A € C

rank [R - \QP QB] = rank Q. (5.26)

Furthermore (A, B) is stabilizable if and only if ker @ C im B and (5.26) holds
for all A € C such that |A| > 1.

By appying the above in the context of informativity, we immediately obtain
the following.

Corollary 5.15. Let (M N) be such that (5.16) holds. Given the data
(U-,X,Y_), let R be given by (5.17). The data are informative for strong
controllability if and only if ker M C im B and for all A € C we have
R—-MMX_ MB
rank o D= rank M + rank[CX_ D]. (5.27)
The data are informative for strong stabilizability if and only if ker M C im B
and (5.27) holds for all A € C with |A| > 1.
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Corollary 5.16. Let [M N]| be such that (5.16) holds and let R be given by
(5.17). The data (U-,X,Y_) are informative for controllability if and only if
ker M C im B and for all A € C we have

rank [R — AMX_ MB]| = rank M. (5.28)

The data are informative for stabilizability if and only if ker M C im B and
(5.28) holds for all A € C with |A| > 1.

As before, in the special case of independent process and measurement noise,
Corollary and hold verbatim with M such that ker M = im E and
R given by ( ). In this special case, the rank test for controllability and
stabilizability can be simplified to rank M [XJr —AX_ B} = rank M for all \ €
C, and X € C with |A| > 1, respectively.

If there is no process noise, in the rank tests (5.27) and (5.28) we should
take M = I, and R = X, — BU_. For this special case, the rank test for
controllability and stabilizability can even be simplified to

rank [X; —AX_ B] =n (5.29)

for all A € C, and A € C with |[A| > 1, respectively. Note that this proves the
claim made in Example

Remark 5.17. The rank test ( ) can also be derived from Theorem
Indeed, that theorem states that all pairs (A, B) that satisfy the linear equation
X1 = AX_ + BU_ are controllable if and only if rank [X+ — )\X_] =n for all
A € C. This result can be applied to our set up, where we assume that only A
is unknown and that B is given. Indeed, by defining ‘new data’ by

X; = [X; B],X_:=[X_0],U- = [U_ I,] (5.30)
we have that a matrix A satisfies X, = AX_+4BU_ if and only if (A, B) satisfies
X+ = AX_ + BU_. By applying Theorem 3.3. to the new data ( ) we then
get that (A, B) is controllable for all A satisfying X, = AX_+ BU_ if and only
if ( ) holds.

Example 5.18. Again take as the true system the one specified in Example

Also, let the data be given by ( ). Note that the condition ker M C im B
is violated, so the data are neither informative for strong controllability nor
for strong stabilizability. They are also not informative for controllability or
stabilizability. |
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5.4 A geometric approach to informativity

It is well known, see for example [160], that observability and strong observability
also allow tests in terms of certain subspaces of the state space, more specifically,
the unobservable subspace and weakly unobservable subspace. Properties of the
weakly unobservable subspace also characterize left-invertibility of the system.
In this section we will use these ideas to characterize informativity for strong
observability, observability and left-invertibility.

Again consider the system (5.6). We call a subspace V C R™ output-nulling
controlled invariant if

[g‘] Y CVx {0} +im [g} (5.31)

(see [160]). Since any finite sum of such subspaces retains this property, there
exists a unique largest output-nulling controlled invariant subspace, which will
be denoted by V(A, B,C, D). This subspace is called the weakly unobservable
subspace of the system (5.6). The system (5.6) is strongly observable if and only
if V(A4, B,C, D) = {0}, see [160, pp. 159-160 and Theorem 7.16].

Now, again consider the situation that the matrices B, C' and D are specified,
but that A can be any matrix from the affine set A given by (5.5), where the
matrices P € R™", Q € R*™ and R € R**" are given. We consider the set of
all subspaces J C R” that satisfy the following inclusion:

[CRP] J € QPT x{0} +im [Q,ﬂ : (5.32)

It is easily verified that any finite sum of such subspaces J retains this property,
and therefore there exists a largest subspace of R” that satisfies the inclusion
(5.32). We will denote this subspace by J*.

Remark 5.19. It is straightforward to check that J* can be found from B, C,
D, P, @ and R in at most r steps by letting Jy = R", and iterating

Tosr = {CRP} - (ijt x {0} + im [%BD . (5.33)

The following result will be instrumental in the remainder of this section.

Theorem 5.20. Let (P,Q,R) and (B,C, D) be such that C~'im D C im P.
Then the following hold:

(a) For all A€ A, we have V(A,B,C,D) C PJ*.
(b) There exists A € A such that V(A, B,C,D) = PJ*.
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Proof. : Assume that C~1im D C im P holds. Let A € A and let ¥V C R"
be an output nulling controlled invariant subspace. Note that CV C im D, and
therefore there exists a subspace J such that V = PJ. We now see that

8- Y rscaroorem (]

Due to the definition of J*, we then obtain V(A, B,C, D) C PJ*.
: Let J satisfy ( ). Then for any A € A and x € PJ there exists
u € R™ such that:

Cx+Du=0, and QAx+QBuec@QPJ.
This implies that
im(Az + Bu) C Q 'im Q(Az + Bu) C Q 'QPJ = PJ + ker Q.

Now let {21, ..., 2} be a basis of the subspace PJ. By the previous discussion,
for all ¢« = 1,...,k there exists a u; € R™ such that Cz; + Du; = 0 and
Az; + Bu; = y; + z;, where y; € PJ and z; € ker Q. Let Ag be any real n x n
matrix such that Agx; = —2z; fori =1,...,k and QAygP = 0. Then, by defining
A = A+ Ay we see that A € A. By definition Az; + Bu; = y; € PJ, and
therefore, by writing V = P.J, we have:

E}vgwm}ﬂm[g].

Hence PJ C V(A, B,C, D), proving that P.7* C V(A, B, C, D) and thus PJ* =
V(A, B,C,D) by (a). O

Using Theorem we immediately obtain the following.

Theorem 5.21. Let (B,C, D) and (P,Q, R) be given. Then the system (5.0) is
strongly observable for all A € A if and only if C~'im D C im P and J* C ker P.

Proof. From Theorem we see that C~1im D C im P is a necessary condi-
tion. The rest follows from Theorem . ]

The procedure can be mimicked in order to characterize observability. For the
system ( ), the unobservable subspace N is the largest A-invariant subspace
contained in ker C, and (5.21) is observable if and only if A/ = {0}. In the
situation that only C and matrices (P, @, R) are given, while A can be any
matrix in the affine set A, we should look at the largest subspace £ C R" with
the properties that

RL C QPL and CPL = {0}. (5.34)

Denote this subspace by £* Then, we obtain the following corollary.
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Corollary 5.22. Given (P,Q, R) and C, then (5.21) is observable for all A € A
if and only if ker C' C im P and L£* C ker P.

The subspace L£* is obtained in at most r steps by applying the iteration
(5.33) with B=0and D =0.

We now very briefly put the above in the context of informativity of input-
state-output data. As before, let (U_, X,Y_) be the noisy data obtained from
the system (5.1). Let [M N] be any matrix such that (5.16) holds. Then, by
Theorem , these data are informative for strong observability of (5.0) if and
only if C~'im D C im X_ and J* C ker X_, where J* is the largest subspace
satisfying (5.32) with R given by ( ), P = X_ and Q@ = M. Likewise,
informativity for observability holds if and only if kerC' C im X_ and £* C
ker X_.

Obviously, the above can, again, be dualized to obtain alternative tests for
informativity for controllability and strong controllability. We omit the details
here. Instead, we will turn to informativity for the property of left-invertibility
of the system (5.6) now. We briefly recall the definition.

Definition 5.23. The system (5.6) is called left-invertible if for each input
sequence u the following holds: y(t,0,u) = 0 for all ¢t € Z, implies that u(t) = 0
forall t € Z.

The following characterization of left-invertibility was given in [160, Thm.
8.26].

Proposition 5.24. The following are equivalent:

(a) The system (5.6) is left-invertible.
(b) V(A, B,C,D)N Bker D = {0} and {g] has full column rank.

The next result then, again, follows from Theorem

Theorem 5.25. Let (P,Q, R) and (B, C, D) be given. Assume that C~tim D C
im P. Then the system (5.0) is left-invertible for all A € A if and only if

PJ*N Bker D = {0} and [ZB;} has full column rank.

As before, this can immediately be applied in the context of informativity.
We omit the details.

Remark 5.26. Note that Theorem requires C~'im D C im P, which,
unfortunately, for left-invertibility for all A € A is not a necessary condition.
This can be seen, for example, by taking D = I. Then, regardless of our choice
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of (P,Q, R), B and C, we see that (5.6) is left-invertible for all A € A. However,
in this case C~'im D = R", so the condition C~'im D C im P is violated if P
does not have full row rank.

To conclude this section, we note that Theorem can be dualized in
a straightforward way to obtain a characterization of right-invertibility for all
A € A, and conditions for informativity of data for right-invertibility. Again, we
omit the details.

To illustrate the the theory developed in this section we give the following
example.

Example 5.27. Consider the system (5.1) with

0100 1 0
0010 0 0
Atrue— 0001; B_07 E_O7
0000 0 1
C=[1000], D=0, F=0.
Let data be given by
0005
0010
X=10100l U-=[004],y-=[000].
1000

Since there is only process noise, we should take M such that ker M = im F.
Define

1000

0100

M= 0010

0000

Then

001
010
R=M[X; -BU_]|= 100
000

It is easily verified that the set of all matrices consistent with the data is equal
to

ail 1 0 0
_ as1 0 1 0 B
AD o asziq 0 0 1 | CL” < R

Q41 Q42 43 Q44
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Note that C~'im D C im X_. In this case J* = R®, and therefore the data are
not informative for strong observability. On the other hand, £* = {0}, proving
that we do have informativity for observability.

If we modify our system by taking B = e;, the ith standard basis vector in
R* (i = 2,3,4), and adapt the data X accordingly, we get J* = R*~% x {0}*1.
This means that X_J* = {0}* x R*~%. Thus, only for i = 4, the data are
informative for strong observability. For ¢ = 2, 3,4 the data are informative for
left-invertibility. |

5.5 Notes and references

The results of this chapter are based on the publication [50]. They are a follow-
up to those in Chapter 3. In Chapter 3, we have studied data-driven analysis
of system properties using noise-free and noisy data, where the noise matrix
was assumed to satisfy a bound dictated by a quadratic matrix inequality. In
contrast, in this chapter, we have assumed that the noise is contained in a
subspace. In addition, we have treated system properties that were not studied
in this book before, like strong observability, strong detectability, and the dual
properties of strong controllability and strong stabilizability.

These structural properties are relevant in a wide range of observer, filter
and control design problems. For definitions and extensive treatments we refer
to [69, 114, 117,147,153,194], and [160] and the references therein.

Analysis of system properties based on data has been studied also in [94,119,

, 199], which deal with data-based controllability and observability analysis.
Whereas in the present chapter general data sets are allowed, these references
impose restrictions on the data. The paper [125] deals with the problem of
determining stability properties of input-output systems using time series data.
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Data-driven stabilization

This chapter deals with informativity for control. The control objective will be
stabilization. The aim is to find controllers that stabilize some unknown linear
system. In the situation that the data obtained from this unknown system do
not determine the system uniquely, we need to find controllers that stabilize all
systems that are consistent with the data. If the data enable us to find such
controllers, they are called informative for stabilization. The subsequent design
step is then to determine suitable controllers using only these informative data.
In this chapter we will first study the design of static state feedback controllers
based on noiseless input-state data. Next, we will consider the problem of de-
signing dynamic output feedback controllers based on input-state-output data.
We will also take a look at the situation that we only have input-output data.
The final section of this chapter deals with the design of quadratically stabilizing
static state feedback controllers based on noisy input-state data.

6.1 Stabilization by state feedback

Consider the model class M of all linear input-state systems of the form
x(t +1) = Az(t) + Bu(t)

where x is the n-dimensional state and wu is the m-dimensional input. Suppose
that we collect input-state data on the time interval [0, T], leading to data D :=
(U-,X) as given by (2.1). The set ¥p of all systems in M that are consistent
with the data is then equal to ¥y_ x) defined by

S ) = {(A,B) e M| X, =[A B E] } (6.1)

Again, by assumption we have (Atrue;Btrue) € E(U_,X)a where (AtrueaBtrue)
represents the true, unknown system.

In the context of stabilization by state feedback we take as the control objec-
tive O: ‘interconnection with a state feedback controller yields a stable closed
loop system’. In line with Definition we then have the following definition of
informativity for stabilization by state feedback.



118 DATA-DRIVEN STABILIZATION

Definition 6.1. We say that the data (U_, X) are informative for stabilization
by state feedback if there exists a K € R"™*™ such that A + BK is stable for all
(A,B) S E(U,,X)~

In other words, the input-state data (U—, X) are informative for stabilization
by state feedback if there exists a single real m x n matrix K such that A+ BK
is stable for all systems (A, B) that are consistent with the data.

At this point, one may wonder about the relation between informativity for
stabilizability (as in Definition 3.2) and informativity for stabilization. It is
clear that the data (U_,X) are informative for stabilizability if (U_,X) are
informative for stabilization by state feedback. However, the reverse statement
does not hold in general. This is due to the fact that all systems (A, B) in
Y(v_,x) may be stabilizable, but there may not exist a common feedback gain
K such that A+ BK is stable for all of these systems. This is further illustrated
in the following example.

Example 6.2. Consider the scalar system
z(t+1) =u(t)

where z(t),u(t) € R. Suppose that we collect data on the time interval [0, 1],
specifically, z(0) = 0, u(0) = 1 and x(1) = 1. This means that U_ = [1]
and X = [0 1]. It can be shown that X x) = {(a,1) | a € R}. Clearly, all
systems in ¥(yy_ x) are stabilizable. Nonetheless, the data are not informative for
stabilization. This is because the systems (—1,1) and (1,1) in ¥y_ x) cannot
be stabilized by the same controller of the form u(t) = Kx(t). We conclude
that informativity of the data for stabilizability does not imply informativity for

stabilization by state feedback. |
The notion of informativity for stabilization by state feedback is a specific
example of informativity for control. As described in Problem of the intro-

duction, we will first find necessary and sufficient conditions for informativity
for stabilization by state feedback. After this, we will design a corresponding
controller, as described in Problem

In order to be able to characterize informativity for stabilization, we first
state a useful lemma. Recall that (A, B) € M is consistent with the data (U_, X)
if and only if it satisfies the inhomogeneous equation appearing in (6.1). The
solution set of the corresponding homogeneous equation is denoted by Z?{}f X)

and is equal to

ST x) = {(AO,BO) | 0= [Ao Bo] [)U(—] } (6.2)
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Lemma 6.3. Suppose that the data (U_,X) are informative for stabilization
by state feedback and let K be a feedback gain such that A+ BK is stable for all
(A,B) € ¥_ x). Then Ao+ BoK = 0 for all (Ao, Bo) € Y hom Equivalently,

(U-,X)"
. I . X_
im [K] C im {U_] .

Proof. We first prove that Ag+ By K is nilpotent for all (Ao, By) € E?[‘}Y_“’X). By
hypothesis, A+ BK is stable for all (4, B) € X(y_ x). Let (A, B) € ¥y_ x) and
(Ap, By) € EI(”‘;}T)X) and define the matrices F' := A+ BK and Fy := Ay + By K.
Then, the matrix F' + aFjy is stable for all @ > 0. By dividing by «, it follows
that, for all a > 1, the spectral radius of the matrix

1
My :=—F+F
«

is smaller than 1/«. From the continuity of the spectral radius by taking the
limit as « tends to infinity, we see that Fy = Ay + BoK is nilpotent for all
(Ao, Bo) € Z?I‘}T)X). Note that we have

((Ao + BoK) " Ao, (Ao + BoK) " Bo) € (5™ x

whenever (Ag, By) € E?;}‘f x)- This means that (Ao + BoK)T(Ag + BoK) is
nilpotent. Since the only symmetric nilpotent matrix is the zero matrix, we see
that Ag + BoK = 0 for all (Ag, By) € El(”‘gin X): This is equivalent to

ker [XT UT] Cker [I K]

C . I .| X
which is equivalent to im [ K} Cim {U_} . |

The previous lemma is instrumental in proving the following theorem that
gives necessary and sufficient conditions for informativity for stabilization by
state feedback.

Theorem 6.4. The data (U_, X) are informative for stabilization by state feed-
back if and only if the matrix X _ has full row rank and there exists a right inverse
X" of X_ such that X+Xﬁ_ is stable.

Moreover, K is such that A+ BK is stable for all (A, B) € ¥y_ x) if and

only if K = U_Xﬂ_, where X' satisfies the above properties. In that case,
A+ BK = X, X" forall (A,B) € Sy x)-
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Proof. To prove the ‘if’ part of the first statement, suppose that X_ has full
row rank and there exists a right inverse X* of X_ such that X+Xn7 is stable.

We define K := U_X" . Next, we see that

X_

X. X! =[A B] [U_

] X! = A+ BK (6.3)
for all (A, B) € ¥(y_ x). Therefore, A+ BK is stable for all (4, B) € X(y_ x).
We conclude that the data (U_,X) are informative for stabilization by state
feedback, proving the ‘if’ part of the first statement. This also immediately
proves ‘if’ part of the second statement as a byproduct.

Next, to prove the ‘only if” part of the first statement, suppose that the data
(U-, X) are informative for stabilization by state feedback. Let K be such that
A+ BK is stable for all (4, B) € ¥(y_ x). By Lemma we know that

. 1 e
im [K] Cim [U_] .
This implies that X_ has full row rank and there exists a right inverse X ¥ such

that
[ II(} = [gj X", (6.4)

By (6.3), we obtain A+ BK = X, X", which shows that X X" is stable. This
proves the ‘only if” part of the first statement. Finally, by (6.1), the stabilizing
feedback gain K is indeed of the form K = U_Xﬂ_, which also proves the ‘only
if” part of the second statement. O

Theorem gives a characterization of all input-state data that are infor-
mative for stabilization by state feedback and provides a stabilizing controller.
Nonetheless, the procedure to compute this controller might not be entirely sat-
isfactory since it is not clear how to find a right inverse of X_ that makes X X 4

stable. In general, X_ has many right inverses, and X X ¥ can be stable or un-

stable depending on the particular right inverse X ¥ . To deal with this problem
and to solve the design problem, we give a characterization of informativity for
stabilization in terms of linear matrix inequalities. The feasibility of such LMIs
can be verified using standard tools.

Theorem 6.5. The data (U_, X) are informative for stabilization by state feed-
back if and only if there exists a matrix © € RTX" satisfying

(6.5)

X 0 X,.0
X ©=(X_0)" and [ + } > 0.
(X-6) OTXT X_0
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Moreover, K is such that A+ BK is stable for all (A, B) € ¥y _ x) if and only
if K=U_0O(X_0)"! for some matrix © satisfying (6.5).

Example 6.6. Consider an unstable system (Atrue, Birue), where Agye and

Biue are given by
1.5 0 1
Atrue = |: 1 05:| 3 Btrue = |:O:| .

We collect data from this system on a the time interval from ¢ = 0 to ¢t = 2,
which results in the data matrices

10.5 —0.25
X:[O 50 } Uo=[-1-1].

Clearly, the matrix X_ is square and invertible, and it can be verified that

ox—1_ {0.5 0.5]
X~ =

1 05

is stable, since its eigenvalues are %(1 ++/2i). We conclude by Theorem that
the data (U_, X) are informative for stabilization by state feedback. The same

conclusion can be drawn from Theorem since
1 -1
o=l 3]
solves (6.5). Next, we can conclude from either Theorem or Theorem

that the stabilizing feedback gain in this example is unique, and given by
K=U_X"!'= [—1 —0.5}. Finally, it is worth noting that the data are not
informative for system identification. In fact, (4, B) € ¥(y_ x) if and only if

. 1.5+ a; 0.5a1 _ 14+ ap
A_|:1+CL2 05+050J2:|7 B_|: a9 :|

for some a1, a2 € R. |

Proof of Theorem . To prove the ‘if” part of the first statement, suppose
that there exists a © satisfying (6.5). In particular, this implies that X_© > 0.
Therefore, X_ has full row rank. By taking a Schur complement and multiplying
by —1, we obtain

X;0(X_0)'(x_0)(x_0)te'X] -X_©<0.

Since X_0© is positive definite, this implies that X, ©(X_0)~! is stable. In
other words, there exists a right inverse X* := ©(X_0)"! of X_ such that
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XX ! is stable. By Theorem 6.4, we conclude that (U_, X) are informative for
stabilization by state feedback, proving the ‘if’ part of the first statement. Using
Theorem once more, we see that K := U_O(X_0)~! stabilizes all systems
in ¥(y_ x), which in turn proves the ‘if” part of the second statement.
Subsequently, to prove the ‘only if’ part of the first statement, suppose that
the data (U_, X) are informative for stabilization by state feedback. Let K be
any feedback gain such that A + BK is stable for all (4,B) € X_ x). By

Theorem 6.4, X_ has full row rank and K is of the foorm K = U_X ﬁ_, where

X' isa right inverse of X_ such that X+Xﬁ_ is stable. The stability of X+Xﬁ_
implies the existence of a P > 0 such that

(X, X" Px.x")T - P<o.
Next, we define © := X* P and note that
X, 0P (Xx,0)" —P<O0.
Via the Schur complement we conclude that

P X.0
[@TXI P}>0.

Since X_ X" = I, we see that P = X_0, which proves the ‘only if’ part of the
first statement. Finally, by definition of ©, we have X =ep-1= O(X_0) L

Recall that K = U_ X", which shows that K is of the form K = U_©(X_0)~!
for © satisfying (6.5). This proves the ‘only if’ part of the second statement and
hence the proof is complete. (|

In addition to the stabilizing controllers discussed in Theorems and 6.5,
we may also look for a controller of the form w(t) = Kx(t) that stabilizes the
system in finite time. Such a controller is called a deadbeat controller and is
characterized by the property that (Ague + BirueK)iro = 0 for all ¢ > n and
all zg € R™. Thus, K is a deadbeat controller if and only if Atrue + BirueK is
nilpotent. Then, analogous to the definition of informativity for stabilization
by state feedback, we have the following definition of informativity for deadbeat
control.

Definition 6.7. We say that the data (U_,X) are informative for deadbeat
control if there exists a feedback gain K such that A + BK is nilpotent for all
(A,B) S E(U,,X)~

In other words, the data are informative for deadbeat control if there exists
a real m x n matrix K such that A+ BK is nilpotent for all systems consistent
with the data. Similarly to Theorem 6.4, we obtain the following necessary and
sufficient conditions for informativity for deadbeat control.
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Theorem 6.8. The data (U_,X) are informative for deadbeat control if and
only if the matrix X_ has full row rank and there exists a right inverse X Fof
X_ such that X, X* is nilpotent.

Moreover, if this condition is satisfied then the feedback gain K := U_Xx*
yields a deadbeat controller, that is, A+BK is nilpotent for all (A, B) € X(y_ x).

Proof. The proof is similar to that of Theorem 6.4. For the ‘only if’ part, note
that a square matrix is nilpotent if and only if it has only zero eigenvalues, which
implies that a nilpotent matrix is stable. |

Remark 6.9. In order to check the existence of, and to compute a suitable
right inverse X ¥ such that X X s nilpotent, we can proceed as follows. Since
X_ has full row rank, we have T' > n. We now distinguish two cases: T'=n and
T > n. In the former case, X_ is nonsingular and we should just check whether
X, X~! is nilpotent.

In the latter case, there exist matrices F € RT*" and G € RT*(T—") guch
that [F G} is nonsingular and X _ [F G] = [In 0n,(T—n)]~ It is easily checked
that X* is a right inverse of X_ if and only if X* = F + GH for some H €

R(T—m)xn  Pinding a right inverse X * such that X X Fis nilpotent therefore
amounts to finding H such that X, F + X, GH is nilpotent, i.e. has only zero
eigenvalues. Computation of such a matrix H amounts to a state feedback
stabilization problem for the pair (X, F, X;G) with stability domain equal to
{0}, or, equivalently, a state feedback deadbeat control problem for the pair
(X1F X, Q).

6.2 Stabilization by dynamic output feedback

Whereas in the previous section we have considered stabilization by static state
feedback using data obtained from input and state measurements, in the present
section we will take also output measurements into account. In particular, we
will consider the problem of stabilization by dynamic ouput feedback. We now
first consider this problem based on input, state and output measurements.
Subsequently, we turn our attention to the case of input-output data.

6.2.1 Stabilization using input, state and output data
Suppose that our model class M consists of all systems of the form

z(t+1) = Az(t) + Bu(t) (6.6a)
y(t) = Cx(t) + Du(t). (6.6b)



124 DATA-DRIVEN STABILIZATION

Here, = is the n-dimensional state, u is the m-dimensional input and y is the
p-dimensional output. The dimensions n, m and p are given, fixed, integers. The
unknown, true system S belongs to the model class M, and is given by

x(t + 1) = Atruex<t) + Btrueu(t) (678,)
y(t) = Ctruex(t) + Dtrueu(t)~ (67b)

Suppose that we have collected input-state-output data on the time interval
[0,7]. Let U_, X, X_, and X, be defined as in Section 2.2 and let Y_ be defined
in a similar way as U_. Our data are now given by D = (U_, X, Y_). Since these
data are assumed to be generated by the true system (Atrue, Btrues Ctrues Diruc)

we have
X+ _ Atrue Btrue X_
Y— Ctrue Dtrue U— ’

The set Xp of all systems that are consistent with these data is then given by:

= {amen [S]-AE L ey

We want to design a stabilizing dynamic controller IC of the form

2(t+1) = Kz(t) + Ly(t) (6.9a)
u(t) = Mz(t). (6.9b)

Here, the controller state z is g-dimensional, where the controller dimension ¢
needs to be designed as well.

As design objective O we now take: ‘interconnection with a dynamic con-
troller yields a stable closed loop system’. For a given dynamic controller K =
(K, L, M) of the form (6.9), the closed-loop system obtained from interconnect-
ing the controller with any system (A, B,C, D) € ¥(y_ x,y_) is governed by the
matrix

LC K + LDM (6.10)

[ A BM ]
Informativity of input-state-output data for stabilization by dynamic output
feedback requires the existence of a controller K that stabilizes all systems in M

that are consistent with the data:

Definition 6.10. The data (U_, X,Y_) are called informative for stabilization
by dynamic output feedback if there exists a controller X = (K, L, M) such that
(6.10) is stable for all (A, B,C,D) € ¥_ x,v_)-

As in the general case of informativity for control, we consider two consequent
problems: first, to characterize informativity for stabilization by dynamic output
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feedback in terms of necessary and sufficient conditions on the data and next to
design a controller based on these data.

To aid in solving these problems, we will first investigate the case where U_
does not have full row rank. In this case, we will show that the problem can be
‘reduced’ to the full row rank case. For this, we start with the observation that
any U_ € R™*T of row rank k < m can be decomposed as U_ = S U_, where
S € R™*k has full column rank and U_ € R¥*7T has full row rank. We now have
the following lemma:

Lemma 6.11. Consider the data (U_, X,Y_) and the corresponding set of sys-
tems X(y_ x,y_) consistent with these data given by (6.%). Let S be a matrix of

full column rank such that U_ = SU_ with U_ a matrix of full row rank. Let
St be a left inverse of S.

Then the data (U-, X,Y_) are informative for stabilization by dynamic out-
put feedback if and only if the data (U_, X,Y_) are informative for stabilization
by dynamic output feedback.

In particular, if we let E(U_’ny_) be the set of systems (A,B,é,ﬁ) con-

sistent with the ‘reduced’ data set (U,,X, Y_)', and if K, L and M are real
matrices of appropriate dimensions, then the following two statements hold:

(a) If (K, L, M) stabilizes all systems in S(;;_ x,y_ then (K, L, S* M) stabilizes
all systems in 2(077X,Y7).

(b) If (K, L, M) stabilizes all systems in Y@ x,y ) then (K, L, SM) stabilizes
all systems in X(y_ x,y_)-

Proof. First note that

N B¢ A B][X_
o -fan o [§]- (L]}

We will start by proving the following two implications:

(A, B, C, D) S E(U,,X,Y,):> (A, B;S’7 C7 DS) S Z(U,,X,Y,) (611)
(A,B,C,D) €%y xy = (A,BS",C,DSH) e L xv ). (6.12)

To prove implication ( ), assume that (A, B,C,D) € ¥_ xy_). Then, by

definition
X+|  |A B||X-
Y_| |CD||U_|"

1Note that, here, B and D have dimensions n X k and p X k, respectively.
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From the definition of S, we have U_ = S U_. Substitution of this results in
X.| [AB||X_| [|ABS|[X_
Y_|~ |CD||SU-]  |CDS||U-|"

This implies that (A, BS,C, DS) € X x,y. ) The implication (6.12) can be

proven similarly by substitution of U_ = S*U_.

To prove the lemma, suppose that the data (U_, X,Y_) are informative for
stabilization by dynamic output feedback, and that K, L, and M are such that
the matrix

A BM
{LC’ K+ LDM }

is stable for all (A, B,C,D) € Sw_xy_ ). If (4,B,C,D) € By, ) then
(A, BSt C, ﬁSﬁ) €Xw_,x,y) by ( ). This means that the matrix

A BS!M

LC K 4+ LDS'M

is stable for all (fl, B, C, f)) € X x,y ) Hence the data (U_, X,Y_) are
informative for stabilization by dynamic measurement feedback and (K, L, S* M)
is a stabilizing controller for all systems in 2(0_7 X)) This proves the ‘only if’
part of the lemma and statement (a). The proofs of and the ‘if” part of the
lemma are analogous and hence omitted. O

We will now solve the informativity and design problems under the condition
that U_ has full row rank. Before embarking on this, we however first need to
consider the issue of informativity for identification in the context of input-state-
output data. We have already studied this property in the context of input-state
data in Section 3.1. Here, we will extend these results to input-state-output data.

Recall that our model class M is now given by (6.6).

Definition 6.12. The input-state-output data (U_, X,Y_) are called informa-
tive for identification if ¥(;_ xy ) contains exactly one element.

In other words informativity for identification requires the set of systems
consistent with the data to be a singleton. If this is the case, it only contains
the unknown, true, system (Atrue; Birue, Ctrues Dirue)-

The following theorem gives necessary and sufficient conditions for this to
hold:

Theorem 6.13. The data (U_, X,Y_) are informative for system identification
if and only if

rank [‘g_} =n-+m. (6.13)
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Furthermore, if ( ) holds, there exists a matrix [Vl Vg] such that

X_ 10

{U_} V1 Vo] = [o I} (6.14)
and, for any such right inverse, A¢rye = X4+ V1, Birue = X4 Vo, Cirue = Y- V7 and
Dirye = Y_Vs.
Proof. The proof is similar to that of Theorem 3.1. ]

It turns out that, under the assumption that U_ has full row rank, a necessary
condition for informativity for stabilization by dynamic output feedback is that
the data (U_,X,Y_) are informative for identification. In fact, we have the
following result.

Theorem 6.14. Consider the data (U_,X,Y_) and assume that U_ has full
row rank. Then (U_,X,Y_) are informative for stabilization by dynamic mea-
surement feedback if and only if the following conditions are satisfied:

(a) We have

akX7* +
rank || =n+m

equivalently, there exists a matrix [Vl Vg} such that

X_ 10
o=l
(b) The pair (X V1, X Va) is stabilizable and (Y_Vy, X V1) is detectable.

Moreover, if the above conditions are satisfied, a stabilizing controller (K, L, M)
can be constructed as follows:

(i) Select a matrix M such that X, (V4 + Vo M) is stable.
(ii) Choose a matrix L such that (X — LY_)V; is stable.
(iii) Define K := (X1 — LY_)(V1 + Vo M).

Remark 6.15. Under the condition that U_ has full row rank, Theorem
asserts that informativity for stabilization by dynamic output feedback holds if
and only if the only system consistent with the data is the true system, and this
true system is both stabilizable and detectable. The controller proposed in (i),

, is a so-called observer-based controller. The feedback gains M and L
can be computed using standard methods, for example via pole placement or
LMIs.
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Proof of Theorem . To prove the ‘if’ part, suppose that conditions
and are satisfled. This implies the existence of the matrices (K, L, M) as
defined in items (i), and . We will now show that these matrices indeed
constitute a stabilizing controller. Note that by condition y DU_Xy) =
{(Atruca Btruca Ctruca Dtruc)} with

|:Atrue Btrue:| — |:X+V1 X+V2:|

Ctrue -Dtrue Yf Vl Y,‘/Q (615)

By definition of K, L and M, the matrices Ao + BirueM and Agpye — LCipye are
stable and K = Agyue+ Btrue M — LCirue — LDtywe M. This implies that (K, L, M)
is a stabilizing controller for (Atrue, Birues Ctrues Dirue) Since the matrices

Atruc BtrucM d Atruc + BtrucM BtrucM
LCtrue Atrue + BtrueM - Lctrue n 0 Atrue - LCtrue

are similar and thus have the same eigenvalues. We conclude that (U_, X,Y_)
are informative for stabilization by dynamic output feedback and that the recipe
given by (i), and leads to a stabilizing controller (K, L, M).

It remains to prove the ‘only if” part. To this end, suppose that the data
(U_, X,Y_) are informative for stabilization by dynamic output feedback. Let
(K, L, M) be such that

A BM
{LC’ K+ LDM }
is stable for all (4, B,C, D) € ¥_ x,y_). Let ¢ € R" and n € R™ be such that

< nT] [?j] 0.

Note that (A+¢(",B+(n",C,D) € Sy xyv ) if (A, B,C,D) € S xy )
Therefore, the matrix

A BM ™™
LCK+LDM| "% 0 o

is stable for all & € R. We conclude that for a > 0 the spectral radius of the

matrix
S {A BM ] . [ccT C??TM]
*" o |LC K+ LDM 0 0
is smaller than 1/a. By taking the limit as & — oo, we see that the spectral
radius of (¢T must be zero due to the continuity of spectral radius. Therefore,
¢ must be zero. Since U_ has full column rank, we can conclude that n must
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be zero too. This proves that condition holds and therefore ¥y xy ) =
{(Atrues Birues Ctrues Diruc) }- Since the controller (K, L, M) stabilizes the system
(Atrue7 Birues Cirues Dtrue)a the pair (Atruea Btrue) is stabilizable and (Otruea Atrue)

is detectable. By (6.15) we conclude that condition is also satisfied. This
proves the theorem. O
The following corollary follows from Lemma and Theorem and gives

necessary and sufficient conditions for informativity for stabilization by dynamic
output feedback. Note that we do not make any a priori assumptions on the
rank of U_.

Corollary 6.16. Let S be any full column rank matrix such that U_ = SU_
with U_ full row rank k. The data (U_,X,Y_) are informative for stabilization
by dynamic output feedback if and only if the following two conditions are
satisfied:

(a) We have

X_
rank [ﬁ_} =n-+k

equivalently, there exists a matrix [V1 VQ} such that

o= s3)

(b) The pair (X Vi, X Va) is stabilizable and (Y_Vy, X V1) is detectable.

Moreover, if the above conditions are satisfied, a stabilizing controller (K, L, M)
is constructed as follows:

(i) Select a matrix M such that X (V; + VoM) is stable. Define M := SN
(ii) Choose a matrix L such that (X, — LY_)V; is stable.
(iii) Define K := (X, — LY_) (Vi + Vo).

Remark 6.17. In the previous corollary it is clear that the system matrices of
the data-generating system are related to the data via

Atrue BtrueS . X+
|:Ctrue DtrueS:| - |:Y_:| [‘/1 ‘/2] .

Therefore the corollary shows that informativity for stabilization by dynamic
output feedback requires that Ag.ue and Cipye can be identified uniquely from
the data. However, this does not hold for Bi,ye and Dyyye in general.
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6.2.2 Stabilization using only input and output data

Again, consider the model class of all systems of the form (6.6) with fixed
state space dimension n, input dimension m and output dimension p. The
(unknown) true system is given by (6.7). When given input, state and output
data (U_, X,Y_), any system (A, B, C, D) consistent with these data satisfies

X4 A B| |X_

]-len] o] 619
In this subsection, we will consider the situation where we have access to input
and output measurements only. Moreover, we assume that the data are collected

on the time interval [0,7]. This means that our data are of the form (U_,Y_),
where U_ and Y_ are given by

U_:= U[O’Tfl] (617&)
Y = Yv[onyl]. (617b)

Again, we are interested in informativity of the data, this time given by (U_,Y_).
To this end, we consider all systems in the model class M that admit the same
input-output data” . This leads to the following set of systems that are consistent
with the data:

Sy = {(A,B,C,D) 13X € R™THD gt (6.16) holds} :

As in the previous subsection, we wish to find a controller of the form (6.9) that
stabilizes all these systems. In line with Definition , we have the following
notion of informativity:

Definition 6.18. We say the input-output data (U_,Y_) are informative for
stabilization by dynamic measurement feedback if there exist matrices K, L and
M such that ( ) is stable for all (4, B,C, D) € S_ y._).

In order to obtain conditions under which (U_,Y_) are informative for stabi-

lization, it may be tempting to follow the same steps as in Section . There,
we first proved that we can assume without loss of generality that U_ has full
row rank. Subsequently, Theorem and Corollary characterize informa-

tivity for stabilization by dynamic measurement feedback based on input, state
and output data. It turns out that we can perform the first of these two steps
for input-output data as well. Indeed, in line with Lemma , we can state
the following;:

2We assume that the state space dimension n is known a priori.



Stabilization by dynamic output feedback 131

Lemma 6.19. Consider the data (U_,Y_) and the corresponding set X(y_ y_).

Let S be a matrix of full column rank such that U_ = SU_ with U_ a matrix
of full row rank. Then the data (U_,Y_) are informative for stabilization by
dynamic measurement feedback if and only if the data (U_,Y_) are informative
for stabilization by dynamic measurement feedback.

The proof of this lemma is analogous to that of Lemma and is therefore
omitted. Lemma implies that without loss of generality we can consider the
case where U_ has full row rank.

In contrast to the first step, the second step in Subsection relies heav-
ily on the affine structure of the considered set X_ xy_). However, the set
Y(v_,y_) is not an affine set. This means that it is not straightforward to extend
the results of Corollary to the case of input-output measurements.

Nonetheless, under certain conditions on the input-output data it is possi-
ble to construct the corresponding state sequence X of (6.0) up to similarity
transformation. As discussed in Subsection , state reconstruction is one
of the main themes of the field of subspace identification. The construction of
a state sequence would allow us to reduce the problem of stabilization using
input-output data to that with input, state and output data. The following
result gives sufficient conditions on the data (U_,Y_) for state construction.

To state the result, first recall from Subsection the notation concerning
Hankel matrices. Given input and output data ujg 1) and yjo,7—1], equivalently,
the matrices U_ = Ujgr—1; and Y_ = Yo r_y}, and k such that 2k < T we
consider Hoy(up,7—11) and Hax(yj0,r—17). Next, we partition our data into so-
called ‘past’ and ‘future’ data as

U, Y,
Hop(upo,r—1]) = [Uﬂ , Hop(yjo,r—1)) = {Yi]

where U,, Uy, Y, and Y all have k block rows. Assume now that the true system
(6.7) is observable, i.e. (Cirye, Atrue) is observable, and that T > n — 1. Then
there exists a unique state trajectory w7y of (6.7) corresponding to the finite
input-output data (ujo, -1}, Yjo,r—1))- We now denote

Xp = X[O,T—Qk]
Xr=Xkr-k]-

Lastly, recall that rsp M denotes the row space of the matrix M. The fol-
lowing theorem is a special case of Proposition

Theorem 6.20. Assume that the true system (6.7) is minimal, i.e. (A¢rue, Birue)
is controllable and (Cirye, Atrue) is observable. Let the data (U_,Y_) be as in
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( ). Assume that T and k are such that n < k < %T. If

Hap,(uo T—l])}
rank ’ =2km+n 6.18
{HWC(:U[O,TH) ( )
then
U, Uy
rsp X7 = 1rsp { p} N rsp { ]

f Y, Yy

and this row space is of dimension n.

Clearly, under the conditions of this theorem, we can now recover the true
state sequence Xy up to similarity transformation. That is, we can find X =
QX for some unknown invertible matrix (). This means that, under these
conditions, we obtain an input-state-output trajectory given by the matrices

U, = U[k,Tfkfl] (6193)
Y_ =Yy rp-1 (6.19b)
X = QXpkr—k- (6.19¢)

We can now state the following sufficient condition for informativity for stabi-
lization with input-output data.

Corollary 6.21. Assume that the true system (6.7) is minimal. Let the input-
output data (U_,Y_) be as in (6.17). Assume that T and k are such that
n < k < %T. Then the data (U_,Y_) are informative for stabilization by
dynamic measurement feedback if the following two conditions are satisfied:

(a) The rank condition (6.18) holds.

(b) The data (U_, X,Y_), as defined in (6.19), are informative for stabilization
by dynamic measurement feedback.

Moreover, if these conditions are satisfied, a controller (K, L, M) that stabilizes
all systems in ¥(y_ y_y can be found by applying Corollary ,(ii), to
the data (U_, X,Y_).

The conditions provided in Corollary are sufficient, but not necessary for
informativity for stabilization by dynamic measurement feedback. In addition,
the data satisfying these conditions are also informative for identification, in the
more general sense that X(y_y_ ) contains only the true system (6.7) and all
systems similar to it.
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6.3 Quadratic stabilization using noisy data

In the present section we will take a look at the situation that unknown process
noise may enter the system. More specifically, we will study conditions under
which the noisy data D as introduced in Section 3.4 are informative for quadratic
stabilization. This will mean that all systems in the set ¥p of systems consistent
with the data can be stabilized by the same state feedback gain, with a common
Lyapunov function for all closed loop systems. In particular then, this feedback
gain will stabilize the unknown system. Conditions for the existence of such a
feedback gain will be in terms of feasibility of certain linear matrix inequalities
involving the data D = (U_,X) and the (known) matrix ® representing the
quadratic inequality constraint on the matrix of noise samples. In addition, the
controller gain will be computed in terms of solutions to these linear matrix
inequalities.

Again we will consider the model class M of all noisy input-state systems
with state dimension n and input dimension m of the form (3.17). We have
input-state data (U_,X) on the time interval [0,7] and we assume that the
possible matrices W_ of noise samples satisfy the quadratic inequality ( )
for a given, known matrix ® € Il, r. As we have seen before, the set Xp of
all systems consistent with the data is equal to the set of all systems (A, B)
satisfying

Xy =AX_+BU_+W_ (6.20)

for some W_ satisfying (3.18), i.e.,
Yp ={(4,B) | (6.20) holds for some W_ satisfying (3.18)}. (6.21)

Definition 6.22. The data (U-, X) are called informative for quadratic stabi-
lization if there exist a feedback gain K € R™*" and an n X n matrix P > 0
such that

P—(A+BK)P(A+BK)" >0 (6.22)

for all (A, B) € ¥p.

We are interested in quadratic stabilization in the sense that we ask for a
common Lyapunov matrix P for all (A4, B) € Xp. Note that P > 0 satisfies
(6.22) if and only Q := P~! satisfies Q — (A + BK)"Q(A + BK) > 0, which
expresses that V(z) = 7 Qu is a Lyapunov function for the system z(t + 1) =
(A+ BK)x(t).

Definition leads to two natural problems. First, we are interested in the
question under which conditions the data are informative. We formalize this in
the following problem.

Problem 6.23 (Informativity). Find necessary and sufficient conditions under
which the data (U_, X) are informative for quadratic stabilization.
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The second problem is the design issue: we are interested in procedures to
come up with a feedback gain that stabilizes all systems in Xp.

Problem 6.24 (Control design). Given informative data (U_, X), find a feed-
back gain K such that (6.22) is satisfied for all (A4, B) € Xp.

Recall from Lemma that (A, B) € ¥p if and only if

1711 X, o o1 X+ rI
AT 0-X_ [@11 @12} 0-X_ AT >o0. (6.23)
BT| |o—u_| 7% "2l 1o —U_ BT

Next, suppose that we fix a Lyapunov matrix P > 0 and a feedback gain K.
The inequality (6.22) is equivalent to

1177 [P o0 0 I

AT 0 —P —PKT | [AT]| >0 (6.24)
BT 0 -KP -KPK"| |BT

which is also a quadratic matrix inequality in A and B. Therefore, finding con-
ditions for quadratic stabilization as stated in Problem amounts to finding
conditions under which the quadratic matrix inequality (6.24) holds for all (A4, B)
satisfying the quadratic matrix inequality ( ). As before, let N be defined by
(3.30), and define

‘ Pi 0 0
My My N 7
= | =|0{ -P —PKT |. (6.25)
My Moo ; .
0i-KP —~KPK

Then we need to find conditions on the data such that there exist P > 0 and K
such that the inclusion

Zn+m(N) - ZTTer(M) (626)
holds. In order to find such conditions, we will apply Corollary . To do so,

we need to verify its assumptions. In particular, we need to verify that Noy < 0,
ker Nog C ker Ny, N | Nog > 0 and My < 0. The first three of these conditions

indeed hold, as was already verified in Section 3.6. Also Mss < 0 since P > 0
and T
I 1

wa=—[1][1]" .
Corollary then asserts that (6.26) holds if and only if there exist scalars
a > 0 and B > 0 such that

BI0O0
M—-—aNz=|[000]. (6.28)

000
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From a design point of view, the matrices P and K that appear in M are not
given. However, the idea is now to compute matrices P, K and scalars a and (8
such that (6.28) holds. In fact, by the above discussion, the data (U_, X) are
informative for quadratic stabilization if and only if there exist an n X n matrix
P >0, K € R™*™ and two scalars & > 0 and § > 0 such that (6.28) holds. We
note that (6.28) (in particular, M) is not linear in P and K. Nonetheless, by a
rather standard change of variables and a Schur complement argument, we can
transform (6.28) into a linear matrix inequality. Moreover, it turns out that the
scalar « is necessarily positive. By a scaling argument then, it can be chosen to
be equal to 1. We summarize our progress in the following theorem.

Theorem 6.25. The data (U_, X) are informative for quadratic stabilization
if and only if there exist an n X n matrix P > 0, an L € R™*" and a scalar
B > 0 satisfying

P-BI 0 0 0 I X, I x, 1"
0 —-P-LTO 0 —X_| [®11 P12] [0 —X_
— >
0 -L 0 L| |o-U_ [%1 ) 0 —v_| 20 (629
o o LT Pl |o o 0 0

Moreover, if P and L satisfy ( ) then K := LP~! is a stabilizing feedback
gain for all (A, B) € ¥p.

Proof. To prove the ‘if’ statement, suppose that there exist P, L and S sat-
isfying ( ). Define K := LP~!. By computing the Schur complement of
(6.29) with respect to its fourth diagonal block, we obtain (6.28) with a@ = 1.
As such, (6.26) holds. We conclude that the data (U_, X) are informative for
quadratic stabilization and K = LP~! is indeed a stabilizing controller for all
(A, B) € Xp.

Conversely, to prove the ‘only if’ statement, suppose that the data (U_, X)
are informative for quadratic stabilization. This means that there exist P > 0
and K such that ( ) holds. By Corollary there exist « > 0 and 5 > 0
satisfying ( ). Then, by defining L := KP and using a Schur complement
argument, we conclude that the LMI

P-BI 0 0 0 I X, I x. 1"
0 -P-LT 0 0-X_ {@11 @12] 0-X-| _,
0 —L 0 L| “|0o-U_||®y &zl |0 -U_| Z
o o0 LT P 0 0 0 0

is feasible. Zooming in on the (2,2) block, this yields —P — aX_®XT > 0.
Since P > 0 this implies & > 0. As a consequence, by scaling P, L and § by i
we may assume that o = 1, so the LMI (6.29) is feasible. O
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Theorem provides a powerful necessary and sufficient condition under
which quadratically stabilizing controllers can be obtained from noisy data. The
theorem leads to an effective design procedure for obtaining stabilizing con-
trollers directly from data. Indeed, the approach entails solving the linear ma-
trix inequality ( ) for P, L and 8 and computing a controller as K = LP~1.
Below, we discuss some of the features of our control design procedure.

(i) First of all, we stress that the procedure is non-conservative since Theo-
rem provides a necessary and sufficient condition for obtaining quadrat-
ically stabilizing controllers from data.

(ii) The variables P,L and § are independent of the time horizon T of the
experiment. In fact, note that P € R"*" L € R™*™ and 8 € R. Also,
the LMI (6.29) is of dimension (3n +m) x (3n +m) and thus independent
of T'. This T-independent design method can play a crucial role in control
design from larger data sets. We note that collections of big data sets are
often unavoidable, for example because the signal-to-noise ratio is small,
or because the data-generating system is large-scale.

We note that, in an analogous way as Theorem , under the extra as-
sumptions ®o5 < 0 and

rank [)U(] =n+m (6.30)

it is possible to prove a variant of Theorem in which the non-strict inequality

is replaced by a strict inequality, and the term —f1 is removed. This can be

done by invoking Theorem , which is possible since the conditions ®95 < 0

and (6.30) yield Nag < 0. Thus we obtain the following theorem.

Theorem 6.26. Assume that $35 < 0 and the rank condition (6.30) holds.
Then the data (U_, X) are informative for quadratic stabilization if and only if
there exist an n X n matrix P > 0 and an L € R™*" satisfying

PO 0 O I X, T x. 1"

0P —LT 0| [0-X_|[®y @] |0-X_

0-L 0 L| |o-U_ {%1 o T (6:31)
o0 L' P |0 o0 0 0

Moreover, if P and L satisfy ( ) then K := LP~! is a stabilizing feedback
gain for all (A, B) € ¥p.

Following up on this theorem, we will show that under the assumption that
Dy < 0, if the data (U_, X) are informative for quadratic stabilization and if
K stabilizes all systems in ¥p with a common Lyapunov matrix P > 0, then,
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in fact, X_ must have full row rank, and K must be of the form K = U_X ! for

some right inverse X fof X_. Thus, the following theorem extends Lemma
to the noisy case.

Theorem 6.27. Assume P9y < 0. Let the data (U—-,X_) be informative for
quadratic stabilization and suppose that P > 0 and K are such that ( )
holds. Then

v P

im [K] Cim {U_] . (6.32)
Consequently, X_ has full row rank n and there exists a right-inverse X fof X_
such that K = U_X".

.
Proof. We will first prove that ker Nos C ker Moo, Let Z := {é—r] € Znim(N).

Let 2A€ R(v+m)xn he guch that NQQZ = 0. Since ker Noy C ker N15 we have
Z+~Z € Z,4m(N) for any v € R. Thus, we obtain

.
I I A AN\ T A N
[ ] M [ ] +y(Miz+Z " M»)Z +~ ((Mm + ZTMQQ)Z) +72Z T M Z > 0.

Z Z
(6.33)
We will argue that M222 = 0. Indeed, recall that Moy < 0. Thus, if we assume
that My Z # 0 then there exists a sufficiently large «y such that ( ) is violated.
Next, since P > 0, by ( ) we have ker My = ker [I KT] . Also, since ®95 < 0

and
-
X_ X_
Noy = {U} Dy {U}
we have

T
X_
ker Nog = ker [U_] .

Thus ker [X T U_T] C ker [I K T], equivalently

o[ cufs]

Therefore, any controller K that stabilizes all systems in ¥p with a common
Lyapunov matrix P is necessarily of the form K = U_X ! for some right inverse

Xt of X_. O
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6.3.1 Reducing computational complexity

The computational complexity of determining feasibility of an LMI depends on
the size of the LMI and the number of unknowns. The LMI (6.29), together
with the constraints P > 0 and g > 0, has size 4n + m + 1 and contains
n(n+1)

+nm++1 unknowns. Using Theorem , we can separate the computation
of the Lyapunov matrix P and the controller K. Below it will be shown that
this leads to another LMI with size 4n+ 1 and w + 1 unknowns. This result
thus has a significant computational advantage over Theorem

Theorem 6.28. Let © := ®15 + X Pos. The following statements hold.

(a) The data (U_, X) are informative for quadratic stabilization if and only if
there exist an n X n matrix P > 0 and a scalar 8 > 0 satisfying

oot nn ] o [ ([ [ oo

34a)
P-BI 0] [I Xi][®n ][I Xy T>0
0 —P| |0 -X_||®s ®n| |0 -X_| T
(6.34D)
Moreover, if P> 0 and > 0 satisty ( ) and ( ) then
K= (U_ (92 + 0 TIO)XT)(X_ (D35 + 0 TTO) X )" (6.35)

is a stabilizing gain for all (A, B) € $p, wherel' = P—BI1—[1 X, | ® [XIT} .
+

(b) Assume, in addition, that ®32 < 0 and rank [X | Uj]—r = n+m. Then
the data (U_, X) are informative for quadratic stabilization if and only if
there exists an n X n matrix P > 0 satisfying

rtesisfd o T (] ) oo

(6.36a)
P ol [I Xy][®n @[l X4 T>0
0 —P| [0 —X_||® @ [0 —X_ '
(6.36D)

Moreover, if P > 0 satisfies ( ) and ( ) then K in (6.35) is a
stabilizing feedback gain for all systems (A, B) € Y.p, where I is defined as

r;:p_[zx+]q>[;ﬂ.
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Proof. We first prove (a). Let P > 0 be an n x n matrix and 8 > 0 be a
real number. According to Theorem , it is enough to show that there exists
L € R™*™ gatistying (6.29) if and only if ( ) and ( ) are satisfied. By
taking the Schur complement of the left hand side in ( ) with respect to P,
one can see that there exists L € R™*™ satisfying ( ) if and only if there
exists L € R™*" satisfying

P—BI 0 0 I X ) g g [T %o i
0 -P LT -0 -X_ [@11 @11 0-X_| >0. (637
0 —L —-LP'LT 0 —U_| 72 7210 —U_

By direct inspection, one can verify that ( ) is equivalent to the following

QMI:
-

I, 0 0 I, 0 0
01, 0 Uy U] |0, 0O
>
00 I, {\1/21 \1/22} 00 1, |~ (6:38)
0 0P 'L ~z—[00P'LT
where
P—BL 0 0] [I X:7 g o I x. 7" 0
Uy = 0 —-PO|-1|0-X_ [q)“ @12} 0-X_| , U= |-P|,
0 0 0 0 —U 2 m2l 0 —U_ 0
and Wyy = —P. Observe that (6.38) is equivalent to
[0 P7ILT] € Z,(¥). (6.39)

Now, by defining W = [Ign O]—r and Y = 0 it follows from Corollary
that there exists an L such that (6.39) holds if and only if

v e H2n+m,n and 0e Zn(\I]W) (640)

where Uy is defined in ( ). Next, we observe that U € IIay, 4, if and only
if U|Wes > 0 since Yoo = —P < 0. Note that

P—BI00 I X ) g oo [T Xs T
U|Wy=| 0 00| —]0-X_ [@11 (1)12} 0 -X_
0 00 0-U_| 2 7=l o U
By a Schur complement argument, we see that | %oy > 0 if and only if ( )

holds. Now, observe that 0 € Z,,(Uy) if and only if W T W, W > 0. Note that

.
ro o [P=BI 0] [I X, ][0n @] [l X,
Wi W = [ 0 —P| |0 -X_| B @a| |0 x| - (64D
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Therefore, 0 € Z,, (U ) if and only if ( ) holds. Consequently, the data are
informative for quadratic stabilization if and only if there exists an n x n matrix
P > 0 and a scalar 8 > 0 satisfying ( ) and ( ).

For the construction of the controller, assume that P > 0 and § > 0 sat-
isfy ( ) and ( ). By (6.11), this implies that W T®¥;W > 0. This is
equivalent to —W T WU Uoy W < W T (U | Wao)W.

Using Lemma A1 with A=—(—Wyy)"2Wy, W and B = (¥ | ¥py)2 W there
exists a matrix § € R™*(7+m) gatisfying ST.S < I and

—(—Wyy) Wy W = S(T| Wap) 2 W. (6.42)

i
In fact, the matrix S := —(—\1122)_%\1'21W ((\II | WQQ)%W> works. Since Wyy <

0 and STS < I, Theorem A .G yields Z := —W3 Wyy 4 (—Wyy) " 2.5(W | Wyy)2 €
Z,(P). Tt follows from ( ) that ZW = 0. Now define K := [0 Im} ZT. Then,
by (6.39) and Theorem , K is a stabilizing feedback for all (4, B) € ¥p. It
remains to be shown that K is equal to (6.35).

First, observe that

£ [2] oz (oresw) i [

because Vo [ IO

} = 0. It can be shown that
T
((‘I’|‘I’22)%W) = (U | Wan) W T (W W) .
Then, using the fact that \112*21\11211/1/ = [O In], this yields
0 P 0
Z = [0 In] (Upy | W)W ' (T | Wy) I

which implies

0
K = [0 L] (0 W00)W (35| W) [ ! } | (6.43)
Observe that
[0 L] (U | W)W =U_ [0 =P X]. (6.44)
T r ox’
Moreover, note that Wy | Uog = W' (U | Uge)W = Yol q | where

Q=—-X_®yuX'. It follows from [159, Thm. 2.10] that

(Uyy [Wa0)t [}i } - [Ft@gj] (X_ (@ +0TTO)XT) . (6.45)
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By substituting (6.44) and (6.45) into (6.43), we see that K is equal to (6.35).
The proof of (b) can be established by following the same steps as the proof
of (a), but replaces the term P — 3I by P and non-strict inequalities by strict
ones. Note that in this case, the proof of the if and only if statement relies
on Corollary rather than Corollary and on Theorem instead of
Theorem . Also the construction of the controller builds on the results for
strict inequalities in Lemma and Theorem A.G(b), rather than their non-
strict counterparts. This proves the theorem. ([l

6.3.2 Illustrative example: bounds on the noise samples

In this subsection we illustrate the theory on stabilization using noisy data as
developed in this section before. Consider an unstable system of the form (3.17)
with the true but unknown system matrices Agye and Byyye given by

0.850 —0.038 —0.380 1.431 0.705
Atrue = | 0735 0.815 1.594 |, Birue = [1.620 —1.129
—0.664 0.697 —0.064 0.913 0.369

In this example, we assume that the noise samples w(t) are bounded in norm
as ||w(t)||3 < e for all t. As explained in Section 3.4, we can capture this prior
knowledge using the noise model ( ) with @17 = Tel, &1 = 0 and Poy = —1,
where T is the time horizon used for data sampling.

In this example, we pick a time horizon of T' = 20 and draw the entries of the
inputs and initial state randomly from a Gaussian distribution with zero mean
and unit variance. The noise samples are drawn uniformly at random from
the ball {w € R?| [|w||3 <e}. We aim at constructing stabilizing controllers
from the input-state data for various values of . In particular, we investigate
six different noise levels: ¢ € {0.5,1,1.5,2,2.2,2.4}. For each noise level, we
generate 100 data sets using the method described above.

For each noise level, we record the percentage of data sets from which a
stabilizing controller was found for (Atyye, Btrue) using the formulation ( ).
We display the results in the following table.

e=05]le=1|e=15|e=2|e=22|ec=24
100% 96% 90% 82% 5% 73%

For € = 0.5 we find a stabilizing controller in all 100 cases. When the noise
level increases, the percentage of data sets for which the LMI ( ) is feasible
decreases. The interpretation is that by increasing the noise we enlarge the set
of explaining systems »p. It thus becomes harder to simultaneously stabilize
the systems in ¥p. Nonetheless, even for the larger noise level of ¢ = 2.4 we
find a stabilizing controller in 73 out of the 100 data sets.
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6.4 Noise-free versus noisy data

In the case of noise-free data, Theorem gives a necessary and sufficient con-
dition for informativity for stabilization. Moreover, in the case of noisy data,
Theorem provides a necessary and sufficient condition for informativity for

quadratic stabilization. A natural question is now the following: what is the re-
lation between these two theorems, and can the former be obtained as a special
case from the latter? In this section, we will address these issues.

As in Section 6.1, consider the model class M of all noise free discrete-time
linear input-state systems of the form

xz(t+1) = Ax(t) + Bu(t)

where x is the n-dimensional state and u is the m-dimensional input. We assume
that input-state data have been collected on the time interval [0,77], leading
to the data D := (U_,X). We assume that these data are generated by the
unknown system (Atrue, Birue)- The set of all systems in M that are consistent
with the data is again denoted by ¥p. Since the unknown system is assumed to
be consistent with the data, we have that ¥p is nonempty.

As an alternative for Theorem we will now prove that informativity for
stabilization by state feedback in the noise free case can be characterized as
follows.

Theorem 6.29. The data (U_, X) are informative for stabilization by state
feedback if and only if there exist an n X n matrix P > 0, an L € R™*" and a
scalar 8 > 0 satisfying

P-BI 0 0 0 X 1rx: 1"
0 -P-LTO ~X_||-x_
o 1 o Tl | =0 (6.46)
0 0 LT P 0 0

Moreover, if P and L satisfy ( ) then K := LP~! is a stabilizing feedback
gain for all (A, B) € Ep.

The idea behind Theorem is the following: in order to recover the noise-
free case from Theorem (6.25) it is helpful to consider the noise model (3.18) as
introduced in Section with

= [8 OI] . (6.47)

Indeed, this noise model implies that W_W. < 0, i.e., W_ = 0 which corre-
sponds exactly to the case in which the data are noise-free. We then see that
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Theorem bridges the exact and noisy case in the following sense. Note that
the matrix on the right of (6.46) equals

I X, I x, 1"
0-X_|o 0] lo-x_
~ |0 —U- [0—1] 0-U_|

0 0 0 0

which is nothing but a special case of the matrix on the right of ( ) for the
choices ®1; =0, ®15 = 0 and $95 = —I. Theorem states that feasibility of
the LMI (6.29) (with specific ®) is necessary and sufficient for informativity for
stabilization in the case of exact data. Moreover, in that case the assumption of a
common Lyapunov function is not restrictive, i.e., informativity for stabilization
is equivalent to informativity for quadratic stabilization in the case that w is
absent.

Proof of Theorem . It follows from Theorem that in the noise-free
setting, if the data (U_, X) are informative for stabilization and K is a suitable
controller, then A + BK = X+Xﬁ7 for all (A,B) € ¥p. In other words, the
matrix A + BK is the same for all systems (A, B) consistent with the data.
This means that in the noise-free case, the data (U_,X) are informative for
stabilization if and only if they are informative for quadratic stabilization as

in Definition with the specific noise model ( ). As such, the theorem
follows readily from Theorem . O
Given the two equivalent conditions in Proposition and Theorem it

is natural to question the relative merits of both approaches. First of all, we
note that the LMI conditions in (6.5) and (6.46) are different in nature: the
variable © in (6.5) has dimension T' X n which depends on the time horizon
of the experiment, while the dimensions of the variables P,L and § in (6.16)
are independent of T. From a computational point of view, Theorem may
thus be preferred in cases where the time horizon T is large, for example if the
inputs of the experiment are chosen to be persistently exciting, since this puts
a lower bound T > n + m + nm on the required number of samples (see (1.6) in
Chapter 1).

On the other hand, in Chapter 12 it will be shown that for controllable pairs
(Atrue, Btrue), the data (U—, X)) can be made informative for stabilization with
at most T = n + m samples, using an online input design method. In this
case, the LMI (6.5) may be preferred since (6.5) has dimension 2n x 2n which
is smaller than the dimension (3n 4+ m) x (3n +m) of (6.16).



144 DATA-DRIVEN STABILIZATION

6.5 Data-driven stabilization of Lur’e systems

In this section, we will consider the stabilization of a class of Lur’e systems, i.e.,
linear systems in feedback with a static nonlinearity. First, we will explain the
classical problem of absolute stability analysis for such systems. Consider the
Lur’e system
z(t+1) = Az(t) + Bu(t) + Ep(y(t))
y(t) = Cx(t) + Du(t)

where z is the n-dimensional state, u the m-dimensional input, y the p-dimensional
output and ¢ : R — R is a continuous function satisfying the so-called sector
condition

(6.48)

e()(ely) —2y) <0 VyeR. (6.49)

We note that more general sector conditions can be transformed to ( ) by
means of loop transformations. The real matrices A, B, C, D and E are of appro-
priate dimensions. Suppose that we apply a state feedback controller v = Kz
resulting in
z(t+1)=(A+ BK)x(t) + Ep(y(t))
y(t) = (C + DK)x(t).

For systems of the form ( ), a problem with a rich history is that of absolute
stability, i.e. global asymptotic stability of the equilibrium point 0 of ( )
for all continuous sector-bounded nonlinearities satisfying (6.19). We focus on
showing absolute stability of (6.50) by means of a quadratic Lyapunov function
V(z) := 2" Px where P > 0. To this end, it is sufficient to show that the
Lyapunov inequality V(z(t + 1)) < V(z(t)) holds for all continuous ¢ satisfying
(6.49) and all nonzero z(t) and resulting x(¢ + 1) satisfying (6.50). Let A :=
A+ BK and Ck :=C + DK.
The Lyapunov inequality holds if

(6.50)

(Agx + Ew)' P(Agx + Ew) — 2 Pz <0

for all w € R and nonzero x € R™ satisfying w(w — 2Ckx) < 0. Equivalently,

mT {P—A;PAK —A}PE} m 0

w —ETPAx —-ETPE| |w (6.51)

for all w € R and nonzero = € R™ satisfying

HEEAIHED

Since (6.52) is not satisfied when = 0 and w # 0, the latter statement is
equivalent to (6.51) being satisfied for all nonzero (z,w) satisfying (6.52). If
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Ck # 0 then the inequality (6.52) is strictly feasible. Moreover, if Cx = 0 then
the inequality (6.52) reduces to the equality

b B4R -

Thus, by applying the S-lemma (Proposition ) in the former case and
Finsler’s lemma (Proposition ) in the latter, we conclude that (6.51) is
satisfied for all nonzero (z,w) satisfying (6.52) if and only if

{P—A}PAK —AIT(PE} B [ 0 CL

~ETPAx —-E'PE| *|Ck —1} >0 (6.53)

for some scalar @ > 0. Proving absolute stability of ( ) by a quadratic
Lyapunov function thus boils down to finding P > 0 and « > 0 such that ( )
holds. Since —ET PE < 0, we must have a > 0 and therefore, by homogeneity,
we can even get rid of a and look for P > 0 satisfying

{ P—ALPAx —AJPE— C}} 0.

~ETPAx —Cx 1-ETPE (6.54)

Next, we focus on data-based stabilization of Lur’e systems. Consider the system

2(t+ 1) = Aruer(t) + Biruet(t) + Ep(y(t)) + w(t)

y(t) = Ctruex(t) + Dtrueu(t) + U(t) (655)

where Airue, Birues Crrue and Dyiye are unknown real matrices and the matrix F
is known. The signals w and v are process and measurement noise terms that
are unknown. We obtain state and input measurements from (6.55), collected
in the matrices X and U_ as before, in addition to corresponding measurements

of the form
Y_ = Y'[O,Tfl]

F_ = [p(y(0) @(y(1) -+ ¢(y(T —1))].

This means that the data are given by D = (U_, F_, X,Y_). During the exper-
iment, the noise samples
W_ = |:W[0,T—1]:|

Vio,r—1)

(6.56)

are assumed to satisfy W € Z7(®) for some known matrix ® € IL, 1 7. If we
define Xy and X_ as before then all systems (A, B,C, D) consistent with the
data are given by the set ¥p defined by

Xy —EF] - [A B

ZD;_{(A,B,C, D) | [ v s D} Fé} =W _ for some W_TezT(cp)}.

This leads to the following definition of informative data.
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Definition 6.30. Let ® € II,4q 7. Suppose that the data (U_,F_,X,Y_)
have been generated by (6.55) for some noise matrix W.! € Zp(®). Then
(U_, F_, X, Y_) are called informative for absolute quadratic stabilization if there
exist an n x n matrix P > 0 and a K € R™*" such that (6.51) holds for all
(A,B,C,D) € p.

Next, we state the following theorem that gives a necessary and sufficient
condition for informativity for absolute quadratic stabilization.

Theorem 6.31. Let ® € II,,11 p and consider the data (U_, F_,X,Y_), gen-
erated by (6.55) for some W' € Zp(®). Then (U_,F_, X,Y_) are informative
for absolute quadratic stabilization if and only if there exist an n X n matrix
Q@ >0, an L € R™*™ and scalars « > 0 and 8 > 0 such that

T

Q—pBI —E 0 0 0 10X, —EF_ 10X, —EF_

—ET 1-50 0 0 01 Y_ 01 Y_

0 0 00 Q|—-al|00 —X_ ®l100 —X_ > 0.
0 0 0 0 L 00 —U_ 00 -U_

0 0 QL' Q 00 0 00 0

In this case, the feedback gain K := LQ~1! is such that (6.50) is absolutely stable
for all (A,B,C,D) € Yp.

The proof follows similar lines as that of Theorem . It uses a dualization
step (see Lemma A.3) on the inequality (6.54) and relies on Corollary using
the relation Q = P! between P and (.

6.6 Notes and references

For exact input-state data, informativity for stabilization was introduced in
[175]. This paper also provided the characterizations in Theorems and 6.5.
It is noteworthy that the linear matrix inequality condition (6.5) was consid-
ered before in [44] under the additional assumptions that the input sequence is
persistently exciting of order n + 1 and the true system is controllable. Under
these assumptions, the true system is the only system consistent with the data.
However, as we have demonstrated in Example 6.6, there are situations in which
the set of consistent systems is not a singleton, but there does exist a stabilizing
controller for all systems consistent with the data. In this sense, the notion of
informativity for stabilization is weaker than the notion of informativity for iden-
tification as studied in Section 3.1. The concept of informativity for deadbeat
control and the corresponding characterization in Theorem were introduced
in [175].
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Subsection on stabilization by dynamic output feedback using exact
input-(state)-output data is based on [175]. In order to obtain a sufficient condi-
tion for the informativity of input-output data in Corollary , we have relied
on an idea from subspace identification. In particular, Theorem shows how
to obtain a state sequence from input-output data, assuming that a certain rank
condition on data Hankel matrices is satisfied. This result is a reformulation
of [115, Thm. 3]. For further details on subspace identification see [165,178].

In the context of noisy input-state data, several sufficient conditions for infor-
mativity for quadratic stabilization can be found in the literature, see [44, Thm.
2] and [18, Thm. 4]. The paper [169] provided necessary and sufficient conditions
by making use of a matrix version of the S-lemma (see Section A.3). These con-
ditions were formulated under the assumption of a so-called generalized Slater
condition on a matrix constructed from the noise model and the data. This
assumption was removed in [168]. Theorem of this book is based on the
latter paper. For bounded sets of consistent systems, data-driven stabilization
was also approached from the perspective of Petersen’s lemma in [23]. The re-
lation between Petersen’s lemma and the matrix S-lemma was further clarified
in [168], where it was shown that the former can be obtained as a special case
of the latter.

In Section we have clarified the relation between data-driven stabilization
using noise-free data and quadratic stabilization using noisy data. This section
is based on the paper [167].

The problem of absolute stability of Lur’e systems dates back to work by

Lur’e and Postnikov [100] and Popov [131]. The approach to stabilize Lur’e
systems in Section mimics the continuous-time setting of [26, Ch. 5]. The
data-driven stabilization of Lur’e systems in this section is based on [168]. We

also refer to [26] for a discussion on the topic of loop transformations.
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LQR control design from data

In this chapter we study the data-driven linear quadratic regulator (LQR) prob-
lem. We will consider both the optimal as well as the suboptimal version of the
the problem, in Sections and 7.2, respectively. For these problems, we will
present conditions under which a given data set is informative for control design.
We will also establish design methods for obtaining suitable controllers from the
data, in terms of data based linear matrix inequalities.

7.1 The data-driven optimal LQR problem

Consider the linear system
z(t+ 1) = Apruex(t) + Biruet(t) (7.1)

where Agpye and Birye are unknown matrices of given (known) dimensions n x n
and n X m, and where x is the n-dimensional state and u the m-dimensional
input.

Suppose that we want to quantify the performance of the system using a given
cost functional J(xg,u). In the context of linear quadratic optimal control, this
cost functional is a quadratic functional of the state trajectory x and the input
u. The optimal linear quadratic regulator problem is then to find, for each initial
state xg of the system, an optimal input, i.e. an input that minimizes the cost
functional. In the situation that the system matrices A¢;ye and Biyye are known,
minimization of this cost functional can be performed using existing methods.
In a data-driven context however, these system matrices are not known, so the
existing methods are not applicable. Instead, data on the system should be used
to find optimal inputs.

Before embarking on this data-driven version of the optimal linear quadratic
regulator problem, we will first briefly review some of the basics of discrete-time
linear quadratic optimal control. In the sequel, we will use the abbreviation
‘LQR’ for ‘linear quadratic regulator’.

Consider, in general, the discrete-time linear system

xz(t+1) = Ax(t) + Bu(t) (7.2)
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with, as before, x the n-dimensional state and w is the m-dimensional input. For
any initial state xg, let 4, be the state sequence of (7.2) resulting from the
input w and initial condition x(0) = 2p. We omit the subscript and simply write
x whenever the dependence on xg and w is clear from the context.

Associated to system (7.2), we define the quadratic cost functional

J(zo,u) =Y _a" (H)Qu(t) +u' (t)Ru(t) (7.3)
t=0

where ) € S™ is positive semidefinite and R € S™ is positive definite. Then, the
optimal LQR problem is the following:

Problem 7.1. Determine for every initial state zy an input «*, such that
limy o0 Tgg,ux () = 0, and the cost functional J(xo,w) is minimized under this
constraint.

Such an input u* is called optimal for the given xy. Of course, an optimal input
does not necessarily exist for all 3. We say that the optimal LQR problem is
solvable for (A, B, Q, R) if for every x( there exists an input «* such that

(a) The cost J(xg,u*) is finite.
(b) The limit lim;_, o0 &4, 4+ (t) = 0.
(¢) The input u* minimizes the cost functional, i.e.,
J(zo,u™) < J(x0, )
for all u such that lim;_, o Z4,.4(t) = 0.

In the sequel, we will require the notion of observable eigenvalue. An eigenvalue
A of A is called (Q, A)-observable if

rank (A QAI) =n.

The following theorem provides necessary and sufficient conditions for the solv-
ability of the optimal LQR problem for (A, B,Q,R). This theorem is the
discrete-time analogue of the continuous-time case stated in [160, Thm. 10.18].

Theorem 7.2. Let Q > 0 and R > 0. Then the following statements hold:

(a) If (A, B) is stabilizable, there exists a unique largest real symmetric solu-
tion P to the discrete-time algebraic Riccati equation (DARE)

P=A"PA-ATPB(R+B'PB)"'B"PA+Q, (7.4)

in the sense that P* > P for every real symmetric P satisfying (7.4). The
matrix PT is positive semidefinite.
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(b) If, in addition to stabilizability of (A, B), every eigenvalue of A on the
unit circle is (Q, A)-observable then for every xy a unique optimal input
u* exists. Furthermore, this input sequence is generated by the feedback
law v = Kx, where

K:=—(R+B'"PTB)"'BTPTA. (7.5)
Moreover, the matrix A + BK is stable.

(¢) In fact, the optimal LQR problem is solvable for (A, B,Q, R) if and only
if (A, B) is stabilizable and every eigenvalue of A on the unit circle is
(Q, A)-observable.

If the optimal LQR problem is solvable for (A, B,Q, R), we say that the
matrix K given by (7.5) is the optimal feedback gain for (A, B, @, R).

We will now turn to the data-driven version of the optimal LQR problem.
For given state and input dimensions n and m, we consider the model class M
of all discrete-time linear input-state systems of the form (7.2). Assume we have
input-state samples on the time interval [0,7T], generated by the true system
(7.1), leading to data D := (U_,X) as given by (2.1). As before, the set Xp
of all systems in M that are consistent with the data is then equal to ¥ x)
defined by

S ) = {(A,B) e M| X, =[AB] Eﬂ } (7.6)

Note that the true system (Agrue, Birue) is @ member of ¥(;7_ xy. In the context
of the optimal LQR problem the control objective O is: ‘the system must be con-
trolled using the optimal feedback gain’. In order to formalize this, we introduce
the following notation. For any given K, let E%R denote the set of all systems
of the form (7.2) for which K is the optimal feedback gain corresponding to Q
and R, that is,

2R .= {(A, B) € M | K is the optimal gain for (4, B,Q, R)}.

This gives rise to yet another notion of informativity in line with Definition
Indeed, informativity requires the existence of a feedback gain that is optimal
for all systems consistent with the data.

Definition 7.3. Given matrices @ and R, we say that the data (U_, X) are
informative for optimal linear quadratic requlation if the optimal LQR problem
is solvable for all (4, B) € X(y_, x) and there exists K such that ¥7_ x) C E%R.

In order to provide necessary and sufficient conditions for the corresponding
informativity problem, we need the following auxiliary lemma.
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Lemma 7.4. Let Q > 0 and R > 0. Suppose the data (U_, X) are informative
for optimal linear quadratic regulation. Let K be such that X_ x) C EIQ(’R.

Then, there exist a square matrix M and a matrix P™ > 0 such that for all
(A, B) € Ew_ x)

M = A+ BK (7.7)
Pt=ATPTA-ATP*B(R+ B'P*B)"'BTPtA+Q (7.8)
Pt —MTP*M =K"RK +Q (7.9)

= —(R+B"P*B)"'BTP*A. (7.10)

Proof. Since the data (U_, X) are informative for optimal linear quadratic reg-
ulation, A + BK is stable for every (4,B) € ¥_ x). By Lemma 6.3, this
implies that Ay + BoK = 0 for all (Ag, Bg) € E?U,,X)- Thus, there exists M
such that M = A + BK for all (4, B) € ¥y_ x). For the rest, note that The-

orem implies that for every (A, B) € ¥(y_ x) there exists P(‘; ) satisfying
the DARE
+ Tp T ot Tp 1pT p+
Plig = APl A~ ATPY 5 B(R+BTRY o B) ' BTPY, 5 A+Q
(7.11)
such that
—(R+ BT P, 5B) "B P}, 5 A. (7.12)

It is important to note that, although K is independent of the choice of (A, B),
the matrix P(";‘ B) might depend on (A, B). We will, however, show that also

P(A’B) is independent of the choice of (A4, B).

By rewriting (7.11), we see that

P+

T T
iy — M Pl M =K'RE +Q. (7.13)

Since M is stable, P( A,B) is the unique solution to the discrete-time Lyapunov
equation (7.13). Moreover, since M and K do not depend on the choice of
(A,B) € ¥y_,x), it indeed follows that P(: p) does not depend on (4, B). It

follows from ( )7( ) that PT := P(t‘ ) satisfies (7.5)~(7.10). O

Recall from Definition that the data (U_, X)) are called informative for
identification if ¥y x) contains exactly one element, equivalently ¥ x) =
{(Atrue; Birue)} (see also Theorem 3.1). Then the following theorem solves the
informativity problem for optimal linear quadratic regulation.

Theorem 7.5. Let @Q > 0 and R > 0. Then the data (U_, X) are informative
for optimal linear quadratic regulation if and only if at least one of the following
two conditions hold:
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(a) The data (U-, X) are informative for identification and the optimal LQR
problem is solvable for (A¢rue, Btrue, @, R). In this case, the optimal feed-
back gain K is given by (7.5) where P is the largest real symmetric
solution to (7.4) with A = Agrye and B = Biyye.

(b) Forall (A, B) € ¥(y_ x) we have A = Arye. Moreover, Ay is stable and
QA¢rue = 0. In this case the optimal feedback gain is given by K = 0.

Remark 7.6. Condition of Theorem is a pathological case in which
A is stable and QA = 0 for all matrices A that are consistent with the data.
In this case, if the input function is chosen as v = 0 then z(¢) € im A for all
t >0, so Qz(t) = 0 for all ¢ > 0. Additionally, since A is stable, this shows
that the optimal input is equal to u* = 0. If we set aside the pathological
case , the main message of Theorem is the following: if the data are
informative for optimal linear quadratic regulation they are also informative for
system identification.

Proof of Theorem . We first prove the ‘if’ part. Sufficiency of the condition
readily follows from Theorem 7.2. To prove the sufficiency of the condition

, assume that the matrix A is stable and QA = 0 for all (4, B) € X(y_ x).
By the discussion in Remark implies that u* = 0 for all (A, B) € _ x)-
Hence, for K = 0 we have ¥y_ x) C E?(’R, i.e., the data are informative for
linear quadratic regulation.

To prove the ‘only if’ part, suppose that the data (U-,X) are informative
for optimal linear quadratic regulation. From Lemma 7.4, we know that there
exist M and P satisfying (7.7)-(7.10) for all (A, B) € ¥(y_ x). By substituting
(7.10) into (7.8) and using (7.7), we obtain

ATPTM =Pt - Q. (7.14)

In addition, it follows from (7.10) that —(R+ BT P*B)K = BT PT A. By using
(7.7), we have
B"P*M = —RK. (7.15)

Since (7.14) and (7.15) hold for all (A, B) € ¥(y_ x), we have that

AT] prag —
] o

for all (Ap, By) € E?U,,X)' Note that (F'Ag, FBy) € E?U,,X) for all F € R"*"
whenever (Ag, By) € E?U_,X)' This means that

[Bo—r} F PTM=0
0
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for all I € R"*™. Therefore, either [Ao Bo] = 0 for all (A, By) € Z(()U,,X) or
PtM = 0. The former is equivalent to E(()U,,X) = {0}. In this case, we see
that the data (U_, X) are informative for identification, equivalently ¥ x) =

{(Atrue; Birue) }, and the optimal LQR problem is solvable for (Atyue; Birue; @, R)-
Therefore, condition holds. On the other hand, if P*M = 0 then we have
0=P"M = Pt (A+ BK)
=P"(A-B(R+B'P"B)"'BTP"4)
=(I-P"B(R+B'P"B)"'B")PTA.

for all (A, B) € ¥y_ x). From the identity
(I+P*BR'BT)y'=1—-P*B(R+B"P*B)"'BT

we see that PTA = 0 for all (4,B) € ¥y_ x). Then, it follows from (7.10)
that K = 0. Since Ag + BoK = 0 for all (Ag, By) € E?U,,X) due to Lemma 6.3,
we see that Ag must be zero. Hence, we have A = Ay for all (A, B) €
Yw_,x) and Agye is stable. Moreover, it follows from ( ) that PT = Q.

Therefore, QAue = 0. In other words, condition is satisfied, which proves
the theorem. ]
Theorem gives necessary and sufficient conditions under which the data

are informative for optimal linear quadratic regulation. However, it might not
be directly clear how these conditions can be verified given input-state data.
Therefore, in what follows we rephrase the conditions of Theorem in terms
of the data matrices X and U_.

Theorem 7.7. Let Q > 0 and R > 0. Then the data (U_, X) are informative
for optimal linear quadratic regulation if and only if at least one of the following
two conditions hold:

(a) The data (U_,X) are informative for identification. Equivalently, there
exists [Vl Vg] such that ( ) holds. Moreover, the optimal LQR problem
is solvable for (Agrues Birue, @, R), where Agpye = X+ V1 and Birye = X4 Va.

(b) There exists © € RT*" such that X_0 = (X_0)",U_0 =0,

{XG X*ﬂ >0 (7.16)

o'x] X e

and QX0 = 0.
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Proof. The equivalence of condition of Theorem and condition of
Theorem is obvious. It remains to be shown that condition of Theorem

and condition of Theorem are equivalent as well. To this end, suppose
that there exists a matrix © € RT*" such that the conditions of holds. By
Theorem 6.5, we have that A+ BK is stable for K = 0 for all (4, B) € ¥_ x),
that is, A is stable for all (A, B) € ¥(y_ x). In addition, note that

X_

QX 0(X_0)"'=Q[A B] [U_

} 0(X_0)'=04 (7.17)
for all (A, B) € ¥(y_,x). This shows that QA = 0 and therefore that condition

of Theorem holds. Conversely, suppose that A is stable and QA = 0 for
all (A, B) € ¥y_,x). This implies that K = 0 is a stabilizing controller for all
(A,B) € ¥w_ x). By Theorem 6.5, there exists a matrix © € RT*™ satisfying
the first three conditions of (b). Finally, it follows from QA = 0 and (7.17) that
O also satisfies the fourth equation of (b). This proves the theorem. O

7.1.1 From data to optimal LQR gain

In this subsection we will devise a method to compute the optimal LQR feedback
gain K directly from the data. For this, we will employ ideas from the study of
Riccati inequalities.

The following theorem asserts that P™ as in Lemma can be found as the
unique solution to an optimization problem involving only the data. Further-
more, the optimal feedback gain K can subsequently be found by solving a set
of linear equations. Recall that, for a given square matrix M, tr(M) denotes the
trace of M.

Theorem 7.8. Let @ > 0 and R > 0. Suppose that the data (U_,X) are
informative for optimal linear quadratic regulation. Consider the linear trans-
formation P — L(P) defined by

L(P):=X"PX_ - X[PX,-X'QX_ -U'RU_.
Let PT be as in Lemma 7.4. The following statements hold:
(a) The matrix P is equal to the unique solution to the optimization problem
maximize tr(P)

subject to P >0 and L(P) <0.

(b) There exists a right inverse X* of X_ such that

L(PT)X* =0. (7.18)
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Moreover, if X ! satisfies ( ), then the optimal feedback gain is given
by K =U_X".

Remark 7.9. From a design viewpoint, the optimal feedback gain K can be
found in the following way. First solve the semidefinite program in Theorem
((a)). Subsequently, compute a solution X ? to the linear equations X_ X* =

I and (7.18). Then, the optimal feedback gain is given by K = U_X".

Proof of Theorem . We begin with proving statement (i). We claim that
the following implication holds:

P>0 and L(P)<0 = PT>P. (7.19)

To prove this claim, let P be such that P > 0 and £(P) < 0. Since the data are
informative for optimal linear quadratic regulation, they are also informative for
stabilization by state feedback. Therefore, the optimal feedback gain K satisfies

eff]em i

due to Lemma 6.3. In addition, note that
o) = [ TP—ATPA-Q —ATPB X_
T U= -B"PA  —(R+B'PB)| |U_

for all (A, B) € ¥_ x). Therefore

{IT{P—ATPA—Q ~ATPB HI}@

K -B"PA  —(R+BTPB)| |K
for all (A, B) € ¥(y_ x). This yields
P—-M"PM<KTRK +Q
where M is as in Lemma 7.4. By subtracting this from (7.9), we obtain
(Pt —P)—MT" (Pt —P)M > 0.

Since M is stable, this discrete-time Lyapunov inequality implies that PT—P > 0
and hence P > P. This proves the claim (7.19).

Note that R+ BT P* B is positive definite. Then, it follows from (7.%) that
for all (A, B) € ¥(y_ x) we have

PH—ATP*A—Q —ATP'B ] _,
—-BTPtA  —(R+B'P*B)| S
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via a Schur complement argument. Hence, £(P1) < 0. Since Pt > P, we have
tr(PT) > tr(P). Together with (7.19), this shows that P* is a solution to the
optimization problem stated in the theorem.

Next, we prove uniqueness. Let P be any solution of the optimization prob-
lem. Then, we have that P > 0, £(P) < 0, and tr(P) = tr(P*). From (7.19),
we see that Pt > P. In particular, this implies that (P*);; > Py for all i.
Together with tr(P) = tr(P*), this implies that (P*);; = Py for all 4. Now, for
any ¢ and j, we have

(ei —e;) " PT(ei —¢j) = (e — ¢;) T Ple; — ¢5) and
(ei+ej) " PF(ei+ej) > (ei+¢5)  Ple +¢;)

where e; denotes the i-th standard basis vector. This leads to (P*)Z-j < R-j and
(P*);; > P,j, respectively. We conclude that (P*);; = P;; for all 4,j. This
proves uniqueness.

Finally, we prove the statement (ii). It follows from (7.8) and (7.10) that

L(PY)y=—(U_.—-KX_) (R+B"P'B)(U. - KX_). (7.20)

The optimal feedback K is stabilizing, therefore it follows from Theorem 6.4 that
K can be written as K = U_T", where I' is some right inverse of X_. Note that
this implies the existence of a right inverse X* of X_ satisfying (7.1%). Indeed,
X* := T is such a matrix by (7.20). Moreover, if X! isa right inverse of X_
satisfying (7.18) then (U_ — KX_)X* =0 by (7.20) and positive definiteness of

R. We conclude that the optimal feedback gain is equal to K = U_X i, which
proves the second statement. O

7.2 The data-driven suboptimal LQR problem

Again assume that our true (but unknown) system is given by (7.1) and that
we want to quantify the performance of the system using a given quadratic
cost functional (7.3). Whereas the optimal linear quadratic regulator problem
is to find, for each initial state xo of the system, an optimal input sequence,
i.e. an input sequence that minimizes the cost functional, the suboptimal linear
quadratic regulator problem aims at finding an input such that its cost does not
exceed a given tolerance. In the situation that the system matrices A¢ne and
Birue are known, methods for computing such suboptimal inputs exist. In the
data-driven version of the problem, only data on the true system are available
to compute suboptimal inputs.

Before considering this data driven version of the suboptimal linear quadratic
regulator problem, we will first briefly review some basics on the discrete-time
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suboptimal linear quadratic regulator problem. Again, in the sequel we will use
the abbreviation ‘LQR’ for ‘linear quadratic regulator’.

Consider the linear system (7.2). Let xo be a given initial state. Let (7.3)
be a given quadratic cost functional, where @@ > 0 and R > 0 are real matrices.
Whenever the input function u results from a state feedback law v = Kz, we
will write J(zg, K) instead of J(zg,u).

The suboptimal LQR problem is now formulated as follows. Given zg € R"
and a tolerance v > 0, find (if it exists) a feedback law v = Kz such that
A + BK is stable, and the cost satisfies J(zg, K) < . Such a K is called a
suboptimal feedback gain for the system (7.2) with cost functional (7.3). The
following proposition gives necessary and sufficient conditions under which a
given matrix K is a suboptimal feedback gain.

Proposition 7.10. Let zg € R™ and v > 0. The matrix K is a suboptimal
feedback gain if and only if there exists a matrix P > 0 such that

(A+BK)'P(A+BK)-P+Q+ K "RK <0 (7.21)
xg Pxg < 7. (7.22)

To prove this proposition, we make use of the following lemma on the solution
of Lyapunov equations. A proof of this lemma can be found in [12, Thm. 4.50].

Lemma 7.11. Let A € R"*™ be stable. For any matrix QQ € S™, there exists a
unique solution P € S™ to the Lyapunov equation

—ATPA=Q. (7.23)
Moreover, this solution P is given by P =32 (AT)'QA".

Proof of Proposition . Assume that there exists a matrix P > 0 such
that (7.21) and (7.22) hold. Since @ > 0 and R > 0, the inequality (7.21) implies
that

(A+BK)"P(A+ BK)— P <0.

We conclude that A+ BK is stable. Thus, by Lemma there exists a unique
solution P € S™ to the Lyapunov equation

—(A+BK)"P(A+ BK)=Q+ K'RK. (7.24)

Moreover, we have that

P=> ((A+BEK)")(Q+ K"RK)(A+ BK)". (7.25)
t=0
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Therefore, we can express the cost .J(zo, K) in (7.3) in terms of P as
J(z0, K) = x Pxo.
By adding (7.21) to (7.24) we obtain
P—P—(A+BK)"(P-P)(A+BK)=N

for some matrix N < 0. Invoking Lemma once again, we conclude that

P—P=> ((A+BK)")'N(A+ BK)"<0.
t=0

Therefore, J(zg, K) = x, TPzy < xJ Pz < . We conclude that K is a subopti-
mal feedback gain.

Conversely, suppose that K is a suboptlmal feedback gain. This means that
A + BK is stable and J(zg, K) = x, TPzy < v, where P € S" is the unique
solution to (7.24). Since Q > 0 and R > 0, we have that P > 0. By Lemma
there exists a unique solution P € S™ to the Lyapunov equation

—(A+BK)'P(A+BK) =1. (7.26)

Moreover, since P = >:° ((A + BK)")!(A + BK)!, we have that P > 0. It
follows from (7.26) that eP satisfies

— (A4 BK)"(¢P)(A+ BK) >0 (7.27)

for all scalars € > 0. Clearly, P +¢P > 0 for all € > 0. Moreover, by adding
(7.27) and (7.24) we obtain

(A+ BK)"(P+¢eP)(A+BK)— (P+eP)+Q+ K'RK <0

for all € > 0. For € > 0 sufficiently small, we also have that xg (P +¢eP)xo < 7.
We conclude that for such ¢, P+¢P > 0 is a solution to (7.21) and (7.22). This
proves the proposition. (|

Next, we turn to the data-driven version of the suboptimal LQR problem.
As in Section 7.1, we consider the model class M of all discrete-time linear
input-state systems of the form (7.2) with given state space dimension n and
input dimension m. Assume we have input-state data D := (U_,X) on the
time interval [0,T] as given by (2.1). The set Xp of all systems in M that are
consistent with the data is then equal to ¥(_ x) defined by (7.6). We assume
that the data are generated by the true (but unknown) system (Atrue, Btrue),
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which is therefore assumed to be in X(;_ x) itself. In the context of the subop-
timal LQR problem the control objective O is: ‘for the system with initial state
Tg, interconnection with a state feedback controller yields a stable closed loop
system and the associated cost is strictly less than +’. With this in mind, we
introduce the following notion of data informativity.

Definition 7.12. Let 25 € R™ and v > 0. The data (U-, X) are informative
for suboptimal linear quadratic regulation if there exists a matrix K that is a
suboptimal feedback gain for all (4, B) € X(y_ x)-

We want to find conditions under which the data are informative for subop-
timal linear quadratic regulation, and we want to obtain suboptimal controllers
from data. These problems are stated more formally as follows.

Problem 7.13. Let g € R™ and v > 0. Provide necessary and sufficient
conditions under which the data (U_, X) are informative for suboptimal linear
quadratic regulation. Moreover, for data (U_, X) that are informative, find a
feedback gain K that is suboptimal for all (4, B) € X(_ x).

An important ingredient in tackling this problem will be the observation that
if the data (U_, X) are informative for suboptimal linear quadratic regulation,
they are necessarily informative for stabilization by state feedback. By Theorem

, this holds if and only if there exists a right inverse X* of X_ such that X +X '
is stable. Moreover, K is a stabilizing feedback for all systems in ¥(;;_ x) if and
onlyif K =U_X ! for some X% satisfying the above properties. This observation
will be essential in proving the necessity parts in the following theorem.

Theorem 7.14. Let o € R™ and v > 0. The data (U_, X)) are informative for
suboptimal linear quadratic regulation if and only if there exists a matrix P > 0
and a right inverse X" of X_ such that

(X X9 TPX X! —P+Q+ (U-X")TRU_X" <0 (7.28)
zg Pxo < 7. (7.29)

Moreover, K is a suboptimal feedback gain for all systems (A, B) € ¥_ x) if
and only if it is of the form K = U_X* for some right inverse X* satisfying

( ) and ( ).

Proof. To prove the ‘if’ parts of both statements, suppose that there exists a
matrix P > 0 and a right inverse X* such that (7.28) and (7.29) are satisfied.

Define the controller K := U_X*. For any (A, B) € Yy_ x) we have X =
AX_ 4+ BU_, which implies that X+Xu7 = A+ BK. Substitution of the latter
expression into (7.28) yields

(A+ BK)'P(A+BK)-P+Q+K'"RK <0
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which shows that there exists a K and P > 0 satisfying (7.21) and (7.22) for all
(A,B) € ¥(y_ x). By Proposition , the data are informative for suboptimal
LQR.

To prove the ‘only if’ parts of both statements, suppose that the data (U_, X)
are informative for suboptimal linear quadratic regulation. This means that
there exists a feedback gain K and a matrix P4 gy > 0 such that

(A+ BK)"Pap)(A+BK) — Plap +Q+ K RK <0

ng(A,B)xo <7

for all (A, B) € ¥_,x). We emphasize that the matrix P4 p) may depend
on the particular system (A, B), but the feedback gain K is fixed by definition.
Since K is such that A+BK is stable for all (4, B) € ¥7_ x), by the observation
preceding the theorem statement we obtain that K is of the form K = U_Xx*

for some right inverse X* of X_. This yields A + BK = X+Xﬁ7. The matrix
A+BK is therefore the same for all (4, B) € ¥(y_ x). This implies the existence
of a (common) P > 0 such that (7.28) and (7.29) are satisfied. O

Note that the conditions of Theorem are not ideal from a computational
point of view since ( ) depends nonlinearly on P and X*. Nonetheless,
it is straightforward to reformulate these conditions in terms of linear matrix
inequalities. In order to do so, let C' and D be any choice of real matrices such
that

QO T
[O Ol o0 e D).
In addition, define Z_ := CX_ 4+ DU_. Then the following holds.

Corollary 7.15. Let xo € R™ and v > 0. The data (U_, X) are informative for
suboptimal linear quadratic regulation if and only if there exist Y € S*, Y >0
and © € RT*" such that

vy o'x! e’z

X,0 Y 0 >0 (7.30)
Z_0 0 I
<
Y Zo
[xo Y} >0 (7.31)
X 6= (7.32)

Moreover, K is a suboptimal feedback gain for all (A, B) € ¥y_ x) if and only
if K=U_0OY ! for someY and © satisfying (7.30), (7.31) and (7.32).
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Corollary follows from Theorem using standard manipulations.
First a congruence transformation P! is applied to ( ), after which a Schur

complement argument and change of variables Y := P~ and © := X 'y yields

(7.30), (7.31) and (7.32).

Remark 7.16. It is noteworthy that the conditions of Theorem and Corol-
lary do not require that the data (U_, X) contain enough information to
uniquely identify the true system matrices (Agrue, Birue). Clearly, Theorem

and Corollary require the matrix X_ to have full row rank. This means that
at least T' > n samples are needed to obtain a suboptimal controller from data.
In comparison, recall from Theorem that informativity for identification, i.e.
the ability to uniquely recover (Atyye, Birue) from the data, is equivalent to the
full rank condition

k|| =nt
ran U =N m

which requires the larger lower bound 7' > n + m on the number of samples.

7.2.1 Illustrative example

As an illustration of the theory on the data-driven suboptimal LQR problem, in
this subsection we will study controlled consensus dynamics of the form

z(t+1) = (I —0.15L) 2(t) + Bu(t) (7.33)

where z(t) € R?°, u(t) € R, L is the Laplacian matrix of the graph G in Figure

,and B = [I O] T, meaning that inputs are applied to the first 10 nodes. The
goal of this example is to apply Corollary to construct suboptimal controllers
for the system (7.33) using data.

We choose the weight matrices as Q = I and R = I, and define zy € R?®
entry-wise as (zg); = i.

We start with a time horizon of T'= 20 and collect data (U_, X') where the
entries of U_ and the initial state of the experiment x(0) are drawn uniformly
at random from (0,1). Given these data, we attempt to solve a semidefinite
program (SDP) where the objective is to minimize v subject to the constraints
(7.30), (7.31) and (7.32). We use Yalmip, with Mosek as a solver. Next, we
collect one additional sample of the input and state, and we solve the SDP
again for the augmented data set. We continue this process up to a time horizon
of T'= 30.

We repeat this entire experiment for 100 trials and display the results in
Figures and 7.3. Figure depicts the fraction of successful trials in which
the constraints (7.30), (7.31) and (7.32) were feasible and a stabilizing controller
was found. Note that a stabilizing controller was only found in 2 out of the 100
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Figure 7.1: Graph G with leader vertices colored black.

trials for "= 20. This fraction rapidly increases to 0.88 for T' = 22, while 100%
of the trials were successful for T > 24. Figure displays the minimum cost
~ of the controller, averaged over all successful trials. The cost is very large
for small sample size (T' = 20) but decreases rapidly as the number of samples
increases. Figure therefore highlights an interesting trade-off between the
sample size and the cost. Note that for T' = 30, v coincides with the optimal
cost obtained from the (model-based) solution to the Riccati equation. This is
as expected since 30 = n + m is the minimum number of samples from which
the state and input matrices can be uniquely identified.

fraction of successful trials

020 2‘] 2‘2 2‘3 2‘4 2‘5 2‘6 2‘7 2‘8 2‘9 30
number of samples

Figure 7.2: Fraction of successful trials as a function of T
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cost
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041
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Figure 7.3: Average minimum cost as a function of T'.

7.3 Notes and references

The basic material on the linear quadratic regulator problem provided in Sec-

tion is the discrete-time analogue of [160, Ch. 10]. See, in particular, [160,
Thm. 10.18]. The solutions to the data-driven LQR problem in Theorems

and are based on the paper [175]. The data-driven LQR problem was also
solved using semidefinite programming in [44, Thm. 4], under the additional

assumptions that the true system is controllable and the input sequence is per-
sistently exciting of order n + 1. In this chapter, we have not assumed that the
input data are persistently exciting. Instead, we have provided necessary and
sufficient conditions under which the data are informative for linear quadratic
regulation, i.e., conditions under which there exists a single feedback gain that
is optimal for all data-consistent systems. Unlike in the case of stabilization
(Section 6.1), these conditions basically imply that the data are informative for
system identification.

In [44], the optimal feedback gain was found by minimizing the trace of
a weighted sum of two matrix variables, subject to two LMI constraints. An
attractive feature of the semidefinite program in Theorem 7.8 of this book is that
the dimension of the unknown P is (only) n x n. In comparison, the dimensions
of the two unknowns in [14, Thm. 4] are T x n and m X m, respectively. In
general, the number of samples T is larger than n. In fact, in the case that the
input is persistently exciting of order n + 1, we have T' > nm +n + m. An
additional feature of Theorem is that PT, i.e., the largest solution to the
Riccati equation, is obtained from the data. This is useful since the optimal cost
associated to any initial state zy can be computed as a:OT Pta.

The paper [63] also studies data-driven LQR, but using a different perspec-
tive. Indeed, in [63], the solution to the Riccati equation is approximated using
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a batch-form solution to the Riccati difference equation. A similar approach was
used in the papers [1,57,152,154] for the finite horizon data-driven LQR/LQG
problem. In the setup of [63], the approximate solution to the Riccati equation
is exact only if the number of data points tends to infinity. The main difference
between our approach and the one in [63] is hence that the solution Pt to the
Riccati equation can be obtained exactly from finite data via Theorem

The solution to the data-driven suboptimal LQR problem in Section is

based on the paper [176]. These results rely on an LMI characterization under
which a given feedback gain is suboptimal, see Proposition . In order to prove
this proposition, we have used the auxiliary Lemma on the uniqueness of

solutions to (discrete-time) Lyapunov equations. A proof of this lemma can be
found in [12], see Theorem 4.50.






8

Data-driven A, and A, control design

In this chapter we will study two main design problems, namely the data-driven
hy suboptimal control design problem and the data-driven f., control problem.

Two versions of data-driven Ay suboptimal control design will be considered.
In the first of these, to be treated in Section 8.1, measurements of the external
disturbance input will be part of the data. In the second version, in Section 3.2,
the disturbance input will be assumed to be unknown, and we will deal with
noisy data.

The second main subject of this chapter is the data-driven /., control prob-
lem. We define the property of informativity for f,, control for noisy input-state
data, and establish necessary and sufficient conditions on the data to be infor-
mative. These conditions are formulated in terms of feasibility of certain LMIs
involving the data matrices and the desired performance. Solutions to these
LMIs also lead to fi,, suboptimal state feedback control laws.

8.1 £, suboptimal control design with disturbance data

In this section we will study the data-driven A, suboptimal control problem.
Before embarking on data-driven design, we will first review some basic material
on fy suboptimal control. In that context, we consider a given system

z(t + 1) = Az(t) + Bu(t) + Ew(t) (8.1a)
z(t) = Cz(t) + Du(t) (8.1b)

where x is the n-dimensional state, u the m-dimensional control input, w a d-
dimensional disturbance input (in the sequel also referred to as noise input) and
z the p-dimensional performance output. The real matrices A, B,C, D and E are
of appropriate dimensions. A given feedback law © = Kz yields the closed-loop
system

z(t+1) = (A+ BK)x(t) + Ew(t) (8.2a)
z(t) = (C + DK)x(t). (8.2b)
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Associated with (8.2), we consider the cost functional

o0

T(K) =3 tr (TE ()T (1))

t=0

where Tk (t) := (C+DK)(A+BK)'E is the closed-loop impulse response matrix
from w to z and, as before, tr(-) denotes trace. The cost Jj, (K) is called the
hy cost of the feedback gain K since it is equal to the squared f; norm of the
transfer function from w to z in (8.2). It is well-known that the fy cost of a
given stabilizing K can be computed using the observability Gramian. Indeed
for a stabilizing K, the unique solution P to the Lyapunov equation

(A+ BK)'P(A+BK)— P+ (C+DK)'(C+DK)=0 (8.3)

is related to the Ay cost by tr(ET PE) = J;,(K). For a given tolerance v > 0,
the fiz suboptimal control problem is now the problem of finding a gain K (if it
exists) such that A + BK is stable and Jj, (K) < . Such a K is called an
suboptimal feedback gain. Similar to Proposition the following proposition
gives conditions under which a given K is an fi; suboptimal feedback gain.

Proposition 8.1. Let v > 0. The matrix K is an hy suboptimal feedback gain
if and only if there exists a matrix P > 0 such that

(A+ BK)"P(A+ BK) — P+ (C+ DK)"(C+ DK) <0
tr (E'PE) < 7.

Clearly, the suboptimal LQR problem can be viewed as a special case of the
hy suboptimal control problem. Indeed, the A, problem boils down to the LQR
problem if E = 29, C'C =Q, D'D = R and C"D = 0. However, as we will
see in the sequel, the data-driven versions of these problems are different in the
way that data are collected.

With the basic material now available, we turn our attention to the data-
driven version of the f; suboptimal control problem. For this, consider the true
(but unknown) system

z(t+ 1) = Apruex(t) + Biruet(t) + Erruew(t) (8.4)

where the system matrices Airye, Birue and Firye are unknown real matrices of
given (known) dimensions. In order to quantify the performance of the system,
we introduce a performance output

z(t) = Cx(t) + Du(t)
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where the matrices C and D are known real matrices. We embed the unknown
system (8.4) into the model class M of all discrete-time linear systems (with
given state space dimension n, control input dimension m and disturbance input
dimension d) of the form

z(t + 1) = Az(t) + Bu(t) + Ew(t). (8.5)

Suppose we collect data on the time interval [0,7]. This leads to input-state
data (U-,X). We also collect corresponding measurements of the disturbance
leading to disturbance data

W_ =W r_1 = [w(0) w(l) -+ w(l—1)].

Note that we assume that samples W_ of the disturbance inputs are available
as part of the data.

In this setup, all systems (A, B, E') in the model class M that are consistent
with the data (U_,W_, X)) are given by

X_
E(U_,W_,X) = (A,B,E) ‘ X+ = [A B E} U_
Ww_

We can now state the following notion of data informativity for Ay suboptimal
control.

Definition 8.2. Let v > 0. The data (U_,W_, X) are informative for hy
suboptimal control if there exists a K that is an Ay suboptimal feedback gain for
all (A, B, E) € E(U_,W_,X)'

As before, we are interested in both data informativity conditions and a
control design procedure. We formalize this in the following problem.

Problem 8.3. Let v > 0. Provide necessary and sufficient conditions under
which the data (U_-,W_, X) are informative for f; suboptimal control. More-
over, for data (U_, W_, X) that are informative, find a feedback gain K that is
hy suboptimal for all (4, B,E) € ¥u_ w_ x)-

In the remainder of this section we will resolve the data-driven Ay suboptimal
control problem as formulated in Problem &.3. In order to do so, as a first step
we need to extend Theorem to systems with disturbances. We call the data
(U-,W_, X) informative for stabilization by state feedback if there exists K such
that A+ BK is stable for all (A, B,E) € ¥_ w_ x).

Lemma 8.4. The data (U_,W_, X) are informative for stabilization by state
feedback if and only if there exists a right inverse X ¥ of X_ with the properties
that X+Xu_ is stable and W_X* = 0.
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Moreover, K is a stabilizing controller for all systems in ¥Xy_ w_ x) if and
only if K =U_X ﬁ_, where X* satisfies the above properties.

Proof. The proof follows a similar line as that of Theorem 6.4. To prove the ‘if’
part of both statements, suppose that there exists a right inverse X ? such that
X, X? is stable and W_X* = 0. Define K := U_X*. Then X, X’ = A+ BK
for all (A, B,E) € ¥u_ w_,x). Hence A+ BK is stable for all (A, B,E) €
Yw_w_,x)and K = U_X* is stabilizing.

To prove the ‘only if’ parts, suppose that the data are informative for stabi-
lization by state feedback. Let K be stabilizing for all systems in X_ w_ x)-
Define the subspace

X_
E?U,,W,,X) = (Ao,BO7E0) | 0= [AO BO Eo] U_
w_

The matrix A+ BK +a(Ag+ ByK) is stable for all & € R and all (Ag, By, Ey) €

Z(()U7 Wox)- Thus we have

p(l(AJrBK)JerJrBOK) gl Va>1
o o

where p(+) denotes spectral radius. We take the limit as o — oo, and conclude by
continuity of the spectral radius that Ag+ By K is nilpotent for all (Ag, By, Ey) €
Sl w._ x)- Note that (Ao, Bo, Eo) € X,y ) implies that

((Ag + BoK) " Ao, (Ao + BoK) " By, (Ao + BoK) " Eq)

is also a member of Z(()U, W X) This implies that the matrix (Ag+BoK) " (Ag+

By K) is nilpotent for all (Ag, By, Ep). The only symmetric nilpotent matrix is
zero, thus Ay + BoK = 0 for all (Ag, By, Ey) € E?[L W X) We conclude that

ker [XT UT WT] Cker[I K" 0

equivalently,
I X_
im |K| Cim [U_
0 W_

This means that there exists a right inverse X* of X_ such that K = U_X*
and W_X* = 0. Clearly, X, X* = A+ BK for all (A4, B,E) € Su_w._.x),
hence X+Xu_ is stable. g
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The following theorem provides necessary and sufficient conditions for data
informativity for the suboptimal Ay problem. It also characterizes all suboptimal
controllers in terms of the data. Again define Z_ :=CX_ + DU_.

Theorem 8.5. Let v > 0. The data (U_-,W_, X) are informative for fiy sub-
optimal control if and only if at least one of the following two conditions is
satisfied:

(a) There exists a right inverse X* such that X, X* is stable and

¥

] X' =o. (8.6)

(b) There exist right inverses X* and W* such that X, X* is stable, W_X* =
0,

E] Wi =0 (8.7)

and the unique solution P to
XOHT (xXIPx, —-X'PX_+272)Xx" =0 (8.8)
has the property that

tr ((X+WE)TPX+WE) <. (8.9)

Moreover, K is an hy suboptimal controller for all (A, B, E) € ¥y w_ x) if and
only if K = U_Xﬁ_, where X" satisfies the conditions of or

Remark 8.6. The interpretation of Theorem is as follows. Note that both
condition and require the existence of X* such that Xi X ! is stable and
W_X" = 0. These conditions are necessary for the existence of a stabilizing
controller by Lemma 8.4. In condition (a) it is further required that X ! satisfies
7 Xt = 0, which means that the output of all systems in ¥y w_ x) can be
made identically equal to zero (hence their fi; norm is zero). In condition (b),
the properties of wt imply that Fine = Xyt W can be uniquely identified from
the data. Similar to the suboptimal LQR problem, it is generally not required
that Agrue and Birye can be uniquely identified from the data.

Proof. We first prove the ‘if’ parts of both statements. Suppose that condition
is satisfied and let K := U_X?. By Lemma 8.1, A + BK is stable for all
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(A,B,E) € S_w._x)- As Z_X" =0 we have C + DU_X* = C + DK = 0.
This means that the A cost of (%.2) is zero for all (4, B,E) € ¥y_ w_,x). We
conclude that the data are informative for fi; suboptimal control and K is an Ay
suboptimal controller.

Next suppose that condition is satisfied, and let K := U_X* where
X" satisfies the conditions of (). Clearly, A+ BK = X+Xﬂ_ is stable for all
(A,B,E) € Sw_w_x). By the properties of W!, (A, B,E) € S w_x)
implies E = Fyue = X4 W, In view of (3.8) and (3.9) we see that for any
(A, B, Etrue) € Eu_,w_,x) the unique solution P to (3.3) satisfies

tr(E,

trucPEtrUC) <7.
Therefore, the data are informative for Ay suboptimal control and K is fy sub-
optimal.

Subsequently, we prove the ‘only if’ parts of both statements. Suppose that
the data are informative for f; suboptimal control and let K be an Ay suboptimal
controller for all (A,B,E) € ¥_ w_,x). By Lemma 8.4, there exists a right
inverse X* such that X, X* is stable and W_X? = 0. Also, the feedback K is
of the form K = U_X* and A+ BK = X, X" for all (A, B,E) € S w_x)-
By stability of X X ! the Lyapunov equation (8.8) has a unique solution P > 0.
The matrix P satisfies tr(ET PE) < v forall (4, B, E) € Yw_,w_,x)- Therefore,
we have

tr ((E + aEy) " P(E + aEy)) < v (8.10)

for all (A,B,E) € E(U,,W,,X)v (Ao,Bo,Eo) S E(()U,,W,,X) and € R. We
divide both sides of ( ) by a? and take the limit as a — oco. Then, by
continuity of the trace we obtain tr(Eér PEy) = 0, which yields PEy = 0 for
all (Ao, Bo, Ey) € E?U,,W,,Xy We claim that this implies that either P = 0 or

Ey =0 for all (A07B0,E0) € Z(()U, W_,X)
Indeed, suppose that this claim is not true. Then P # 0 and there exists a

triple (Ao, Bo, Ep) € E?U, WX such that Eg # 0. Then, clearly, there exists

f,g € R™ such that Pf # 0 and g Ey # 0, so Pfg' Ey # 0. Note that for

any F' € R"*" we have (F Ag, F By, FEy) € Z(()U,,Wﬂx)' On the other hand, for

F:= fg" we have PFEj # 0. This is a contradiction, which proves our claim.
Now, in the case that P = 0 we obtain Z_X ! = 0 so condition is satisfied.
In the case that Fy = 0 for all (Ag, B, o) € Z?U_,W_,X) we obtain

ker [XI gl WI] C ker [0 0 I]
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equivalently,
0 X
im |0 Cim | U_
I W_

As a consequence, there exists a right inverse W! such that X_W*! = 0 and
U_W*! = 0. This means that (A,B,E) € Xy_w._,x) implies E = Eyye =
X+WE. Hence (8.9), and therefore (b), holds. In both cases, the controller K
is of the form K = U_Xﬁ_, where X* satisfies either or (b). O

Similar to Corollary we can reformulate Theorem in terms of linear
matrix inequalities.

Corollary 8.7. Let v > 0. The data (U_,W_, X) are informative for hy sub-
optimal control if and only if at least one of the following two conditions is
satisfied:

(a) There exists a © € RT*" such that X_0© = (X_0)T,

X 007X]

W
X.0 X_©

Z}@Oand {

} > 0. (8.11)

(b) There exist a right inverse W* and matrices Y € ", Y > 0 and © € RT*"

such that X_0© is symmetric, the matrices W_0O, X_W* and U_W? are
zero, and

X.ee'x! ez’

X0 X0 0 |>0 (8.12)
7.0 0 I
Yy  (whHTx]

0 8.13

x, Wt x.e |~ (8.13)

tr(Y) < 9. (8.14)

Moreover, K is an hy suboptimal controller for all (A, B, E) € ¥_ w_ x) if and
only if K = U_O(X_0)~1, where © satisfies the conditions of (2) or ().

Proof. We first prove the ‘if” part. We will first show that condition implies
condition of Theorem &8.5. Let © be such that X_© is symmetric and (8.11)
holds. Then X_© > 0 and X? := ©(X_0)"! is a right-inverse of X_. Also,
(3.6) holds. Now define @ := (X_0)~!. By taking a suitable Schur complement
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we then obtain Q — (X1 X" )TQ(X, X") > 0, from which it follows that X, X*
is stable.

Next, we will prove that condition implies condition of Theorem
By ( ), again X_© > 0, Xt = O(X_0)7! is a right-inverse of X_ and
X+Xﬂ_ is stable. Also W_X* = 0 and (8.7) holds. Applying standard Schur
complement arguments to (3.12), it is the easily seen that Q = (X_0)~! satisfies
the strict Lyapunov inequality

(X5 (xfex, -xIQx +zIz )Xt <o.

Now let P > 0 be the unique solution to the Lyapunov equation (8.8). Then the
difference A := @Q — P satisfies

XHT (x]AaXx, - xTAax ) x! <o,
which implies A > 0 so P < Q. Using (8.13) we find
Y — (X, WHTQ(X, W) >0

which leads to
(X WHTPX W) < Y.

By applying (8.14) this then yields (8.9).
We now turn to the proof of the ‘only if’ part. We will show that condition
of Theorem implies condition of Corollary 8.7. Let X_ be a right
inverse of X_ such that X+Xﬁ_ is stable. The stability of X+Xﬁ_ implies the
existence of a @ > 0 such that

Q- (X, X)) TQ(X, X)) > 0.
Next, define © := Xﬁ_Qfl. Then Q = (X_0O)~! and it is easily verified that
X 0-(X:0)'(Xx_0)7'(x,0)>0.

Using the Schur complement we conclude that (8.11) holds.

Next, we show that condition of Theorem implies condition of
Corollary 8.7. For any € > 0, let Q. > 0 be the unique solution of the Lyapunov
equation

(X)) T (X[QXy —X1QX_+21Z ) X" el =0.

Clearly, Q. converges to the solution P of (8.8) as € | 0. Using this fact together
with (8.9), pick an ¢ > 0 sufficiently small such that

tr ((X+WE)TQ5X+WE) <.
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In the sequel, denote this Q). simply by . Note that @) satisfies
(XOHT(X]ox, -xTQx_+217) X" <o.

Define © := X n_Q’l. Using Schur complements it is then easily seen that the
inequality (8.12) holds. It remains to be proven that Y exists such that (8.13)
and (3.11) hold. Note that tr((X,W*)T(X_0)"'X, W*) < ~. Choose any
Y > (X WH)T(X_0)" 1 X, W* such that tr(Y) < 7.

Finally, the statement about the the feedback gain K is an immediate con-
sequence of the previous. This completes the proof of Corollary &.7. ]

8.2 f, suboptimal control design without disturbance data

In the setup considered in the previous section, part of our data consisted of
samples of the noise input acting on the true, unknown system. Thus, our data
set D consisted of data on the control input, the state, and the noise input. In
the current section we turn our attention to the situation that the noise input
is unknown, and only input-state data are available to obtain A suboptimal
controllers.

Consider the true (but unknown) system

2(t+1) = Apruex(t) + Biruet(t) + w(t) (8.15)

where z(t) € R™ is the state, u(t) € R™ is the control input and w(t) € R™ is an
unknown noise input. The matrices A¢rye and Bipye denote the unknown state
and input matrices. Different from the setup in Section 8.1, we assume that the
noise input matrix F is known, and, in fact, equal to the n x n identity matrix.
We embed this unknown system into the model class M of all input-state
systems with unknown noise inputs, of fixed dimensions n and m, of the form

z(t+1) = Az(t) + Bu(t) + w(t). (8.16)

Suppose that we have data on the time interval [0, T]. These data are given by

(U—-,X). In contrast with the setup in Section 8.1, the noise input w is assumed

to be unknown. In particular this means that w(0),w(1),...,w(T — 1) are not
measured, and are therefore not part of the data.

Using the noise model that was introduced in Section 3.4, we will however

assume that the matrix W_ = W p_1) of noise samples satisfies the quadratic

matrix inequality (3.18) for a given, known, matrix ® € I, r. The set p of
all systems in M that are consistent with the data (U_, X) is equal to the set
of all systems (A, B) satisfying

X, =AX_+BU_+W._ (8.17)
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for some W_ satisfying the quadratic matrix inequality ( ). In other words,
Yp ={(A,B) | (8.17) holds for some W_ satisfying (3.18)}. (8.18)
Recall from Lemma that, in fact,
Yp ={(A,B) | (3.27) is satisfied}
In order to quantify performance, we associate to ( ) a performance output
z(t) = Cz(t) + Du(t) (8.19)

where z(t) € R?, and C and D are known matrices. For any (A, B) € Xp, the
feedback law u = Kz yields the closed-loop system

z(t+1) = (A+ BK)z(t) + w(t)

z(t) = (C + DK)x(t). (8.20)

Associated with ( ), we again consider the fy cost functional

T(K) =Yt (TE(O)Tk (1)) .
t=0

where Tk (t) :== (C+ DK)(A+ BK)! is the closed-loop impulse response matrix
from w to z. Let v > 0. We have that A 4+ BK is stable and J, (K) < ~ if and
only if there exists a matrix P > 0 such that

(A+ BK)'P(A+BK)— P+ (C+DK)"(C+DK) <0

tr (P) < . (8:21)

The data-driven Ay suboptimal control problem problem entails the computation
of a feedback gain K from data such that Jg, (K) < « for all (A4, B) that are
consistent with the data. Similar to the setup for quadratic stabilization in
Section 6.3, we restrict attention to a matrix P that is common for all (A, B).
This leads to the following natural definition.

Definition 8.8. Let v > 0. The data (U_, X) are informative for hy suboptimal
control if there exist matrices P > 0 and K such that (8.21) holds for all (A, B) €
Sp.

With the theory of Section available, characterizing informativity for
fi; suboptimal control essentially boils down to massaging the inequalities ( )
such that they are amenable to design. To this end, note that the first inequality
of (8.21) is equivalent to

Y — Ay PAy,, — Cy [ Cy,, >0
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where we defined Ay, := AY + BL and Cy,, :=CY + DL with Y := P~1 and
L := KY. Using a Schur complement argument, this is equivalent to

Y —Cy Oy A

Ayt v >0 (8.22)

Now, (8.22) holds if and only if
Y —Cy Cy,, >0 (8.23)
Y - Ay (Y - O;,LCY,L)_lA;L > 0. (8.24)

Note that (8.23) is independent of A and B. In turn, we can write (8.241) as

T

B I R S — O] I
AT [y 1T AT | >0 (8.25)
BT 0i— |:L:| (Y C;LCYL) ! |:L:| BT

The inequality (8.25) is of a form where A and B appear on the left and their
transposes appear on the right, analogous to ( ). As in Chapter 6, let

[N I X, I ox. "

_ lNﬁoN”] O En gw} 0ox (5.26)
12 1 V22 0 _U. 2 @] | o
and let M be defined by

. Y0

et S REC 12 1 T
M = ! = : . 8.27
lMgMQQ] 0 i* |:§.£:| (Y*C;/F,LC}/’L)*l |:}I/::| ( )

Then, for given v > 0, informativity for Ay suboptimal control quadratic stability
holds if and only if there exist matrices Y > 0 and L such that tr(Y 1) <+,
Y — C;LCY,L > 0 and

n" I 1" [rI
(n+m)xn
{Z} M {Z} >0 forall ZeR such that {Z} N [Z} >0 (8.28)

with Z given by

Using the sets (A.3) and ( ) (see Section A.2), condition (8.28) can be equiv-
alently formulated as
Zoim(N) C Z T

n+m

(M). (8.29)
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As such, we are in a position to apply Corollary . In fact, we derive the
following theorem.

Theorem 8.9. Let v > 0. Then the data (U_,X) are informative for hy sub-
optimal control if and only if there exist matrices Y € S*, Y >0, Z € S and
L € R™*™ and scalars o > 0 and 8 > 0 satisfying

[Y—-BI0 0 0 0 I X, I x. 7"
0 00 Y 0 0 -X_|rg .1/0 —X-
0 00 L 0 |-al0-U_ {“ 12]0—U >0
0 YLT Y Cf, 0 Pa P2flg (8.30)
0 0 0 Cyp I 0 0 0 0
I T
C};L C‘;L] >0, ﬁ ﬂ >0, trZ<n.

Moreover, if Y and L satisfy (3.30) then K := LY ! is such that A+ BK is
stable and Jy,(K) < ~ for all (A, B) € ¥p.

Proof. Suppose that (3.30) is feasible and define P := Y ! and K := LP. The
last two inequalities of (8.30) imply that tr(P) < v. We now compute the Schur
complement of the first LMI in ( ) with respect to the diagonal block

Y Cy,
CY,L I ’

We thereby make use of the fact that this block is nonsingular by the second
LMI of (8.30). The computation of the Schur complement results in

BI 0
M —aN > {O 0] (8.31)
where M is defined in (8.27) and N is defined in (8.26). We thus conclude that
(8.28) is satisfied. As such, (8.24) holds for all (A, B) € ¥p. Note that (8.23)
holds by the second LMI of (8.30). Therefore, we conclude that (8.21) holds
for all (A, B) € ¥p. In other words, the data (U_, X) are informative for f;
suboptimal control, and K = LY ~! is a suitable controller.

Conversely, suppose that the data (U_, X) are informative for A, suboptimal
control with performance bound 7. Then there exist matrices P > 0 and K such
that (5.21) holds for all (4, B) € Xp. Define Y := P71, L:= KY and Z := P.
Clearly, the last two inequalities of (8.30) are satisfied by definition of Z. In
addition, we know that (8.23) and (8.24) hold for all (A, B) € Yp. By (8.23),
the second LMI of (8.30) is satisfied. To prove that the first LMI of (8.30) also
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holds, we want to apply Corollary . Note that we have already verified
the assumptions of this theorem for the matrix N in (8.20), see the discussion
preceding Theorem . In addition, we note that
-
Y 1Y
Myy = — M (Y = Cy. ,Cyr)”" [L] <0
since Y — C’; 1. Cy, > 0. Hence, Corollary is applicable. We conclude that

there exist & > 0 and 8 > 0 such that ( ) holds. Using a Schur complement
argument, we see that Y, L, a and S satisfy the first LMI of (8.30). Thus, (8.30)
is feasible which proves the theorem. ([l

Remark 8.10. If we know a priori that the noise w is contained in a given
subspace, say w(t) € im E for all ¢ with E a given, known, n X r matrix, then
this information can easily be exploited in the Ay controller design. In fact, we
only need to replace the LMI involving Z by

Z ET
5]

Recall from Section that prior knowledge that w(t) € im E can also be
captured by our noise model, see the list of special cases after Assumption

A natural choice is thus to use this given E both in the noise model, in particular
using the weighting matrix (3.24), as well as in the system equation (8.16).
However, we remark that this is not necessary: the noise in the experiment may
come from a different subspace than the disturbances that are attenuated by the
Ay controller.

8.2.1 Illustrative example: a fighter aircraft

In order to illustrate the theory of this section, we consider a discretised version
of a continuous-time state-space model of a fighter aircraft. In particular, we
consider the discrete-time (unstable) system of the form (8.15) with the true but
unknown system matrices Ayye and Byye given by

[1.000 —0.374 —0.190 —0.321 0.056 —0.026
0.000 0.982 0.010 —0.000 —0.003 0.001
A = 0.000 0.115 0.975 —0.000 —0.269 0.191
rue 0.000 0.001 0.010 1.000 —0.001 0.001
0.000 0.000 0.000 0.000 0.741 0.000
10.000 0.000 0.000 0.000 0.000 0.741
Bowe — [0.007 0.000 —0.043 0.000 0.259 0.000] "
"¢ 1-0.003 0.000 0.030 0.000 0.000 0.259
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respectively. We consider the performance output as in ( ) with
C= [0 0000 1]

and D = 0. First, we look for the smallest v such that (8.21) is feasible for the
given (Atrue; Birue). This minimum value of « is 1.000 and can be regarded as
a benchmark: no data-driven method can perform better than the model-based
solution using full knowledge of (Atrue, Birue)-

Of course, our goal is not to use the knowledge of (Atrye, Birue) but to seek
a data-driven solution instead. Therefore, we collect T" = 750 input and state
samples of (8.15). The entries of the inputs and initial state were drawn ran-
domly from a Gaussian distribution with zero mean and unit variance. Also
the noise samples were drawn randomly from a Gaussian distribution, with zero
mean and variance o2 with ¢ = 0.005. In this example, we assume knowledge
of a bound on the energy of the noise as

W_W' <1.35T0>I. (8.32)

We verify that this bound is satisfied for the generated noise sequence. This
energy bound corresponds to chosing ®1; = 1.35T021, 15, = 0 and ®oy = —1
in the noise model (3.12).

Next, we want to compute an fi; controller for the unknown system using
the generated data. We do so by minimizing v subject to (8.30). This is a
semidefinite program that we solve in Matlab, using Yalmip with Mosek as an
LMI solver. The obtained controller K is given by

—-0.023 1.413 0.695 0.227 —1.591 0.090
0.001 —0.041 —0.028 —0.034 0.010 —2.723|°

This controller stabilizes the original system (Atrue, Btrue). In addition, the
system, in feedback with K, has an fi; performance of v, = 1.007. We note that
this is almost identical to the smallest possible Ay performance of 1.000.

Subsequently, we repeat the above experiment using only a part of our data
set. In particular, we compute an Ay controller via the semidefinite program as
before, using only the first ¢ samples of X, X_ and U_ for i = 50, 100, ..., 750.
We display the results in Figure

In each of the cases a stabilizing controller was found from data. However,
the performance of these controllers when applied to the true system varies, and
is quite poor for 7 < 500. Starting from ¢ = 500 and onward, the performance is
close to the optimal performance of the true system.

Next, we investigate what happens when we increase the variance o2 of the
noise. First, we take o = 0.05. We again generate 750 data samples, and assume
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T T
data-driven solution
optimal performance | |

B

performance ~

0 1(;0 2(;0 3(;0 4(;0 5(;0 6(‘)0 7(;0
number of samples

Figure 8.1: Achieved fi; performance of the true system in feedback with a data-

based controller (top) and the optimal model-based performance of the true

system (bottom).

the same bound on the noise. The fy controller we obtain is given by

—0.007 0.179 0.464 —-0.284 —1.411 0.100
0.006 -0.014 —0.363 0.184 0.123 -1.514

and achieves a performance of 7, = 1.146 when interconnected to the true sys-
tem. Increasing the variance of the noise has the effect that the set Xp of systems
consistent with the data becomes larger. As such, it is more difficult to control
all systems in Xp resulting in a slightly larger vs. This behavior becomes even
more apparent when increasing the variance of the noise to o = 0.5. In this case
we obtain the controller

—0.002 —-0.001 0.234 0.016 —0.553 0.020
0.001 -0.071 —0.122 —-0.002 0.141 —-0.550

which yields a performance of v, = 3.579. Increasing o even more to ¢ = 1
results in infeasibility of the LMIs (8.30) for any ~; the set of data-consistent
systems has become too large for a quadratically stabilizing controller to exist.

We remark that the size of the set Xp does not only depend on the variance
of the noise, but also on the available bound on the noise. Throughout this
example, we have used the bound ( ). However, if we reconsider the case of
o = 0.5 with the tighter bound W_W_ < 1.22T¢%I we obtain a controller with
better performance 5 = 2.706. This illustrates the simple fact that data-driven
controllers not only depend on the particular design strategy, but also on the
prior knowledge on the noise.

We conclude the example with a remark on the dimension of the variables
involved in the formulation (8.30). The symmetric matrices Y and Z both have
21 free variables. The matrix L contains 12 variables, and « and [ are both



182 DATA-DRIVEN fy AND fi., CONTROL DESIGN

scalar variables. Thus, the total number of variables is 56. The size of the
largest LMI in ( ) is 21 x 21.

8.3 h, control with noisy data

In this section we study the data-driven fi, control problem. In order to do this,
we will first review some basic material that will be needed in order to formulate
the problem.

We will denote by ¢4(Z.) the linear space of all sequences v with v(t) € R?
and t € Zy such that > ;2 ||v(¢)||* < co. For any such sequence v, we define its
fo-norm as

Jolls = (Z ||v<t>||2> .
t=0

Next, consider the discrete-time input-state-output system

z(t+1) = Az(t) + Ew(t
(t+1) = Ax(t) + Bu(t) )
z(t) = Cz(t) + Dw(t)
with w(t) € R? and z(t) € RP. Let its transfer matrix be denoted by G(z) :=
C(zI—A)"LE+ D. If we take as initial state 2(0) = 0, then each input sequence
w on Z4 yields a unique output sequence z on Z. If A is stable, then this output
sequence z is in ¢5(Z4) whenever w is in £3(Z). The A performance of (5.33)
is now defined as
Ji. = sup | z]2.
lwll2<1
Due to the fact that A is stable, the /., performance is indeed a finite number,
and is in fact equal to the fio norm of the transfer matrix G(z), which is given
by
1G4 := max [[G(2)].
|z|=1
We now review the so-called bounded real lemma, which gives necessary and
sufficient conditions for the f, performance to be strictly less than a given
tolerance.

Proposition 8.11 (Discrete-time bounded real lemma). Consider the system
(8.33). Let v > 0. Then A is stable and J,_ < v if and only if there exists
P > 0 such that

P-ATPA-C'C —-ATPE-C'D

_ETPA-DC 2-EPE-DTD| " (8.34)
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We will now turn to the the data-driven f., control problem in the context
of noisy data. As before, consider the true (but unknown) system

2(t+1) = Apruex(t) + Biruet(t) + w(t) (8.35)

where z(t) € R™ is the state, u(t) € R™ is the control input and w(t) € R"™
is an unknown noise input. The matrices A¢ye and Birue denote the unknown
state and input matrices. As model class M, we take the set of all input-state
systems with unknown noise inputs, with given, known, dimensions n and m, of
the form

x(t+ 1) = Az(t) + Bu(t) + w(t). (8.36)

We assume that data (U_, X) have been collected on the time interval [0, T].
Since the noise input w is assumed to be unknown, the noise samples

w(0),w(1),...,w(T —1)

are not measured, and are therefore not part of the data. However, we adopt
the noise model of Section 3.4, and assume that the (unknown) matrix W_ =
Wio,r—1) satisfies the quadratic matrix inequality ( ) for a given partitioned
matrix ® € II,, 7.

As before, by Lemma the set 3p of all systems in M that are consistent
with the data (U_,X) is then equal to the set of all solutions (A, B) to the
inequality

1771 X, o o1 [T Xe T
AT 10 —Xx_ [@#1 @12} 0-X_| [AT|>0. (8.37)
BT| |0 -U_ 127220 0 —U_ BT

A standing assumption remains that the unknown system (8.35) is consistent
with the data, i.e., is in Xp, i.e., (Atrue, Birue) satisfies the inequality ( ).
We associate to (8.36) the output equation

z(t) = Cz(t) + Duf(t) (8.38)

where z(t) € RP, and C' and D are known matrices, chosen in order to quantify
the performance. For any (A, B) € Xp, the feedback law u = Kz yields the
closed-loop system
z(t+1) = (A+ BK)z(t) + w(t)
z(t) = (C+ DK)x(t).

Denote the transfer matrix of the closed loop system (8.39) by Gk (z). For any
K such that A + BK is stable, the fi,, performance associated with ( ) is
then given by

(8.39)

Jio (K) = |Gk 4 -
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Let v > 0. By applying Proposition to the closed loop system ( ), the
matrix A 4+ BK is stable and J; _(K) < « if and only if there exists a matrix
P > 0 such that

P—ALPAg —CLCx —ALP

_PAx 2r-pl” 0 (8.40)

where we have defined Ax := A+ BK and Ck := C + DK. In order to make
this applicable to data-driven A, control design, we restate (8.40) in a different
form as follows.

Lemma 8.12. Let P > 0. Then P satisfies the linear matrix inequality (8.10)
if and only if

1
P—Aj (P! - ?I)_lAK —ClCx >0 (8.41)
1
—1
Pt - ?I > 0. (8.42)

Proof. Clearly, P satisfies (8.40) if and only if

P— Ay (P+P(*I—P)'P) Ax — C{Cx >0 (8.43)

¥*I — P > 0. (8.44)

Since P~z (42 — P)P~2 = 42(P~1 — %I), the inequalities (5.12) and (8.44)
are equivalent. Using this, it is also easily verified that P + P(y%[ — P)"'P =
(P71 — %I)*l, so the left hand sides of (8.41) and (8.43) coincide. O

The above leads to the following definition of informativity for f., control.

Definition 8.13. Let v > 0. The data (U_, X) are informative for hs control
with performance 7 if there exist matrices P > 0 and K such that (8.411) and
(8.42) hold for all (A, B) € ¥p.

Of course, if K satisfies the conditions of Definition , then it is a suitable
control gain for all (4, B) € ¥p, in the sense that A+BK is stable and J;__ (K) <
~ for all (A, B) € ¥p.

By pre- and postmultiplication of (2.41) by P~! we obtain that (3.41) and
(8.42) are equivalent to

1
Y — Ay (Y — 1) Ay, — Cy [ CyL >0
7 . (8.45)
Y — ?I >0
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where we define Y := P71, L .= KY, Ay =AY +BLand Cy,, :=CY +DL.
Next, note that (8.45) holds if and only if

Y — C;LCY’L A

Ay Y — %I >0 (8.46)

which in turn is equivalent to
Y = Cy,Cyp >0 (8.47)
Y- % — Ay (Y = Oy Cyin) " Ay > 0. (8.48)

Note that (8.47) is independent of A and B. In addition, we can write (8.18) as

T 1
A i B A I
AT v VT AT >0 (849)
BT 0 — |:L:| (Y—CYLCYL)_l |:L:| BT

Observe that the inequality ( ) is of a form where A and B appear on the
left and their transposes appear on the right, analogous to ( ) and (8.25). As
before, let

NN I X4 I ox. "

N= lN:N”] N [gu ‘1)12} 0ox (3.50)
12 1 4V22 0 —U. 21 P22 0 —U.
and let M be defined by
Y - LT 0
. Y

[MH.Mw} S (8.51)

My Moo 0 — [}I//] (Y — C;LCYL)_ PI/::|

Then, for given v > 0, informativity for fi., control with performance v holds
if and only if there exist matrices Y > 0 and L that satisfy the inequality
Y — Cy.;,Cy,, > 0 with in addition

7 T 7 7 T
(n+m)xn
{Z} M {Z} >0 forall ZeR such that {Z} N [

with Z given by
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Moreover, in that case a suitable control gain is given by K = LY L.
Using the sets (A.3) and ( ) introduced in Section A.2, condition (8.52)
is equivalent to

Zpm(N) C 2 (M), (8.53)
This observation brings us in a position to apply Corollary . In fact, we

derive the following theorem.

Theorem 8.14. Let v > 0. Then the data (U_,X) are informative for fi,
control with performance ~y if and only if there exist matrices Y € S, L € R™*"
and scalars o > 0 and 8 > 0 satisfying

~LI-B10 0 0 0 I X, I x, 1"
0 00 Y 0 0 -X_lrg .70 —X-
0 00 L 0 |[—al0-U- [@ o ] 0 —U_| >0 (8.54a)
0 YLT Y Cy, 0 0 #7200 o
0 00 Cyr I 0 0 0 0
T
[CL C‘;L} > 0. (8.54b)

Moreover, if Y and L satisfy (3.51) then K := LY ~! is such that A+ BK is
stable and J;__(K) < ~ for all (A, B) € ¥p.

Proof. Assume that Y and L satisfy (8.54). By the second LMI in (8.51) we
have Y > 0. Next, compute the Schur complement of the first LMI in ( )
with respect to the diagonal block

Y Cy,
CY,L I ’

Of course, here we use the fact that this block is nonsingular by the second LMI
of ( ). The computation of this Schur complement yields

810
M —aN > { 0 0] (8.55)
with M and N defined by (8.51) and (8.50), respectively. We thus conclude that
(8.53) is satisfied. The condition Y — C’; .Cy.. > 0 holds by the second LMI of
(8.54). This shows that the data (U_, X) are informative for fi,, control with
performance v and K = LY ~! is a suitable controller.

Conversely, suppose that the data (U_, X) are informative for A, control
with performance . Then there exist Y > 0 and L such that ¥ — C’;',—’LCY,L >0
and the inclusion (8.53) holds. Clearly, the second LMI of (8.54) is then satisfied.
To prove that the first LMI of ( ) also holds, we want to apply Corollary
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Note that we have already verified the assumptions of this theorem for the matrix
N in ( ), see the discussion preceding Theorem . In addition, we have

.
Y L[y
Mm:_M (Y = Cy..Cyr) 1[L] <0

since Y — C;'; .Cy,r. > 0. Hence, Corollary is applicable. We conclude
that there exist & > 0 and 8 > 0 such that ( ) holds. Using the same Schur
complement argument as above, we see that Y, L, a and [ satisfy the first LMI
of (8.54). Thus, (8.54) is feasible. This completes the proof of the theorem. O

If Y and L satisfy (5.54) then K := LY ~! and P := Y ! satisfy (2.40) for all
(A, B) in the set Xp of systems consistent with the data. Clearly, (8.10) implies
that .

T _nT w(t)] [¥*T 0] [w(t)
z(t+1) Px(t+1)—x(t) Px(t) < [z(t)] [ 0 —1| |2t
for all t € R, where z, w and z satisfy the closed loop system equations ( ).
This can be interpreted as saying that the system ( ) is dissipative with
respect to the supply rate

e[ [ )

with storage function z' Pz. In other words: the control law v = Kz with
K := LY ! makes all systems in ¥p dissipative with common storage function
given by P :=Y 1.

8.4 Notes and references

The solution to the data-driven suboptimal A problem in Section is based
on the paper [176]. This result relies on an LMI characterization under which
a given feedback gain is suboptimal, see Proposition . In order to prove
this proposition, we have used the auxiliary Lemma on the uniqueness of
solutions to (discrete-time) Lyapunov equations. A proof of this lemma can be
found in [12, Thm. 4.50].

The treatment of the data-driven fi; control problem in the setting of noisy
data (Section 8.2) is based on the paper [169]. In the case of noise, we have used
the matrix version of the S-lemma in Corollary to derive necessary and
sufficient conditions for informativity for Ay control in terms of linear matrix
inequalities. Similar to the setting of noise-free data, the number of involved
decision variables is independent of the time horizon of the experiment. We have
exploited this fact by applying our results to a dataset consisting of 750 samples
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obtained from a discrete-time model of a fighter aircraft. In fact, in Subsection

we have considered the discretization of the model used in [155, Ex. 10.1.2].
To obtain this discrete-time model, the system from [155] was discretized using
a sampling time of 0.01.

We refer to the paper [47] for the solution to the A, control problem for state-
space systems, requiring the existence of two solutions of Riccati equations that
satisfy a coupling condition. In Section we have solved a data-driven version
of the £, control problem. An important tool to achieve this, is the discrete-time
bounded real lemma that provides an LMI condition under which the A, norm
of a transfer matrix is less than a given tolerance. We refer to the book [155]
for more details on this result. For the data-driven solution to the f., control
problem, we refer to [169] and [173].
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Data-driven analysis and design using
input-output data

In this chapter we will study data-driven analysis and control design for discrete-
time input-output systems described by higher order difference equations. In
particular this means that we will temporarily leave the realm of input-state and
input-state-output systems and instead consider linear systems in autoregressive
(AR) form. Before turning to the subject of data-driven analysis and control for
this class of systems, we will first give a brief review of systems in autoregressive
form in Section 9.1. An important role in this chapter will be played by quadratic
difference forms. A brief introduction to this topic will be provided in Section
After the discussions in these two introductory sections, we will turn to the
main subject of this chapter. We will discuss unknown AR systems and data in
Section 9.3, and the special case of uncontrolled AR systems in Section
In Section we will treat the stability analysis of autonomous AR systems.
Based on the results in that section, in Section we will study the problem of
data-driven stability analysis of autonomous systems. Subsequently, data-driven
stabilization of input-output systems will be considered in Sections and
We will close this chapter with a numerical example in Section

9.1 Systems represented by AR models

In this section we review some basic material on systems represented by autore-
gressive (AR) models of the form

Yyt + L)+ Proay(t+L—1)+---+ Pry(t + 1) + Poy(t) =

9.1

QLu(t—l—L)—i-QL,lu(t—i—L—1)+~-~+Q1u(t+1)+Q0u(t). ( )
Here L is a positive integer, called the order of the system. The system variables
u(t) and y(t) are assumed to take their values in R™ and RP, respectively. The
parameters of the model are real p x p matrices Py, P;,...,Pr—1 and p x m
matrices Qo, Q1,...,Qr. By defining the shift operator o as

(@f)(t) = f(t+1) (9-2)
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the AR equation (9.1) can be written as

P(o)y = Q(o)u (9-3)

where P(£) and Q(€) are the real p X p and p x m polynomial matrices defined
by
PE)=I¢"+Pr 1"+ + P+ Py

Q&) =Qr& + Q&8+ + Qi€+ Qo.

The polynomial matrix P(§) is nonsingular, equivalently det P(£) is not the
zero polynomial, and the rational matrix P~(£)Q(£) is proper. Hence (9.1)
represents a causal input-output system with input v and output y. We will use
the notation

(9.4)

R = [-Q©) P(©) and wi= [!]. (95)

The equation (9.3) can then be rewritten as
R(o)w = 0. (9.6)

Clearly, R() is a real p X ¢ polynomial matrix with ¢ := p + m. Often, (9.6)
is called a kernel representation of the input-output system (9.1). The linear
space of all solutions w : Z; — R? of (9.6) is called the behavior of the system,
and will be denoted by B(R). In the special case that m = 0, i.e. there are
no inputs, the polynomial matrix Q(¢) is void and R(§) = P(&). In that case
(9.6) represents an autonomous system and the associated behavior, denoted by
B(P), is a finite-dimensional linear space.
Note that

R(€)=[-Qr I| " + Rp—1&" 1+ + Ri€ + Ry

where R; := [-Q; P;] for i = 0,1,...,L — 1. We collect the matrices R; and
—Qp, in the real p x (¢L + m) matrix

R = [R(] R1 RLfl —QL] . (97)

This matrix will be called the coefficient matrix of R(£). Note that it does not
include the identity matrix appearing in [—Q LI ]
For any given T' > 0, we define the behavior of B(R) restricted to the interval
[0,T] by
B(R)|jo,7) = {wjo,r) € RUTHY | w € B(R)}.

Then the following holds.

1For the notation wy; ;1 and (later on) wy; .1, yi;..] we refer to Subsection
[i.4] [i,4]> Yli, 4]
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Lemma 9.1. Consider the system (9.6) with order L. Let B(R) be its behavior.
Then we have

B(R)|jo,L—1) = Re-
and

B(R)|.0) = ker [R I] = im {_IR} .

Proof. To prove the first statement, let wg,wq,...,wr—1 € RZ. We need to
prove that there exists w € B(R) such that w(t) = w; for t € [0,L —1]. Tt
suffices to prove that there exist wy € RY satisfying

Wo
w1
[Ro Ry~ Ry [-QuI)] | | =0.

wr

Since [—Q L1 ] has full row rank, such wy, clearly exists.
To prove the second statement, note that the inclusion B(R)|o,1) € ker [R I

is immediate. To prove the reverse inclusion, let wg,w1,...,w; € R? be such
that
Wo
w1
[Ro Ry - Ruy [-Qu 1)) | . | =0.
wr,

We will prove that there exists w € B(R) such that w(¢) = w; for t =0,1,..., L.
For this, it suffices to prove that there exist w1 € R? satisfying

wq

i
[RO Ry -+ Rp_4 [—QL IH : =0.

WL+1

Again, since [—Q L1 ] has full row rank such w41 exists. The claim that the
kernel and the image are equal is immediate. This completes the proof of the
lemma. O

Note that the above lemma also applies to the autonomous case, in which
Q(&) is void. In that case the coefficient matrix R of R(£) as in (9.7) is equal to
the matrix [PO P1 s PL,J.
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9.2 Quadratic difference forms

In the stability analysis of systems represented by AR models, an important role
is played by quadratic difference forms. In the present section we will introduce
these, and discuss some important properties.

Let N and g be positive integers and for 4, j € [0, N] let ®; ; € R?*? be such
that ®;; € S? and ®; ; = ‘PL for all © # j. Arrange these matrices into the
partitioned matrix ® € SV+1D4 given by

Do Po1 - Pon
D19 P11 - PN
D= . . .

Ono PNy - P

Then the quadratic difference form (QDF) associated with @ is the operator Qg
that maps R%-valued functions w on Zy to R-valued functions Q¢(w) on Z4
defined by

N
Qo (w)(t) := Z w(t + k)T ®pp w(t+ ). (9.8)
k,£=0

In terms of the matrix ® this can be written as

Qa(w)(t) = w4y 5 P Wit,14 ).

We define the degree of the QDF (9.8) as the smallest integer d such that ®;; =0
for all pairs (i, 7) with ¢ > d. The matrix ® is called a coefficient matrix of the
QDF. Note that a given QDF does not determine the coefficient matrix uniquely.
However, if the degree of the QDF is d, it allows a coeficient matrix ® € S(d+1)a,

The QDF Qg is called nonnegative if Qg(w) > 0 for all w : Z — R9. We
denote this as Q¢ > 0. Clearly, this holds if and only if ® > 0. The QDF is
called positive if it is nonnegative and, in addition, Q¢(w) = 0 implies w = 0.
This is denoted as Q¢ > 0. Likewise we define nonpositivity and negativity.

For a given QDF Q¢, its rate of change along a given w : Z — R? is given
by Qo (w)(t+1) — Qa(w)(¢). It turns out that the rate of change defines a QDF
itself. Indeed, by defining the matrix V& € S(N+2)4 by

o[y 3] [t

it is easily verified that

Qva(w)(t) = Qa(w)(t + 1) — Qa(w)(t)
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forall w:Z; — RYand t € Z,.
Quadratic difference forms are particularly relevant in combination with AR
systems. Let R(£) be a real p x ¢ polynomial matrix and consider the AR system

R(o)w = 0.

Let B(R) be the behavior of this system. The QDF Qg4 is called nonnegative
on B(R) if Qa(w) > 0 for all w € B(R). It is called positive on B(R) if it is
nonnegative on B(R) and, in addition, Q¢(w) = 0 for w € B(R) implies w = 0.
We denote this as Qg = 0 on B(R) and Q¢ > 0 on B(R), respectively. Likewise
we define nonpositivity and negativity on B(R).

Two given QDFs Qg, and Qs, are called B(R)-equivalent if they coincide
on solutions of R(c)w = 0, i.e. Qo,(w) = Qa,(w) for all w € B(R). This is
denoted as Q3, = Qa, on B(R).

It turns out that for any QDF that is nonnegative on a given input-output
behavior, there exists an equivalent QDF that is nonnegative, equivalently, its
coefficient matrix is positive semidefinite.

Theorem 9.2. Consider the input-output system (9.3), with m > 1 and P(&)
and Q(&) polynomial matrices of the form (9.1). Let R(§) and w be as in (9.5).
For any QDF Qg4 such that Qg > 0 on B(R) there exists a QDF Qg such that
Qe = Qo on B(R) and Q¢ > 0, equivalently ® > 0.

Proof. Let d = deg(Qg/). Let the columns of the real matrix K form a basis
for B(R) |jo,q- Since Qg > 0 on B(R) we have K'®'K > 0. Therefore, there
exists a real matrix C' such that K'® K = CTC. Clearly, ker K C kerC
and therefore imCT C im KT. We conclude that there exists a real matrix F
such that CT = KTFT. Assuch, K'®K = K"FTFK. Finally, we see that
®:=F"F>0and Qs = Qo on B(R). O

In the autonomous case, i.e. m = 0, a stronger result holds. In that case,
every QDF turns out to be equivalent to a QDF with degree at most the order
of the system. Indeed, let P(£) be a square polynomial matrix as in (9.4), with
corresponding autonomous system P(c)y = 0 of order L. Denote its behavior
by B(P). Then we have

Lemma 9.3. For any QDF Qg4 there exists a QDF Q¢ with degree at most
L — 1 such that Qa(y) = Qg (y) for all y € B(P). In addition, if Qg > 0 on
B(P) then Qg > 0, equivalently, ® > 0.

Proof. Let d = deg(Qs) and let y € B(P). Then, we have

d d
Qo)) =Dy (t+ k) y(t+1). (9.10)

k=0 1=0
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First consider the case that d < L — 1. Since B(P) |jo,r—1j= RP*, we readily
have that if Q¢ > 0 on B(P) then ® > 0. Next, suppose that d > L. Let k be
such that L < k < d. Then we have

y(t+k)=—-Prqyt+k—1)— - — Py(t+ k- L).
Therefore, one can substitute y(t + k) for k € [L,d] into (9.10) to obtain

L-1L-1

Qo)) =>_ > y' (t+k)Tray(t+1). (9.11)

k=0 1=0

where ®; ; are suitable p x p matrices. Define

o0 DPoa1 - Por—1
P10 P11 o0 P1r
o = . . .
Dr 10 Pr—11 - Pr_1,0—1

It follows from (9.11) that Qs (y) = Qe (y) for all y € B(P). Moreover, again
by the fact that B(P) [0,,—1]= RPE, we see that if Qg > 0 on B(P) we have
® > 0, equivalently, Q¢ > 0.

O

9.3 Input-output AR systems and data

In this chapter we will in particular consider input-output systems with noise,
represented by autoregressive (AR) models of the form

y(t+ L)+ Proay(t+L—1) 4+ Pyt + 1) + Poy(t) =

Qru(t+ L)+ Qp_qu(t+ L — 1)+ -+ Quu(t + 1) + Qou(t) + v(¢t). (9.12)

Here L is a positive integer, again called the order. The control input u(t) and
output y(t) are assumed to take their values in R™ and RP, respectively. The
term v(t) represents unknown noise. The parameters of the model are real p X p
matrices Py, P1,...,Pr_1 and p X m matrices Qq,Q1,...,Qr. As we already
saw in Section 9.1, using the shift operator (of)(¢t) = f(t + 1) the difference
equation (9.12) can be written as

Plo)y=Q(o)u+v (9.13)

where P(§) and (&) are the real p x p and p x m polynomial matrices defined
by
P(§) = I¢" + Ppag" ™'+ + P&+ Ry

9.14
Q) =Qrel +Qr &+ + Q1€+ Qo. (0.14)
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Note that the leading coefficient matrix of P(€) is the p x p identity matrix. This
immediately implies that P(€) is nonsingular and that P~(£)Q(€) is proper.
Thus, indeed, ( ) represents a causal input-output system with control input
u, noise input v and output y.

Next, we will return to our context of data-driven analysis and control. We
will deal with analysis and control design for systems of the form ( ), where
the polynomial matrices P(§) and Q(§) are unknown. The order L and the
dimensions m and p are assumed to be known. We assume that we have obtained
noisy input-output data on a given finite time interval. These data are generated
by an underlying true (but unknown) system. In the special case that this
unknown system has no control inputs then we only have output data, and we
want to use these to check whether the system is stable. On the other hand, in
case that control inputs are present we want to to use the input-output data to
check whether there exists a stabilizing feedback controller and, if so, determine
such controller using only the data. In the present section we will focus on the
case that control inputs are present, i.e. the situation that m > 0.

As stated above, we assume that we have noisy input-output data

(upo, 17> Yjo,17) (9.15)

on a given time interval [0, 7], with T' > L. These noisy data are obtained from
the true system. Assume that this true system is represented by (unknown)
polynomial matrices Piue(€) and Qrue(§) of the form (9.14). In other words,
the true system is represented by the equation Piyue(0)y = Qtrue(0)u + v.

More concretely, we assume that (ujo, 1), yjo,7]) are samples on the interval
[0,T] of u and y that satisfy

Pirue(0)y = Qurue(o)u +v

for some unknown noise signal v. We do make the following assumption on the
noise v during the sampling interval.

Assumption 9.4. The noise samples vjy p_r], collected in the real px (T'—L+1)
matrix V := V|o p_y satisfy the quadratic matrix inequality
T
1 1
] o o
where IT € SPTT—-L+1 is a known partitioned matrix

ITy; II;o
I =
{Hm H22}

with Iy, € SP, 1y € RPX(T=L+D) [y = TI], and TIy € ST-E+1. We assume
that II € IL, 7_r41 with, in addition, IIys < 0. In particular this implies that
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the set Zp_r11(IT) of matrices V' that satisfy (9.16) is nonempty, convex and
bounded (see Theorem A.5).

Assumption (9.1) on the noise samples v(0), ..., v(T— L) can capture various
types of bounds. For examples we refer the reader to Section
Now define ¢ := p + m and denote the unknown p x ¢ polynomial matrix

[—Q(f) P(ﬁ)] by R(§). Also denote

Then (9.13) can be written as
R(o)w = v. (9.17)
Collect the (unknown) coefficient matrices of R(€) in the p x (¢L 4+ m) matrix
R:=[-Qo Py —Q1 P, -+ —Qr—1 PL1 —Qp] (9.18)

Note that, with a slight abuse of notation, we denote both the polynomial matrix
and its coefficient matrix by R. We also arrange the data (ujo,1],¥[0,r]) into the
vectors

w(t) = [“(t)] L te[0,T]

y(t
and define the associated depth L + 1( I){ankel matrix by
w(0)  w(1) - wT-L)
H(w) := w(zl) w(zg) e _:L wy (9.19)
w(L) w(L+1) - w(T)
Furthermore, we partition
H(w) = [g;glw"g] (9.20)

where Hj(w) contains the first gL + m rows and Ha(w) the last p rows. It is
then easily verified that any input-output system ( ) for which the coefficient
matrix R defined in (9.18) satisfies

(R 1] {Hl(w)} -V (9.21)

for some V' € Zp_p41(II), could have generated the noisy input-output data
(9.15). More precisely, w(0),w(1), ...,w(T) are also samples on the interval
[0,T] of a w that satisfies

R(o)w=wv
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for some v satisfying Assumption 9.4. Therefore, if R satisfies ( ) for some
V € Zr_p4+1(II), we call the AR system corresponding to the matrix R consis-
tent with the data. Recall that, in particular, the true system is consistent with
the data. Now define

Vo b i [ ] 02)

Then by combining ( ) and (9.21) we see that the system corresponding to
the matrix R is consistent with the data if and only if R" satisfies the QMI

L{T]TN [ PH >0 (9.23)

equivalently
R" € Z,04m(N).

Since the true system is consistent with the data, the set 2,4, (V) is nonempty.

9.3.1 Uncontrolled AR systems and data

In this section we consider the special case that the unknown system ( ) has
no control inputs, i.e. m = 0. In that case we only have output data and ( )
reduces to

Yyt + L)+ Proqy(t+ L—1)+ -+ Pry(t + 1) + Poy(t) = v(t)  (9.24)

and (9.13) to
Plo)y=v (9.25)

with P(£) a nonsingular polynomial matrix. We will now briefly discuss the
notion of noisy data for this special case. In fact, in this case we have only
output data yjo ) on a finite time-interval [0,7] with 7' > L. We assume that
these data come from an unknown true system. Suppose this true system is
represented by the unknown polynomial matrix Piye(§), with Piyue(§) of the
form (9.14). The true system dynamics are then given by Piue(0)y = v. Again
we assume that the noise v is unknown, but on the time interval [0,T — L] its
samples satisfy Assumption

Any system in the model class of systems of the form ( ) with fixed dimen-
sion p and order L is parametrized by its coefficient matrices Py, Py,..., Pr_1.
We collect these matrices in the p X pL matrix

P = [PO P1 PLfl]. (926)
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Recalling that there are no control inputs, we have w = y. Therefore we denote
the Hankel matrix associated with the data as given by (9.19) by H(y) and as
before partition this matrix as

1) = 1)

Hs(y)
where H;(y) contains the first pL rows and Hs(y) the last p rows. Also define
T
I Hs(y) I Hs(y)
N := II . 9.27
o o) o i (9:27)
Then, as in Section 9.3, the system ( ) with coefficient matrices collected in

the matrix P is consistent with the data if and only if
T
{PIT] N [PIT] >0 (9.28)

equivalently, PT € Z,r(N). Since the true system is assumed to be consistent
with the data, the set Z,1(N) is nonempty.

9.4 Stability of autonomous AR systems

In this section we review some facts on stability and Lyapunov theory in the
context of autonomous systems represented by AR models. We first define sta-
bility.

Definition 9.5. Let P(£) be a nonsingular polynomial matrix. The correspond-
ing autonomous system P(c)y = 0 is called stable if y(t) — 0 as t — oo for all
solutions y on Z .

Recall from Section that the behavior, i.e. the space of all solutions of
P(o)y = 0on Z,, is denoted by B(P). Stability of autonomous AR systems can
be characterized in terms of quadratic difference forms. In fact, the following
proposition holds. For its proof, we refer to [90, Thm. 1].

Proposition 9.6. Let P(§) be a nonsingular polynomial matrix. Furthermore,
consider any QDF Qg such that Q¢ < 0 on B(P). The autonomous system
P(o)y = 0 is stable if and only if there exists a QDF Qg such that Qg > 0 on
B(P) and Qv\y = Q@ on B(P)

For obvious reasons, we refer to the QDF Qg as a Lyapunov function. In
principle, the above theorem does not specify the degree of Q)¢ which could be
large. However, it turns out that if P(§) is of the form

PE)=I¢"+ Py '+ + PE+ Ry (9.29)
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and the corresponding system P(o)y = 0 of order L is stable, then there exists
a Lyapunov function of degree at most L — 1.

Lemma 9.7. Let P(§) be a polynomial matrix of the form (9.29). Let Q¢ be
any QDF of degree L such that Qe < 0 on B(P). The autonomous system
P(o)y = 0 is stable if and only if there exists a QDF Qy of degree at most L — 1
such that Qg > 0, and Qvy = Q4 on B(P).

Proof. We only need to prove the ‘only if’ direction. By Proposition 9.6, there
exists a QDF Qg such that Qg > 0 on B(P) and Qvy = Q¢ on B(P).
By Lemma there exists a QDF Qg of degree at most L — 1 that is B(P)-
equivalent to Qg and that satisfies Q¢ > 0. Finally, Qvy and Qvy are also
B(P)-equivalent and therefore Qvy = Q3 on B(P). O

9.5 Data-driven stability of autonomous AR systems

In this section we study data-based stability analysis for systems of the form
(9.25). By stability of this system we mean that if the noise vanishes, i.e. v =0,
then all solutions y tend to zero as time tends to infinity, equivalently, the
corresponding autonomous system P(o)y = 0 is stable. Our aim is to develop
a test that determines whether our true system is stable on the basis of the
output data yjo 7. As we saw in Subsection , the data do not necessarily
determine the true system uniquely. Thus we are forced to test stability for all
systems that are consistent with the data, that is for all systems for which the
corresponding matrix P (see (9.20)) is in Z,7(N), where N given by (9.27).

In order to proceed, we will first express the existence of a Lyapunov func-
tion Qg for the autonomous system P(o)y = 0 in terms of a quadratic matrix
inequality. This QMI involves a symmetric matrix ¥ of dimensions pL X pL lead-
ing to a Lyapunov function Q¢ and the matrix P = [Po P PL_l]. Indeed,
we have:

Theorem 9.8. Let P(§) = I¢L +Pp_1¢8= 1+ + Plé+ Py and let P(o)y =0
be the corresponding autonomous system. This system is stable if and only if
there exists ¥ € SPL such that ¥ > 0 and

o) ()=o) [ < o0

Any such ¥ defines a Lyapunov function Q.

Proof. We first prove the ‘if’ part by showing that the QDF Qg associated
with the matrix ¥ is a Lyapunov function. Since ¥ > 0 we have Q¢ > 0 so
by Proposition it suffices to show that Qve < 0 on B(P). Following (9.9),
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denote the matrix in the middle of (9.30) by VW. Let y € B(P). Then, for all
t € Z, we have

Yyt + L)+ Pr_qy(t+L—1)+ ...+ Py(t + 1) + Poy(t) = 0.

This implies that

I
Yitt+L) = {—P] Yt t+L-1]

for all t € Z,. Thus we compute

Qve(¥)®) =y sr1) VV Y s 1)

el I
= y[—tr,t-&-L—l] [_p} Vo {—P] Yt t+L-1]

which implies Qvw(y)(t) < 0 for all t € Zy and Qvw(y)(t) =0 for all t € Z if
and only if y(¢) = 0 for all ¢ € Z,.. This shows that Qvy < 0 on B(P).

Next, we turn to proving the ‘only if” part. Suppose the system is stable. De-
fine ® = —1I,(141) so that obviously Q¢ < 0 on B(P). According to Lemma
there exists ¥ € SPX with U > 0 such that Qvy = Qo on B(P). We claim
that U satisfies ( ). Indeed, take any yo,y1,...,yr—1 not all equal to zero.
Clearly, there exists y € B(P) such that y(t) = y;, t € [0,L — 1]. Then,

.
AN I
{—P] \VA [—P] L= y[E,L] VU yi0,) = Qvw (y)(0).
Yr—1 Yr—1

Now, we note that

Qv ()(0) = Qa(y)(0) = Y6 1)¥i0,) <O

which shows that ¥ > 0 satisfies (9.30). This proves the theorem. O

We now return to our problem of verifying stability on the basis of output
data. To this end, we give the following definition of informativity for quadratic
stability.

Definition 9.9. The noisy output data yjo 7 are called informative for quadratic
stability if there exists a matrix ¥ € SPX with ¥ > 0 such that the QMI (9.30)
holds for all P = [PO P o PL,l] that satisfy the QMI ( ), with N defined

by (9.27).
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Informativity for quadratic stability thus means that there exists a matrix
U € SPL such that the QDF Qg is a Lyapunov function for all systems that are
consistent with the data, i.e., all systems in Z,,(NN) are stable with a common
Lyapunov function.

In the sequel, our aim is to establish necessary and sufficient conditions on
the data y(0),y(1),...,y(T) to be informative in this manner. The idea is to
apply the strict matrix S-lemma, Theorem , to obtain such conditions in
the form of feasibility of a linear matrix inequality. Note however that the QMI
(9.28) is in terms of the matrix PT whereas (9.30) is in terms of P. Therefore,
immediate application of the matrix S-lemma is not possible. Below, we will
resolve this issue by reformulating the QMI (9.30) in terms of the variable PT.
We first formulate the following instrumental lemma.

Lemma 9.10. Let P(§) = I¢F + Pp_1&5~ 1 + ... 4 Pi£ + Py and, as before, let
P = [PO P PL,l]. Define the p(L — 1) x pL matrix J by

J = [OP(L_1)7P Ip(L—l)} . (931)

Then ¥ satisfies ( ) if and only it satisfies the (standard) Lyapunov inequality

[_‘H Ty {_JP] —v <o 9.32)

Moreover, if U > 0 satisfies (9.30) then ¥ > 0.

Proof. By inspection, it can be seen that (9.30) can be reformulated as (9.32).
Suppose ¥ > 0 satisfies (9.30). It then immediately follows that

'
J J
vse-[2) %] 50
O

Using two Schur complement arguments, the strict Lyapunov inequality
(9.32) can be seen to be equivalent to

.
0 [T g [
vl [_P} v [_P} >0, ¥>0. (9.33)

Using as an intermediate step that, obviously,

7] =)= 17
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it can be seen that (9.33) holds if and only if ¥ > 0 and

I ’ I
pL pL
o 8] e 5] >0 .
where the 2pL x 2pL matrix M is defined by
T
vl Bl -l
Mo o 10 0 . (9.35)
-1 [J] _g-1
0

From the above we see that informativity for quadratic stability is equivalent to
the existence of ¥ > 0 such that the QMI (9.34) holds for all coefficient matrices
P = [Po P o PL,l] that satisfy the QMI ( ). In terms of solution sets of
QMIs (see Section A.2), this can now be restated as

Pl e Z,,(N) = P[0 -1,) € Zf, (M)
or equivalently,
ZpL(N) [0 _]p] < Z:L(M)' (9.36)

In order to be able to apply the strict matrix S-lemma Theorem we want
to express the (projected) set on the left in (9.36) as the solution set of a QMI.
To this end, define

-
7. [[0=D] 0 [0-1,] 0
O PO I LI R
Then, indeed, we have the following lemma.

Lemma 9.11. Assume that the Hankel matrix H,(y) of depth L has full row
rank. Then Z,1(N) [0 —I1,] = Z,.(N).

Proof. Note that N is partitioned as

Ni1 N
N =
[N21 N22:|

with Nog = Hy(y)IlaoHy(y) . By Assumption 9.4 we have Ilo3 < 0 and therefore
Nao < 0 because Hi(y) has full row rank. The true system is consistent with
the data and therefore Z,1(N) is nonempty. From ( ), we see have that
N|Nss > 0. The result then follows from Theorem . O
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Summarizing our findings up to now, we see that under the assumption that
Hi(y) has full row rank, informativity for quadratic stability is equivalent to
the existence of ¥ > 0 such that the inclusion Z,(N) C Z;' (M) holds. This
inclusion is dealt with by Theorem

Lemma 9.12. Let ¥ > 0 and let M be given by (9.35). Assume that H;(y)
has full row rank. Then Z,1(N) C Z;L (M) if and only if there exists a > 0
such that

M —aN > 0. (9.38)

Proof. We check the conditions of Theorem on N. Note that
v Niy Nu}
N = |y

[N21 Noo

- 0 - 0
Ny, = {—I ] Ny [0 =), Nig= [—I } Nio.
P P

We have Ny = Hi(y)oeHy(y) " < 0. Finally, the Schur complement N | Nog >
0 since N | Nog > 0. This completes the proof. O

Thus, informativity for quadratic stability is equivalent to the existence of a
scalar @ > 0 and a matrix ¥ > 0 such that (9.38) holds. Note that due to the
negative definite lower right block in M, the scalar « is necessarily positive. By
scaling the inequality ( ) we can therefore take o = 1. Putting ® := U1 we
then finally obtain the following necessary and sufficient condition in terms of
feasibility of an LMI. Recall the definition (9.31) of the matrix J.

Theorem 9.13. Let N be given by (0.37), where N is defined by (9.27). As-
sume that Hi(y) has full row rank. Then the output data yjo 1) are informative
for quadratic stability if and only if there exists ® € SP* with ® > 0 such that

S L
Wl

In that case the QDF Qg with U := &~ is a Lyapunov function for all systems
of the form (9.25) consistent with the data.

Remark 9.14. Note that the size of the LMI (9.39) is 2pL whereas the number
of unknowns is %pL(pL + 1). These are independent of the length 7'+ 1 of the
interval on which the input-output data are collected, and only depend on the
order of the system and the number of outputs.
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9.6 Data-driven stabilization of input-output AR systems

In this section we will discuss data-driven stabilization of input-output systems
in AR form. We will work in the setup of Section 9.3, with systems of the form
(9.12), or equivalently (9.13), with polynomial matrices as in (9.14) of given
degree L. We will slightly restrict our model class and assume that the leading
coefficient matrix @, of Q(&) is equal to zero. In other words, we will consider
systems of the form

Plo)y=Q(o)u+v (9.40)
with
P& =18+ P ¢+ PIE+ By
Q) =Qr1& "+ + Qi€+ Qo.

This means that P(£)~1Q(£) is assumed to be strictly proper. We assume that
we have noisy input-output data (up,ry, yjo,7]) on the interval [0, 7] with T > L.
These are samples of v and y obtained from the unknown true system

(9.41)

Ptrue(a)y = Qtrue(a)u +v

The noise v is unknown, but its samples are assumed to satisfy Assumption
Since we have assumed that @ = 0, our model class is now parametrized by

P07P15 cee PL—l and Q07 Q17 s 7QL—1~ Again denote R(f) = [_Q(é) P(§)]7
q = p+ m, and collect the coefficient matrices in the p x gL matrix

R=[-Qo Py —Q1 P -+ —Qr—1 Pr1] (9.42)

Associated with the input-output data, we consider the slightly adapted Hankel
matrix H'(w) defined by

w(0) w(l) -+ w(T—1L)
w(1) w(2) - w(T—-L+1)
Hi(w)= | s s
w(l—-1) w(lL) - wT-1)
y(L)  y(L+1) - y(T)
Partition H ()
') = ()

where Hj(w) contains the first ¢L rows and Hj(w) the last p rows. Clearly, the
system with coefficient matrix R is consistent with the data if and only if

L{T]TN [}H >0 (9.43)
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equivalently
R" € Z,1(N)
where
_ [T H3(w)] [T Ha(w)] '
N = {0 H () I 0 Hi(w)| (9.44)

Next, we will address the stabilization problem. A feedback controller for
the input-output system (9.40) with P(¢) and Q(&) of the form (9.41) will be
taken to be of the form

G(o)u= F(o)y (9.45)
with
GE&) =I"+ G "+ +GiE+ Gy
F&) =Fr "'+ + i+ F.
The leading coefficient matrix of G(§) is assumed to be the m xm identity matrix

and G; € R™*™_ F, € R™*P for ¢ = 0,1,...,L — 1. The closed loop system
obtained by interconnecting the system and the controller is represented by

G(o) —F(U)] [u} [0]
= . 9.46
o 7ol b= 1n (940
Since the leading coefficient matrix is the ¢ x ¢ identity matrix, the controlled
system with noise equal to zero is autonomous. We call the controller (9.45) a
stabilizing controller if the controlled system ( ) is stable, in the sense that

if v = 0, then all solutions u and y tend to zero as time tends to infinity.
Now define

C(¢) = [G(&) —F(&)]

and recall that w = col(u,y). Then (9.46) can equivalently be written in kernel

representation as
[gggﬂ v [I(:o] " (9.47)

Collect the coefficient matrices of F(§) and G(¢) in the matrix C defined by
C = [Go *Fg Gl *Fl GL_1 7FL_1] (948)

and recall definition (9.12) of the matrix R associated likewise with R(). Recall
that the leading coefficient matrix of [C €7 R(¢ )T} T is the q X q identity matrix.

. T . . .
Furthermore, the matrix [C’T RT] collects the remaining coefficient matrices.
An immediate application of Theorem then yields:
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Lemma 9.15. The controlled system ( ) is stable if and only if there exists
U e S guch that ¥ > 0 and

T

I I
—C ([%q g} _ {‘g (?D —c| <o (9.49)
"R /) |_p

Moreover, if U > 0 satisfies (9.19), then ¥ > 0.
This leads to the following definition of informativity.

Definition 9.16. The input-output data (up 1), yj0,r]) are called informative
for quadratic stabilization if there exist C' € R™*4L and ¥ € S?% such that ¥ > 0
and the QMI (9.19) holds for all R satisfying (9.43), with N defined by (9.11).

Informativity for quadratic stabilization thus means that there exists a con-
troller C(o)w = 0 (equivalently, G(o)u = F(o)y) and a matrix ¥ € S such
that the QDF @y is a common Lyapunov function for all closed loop systems
obtained by interconnecting the controller with an arbitrary system that is con-
sistent with the data.

Below, we will derive necessary and sufficient conditions for informativity for
quadratic stabilization. Similar to Section 9.5, the QMI (9.43) is in terms of the
matrix BT whereas (9.19) is in terms of R. We will therefore first reformulate
the QMI (9.49) in terms of the variable R.

Define the ¢(L — 1) x ¢L matrix J by

J = [OQ(L—l),q Iq(L—l)] : (9.50)
By Lemma , U e S W > 0 satisfies ( ) if and only if ¥ > 0 and satisfies
the strict Lyapunov inequality
EARE
-C| v |-C|-¥<0
| —R] -R
which is equivalent to
(7] an
vt —Cc|lvt{-C| >0, ¥>o0. (9.51)
| —R] -R
By writing
J J 0
—-C|=1|-C|-1{0
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it can be seen that (9.51) holds if and only if ¥ > 0 and

I N I

qL qL

P R e P R (%52
where the 2¢qL x 2¢qL matrix M is defined by

T

J J J
vlo|—c|lut|-c| - |-C|ut
0 0 0
M := L . (9.53)
J
= e gt
- 0 -

Thus we see that informativity for quadratic stabilization is equivalent to the
existence of an m x ¢L matrix C' and a matrix ¥ € S?¢ ¥ > 0 such that the
QMI (9.52) holds for all coefficient matrices R that satisfy the QMI (9.413). The
matrix C is then the coefficient matrix of a suitable controller. In terms of
solution sets of QMIs this can be restated as

RT € Z,,(N) = RT[00 —1I,] € 2], (M)

or equivalently,
Z,,(N)[00 —1,) € 2/ (M). (9.54)

As before, in order to be able to apply the strict matrix S-lemma in Theorem
, we want to express the set on the left in (9.54) as the solution set of a
QMI. Define the 2qL x 2qL matrix N by

T {[0 oo—fp] L?JTN [[0 oo—fp] ISJ . (9.55)

Then we have the following lemma, whose proof is similar to that of Lemma

Lemma 9.17. Assume that the Hankel matrix Hj(w) has full row rank. Then
Za(N) [0 0 —I,] = Z,(N).

From the above we see that, under the assumption that Hj(w) has full row
rank, informativity for quadratic stabilization requires the existence of C' and
¥ > 0 such that the inclusion Z,7,(N) C Z;L(M ). holds. This inclusion is dealt
with by Theorem

Lemma 9.18. Let ¥ > 0, C € R™*9L and M be given by (9.53). Assume that
H{(w) has full row rank. Then Z,,(N) C Z;L(M) if and only if there exists a
scalar o > 0 such that

M —aN > 0. (9.56)
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Proof. The proof is similar to that of Lemma . (]

Note that the unknowns C' and ¥ appear in the matrix M in a nonlinear
way, and even in the form of an inverse. By putting ® := U~! we can get rid of
the inverse, and rewrite the condition M — alN > 0 as

T

J1 7 J
- |-cle|-c| -|-Cc|@®
0 0 0 _
LT —aN > 0. (9.57)
—% |-C ~%
O . -

Thus, informativity for quadratic stabilization holds if and only if there exists
® > 0, a matrix C, and a scalar o > 0 such that (9.57) holds. Note that o must
be positive due to the negative definite lower right block in ( ). By scaling
® we can therefore take @ = 1. By introducing the new variable D := —C'®
and taking a suitable Schur complement, (9.57) can then be reformulated as the
following LMI in the unknowns ® and D:

Jo] [Jo]]
® —|p| |D
0 0
Jo] " _
~|D > 0 |- {N 0 } > 0. (9.58)
0 0 0,z
Jo] "
D 0 ®
L 0 .

This then immediately leads to the following characterization of informativity for
quadratic stabilization and a method to compute a suitable feedback controller
together with a common Lyapunov function.

Theorem 9.19. Assume that H|(w) has full row rank. Let the matrix N
be given by ( ), with N defined by (9.44). Then the input-output data
(upo, 17, Yjo,1]) are informative for quadratic stabilization if and only if there exist
matrices D € R™*%% and & € S?* such that ® > 0 and the LMI (9.58) holds.

In that case, the feedback controller with coefficient matrix C := —D®!
stabilizes all systems of the form (9.40) that are consistent with the input-output
data. Moreover, the QDF Qg with U := ®~! js a common Lyapunov function
for all closed loop systems.
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Remark 9.20. Thus, in order to compute a controller that stabilizes all systems
consistent with the data and which gives a common Lyapunov function, first
compute the matrix N using the Hankel matrix associated with the data. Next,
check feasibility of the LMI ( ) and, if it is feasible, compute D and ®. An
AR representation of the controller with coefficient matrix C = —D® ! is then
obtained as follows: partition C' := [Go —Fy Gy —Fy -+ G4 —FL_J with
F; € R™*P and G; € R™*™, Next define F(¢) := Fr_ 6671 + ... + Fy and
G(&) =16 + G 1571 +--- 4+ Go. The corresponding controller is then given
in AR representation by G(o)u = F(0)y.

Remark 9.21. The size of the LMI (9.58) is 3¢ L, while the number of unknowns
is %qL(qL +2m + 1). Again these numbers do not depend on T'.

9.7 Reduction of computational complexity

In this section we will again take a look at the data-driven stabilization problem.
In Section we showed that finding a controller that stabilizes all systems that
are consistent with the data requires checking feasibility of the LMI ( ). The
size of this LMI is 3¢L, while the number of unknowns is %qL(qL +2m+ 1),
both independent of the time horizon 7. The unknowns in the LMI (9.58)
are the matrices ® and D that together lead to a controller and a common
Lyapunov function. In the present section we will decouple the computation
of the common Lyapunov function from that of the controller. This will lead
to checking feasibility of an LMI of smaller size and with a smaller number of
unknowns.

In order to proceed, we will need the following lemma, whose proof follows
from Theorem and Corollary

Lemma 9.22. Let II € II,, and let W € R?*P have full column rank. Let
Y € R™*P. Then there exists a matrix Z € R"*4? such that

(a) Z € Z(ID)
(b) ZW =Y

if and only if 11 |1lss > 0 and Y € Z (Ilyy). If these two conditions hold and,
in addition, Ilss < 0 then the matrix

Z i= —T5 gy + (Y + Ty Ty W) (T | Tgg) "W T (IT| o) (9.59)
satisfies and

Now consider the inequality (9.57) and recall that the existence of ® > 0
and C satisfying this inequality with o = 1 is equivalent to informativity for
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quadratic stabilization. We can reformulate ( ) as

I, 07" I, 0
0 IqL o0 N 0 IqL
J1" [0 0] N0 J717 > 0. (9.60)
—C| I 0 - -C| I
0 0
Then by applying Lemma we now obtain necessary and sufficient condi-

tions for informativity for quadradric stabilization, together with a formula for
a stabilizing controller. Define the 2¢L x (2¢L — m) matrix W by

Iy—1y 0 0
0 Oy O
=1 I, 0
0 0 I,L

In addition, partition the matrix N as in ( ), where Ni; and Ny, are in S
and Njp = N,; € Rabxak,

Theorem 9.23. Assume that H|(w) has full row rank. Let the matrix N
be given by (9.55), with N defined by (9.41). Then the input-output data
(uo, 17, Yjo,1]) are informative for quadratic stabilization if and only if there exists
® € S such that

® > N|Noy (9.61)
and
[[JTIg/IqL]]T [((I; 8l - NO@ |:[JTI?)/IQL]:| > 0. (9.62)

Moreover, if ® satisfies these two LMIs, then the controller with coefficient
matrix C' defined by

_ -1 Og(L—1),m
CTi=—[JT 0 I,] (WT <[‘(I)’ 8} —~ N) W) wrT [‘(I)’ 8] I, (9.63)
O(p-{—qL),nL

satisifies ( ). As a consequence, this controller stabilizes all systems consistent
with the data, and the resulting closed loop systems have common Lyapunov
function Qg with U := &1,

Proof. We first prove the ‘only if’ statement. Since & > 0, it follows immedi-
ately from (9.60) that

E’ 8} —~N>0. (9.64)
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In turn, this implies ® > N | Noy. By multiplying ( ) from the right by W
and from the left by its transpose, we obtain the inequality ( ).

To prove the converse implication, recall that N | Ny > 0. Hence it follows
from (0.61) that ® > 0, and, using the fact that Ny < 0, that (9.64) holds.
From this it follows that the matrix II defined by

®0 -
IT := {0 0} N0
0 -9
is in the set Ilyqz, 4r,- Then, applying Lemma toll, WandY := [JT 0 IqL]
shows that there exists a matrix C such that ( ) is satisfied. In other words,
the data are informative for quadratic stabilization.

Finally, we will prove the formula ( ) for CT. To this end, again apply
Lemma toII, W and Y = [JT 0 I,z]. Introduce the shorthand notation

—1
. T(|®0] &
s (o ([0 x)w)
By (9.59), a ‘structured’ element [JT —CT 0 I,z] in the set Z;'L(H) is given by

[JT —CT 01, ]=1[JT 0 I] AWT (E) 8} - 1\7)

As such, a controller is given by

A\ | Qa(z—1),m
CTl=—[JT 0] AW’ (F 0} —N)

00 O(p+qL),m
It is easily verified that
Og(z-1),m
I, =0
Op+qL),m
Thus we conclude that C'T is given by (0.63) as claimed. O

Remark 9.24. Note that we have indeed managed to reduce the size and the
number of unknowns. The total size of the LMIs (9.61) and (9.62) is equal to
3¢L — m, whereas the number of unknowns has been reduced to $qL(gqL + 1).
The computation of the controller has been decoupled from that of ®. Indeed,
a stabilizing controller is now computed using (9.63) in terms of ®.
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Figure 9.1: The cart and pendulum, with the parameters noted.

9.8 Simulation example

In this section we will apply the theory established in Section to the design
of a stabilizing controller for an inverted pendulum on a cart.

Consider a standard inverted pendulum on a cart as depicted in Figure
Here, m and ¢ denote the mass and length of the pendulum. The mass and
coefficient of friction of the cart are denoted by M and b. Lastly, we consider
the following variables: the horizontal displacement of the cart is given by =,
the angle of the pendulum from the (unstable) equilibrium is ¢, and the force
applied to the cart is denoted by wu.

Assuming that M, m, and ¢ are nonzero, it is straightforward to derive the
following equations of motion:

(M + m)i + bi — mlg cos(¢) + mlp? sin(¢p) = u
{6 — gsin(¢) = i cos(¢)

In order to bring this model into the form used in this chapter, we discretize
and then linearize it. Denoting the step size of the discretization by 4, we then
obtain the linear discrete time model

[m(t+2)} N [—2+ 2 ] [m(t—i— 1)}

ot +2) b ol @t +1) 065
i H‘E(ﬂ—[@]u@ |
—8bq_ 97g( M*”” o(t) S

M?{
+
MY

of order L = 2. We take y = [x ¢} T Then after incorporating an additive noise
term v(t) = [v1(t) v2(t)]T in (9.65), we obtain a system of the form (9.40).

In this example we let the parameters take the following values: M = 1kg,
m = 0.7kg, b = 0.1-5-, g = 9.8%5, | = 0.5m, and § = 0.01s. The resulting

m/s’
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system ( ) with additive unknown noise term v will now be considered as the
true unknown system.

9.8.1 Measurements from the linearization

In the first simulation example, we collect measurements from the noisy lin-
earized system, i.e. the system ( ) with additive noise. We take T' = 20, pro-
vide 2 initial conditions, and generate random inputs from the interval [—1,1]:

Upg = [~0.9960 —0.7388 —0.6322 0.6612 —0.8090 —0.2520 0.1023 |
Upras) = [~0.7179 —0.0428 —0.8528 0.4309 0.6413  0.6225 0.2019 ]
Upao = [ 0.7475 —0.1559 —0.5855 —0.7585 —0.3562 —0.6643 ] .

As for the matrix of noise samples V', we will assume a noise model of the form
( ) by considering VV' T < el,. Note that, in order to discretize the system
and make the leading coefficient equal to I, the dynamics were multiplied by
a factor of §%. Indeed, it is seen in (0.65) that the effect of the input u on
the dynamics is proportional to 62. Therefore, it is reasonable to assume that
the same holds for the noise signal v. Consequently, € can be assumed to be
proportional to 4. In the present example, we therefore take ¢ = 10725%.

We now generate a random noise signal that satisfies the noise model and
apply the initial conditions, inputs and noise to the linearized system ( ) with
additive noise. The measurements resulting from this are given as

[0.1000 0.1010 0.1020 0.1029 0.1039 0.1050 0.1061 |
| 0.1000 0.0990 0.0981 0.0974 0.0969 0.0969 0.0970 |

v . _ [0.1072 0.1084 0.1096 0.1108 0.1121 0.1134 0.1149 ]
7151 = | 0.0974 0.0982 0.0991 0.1003 0.1017 0.1035 0.1058 |

v _ [0.1165 0.1182 0.1200 0.1219 0.1238 0.1258 0.1277 ]
[14.201 = | 0.1085 0.1116 0.1153 0.1192 0.1235 0.1279 0.1327 |-

Yio,6) =

We will use Theorem to show that these measurements are informative
for quadratic stabilization. For this, we first form the matrices H|, Hj and N.
It is straightforward to see that H{ has full row rank. We now use Yalmip with
Mosek as a solver in order to find matrices D € R'*® and ® € S°, such that
® > 0 and the LMI ( ) holds. Indeed, such matrices exist, and therefore
the data are informative for quadratic stabilization. We can find a stabilizing
controller by taking C = —D®™!, which results in

C= [0.76 29168.72 —18360.21 0.68 —29515.03 19264.40] .
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This corresponds to the controller of the form ( ) given by

u(t+2) + 0.68u(t + 1) + 0.76u(t) = 29515.03z(t + 1)
— 19264.406(t + 1) — 20168.72x(t) + 18360.21¢(1).

The large difference in magnitude of the gains corresponding to x and ¢ and
those corresponding to w is caused by the discretization.

In Figure we can see the results of applying this controller to the linear
discretized model, with noise v = 0. To be precise, we plot both = in Fig-
ure and ¢ in Figure for 200 steps originating from a given initial
condition. This illustrates that the controller stabilizes the linearized system, as
was guaranteed by Theorem

9.8.2 Measurements from the nonlinear system

In this example, instead of measuring the linear system ( ) with a bounded
noise term, we will perform measurements on the (discretized) nonlinear system
directly. This means that we interpret the noise term v(t) of the linear system
as the effect of the nonlinearities. Again, we provide 2 initial conditions and
take T' = 20. We will generate measurements close to the equilibrium, in order
to keep the effect of the nonlinearities relatively small. As such, we will assume
that VV'T < 107%§%1,, which we will validate experimentally.

Again, we generate random inputs from the interval [—1, 1], which results in:

Up.g = [~0.6358 —0.2516  0.6150 —0.1941 —0.4534 —0.8523 0.1926 |
Uprag) = [0.6554 —0.0237  0.3687 —0.0440 —0.2577 0.3739 0.5910 ]
Upatg) = [~0.1870  0.2488 —0.6610 0.7050 —0.3602 0.1016] .

If we apply these to the nonlinear system with the given initial conditions,
we obtain the following measurements.

[0.1000 0.1010 0.1020 0.1029 0.1040 0.1050 0.1061 |
| 0.0400 0.0390 0.0380 0.0371 0.0364 0.0358 0.0353 |

v . _ [0.1070 0.1081 0.1090 0.1100 0.1111 0.1121 0.1132]
7131 = | 0.0347 0.0342 0.0337 0.0333 0.0332 0.0331 0.0330 |

v _ [0.1143 0.1155 0.1167 0.1180 0.1192 0.1205 0.1218 |
[14.201 = | 0.0332 0.0336 0.0340 0.0346 0.0352 0.0361 0.0370 |-

Yio,6) =

For the sake of simulations, we note that the effects of the nonlinearities for
these initial conditions and inputs, as captured in the matrix V', indeed satisfy
the assumed noise model. Similar to earlier, we note that H{ has full row rank,
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and we can find ® and D such that ( ) holds. This means that the data are
informative for quadratic stabilization. By taking C = —D®~!, we obtain

C= [1.03 27778.78 —19129.66 0.85 —27967.57 20120.40]
This corresponds to a controller given by:

u(t +2) + 0.85u(t + 1) + 1.03u(t) = 27967.57=(t + 1)
— 20120.406( + 1) — 27778.78x(t) + 19129.666(t).

As before, we apply the resulting controller to both the discretization of the
nonlinear model and its linearization ( ) without noise. For both models and
a given initial condition the values of the position of the cart for 200 steps are
shown in Figure . In Figure we show the corresponding angles of
the pendulum for the same interval of time.
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—— Linearized model 0.5 —— Linearized model

—— Nonlinear model

—— Nonlinear model

0.5
s | | | l —05 | | |
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(a) The position = of the cart for the situa- (b) The angle ¢ of the pendulum for the situa-
tion of Section . tion of Section
T T 0.2
1
—— Linearized model
—— Nonlinear model 0
-0.2
—-0.4
—— Linearized model
—06L —— Nonlinear model
| | | | | |
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(¢) The position z of the cart for the situation (d) The angle ¢ of the pendulum for the situa-
of Section . tion of Section
Figure 9.2: The results of interconnecting the controllers of Section (top)
and Section (bottom) to the linearized and nonlinear model.
9.9 Notes and references
The results of this chapter are based on the paper [174]. They rely heavily
on ideas from the behavioral approach to systems and control [186-189]. For
a textbook reference on this subject we refer to [129]. In particular, one of

the central objects of study has been the concept of quadratic difference forms
(QDFs).

Quadratic differential forms were first introduced in continuous time by
Willems and Trentelman in [191]. There, they were considered as a vehicle for
constructing, among others, Lyapunov functions for linear systems described by
higher order differential equations. In fact, one of the main ideas of that paper is
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to characterize stability of autonomous linear systems in autoregressive form by
means of a QDF Lyapunov function that is a quadratic function of the external
variables of the system and their derivatives up to a certain order. The topic
of controller synthesis using quadratic differential forms has been studied in the
two-part paper [192, 193], leading to the solution to the H, control problem in
a behavioral setting.

In discrete-time, quadratic difference forms have been studied in the litera-
ture. In particular, we refer to the papers [90,91] that treat stability analysis
of systems described by higher order difference equations. In this case, QDF
Lyapunov functions are quadratic functions of a number of shifts of the external
variables of the system.

In the context of data-driven analysis, QDFs have been used before to assess
dissipativity properties of linear systems from data. In particular, we point

towards the paper [107] and the more recent work [140].
The problem of stabilization of input-output systems using noisy input-
output data has been considered in the papers [20,44,157]. A general strategy,

adopted by all these papers, is to rely on an auxiliary state-space representation
of the system with a state comprised of shifts of the inputs and outputs. This
leads to an input-state-output system to which techniques for state data are
applicable. A potential downside of this approach is that the obtained state-
space systems are structured in the sense that the involved matrices contain
both known and unknown block entries. If this structure is not taken fully into
account, this may lead to rather conservative conditions for data-driven control
design. Exploiting this prior knowledge on the system matrices is an important
problem, which has recently been studied in [20]. The approach in Section
provides an interesting alternative to the above paper since it avoids the use of
state-space representations. In fact, the idea of this chapter has been to work di-
rectly with Lyapunov functions that are functions of (external) input and output
variables, thereby obviating the need for state-space respresentations. Nonethe-
less, we do point out that the linear matrix inequality condition for the existence
of a QDF Lyapunov function in Theorem can be interpreted as a ‘standard’
Lyapunov inequality ( ) for a state-space representation of the AR system
under consideration. Therefore, the problem of data-driven stabilization using
input-output data could alternatively be solved using state-space representa-
tions. However, an important aspect of our approach is to take into account the
structure of such state-space representations by using Lemmas and
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Data-driven tracking and regulation

10.1 Introduction

This chapter deals with the classical control design problem of tracking and
regulation. We will study this problem from a data-driven perspective, using
the concept of informativity.

Before embarking on the data-driven approach, we will first briefly review
the main idea behind this problem. Roughly speaking, the problem of tracking
and regulation is the combination of two different control problems, namely the
tracking problem and the output requlation problem, into one single problem.

The tracking problem is the problem of finding a feedback controller such
that the output of the controlled system tracks (i.e., converges to) some a priori
given reference signal. Many relevant reference signals (such as step functions,
ramps, sinusoids) can be generated as solutions of a suitable autonomous lin-
ear system. Given a desired reference signal, one first constructs a suitable
generating autonomous system (called the exosystem). Next, this exosystem is
interconnected to the control system (called the endosystem), and a new output
is defined as the difference between the original system output and the reference
signal. The tracking problem is then to design a feedback controller such that
the output of the interconnection converges to zero as time runs off to infinity.

On the other hand, in the output regulation problem we have a control
system (again called endosystem) subjected to external disturbances, and we
want to design a feedback controller such that the output of the controlled
system converges to zero for any disturbance entering the system and for any
initial state of the system. In the output regulation problem, a distinguishing
feature is that we assume that the disturbance inputs are generated by some
autonomous linear system, again called an exosystem. The output regulation
problem is then to design a feedback controller for the interconnection of endo-
and exosystem such that its output converges to zero for all initial states. Of
course, the above two feedback design problems can be combined into the single
problem of designing a controller such that the output of the controlled system
tracks a given reference signal, regardless of the disturbance input entering the
system, and the initial state. This problem is referred to as the problem of
tracking and regulation, also called the regulator problem.
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In this chapter we will study this problem in a data-driven context. It wil
be assumed that the ‘true’ endosystem is unknown, and that we only have data
on the input, endosystem state, and exosystem state in the form of samples on
a finite time-interval. The exosystem is assumed to be known, since this system
models the reference signals and possible disturbance inputs. Also the matrices
in the output equations are assumed to be known, since these specify the design
specification (namely the output that should converge to zero).

10.2 An illustrative example

We will first illustrate the problem that will be considered in this chapter by
means of a simple extended example.

Example 10.1. Consider the scalar linear time-invariant system
z(t+ 1) = agruex(t) + bruct(t) + d(t) (10.1)

where z is the state, u the control input, and d a disturbance input. The values
of agrue and byye in this system representation are unknown. We assume that
the disturbance can be any constant signal of finite amplitude. Suppose that
we want the state 2(t) to track the given reference signal r(t) = cos §t, for any
constant disturbance input, regardless of the initial state of the system. The
problem is to design a control law for ( ) that achieves this specification. We
assume that r, x and d are available for feedback and allow control laws of the
form

u(t) = kir(t) + kar(t + 1) + ksd(t) + kax(t). (10.2)

Interconnecting (10.1) and (10.2) results in the controlled system
x(t + 1) = (atrue + btruek4)x(t) + (btruekB + 1)d(t) + btrueklr(t) + btruekQT(t + 1)

where the gains k; should be designed such that x(¢t) —r(t) — 0 as t — oo for any
constant disturbance input d and initial state 2(0). It is also required that the
controlled system is internally stable, in the sense that agrue + birucks is stable'.

The values of agrye and birye that represent the true system are unknown,
but in the data-driven context it is assumed that we do have access to certain
data. In particular, it is assumed that we have finite sequences of samples of
x(t), u(t) and d(t) on a given time interval [0, T], given by

U_:= U[[),Tfl] (1033)
X == Xjo11 (10.3D)
D_ = D[O,T—l] (103C)

Mn this scalar context this means that it should lie in the interval (—1,1).
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where, in this particular example, by assumption d(t) = d(0) for ¢ € [0,T — 1].
Define

X+ = X[LT]
X_ = X[O,T*l]'

It is assumed that these data are generated by the true system, so we must have
X+ = atrueX— + byrueU— + D_. For this example, the problem of data-driven
control design is now to use the data (10.3) to determine whether a suitable
controller ( ) exists, and to compute the associated gains ki, ko, k3 and ky
using only these data.

Note that in the above, both the reference signal and the disturbance signals
are solutions of the autonomous linear system

7'1(t+1) 0 1 0 Tl(t)
ro(t+1)| = [=1 00| |ra(t) (10.4)
d(t +1) 0 01 |d@)

with initial state r1(0) = 1 and 79(0) = 0, and d(0) arbitrary. Indeed, it can
be seen that the reference signal r(t) = cos 5t is equal to 71(t). In addition,
the solutions d(t) are all constant signals of finite amplitude. The autonomous
system (10.4) is called the exosystem.

The interconnection of the (unknown) to be controlled system (10.1) (called

the endosystemn) with the exosystem (10.4), is represented by

rt+1)]T0 10 07 [r) 0

T'Q(t + 1) 100 O TQ(t) 0

dt+1) o o1 o | lde| ] o [“® (10.5)
z(t+1) 0 01 atue| | =(t) berue

In this representation, the part corresponding to the exosystem is known, but the
part corresponding to the endosystem (specifically: agrye and bipye) is unknown.
We now also specify a (known) output equation

r1(t)
ro(t
2(t)=1[100 —1] dQ((t))
x(t)
Then the problem of our example can be rephrased as: using only the data
(10.3), design a full state feedback control law

U(t) = /{17’1 (t) + kQTQ(t) + kgd(t) + k4l‘(t)
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for the system ( ) such that in the controlled system we have z(t) — 0 as
t — oo for the initial states r1(0) = 1, r2(0) = 0, and d(0) arbitrary, while
internal stability is achieved in the sense that aiyye + birueks is stable. In order
to allow tracking of signals from the richer class of all reference signals of the form
r(t) = Acos(3mt +w) (A and w are determined by the initial states r1(0) = 1
and r5(0)), we may slightly relax the problem formulation and require z(t) — 0
as t — oo for all initial states r1(0),72(0) and d(0). [ |

10.3 Informativity for regulator design

In this section we will formulate the problem illustrated in the example of the
previous section in a general framework. To this end, consider the model class
of endosystems of the form

{L‘Q(t + 1) == Agl‘(t) + Bgu(t) + A3£U1(t). (106)

Here, x5 is the no-dimensional state, u the m-dimensional input, and x; the
ni-dimensional state of the exosystem

that generates all possible reference signals and disturbance inputs. The matrices
Ay and B, will be assumed to be unknown, but the matrix A; is assumed to
be known. Also Aj is assumed to be a known matrix that represents how the
endosystem is interconnected with the exosystem. Later on in this chapter, in
Section , we will treat the case that, in addition to A and Bs, also the
coupling matrix As is unknown. The output to be regulated is specified by

Z(t) = Dll‘l(t) + Dgxg(t) + Eu(t) (108)

where also D1, Dy and E are assumed to be known. Accordingly, our model
class M consists of all systems given by (10.6), (10.7) and (10.8), parametrized
by the matrices A; and By. The true (unknown) values of these matrices are
given by AQ,true and Bs true-

By interconnecting the endosystem (10.6) with the state feedback controller

u(t) = Kirq (t) + Kzl‘g(t) (109)

we obtain the controlled system

[2818] - {Ag +A1132K1 Ay +OBQKJ [z;(t)] (10.10a)

2(t) = [D1 + EKy Dy + EK,] { )] : (10.10b)



Informativity for regulator design 223

If 2(t) — 0 as t — oo for all initial states x1(0) and z2(0), we say that the
controlled system is output requlated. If Ay + BoK5 is a stable matrix we call
the controlled system endo-stable. If the control law ( ) makes the controlled
system both output regulated and endo-stable, we call it a regulator.

Since we do not know the true values Ag e and B2 grue representing the
endosystem ( ), the design of a regulator can only be based on available data.
We will assume that the data are finite sequences of samples of z1(t), z2(t) and
u(t) on the time interval [0, 7] given by

U- = U[O,T—l]
X1 = Xij0,7-1)
X2 = X2[0,T].

The true endosystem generates these data, and therefore we must have
X2+ - AZ,trueX27 + BZ,trueUf + A3X17 (1012)
where, as before, we denote

Xo— 1= Xopo, 11
Xog = X2[1,T]~

An endosystem with system matrices (Ag, By) is called consistent with these
data if also As and Bs satisfy the equation

Xoy = AyXo_ + BoU_ + AsXy_ . (10.13)

The set of all (Ag, By) that are consistent with the data is again denoted by Xp,
ie.,

Yp:={(42,B2) | ( ) holds} . (10.14)
Since ( ) is assumed to hold, the true endosystem (As true, B2 true) 18 in Xop.
In general, the equation ( ) does not specify the true system uniquely, and

many endosystems (A, B2) may be consistent with the same data.

Now we turn to controller design based on the data (U_,X;_,X5). Note
that, since on the basis of the given data we cannot distinguish between the true
endosystem and any other endosystem consistent with these data, a suitable
data-based regulator for the true system should be a regulator for any system
(Az, By) in Xp. If such regulator exists, we call the data informative for regulator
design. More precisely:

Definition 10.2. We say that the data (U_, X1_, X») are informative for regu-
lator design if there exists K1 and Ky such that the control law u(t) = K21 (t) +
Ksx4(t) is a regulator for any endosystem such that (Ag, Bs) in Xp.
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The problem is to find conditions on the data (U_, X7_, X5) to be informative
for regulator design. In addition, in case that these conditions are satisfied we
would like to compute a regulator using only these data. Before addressing this
problem, in the next section we will review some basic material on the regulator
problem.

10.4 Some background on the regulator problem

In order to be able to proceed with our data-driven approach, in this section we
briefly review some basic material on the regulator problem. We will distinguish
between analysis and design.

We first consider the analysis question under what conditions a controlled
system is endo-stable and output regulated. Consider a given autonomous linear
system represented by

xl(t + 1) = Alxl(t)
Z(t) = D1x1(t) + Dgxg(t).

In accordance with the terminology introduced in Section 2.2, we call this
system endo-stable if Ag is a stable matrix. We call it output regulated if z(t) —
0 as t — oo for all initial states x1(0) and z2(0). The following proposition gives
conditions under which ( ) is endo-stable and output regulated.

Proposition 10.3. Assume that A; is anti-stable’. Then the system ( )
is endo-stable and output regulated if and only if As is stable and there exists a
matrix S satisfying the equations

SAl — AQS = A3 (10163)
Dy + DyS =0. (10.16b)

In this case, S is unique.

Proof. Assume that As is stable and that S is a solution to the equations
( ). Then, by definition, ( ) is endo-stable. We will prove it is output
regulated. Define v(t) := x2(t) — Sz1(¢). Then

u(t+ 1) = Ayv(t) + (A28 — SA; + Ag)as (t) (10.17a)
2(t) = Dyv(t) + (Dy + D2S)z1(t). (10.17b)

2We say that a square matrix is anti-stable if all its eigenvalues X satisfy |A| > 1.
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As a consequence,

v(t+1) = Azv(t) (10.18a)

z(t) = Dau(t). (10.18b)

Since A, is stable, it follows that z(t) — 0 as ¢ — oo, so ( ) is output
regulated.

For the converse, assume that ( ) is endo-stable and output regulated.
Then As is stable. Since A; is anti-stable, the Sylvester equation ( ) has a
(unique) solution S (see [160, Thm. 9.6]). We will show that it satisfies ( ).
Indeed, v(t) satisfies ( ) and z(t) satisfies ( ). Since the system is
output regulated and A, is stable, we must have (D1 +D2S)z1(t) — 0 as t — oc.
Since A; is anti-stable, this immediately implies that D, + DS = 0. O

Next, we consider the design problem and review conditions under which, for
a given interconnection of an endosystem and exosystem, there exists a regula-
tor, i.e., a controller that makes the controlled system endo-stable and output
regulated. Indeed, given the to-be-controlled system

LL’l(t + 1) = All'l(t)
mg(t + 1) = Ang(t) + Bgu(t) + Ag.’ﬂl(t)
Z(t) = DliEl(t) + DQJL‘Q(t) + Eu(t)

the following proposition gives conditions for the existence of a regulator, and
formulas to compute one.

Proposition 10.4. Assume that A; is anti-stable. There exists a regulator of
the form (10.9) if and only if (As, By) is stabilizable and there exist matrices S
and V satisfying the regulator equations

SA, — AyS — BoV = As, Dy + DsS + EV = 0. (10.19)

In this case, a regulator is obtained as follows: choose any Ky such that A +
By K, is stable, and define K1 := —K>S + V.

Proof. Assume that a regulator (10.9) exists. Then the controlled system
( ) is endo-stable and output regulated, so by Proposition the following
equations have a (unique) solution S:

SA; — (A2 + BQKQ)S = A3 + By K, (1020&)
D, +FEK{+ (D2 + EKQ)S =0. (1020b)

Clearly, (Aa, Bs) is stabilizable. By defining V' := K; + K>S, we also see that
S and V satisfy the regulator equations ( ). Conversely, assume that S and
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V satisfy ( ) and that (As, Bg) is stabilizable. Choose any K, such that
As + B3 K> is stable, and define K7 := —K3S + V. Then the equations ( )
hold, so again by Proposition , the controlled system ( ) is endo-stable
and output regulated. d

10.5 Regulator design from data

In this section we will give necessary and sufficient conditions on the data to be
informative for regulator design, and data-based formulas to compute suitable
regulators. Before doing this, we first introduce the notion of informativity for
endo-stabilization.

Definition 10.5. The data (U_, X;_, X2) are informative for endo-stabilization
if there exists Ky such that As + By K> is a stable matrix for all (Ag, Bs) in Xp.

Note that a necessary condition for the data (U_, X;_, X5) to be informa-
tive for regulator design is that they are informative for endo-stabilization. In
order to obtain necessary and sufficient conditions for informativity for endo-
stabilization we formulate:

Proposition 10.6. Let T be a positive integer. Let Z, X be real n x T matrices
and let U be a real m x T matrix. Consider the set

E(Z,X,U) = {(A’B) € RXN  RVXM | 7 =AX + BU}
Assume that Xz x 1y is non-empty. Then the following hold:

(a) There exists a matrix K such that A + BK is stable for all (A,B) €
Yz x,v) if and only if X has full row rank, and there exists a right-inverse
X* such that ZX* is stable. In that case, by taking K := UX" we have
A+ BK is stable for all (A, B) € ¥z x,u)-

(b) For any K such that A+ BK is stable for all (A, B) € ¥z x,u) there exists
a right-inverse X* such that K = UX*, and, moreover, A + BK = ZX?
fOl” aH (A,B) S 2(27)()[]).

Proof. A proof of this proposition can be given by slightly modifying the proof
of Theorem 6.4. O

This immediately gives the following conditions for informativity for endo-
stabilization.

Lemma 10.7. The data (U_, X;_, X3) are informative for endo-stabilization if
and only if Xo_ has full row rank and there exists a right inverse X ! oof Xoo
such that (Xoq — A3X1_)X§_ is stable. In that case, by taking Ko := U_Xg_
we have As + By K> is stable for all (Ag, Ba) € ¥p.
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The following theorem now gives necessary and sufficient conditions on the
data to be informative for regulator design, and explains how suitable regulators
are computed using only these data.

Theorem 10.8. Assume that A, is anti-stable and suppose, for simplicity, that
it is diagonalizable. Then the data (U_, X1_, X2) are informative for regulator
design if and only if at least one of the following two conditions hold

(a) The inclusion im Dy C im F holds, and Xo_ has full row rank and has a
right-inverse X!_ such that the matrix (Xop — A3X1_)X§_ is stable and
Dy + EU_Xg_ = 0. In this case, a regulator is found as follows: choose
K, such that Dy + EK, = 0 and define K := U_X} .

(b) X,_ is right-invertible and it has a right-inverse X _ such that the matrix

(Xog — A3X1,)X§7 is stable. Moreover, there exists a solution W to the
linear equations

XQ,WAl - (X2+ - A3X1,)W = Ag (1021&)
D1+ (D2X27 + EUf)W =0. (1021]?))

In this case, a regulator is found as follows: take K1 := U_(I—X}_Xy )W
and Ky := U_X}_.

Before turning to the proof, we will explain how to apply this theorem. What
we know about the system are the matrices Ay, A3, D1, Do and E, and the data
(U_,X1_,X5). The aim is to use this knowledge to compute a single regulator
(K3, K5) that works for all endosystems (As, By) in ¥p. Theorem states
that such regulator exists if and only if at least one of the two conditions (a)
or (b) holds. If condition (a) holds then such regulator is computed as follows:
choose Ky such that Dy + FK; = 0 and define Ky := U,Xg_. If (b) holds
then a regulator is computed as follows: choose K := U_(I — X5_X,_)W and

Ky :=U_X} .

Proof. We first prove sufficiency. Assume that the condition (a) holds. Since
(Xoy —A3X 1_)X§_ is stable, the data are informative for endo-stabilization and
by taking Ky := U_X§7 we have Ay 4+ Bo K> is stable for all (Ag, By) € Yp.
Since A; is assumed to be anti-stable, this implies that for all (4s, Bs) € ¥p
there exists a unique solution S to the Sylvester equation SA; —(As+ B2 K5)S =
As + B3 K. By the fact that D; + EK; = 0 and Dy + EK5 = 0, this solution
S also satisfies D; + EK; + (Dy + EK5)S = 0. Thus, for all (As, Bs) € Yp,
there exists a matrix S that satisfies the equations ( ). It follows from
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Proposition that for all (As, Ba) € ¥p the controlled system is endo-stable
and output regulated.

Next, assume that condition (b) holds. By Lemma , the data are informa-
tive for endo-stabilization and by taking Ky := U X ﬂ_ we have A, + By K5 stable
for all (Ag, Bs) € £p. Let W satisfy the equations ( ). Define S := X5 W
and V := U_W. Then the pair (S, V') satisfies the regulator equations ( ) for
all (A2, B2) € Xp. Then, by Proposition , for each such (A3, Bs) a regulator
is given by the pair (K, Ks), with K1 = —K3S +V = —KoXo W4+ U_W =
U_(I—- X§7X27)W. This completes the proof of the sufficiency part.

We will now turn to the necessity part. Assume that the data are informative
for regulator design. By Proposition , there exist K7 and Ky and for any
(A2, By) € ¥p a matrix Sa, p,) such that Ay 4+ By K> is stable and

S(a5,8,) A1 — (A2 + B2K3)S(a,,8,) = Az + B2 Ky
Dy + EK; 4 (D3 4+ EK3)S(4,,5,) = 0.

We emphasize that S(4, p,) may depend on the choice of (A2, B2) € ¥p. How-

ever, since As + Bs K is stable for all (Ay, By) € Yp, by Proposition there

exists a right-inverse Xg_ of Xo_ such that As + Bo Ko = (Xoy — A3X1_)X§_

for all (Ag, By) € ¥p. The latter matrix is independent of (Ag, By). Call it M.
Define

= ((a3.89) | (43 58] | 2| =00

Note that X2, is the solution space of the homogeneous version of the defining
equation ( ) for ©p. We now distinguish two cases, namely (i) BIK; = 0
for all (A9, BY) € 29, and (ii) BYK; # 0 for some (A3, BY) € ¥9,.

First consider case (i). Then for all (As, Bs), (A, Bg) € Yp we have Bo Ky =
ByK,. T hus, there exists a common matrix S that solves the equations

SA, — MS = A3+ B K,
D, +FEK; + (D2 +EK2)S =0

for all (Ag, Ba) € ¥p. From this, we obtain

S

SA; — [As By {K2S+KJ — A,

for all (As, By) € ¥p, and therefore

0 RO S _
[Az BZ] |:KQS+K1:| =0
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for all (A9, BY) € 29, This implies

As a consequence, there exists a matrix W such that
S | Xa-
[K2S+KJ B [U_]W

Clearly, W satisfies the equations ( ), showing that condition (b) holds.
Next, consider case (ii). Let @ be a real (n2 + m) x r matrix such that

-
ker {)é?__] =im Q.

Partition Q = {81] Then (A3, BY) € Y if and only if A = NQ{ and
2

BY = N@Qj for some ny x r matrix N. Note that, by hypothesis, Qg K; # 0.
Let (Ag, B2) € ¥p. Recall that for any such (Ay, By) there exists a unique
S(4,,B,) such that
S(a5,B2)A1 — MS(a,,B,) = Az + B2 Ky
D1+ EKq + (D2 + EKQ)S(AZ’Bz) =0. (10.22)

Now let N be any real ny x r matrix. Then also (As + NQ{ , By + NQJ ) € Yp.
Define

SN = 5(42,82) ~ S(424NQT B2 NQT)-
Then clearly Sy is the unique solution to

SyA; — MSy = NQ, K (10.23)

which in addition satisfies (Ds + EK5)Sny = 0. Consider now a spectral decom-
position A; = Y LAY, where A is the diagonal matrix’ A = diag(\1, ... Ay, ),

Y1
Y=|: and Y*I:[Ql o Oy
Yny
Then, for fixed N, the unique solution Sy to the Sylvester equation ( ) can

be expressed as (see [7, Thm. 6.5])

ni

Sy =Y (NI — M)"'NQg K1y

=1

3Here, diag(\1, ..., \n) denotes the diagonal n x n matrix with diagonal entries A1, ..., An.
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which implies that SxY ! is equal to
(M= M)T'NQJ K1g1 -+ (A I = M) NQJ K1, ] -

Note that the matrices A\;I — M are indeed invertible since M is stable and the
eigenvalues \; of Ay satisfy |A\;| > 1. Since, in addition, (D2 + EK3)Sy = 0, we
see that for all ¢ € [1,n;] we have

(D2 + EK5)(MI — M) 'NQy K19; = 0.

Since Qg K1 # 0, there must exist an index 4 such that Q4 K19; # 0. For this 4,
let z be a real vector such that 2" Qg K19; # 0. Now choose N := ejo, where
e; denotes the jth standard basis vector in R™2. By the discussion above we
obtain (Dy + EK3)(AI — M)~te; = 0. Since this holds for any j, we actually
find (Dg + EK3)(AM I — M)~ =0, so Dy + EK2 = 0. Using ( ), we must
also conclude that D; + FK; = 0, which implies im D; C im E. Since Ky
is stabilizing it must be of the form U,X§7 for some right-inverse ng. This
implies that (X4 — AsX;_)X’_ is stable and Dy + EU_X!:_ = 0, that is,
condition (a) holds. This completes the proof of Theorem . O

Remark 10.9. In order to avoid technicalities, in Theorem we have as-
sumed that the matrix A; is diagonalizable. The theorem however also holds if
we drop this assumption. We omit the proof here.

Remark 10.10. According to Theorem 8, the data are informative for regulator
design if and only if at least one of the conditions (a) or (b) holds. Condition
(b) is in terms of solvability of the ‘data-driven regulator equations’ ( ).
These equations hold for all (A, B2) consistent with the data. In the end a
matrix S is defined as S := Xo_W and together with V := U_W the classical
regulator equations ( ) are then satisfied for all (Ag, By) consistent with the
data. This is then ‘the classical design’, and it can be shown that the difference
x2(t) — Sz1(t) converges to 0 as ¢ runs off to infinity.

If condition (a) holds, then we can achieve output regulation by making the
entire output z = (D1 + EKq)x1 + (D2 + EK2)xo equal to 0 pointwise in time.
This is done by making D; + EK; = 0 (possible because im Dy C im E ) and
Dy + EKy =0, where Ko =U_ Xti also makes the system endo-stable.

10.6 Illustrative examples

In order to illustrate the theory developed in this chapter up to now, we will
give two worked-out examples.
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Example 10.11. We will first apply Theorem to Example . Putting
the example in our general framework we have
1 010
Try = |T2|, 2=, A1: —-100 5
d 0 01

A3=1[001], Di=[100], Dy=—1, E=0.

Assume T = 3, and the data on the disturbance input are

D_ = [d(0) d(1) d(2)] = [& & 1].

2 2 2

Since the signal to be tracked is cos 2mt, we must have r1(0) = 1, r2(0) = 0 so
r1(t) = cos 3wt and ro(t) = cos 2m(¢ + 1). This leads to

r1(0) 71 (1) r1(2) 10 -1
X1 = |72(0) r2(1) 72(2)| = |0 —1 0
d(0) d(1) d(2) 3 2

Assume that U_ = [u(0) u(1) u(2)] = [1 0 0] and
) @

Xy = [22(0) 22(1) 22(2) 22(3)] =0 £ 2 3].

It can be checked that condition (b) of Theorem holds. Indeed, a solution
W to the linear equations ( ) is given by

1 1

1 —
W = 00
00

O win |

Furthermore, XL =[-3 % 0]T is a right-inverse of X5_ and

1
(Xoy — AsX,)X5_ = 5

is stable. A regulator is then given by

K =U_(I-X} Xo )W =[-%1-1]

and Ko :=U_X}5_ = —1.
It can be checked that the above data are consistent with the true endosystem
Gtrue = 1,birue = 1. In fact, in this particular example, the true system is

uniquely determined by the data. Indeed, this follows from the fact that

X2+ = [atrue btrue] [)é?__} +D—
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U_

computed directly from the regulator equations ( ) after first identfying
the true endosystem a¢rue = 1, birue = 1. It can indeed be verified that S =
[1 0 O] and V = [—1 1 —1] satisfy the regulator equations ( ) for the true
endosystem. By choosing K5 = —%, this would then lead to the same regulator
as above with K; = —K>S +V = [f% 1 71]. [ |

We note that, in general, the true endosystem may mnot be uniquely deter-
mined by the data. This is illustrated by the following example.

in which [XQ_} has full row rank. Thus, a regulator could also have been

Example 10.12. Consider the two-dimensional endosystem

0
i) (t + ]_) = A2,true$2 (t) + Bg’tmeu(t) + |:1:| d(t)

where A3 true and Bs true are unknown 2 x 2 and 2 x 1 matrices, respectively. Let

Ty = [xgl IQQ]T. The disturbance input d is assumed to be a constant signal
with finite amplitude, so is generated by d(t + 1) = d(t). We want to design a
regulator such that 2x4; + %IQQ tracks a given reference signal. In this example,
the reference signals r are assumed to be generated by a given autonomous linear
system with state space dimension, say, ni. Its representation will be irrelevant
here. The total exosystem will then have state space dimension n; 4+ 1, and
our output equation is given by z(t) = Dix1(t) + Daxa(t) + Eu(t), with Dy a
1 x (n1 + 1) matrix such that Dyzqy = —r and Dy = [2 l]. We take E = 2.

2
Also note that A3 = {Olm 0

o 1} . Suppose that T' = 2 and assume we have the
sM 1

)

following data:

NS L

U_:[_1_1],D_:[11},X2:B

Noj ot

These data were generated by the true endosystem

A= |1 ] = [}
2irue = |y 5|0 Drame = | 5|
We now check condition (a) of Theorem . First note that, indeed, im D; C
im E. Also, X,_ is non-singular and (Xo, —A3X;_ )X, ' = E _51} . This matrix
has eigenvalues % + %i, so it is stable. Finally, Dy + EU_X,' = 0. According
to Theorem , a regulator for all endosystems consistent with the given data

is given by

- 1
Ky=UX;' =[-1-3], K1 = —5 D1 (10.24)
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It can be verified that the set of endosystems consistent with our data is equal
to the affine set

ala—31 Ta—1
Sp = s 2 Rp.
P {([b iw]’{b—lb'a’be }

The controller given by ( ) is a regulator for all these endosystems. |

10.7 Extension: unknown interconnection matrix

In this section we will extend the theory developed in this chapter to the situation
that in the endosystem, in addition to As and B, also the matrix Az that
interconnects the endosystem to the exosystem is unknown.

Again, consider the model class of endosystems and exosystems of the form

xg(t + 1) = Agm(t) + Bgu(t) + Agl'l(t) (1025)
We will now consider the situation that all three matrices A,, By and As are

unknown. Again, the matrix A; is assumed to be known. The output to be
regulated is specified by

A37truez(t) = D1I1(t) + DQIQ(t) + Eu(t) (1027)

where D7, Dy and F are assumed to be known as well. Corresponding to the new
situation, our new model class M now consists of all systems given by ( ),
( ) and ( ). The model class M is parametrized by the matrices As,
By and Ajz. The true (unknown) values of these matrices are given by As trye,
By true and As grue. As before, we have data given by ( ), and the true
endosystem generates these data, which now means that

X2+ = A2,trueX27 + B2,trueU7 + AS,truele . (1028)

An endosystem with system matrices (As, Ba, As) is called consistent with these
data if also Ao, Bs and Az satisfy the equation

Xoy = AsXo_ + BoU_ + AsX;_ . (10.29)

The set of all (Ag, By, A3) that are consistent with the data is again denoted by
Y.p, and is now given by

Sp = {(Ag, Ba, A3) | (10.29) holds} . (10.30)

As before, we aim at regulator design based on the data (U_,X;_,X5), and
in order to find a suitable regulator for the true system we should find one
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that works for all systems (As, Bs, A3) in ¥p. This again leads to a concept of
informativity, where we note that the model class is now different from the one
that we considered before.

Definition 10.13. We say that the data (U_,X;_,Xs3) are informative for
regulator design if there exists K7 and K such that the control law wu(t) =
Ki21(t) + Kaza(t) is a regulator for any endosystem with (Ag, Ba, A3) in Xp.

As in the scenario with a known interconnection matrix As that was treated
in Section , a necessary condition for the data (U_, X;_, X5) to be informa-
tive for regulator design is that they are informative for endo-stabilization. For
the new model class M this is now defined as follows.

Definition 10.14. We call the data (U_, X;_, X5) informative for endo-stabili-
zation if there exists K5 such that As+ By K is a stable matrix for all (A, Ba, As)
in ZD-

The following analogue of Proposition will be instrumental in obtaining
necessary and sufficient conditions for informativity for endo-stabilization.

Proposition 10.15. Let T be a positive integer. Let Z, X be real n x T matri-
ces, let U be a real m x T matrix and let D be a real nqy x T matrix. Consider
the set

Yz xup) :={(A B, E) e R"" x R"™ x R"*™ | Z = AX 4+ BU + ED}.
Assume that ¥z x v, py is non-empty. Then the following hold:

(a) There exists a matrix K such that A+ BK is stable for all (A,B,E) €
Yz x,u,p) if and only if X has full row rank, and there exists a right-
inverse X* such that ZX* is stable and DX* = 0. In that case, by taking
K := UX"* we have A+ BK is stable for all (A, B,E) € Y (z,x,U,D)-

(b) For any K such that A+ BK is stable for all (A, B, E) € ¥z x,u,p) there
exists a right-inverse X% such that K = UX*, DX* = 0 and, moreover,
A+BK = Z)(’j fOI' aH (A,B) S Z(Z,X,U,D)'

Proof. A proof of this proposition is similar to the proof of Lemma &.4. (|

This immediately gives the following conditions for informativity for endo-
stabilization.

Lemma 10.16. The data (U_, X;_, X») are informative for endo-stabilization
if and only if Xo_ has full row rank and it has a right inverse X! such that
X2+X§_ is stable and Xl_Xg_ = 0. In that case, by taking Ko := U_Xg_ we
have Ay + By K is stable for all (Ag, B, As) € Yp.
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The following analogue of Theorem then gives necessary and sufficient
conditions for informativity for regulator design in the situation that all three
matrices representing the endosystem are unknown.

Theorem 10.17. Assume that Ay is anti-stable and suppose, for simplicity,
that it is diagonalizable. Then the data (U_, X;_, X5) are informative for reg-
ulator design if and only if at least one of the following two conditions hold:

(a) Xo_ has full row rank and it has a right-inverse X’_ such that X2+Xg_ is

stable, X;_ X5 = 0and Dy+EU_X} = 0. Moreover, im D; C im E. In
this case, a regulator is found as follows: choose K1 such that D1+FEK; = 0
and define Ky := U,ng.

(b) Xo_ is right-invertible and it has a right-inverse X}_ such that X, X5_

is stable and Xl,Xg_ = 0. Moreover, there exists a solution W to the
linear equations

Xo WA — Xoy W =0 (10.31a)
X, _W=1I (10.31b)
D1 + (D2X27 + EU,)W =0. (1031C)

In this case, a regulator is found as follows: take K; := U_ (I—ngXg,)W
and Ky := U_X}_.

Proof. We first prove sufficiency. Assume that condition (a) holds. Take Kj :=
U_ng. Then by Lemma, , Ao + By K is stable for all (Ay, By, A3) € Xp.
Since A; is assumed to be anti-stable, this implies that for all (As, Bs, A3) € ¥p
there exists a unique solution S to the Sylvester equation SA; —(As+ B2 K5)S =
A3 + BQKl. Take Kl such that D1 + EK]_ = 0. Since also D2 + EK2 = 0,
this solution S also satisfies D1 + EK; + (D2 + EK5)S = 0. Thus, for all
(Az, Ba, A3) € ¥p, there exists a matrix S that satisfies the equations ( ).

It follows from Proposition that for all (Ag, Bo, A3) € Xp the controlled
system is endo-stable and output regulated.
Next, assume that condition (b) holds. By Lemma , the data are infor-

mative for endo-stabilization and by taking Ky := UlXii we have Ay + By Ko
stable for all (Ay, By, A3) € Xp. Let W satisfy the equations ( ). De-
fine S := Xy W and V := U_W. Then the pair (S, V) satisfies the regulator
equations ( ) for all (As, B, A3) € ¥p. By Proposition , for each such
(As, By, A3) a regulator is given by the pair (K7, K), with K1 = —K»2S+V =
—KoXo W+ U W =U_(I - Xg_Xg_)W. This completes the proof of the
sufficiency part.
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We will now prove the necessity part. Assume that the data are informative
for regulator design. By Proposition , there exist K7 and K» and for any
(A, By, A3) € Yp a matrix S(A4,Bs,A4) sSuch that Ay + By K is stable and

S(Az,Bz,AS)Al - (AQ =+ BQKQ)S(A%BQ!A?’) = AS + BQKl
Dy + EKy + (D3 + EK3)S(a;,B,,45) = 0.

Note that S(4, B, 4,) may depend on the choice of (A, Ba, A3) € ¥p. How-
ever, since Ay + ByKy is stable for all (A, B2, A3) € Xp, by Proposition
there exists a right-inverse X§7 of X5_ such that Xl_X§7 = 0 and
As + BoKy = X2+X§7 for all (Ag, Ba, A3) € Yp. The latter matrix is inde-
pendent of (A, Bg, A3). Call it M.
Now define

Xo_
Sp = {(43, B3, A3) | [43 By A3) | U~ | =0}
Xqi_
Again, we distinguish two cases, namely (i) A3 + BIK; = 0 for all (A3, BY, A9)
in X9, and (i) A + BYK; # 0 for some (A9, B9, A) € X9,.
We first consider case (i). Then for all (As, Ba, As), (A, B2, A3) € Xp we

have A3 + BoK; = As + BoK;. Hence there exists a common matrix S that
solves the equations

SA; — MS = A3 + BoK,
D, +FEK; + (Dz + EKQ)S =0
for all (Ag, By, A3) € ¥p. The first of these equation can be written as
S
SA; —[A2 By A3] |[KaS+Ki| =0
I

Since this holds for all (A9, BY, AY) € Xp, we must have

S
[A9 B AS] |K2S+ K1| =0
I
for all (A9, BY, AY) € X%. This implies
S Xoo

im KQS"—Kl le U_
1 X
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Thus, there exists a matrix W such that

S X5
KoS+ K| =|U- | W
I X
It is then easily seen that W satisfies the equations ( ), showing that con-

dition (b) holds.
Next, consider case (ii). Let @ be a real (ng +m + ny) X r matrix such that

X, 1"
ker | U_ =im Q.
Xi_
@1
Partition Q@ = [Q2|. Then (A9, BY, AY) € 29 if and only if A} = NQ7,
Q3

BY = NQj and A = NQ, for some ng x 7 matrix N. Note that, by hypothesis,

Q3 + Q3 K1 #0.
Let (Ag, Ba, A3) € ¥p. Recall that for any such (Ay, Ba, A3) there exists a
unique S(a,, B, 4,) such that

S(A2,32,A3)A1 - MS(Az,Bg,Ag) = AS + By K,
Dy + EKy + (D2 + EK2)S(a,,B,,45) = 0. (10.32)

Now let N be any real no x r matrix. Then also (As + NQJ, By + NQJ , A3 +
NQJ) € $p. Define

SN = 5(A2,B5,45) ~ S(A2 £ NQT Bo+NQJ A5+ NQI )"
Then clearly Sy is the unique solution to
SyA; — MSy = N(Q3 + Qg K1) (10.33)

with, in addition, (D2 + EK5)Sy = 0. Take a spectral decomposition 4; =
Y LAY, where A is the diagonal matrix A = diag(\1,... Ay, ),

Y1
Y=]|: and Y '=[01 ... On,]-
Yny
Then, for fixed N, the unique solution Sy to the Sylvester equation ( ) can

be expressed as (see [7, Thm. 6.5])

ni

Sy = Z(AJ — M)7'N(Q4 + Q3 K1)§iyi
im1
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which implies that SxY ! is equal to
(I = M)"HQ3 + Q3 K1)n -+ (A I — M)™H(Q3 + Q3 K1)gn, ] -
Since, in addition, (Dy + EK3)Sn = 0, we see that for all i = 1,...,n1 we have
(D2 + BE>) (M1 — M)~ (Q3 + NQ3 K1)9; = 0.

Since Q4 +Q4 K # 0, there must exist an index i such that (Qg +Qq K1)§; # 0.
For this 4, let 2 be a real vector such that 2" (Q4 + Qg K1)9; # 0. Now choose
N := ejo, where e; denotes the jth standard basis vector in R™2. By the
above we have (Dy + EK3)(AMI — M)~'e; = 0. Since this holds for any j,
we actually find Dy + EKy = 0. Using ( ), we must also conclude that
D, + EK; = 0, which implies im D; C im E. Since K is stabilizing it must be
of the form U,X§7 for some right-inverse X§7 with Xl,ng = 0. This implies
that X2+X§7 is stable and D, +EU,X§7 = 0, that is, condition (a) holds. This
completes the proof of Theorem . O

10.8 Notes and references

In this chapter we have extended the framework of informativity to the classical

algebraic regulator problem [412,54,55,79]. The results are based on the paper
[161]. For an extensive treatment of the classical regulator problem we refer
to [160]. Within this problem, an important role is played by the so-called

exosystem that generates reference and disturbance signals. A broad class of
relevant reference signals and disturbances (such as step functions, ramps or
sinusoids) can be generated by such exosystems in the form of autonomous linear
systems.

We note that data-driven regulator design was also studied in [43] and [37],
albeit from a rather different perspective. We also mention alternative methods
that deal with tracking objectives, such as iterative feedback tuning (IFT) and
virtual reference feedback tuning (VRFT) as developed in [72] and [34], respec-
tively. These methods do however not address the classical regulator problem,
and are thus quite different from the work in this chapter.



Part 111

SYSTEM IDENTIFICATION
AND
EXPERIMENT DESIGN






11

System identification

In this chapter, we will study the problem of system identification from the per-
spective of data informativity. Recall from Chapter | that there are different
methods of system identification for linear systems, one of which is subspace
identification, see Section . As we have seen in that section, subspace iden-
tification typically relies on certain persistency of excitation conditions on the
input of the system. These conditions are sufficient to be able to identify the
system from data, but in general they are not necessary. It turns out that using
the data informativity framework one can obtain necessary and sufficient condi-
tions on the data under which system identification is possible. These conditions
will be discussed in detail in this chapter.

We begin by introducing some terminology concerning input-state-output
systems. Consider the input-state-output system

x(t+1) = Ax(t) + Bul(t) (11.1a)
y(t) = Cx(t) + Du(t) (11.1b)

where A € R"*" B e R"™™ C € RP*"™ and D € RP*™ withn >0, m,p > 1.
If n = 0, we call the system memoryless'. By convention, memoryless systems
are both controllable and observable. For k > 0, we define the k-th observability
matriz recursively by

Oo.n if k=0

Q= _ 11.2

F D1 | pps (11.2)
CAk71

We define the lag ¢(C, A) of the system as the smallest integer k > 0 such that
rank = rank Q41. Note that 0 < £(C, A) < n. Moreover, if n = 0, then also
(C,A) =0.

IThroughout this chapter, we permit matrices to be void. A wvoid matriz is a matrix with
zero rows and/or zero columns. We denote by 05,0 and Og, , respectively the n x 0 and 0 x m
void matrices. If M and N are, respectively p X ¢ and g X r matrices, M N is a p X r void
matrix if p=0orr=0and MN = 0p if p,7 > 1 and ¢ = 0. The rank of a void matrix is
defined to be zero.
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In what follows, we will identify a system of the form (11.1) with the matrix
A B
C D|’

Given m > 1 and p > 1, we define the set of all systems with n state variables

as S(n) := R(P)x(+m) We also define the subset of systems with lag ¢ as
S,n) = c Dl € Sn)|AeR and ((C,A) =1, . (11.3)

Finally, we define the sets

‘A B
S:{_C D ES(n)|n>O} (11.4)
0 := { é g eS| (CA)is observable} (11.5)

(A B] :
M= { c Dl € O] (A,B) is controllable}. (11.6)

Two systems [é; gi] € S(n) with ¢ € [1,2] are called isomorphic if D1 = Dy
and there exists a nonsingular matrix S € R"*" such that

A1 = S_lAQS, Bl = S_IBQ, and Cl = CQS
We say that &’ C S(n) has the isomorphism property if any two systems in S’

are isomorphic. By convention, the empty set has the isomorphism property.

11.1 Problem formulation

Consider the input-state-output system

Jj(t + 1) = Atruex(t) + Btrueu(t) (117&)
Y(t) = Coruex(t) + Derueu(t) (11.7b)
where Aiye € RMtrueXntrue By € RMruexm (O € RP*Mrue and Dypye € RPX™

are unknown. Also the state-space dimension npye > 0 is unknown. We refer to
(11.7) as the true system. We denote its lag by

lirue = E(Ctruev Atrue)-

Throughout this chapter, we assume that the true system is minimal, i.e., both
controllable and observable.



Problem formulation 243

Let T > 1 and (up,r—1],¥[0,r—1]) be input-output data generated by (11.7),
i.e., there exists a matrix X ) € RMmuex (1) such that

|:X[1,T] :| — |:Atrue Btrue:| |:X[O,T1]:| ) (118)
Y[O,T—l] Cirue Dirue U[O,T—l]

In this chapter we examine under which conditions the true system ( ) can
be uniquely determined from the data (ujo,7—1], yjo,r—1)), Up to an isomorphism.
To formalize this problem below, we first introduce the set of systems consistent
with the data.

Consistent systems

A system [A B] € S is consistent with the data (ufo,7—1]> Yjo,7—1)) if there exist
n >0 and X1 € R»>(T+1) guch that

- el

' = ’ . 11.9

{Y[O,Tu C D] |Upr-1 (11.9)

The set of all systems that are consistent with the data (ujor—1],y[0,r-1]) is
denoted by £. We will refer to systems in £ as data-consistent systems, or

simply consistent systems for short. The subsets of £ consisting of systems with
a given state-space dimension (and lag) are denoted by

En):=ENSn) and EWn):=ENSE,n).

Given a system [A 2] € £(n), we say that X|o 7] € R™* T+ is g state for [4 B]
if ( ) holds. Moreover, we say that X 7] € R™(T+Y) is g state for the data
(ujo, 1) Yjo,r—1)) if it is a state for some [4 B] € £(n).

It is straightforward to verify that £(n) and £(¢,n) are closed under isomor-
phisms. In addition, it follows from (11.8) that

|:Atrue Btrue

Ctrue Dtrue:| € S(gtruca ntruc) - E(ntruc)-

Informativity for system identification

In what follows, we will work with prior knowledge about the true system ( ).
We capture this mathematically by assuming that

|:Atrue Btrue

€S k>
Ctrue Dtrue:| P

where S, C S is a given set. We are now in the position to define the notion of
informativity for system identification.
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Definition 11.1. The data (ujo7—1], yjo,r—1)) are informative for system iden-
tification within Spy if

(a) €N Spk = E(Ntrue) N Spk, and
(b) €N Spk has the isomorphism property.

Condition states that all systems consistent with the data and the prior
knowledge have nye states, while asserts that any pair of such systems is
isomorphic. Therefore, if the data are informative for system identification we
can identify n¢ue and the true system up to an isomorphism.

In the rest of the chapter, we assume that lower and upper bounds on the
true lag and true state-space dimension are given:

L_ é Etruc < L+ é N+ and L_ é N_ < Nirue é N+. (1110)

Therefore, of particular interest are those systems whose lag and state-space
dimension are between the given lower and upper bounds:

A B
S[Li)LJr]’[Ni’NJr] = { |:C, D:| S S(E,n) |€€ [L_,L+] and n € [N_,N+]},

and the set of consistent systems complying with these bounds:

ElL_ Ly INo Ny = ENSL L) N N

The main results of this chapter concern informativity of the data for system
identification within the prior knowledge class

Spk ZS[LﬂLJr]’[NﬂNJr] nM. (11.11)

Connection to the fundamental lemma

Before stating our main results, we first make a connection to Willems’ funda-
mental lemma as discussed in Chapter 1, see Theorem 1.2. The following is a
translation of the fundamental lemma to the language we have developed so far.
Recall from Definition that the input ujgp_1) is called persistently exciting
of order k if the Hankel matrix Hy(up,r—1]) has full row rank (equal to km).

Proposition 11.2. Let (ujo,r—1),Yjo,r—1)) be generated by the controllable and
observable system (11.7), and suppose that X{o ) € Rrerue X (TH1) gatisfies ( ).
Suppose that

T>Ly+(Ny+Ly+1)m+ Ny
If the input wyg r_q) is persistently exciting of order Ny + Ly + 1 then the
following three statements hold:
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(a) The matrix

2O e w2l
Koy | w0 () wl =Ly = 1)
[HL++1(U[O,T1]) 1 : :

w(Ly) u(Ly +1) u(T —1)

has full row rank.

(b) It holds that

Hi 1(up Tl])]
rank + ’ = (L. 4+ 1)m + nirue-
|:HL++1(y[O,T—1]) (L +1) ‘

(c) The data (up,r—1],Y[o,7—1]) are informative for system identification within
Sjo.,1lo.n,] M.

Note that item of Proposition follows from Theorem in Chapter
by taking L = Ly + 1. Item simply follows from observability of the pair
(Cirue Atrue) and the fact that Ly > fie. Finally, the consequence of item
is that the data (up 71}, ¥[0,7—1]) contain sufficient information to identify the
true system up to isomorphism, assuming that the input up r_1j is persistently
exciting of order Ny + Ly +1. We will provide a complete proof of Theorem

in Section . This will immediately yield the proofs of Proposition ,
items and (b). In addition, a proof of Proposition will be provided
in Section

11.2 Data informativity for system identification

Our ultimate goal is to prove necessary and sufficient conditions for informativity
for system identification within S;;,_ ) v_,n,) N M. Intuitively, the necessary
and sufficient conditions we are after should be a certain rank condition on a
Hankel matrix based on the input-output data of a certain depth. The question
of which depth is, however, wide open at this stage. It turns out that the right
depth is dictated not only by the given upper bounds L, and N, but also by
the data. To elaborate further, we first introduce some further notation and
terminology.
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Data Hankel matrices

For k € [1,T], we denote the Hankel matrix of depth k constructed from the
data (up,7—1],¥[0,7—1]) by Hy and the matrix obtained from Hj by removal of

its last p rows by Gj. In other words,

[ w(0)  w(l) -+ w(T-— k:)_
e | Heluoron) | ulk = 1) uk) - wT 1)
Hy.(yj0,7-1)) y(0)  y(1) y(T' — k)
| y(k—1) y(k) y(T'=1) |
[ ow(0) w1 w(T — k)
G | elwor-) | ulk L) uk) o w1
' Hy_1(yj0,7-27) y(0) y(1) y(T — k)
| y(k=2) y(k—=1) - y(T-2)

(11.12)

Here, we note that by convention, Ho(y[o,7—2)) = Oo,7—k+1 so that G is simply

equal to Hy (u[O’T,l]). Furthermore, note that

Hy, € REMAP)X(T—k+1) 414 Gy € RE(m+p)—p) X (T—k+1)

Next, we define for k& € [0, 7] the integers

5= dP ifk=0
b rank H, —rank G, if k € [1,T].

Note that
p =0, > 0forall kel0,T).

(11.13)

(11.14)

In the rest of this chapter, we will assume that the input data samples are not

all equal to zero, i.e.,
Uo,r—1] # O, -

From this assumption, it follows that rank Hy = rank Gy = 1 and hence

op = 0.

(11.15)
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The integers 0 will play a significant role in the later development. In what
follows, we employ these integers to present several intermediate results, which
will eventually provide necessary and sufficient conditions for data informativity
for system identification.

Lags and state-space dimensions of data-consistent systems

Now, we present our first intermediate result establishing bounds on the lag and
state-space dimension of any data-consistent system in terms of the integers dy.
To proceed, we let ¢ € [0,T — 1] be the smallest integer such that §,4+1 = 0, that
is

q:=min{k € [0,T — 1] | 6g+1 = 0} . (11.16)
Note that ¢ is well-defined due to ( ). In the next theorem, we relate ¢ to the
lag ¢ of any system consistent with the data. In this theorem and throughout the
rest of the chapter, we will use the following convention. For the sum ) : , a;
of real numbers a; € R, we say Zle a; = 0 whenever k = 0.

Theorem 11.3. Suppose that £(¢,n) # @&. Then, the following statements
hold:

(a) If T > ¢+ 1, then ¢ > q.
(b) If ¢ > q, thenn —Y1_, 8, >0 —q.

The proof of this theorem is given in Section

Constructing a consistent system

Our second intermediate result concerns the question how to construct a system
consistent with the data from the given data (ujo,r—1),¥[0,7-1])-
By ( ), it follows that X[o 7] is a state for the data (ujr—1],yjo,r—1)) if
and only if
X1,1] Xo,7-1]

ISp [Y[O,Tl]] Crsp [U[O,Tl]] , (11.17)
where we recall that the row space of a matrix M is denoted by rsp M. From
these definitions, it is clear that a data-consistent system can be obtained by
solving the linear equations ( ) once a state for the data is constructed. In
the following, we show that for any data set (ujo,7—1],¥%[0,7—1)) One can always
construct a specific consistent system with Y 7_, §; state variables. Moreover,
all consistent systems with Y 7_, ; state variables have the same lag g.

Theorem 11.4. @ # &7, 8;) =E(q, >0, 6).

The constructive proof of this theorem (given in Section ) provides a
novel iterative scheme to create a state from given input-output data.
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The shortest lag and the minimum number of states

We define the shortest lag {iin and the minimum number of states nymi, of any
system consistent with the data (ug,r_1],y[,r—1]) as follows:

Linin = min{¢ > 0 | In > 0 such that £(¢,n) # &} (11.18)
Nmin = min{n > 0| E(n) # o}. (11.19)

These integers admit a remarkably simple characterization in terms of §; and ¢,
as defined earlier.

Theorem 11.5. It holds that £,;, = q and nyi, = Zle ;. Further, £(Nmin) =
E(Zmina nmin) C 0.

Proof. From Theorem , we see that g > fy,in and 23:1 0; = Nmin- To prove
the first part of the theorem, it is enough to show the reverse inequalities hold.
To do so, note that T' > g + 1 due to the definition of ¢ in ( ). As such, we
see that T > £y + 1. Since £(Uin, n) # & for some n due to the definition of
Linin in ( ), Theorem .(a) yields £y = ¢ and hence £,,;, = ¢. Due to the
definition of 1y, in ( ), £, Nmin) # @ for some £. Then, Theorem

implies that npi, — Ef:‘l" 0; = £ — Lmin = 0. This proves nmyin = Zfzil" 0; and
hence npi, = Zf:l“ 0;.

To prove the second claim, first observe that £(nmin) = €(lmin, "min) readily
follows from Theorem . Therefore, it remains to prove that &(nmin) C O. To
do so, suppose, on the contrary, that there is an unobservable system in € (nmin)-
Then, a straightforward Kalman decomposition argument yields a consistent
system with state-space dimension strictly less than n,;,. This would, however,
contradict the definition of ny;, in ( ). Consequently, all systems in & (nmin)
are observable, that is &(nmin) C O. O

Sharpening the upper bound on the true lag

Let £ and n be the lag and state-space dimension of some consistent system.
Then, combining Theorems . and leads to the following immediate
but rather crucial inequality:

Y4 g N — Nmin + gmin- (1120)
In particular, this inequality implies that
L(_i‘_ = N+ — Mmin + emin

is an upper bound for the lag of every consistent system with at most N, states.
This upper bound, which is purely determined by the data and N, may help
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us to sharpen the upper bound on the lag, L. Indeed, we can replace Ly by
the actual upper bound on the lag

L% :=min(Ly, LY)
since it follows from ( ) that

ElL_ Ly IN- Ny) = 1L, L8], INC VLT (11.21)

Necessary and sufficient conditions

The following theorem provides necessary and sufficient conditions for the data
to be informative for system identification.

Theorem 11.6. The data (ujo, 71, Yjo,r—1)) are informative for system identi-
fication within Sjp_ ) nv_ ~.) N M if and only if the following conditions hold:

Conin = L (11.22a)
Nmin = N_ (1122]3)
T > L3 4 (L2 + 1)m + nin (11.22¢)
rank HL1+1 = (L‘j_ + 1)m “+ Nmin- (1122d)
Moreover, if the conditions in ( ) are satisfied, then
Lirue = fmin (1123&)
Ntrue = Mmin (1123]3)
S[L_,L+],[N_,N+] nM zg(nmin). (1123C)

This theorem presents a truly data-based necessary and sufficient condition
for informativity for system identification. Indeed, one only needs to compute

linin and npi, directly from the data via Theorem to verify the presented
conditions.
Several remarks discussing the consequences of Theorem and its relation

to existing results are in order.

Remark 11.7. As one might expect, informativity for system identification re-
quires a certain rank condition on data Hankel matrices. What is truly remark-
able, however, is that the depth of the Hankel matrix, which plays a pivotal
role in determining whether the data are rich enough for system identification,
depends not only on the prior knowledge of the system but also on the given
data. Indeed, we recall that L% depends on nmi, and £, which are, in turn,
computed using the data.
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Remark 11.8. Theorem is applicable even if one of the upper bounds is
not explicitly known. Indeed, if only the upper bound L, on the lag is known
but an upper bound on the state-space dimension is not, one can fix Ny = pL
since n < pf for any observable system in S(¢,n). For the choice N; = pL,,
note that

N+ — Mmin + gmin > pL+ - pgmin + gmin > L+

where the first inequality follows from the fact that nmin < Plmin a8 € (@min, Mmin)
C O due to Theorem , while the second inequality follows from Ly > fiye >
émin- As SIlCh, if N+ = pL+ then Lj_ = L+.

Conversely, if the upper bound N, on the state-space dimension is known
but an upper bound on the lag is not, one can fix L, = N, since the lag of a
system cannot exceed its state-space dimension. For the choice Ni = L4, note
that

L+ 2 L+ — Nmin + gmin - N+ — Nmin + Emin

where the inequality follows from the fact that nyi, = fnin. Therefore, if L, =
N, then LY = Li.

Remark 11.9. Proposition can be applied only if the data length is at
least Ly + (N4 4+ Ly + 1)m + N4 whereas Theorem can be applied if the
data length is at least L% 4 (L% + 1)m + ngrue- The difference between these
data lengths can be significant, as illustrated further in Section

Remark 11.10. Even though it is not explicit in the statement of Theorem ,
one can utilize ( ) and the constructive proof of Theorem to build,
from given informative data, a consistent system isomorphic to the true sys-
tem. This will be illustrated by an example after the proof of Theorem in
Section

Remark 11.11. The lower bounds of the true lag and state-space dimension
do not play any role in informativity of the data. To see this, note that if
the data are informative within Sz_ 1) ~v_ n,) N M then we have necessarily
lirne = fmin and Ngrye = Nmin due to ( ) and ( ). As such, the
same data are informative within S,z [0,n5,) N M. Conversely, if the data are
informative within Sy z_,0,n5,) N M so they are within Sjp_ ) v_ v N M
since the latter set is a subset of the former.

Before proceeding to prove the main results, we illustrate them by an exam-
ple.
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11.3 Illustrative example

Consider the true system (11.7) where ngyue = 3, m =2, p =2, and

Atrue Btrue o
C'true Dtrue B

Note that fi;we = 2. Consider the input-output data

11100001000011
00011111111100
23210123322234
10001222222221

Ulo,13]

Y0,13)

One can verify that (11.8) is satisfied with the state data

121101223222232
Xjo14=1100012222222210
000011111111100

As such, the input-output data are generated by the true system. Table
presents the values of 0y integers, fiin, and ny;, for different choices of T'. The
values of 0 that are not indicated in the table are zero, i.e., § = 0 for every
T e[4,14]) and k € [4,T].

T 2 [3,5] [6,14]
s |2 2 2 2
s |0 1 2 2
82 0 0 1
83 0 0
boin | 0 1 1 2
Nmin | 0 1 2 3

Table 11.1: 0y integers, £min, and Ny, for different choices of T'

In case Ly = lirye and Ny = nygpye, a necessary condition for informativity is
that T > lirue+ (Cirue+1)M+Ntrue due to the condition ( ) of Theorem
Therefore, we see that the data (up, 71}, ¥j0,7—1)) cannot be informative if 7' <
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11 for any choice of L, and Ny. Table indicates the informativity of the
data (by the symbol ‘v”’) inferred by applying Theorem for different choices
of Ly, N4, and T. As mentioned in Remark , the fundamental lemma
requires significantly more data than Theorem . Indeed, the input up 71
is not persistently exciting of sufficiently high order for any of the values of T
reported in Table . For example, in the case that Ly = 2 and Ny = 3, the
excitation condition of the fundamental lemma requires T > L4 + (Ny + Ly +
1)m + Ny = 17 samples. In the case that L, = N, = 4, inferring informativity
through the fundamental lemma requires at least 26 data points. Note that in
the former case, informativity can already be verified via Theorem using
T = 11 samples, while in the latter case this is possible using T' = 14 samples.

T
Ly |11 12 13

h
+a

—

W

R —
wmm.&wamp&wg
[\

NN NN

AN NN

NN NN

L U = W N TR W N
W W W W NN NN
AN N N N NN RN

Table 11.2: Informativity of the data for different bounds and T’

11.4 Lag structures of consistent systems

In this section we provide a proof of Theorem . To do this, we need to
introduce the notion of lag structure and relate it to the integers dy.

11.4.1 The lag structure of a system

Let [A B] € S(¢,n). Recall that the depth-k observability matrix ), was defined
in (11.2). Now, for k > 0, define the integers p; by

p ifk=0
Pl = rank Q0 —rank Qg1 if k> 1.
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We refer to the sequence (py)ren as the lag structure of the system [4 B]. Note
that the integers py for k € N are related to a specific system. If necessary to
resolve ambiguities, we use the notation py(C, A).

The following properties of lag structures will be employed later.

Lemma 11.12. Let [4 8] € S(¢,n) and let (pi)ren be its lag structure. The
following statements hold:

(a) p=pr >0 forall k > 0.

(b) p¢ =1 and px11 =0 for all k > £.

(¢c) n= Zle pi and the inequality holds as equality if (C, A) is observable.
(d) px = pry1 for all k > 0.

Proof. The statements and readily follow from the definitions of py

and the lag. To prove (c), note that rank Q, = Zle p;i. This proves since
n > rank {0y and the inequality holds as equality if the pair (C, A) is observable.

To prove , we first note that the statement follows from if Kk =0.
Therefore, in what follows let k > 1. Note that rsp Q = rsp Qj_; + rsp CA* 1
since

Qg1
Q. = {C’ Ak—l] .

As such, we have rank Q; = rankQ;_; + rank CA*~! — dim V), where V, =
rsp Q1 Nrsp CA*~1. This leads to the following alternative characterization

of pg:
pr = rank CA*~! — dim V. (11.24)

Now, observe that CA* = C A*=1A. Application of the rank-nullity theorem to
the latter yields
rank CA*~1 = rank CA* + dim W), (11.25)

where W), = rsp CA¥~1 Nlker A, and where we recall that lker M = {x € R1*™ |
xM = 0} denotes the left kernel of a matrix M € R™*". By combining ( )
and ( ), we obtain

Pk — Pk+1 = dim Wy + dim Vi 41 — dim V.
Let Zj be a subspace such that Vi, = (Vx N Wy) @ Z5. Then, we have
Pk — Pk+1 = dim Vi1 — dim 2. (11.26)

Let d = dim 2, and »n; with ¢ € [1,d] be a basis for Z;. From the definition of
Zy., it readily follows that 7; A are linearly independent and

A € rspQ_1ANrsp CA* CrspQp Nrsp CAF = V4.
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Therefore, dim Zj; < dim Vi41. Hence, it follows from ( ) that pr > pr41-
This proves the lemma. O

11.4.2 Lag structures and J; integers

Let [& B] € S(n). For k > 0, define the k-th controllability matriz, and the k-th
system matriz, respectively, by

. 0n.0 if k=0 s
b [A’HB I‘k_l] itk >1 (11.27)
00.0 if k=0
(“)k = ek—l 0 i hk>1 (1128)
CTy_1 D -

Note that the system matrix ©y, is a block Toeplitz matrix constructed from the
first & Markov parameters of the system (11.1).

Given a state sequence X[o 7] for a consistent system [4 B] € £(n), the data
Hankel matrices Hy and G}, are related to the observability and system matrices
as follows:

Hy(upo,r—17) [ Xjo,7-k) }
Hy, = P, 11.29
|:Hk( Yio,7-1)) Hy,(ujo,r-1) ( 2)
Hy.(ujo,r-1)) ] [ Xjo,r—k) }
G =v ’ 11.29b
B {Hk 1(Yjo,r—2)) " | Hi(ugo,r—1)) ( )
where
0 I 0 I 0
Oy = [Q @} and U= | 0 0 I.|. (11.30)
kR Qp—1 O—1 0

The following result relates the integers dy, (defined in terms of the data matrices
Hj, and Gy, only) and the integers py (defined by the matrices C and A of a
specific consistent system).

Lemma 11.13. Let (pg)ren be the lag structure of a consistent system. For
every k € [1,T)], pr = 0.

Proof. Let k € [1,T]. By applying the rank-nullity theorem to ( ), we see
that

rank Hy, = rank @, — dim(rsp @5, N lker Jy) (11.31)
rank Gy, = rank ¥y, — dim(rsp ¥y, N lker J) (11.32)
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where

X
Jg = [0.T—k] ] .
k {Hk(u[O,Tlp

Since rank @ —rank ¥y, = rank ; —rank Qj_1, subtracting ( ) from ( )
yields that rank Hy — rank G, is equal to

rank Qp — Qg_1 — dim(rsp @, N lker Ji) + dim(rsp Uy, N lker Jy,). (11.33)

Due to the definitions in ( ), tsp Ui, C rsp @ and therefore we have that
dim(rsp ¥y, Nlker Jy) < dim(rsp &5 N lker Ji). We conclude from the expression
for rank Hj, — rank Gy, in ( ) that py > 0. This proves the lemma. O

Now, we are ready to prove Theorem

11.4.3 Proof of Theorem

Let [A B] € £(¢,n) and let (px)ren be the lag structure of the system [ B].

To prove (a), note that psy1 = 0 due to Lemma .(b). Since T'—1 > ¢ by
hypothesis, Lemma and ( ) imply that d¢+1 = 0. Then, we see that
¢ > q from the definition of ¢ in ( ).
To prove (b), note that
q ¢
n — 51' 2 Zpi —ZJZ (11.34)
i=1 i=1 i=1

due to Lemma .(¢). Therefore, readily follows from Lemma in

case ¢ = q. Suppose that ¢ > q. Note that

£ q £

dpi=d> 6= > p=l—q

i=1 i=1 i=q+1
where the first inequality follows from Lemma , and the second from
the statements and of Lemma . Consequently, follows from

( )- ]

11.5 State construction

In this section, we present an iterative method to construct a state sequence
from given input-output data. This approach distinguishes itself from state
reconstruction methods in subspace identification [115] by being applicable to
any data set (without requiring rank conditions). Apart from being interesting
by itself, the procedure will be instrumental in proving Theorem
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11.5.1 On the left kernels of data Hankel matrices

The integers 0 obtained from data via ( ) are intimately related to certain
subspaces of the left kernels of data Hankel matrices. To elaborate further, we
first introduce a shift operator on subspaces. Let ¥V C R1*#("+P) he a subspace
where k € Z,. Define oV as the subspace of all vectors of the form

[01xm v1 O1xp V2]
where v; € RYX%™ and vy € RY*P gatisfy
[’Ul 'UQ} e V.

By convention, 0%V := V and 0¥V = o(c*71V) for k > 1. In what follows, we
will use the shorthand notation 0, := {01x,}. The definitions of Hj, and Gj
readily yield

lker Gj, x 0, C lker Hy, (11.35)

for all k& € [1,T]. Further, it follows from the definition of o and the Hankel
structure that if T > 2, then for all k € [1,T — 1]

olker Hy, C lker Hy 1 (11.36)
o(lker G, x 0,) C lker Gj41 % 0, (11.37)
o lker Hy, N (Iker G411 % 0,) = o(lker G x 0,). (11.38)

The following result shows that lker Hy can be written into a direct sum of
lker G, x 0, and shifts of certain subspaces.

Lemma 11.14. For k € [1,T], there exist subspaces Sy C RV**(m+P) gatisfying

k
lker Hj, = <@ aki8i> @ (lker Gy, x 0,) (11.39)
=1

and dimSk = 5k—1 — 5/@-

Proof. First, we want to prove the existence of subspaces satisfying ( ).
This will be done by induction on k. For k = 1, we see from ( ) that there
exists a subspace S; C R1X(Mm+p) guch that

lker H1 = 81 D (lker G1 X Op) .

If T = 1, there is nothing more to prove. Suppose that T > 2. Let k € [1,T — 1]
and assume that there exist subspaces S; C R*#(m+P) with i € [1, k] satistying

k
lker Hy, = (@ ak_i&) @ (lker G, x 0,) . (11.40)

=1
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It follows from ( ) and ( ) that
o lker Hy, + (lker Gp41 % 0,) C lker Hy4q.
Therefore, there exists a subspace Syy1 € RP**+D(m+P) guch that
lker Hy11=8k+1 ® (0 lker Hy, + (lker Gi41 x 0,)) . (11.41)

Given subspaces Vi, Vo, V5 with Vy N Ve = {0} and (V1 + Vo) N V3 = Va, it holds
that V1 + Vs + V3 = V1 @ V3. Take

k
Vi = O’(@ Uk_iSi), Vo = o(lker G x 0,), and Vs =lker Gyi1 x 0p.
i=1

Note that V1 N Ve = {0} due to ( ) and (V1 + Va2) N Vs = Vs, due to ( )-
Therefore, we see from ( ) and ( ) that

k+1
lker Hp41 = (@ 0k+1_i5i> @ (ker G141 % 0p).
i=1

This proves, by induction on k, that there exist subspaces Sy such that ( )
holds. To complete the proof, it remains to show that dim Sy = dp_1 — d; for
k € [1,T]. Let k € [1,T] and observe that ( ) yields

k
dim lker Hy, = Z dim S; 4 dim lker G,.

i=1

From the rank-nullity theorem, we conclude that
k
> dimS; = p — 6k = do — .
i=1

Therefore, dim S; = §p — d; and

k k—1
dimS; =) " dimS; — > dimS; = dx_1 — 5

i=1 =1

for all k € [2,T]. O

Now, we are ready to prove Theorem
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11.5.2 Proof of Theorem

We first show that £(}_7_, §;) # @ by finding a state X1 € R2imr SX(THD)
for the data (uo,r—1],Yjo,r—1])- For this, we need a bit of preparation.

Let the subspaces S, € RYk(m+P) with k € [1,7] be as in Lemma .
Also, denote their dimension by sy := dim Sy. For i € [1,¢+1], let Q; ; € R%*™
and P; ; € R%*P with j € [1,4] be such that the rows of the matrix

Ri:=1[Qi1 Qi2 -+ Qii Pix Pio -+ P

form a basis for S;. Note that R; € Rsi*i(m+p),
Since S; C lker H; due to ( ), we have R;H; = 0 and hence

ZQi,jU[j—LT—l—i-'rj] + P Y i—1r-1-i15) = 0. (11.42)

j=1

Due to Lemma , Zf:ll 8; = 0p — 0g+1 = p since dp = p and 6441 = 0 by
definition. Therefore,

Il := col(P1,1, P, ..., Pq+17q+1)

is a p X p matrix.
We claim that II is nonsingular. To see this, let € R'*P be such that
nll = 0. Define

O 0 e 0 Q171 O O e 0 Pl,l
0 0 - Q21 Q2.2 0 0 - Py P
R = . ) ) ) . ) . .
Qar11 Qqr12 -+ Qqi1,qg Qog+1,g+1 Pyt1,1 Pyv12 -+ Pyg1,g Pyt1,9+1

and observe that II is the last block-column of R.
From the definition of @Q; ; and P ;, it is straightforward to verify that the

rows of R form a basis for the subspace @%F (4108, Therefore, nR €
@fill o@+1=9) S, This means that RH,y; = 0. Since nII = 0, the last p entries
of nR are zero. Therefore, nR € (lker G441 % 0,) and hence

q+1
nR € <@ o(qﬂi)&) N (lker Gyp1 % 0) .
=1

Since the latter intersection of subspaces is equal to {0} due to ( ), we
conclude that nR = 0. Since the rows of R are linearly independent, we see that
1 = 0 and thus IT € RP*P is nonsingular.
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We now distinguish two cases: ¢ =0 and q > 1.
For the case ¢ = 0, we have s; = 09 — 61 = p and Il = P, ;. It follows from
( ) with ¢ = 1 and nonsingularity of P, ; that

Yior-1= *P1T11Q1,1U[0,T—1]~

Consequently, the memoryless model associated with —Pl_,llQl,l is consistent
with the data, that is —Pf’llQLl € £(0). Together with >"7 | §; = 0, this proves
the claim for the case ¢ = 0.

For the case ¢ > 1, we first construct some auxiliary sequences from the data
and then we show that such sequences can be used to form a state for the data
(U[O,T—l]a y[o,T—1])-

Let i € [2,q + 1]. For k € [2,i] define 2°%(0) € R* by

%

2 (0) == 3" (Qijuli — k) + Pijy(j — k). (11.43)
j=k
Define X ;% € R**7 by
X[Z12T] —QiUpr—1 — PiaYor-1 (11.44)
for k = 2 and by
X[TT] = X[ZokT 11 Qik—1Upr-1) — Pik-1Yjo,r-1) (11.45)

for k € [3,1].
Finally, define

X[O T] = COl( [0 ,1.‘]’)(i73 ) c R(z 1)s; x (T+1)

o X

[, T]

and

q+1,. 8
X == 001()([0 T]’X[S - .,X[‘f)le]) c R(Zi:rz( 1) )><(T+1).

Now, we claim that
XfolT 1] = Qi.Ujo,r—1) + Pii¥[o,r-1)- (11.46)
To see this, note first that
z91(0) = Q;.iu(0) + Pi ;y(0) (11.47)

due to ( ). Now, we consider the case i = 2. From ( ), we see that

X[212T = —Q21Up0,r—2) — P21 Yjo,r—2-
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In view of ( ),

X[zl’?T,l] = Q22Unr-1) + P22Y,1-1)-
Together with ( ), this shows that ( ) holds for ¢ = 2.

We now prove ( ) for the case i > 2. Let o € [1,T — 1]. Consider first
the case « € [1,7 — 2]. Note that

zhi(a) — 2" 0) = Y (@ (a—itj) -2 N a—i+j—1))
j=i—a+1

= — Z (Qi7j,1u(a—i—|—j—1)+Pi,j,1y(a—i+j— 1))

j=t—a+l
(11.48)
where the second equality follows from ( ). Moreover, ( ywithk =i—«
implies that
2N 0) = Y (Qugulj — (i — )+ Piyy(j — (i — @)
Jj=i—«
Now, we see from ( ) that
() = Z (Qiju(a —i+j) + P jy(a — i+ j))
Jj=i—a
=3 (Qijaula—i+j—1)+Pijayla—i+j—1)
j=i—a+l
= Qiu(a) + Piy(a).
Together with ( ), this proves that
X[idfi,g] = Qi,iUp,i—2) + Pi,iY]0,i—2]- (11.49)

Now, consider the case « € [i —1,T — 1]. Note that
o) e (a—i+2) = (@F(a—itk) -2 a—it+k-1))
k=3

B Z(ink—lu(o‘ —itk—1)+Ppyla—i+k—1))
k=3
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where the second equality follows from ( ). Now, we use ( ) to obtain
fi’i(a): - Z(Qi,k—lu(a —i+k—1)+Ppayla—i+k—1)),
k=2

and use ( ) to conclude that
a"(@) = Qiiu(a) + Piiy(a).
Hence, we see that

X[i{iLT_l] =QiiUi—17-1+ U171
Together with ( ), this proves that ( ) holds.
Since II is nonsingular, P; ; has full row rank. Therefore, ( ) implies that

X[O,Tl]] '

rsp Yjo,r—1) C rsp [U[o T

Then, it follows from ( ) and ( ) that

Xior—
rsp X[1,7 C rsp [U[[(());;]]] .

Therefore, we see from ( ) that X[o 1) is a state for (ujo, 71}, ¥j0,7—1]). Note
that the number of rows of X[y 1) equals Zgizl (i—1)s;. Since s = dg_1 — ), due
to Lemma and since §,41 = 0, we conclude that >>%) (i —1)s; = 1%, §;.
Therefore, £(}.7_, ;) # @.

To prove the rest, note that £(q, Y ¢, ;) € E(X_{_, 6;) by definition. There-
fore, it is enough to show that the reverse inclusion holds. To do so, let
[AB] € £(3°0,6;) and £ = ¢(C, A). Suppose that ¢ < ¢g. Since T —1 > ¢
by the definition of ¢ in ( ), we have T > ¢ + 1. Then, Theorem
implies that ¢ > ¢. This contradicts ¢ < ¢. As such, we conclude that £ > q.
However, Theorem . implies that ¢ > ¢. Hence, we see that ¢ = ¢. This
means that £(3°7_, 6;) € €(¢,>_1, ;) which completes the proof. [ ]

11.5.3 Illustrative example of state construction

To illustrate the constructive proof of Theorem , we will build a state for
the data given in Section and for the choices T =5 and T = 14.
For T =5, 09 = 61 = 2, and §;, = 0 for k € [2,5] (see Table in

Section ). Then, we see from Lemma that dim S; = 0 and dim Sy = 2.
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Therefore, P, ; and ()11 are void matrices whereas one can choose the following
basis matrix for Ss:

[Q2,1

Q2,2

P4

Pra] = —3 —1/-20[10[10
22171 0-1/ oo0lo0l01]"

In view of ( )-( ), these choices yield the state

010101
XW“{100011}

By solving the linear equations ( ), we obtain the following consistent system:

-10[11

Ai|Bi] | 0001

{qzm ~ | 1020 (11.50)
01]00

Clearly, the data (ujo4),¥[0,4)) are not informative for system identification as
there exists a minimal consistent system with two states.

For T'=14, 6o = 61 =2, 63 = 1, and d; = 0 for k € [3,14] (see Table in
Section ). Also, note that the data (ujo,13],¥[0,13)) are informative for system
identification for all the choices of L, and N, given in Table . As such, we
can employ Theorem to identify an isomorphic system to the true one. To
do so, we first observe from Lemma that dimS; = 0, dimS; = 1, and
dim S3 = 1. Therefore, P, ; and ()11 are void matrices whereas one can choose
the following basis matrices for S and Ss:

[Q2,1]Q2.2 P2,1‘P2,2] =[-1 0‘—1 0‘0 —1‘1 0].

[Q3,1|Q3,2|Qs.3
In view of ( )-( ), these choices yield the state

121101223222232
Xjoag=[000011111111100
100012222222210

Psq

Ps

Ps33]=1[0—1]0 —1]0 0/0 0]0 0[]0 1].

By solving the linear equations ( ), we obtain the following consistent system:

-

One can easily verify that this system is isomorphic to the true system.
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11.6 Proving the sufficiency part of the main result

In this section we prove the sufficiency part of Theorem . To do so, we need
auxiliary results on the ranks of state-input data Hankel matrices.

11.6.1 On the ranks of state-input data Hankel matrices

Let [A B] € £(n) and let X[o 77 be a state for [4 B]. Define

X
Ji(X) = [0,7—k]
k() [Hk(U[O,T—l])

for k € [1,T]. An immediate consequence of the Hankel structure of these
matrices is that
lker J—1(X) X 0y, C lker Ji(X) (11.51)

for every k € [2,T].
Next, we investigate the relationships between ranks of Hy and Ji(X) ma-
trices. Recall from ( ) that

Hk = @kjk(X) and Gk = \I/ka(X) (1152)

Lemma 11.15. Suppose that T > ¢+ 1. Let [4 B] € £(¢,n) and Xjo 1) be a
state for [& B]. Then, the following statements hold

(a) If (C, A) is observable, then rank Ji,(X) = rank Hy, for all k € [d,T] where
d = max(1,£).

(b) If J;(X) has full row rank for some i € [1,T], then for each k € [1,] Ji(X)
has full row rank, rank H;, = km+rank €, and rank G, = km+rank Q_1.

Proof. Statement readily follows from the fact that ®; has full column rank
for k > d whenever (C, A) is observable. To prove (b), note first that Ji(X)
has full row rank whenever k € [1,4] due to ( ). For the rest, observe that
( ) implies rank Hy = rank ®; and rank G = rank ¥, whenever J(X)
has full row rank. From the definitions, we have rank ®;, = km + rank 03 and
rank Wy = km + rank Q;_; which completes the proof. ([l

An interesting and useful consequence of the above lemma is related to the
isomorphism property.

Lemma 11.16. Suppose that T > {+ 1. Let [A B] € £(¢,n) N O and Xy 1
be a state for [& B]. If Jy41(X) has full row rank, then £(¢,n) N O has the
isomorphism property.
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Proof. From Lemma .(b), we see that rank Hy11 = (¢ + 1)m + n. Let
i€(1,2], [é [B,] € £(,n)NO and let X[iO,T] € R™*(T+1) he a state for [é [B)]
Also, let J}. denote Ji,(X*). Let Qi , ©f and ®¢ denote the observability, Toeplitz
and system matrix in ( ) of system [‘é gi ], respectively. Because of observ-
ability of the pair (C;, A;), the matrix (I)}; 41 has full column rank. Therefore, it

follows from ( ) that
ker Hyq = ker Jel+1 = ker JZQJFI. (11.53)

Moreover, it follows from the same equation and the fact that rank Hyy1 = (€ +
1)m+mn that both Jj, ; and J7, | have full row rank. Now, by ( ), there exist

matrices S € R"*", P e R WHDm @ ¢ RUADmxn and R ¢ REHDmx(+1)m

such that ) .
{ Xo.r—e-1) }: [5 P} { KXo r—e—1) ] (11.54)
Hyy1(upo,r-1)) Q R| [Heyi(upo,r—1))

Obviously, we also have that Hyy1(up,r—17) =0- X[lo’szfu +1- Hypyr(ujo,r-1),
implying that

X[lonyffll } = 0.
Hyyi(ujo,r-1))

Qr-1]|

Since Jél+1 has full row rank, we conclude that = 0 and R = I. Next,
multiplying ( ) from left by &2 1 yields

Hf-‘rl = (I)? 1 |: X[Q()’T_l_l] :| = |: 20 2 I 9 :| |: X[lovT_Z_l] :| .
T Hepa(uor-)] [958 Q0 P+ 000 [Hev (v, r-1)

Using the facts that Hyyy = ®7,,J},; and J;,, has full row rank, we conclude
that

0 I 0 I
— . 11.55
[Q!%-HS Q?+1P+9§+J [Q%H ®}+J ( )

In particular, this shows that

Qi =07, 5. (11.56)

By observability of the pair (Cy, A1), it follows from ( ) that S is nonsingu-
lar. By inspection of the first p rows of ( ), C1 = C3S. Moreover, note that
( ) implies that

QA = Q74,8 = QLS A,S.

Using the fact that €2} has full column rank, we obtain A; = S7!1A4,S. Next, by
( ) it also follows that

Or41 — O741 = Qi P. (11.57)
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Partition
P = [Pl o By Pg+1},

where the matrix P; has m columns for i = 1,2, ...,/ 4 1. Recall that @2+1 isa
block Toeplitz matrix of the form
i |6y 0
@€+1 - |:Czr7é D1:| )

where I') denotes the depth-¢ controllability matrix of system [éw gL } . As a con-
sequence, the last m columns of O, , —©7, | contain zeros except for (possibly)
the last p rows. It thus follows from ( ) and the fact that QZ has full column
rank that Py 1 = 0. Therefore, D; = Dy. However, this implies that the last
2m columns of @% 1 6% 1 only contain zeros, except for the last p rows. This
shows that also P, = 0 and hence CyB; = C3Bs. Repeated application of this
argument results in P, = 0 for i = 1,2,..., ¢+ 1 and ClA’fBl = CQAISBQ for
k=0,1,...,£ — 1. Finally, the latter inequalities imply that

Q) B; = QBy = Q}S™ ' By,

which yields B; = S™'By. We conclude that the systems [é@ g] fori=1,2
are isomorphic, which completes the proof. ([l

In view of ( ), the rank-nullity theorem implies that rank J_1(X)+m >
rank Ji(X) for all k € [2,T]. This relation between the ranks of two consecu-
tive Ji(X) matrices can be related to the controllability of the corresponding
consistent system.

Lemma 11.17. Let [A B] € £(¢,n) and X[y 1) be a state for [& B]. If for some
k € [2,T] rank Ji—1(X) + m = rank Ji(X) and Ji(X) does not have full row
rank, then (A, B) is not controllable.

Proof. Let k € [2,T] be such that
rank Jr_1(X) + m = rank Ji(X) (11.58)

and Jy,(X) does not have full row rank. Now, define A, € R(»Hkm)x(ntkm) apnq
By € R(n+l~cm)><m by

A B 0 0
.Ak = 0 0 I(k—l)m 5 Bk = 0
O 0 0 I

It can be easily shown using the Kalman controllability matrix of (Ayg, Bx) that
the pair (A, B) is controllable if and only if (Ag, By) is controllable. Next, the
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relation Xy 7 = AX[o,7—1) + BUjo,r—1) implies that

X117 kt1]
ArJe = | Hp—1(Upr-1))
O, T—k+1

Note that the matrix
[ X1, 7—k+1) ]
Hy1(Up,r-1))

can be obtained from Ji_1(X) by deleting its first column. Hence, we see that
im A Ji(X) Cim Jip_1(X) x R™. (11.59)

By taking orthogonal complements on both sides of ( ), we obtain im Jg(X) C
im Ji_1(X) x R™, and due to ( ) it holds that

im Jj,(X) = im Jy,_1(X) x R™. (11.60)

Therefore, it follows from ( ) that Agim J(X) C im Ji(X), i.e., im Ji(X)
is Ag-invariant. Furthermore, it is evident from ( ) that im By, C im Ji(X).
Since the reachable subspace of the pair (Ag, Bi) is the smallest Ag-invariant
subspace containing im By, we see that

im By, ApBy -+ ApTFTIBL] Cim Ji (X).
Since Ji(X) does not have full row rank, the latter inclusion implies that
im [By, ApBy -+ ApTFTTIB] #£ R

i.e., the pair (Ayg, By) is not controllable. We conclude that (A, B) is not con-

trollable, which completes the proof. ([l
11.6.2 Proof of Theorem : sufficiency part
In view of ( ), proving sufficiency of Theorem requires showing that

the conditions ( ) imply:
(a) S[L_,Li],[N_,N+] nNM= 5(77/“116) N M, and
(b) &(ntrue) N M has the isomorphism property.

To this end, we need some preparations.
To begin with, it is clear from the definitions of £,,;, and ny,i, that

ENS(tn) =2
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whenever ¢ < {pi, or n < Npyin. Therefore, we see from ( ) and ( )
that

1L L3 IN- Ny = Ellin, L2 [rmin N ] (11.61)
Next, we compute the ranks of the data Hankel matrices Hy. Let [4 B] €
E(nmin) and let X 77 € R7minX(TH+1) he a state for [4 B]. Note that
gmin g Etrue g L+ and Emin g L(_it,_ = N+ — NMmin + émin-
As such, we have
bmin < L% =min(Ly, LY).

Due to Theorem , (C, A) is observable. Since m > 1, ( ) implies that
T> Li + 1. Therefore, it follows from Lemma . that

rank Ji(X) = rank Hy,

for every k € [d,L% + 1] where d = max(1,{y,). In particular, we see from
( ) that
rank JL1+1(X) = (Li_ + 1)m =+ Nmin

and hence J, Ly +1(X) has full row rank. It then follows from Lemma
that
rank Ji (X) = rank Hy, = km + npmin (11.62)

for every k € [d, L% + 1].
Now, we claim that
Ellmin L3 L Inmin, N+ ] VM S E(nmin) N M. (11.63)
Suppose first that Ni = nyin. Then, ( ) follows from
Elbrin, L2 [rminomin] S € (Mmin)-

Suppose now that Ny > npmin. Let £ € [lin, LY ], n € [Mmin + 1, N4, and

[é g} € E(,n) N O. Also, let )A([O,T] e R™*(T+1) he a state for {g g}. As
(C’, A) is observable and n > 1, we have that £ > 1. Since ¢ > {,,;,, we further
see that £ > d. Then, Lemma (a) and ( ) imply that

rank J;(X) + m = rank Jo 1 (X) = (€ + 1)m + noin.

Since n > nmin,AJgH(f( ) does not have full row rank. Then, Lemma
implies that (A, B) is not controllable. Therefore, we see that £(¢,n) "M = &
whenever £ € [{yin, LY ] and n € [nmin + 1, N4 |. Hence, ( ) holds.
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Note that &(lirue; Nrue) S Eltynin, L2 [nmmin,N4]- Lhen, it follows from ( )
that
E(lirues Ntrue) MM C Elfin, 12 ] [min, N4 ] M
C E(lmin, Nmin) N M. (11.64)
Therefore, we see that
lirne = lmin  and  True = Nmin, (11.65)
proving ( ) and ( ). Then, we can conclude from ( ) and Theo-
rem that
E(lirue; Nrue) VM = gy, 13 ] i, Ny ] T M
= & (Umin; Mmin) "M = E(Npin) N M. (11.66)

Thus, condition follows from ( ), ( ), and ( ).

To show (b), note first that ( ) and Lemma imply that £(¢min, "min)
N O has the isomorphism property. Since the true system is minimal, we see
that

g(émina nmin) N O = 5(£min7 nmin) N M (1167)
Then, it follows from ( ) that holds.
What remains to be proven is ( ). To do so, note first that Theorem

implies that
g(nmin) = g(gminy nmin) nOo.

Then, we see from ( ) and ( ) that
E(min) = Eltpin, L3 ] [nmin, N1 ] VM-
Therefore, ( ) follows from ( ) and ( ). [ ]

11.7 Proving the necessity part of the main result

To prove the necessity part of Theorem , we first present four auxiliary
lemmas. The first one deals with the construction of a consistent system with n
states from another one with n states.

Lemma 11.18. Suppose that [ B] € £(¢,n) N O for some n > ¢ > 1. Let
].

]
Xjo) € R+ be a state for [4 B]. Also, let d = min(¢,T — 1), { € RM*"
and n; € RY™ with i € [0,d] be such that

d

EXo,7—d—1) + ZmU[i,T—d—1+i] =0. (11.68)
i=0
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Let 0 # ¢ € R™ be such that

CA¢ =0 for i€[0,0—2]. (11.69)
Define

A=A4¢ B=B+E_, (11.70)

c=cC D=D+CE, (11.71)

where Fy and E_ are determined by the recursion
E;=0,, and E;_=AE;+(y for iecl0,d. (11.72)

Then, the following statements hold:

(a) [ }ef(ﬁ,n)ﬂ(’).

Q> D>>
Qrx Sw

A A

(b) If [ g] and [g g] are isomorphic, then

(i) m; = 0 for every i € [0,d],
(ii) €A'B =0 for every i € [0,n — 1].

Proof. To prove (a), we first show that there exists )A([O’T] e R*(T+1) gatisfying
X[l,T] = AX[O,T—l] + BU[O,T—l] (11.73)
Yr[onyl] == C'X[O,Tfl} + ﬁU[O,T*l]' (1174)

We claim that X 0,7) € R™T*D defined by

d—1

Xor-a = Xor-q — Y_ EiUir—arq (11.75)
=0

#(i+1) := A2(i) + Bu(i) for ie [T —d,T—1] (11.76)

satisfies ( ) and ( ).
To prove this claim, let k € [0,7 — d — 1]. Note that

d—1 d—1
#k+1) "= 2+ 1) =S Bau(k+144) = Az(k)+ Bu(k) = Y Eru(k+1+41)
=0 1=0

and

d—1
Aa(k) + Bulk) "= Au(k) + Bu(k) = 3 ABu(k +1).
=0
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Using ( ) and ( ), one can verify that the difference between these two
expressions is equal to

CEa(k +Z<m (k +1).

=0

Therefore, ( ) implies that
Xpr-q = AXjor—a—1) + BUp r—a—1)-

Together with ( ), this proves ( ).
Therefore, it remains to prove ( ). First, we make a few crucial observa-
tions. To begin with, we have

CA*IC#0 (11.77)

since (C, A) is observable and ¢ # 0. Also, it follows from ( ) and ( )
that
CA"=CA" foric[0,0—1] (11.78)

and CA! = CA' + CA*~1(E. Further, observe that
CAi¢=0 (11.79)

for i € [0,£— 2] due to ( ) and ( ). Finally, it follows from the recursion
( ) that
d—i—1
= > Ay (11.80)

for i € [—1,d] and from ( ) that
CE; =0 for i€ [1,d. (11.81)

To show ( ), we first deal with the case d = 0. Since d = min(¢,T — 1)
and ¢ > 1, we see that 7" = 1 in this case. Then, it follows from ( ) that
X[O ) = X[01 and from ( )-( ) that D = D. Since C = C due to

), we see that ( ) is readily satisfied if d = 0.

Suppose now that d > 1. Note that

A A A ( ) A~ N
CXpor-q +DUpr—gq = CXpr_aq +DUpr_q
(

)&( ) )
= CX[O,T—d] — CEOU[O,T—d} + DU[(LT-d]

( )
= CXjr—aq + DUpr—a = Yjo,r—aq (11.82)
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where the last equality follows from the fact that X is a state for the consistent

system [4 B]. Hence, we see that ( ) is satisfied if d = 1.
Suppose that d > 2. In view of ( ), what remains to be proven is that
Yir—arir—1 = éX[de+1,T71] + lA)U[de+1,T71]~ (11.83)

To do so, let i € [1,d — 1]. Define §(T —d+i) := C2(T — d+1) + Du(T — d +1)
and AT —d+1i) :=g(T' —d+1i) —y(T —d+1i). Note that

I
-

g

BT —d+i)=AT —d)+ > A71Bu(T —d+ )

7=0
i—1
o(T—d+i)=Aa(T—d)+ Y A7 'Bu(T —d+j)
7=0
d—1
(T —d)=z(T—d)— Y Eju(T—d+j)
j=0

where the first equality follows from ( ), the second from the fact that X
is a state for the data, and the third from ( ). By using ( ), ( ),
( ), ( ), and the fact that d < £, we see that

% d—1
AT —d+i) =Y CAVEwT —d+j) - Y CAEuT —d+j).

Jj=0 j=0
By using ( ) and ( ), one can prove by induction that
CA'E; = CAIE, (11.84)
for all j € [0,d — 1] and i € [j,d — 1] as well as that
CA'E; =0 (11.85)
for all j € [1,d — 1] and i € [0,5 — 1]. It follows from ( ) that
i i
Y CAEBuT —d+j) =Y CA™ Equ(T — d+ j).
§=0 3=0

Hence, we have

d—1
AT —d+i)=— Y CABuT—-d+j) " =" 0.
j=i+1
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This proves ( ) and hence ( ) in view of ( ). Therefore, we proved
that {é g} € &(n). Further, it follows from ( ) and observability of (C, A)

that (C, A) is also observable and £(C, A) = £. Then, we have {g g} e&,n)N

O which proves

To prove (b), note that
CEy=0 and CA'B=CA'B forall i>0 (11.86)
since the two systems are isomorphic. The latter, together with ( ), implies
that

CA'E_, =0
foralli € [0,£—1]. As (C, A) is observable and ¢ = £(C, A), we see that E_; = 0.
Since E_1 = AEy + (no, ( ) and ( ) imply that
0=CA'E_; = CAY(AEy + (o) = CA™LE, (11.87)
for all i € [0,¢—2]. As (C, A) is observable and ¢ = ¢(C, A), ( ) and ( )

imply that Ey = 0. Therefore, we have (o = F_; — AEy = 0. Since ¢ # 0, this
yields np = 0. Note that

£—1
Ey=Y A% =0
k=0

due to (11.80). From ( ) and ( ), we have CA*~1¢ # 0. As such, the
vectors A'¢ with i € [0,£ — 1] are linearly independent. Then, it follows from

i;%) A¥Cnjeq =0 that m; =0 foAr every i € [1,£—1]. Thus, we have proven
To prove (ii), note first that B = B as £_; = 0. Then, we have
0=C(sI —A)'B—C(sI — A)'B=C(sI — A)~¢e(sI — A)'B

where the first equality follows from isomorphism, the second is evident. Since
C(sI — A)~1( is a nonzero column vector, we see that £(sI — A)~!B = 0. This

proves (ii). O
Example 11.19. To illustrate Lemma by an example, consider the data
given in Section . Also, consider the consistent system ( ) for the data

(U047, Y[o,47). Note that ( ) is satisfied with & = [71 71}, o = [0 1], and
m = [1 0]. Since the lag of the system ( ) is 1, the choice ¢ = col(1,1)

satisfies ( ). By applying Lemma , we see that the system
o -2 —-1|-22
[AlBl}_ ~1-1]-22
C1| Dy

1 0 30
0 1] 10
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is consistent with the data with the state sequence

-1 0-1101
Xosl = g-1-1011]"
[ ]
Next, the second auxiliary lemma presents a necessary condition for the
isomorphism property to hold.

Lemma 11.20. Suppose thatn > (¢ > 0 and [& B] € £(¢,n)NM. Let Xjo 1] €
R™(T+Y) pe a state for [& B]. If E(¢,n) N M has the isomorphism property,
then T > £+ ({ 4+ 1)m +n and Jyy1(X) has full row rank.

Proof. Suppose, first, that £ = n = 0. Since £(0,0) N M has the isomorphism
property, Ujg,r—1) = J1(X) must have full row rank and hence 7' > m.

Now, suppose that n > £ > 1. Let d = min(¢, T—1), £ € RY*"™ and n; € R1*™
with ¢ € [0, d] be vectors such that

(€ no -+ ma) € lker Jgq1(X).

Also, let {p be a nonzero vector be such that CA(y = 0 for i € [0,¢ — 2]. For

e > 0, let {éf gf} denote the consistent system obtained from Lemma

by taking ¢ = e(p. Since (A, B) is controllable, so is (As, Bs) for all sufficiently
small €. Hence, we see that
A. B.
X5l egln)N M
5 5] eeem

for some ¢ > 0. Since £(¢,n) N M has the isomorphism property by assumption
and (A, B) is controllable, Lemma .(b) implies that £ = 0 and n; = 0 for all
i € [0,d]. This means that J441(X) has full row rank. Since T' > 1, m > 1, and
n > 1, Jp(X) has at least 2 rows and exactly 1 column. As such, it cannot have

full row rank. Then, we see that d = min(¢,T — 1) # T — 1. Therefore, d = ¢
and Jy11(X) has full row rank. The latter implies that T' > {4 ({+1)m+n. O

The third auxiliary lemma introduces a way of extending an observable state-
space system while preserving observability.

Lemma 11.21. Suppose thatn > 1, A € R"*" and C € RP*"™ are such that
(C, A) is observable. Denote ¢ = ¢(C, A). Let { € R™ be such that

CAC=0 Vie[0,6—2] and CA“"'¢#0. (11.88)
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Also, let n’ > 1, A’ € RV *"" and C' € R™" be such that (C', A’) is observable.

Then, the pair
= = A ¢C’
(C,A) = <[0 Opsent] {O CA’D

is observable and ¢ := ¢(C, A) = ¢ +n'. Moreover, if ' € R™ satisfies

C'(AN)i¢' =0 Vielo,n' —2] and C'(A) ¢ #0, (11.89)
then
CA’ [CO’} =0 Vie[0,/—2 and CA! m # 0. (11.90)

Proof. By direct inspection, we see that CA* = [C’A’C Ek] where =y = 0,
Epp1 = CAFCC! + 2, A’ for all k > 0. By using ( ), we further see that

(i) Ex =0 for all k € [0,£ — 1], and
(ii) 2, = CA1¢C".

Let Qg, Q, and (Y}, denote the k-th observability matrices of the pairs (C, A),
(C,A), and (C’, A"), respectively. We claim that

rank Q4 ; = n + rank (11.91)
for all ¢ > 1. To show this, let ¢ > 1. Note that QZH is of the form
Qp 0
~ * _Eg
Qepi= |~ . (11.92)
* 5141—1
From (ii) and ( ), it follows that
_Ze _Ee
41 =41
ker ) = ker Q; and rank ) = rank (. (11.93)
Sevio Eetiot

Since (C, A) is observable and ¢(C, A) = ¢, rank 0, = n. Therefore, we see from
( ) that ( ) holds. Since C" € R"" and (C’, A’) is observable, we have
0C’ A"y =n'. Then, ( ) implies that rank Qy;,» = n +n’ and hence that
(C, A) is observable. It also follows from ( ) that rank Q4 ,» 1 < n+n’. This
means that £(C, A) = £ +n’. Further, if ¢’ satisfies ( ) then ¢’ € kerQ,

and ¢’ ¢ kerQ,. From ( ) and ( ), it follows that {2,] € ker Qpin_1

and L(_),} ¢ ker Q¢ . Hence, ( ) holds. a
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The final auxiliary lemma presents a condition under which the matrix Ji(X)
has full row rank for a certain depth k.
Lemma 11.22. Suppose thatn > ¢ >0 and [ B] € £(¢,n)NM. Let X|o 1] €
R™(TH+Y) pe a state for [AB]. If p > 1 and E(0 + p,n+ p) N M = @, then
T>20+p+ ({+p+1)m+n and Jpy,q1(X) has full row rank.

Proof. Let A € R, A} € R**# be the Jordan block with the eigenvalue A, i.e.

A10---00
OAX1---00
S R
000--- X1
000---0A
C':=el, and ¢ := e, where e; denotes the 7th standard basis vector of RH.

Clearly, (C', A}) is observable and ¢(C’, A} ) = p. In addition, we have that
C'(A)'C' =0 Wie0,u-2 and C(AYIC=1.

We claim that Jgq1(x) has full row rank where d = min(¢ + u,T — 1). To
prove this claim, we distinguish two cases: n =0 and n > 1.

For the case n = 0, we have that £ = 0, X|o 1) is a void matrix, and Yjg 7_1) =
DUy p—y) for some D € RP*™. Therefore, for every nonzero 6 € RP, Zjy 7} :=
0,x(T+1) is a state for

A\ Oy
oo | eswmno.

Let n; with ¢ € [0, d] be such that [770 e nd} € lker Jy41(X). Clearly, we have
[Ol,u Ny -+ nd] € lker J44+1(Z). Define

Ay=A\, Byx=E_;, C=6C", and D,=D+0CE,
where E; = 0 and E;_1 = A\E; + ¢'n; for i € [0,d]. Since d = min(u, T — 1)

for this case, it follows from Lemma .(a) that
Ay By
SN e &(u,p)No.
[C DJ )

Since &(u, u) N M = @ due to the hypothesis, (Ay, By) is uncontrollable. From
the fact that Ay = A} is a Jordan block, we see that (¢)TA} = A(¢)T and
(¢YTE_; = 0. Since
d
By =) (A ¢

k=0
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due to ( ), we see that ZZ:O Aemi, = 0. As X is an arbitrary real number,
we conclude that 7; = 0 for every i € [0, d] and hence Jz;1(X) has full row rank.
For the case n > 1, let ¢ € R™ be as in ( ) and define

. . A e¢C 5 B
C = [C Opxu] , Aey = [O AL ] , and B:= |:Ou><m:|

for ¢ > 0. Then, it follows from Lemma that (C, A. ) is observable,
UC A ) =L+ pu=1{,

0
CI

} =0 Vie[0,/—2] and éﬁfj [2,] # 0. (11.94)

Ay
C

CA, [

Note that
} cEW+pu,n+pu)no

S W

and

X
Z = [0.7] }
0.1 [ONX(TH)
is a state for [Ag* g]. Let d = min(¢ + 4, T —1). Also, let £ € RY™,

with ¢ € [0,d] be such that [ no -+ na] € lkerJgy1(X). Clearly, we have
[€ O1xp Mo -+ na) € Iker Jy11(Z). Define

~

Ay = Ae,/\ + |:<(-)/:| [f 0] Ba,)\ =B +E_q

)

c=cC D.x=D+ CE,
where
E;=0 and FE;,_1= AAE’)\EZ‘ + |:<(.),:| n; for i € [O, d}
Then, it follows from Lemma .(a) that

|:As,)\ Bs,)\

& Ds,,\] e+ p,n+pu)NO.

~ N

From the hypothesis, we know that (Ac x, Be,x) is uncontrollable. By taking the

limit as € tends to zero, we conclude that (AQ by 307 ») is uncontrollable as well.
Note that

A A 0 ~ B
Agy = { ¢ A’} and Bp = [0 } +F,

nxm
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where
F;=0 and F,_; = Ag,Fi+ L(?,] n; for i € [0, d)].

Suppose that A is not an eigenvalue of A. Then, every left eigenvector of flo, A
corresponding to an eigenvalue of A must be of the form [v ()] where v € C1X7,
From

(€T AL = M,
we see that left eigenvectors of /Al(], » corresponding to the eigenvalue A are nonzero
multiples of [£(AI — A)~* (¢")T]. Since (A, B) is controllable but (A x, Bo,») is
uncontrollable, it follows from the Hautus test that

[EOL = A)7" ()] By = 0.

Since F_1 = EZ:O fl’g,)\ 3} Mk, we see that §(AI—A)_1B+EZ:0 Neme = 0. As

this equality should hold for all A € R that is not an eigenvalue of A, we can
conclude that 7; = 0 for i € [0,d] and (A — A)~1 B = 0. The latter implies that
& =0 since (A, B) is controllable. Consequently, Jz41(X) has full row rank.

To prove that Jyy,41(X) has full row rank, note that Jr(X) has at least
2 rows and exactly 1 column since T > 1, m > 1, and n > 1. As such, it
cannot have full row rank. Then, we see that d = min(¢ + p, T — 1) # T — 1.
Therefore, d = ¢ + p and thus Jy,41(X) has full row rank. The latter implies
that T 2L+ p+ U+ p+1)m—+n. O

11.7.1 Proof of Theorem : necessity part
Suppose that the data are informative for system identification within

SiL_,La)no Ny M.

Let [& B] € E(luues Nrue) N M and let Xig 1) € R™(T+1) be a state for [4 B].
Since &(ntrue) N M has the isomorphism property, we have &(ngue) N M =
E(Lirue, Ntrue) N M. Then, Lemma implies that

T 2 gtruc + (Etruc + ]-)m + Ntrue (1195)
and Jg,,,_+1(X) has full row rank whereas Lemma .(b) implies that d; = px
for every k € [0, lyyue + 1]. As py,,.. = 1 due to Lemma .(b), we see that
q = firue- Then, Theorem implies that £, > firue. Since the reverse
inequality readily follows from the definition of £, in ( ), we have lyye =
linin. Further, Theorem and Lemma . imply that ntne = Mmin-

Then, ( ) and ( ) follow from ( ).
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If L% = lirue, ( ) readily follows from ( ). As such, ( ) follows
from rank Hy, _4+1 = rank Jy,  +1(X) and Jp,, .+1(X) having full row rank.
Suppose that L% > fyye. Note that the informativity of the data for system
identification within Siz_ 1.1, v_,~,] N M implies that &(Corue + 1, Nrue + 1) N

M = & where p = L% — liye. Then, Lemma implies that ( ) holds
and JL1+1(X) has full row rank. Since rank HLiJrl = rank JL1+1(X)» we see
that ( ) holds. [ ]

11.8 A simple proof of the fundamental lemma

In this section we use the machinery developed in this chapter to prove the
fundamental lemma, i.e., Theorem 1.2. We will also prove Proposition

11.8.1 Proof of Theorem

We assume that (Atrue, Btrue) is controllable and ujo,7—1) is persistently exciting
of order N + L. We start by proving item (a). In other words, we want to show
that the matrix Jy(X) has full row rank.

Suppose on the contrary that rank Jp(X) < ngue + mL. Obviously, by
the persistency of excitation condition, rank Jy4r(X) > (N 4+ L)m. The rank
difference between Jr,(X) and Jy(X) is thus at least (m — 1)N + 1. Hence,
there exists a k € {L+ 1,L +2,...,N + L} such that rank Ji(X) = m +
rank J,_1(X).

By Lemma and the fact that Jp,(X) does not have full row rank,
Ji(X) does not have full row rank. Therefore, it follows from Lemma that
(Atrue, Btrue) is uncontrollable. This is a contradiction. Hence, we conclude that
rank Jr,(X) = ngrue + mL which proves item

Next, we prove (b). The ‘if’ part readily follows from the discussion following
Equation (1.2). To prove the ‘only if’ part, let (u[,L—1), ¥jo,.—1]) be a restricted
input-output trajectory on the time interval [0,L — 1]. Let Z(0) be an initial
state of (1.1) compatible with this input-output trajectory. By item , the
matrix .Jz,(X) has full row rank. Therefore, there exists a vector g € RT~E+1
such that

[“’(0) ] = JL(X)g. (11.96)
Ulo,L—1]
Let Q7 and Oy, be the observability and system matrices of the true system,
and define @, as in ( ). By multiplying both sides of ( ) by the matrix

®; we obtain
[ﬂ[o,L—u] _ |:HL(U[O,T—1]):| g
Y[o,L—1] Hy(yjo,r-1))
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which proves

Finally, we prove (¢). Let ¢ € Z,. In view of item (), it suffices to show that
the controllability of (A¢rue, Birue) implies that the spaces of restricted input-
output trajectories of (1.1) on the intervals [0, L — 1] and [¢,7 + L — 1] coincide.
In other words, it is sufficient to prove the following claim.

Claim: Let
Vo 20
U1 21
v = . and z = . ,
Vr—1 ZL—1

where v; € R™ and z; € RP for ¢ = 0,1,...,L — 1. Then (v, z) is a restricted
input-output trajectory of (1.1) on the interval [0, L — 1] if and only if it is a
restricted input-output trajectory of (1.1) on the interval [i,i + L — 1].

To prove this claim, note that the ‘if’ statement follows directly from time-
invariance of (1.1). Therefore, we focus on proving the ‘only if’ statement. We
will first show that the matrix

[Al Ai_l Btrue T AtrueBtrue Btrue] (11~97)

true true

has full row rank. Let & € R'" be such that
5 [A;:iruc Aiil Btruc e Atruthruc Btruc] = 0.

true

Then AL, Biue = 0 for all k € Z, . By controllability of the pair (Atrue, Birue)s

true

it follows that £ = 0. Therefore, ( ) has full row rank. Now, let

(u(t), 2(t), y(1)i =

be a restricted input-state-output trajectory of (1.1) such that u(t) = v; and
y(t) = z for all t € [0,L — 1]. Since ( ) has full row rank, there exist
Z(0) € R™ and @(0),u(1),...,u(i — 1) € R™ such that

z(0)
u(0)
l‘(O) = [Aérue Aér_uleBtrue AtrueBtrue Btrue} . (1198)
(i — 2)
u(i—1)

Define u(t+1) := v, for t € [0, L —1]. Consider the restricted input-state-output
trajectory (u(t),z(t),y(t))its ™" of (1.1) resulting from z(0) and 44— In
view of ( ), we obtain z(i) = 2(0). Therefore, y; ;41-1] = 2. We conclude
that (v, z) is a restricted input-output trajectory of (1.1) on the interval [i,i +
L — 1]. This proves the claim, and therefore statement of Theorem
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11.8.2 Proof of Proposition

By hypothesis of the proposition, we have that

T>Liy+(Ly+Ny+1)m+ Ny (11.99)
Moreover, we recall that Proposition asserts that

Hr v1(up T—l]):|

rank + ’ = (Li 4+ 1)m + nirue- 11.100

ot ) (L Dt i (11,100
We now want to show that the conditions ( ) of Theorem hold with
L_ = N_ = 0. By definition of £,,;, and npin, ( ) and ( ) hold. Since
Ly > L% and Ny > np, ( ) follows from ( ).

Let [A 2] € E(nmin) and let X[ € Rmnx(THD) be a state for [4 B].
Because Ly + 1 = lyin, we see from ( ) that rank Jr, 11(X) = (L4 +
1)m 4 ngrue. This implies that nirye < Nmin. Since the reverse inequality holds
due to the definition of ny,, in ( ), we see that nyin = Nrue. Therefore,

Jr, +1(X) has full row rank. Since Ly > L%, we conclude from Lemma

that rank JL1+1(X) = (LY +1)m+nmin. Since L§ +1 > lyye, we conclude that
( ) holds. In other words, by Theorem the data (up, 711, y[0,7—1]) are
informative for system identification within Sjo 1 0,5,] N M.

11.9 Notes and references

J.C. Willems’ trilogy [1806—-188] is a deep and influential study on mathematical
modelling of dynamical systems from time series. The second part [187] con-
cerns the problem of obtaining a mathematical model for a linear system from
a given (infinite) trajectory. It significantly influenced subspace identification

methods [115], that compute a state sequence from finite-length data by adapt-
ing Willems’ state construction from infinite to finite data. Two assumptions
are crucial in [115]: the state-space dimension of the system is known; and a

rank condition holds for a Hankel matrix constructed from the data. Although
not formally proven at the time, it was believed that such rank condition is sat-
isfied if the input data are sufficiently persistently exciting. This conjecture was
formally proven in Willems et. al.’s fundamental lemma (see [190, Thm. 1] and
Theorem 1.2) which allows the application of subspace identification even when
only an upper bound on the state dimension is known.

As shown in this chapter (Proposition ), the fundamental lemma gives a
sufficient condition under which a linear time-invariant system can be uniquely
identified from data. As shown by means of examples, however, this condition is
not necessary. Motivated by this, we have investigated necessary and sufficient
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conditions on the input-output data for identifiability. Throughout, we have
worked under the assumptions that the true system is minimal, and the lag and
state-space dimension of the system are between given lower and upper bounds.
The development of this chapter follows the paper [32].

Our approach is conceptually and methodologically close to the behavioral
one (see [186-188,190]). Instrumental to our results is the definition of a num-
ber of integer invariants computed directly from the data and associated with
systems consistent with the data. Such integers are the finite data counterparts
of those introduced in [186, Sect. 7] for infinite time series. Moreover, the
fundamental lemma can be interpreted as a special case of our results.

An interesting consequence of Theorem is in the context of online ex-
periment design for system identification. Assuming that only an upper bound
Ly on the lag is known, [166, Thm. 3] gives a procedure to construct an in-
put sequence ug p_y) With T = (L4 + 1)m + Ly + Ngrye in such a way that
the resulting data (ug,7—1},¥j0,7—1)) are informative for system identification
within S,z 1,0,pL4) N M. What is striking is that such procedure does not
require exact knowledge of nie, even though the time horizon of the exper-
iment depends on nywe. As discussed in Remark , in this case we have
that L% = Ly. If the data (ujo,7—1],¥jo,r—1)) are informative for system iden-
tification within Spo, 7.} 0,pz] N M, we see from ( ) and ( ) that
T > (Ly +1)m+ Ly + ngrue- This proves that the experiment design procedure
provided by [166, Thm. 3] generates the minimal number of samples required for
system identification. We will study the problem of experiment design in more
detail in the next chapter. In particular, a highlight of Chapter 12 is that even
shorter experiments can be obtained if a bound N on the state-space dimension
is given, in addition to L.






12

Experiment design

In the previous chapter, we have provided necessary and sufficient conditions un-
der which given input-output data (uj,r_1],y[0,r—1]) are informative for system
identification. The main result of Chapter 11 is Theorem , which, roughly
speaking, asserts that the data are informative if and only if a rank condition on
a certain input-output Hankel matrix holds. In the current chapter, we follow up
by answering the following question: how to design a sequence of inputs u 7_1
such that the input-output data are informative for system identification? Of
course, a partial answer to this question has already been given by the fun-
damental lemma [190], see Proposition in Chapter 11. The persistency of
excitation condition of the fundamental lemma, however, imposes a conservative
lower bound on the required number of data samples. Motivated by this, we are
interested in designing the shortest possible experiments for system identifica-
tion. To do so, we will see that it is important to design the inputs in an online
manner, based on input-output data gathered in the past.

12.1 Informativity for system identification

We start by recapping the definition and characterization of informativity for

system identification. As in Chapter 11, we consider the input-state-output
system

z(t+1) = Apruex(t) + Birueu(t) (12.1a)

y(t) = Chruex(t) + Dirueu(t) (12.1b)

where Aiye € RMtrueXMtrue By € RMrueXm (O o € RP*Mrue and Dypye € RPX™
are unknown. Also the state-space dimension ngue > 0 is unknown. However,
m,p > 1 are known. We refer to ( ) as the true system. We denote its lag by

etrue = £<Ctruea Atrue)-

Throughout this chapter, we assume that the true system is minimal, i.e., both
controllable and observable. In addition, we assume that upper bounds

L = étrue and N = Ntrue (122)
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are given on the true lag and state-space dimension, respectively.

Without making assumptions on the input, let (uf,;—1, ¥jo,+—1]) be data ob-
tained from ( ). Note that in this chapter, the data length is denoted by ¢,
which will later on be variable in the online experiment design. By definition,
there exists Xo 4 € R™muex (1) guch that

X[l t] :| |:Atrue Btrue:| |:X[O t—l]:|
’ = ’ . 12.3
|:}/[O,t—1] Cirue Dirue U[O,t—l] ( )

Let n > 0. Recall from Chapter 11 that a system

{AB

_ m(n+p)x(nt+m)
c D} eSn)=R

is consistent with the data (ujg4—1), Y]o,—1)) if there exists X|g 4 € R™*(t+1) such

that

)-8 )

Yio,e-1) C D] |[Up,-1
The set of all systems that are consistent with the data (ujo;—1], Yo,t—1]) 18
denoted by &; and is referred to as the set of consistent systems. The subsets of &

consisting of systems with a given lag and state space dimension are respectively
defined as

gt(g, n) = 5t N S(g, ’ﬂ) and Et(n) = 5t N S(n)

Here, we recall that the notation S(¢, n) has been defined in (11.3) in Chapter

12.1.1 Definition of informativity for system identification

The set Sy, n consists of all systems with lag at most L and state-space dimension
at most N, i.e.,
Sp.N = U S, n).
e |o0,L]
n € [0, N]
In view of the bounds (12.2) and the minimality of the true system, we have the
following prior knowledge:

|:Atrue Btrue

Ctrue Dtrue:| < M " SL7N7

where M is the set of minimal systems defined in (11.6). With this in mind, we
recall the notion of informativity for system identification.



Informativity for system identification 285

Definition 12.1. We say that the data (ujo;—1], Y[o,t—1]) are informative for
system identification’ if

(i) &ENMNSL N = E(Ngrue) "M NS N, and
(if) & NMNSi n has the isomorphism property.

The first condition means that all data-consistent systems satisfying the prior
knowledge have niue states, while the second one asserts that any pair of such
systems is isomorphic. Definition thus captures the important property that
there is precisely one equivalence class of state-space systems consistent with the
input-output data. In what follows, we will recall conditions under which the
data are informative for system identification. Before we can do so, we need to
introduce two important integers, namely the shortest lag and minimum number
of states.

12.1.2 The shortest lag and minimum number of states

Given the data (uo¢—1],¥jo,+—1]), We define the following two integers that play
a pivotal role in the characterization of informativity for system identification:

linyg '=min{l > 0| & (¢, n) # @ for some n > 0}
Nmin,t ‘= mln{n = 0 | 575(”) 7& @}
As shown in [32] and Chapter 11, these integers admit a simple characteri-

zation in terms of the data. To explain this, let k& € [1,¢] and denote the Hankel
matrix of k& block rows constructed from the data (ujo;—1], Yjo,t—1]) by

Hk,t = | "ttomemeeeo e
k(Yo,e-1]) y(0) (1) y(t —k)
y(k—1) y(k) - yt-1)

We also define

Hk(u[o tfl]) ]
Gri = ) .
kot [Hk—l(y[o,tz])

1Since we only deal with the prior knowledge M N Sr,~, we will simply write ‘informative
for system identification’ rather than ‘informative for system identification within M NSy, N’
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Note that G} ; may be obtained by removing the last row of outputs from Hj, ;.
Now, define

D ifk=0
Okt := .
rank Hy; —rank G, if k € [1,1].

Note that
p =0 = 0 for all k € [0,¢].

Throughout the chapter, we assume that ujg,_1; # 0, i.e., the inputs are not
all equal to zero. From this blanket assumption, it follows that rank H;; =
rank G;; = 1 and hence

810 =0. (12.4)

Let ¢; € [0,t — 1] be the smallest integer such that d,,41, = 0. Note that ¢
is well-defined due to (12.1). The shortest lag and minimum number of states
can be computed in terms of dj ; and ¢, as recalled next (see [32, Thm. 8] and
Theorem ).

.. Linin
Proposition 12.2. lyin = ¢ and Nuing = » ey it

An important consequence of Proposition is that the integers £pin,+ and
Nmin,+ can be readily computed using the data.

12.1.3 Necessary and sufficient conditions for informativity

We are now in a position to recall the conditions for informativity for system
identification. Before we do so, we remind the reader that Theorems
and show that if £(¢,n) # @ then

e g n— nmin,t + gmin,t- (125)

This implies that N —7min ¢ +¥fmin,: is an upper bound for the lag of any consistent
system with at most N states. This upper bound, which is determined by the
data and N, is in some cases smaller than the given upper bound L. This means
that we can replace L by the actual upper bound on the lag:

L} == min(L, N — nuin,¢t + linin,¢t)-
The following theorem is a reformulation of Theorem and provides nec-

essary and sufficient conditions for the data to be informative for system iden-
tification.
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Theorem 12.3. The data (ujg¢—1],Y[0,t—1)) are informative for system identifi-
cation if and only if the following two conditions hold:

t> L+ (L + 1)m + numinge (12.6a)
rank HL;"—&-l,t = (L? + 1)m + Tmin,t- (126b)

Moreover, if the conditions in (12.6) are satisfied, then

Etrue = gmin,t (1273.)
Ttrue = Mmin,t (127b)
ENMnN SL,N = St(nmimt). (12,70)

12.2 Formal problem statement

If the data (u[g¢—1),Y[0,t—1)) are informative for system identification, then
Cmint = lirue a0 Nin ¢ = Ngrue Dy Theorem . In this case, L} is equal to

L* := min(L, N — ngrue + Lirue)-
It follows from the lower bound ( ) that
t>T:= L%+ (L + 1)m + Nrue, (12.8)

that is, any set of informative input-output data contains at least T" samples.
The main question is now as follows: can we design a sequence of inputs
ufo,r—1) of length precisely T' such that the resulting input-output data

(u[O,Tfl] ) y[O,Tfl})

are informative for system identification? We will focus on an online design of the
inputs, in the sense that the choice of u(t) is guided by the data (u,—1], ¥j0,t—1])
collected at previous time steps. We formalize the problem as follows.

Problem 12.4. Let T be as in (12.8). Consider the system (12.1) with initial
state (0) = xg € R™. Let y(t) € RP denote the output of (12.1) at time ¢
resulting from zy and the control inputs «(0),u(1),...,u(t) € R™.

For each t € [0,T — 1], given (ujo,+—1],Y[0,t—1), design u(t) such that, in the
end, the resulting data (ujo r_1],¥[0,r—1]) are informative for system identifica-
tion.

We note that the initial state z¢ of the system (12.1) is arbitrary and not
assumed to be given. Our goal is thus to design inputs that lead to an informative
experiment irrespective of xg.
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In addition, we emphasize that it is not straightforward to see that Prob-
lem has a solution. In fact, even though T is a lower bound on the number of
data samples required for system identification, it is at this point unclear whether
there exists an experiment of length exactly T'. Also, even if such an experiment
exists, it is far from obvious that there is a systematic way of constructing such
an experiment without knowledge of the true system. An additional challenge
is that the time T itself depends on the true lag and true state-space dimension,
which are not a priori known.

Remarkably, as we show in this chapter, it turns out to be always possible to
design an informative experiment of length precisely T', despite these challenges.

12.3 Online experiment design

In this section we present our main results, building up to the online experiment
design method. We start with the following auxiliary lemma that asserts that
the rank of the Hankel matrix Hy ; can be increased at time ¢+ 1, assuming that
certain conditions are met. To introduce the lemma, we will use the following
terminology: a subset A C R™ is called affine if it can be expressed as A =
{z} + & where z € R™ and § C R" is a subspace. The dimension of A is defined
as the dimension of S.

Lemma 12.5. Lett >2 and k > 2. If

rank G+ < m+rank Hy_q ¢ (12.9)
then there exists an (m — 1)-dimensional affine set A, C R™ such that

rank Hy ;1 =rank Hyp ; + 1 (12.10)
whenever u(t) € Ay.

In what follows, we will use the shorthand notation 0,, := {01, }.
Proof. Note that lker Hy_1+ X 0y, C lker G}, +. Therefore, it holds that
dimlker G+ > dimlker Hy_q ;.
It follows from the rank-nullity theorem that
kp+ (k4 1)m —rank Gi, > k(p+m) — rank Hy_1 4.

As such, rank G+ < m + rank H,_1;. Moreover, note that rank G = m +
rank Hy_q 4 if and only if lker Hx_1 ¢ x 0,, = lker G} ;. Therefore, ( ) implies
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that there exist 7, € R™ and §; € R? and with ¢ € [1,k] and j € [1,k — 1] such
that n, # 0 and
ol 6 e €14] G =0

Now, define the set
Av={veR™ [nfv+ Y nlult—k+i)+ &yt —k+1i) =0},
i€[l,k—1]

If u(t) ¢ A; then
[Wir 771gT & - 5;1—_1] Grt+1 # 0.
Since lker G 141 C lker G ¢, we conclude from the latter inequality that
dimlker G +11 < dimlker G +.

Therefore, the last column of G, 111 is not a linear combination of the columns
of Gj+. Thus, the last column of Hj, ¢4 is also not a linear combination of the
columns of Hy ;. We conclude that ( ) holds, which proves the lemma. O

As long as the inequality ( ) holds, Lemma may be successively
applied several times to increase the rank of the Hankel matrix. In the next
lemma, we show how to deduce from the data whether k = L%, as soon as the
condition ( ) fails to hold. This lemma will be used as a stopping criterion
for our online experiment design algorithm.

Lemma 12.6. Lett > 2 and k > 2 and suppose that the data (ujo¢—1],Y[0,t—1])
are such that Hy ; has full column rank. Let T > 0 and assume that Ul t4r—1]
satisfy

(a) for every s € [t,t +7 — 1], rank G s < m + rank Hy_1 , and u(s) ¢ As,
where Ay is as in Lemma

(b) rank Gk7t+7— = m + rank Hk—17t+7—-
Then the following statements hold:
(i) If k = lirue + 1 then

o rank Hk,t+T = Ntrue T+ km7
o t+7T=nguw+km+k—1,

. émin,t—&-r = Etruea and Nmin,t+7 = Ttrue-

(i) Ifk = L% . +1 then
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o« k=L"+1,
o t+T= T, and
o (ujo,r—1],Yjo,r—1)) are informative for system identification.

Proof. We first prove (i). Assume that k& > fue + 1. Hypothesis and
Lemma imply that

rank Hy py, =rank Hy  +7=¢t—k+ 7+ 1. (12.11)

Let Xjg,14r—1] € Rere X (147) he g state compatible with the input-output data
(u[o,t4+7-1],Y[0,t+7—1)) and the true system. Since (Cirue, Atrue) is observable
and k > e + 1, the observability matrix Qi1 of the true system (see Equa-
tion ( )) has rank n¢yue. This implies that the matrices

0 1 0 I 0
Bj_q = {Q o ] and Up:=| 0 0 I, (12.12)
k—1 k—1 Qk_l @k_l O

have full column rank, where we recall that Of_; is the Toeplitz matrix of
Markov parameters of the true system, defined in ( ). Therefore,

X X
kHi 1 t1r = k| ®._ [0,t+7—k—1] _ k [0,t4+7—k—1] _
ran k—1,t+ ran ( k—1 |:Hk1(u[0,t+7_1]) ran kal(u[O,t—i—T—l])

Moreover,

X X
kG i1y =rank (¥ [0,t+7—k] ]) = rank [ [0,t+7—k] } 12.13
FOME M t+ ( F |:Hk(u[0,t+71]) k(U0 t4r—1]) ( )
=rank Hy ¢4, (12.14)

By hypothesis (b), we thus have

X X
k [0,t+7—K] _ k |: [0,t+7—k—1] :| )
ran |:Hk(u[0,t+7——1]) m e ran Hy—1(up t4+—11)

By Lemma and the fact that (A¢rue, Btrue) is controllable,

X
rank [0,t+7—EK] } = Ngrue + kM.
|:Hk(u[0,t+-r—1]) ’

Therefore, by ( ), we conclude that

rank Hy, ¢4 = Nrue + kM, (12.15)
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proving the first item of (i). The second item of now follows immediately
from ( ). Finally, to prove the third item, let

A B

|:O D:| S 5<£min7t+‘ranmin7t+‘r)~

Let X[g44r—1) € Rmminttrx(+7) he a state compatible with the input-output
data and the above data-consistent system. Obviously, rank Hy, 14+ < Tmin,t4r +
km and therefore nmint+r = Ntrue DY ( ). However, since also nyin t+r <
Nrue, We Obtain ngye = Nmin,t+-. Finally, it follows from ( ) that lyin i4r =
lirye. Since obviously frin ¢4+ < ftrue, We conclude that foin ¢+ = lrye, proving
the third item of

Next, we will prove (ii). Assume that k = L, + 1. We have that

N — Nmin,t+r + gmin,t-{-f Z Ntrue — Nmin,t+r T émin,t—&-r P étruea

where the last inequality follows from ( ). Combining this with L > £i,ue, we
obtain k = L¢,  +1 2 fyue + 1, by definition of L¢, . Therefore, the three items
listed under (i) hold. From the fact that limin ¢4+ = ltrue @0d Nmin t4r = Nrue, it
follows that L¢, = = L%, and therefore k = L® + 1. This proves the first item of

. Moreover, the second item of (i) implies that t+7 = L*+ (L* + 1)m + ngrue,
which shows that ¢t + 7 = T, proving the second item of (ii). Finally, from the

first and third items of (i), we see that rank Hpe 11,17 = (LG + 1)ym + nin, 7
Therefore, it follows from Theorem that the data (up,r—1],Yp,r-1]) are
informative for system identification. Hence, also the third item of holds.
This proves the lemma. (Il

The core idea of our approach is to adapt the depth k of the Hankel matrix
during the operation of the experiment design procedure. For a fized depth
k, Lemma will be used for s € [t,t + 7 — 1] until the rank condition
rank G ¢4 = m +rank Hy_1 11, holds. Then, following Lemma , we check
whether k¥ = L¢ _+ 1. If k = L _ + 1 then we are done because the data
(u[o,t4+7-1],Y[0,t+7—1)) are informative for system identification. Otherwise, if
k # L, . + 1 we increase the depth of the Hankel matrix to k + 1 and repeat
the process. This leads to the following algorithm.

1: procedure ONLINEEXPERIMENT(L, N)
2: choose inputs u[g ,,—1) such that Uy ,,—1j is nonsingular

if k=t+1 then
choose u(t) arbitrarily

3: measure outputs Yo, m—1]

4: t—m,k<+1

5: while k # L{ +1 do > stopping criterion
6: k< k+1

T

8:
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9: measure output y(t)

10: t+—t+1

11: end if

12: while rank G ; < m +rank Hy_;; do

13: choose u(t) ¢ A,

14: measure output y(t) > rank Hy 441 = rank H; + 1
15: t—t+1

16: end while

17: end while

18: return (Ujg 1, Y]o,t—1]) > the data are informative

19: end procedure

The following theorem asserts that ONLINEEXPERIMENT(L, N) leads to infor-
mative data sets with the least possible number of samples. This is the main
result of the chapter.

Theorem 12.7. The procedure ONLINEEXPERIMENT(L, N) returns input-out-
put data (Ujg 41}, Y]o,+—1]) that are informative for system identification. More-
over, t =T, where T is defined in (12.8).

Before we prove Theorem , we state the following auxiliary lemma.

Lemma 12.8. Let k > 1 and t > k + 1. If the data (u[g 1), Yjo,+—1]) are such
that Hy+ has full column rank then also Hy 1+ has full column rank.

Proof. Since Hj; has full column rank, the submatrix

u(l) -+ u(t— k)]

(12.16)

y(k) - y(t—1)]

obtained from removing the first column of Hy ,, has full column rank as well.

Since ( ) is also the submatrix of Hy4q,; obtained by removing the row
blocks Ujg —x—1] and Yo ;__1), we conclude that Hy1, has full column rank.
This proves the lemma. O
Proof of Theorem . The proof consists of the following three steps. First,
we prove that the Hankel matrix Hj ; always has full column rank at the start
of the while loop in Line 12. Secondly, we prove that the procedure terminates

within a finite number of steps. Finally, we show that the latter number is
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precisely equal to T', and the data (ujo 7—1), yjo,7—1]) are informative for system
identification.

We begin with the first step. Consider the while loop in Lines 5-17. Let k be
the depth of the Hankel matrix afer line 6. Moreover, let t; be the time instant
at the start of the while loop in Line 12. We claim that Hj ¢, has full column
rank.

We first prove this claim for the first iteration of the while loop, i.e., consider
k = 2. If m > 2 then the if statement in Lines 7—11 is ignored, and to = m.
Note that the Hankel matrix H; ,, has full column rank by the choice of the
inputs u[g,—1) in Line 2. It is then clear that Ha,, has full column rank by
Lemma . On the other hand, if m = 1, then ¢t = m + 1. In this case, the
Hankel matrix Hs ,,+1 has one column, which is nonzero due to line 2. Therefore,
also in this case Hj 4, has full column rank.

Now consider any k > 2. Assume that Hy, has full column rank. Our goal
is to show that Hyy14,,, has full column rank as well.

Since Hy, ¢, has full column rank by hypothesis, we can apply Lemma to
the while loop in Lines 12—-16. In particular, this while loop is applied for a finite
number of iterations, say 7 € Z,, which yields the Hankel matrix Hy, 4, +-. By
repeated application of Lemma , Hj +, ++ has full column rank. This means,
in particular, that t, + 7 > k.

Now, we turn our attention to the depth k£ + 1. If ¢4 + 7 = k then the if
statement in Lines 7—11 generates an arbitrary input u(t;+7) and corresponding
output y(tx + 7). In this case, ty4+1 = tx + 7 + 1 and the resulting Hankel
matrix Hyq1,4,,, i a column vector of rank one by Line 2. In the other case, if
ty +7 2= k+1then try1 =t + 7 and it follows that Hy 1 4,., has full column
rank by Lemma

Secondly, we prove that the procedure terminates in a finite number of steps.
Now, let t;, € N be the time instant, corresponding to the depth k, at which
the stopping criterion in Line 5 is checked. We want to prove the existence of
a depth k > 1 such that k = L{, + 1. Clearly, since L, > {iyue, this cannot
happen if £ < {ipye. For any k > liue + 1 we have that s, = firue and
Nmin,t; = Ntrue Dy Lemma , meaning that Ly =L°. Since the depth k is
increased by one in every iteration of the while loop in Lines 5-17, this implies
that there exists k > fi,ue + 1 such that k = L‘tlk + 1.

Finally, we prove the last step. Let k be such that k = L{ _+1. It follows from
Lemma that t; is precisely equal to T, and the data (up,r—1],¥j0,7-1])
are informative for system identification. This proves the theorem. O

Remark 12.9. Without going into details, we mention that Theorem

shows that ‘randomly’ chosen inputs ujy 7—1j lead to informative experiments of
length precisely T" with high probability. In fact, the only imposed constraints
on the inputs are that Ujg,,—1] is nonsingular (Line 2 of the algorithm), and
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that u(t) € R™ is not a member of an (m — 1)-dimensional affine set (Line 13).
Regardless of how the inputs are chosen to satisfy these constraints, however, a
crucial aspect of ONLINEEXPERIMENT(L, N) is its stopping criterion. Indeed,
we emphasize that T is not a priori known but has to be deduced from data.

12.4 Illustrative example

In this section we illustrate ONLINEEXPERIMENT(L, V) by means of an example.
Consider the true system

Atrue Btrue _
Otrue Dtrue

so that ngwe = 3, m =2, p = 2, and fyue = 2. Let 2 = [1 1 0]T
let L =4 and N = 4 be the available upper bounds.

. Moreover,

12.4.1 Online experiment

We now apply ONLINEEXPERIMENT(L, N). We start with & = 1. We choose

the first two inputs such that Ujp 1) = I, which is obviously nonsingular, and
measure
22
Yo = L 0} :
Using these data and Proposition , we compute

emin,Q = 07 Tmin,2 = Oa and Lg =4.
Since k # L§ + 1, we increase the depth to k = 2. The inputs are now designed

according to the while loop in Line 12 as:

111111
m”1k0000J’

resulting in the measured outputs

133222
nWV‘&1000J'

It can be checked that we have increased the rank of the depth-2 Hankel ma-
trix from rank Hp 3 = 2 to rank Hy g = 7. Based on the data thusfar, we use
Proposition to compute:

Emin,S = 27 Tmin,8 = 3a and Lg =3.
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Since k # L§+1, we set k = 3. Following the while loop in Line 12, we construct

111
Ug,10) = [0 0 0} ;

233
Yig,10 = [1 1 0}-

By doing so, we have increased the rank of the depth-3 Hankel matrix from
rank H3 g = 7 to rank H3 11 = 9. Again, we compute:

which yields

a
lmin11 = 2, Nmin,11 =3, and L{; = 3.

Since k # L{; +1 we set k = 4. This time, we apply the while loop in Line
to obtain the data

100 210
U[11,13] = {O 1 1] , and Y[11,13] = {0 0 J .

The rank of the depth-4 Hankel matrix has increased from rank Hy 12 = 9 to
rank Hy 14 = 11. Finally, we compute

a
limin,14 = 2, NMmin,14 = 3, and L{; = 3.

Since k = L{, + 1, the procedure terminates. We conclude that 7" = 14 and the
data (ujo,13),Y[0,13]) are informative for system identification. For this example,
we note that the required number of samples T is less than the experiment de-
sign approach in [166] that works with the fized depth L = 4 Hankel matrix.
However, this is not always the case. For example, if we study the same example
but with the given upper bounds L = 3 and N = 6, we can use ONLINEEXPER-
IMENT(L, N) to generate the same informative data, with the only difference
that we now have L§ = 3. In this case, the number of 7' = 14 data samples is
the same as in [166].

12.4.2 PE of order L 4 1 is not sufficient for informativity

According to Theorem , an obvious necessary condition for informativity is
that the inputs are persistently exciting of order L*+1. This condition, however,
is not sufficient as demonstrated next. We use the same example as above, but

just change «(12) from [ﬂ to [ﬂ, i.e., we choose the inputs as

101111

1 10
UWJS]_[OlOOOOO

11111
1000001
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The corresponding outputs are then given by

v . _[22133222233221
0= 110110000110000]|"

In this case, rank Hy(upp,13]) = 8 S0 ug,13) is persistently exciting of order L® +
1. However rank Hy 14 = 10 # 11 so the conditions of Theorem are not
satisfied.

12.5 Notes and references

Experiment design is a classical problem that has been mostly studied in the
parametric identification literature. An established idea is to optimize a measure
of the expected accuracy of the parameter estimates subject to input power
constraints [62,64,77]. This problem is usually tackled in the frequency domain
and convex formulations have been provided in [82]. The dual problem of finding
the ‘least costly’ input achieving a fixed level of parameter accuracy has also been
studied [25], in a closed-loop setting.

The results in this chapter are based on the paper [33]. They align well with
the subspace identification literature [165,178], where rank conditions on Hankel
matrices of input-output data play a vital role. In this context, a state-of-the-
art experiment design result is Willems et al’s fundamental lemma [190], see
Theorem and Proposition

The online experiment design method proposed in this chapter largely im-
proves the (offline) persistency of excitation condition of the fundamental lemma.
Indeed, recall that, by definition, the input u;_1) can only be persistently ex-
citing of order N+ L +11if ¢t > N+ L+ m(N 4+ L+ 1). In general, this lower
bound on the number of data samples is much larger than the time horizon T
in ( ). For example, if m = 80, p = 10, liyue = 20, ngrue = 100, L = 100
and N = 150, the online experiment design method requires 7' = 5850 samples
whereas persistency of excitation requires ¢t > 20330 samples.

The proposed approach also improves the online experiment design of [166].
In fact, in the latter paper a method was given to guarantee that the Hankel
matrix Hy1 of fized depth L + 1 has rank (L + 1)m + ngue. This was done in
the least possible number of time steps, t = L + (L 4+ 1)m + nyue. However, by
Theorem , the condition rank Hy 11 = (L + 1)m + ngpye is sufficient for in-
formativity for system identification, but in general not necessary. In particular,
if L* < L then the experiment design method of this chapter leads to a shorter
experiment for system identification than the one provided in [166]. If L® = L,
then the number of samples coincides with [166].
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Data-driven model reduction
by balanced truncation

For a given mathematical model of a dynamical system, the model reduction
problem is to approximate this model by a lower-order, less complex one while
preserving its essential properties. Conventional model reduction techniques
derive these reduced-order models from the original model through operations
such as, for example, projections. In contrast to this, in this chapter we develop
methods that construct reduced-order models directly from data obtained from
the system, without using a mathematical model of the system. Specifically, in
this chapter we focus on generalized Lyapunov balancing, and investigate condi-
tions under which input-state data are informative for this type of balancing.

13.1 Model reduction

In this section, we will briefly review some basic notions from the theory of model
reduction. We refer the reader to [7] for a comprehensive overview of various
existing model reduction methods.

Consider the linear input-state-output system

z(t +1) = Az(t) + Bu(t) (13.1a)
y(t) = Cx(t) + Du(t) (13.1b)

with state-space dimension n, input dimension m and output dimension p. Let
G(s) = C(sI — A)™'B + D denote the transfer matrix of this system. When n
is very large, it is often preferable to replace the system ( ) by a lower order
one, say with state space dimension r, with r preferably much smaller than n,
of the form

Z(t+1) = AreaZ(t) + Breau(t) (13.2a)
yY(t) = CreaZ(t) + Dul(t). (13.2b)
Let Gred(s) = Crea(sI — Ared) ' Brea + D denote the transfer matrix of this

system. The reduced-order system ( ) should preserve certain properties and
approximately retain the input-output behavior of the original system ( ).
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Among a multitude of existing model reduction schemes, in this chapter we
will deal with so-called Petrov-Galerkin projection and generalized Lyapunov
balancing.

13.1.1 Petrov-Galerkin projection

Given matrices W,V € R™ " satisfying W'V = I,., Petrov-Galerkin projection
leads to a reduced-order model (13.2) with

Areda =W'TAV, Bieq=W'B, and Ciq=CV. (13.3)

Many reduction techniques, including Gramian- and Krylov-based methods can
be regarded as Petrov-Galerkin projections with appropriate choices of W and
V, see e.g. [7] for more details. A particularly important special case of Petrov-
Galerkin projection is the so-called method of Lyapunov balancing that we will
quickly recap next.

13.1.2 Lyapunov balancing

Suppose that A is stable’ and the system ( ) is minimal, i.e., controllable
and observable. Then, the Lyapunov equations

P— APAT = BBT (13.4)
Q-ATQA=C"C (13.5)

admit unique positive definite solutions P and ), known as the controllability
Gramian and the observability Gramian, respectively. It is known (see e.g. [7,
Lemma 4.29]) that the minimal input energy required to reach a state Z in the
state space R™ from the origin is given by the quantity

z' Pz

In addition, the maximal observation energy produced by an initial state z is
given by
' Qz.

As such, these Gramians provide measures for reachability and observability of
a given state in terms of energy. Indeed, the states that lie in the eigenspace
corresponding to the smallest (largest) eigenvalue of P (Q) can be interpreted
as those that are hardest to reach (observe). The main idea behind Lyapunov
balancing is to perform a state transformation on the original system in such a

IRecall that a square matrix is called stable if all its eigenvalues \ satisfiy |A\| < 1.
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way that states of the transformed system are equally difficult to reach and to
observe. This can be achieved in the following way. First, note that

PQ = P3(P2QP2)P" 3.

Therefore, P() is similar to the positive definite matrix P %QP% and hence only
has positive eigenvalues. The square roots of these eigenvalues are called the
Hankel singular values of the system ( ). We order these square roots as
o1 > 09 > -+ >0, > 0. For i € [1,x], the algebraic multiplicity of o7 as an
eigenvalue of PQ is denoted by m,. Clearly, n =Y ., m;. Let

H,, := Bdiag(o1lm,,02Lm,,s .-, 0xlm,.). (13.6)
Let U be an orthogonal matrix such that
P3:QP* =UHAU"

and let .
1
S = HSQVU P72,
By using S as a state-space transformation, we obtain the balanced system
(Apat, Brat, Cpal, D) where

Apal = SAS™!,  Bpa =SB, Cha=CS". (13.7)

This system is balanced in the sense that its reachability and observability
Gramians are diagonal and equal:

Boa = SPST = Hg, = SiTQsil = Qbal~

A reduced-order model can be obtained from the original system (13.1) by ap-
plying the Petrov-Galerkin projection with

I

_ T
w=S5 [O

] and V=871 [IO} (13.8)
which simply truncates the last n — r states of the balanced system. Since the
Gramians Py, and Qpa) are equal and diagonal, this truncation corresponds to
eliminating states that are harder to reach and observe at the same time. The
method of obtaining a reduced-order model based on the balanced system is
known as Lyapunov balanced truncation. Reduced-order systems obtained by
balanced truncation inherit certain properties of the original system. In addition,
one can quantify to what extent they retain the input-output behavior of the
original system in terms of the neglected Hankel singular values as stated next.

2Given matrices My, Ma, ..., My, the matrix Bdiag(Mi, Ma, ..., M}) denotes the block
diagonal matrix with My, Ma, ..., M} as diagonal blocks.
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Proposition 13.1 ( [7, Thm. 7.10]). Consider the system (13.1). Assume
that A is stable, (A, B) is controllable, and (C, A) is observable. Suppose that
the reduced-order system ( ) is obtained via Lyapunov balanced truncation.
Then, the following statements hold:

(a) Ayeq is Schur.
(b) (Ared, Brea) is controllable, (Cyeq, Areq) is observable, and

K
|G = Gredllh, <2 Z Oi
i=k+1

provided that r = Zle m,; with k < k.

Generalized Lyapunov balancing

In this chapter, we will be mainly interested in a variation of the Lyapunov bal-
ancing method described above, namely generalized Lyapunov balancing (GLB).
Consider, instead of the Lyapunov equations ( ), the following Lyapunov
inequalities:

P—APAT > BBT (13.9)
Q-ATQA>CTC. (13.10)

These inequalities admit positive definite solutions P and Q provided that A
is stable. Any such P (Q) is called a generalized controllability (observability)
Gramian. Any generalized Gramian is an upper bound on the ordinary Gramian,
ie., P> Pand Q > Q. For any choice P and Q of generalized Gramians, similar
arguments as in the case of ordinary Lyapunov balancing yield a diagonal matrix
Hsv R

Hsv = Bdiag(é’llml,a’glm27...,6‘,%17;%) (1311)

where 61 > 69 > --- > G > 0 are the so-called generalized Hankel singular
values corresponding to the choice of Gramians P and Q Here, m; is the
algebraic multiplicity of 62 as an eigenvalue of PQ for i € [1,R]. Again, n =
Zle m;. Similar to ordinary Lyapunov balancing, there exists a nonsingular
matrix S such that
SPST =, =5"TQS5 .

Then, a reduced-order model can be obtained from the original system by using
the Petrov-Galerkin projection with

I

_ 4T
wost !

] and V=281 [IOT] : (13.12)
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This method is known as the generalized Lyapunov balanced truncation, for which
the counterpart of Proposition can be stated as follows.

Proposition 13.2. Consider the system (13.1). Assume that A is stable, (A, B)
is controllable, and (C, A) is observable. Suppose that the reduced-order system
(13.2) is obtained via generalized Lyapunov balanced truncation. Then, the
following statements hold:

(a) Ayeq is stable.
(b) (Ared, Brea) is controllable, (Cyeq, Areq) is observable, and
HG* Gred“ﬁOC <2 Z op
i=k+1
provided that r = % 7n; with k < &.

A proof of this proposition follows mutatis mutandis from [7, Thm. 7.10] or |
Prop. 4.19].

)

13.2 Data-driven model reduction
Consider the linear input-state-output system

z(t + 1) = Aprue(t) + Bruets(t) + 24 (%) (13.13a)
Y(t) = Crue(t) + Diructs(t) + 2 (t) (13.13b)

with state-space dimension n, input dimension m, and output dimension p. In
( ), zz and z, are noise terms. In the rest of this chapter, we assume that the
system matrices (Agrue, Birue, Ctrue, Dirue) and the noise (z5,z,) are unknown.
What is known instead are a finite number of input-state-output measurements
harvested from the true system ( ):

w(0),u(1),...,u(T —1)
x(0),z(1),...,z(T)
y(0),y(1),...,y(T —1).

As usual, we collect these data in the matrices

X=Xy, X-=Xpr-1, Xy:=Xum,
U_ .= U[O,Tfl], and Y = }/[0)7“,1].
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The noise sequences z, and z, are unknown, so

22(0), 22 (1), ..., 2. (T — 1)
Zy(O),Zy(].), e 7zy(T - 1)

is assumed to satisfy
Z1 e 2p(®) (13.14)

where Z7(®) is defined as in (A.3) and where ® € S"*P*+7 is a known, given
partitioned matrix

D11 Py
P = 13.15
|:(I)21 ‘1322] ( )

with ®;; € S"tP, &, € R(”“’)XT, and Doy € ST. We assume that ® € IL, 1 p 1
as defined in ( ), i.e. (1)22 g 07 0] | <I>22 2 0 and ker @22 Q ker @12.

Now, the set of all systems that are consistent with the data D = (U_, X, Y_)
is equal to

Sp = {(A,B,C,D) | (ﬁﬂ - [é g} E_DT € zT(cp)}.

As the data collected from the true system, we have
(Atruen Btru67 CYtruea Dtrue) S ZD- (1316)

It is clear from the definition of Xp that (A, B,C,D) € ¥p if and only if the
following quadratic matrix inequality is satisfied

T

I 0 I 0
0 I 0 I
BT DT BT DT
where
10 X, 10 x, 1"
o1 vl | o @] 0T Yo
N=1o0 —x_ [%1 %J 00 -X_ (13.18)

00 -U_ 00 -U_
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The QMI ( ) can be written more compactly as
{A B} T [AT cT

o e DT} € Zpim(N). (13.19)

Later on, we will often use the following partitioning of NV

Ny N12}

N =
[Nm Noao

where Ny € S"1P Nyp € Rvtp)x(ntm) - Ny — NLand Nop € S"™. Note
that

T T T
X_ X_ X_ X X_
o[ Joufp ] o o] [ ]

Since ® € II,4, 7, we have ®oo < 0, ker Py C ker &9, and & | &35 > 0.
Therefore, we see that Nas < 0 and ker Nog C ker N1o. Due to ( )y Zntm(N)
is nonempty. It therefore follows from ( ) that N | N2z > 0. Consequently,
we see that

N € ppnim. (13.20)

In the remainder of this chapter, the following assumption will be in force.
Assumption 13.3. The matrix N is nonsingular.

This assumption, together with ( ), implies that both Nay and N | Nag
are nonsingular. As a consequence we have Naog < 0 and N | Ny > 0. As such,
the set of data-consistent systems X1 is bounded and has nonempty interior due
to Theorem

13.3 Data reduction via Petrov-Galerkin projection

In this section, we deal with Petrov-Galerkin projections of data-consistent sys-
tems. Consider the set of all reduced-order systems obtained from the set
of data-consistent systems via Petrov-Galerkin projection with the matrices
V,W e R"™":

SEIW, V) == {(WTAV,W'B,CV,D) | (A,B,C,D) € p}. (13.21)
This set itself is a QMI induced set.
Theorem 13.4. It holds that

T
Are Bre
ngd (W7 V) = {(Ared> Breda Creda Dred) | |:Crej Drej:| € Zr+m(Nred(m V))}
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where

Nied(W, V) 1= | oo o , (13.22)

A = N|Nayy + NioNR'VIVTI NGNS, T =(WVTINGV)™,
W = Bdiag(W,1,), and V = Bdiag(V, L,).
Proof. From ( ) and ( ), it is clear that
(Ared7 Breda C(reda Dred) € Egd(Wy V)

if and only if

|:Ared Bred

-
- .
o Dred] eV Zopm(N)W. (13.23)

Therefore, what needs to be proven is Z, 4, (Nwea(W,V)) = VTZn+m(N)W.
To do so, first observe that both Nos and N | Na are nonsingular since N €
II, p ntm is nonsingular.

Now, let Z € Z,1m(N). From (A.9), we see that

N |Nag + (Z + Nag' Noy) " Nao(Z + Ny Nop) > 0
or equivalently, by a Schur complement argument,

[ N | Ny (Z+N2‘21N21)T}>0

Z + Nyy' Noyy — Ny,

By post- and pre-multiplying the matrix above by Bdiag(W, V) and its trans-
pose, respectively, we obtain
{ WT(N|Noo)W  WT(Z 4 Ny Noy)TV

N . N : > 0.
VT(Z + Ny Noy )W ~VTINL'V ]

By taking the Schur complement again, we see that VT ZW e Zrim(Nyea(W, V).
This proves that V7 Z, 4 m(N)W C Zpm (Neea (W, V).

To show the reverse inclusion, let Z € Zrim(Nrea(W, V). Tt follows from
Theorem .a that

Z = VTN Ny W + (=V I N'V) 3 SW T (N | Noo) W (13.24)
for some S € Rr+m)x(r+p) with T8 < I,+,. Now, note that

(VTN V)H (VTN V) = =V TNV = VT (= Na2) ) H (= N2) AV
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and
WT(N|Nao)W = WT(N|Nag)? (N | Nao) 2 W.

Then, Lemma .(a) implies that there exist S; € R®+m)x(r+m) and S,
R +P)x(+P) with ST S; < Iy, and SJ Sy < I,4p such that
(=VTNG' V)2 = VT ((=Ny2) ™28, and W T (N|Nag)W = So(N | Nao) 2 W.

By substituting into ( ), we get

Z=VT (=Ng'Nar + (=Na2) )3 $1882(N | Naa) ) W.

Let S = 5'15'52. Note that ST.S < I, 4., since S;'—Sl < Lrgom, STS < Iryp, and
SQT So < In4p. Therefore, we see from Theorem .a that

— N3 Not + ((=Nag) 1) 281885 (N | Naz)? € Zpm(N).
Consequently, 7€ ‘A/TZM_m(N )W proving that
Zrim(Need(W, V) C VT Zpn (N)W.
0

Theorem has a nice interpretation in terms of data reduction. Namely,
the matrix Nyeq(W, V) characterizing all reduced-order models depends only on
the matrices V, W and the original data matrix N. As such, Neea(W, V) is
constructed from the data and noise model only. Importantly, Nyeqa(W, V) has
a lower dimension than N and can thus be regarded as a reduced data matrix.
Hence, we can characterize all reduced-order models by directly reducing the
data matrix N rather than reducing individual systems (A, B,C, D) € Yp. It is
also worth mentioning that

(WTAtruera WTBtrue7 Ctrue‘/a Dtrue) S ng(VVa V)

In this section, reduced-order approximations of data-consistent systems were
obtained from the collected data by employing given Petrov-Galerkin projection
matrices V and W. In the next section, we will construct the Petrov-Galerkin
projection matrices on the basis of the available data via generalized balancing.

13.4 Informativity for generalized Lyapunov balancing

First, we introduce the notion of informativity for generalized Lyapunov balan-
cing (GLB).
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Definition 13.5. We say that the data (U_, X,Y_) are informative for GLB if
there exist P > 0 and Q > 0 such that

P—APAT > BBT (13.25a)
and . .
Q-ATQA>CTC (13.25b)
for all (4,B,C,D) € ¥p.
Stated differently, informativity for GLB requires the existence of common
generalized controllability and observability Gramians for all data-consistent sys-

tems. To present necessary and sufficient conditions for informativity for GLB,

we first define .

L, 0 I, 0
Ne:=1(0 0 N|O O
0 Iner 0 In+m_
and .
I, 0 I, 0 ]
No:=10 0 N[0 0
0 Iner 0 In+p_
where

0 -1 0 -1
N* = n+m:| N—l [ n+p} .
LW, 0 Iiem O

Theorem 13.6. The data (U_-,X,Y_) are informative for GLB if and only if
there exist P > 0, () > 0, and scalars «, 3 > 0 such that

P 0o 0
0 _]3 0 —aNe >0 (1326&)
0 0 —In
and ~
O 0 o
0 -Q 0 |—BNo>0. (13.26D)
0 0 -1,
Proof. We first claim that the existence of P > 0 satisfying ( ) for all
(A,B,C,D) € Xp is equivalent to the existence of P > 0 and « > 0 satisfying
( ). To see this, note first that ( ) is equivalent to the quadratic
matrix inequality
11" o o1
AT 0-P 0 AT| >o. (13.27)
B o 0 -I,] BT
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Next, recall from ( ) that (A4, B,C, D) € ¥p if and only if

AT CT
|:BT DT:| € Znim(N). (13.28)

Therefore, there exists (C, D) such that (A, B,C, D) € ¥p if and only if

L,

Op,n:| = Zner (NC)

+
ez
where the last equality follows from Theorem . By applying Theorem ,
we see that there exists P > 0 such that ( ) is satisfied for all (A, B,C, D) €
Yp if and only if there exist P > 0 and a > 0 such that ( ) is satisfied.
Because of the —1I,,, term in ( ), it is clear that « has to be nonzero.

Now, we claim that the existence of a matrix Q > 0 satisfying ( ) for
all data-consistent systems (A, B,C, D) € Xp is equivalent to the existence of
Q > 0 and B > 0 satisfying ( ). To see this, first note that ( ) is
equivalent to the quadratic matrix inequality

N"710 o o171

A 0-Q 0| |A] >0 (13.29)
¢l oo -1, [C

In addition, note that ( ) and Theorem imply that (4,B,C,D) € ¥p
if and only if

A B
[O D] € Znip(N7™).
Therefore, there exists (B, D) such that (A, B,C, D) € ¥p if and only if
A o | In
{C] € Zn+;v(N ) |:0m TJ = Zn+p(N(9)
where the last equality follows from Theorem . By applying Theorem ,
we see that there exists ) > 0 such that ( ) is satisfied for all (A, B,C, D) €
Yp if and only if there exist ) > 0 and S > 0 such that ( ) is satisfied.
Finally, 8 has to be nonzero because of the —1I, term in ( ). O

13.5 Reduced-order models and error analysis

A direct consequence of data informativity for GLB is that all data-consistent
systems are stable and share the common generalized Gramians P and Q). As a
result, all such systems can be balanced by a common balancing transformation



310 DATA-DRIVEN MODEL REDUCTION BY BALANCED TRUNCATION

matrix S satisfying SPST = S‘TQS’_I = H,, where Hy, is a matrix of the form
(13.6), containing the common generalized Hankel singular values. Further, the
Petrov-Galerkin projection

I,

_ QT
wost !

] and V=571 ﬁ)] : (13.30)

can be applied to each data-compatible system to obtain a corresponding reduced-
order model as in ( ). This leads to the set of reduced-order models

2t = {(WTAV,W'B,CV,D) | (A,B,C,D) € p}. (13.31)

As we have seen earlier in Theorem , the set of reduced-order models is a
set induced by a quadratic matrix inequality.

Suppose that (4, B,C, D) € Xp. Let (Ayed, Bred; Cred, Drea) denote the cor-
responding reduced-order system in E%d. We know from Proposition that
the A -norm error between the original and reduced-order systems is upper
bounded by the neglected common generalized Hankel singular values, that is

”G_ CTYred”FtOo <2 Z of} (1332)
i=k+1

provided that r = Ele m,; with k& < &. This error bound allows us to evaluate
the quality of the reduced-order model obtained from a specific data-consistent
system. Since the true system is unknown and could be any data-consistent sys-
tem within Xp, obtaining its corresponding reduced-order model is not possible
and any reduced-order model within E%’d can serve as an approximation of the
true system. As such, the error bound ( ) provides very limited insight in the
error analysis. Instead, the quality of the reduced-order model (fl, B,C, ﬁ) €
yied as an approximation of the true system (Agrue, Btrue, Corues Dirue) is deter-
mined by the error:

||G(Atrue7Btruethrue7Dtrue) - G(A,Bé,ﬁ) ‘ﬁoo (1333)

where
G(A,B,C,D) =D+ C(sl — A)_lB.

In what follows, we will investigate two error bounds:

e an a priori bound that accounts for any data-consistent system and any
reduced-order model,

e an a posteriori bound that considers any data-consistent system but fo-
cuses on a specific choice of the reduced-order model.
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A priori error bound

An a priori upper bound on the error can be obtained by computing the max-
imum possible error between a data-consistent system and a reduced-order
model. The following theorem provides LMIs to check whether such an upper
bound is less than a given number.

Theorem 13.7. The error bound
1Ga,B,0,0) = Gageplic <V (13.34)

holds for every (A, B,C, D) € £p and every (A, B,C, D) € yisd if there exist a
positive definite matrix K € S®*", and scalars § > 0, n > 0, and u such that

SN 0
O(K, ) — { 0 n Nred] >0 (13.35)
where
K K .
K= with K1, € S™,
{Km Ko "
(K11 0 0 0 K 0 0 0
0 (3-—wl, 0 0 0 —pul, 0 0
0 0 —-K;; 0 0 0 Ko 0
1o 0 0 —72I, 0 0 0 —y72I,
OEm =g, 0 0 0 Ko 0 0 0 ’
0 —ul, 0 0 0 (3-wI, 0 0
0 0 —Ko1 0 0 0 —Ky 0
0 0 0 —72I, O 0 0 =y 21y

and N and Nyeq are given by ( ) and ( ), respectively.

I 01" I 0
0 I 0 I
AT O N AT oT| 2 0 (13.36a)
BT DT BT DT
I 07" I 0
I 0o I
i et| Nea | 47 ar| 20 (13.36b)
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It follows from ( ) and ( ) that
ATO(K, u)A >0

where
I 0 I 0
. I 0 I
A = Bdiag AT 0T | | AT &7
BT DT| |BT DT
Observe that ) )
I, O 0
0 0 I
I, 0 0 AT o0 CT
T T
A|00 L | _|BT 0 D
011 0 0 I 0
0 0 -1, 0 p f{p
0 AT —-C7
| 0 BT —DT]
Then, it follows from ( ) and ( ) that
7, 0 0 1" I, 0 0 ]
0 0 I, 0 0 I,
AT 0 CT AT 0 CT
BT 0 DT BT 0 DT
o1, o | CEmly [ o |0
0 0 -I, 0 0 -I,
0 AT —CT 0 AT —-CT
0 BT -DT | 0 BT —DT]
Straightforward calculations yield that
7, 0 0 1" (7, 0 0 ]
0 0 I, 0 0 I,
AT 0 OT AT 0 CT
BT 0 DT BT 0 DT
o 1, o | OEmM |y 1 o
0 0 -1, 0 0 -I,
0 AT —-CT 0 AT -C7
| 0 BT —DT| | 0 BT —DT|

K 0] [A BJ[K 0 1[4 B.]'
01, |C. De| |0 72| |C. De

(13.37)

(13.38)

(13.39)
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where

A0 B A .
Ac = |:O A:| R Bc = |:B:| N Cc = [C —C} s and DC = D — D

Hence, we see from ( ) that

K 0] [AcBJ[K 0 ][4 B]"_
0 I, Ce Do| |0 v 2I,| |Ce De
which is, by a Schur complement argument, equivalent to
K 0 A, B
0 I, Co D
Al ¢l K=t 0
Bl D] 0 ~%I,

> 0.

By taking the Schur complement with respect to [IO{ 5).], we see that the last

inequality is equivalent to

K' 0] [A B [K~!0][A B ~0
0 ~2I, Ce D, 0 I,| |Ce Deg '
Therefore, it follows from Proposition that A, is stable and

G a.,B..Co.D) e < -

Finally, the observation

G(Ae.Be.CeDe) = Ga,Bo.D) = G4,8.6.D)

concludes the proof. O

A posteriori error bound

The a priori error bound that is provided by Theorem is valid for any
reduced-order model. The following result deals with an a posteriori error bound
for a given reduced-order model.

Theorem 13.8. Let (A7 B,C, ﬁ) € Y154 and v > 0 be a scalar. Then, the error
bound

1Ga,8,c.0) = G4 p.e.0)lhe <0 (13.40)
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holds for every (A, B,C, D) € Yp if there exist a positive definite matrix K €
S"*7 and a scalar § > 0 such that

Ky, 0 0 0 Ko
O Ip—éKggéT—’y(;QbﬁT éKgl 70—215 i OKQQAT + ’}/0_21A)BT
0 K12CT ~K1 0 | —Kp AT
0 o 2DT 0 =1L 28T
_K21 AKQQC'T + 70_2EDT —AKgl —70_23 iKQQ—AKQQAT_% 2RRBT
N0
— |5 13.41
{ 0 0} >0 (13.41)
where

K Ko

K =
[K21 Ko

:| with K1 € S"

and N is given by ( ).

Proof. Let (A, B,C, D) € ¥p. Then, we have
T

I 0 I 0
0 I 0 I
At ol Nyl 2o (13.42)
BT DT BT DT
Let © denote the matrix on the left hand side of the inequality in ( ). It
follows from ( ), ( ), and straightforward calculations that
I 0 0
T0ABO 0 0 I
o<|o000Z|6[AT 0CT _[[0(10] Qﬁ)( 2 }QT
0ICDO BT 0 DT P Yo fm
0 I. 0
where
€ Be
°-|& 5]
with
A0 B A R
The arguments employed in the proof of Theorem together with Propo-
sition imply that A is stable and ||G(4, B, ,c..p.)lli. < 70. Finally, the
observation

G(a..B..C..00) = G(a,B,0.0) = G 4,5.¢.0)
concludes the proof. |
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13.6 Illustrative example

To illustrate the results presented so far in this chapter, we consider the discrete-
time system of the form ( ) where

[ 0.9299 0.4160 0.7447 0.2291 0.2452  0.0592
—0.1869 0.7430 0.3318 0.7617 1.0859 0.3560
4 0.0380 0.0477 —0.3644 0.0647 0.1370 0.0766
true = 0.0169 0.0549 —0.0972 —0.3693 —0.8685  0.0484 |
0.0250 0.0285 0.2741 0.1393 —0.0474 0.1615
| 0.1108 0.1358 —1.7370  0.1855 —1.8002 —0.2311
[ 0.0701
0.1869
Birue = :8:8?28 ,Ctrue = [10000 0], and Dyyye = 0.
—0.0250
| —0.1108

This system is obtained as the zero-order hold discretization (with sampling
time 0.5 seconds) of the continuous-time state-space model of a cart with double
pendulum presented in [78].
To illustrate the data-driven model reduction from noisy data, we apply the
input signal
u(t) = 2sin(t) + cos(0.5¢) (13.43)

to the system ( ) and collect T = 200 data samples for initial states and
that were drawn randomly from a Gaussian distribution with zero mean and unit
variance. Also the noise samples were drawn randomly from a Gaussian distri-
bution, with zero mean and variance ¢2. In this example, we assume knowledge
of a bound on the energy of the noise which corresponds to the noise model
( ) with q)ll = 1.350’217 (I)12 =0 and (1)22 =—1.

We simulated the noise with different levels: o € {0.002,0.005, 0.01, 0.03,0.05}
and verified that the noise model is satisfied by the generated noise sequences.
In addition, Assumption is satisfied by the collected data together with the
noise model.

For each noise level, we applied Theorem to the collected data set and
observed that each data set is informative for generalized Lyapunov balancing.
In Figure , the generalized Hankel singular values obtained from each data
set are depicted. As expected, the generalized Hankel singular values provide
less strict bounds on the unknown ordinary Hankel singular values when the
noise level is increased.
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Figure 13.1: The Hankel singular values of the true system denoted by Hgy true
and generalized Hankel singular values of all data-consistent systems for different
noise levels denoted by Hgy .

We picked a reduced-order model of order » = 3 from the set E%d for each
data set. The Bode diagrams of the reduced-order systems are depicted in Fig-
ure . This figure shows that reduced-order models accurately approximate
the true system at least up to the noise level o = 0.03 while the resulting reduced-
order model for o = 0.05 approximates the true system poorly. Figures -
depict the output trajectories of the true system and the reduced-order model
obtained from the data corresponding to the noise level ¢ = 0.03 and the error.

By applying Theorems - and the bisection method, we obtained best
a priori and a posteriori error bounds for each data set. Figure shows how
these error bounds vary depending on the noise level. As expected, these bounds
are getting more conservative when the noise level increases. It is also clear that
the a posteriori upper bound is less conservative than the corresponding a priori
upper bound for each noise level. In spite of the conservative error bounds, the
actual fi-norms of the errors between the true system and the reduced-order
models for some small enough noise levels show that the proposed data-driven
method performs well. In particular, the fi,.-norm of the errors for noise levels
o = 0.002,0.005,0.01 and 0.03 which are given by 0.0405, 0.0470, 0.0507 and
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Figure 13.2: Bode plots of the true system i,y and reduced-order models EA]U
for five different noise levels o = 0.002, 0.005,0.01, 0.03, and 0.05.

0.0513, respectively, are relatively small compared to the error of reduction by
the ordinary balanced truncation, which is equal to 0.0314.

6 [— Ytrue : NOise-free output data of Lpye ||
Al |y noisy output of Xiye |
--- ¢ : output of 530.03 S 20,03

Output

0 20 40 60 80 100
Time

Figure 13.3: Comparison of output trajectories.
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Figure 13.5: Comparison of a priori error bounds =y, a posteriori error bounds
0, the actual fi,o-norm of the error Gi.ue — G, where G, is the transfer matrix
of a reduced-order model obtained using Theorem , and fio-norm of the
error Girue — Gred Where Gieq is the transfer matrix of the reduced-order model
obtained via ordinary balanced truncation.
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13.7 Notes and references

The Lyapunov balancing method was first introduced in [118] and later in the
systems and control literature in [116]. We refer the reader to the excellent sur-
vey paper [67] for a historical and detailed treatment. Various approaches to
data-driven Lyapunov balancing have been proposed in the literature. Exam-
ples include [105,135] that propose a data-driven balanced truncation method
from persistently exciting data and [66] that estimates Gramians from frequency
and time-domain data based on their quadrature form. Existing methods for
data-driven model reduction do not provide conditions on the data that would
guarantee preservation of system properties such as asymptotic stability. In ad-
dition, they do not provide error bounds, especially when the available data is
subject to noise.

The results of this chapter are based on the paper [29] where the informativity
for generalized Lyapunov balancing was studied the first time.






14

Data-driven model reduction
via moment matching

In this chapter, we focus on interpolatory model reduction techniques. Together
with the balancing methods as discussed in the previous chapter, the interpo-
latory methods form a popular class of model reduction approaches since they
are numerically stable and, therefore, applicable to models of very large order.
These methods aim at constructing a reduced-order model whose transfer func-
tion interpolates that of the original high-order model at selected interpolation
points, e.g., [10]. The central problem in this chapter is to derive informativity
conditions on the input-output data for moment matching as well as to develop
methods to determine reduced-order models once the data are informative.

14.1 Single-input single-output AR models and data

Consider the discrete-time input-output system given by the autoregressive model
of the form

yt+n) +pp_rylt+n—1) 4+ +pry(t + 1) + poy(t)

14.1
=quu(t+n)+ gnaaut+n—1)+ -+ qu(t+ 1) + gou(t) ( )

where n € Zy, u denotes the scalar input, y the scalar output. We refer this
system as the true system and collect its scalar parameters p; and ¢; in the
vectors

p=[Pop1 - Pn1] ERV™
and

q=1[t0 @ Gn) € RV*FD,

We assume that n > 0 is known, the parameters [@ —ﬁ] are unknown, and input-
output data (ujo,r—1],Y0,r—1]), generated by the true system ( ), are given
for some T > n + 1. We define

U= U[O,T—l] and Y = )/[O,T—1]~
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Note that the data (U,Y") can be generated by a system of the form

y(t+n) +ppay(t+n—1)+ -+ pry(t + 1) + poy(t)

14.2
=quut+n)+guaut+n—1)+ -+ qu(t+ 1) + gou(t) ( )
if and only if
Hyp1(upp T1]):|
— , =Y}, 14.3
[ —7) { Hy(yj0,7-2) 1] (14.3)

where
p=I[pop1 - pu1] ER"
g=lq q - ga] e R,
Therefore, the set of all systems that are consistent with the data (U,Y) is
given by
Swy) = {[q —p] € R 1) | (14.3) holds}. (14.4)

Since the data (U,Y’) are generated by the true system (14.1), we clearly
have that

[ —p] € Zwy)-
An obvious question to ask is when the data uniquely determine the true system.

Definition 14.1. The data (U,Y) are informative for system identification if
Y(v,y) is a singleton.

Data informativity for system identification can easily be characterized as
follows.

Proposition 14.2. The data (U,Y) are informative for system identification if
and only if

Hyyq1(upgr_1y) Hp1(upr_1y)
K +1(U[o,7-1] ] _ k[ +1\U,T-1])) _ 9 1. 14.5
ran { Ho(y07—2)) ran Hor (ypo.7—1)) n+ ( )

Proof. It is obvious that the first and the second equality in ( ) are equivalent
to the existence and uniqueness of the solution of the linear equation ( ),
respectively. |

14.2 The 0-th moment

Next, we will introduce the notion of the 0-th moment for systems of the form
). To do so, we first recall the definition of the shift operator (see (9.2)),
that is, (of)(t) = f(t + 1) for all ¢ € Z,. Then, (11.2) can be rewritten as

P(o)y = Q(o)u (14.6)
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where

P&) =€ +pu 1"+ pr€+po (14.7a)
Q) = @n€™ + qn 1"+ + @€ + qo. (14.7D)

Now, we are in a position to define the 0-th moment.

Definition 14.3 (0-th moment). Given an interpolation point u € C, a scalar
My € C is said to be a 0-th moment at p of the discrete-time system (11.2) if

P(p)My = Q(p). (14.8)

Remark 14.4. For a discrete-time system ( ) with transfer function

the 0-th moment at p is typically defined as the complex number Q(u)/P ().
This, however, requires that P(u) # 0. In other words, the 0-th moment is
not defined when p is a pole of G(z). The notion in Definition is a slight
generalization as it allows to define a moment in case P(u) = 0 and/or Q(u) = 0.
We stress that minimality is not assumed for (14.2). In case P(u) = Q(n) = 0,
i.e. there is a pole-zero cancellation at p, any complex number is regarded as a
0-th moment at p by Definition

14.3 Informativity for interpolation

Given an interpolation point p € C, we are interested in finding conditions on the
data (U,Y’) under which the 0-th moment at p of the true unknown system can
be computed. To derive such conditions, observe first that (14.8) is equivalent
to

[¢ —p] Movvz(i)(u)_ = Mop" (14.9)
where )
1
§
@)=, (14.10)
¢!

Therefore, one can compute the O-th moment at p of the true system if and only
if there exists a unique My such that (14.9) is satisfied for any data-consistent
system. This observation leads to the following informativity notion.
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Definition 14.5. The data (U,Y) are informative for interpolation at u if there
exists a unique My such that ( ) holds for all [q fp] € Xwy).

It is clear that such a unique My exists if the data (U,Y") are informative for
system identification as in Definition and P(u) # 0. The following theorem
shows, however, that the data can be informative for interpolation even if they
are not so for system identification.

Theorem 14.6. The data (U,Y) are informative for interpolation at p if and
only if

H, (’LL — ) 0 'Vn(/i) H, 1<u T— ) 0
rank +1V[0,T—1] = rank +1AP[0,7—1] 14.11
[Hn+1(y[o,T1]) Ynlp) 0 Hy1(yp0,7—17) Yn(p) ( )

and
Hy,1(upgr_y) O H,1(upr_1y)
ank | TVHOT 1] } a k[ HLROT g, 14.12
e |:Hn+1(y[0,T1]) Y (1) rn Hn+1(y[O,T71]> ( )

To prove this theorem, we need the following two rather elementary linear
algebra results.

Lemma 14.7. Let A; € R™*™i and b; € R'Y*™: for i = 1,2. Consider the sets
X; = {€ e R | €A; = b;} and assume that Xy is nonempty. Then, Xy C X,
if and only if i
im | 42| Cim 1] (14.13)
ba b1

Proof. if: Suppose that ( ) holds. Then, there exists F' such that
As] A4
Rk

This readily implies that X; C Aj.
only if: Suppose that X7 C Xs. Let

[€ n] € Tker {I;ﬂ (14.14)

where £ € R'*™ and n € R. We distinguish two cases:
Case 1: n1# 0. By ( ), we have (=¢/n) Ay = by, i.e., =&/ € X;. Since
X1 C Xy, we also have that (—&/n) As = by, which is equivalent to

[€ ] € lker [fﬂ :
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Case 2: n = 0. By (14.14), we have {A; = 0, i.e., { € lkerA;. Let € be such
that Ay = by. Then, (§ +af)A; = by for any a € R. Since &} C Ay, then we
also have (£ + a€)As = by. This leads to

b
£A2 +E4; = 2.
(6% «

For a — oo, this implies that £As = 0. As such we have
[f O} € lker

In both cases, we have that

[5 77] € lker b,

Therefore, we can conclude that

Ay As
lker |:b1:| C lker |:b2:|

which is equivalent to ( ). O

Lemma 14.8. Let A € C*** and a € C*. Then, the following statements are
equivalent:

1

(a) If[A o] m —[4d] [f?j then = na.

(b) rank [A a] =rank A + 1.

Proof. Note that (a) holds if and only if ker [A a] = ker Ax {0}. It then follows
from the rank-nullity theorem that the two statements are equivalent. O

Proof of Theorem . Let X, denote the set of all [¢ —p] satisfying (11.9).
Then, by Definition , the data (U,Y") are informative for interpolation at u
if and only if there exists a unique M such that

Sy S Zas- (14.15)

We will show that the condition ( ) is equivalent to the existence of M
satisfying ( ) whereas the condition ( ) is equivalent to the uniqueness
of Mo.
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First, note that X(yy) contains the true system and hence is nonempty.
Therefore, it follows from Lemma that there exists an My satisfying ( )

if and only if
|: ’Yn(u) :| € im |:Hn+1 (u[O,Tl]):|
Moyn (1) Hpq1(ypo,r-1))
or equivalently the existence of ¢ € CT~" such that
Hyi1(upor—1) 0 ] [ 3 ] {’Yn(ﬂ)}
; = ) 14.16
[Hn+1(y[O,T—l]) ()] [ Mo 0 ( )

Consequently, we see that the existence of an M satisfying ( ) is equivalent
to the condition ( ).
Now, note that the uniqueness of My is equivalent to the implication

Hyq1(upr—1) 0 ] [51] _ |:Hn+1(U[O,T—1]) 0 } Fz} — =
Hy1(yo,r—1)) — ()] [m Hy1(yo,r—17) — ()] 12
As such, Lemma implies that the uniqueness of My is equivalent to ( ).
|
It readily follows from Theorem that data informativity for interpolation
at p € C\ R is equivalent to informativity at its complex conjugate.
An important consequence of Theorem is that the data do not need to

be informative for system identification in order to be for interpolation. Thus,
it is possible that infinitely many systems are consistent with the data and they
all have the same moment at a given interpolation point.

14.3.1 TIllustrative example

We illustrate Theorem by the following example.

Example 14.9. Consider the RL circuit depicted in Figure , which is a
slight extension of [81, Example 22]. We take the currents through the inductors

Ly Lo Ls Ly
/000 /000 /000

Vy Ry Ry R3 Ry Rs

+

Figure 14.1: RL circuit with four inductors and five resistors.

Ly, Lo, Ly and L, as the states of the system, so n = 4. The input is the voltage
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V4. Finally, as the output, we take the current through the first inductor L.
This leads to the continuous-time dynamical system

R R
_Tf ff 0 0 %
Ry —(R2+R3) Rs 0 1
N Lo Lo Lo 0
T=19 R —(RstR) R | TT U
Lo o (RYLRs) 0
R —
0 0 ﬁ 724 5
y=1[1000] (14.17)

LetL1:L2:L3:L4:1H,R1:0.5Q,R2:8Q,R3:5Q,R4:1§2,and
Rs =4 Q. Consider the zero-order hold discretization (with the sampling period
0.2 s) of the system ( ) which is assumed to be unknown. We apply the true

system the input Ujg 20) generated by an autonomous discrete-time system of the
form

V2 -100
1 000

w) =[5 5 5 3]w®) and wi+)=| o w®
0 001

with w(0) = [1 00 —0.1]T and harvest the output Y}y s9. This leads to the
samples depicted in Figure

— T
—— Input .
—— Output

Time

Figure 14.2: Input-output data with sampling period A = 0.2 s.
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It can be verified that the condition (14.5) does not hold for these data. As
such, the data are not informative for system identification. Instead, there are
(infinitely) many systems of the form (14.2) with order n = 4 that are consistent
with the data.

Suppose that we aim at interpolation at 1 = 1, posg = % +

?

2 )
fta,5 = £i. One can verify by Theorem that the data (U,Y") are info\l{;native
for interpolation at p1, uo and ps. Similarly, it can be verified that the data are
not informative for interpolation at j4 5. Finally, the moments of order 0 at p,
w2 and pg are given by 1.575, 0.0031 —0.1417: and 0.0031 4 0.14173, respectively,

which are obtained by solving ( ). [ |

and

14.4 Higher order moments

In this section, we deal with higher order moments. For systems of the form
(14.2), higher order moments can be defined in a recursive manner as follows.

Definition 14.10 (k-th moment). Let & > 1. Given an interpolation point
w € C and j-th moments at p, M; for j € [0,k — 1], a scalar M}, € C is said to
be a k-th moment at p of the system (14.2) if

k
QW () =) (j) M; PR () (14.18)

Jj=0

()= 0

is the binomial coefficient and () denotes the j-th derivative of f.

where

By using the « notation defined in ( ), we can rewrite ( ) as a linear
equation in [q —p]:

7 (1) (K nl —
. lz’“ <k>Mn,<;zf><u>]—Z(j>m—wa“ o)

J=0\j j=0

where 'yé] ) denotes the j-th derivative of ~,.

Informativity of the data for higher order moment matching can also be
defined in a recursive manner where moment matching of order 0 is understood
as interpolation.

Definition 14.11. The data (U,Y) are informative for moment matching of
order k at p if
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(a) the data are informative for moment matching of order j at p for j €
[0,k — 1], and

(b) there exists a unique M}, such that ( ) holds for all [q —p] € Xwy)-

By employing Lemmas and and following the footsteps of the proof
of Theorem , one can prove the following necessary and sufficient conditions
for informativity for higher order moment matching.

Theorem 14.12. Let k > 1. Suppose that the data (U,Y) are informative
for moment matching of order j at p for all j € [0,k — 1]. Let M; denote
the corresponding moments. Then, the data (U,Y) are informative for moment
matching of order k at p if and only if

rank Hypa(upr-1y) 0 . %(lk)(m(k ')
Hp1(yjo,m-1)) 1) 22550 (’;)Mﬂn M)

Hppa(upr—1) O
k | o, T ] 14.20
ran [Hn+1(y[0,T—1]) ’Yn(u) ( )

Next, we illustrate this result by means of an example.

Example 14.13. Consider the system and input-output data studied in Ex-
ample . It can be checked that for ¢ = 1, condition ( ) holds for k = 1.
Hence, the data are informative for moment matching of order 1 at ¢ = 1. By
solving the linear equation ( ) (for k = 1) and using My = 1.575, we obtain
My = —31.8437. |

14.5 Multiple interpolation points

So far, our discussion considered a single interpolation point p and its desired
order of moment k. Let s pairs of interpolation points and their desired order
of moments

P={(ui ki) | i €[1,s]} (14.21)

be given. We assume that (fi;, k;) € P whenever (u;, k;) € P. By applying Theo-
rems and , one can verify whether the data are informative for moment
matching for each pair. If so, ( ) and ( ) result in the corresponding
moments

M = { (i, Mj) | j €[0,ki]} (14.22)

where M denotes the j-th moment at ;.
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14.6 Reduced-order models by moment matching

In this section, we will investigate how reduced-order models can be computed
from data that are informative for moment matching. As the results of Theo-
rems and lead to the computation of moments at given interpolation
points, obtaining such a reduced-order model is essentially a rational interpola-
tion problem.

Let a reduced-order model of order r be given by

A PN

P(o)y = Qo)u (14.23)
where
P(&) = € + pr1& 7" + - + PiE + Po, (14.24a)
Q&) = @& +Gr1& T+ + @€ + do (14.24b)
As before, we collect the parameters of ( ) in vectors

p=1[Po 1 -+ Pr-1]
(j: [qAO ‘jl q\r}

Then, the model A( ) inteirpolates or matches the 0-th moment at y if My in
( ) satisfies Q(p) = Mo P(p) which is equivalent to

[(j _ﬁ] [ ¥ (1) ] = Mop".

MO’YT—].(/J/)
More generally, for P and M; as in ( ) and ( ), a reduced-order model
parameterized by [(j —]3] must satisfy the linear equations
o T (g
631 [t . = [P (1429)
M) ] 1201y M\Hi) | (904 2y

for i € [1, s] where

I (ps) Ve (14:) D () e v (i)

. . 1 . ki ; . ki—7j
Dhp(ua) | | My () Mgy () + Mo (a) -+ S8 (5) My (s)
Here, the notation Xy,(2,41) and X(2,42y denote the first 2r+1 rows and (27 +2)-
th row of a matrix X, respectively.
Note that since [zj 713] is restricted to be real, then if p; € C\ R, we split
( ) into its real and imaginary parts.
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Now, we define

A~

Yrp = {[ci —p] € RGrHU | (14.25) holds}.

Clearly, in]p consists of all models of order r matching the moments M ; at the
interpolation point o; for all ¢ € [1,s] and j € [0,k;]. The following theorem
readily follows from the solvability conditions of the linear equation given in

(14.25).

Theorem 14.14. Given the data of interpolation points P and moments M; for
iel,s]asin ( ) and ( ). Then, X, p # @ if and only if

rank[wl) I (a2) - ws)}
PR () The(pz) = Thslns)] g

rank[mm) I (jiz) -+ r’“(uﬂ
Uy (pn) Ty (p2) - Tiy(ps) ]

Note that we do not restrict [c} —ﬁ] € f]mp to be minimal, i.e., the polyno-

mials P(f) and Q(f) might not be coprime. In addition, it is also obvious that
if r > k* — 1 where k* = Y7_, (k; + 1), then ( ) always holds.

The following example illustrates the computation of the reduced-order mod-
els.

Example 14.15. From Examples and , we have

P= {(/u'l; 1)7 (N’Qv O)a (,LL3,0)}

and M as follows:
My = {(u1, M3), (o1, M})} = {(1,1.575), (1, —31.8437)},
M = {(u2, M3)} = {(1/V2+i/V/2,0.0031 — 0.1417i) },
M = {(us, M3)} = {(1/V2 —i/V/2,0.0031 + 0.1417i) }

It can be checked that condition ( ) does not hold for » = 1. Therefore,

A~ A

Y1 p = &. Meanwhile, it is satisfied with = 2. Hence, X9 p # &. We recall that
( ) characterizes all reduced-order systems that achieve moment matching
(i.e., the set ¥y p), of which two examples, in the form , are given by

(0% —1.1910 4 0.2268)y = (0.00019530% + 0.12360 — 0.06692)u  (14.26)
and

(62 = 1.9110 + 0.9116)y = (0.0462202 + 0.021160 — 0.06605)u.  (14.27)
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The Bode plot of the reduced-order models ( ) and ( ) compared to the
higher-order model of Example are given in Figure from which one can
observe that the reduced-order model ( ) captures the magnitude and phase
of the higher-order model well, but ( ) does not. Nevertheless, all of the
curves are intersected at frequency 0 rad/s and %’r rad/s. This indicates that
indeed these two systems in f]g,P achieve the desired moment matching, but the
optimality on approximating the higher-order model is another issue. We stress
that this is a well-known feature of moment matching methods and not specific

to our data-driven approach. |
a T T T TTTT] T T T T TTTTT T T T T TTTTT
E °| \ |
<
E
£ —20| ~——]
&p
3
= _40 I Lol Lol Lol
10-2 10t 10° 10!
_ Oj,,fli‘””w T T T T TTTTT T \\\\\\\7
&
E sl \ |
o T
z —100 |- -
A~ —150 | \
Ll Lol Lol
102 10t 10° 10!
Frequency (rad/s)
— Ytrues _22,19 ( )7 22,11” ( )

Figure 14.3: Comparison of the Bode plot of a second-order to that of the higher-
order model.

Often reduced-order models are expected to preserve certain properties of
the original models. Stability is one of the most common as well important
property to be preserved. Next, we investigate conditions under which one can
choose a stable reduced-order model. Note that stability of a reduced-order
model [cj —]3] € 2”@ is purely determined by p, i.e., one can choose p such that
the roots of its corresponding polynomial are in the unit disc. Motivated by
this observation, we provide a sufficient condition such that p can be chosen
arbitrarily while [(j —]5] € irv]p.

Theorem 14.16. ForP and M as in ( ) and ( ), let k* =570 (ki+1).
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If r > k* — 1 then for every p € RY¥" there exists § € R ("1 such that
[(j 713] € zr,ﬂ”~

Proof. We know that [(j fﬁ] € in]p if and only if

[ -p -1] Ej =0, (14.28)

where
Ty = [T7(u1) T7(p2) -+ T7(ps)]

and
Ty = [[h(p1) Thy(pz) - Thyps)] -

It is clear that r > k™ — 1 guarantees 27-7]1:7 # @. Particularly, since the structure
of I'y is a Vandermonde matrix, then rank(I'y) = &* which implies ( ). From

( ), we see that for every p there exists § such that [d —]3] € X, p if and
only if

rspl'y Crsply. (14.29)
Since rank(T';) = k*, we have that rspI'; = R . Then, ( ) readily
holds. O

We close this chapter with an example that illustrates Theorem

Example 14.17. Consider P as in Example . Let r = 3. Then, ( )
readily holds. We desire to place the poles at {0.25,0.4,0.95} to guarantee
stability of the resulting reduced-order model. This corresponds to the choice
p = [-0.095 0.7175 —1.6]. By solving ( ) with given p, we obtain § that
leads to the following reduced-order model:

(03 —1.60%+0.71750 —0.095)y = (—0.056250° 4-0.26240° —0.25740 +0.08674)w.

14.7 Notes and references

A data-driven model reduction approach by moment matching has been in-
troduced in [10, Chapter 4]. Relying on frequency-domain data, this so-called
Loewner framework has strong connections to classical rational interpolation,
see e.g. [6,9, 11]. The Loewner framework (see e.g. , see [8, 108]) allows for
obtaining reduced-order systems that achieve interpolation as well as further
properties such as the preservation of stability [65], passivity, and optimal ap-
proximation in the Ay system norm [16]. To enable the use of time-domain
data (rather than frequency-domain data) in this framework, [120] estimates
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transfer function values at given interpolation points by exploiting the relation
between time- and frequency-domain data via the (discrete) Fourier transform,
after which standard interpolatory methods can be used.

Data-driven model reduction from given time-domain data has also become
an attractive topic in recent years. Belonging to the class of moment matching
methods, algorithms for computing (a least-square approximation of) moments
of linear or nonlinear systems are proposed in [141] and [123, Sec. VIA], building
on the framework of [13]. These (estimated) moments are then used to construct
families of reduced-order models. This method however relies on specifically
chosen input data to guarantee that the resulting data (obtained from a steady-
state response) is suitable for estimating a moment.

None of the existing works, however, investigate informativity of the data but
often implicitly assumes it. The first paper that has introduced and characterized
data informativity for moment matching is [30] on which this chapter is based.
In this chapter, we focus on the theoretical aspects and do not discuss numerical
applicability issues. An in-depth discussion on such issues can be found in [2].
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A

Mathematical background

This chapter deals with the mathematical material and basic notation. In Sec-

tion we introduce basic mathematical notation and concepts. Also, some
useful matrix theoretical lemmas are discussed. In Section we introduce
quadratic matrix inequalities and discuss their solution sets. Section is

devoted to an extensive treatment of matrix versions of Finsler’s lemma and
Yakubovich’s S-lemma. The results of that section will be crucial in our treat-
ment of data driven analysis and control in the context of noisy data.

For proofs of some of the results in this chapter we refer to the relevant
references as stated in Section containing notes and references.

A.1 Basic notation, concepts and facts

We denote by Z, the set of nonnegative integers and by N the set of positive
integers. The set of real (respectively, complex) numbers is denoted by R (re-
spectively, C). We denote by Rec and Ime¢ the real and imaginary parts of
a complex number ¢ € C. We will use the same notation to denote the real
and imaginary parts of a row or column vector of complex numbers. The n-
dimensional real Euclidean space is denoted by R™, while C™ denotes the space
of n-tuples of complex numbers. The transpose of a vector v € C™ is given by v "
and the complex conjugate transpose by v*. The Euclidean norm of v is defined
as |[v|| := Vv*u.

The space of real m x n matrices is denoted by R™*™, and the space of
complex m X n matrices by C™*™. Some conventions on the notation that will
be used for the zero matrix and identity matrix are as follows. If the dimensions
are clear from the context we denote the zero matrix simply by 0 and the identity
matrix by I. For given positive integers m and n we denote the m xn zero matrix
by Omxn. The square m X m zero matrix is simply denoted by 0,,. Finally, the
m x m identity matrix will be written as I,,. We use the notation ||M]| to denote
the spectral (or induced 2-norm) of a matrix M € C™*", that is,

M
HMH;Qm{”xecmx¢o}

Il

In addition, tr(M) denotes the trace of M € R™*™.
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For a matrix M € R™*" we define its image by im M := {Mz | x € R"},
kernel by ker M :={z € R™ | Mz = 0}, row space by rsp M :={zM |z € R*™},
and left kernel by lker M := {x € R*™ | M = 0}.

The set of eigenvalues of a given M € R™ ™ called the spectrum of M, is
denoted by o(M). We say that M is Schur if all its eigenvalues have modulus
strictly less than 1. This is equivalent to the asymptotic stability of the associ-
ated discrete-time linear system (¢ + 1) = Mxz(t), where z(¢t) € R"™. Since in
this book we focus solely on asymptotic stability, we simply say that M is stable
if it is Schur.

Given a positive integer n, the subset of R™*" of all symmetric matrices will
be denoted by S™. Symmetric matrices have only real eigenvalues. We denote by
Amin (M) and Apax (M) the smallest and largest eigenvalue of a symmetric matrix
M, respectively. For a given M € S", its number (counting multiplicities) of
negative eigenvalues is denoted by In_ (M) and its number of positive eigenvalues
by Iny (M). These numbers are called the negative and positive signature of M,
respectively. In this context, the algebraic multiplicity of the zero eigenvalue of
M is denoted by Ing(M). The triple (In_ (M), Ing(M),In (M)) is called the
inertia of M and is denoted by In(M).

If a matrix M is symmetric and positive semidefinite we will denote this
simply by M > 0. Similarly, M > 0 will mean that M is symmetric and positive
definite. Also, M > N and M > N will mean that M, N are symmetric matrices
and M — N, respectively, positive semidefinite and positive definite. Likewise,
we use the notation M < 0 and M < 0 to denote negative semidefiniteness and
negative definiteness, respectively. We denote the unique positive semidefinite
square root of a matrix M > 0 by Mz,

The dimension of a vector space V is denoted by dim V.

A.1.1 Generalized inverses

Given a real m x n matrix M, any matrix M?* with the property that
MM*M =M

is called a generalized inverse of M. If rank M = m, i.e. M has full row rank,
then every generalized inverse is a right-inverse, i.e. MM* = I,,,. Conversely,
every right-inverse of M is also a generalized inverse. Similarly, if rank M = n,
i.e., M has full column rank, then every generalized inverse is a left-inverse, i.e.
M*!M = I,,. Also, every left-inverse is a generalized inverse. Because of this, we
will use the notation M* both for generalized inverses as well as right-inverses
(left-inverses) of M.

For any m xn matrix M there exists a generalized inverse with the additional
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properties that
MMM = M*,
MF¥M is symmetric,
MM?* is symmetric.

Indeed, since every matrix M can be factorized as M = LR with L full column
rank and R full row rank, a generalized inverse with these additional three
properties is given by

M :=R"(RR")"2L"L)"'L".

It can be shown that this particular generalized inverse is unique, in the sense
that there is exactly one generalized inverse that satisfies the additional three
properties. This particular generalized inverse is called the Moore-Penrose pseu-
do-inverse of M. It will be denoted in this book by MT.

The Moore-Penrose pseudo-inverse has several useful properties, among which
we mention the following. For a given an m X n matrix M,

(M =M,
I — MM is the orthogonal projection of R™ onto ker M,
(M7= (M7
In particular, the last property implies that the Moore-Penrose pseudo-inverse
of a symmetric matrix M is again symmetric, i.e. (MT)T = M,
A.1.2 Some relevant facts from matrix theory
In this section we formulate some useful lemmas on properties of matrices.
Lemma A.1. Let A € R"™*? and B € RP*1,
(a) We have that AT A < BT B if and only if there exists S € R"*P such that

A=SB and STS<I. (A1)

(b) Assume, in addition, that B has full column rank. Then AT A < BT B if
and only if there exists S € R"*P such that

A=SB and S'S<I (A.2)



340 MATHEMATICAL BACKGROUND

Moreover, if ATA— BT B <0 (respectively, < 0), then S := AB' satisfies (A.1)
(respectively, (A.2)).

Proof. The ‘if’ parts of statements and are straightforward. Indeed, as-
sume that A = SB with ST.S < I (respectively, < I). Then ATA = BTSTSB <
BT B (respectively, < BT B), where we have made use of full column rank of B
to prove the strict inequality.

Next, we prove the ‘only if’ part of (2). We thus assume that AT A < BT B.
Our goal is to show that S := ABT satisfies (A.1). First, note that ATA < BT B
implies that ker B C ker A, equivalently, im AT C im BT. Thus, there exists a
matrix Z € R"™¥9 such that AT = BTZT, equivalently, A = ZB. Therefore,
SB = AB'B = ZBB'B = ZB = A. Moreover, S'S = (BY)TATAB' <
(BNYTBTBB' = BB'BB' = BB' < I, where the last equality and the last
inequality follow from the fact that BB' is an orthogonal projection. This
shows that S satisfies (A.1).

To prove the ‘only if” part of statement , assume that B has full column
rank and ATA < BTB. This implies that there exists an ¢ > 0 such that
(1+¢e)ATA < BTB. As such, by statement (2), the matrix S := /14 cABf

satisfies v/1+ecA = SB and S'S < I. Define S := \/11?5’ = AB'. Then

A =SBand TS = :=57S < I. We conclude that S satisfies (A.2) which

proves the lemma. O
The following lemma is a direct consequence of [22, Prop. 6.1.7].

Lemma A.2. Let A € RY*P and B € R"™*P. Then AM = B if and only if
im B C im A and there exists T € R"™*? such that M = ATB + (I, — ATA)T.

A.2 Sets induced by quadratic matrix inequalities

In this book, an important role will be played by sets of matrices defined in
terms of quadratic matrix inequalities (QMIs). We begin with sets of the form

Z,(I) := {Z € R | [IZ”] TH [Izﬂ > 0} : (A.3)

where II € S9%" is given. The very first question one may ask is: under what
conditions on IT is the set Z,.(II) nonempty? An immediate necessary condition
is that II must have at least ¢ nonnegative eigenvalues. Clearly, this is not
sufficient in general.

It follows from [22, Fact 8.15.28] that Z € Z,.(II) if and only if the matrix

My Mg —2Z7
Moy Moy 1 (A4)
-7 1 0
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has exactly r negative eigenvalues, where II is partitioned as

Iy Iyo
II = . A5
[Hm H22:| (A.5)

From now on, whenever we partition a matrix II € S977" like (A.5), this means
that IT;; is ¢ X ¢ and Tyy is 7 x . We denote by IT|Ilgg := II;; — H12H£2H21
the (generalized) Schur complement of IT with respect to IIas. The condition on
the eigenvalues of (A.4) does not translate to an easily verifiable condition on IT
for nonemptiness of Z,.(II). Nevertheless, it leads to a useful dualization result

that will be crucial in some of the later chapters. To state this result, for given
S CR™1, we define S™ := {ZT | Z € S}.

Lemma A.3. Let IT € S7*" be such that In(IT) = (r,0,q). Assume that Z,.(II)
is nonempty. Then, (ZT(H))T = Z,(I1; ,) where

7, = {2 —(ﬂ ! [? _(ﬂ .

In order to prove Lemma , we need Haynsworth’s inertia theorem, for
which we refer to [22, Fact 6.5.5]. This result is recalled in the following lemma.
Lemma A.4. Let IT € S". The following statements hold.

o IfkerIlaoy C kerITyo then In(II) = In(Ilss) + In(IT|ss).

o IfkerIly; C kerIlyy then In(IT) = In(I1;) + In(IT|ITy4).

Proof of Lemma . Let

[1:[1T1 1:[12] — -t
Iy, TIoo

where I1;; € RI*4, Iy € RI*" and sy € R™%". Also let Z € R™%? and define
o1 zZ7
Oz := | I 1l Ty
Z 11, Ty

By Lemma , we obtain

(0y) = In(—I") + In ([é]TH [é]) . (A.6)
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Next, we define

0 I
v .
Note that N is nonsingular and

[T T
N _[I O].

Let A1, A2, ..., Aq be the eigenvalues of I111. Denote the corresponding eigenvec-
tors by v1,v2,...,vq € R%. Then, it can be easily verified that fori =1,2,...,q,

L Nt VAT 44 and _ A=A +4
== - _ M VA TE

p“i i 9

are the 2q eigenvalues of N, with corresponding eigenvectors

wi = [uizv] and w; = { vi ] fori=1,2,...,q.

i Hi Vi
As such, N has precisely ¢ positive and ¢ negative eigenvalues. In other words,

In(N) = (q,0,q). We also have that the Schur complement of ©, with respect
to N is given by

N N _1 Z7 N N N N
Ilpo — [Z H1T2} { i I] [A ] =y + Z11 Z7 — Z114 —HlTQZT

I 0] |11,
I [T AL
S |z7 —Ihyy Ty | |27
1" T
= ZT Hr,q ZT .
By Lemma , this implies that
11" I
IH(@Z) = IH(N) + In ZT H'r‘,q ZT . (A?)
By combining (A.6) and (A.7) we obtain
-T - -T .
I I I I
In<|:Z- H|:z_> :In<|:ZT_ :,q lizT_> +(0,0,q—r)
since In(—=I17!) = (¢,0,r) and In(N) = (g,0,¢). This implies that

- T - - T -
I I I L[
:| H :| 2 O < ZT:| H'r,q ZT:| 2 O

which proves the lemma. |
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It turns out that for particular matrices II, a Schur complement argument
on the matrix II itself leads to a simple characterization of nonemptiness of the
set Z,.(IT). Specifically, suppose that IIys < 0 and ker [T C kerIy5. Since the
latter condition is equivalent to H12H22H§2 = II;5, we have that

My M| _ [Z, Wiplll,] [T 0 Iy 0 (A.8)
Iy IIa 0o I 0 Il H$2H21 I.|" )

This results in

.
Lol Mo o\ ol ypp) (74 11 0) TTap (7 + T,TL)  (A9)
Z Moy Ia2| | Z - 22 '

and, since s < 0,

T T
I ITy; 1o I I ITyy ILia| |1
|y = 1 K > |4 71 (A.10
| » |:_H£2H21:| |:H21 H22 —H§2H21 Z H21 HQQ Z ( )
for any Z € R"*4. The conclusion is that if IIso < 0 and ker ITa; C ker ITy5 then

Z,.(II) is nonempty if and only if IT|IIa5 > 0. Motivated by this observation, we
define the set

qu = Iy o € satr | Il < 07H|H22 > 0 and kerIlss C kerIlio,p .
' [o; o
(A11)

Note that it follows from the definition of I1, ,. that the set Z,.(II) is nonempty
for all II € II;,. Next, in the following subsection, for II € II,, we will
investigate basic properties of the sets Z,.(II) and the following closely related
sets

ZH(IT) = {z € R | [%Tn [IZ(I} > o} (A.12)
Z0(1) = {Z e R™1 | [IZ‘I} : I [ZQ} = 0} . (A.13)

A.2.1 Basic properties

In the following theorem, we study nonemptiness, convexity, and boundedness
of the sets induced by QMIs as introduced above.

Theorem A.5. Let Il € I1,,. Then, Z.(II)

(a) is nonempty and convex.
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(b) is bounded if and only if TIz; < 0.

(¢) has nonempty interior if and only if Ilag = 0 or I35 > 0.
Further,

(d) Z} (1) is nonempty if and only if T1|TIs5 > 0.

(e) Z2(I) is nonempty if and only if rank Ilay > rank IT|Ias.

Proof. (a): Since IT| I > 0, it follows from ( ) that —II},IT,; € Z,.(II).
This proves nonemptiness whereas convexity readily follows from Izs < 0.

(b): We first prove the ‘if’ part. Let Z € Z,(IT). Then, it follows from (A.9)
that (Z4115,1091) T (—Ia9)(Z4115,1151) < I |Tlgo. This leads to Amin(—Ilao)(Z+
1, 0001) T (Z 4 I, T051) < Amax(IT| Tp2)I. Since —Ilpy > 0 and IT|IIy, > 0, we
see that ||Z + H£2H21 || < « for some « > 0. Hence, Z,.(IT) is bounded.

For the ‘only if’ part, let Z € Z,.(IT) and let £ € R” be such that IIo2€ = 0.
Since II € II, ., we see that Z + a¢T € Z,(II) for any o € R. Since Z,.(II) is
bounded, this implies ¢ = 0. This proves that Il is nonsingular. Thus Il5; < 0
implies Iy < 0.

(¢): For the ‘if’ part, let A € R"™? be such that ||A] < 1, equivalently,
ATA < I. For all € > 0, we have

IT [Tl 4 e AT TI20A = Apin (T Ta2) T + % Apin (Ma2) ATA

=
> )\min(H | H22)I + 52)\min(H22)I

where the last inequality follows from the facts that IIso < 0 and ATA < 1. If
IIo2 = 0, then the right hand side is nonnegative for any ¢ since II | IIs2 > 0.
If IT |32 > 0, then the right hand side is nonnegative for all sufficiently small
€ > 0. Therefore, there exists € > 0 such that

IT|Tlgs + e2ATTIzA > 0 (A.14)
for all A with ||A]| < 1. Now, take Zy = —II},II5; and note that
1I ‘ H22 + (Z() +€A+H;2H21)TH22(ZO +€A—|—H£2H21) =1I | HQQ —|—62ATH22A 2 0

for all A with ||A]] < 1 due to ( ). Then, it follows from (A.9) that Zp+eA €
Z.(II) for all A with ||A]| < 1. This means that the set Z,.(II) has nonempty
interior.

For the ‘only if’ part, suppose that Zj is in the interior of Z,(II). This means
that there exists € > 0 such that Zy + A € Z,.(II) for all A with [|A]| < 1. By

(A9),
IT| Moy + (Zo + eA + I, T051) TTlay(Zg + A + I15,1001) > 0. (A.15)
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Suppose that & € RY is such that (IT|II22)€ = 0. Since Ilze < 0, ( ) yields
the equation Iyy(Zo 4+ A + I, 1151 )¢ = 0 for all A with [|A]| < 1. By taking
A = 0, we see that IIs2(Zy + ngﬂgl)f = 0. Therefore, TIo5oA¢ = 0 for all
A with ||A|| < 1. In particular, consider A = (¢7 where ¢ € R". Then, we
conclude that €€ = 0 for all ¢ € R”. Therefore, either Iy = 0 or £ = 0.
Equivalently, either IIss = 0 or IT|IIs5 > 0.

(d): For the ‘if” part, suppose that II|IIz; > 0. Then, it follows from ( )
that —H£2H21 € ZI(II). Thus, Z,(II) is nonempty. For the ‘only if’ part,
suppose that Z(II) is nonempty. Let Z € Z;(II). Then, ( ) implies that
11 ‘ II55 > 0.

(¢): For the ‘only if” part, suppose that Z2(II) is nonempty. Let Z € Z2(II).
Then, it follows from (A.9) that IT|Ily = —(Z + II§,IT0) TTlo(Z + I15,1010: ).
Since the rank of a product of matrices is less than or equal to the ranks of
individual matrices, we see that rankITss > rank(II | IIo2). For the ‘if’ part,
suppose that rank Iy > rank(I1|Ilss). Let Uy XU, and UsXoU, be eigenvalue
decompositions of II | IIao and —Ilgq, respectively. Then, rank Yo > rank 3.
Hence, there exists a diagonal matrix D > 0 such that ¥ = DY,. Take Z =
—I18,102 + Uy D2 UT. Note that (Z411,I0a1) T oo (Z 4+ 110,I0ay) = —U; S, U] =
—TI | TIyp. Consequently, it follows from (A.0) that Z € Z0(II) and Z9(T1) is
nonempty. ]

A.2.2 Parameterization of Z,.(II) and Z,(II)

It turns out that one can explicitly parameterize all solutions of a given QMI
associated with II € II, ., as stated in the following theorem.

Theorem A.6. LetII € I, .. The following statements hold:
(a) Z € Z.(I1) if and only if
1
Z =~ Mgy + ((~Tap)") 2 S(IT| M) % + (I — Mhyllen)T  (A.16)
for some S, T € R™ 9 with STS < I.

(b) Assume that Z(II) is nonempty, equivalently, 11 | Ila > 0. Then, Z €
Z¥ (M) if and only if

1
Z = —TMhy Moy + ((—Ta2)t) 2 ST | Mag)  + (I — M5, TTe0)T (A.17)

for some S,T € R™* with STS < I.
Proof. We first prove (b). From (A.9) we have that Z € ZT(II) if and only if

(Z + T, 001) T (=) (Z + T, IHay) < TI|Tlgs. (A.18)



346 MATHEMATICAL BACKGROUND

By Lemma A.1.(h), we then have that Z € Z(II) if and only if there exists a
matrix S such that ST < I and (—Ily5)2 (Z + I}, I51) = S(I1|IIy2)2. Using
the fact that ke]ﬁ'(—Hgg)% = ker I3, and by exploiting Lemma , we see that
this is equivalent to Z + hyTlyy = ((—Ty2)# ) S(IT|Thys)% + (I — TT,TI0)T for
some T € R"*4. This proves (b). The proof of (a) follows the same arguments
but instead invokes Lemma .(a). O

A.2.3 TImage of Z.(II) and Z(II) under linear maps

Let W € R9*P. For & C R"™9, we define SW := {SW | S € S}. Also, for
II € S9"" we define

wT o W 0 WTII W W I, Pt
Iy = { 0 L} II {0 IJ = { Iy, W Iy e sPTr. (A.19)
Note that
Iy €11, , (A.20)

provided that II € Il ,. Next, we will study the relationship between the sets
Z,.(I) and Z,.(Iy).

Theorem A.7. Let II € II,, and W € R?*P. We have that Z,.(I)IW C
Z,.(Ily ). Assume, in addition, that at least one of the following two conditions
hold:

(a) W has full column rank.
(b) Ilss is nonsingular.
Then, Z,(IHW = Z,(Iy).

Proof. First we prove that Z,.(IDW C Z,(Ilyy). Let Z' € Z,(II)IW. Then,
Z' = ZW where Z € Z,.(1I), that is

T
Iy Iy
2] nZ] >0

By pre- and post-multiplying by W and W, we obtain

T T
o 5] oo 1] 1]

This means that Z’ € Z,(Ilyy) and hence Z,(IW C Z, (I ).
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Now, we assume that at least one of the conditions on W and IIss hold.
We claim that Z,(Ily) C Z,.(IDW. Let Z' € Z,.(Ily). Note that Iy [Ty =
W T (IT|TIa2)W. From ( ) and Theorem A.6.(a), we see that

1 1
7' = T, Ty W + ((—Tla2) ") 28 (WT (T Tag) W) 2 + (I — TTh,TTy0)V (A.21)
1 1
where V, S € R with ST§ < I, Since (W (IT| Tlas) W) (W (IT| Tas) W) * =
1
W T (IT| T,2) 2 (IT| 2) 2 W, due to Lemma A | we have that (W |Hp)W)? =
T(I | I2)2 W where T € RPX4 is such that 7T < I,. If W has full column
rank then ( ) results in Z' = ZW where

Z = Ty + ((—Tao) )2 ST Ma)# + (1 — WMoV (W W)~ 1w T
(A.22)
On the other hand, if IIs5 is nonsingular then I — H£2H22 =0and 72/ = ZW
with .
Z i= —Typ Ty + (= Ty ) ST(IT|Tay) . (A.23)

In either of these two cases, we observe that TTSTST < T'T < 1,. Therefore,
Theorem A.6.(a) implies that Z € Z,.(II). Consequently, we see that Z' = ZW
for some Z € Z,.(IT) and thus Z,(Ily,) C Z,.(I1)W. This proves the theorem. O

A similar result holds for the sets Z,(IT) and Z}(Ily ), as shown next.

Theorem A.8. LetII € II,, and W € R?*P. Assume that W has full column
rank and Z;} (1) is nonempty. Then, ZF(I)W = Z (Ily).

The proof of Theorem is similar to that of Theorem , but applies
Theorem A.6.(b) instead of Theorem A.G.(a).
The following two corollaries follow from Theorems and and provide

conditions under which there exists a ‘structured’ matrix in Z,.(II) (respectively,
Z¥(IT)) that satisfies a linear equation.

Corollary A.9. Let II € S with Ilys < 0 and kerIlyy C kerIly, W €
R2*P and Y € R"™P. Suppose that either W has full column rank or Tlo is
nonsingular. Then there exists a Z € Z,.(II) such that ZW =Y if and only if
IMeIl,, and Y € Z,(Ily).

Proof. To prove the ‘if’ statement, suppose that II € II, , and Y € Z,(Ilyw).
By Theorem there exists a Z € Z,.(II) such that ZW =Y. To prove the
‘only if” statement, suppose that there exists a Z € Z,.(II) satisfying ZW =Y.
Therefore, Z,.(II) is nonempty and (A.9) implies that IT|IIso > 0. Consequently,
Il € II,,. Finally, Y € Z,(Ilyy) follows directly from multiplying the defining
quadratic matrix inequality from left by W and right by W. ]
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Corollary A.10. Let II € S9t7 with Iy, < 0 and ker Iy C kerIlo;. Consider
W € R?*P and Y € R"™P. Assume that W has full column rank. Then there
exists a matrix Z € Z; (1) satisfying ZW =Y if and only if 11| Il > 0 and
Y € ZH(Iy).

The proof of Corollary follows the same lines as that of Corollary ,
but applies Theorem rather than Theorem . It is therefore omitted.

A.3 Matrix S-lemma and Finsler’s lemma

In this section we deal with the question under what conditions all solutions to
one quadratic matrix inequality also satisfy another QMI. In other words, we aim
at finding necessary and sufficient conditions for the inclusion Z,.(N) C Z,.(M),
where M, N € S9T". We will also consider this inclusion with Z°(N) instead
of Z,(N), and for Z;F (M) replacing Z,(M). This leads to non-strict and strict
versions of Yakubovich’s S-lemma and Finsler’s lemma.

A.3.1 Recap of standard S-lemma and Finsler’s lemma

For future reference, we will start with a brief recap of ‘standard’ (vector-valued)
S-lemmas and Finsler’s lemma. The idea behind all of these results is that certain
implications involving quadratic inequalities and equalities can be characterized
in terms of feasibility of linear matrix inequalities. The following statement is
the S-lemma for non-strict inequalities, which was first proven by Yakubovich
in the 1970s.

Proposition A.11 (S-lemma). Let M, N € S™ and suppose that N has at least
one positive eigenvalue. Then x" Mx > 0 for all z € R™ satisfying " Nz > 0 if
and only if there exists a real number o > 0 such that M — alN > 0.

Next, we recall a version of the S-lemma involving a strict inequality on
T
' Mzx.

Proposition A.12 (Strict S-lemma). Let M, N € S™ and suppose that N has at
least one positive eigenvalue. Then 2" Mx > 0 for all nonzero x € R™ satisfying
" Nz > 0 if and only if there exists a real number o > 0 such that M —aN > 0.

Finally, we recall Finsler’s lemma, which involves an equality " Nz = 0. We
state the result for a strict inequality on =" Mxz. We note that also a non-strict
version of the result exists, but this will not be used in this book.

Proposition A.13 (Finsler’s lemma). Let M, N € S®. Then z" Mz > 0 for all
nonzero x € R™ satisfying ' No = 0 if and only if there exists a real number
a € R such that M — aN > 0.
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A.3.2 Reduction of the matrix case to the vector case

Throughout this section, we will consider matrices M, N € S?" partitioned as

M11 M12 Nll N12
M21 M22 N21 N22 ’

We will provide conditions under which the inclusion Z,.(N) C Z,.(M) is
equivalent to the vector-valued implication " Nz > 0 = z' Mz > 0. This
will provide an important building block in obtaining matrix versions of the
S-lemma. To proceed, we will need the following lemmas.

M = [ } and N = [ (A.24)

Lemma A.14. Let S € S" be positive semidefinite. Given a nonzero vector
x € R™, there exists a matrix X € R"*("=1) such that ' SX = 0 and [x X] is
nonsingular.

Proof. If TS = 0 the statement is immediate. Thus, assume that =S # 0.
Let X € R"*("=1) be a matrix whose columns form a basis for kerz " S. If [x X ]

is singular, then = € im X and, hence, =" Sz = 0. However, since S is symmetric
and positive semidefinite, this implies that 28 = 0. This yields a contradiction,
and we conclude that [z X| is nonsingular. This proves the lemma. O

Lemma A.15. Let N € Il,,. Let x € R? and y € R" be vectors, with x

nonzero, such that
-
R
Y Y

Then there exists a matrix Z € Z,(N) such that y = Zz.

Proof. Since zx is nonzero and N | Ny > 0, we conclude fI‘OIIl Lemma jhat
there exists a matrix X € R?*(4=1 such that 7 (N |No2)X = 0 and [z X] is
nonsingular. Define the matrix Y = —N§2N21X. Note that

Ni1 Nia| [T NyoNL| [N|Naz 0 I 0
Noy Noo| |0 T 0 Noo| [NL,Ny I

Therefore, we have

0 m ] ) o

since N | Noa > 0. The latter two results imply that

[x;(]TN{x)}q: B]TNm TO =0
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Recall that [a: X] is nonsingular. Thus, the matrix Z := [y Y] [ac )7(]71 is a
member of Z,.(N). In addition, note that y = Zz. This proves the lemma. O

The following theorem provides conditions under which the inclusions Z,.(N) C
Z.(M)and Z,.(N) C ZF (M) are equivalent to their respective vector-valued im-
plications.

Theorem A.16. Let M,N € S?*" with N € I ,..

(a) Assume that N has at least one positive eigenvalue. Then the following
two statements are equivalent:

(i) 2n(N) € Z,(M),
(ii) 2" Mz > 0 for all z € RIT" satisfying 2" Nz > 0.
(b) Assume that Ny < 0. Then the following two statements are equivalent:
(i) Z,(N) € ZF (M),
i) 2" Mz > 0 for all nonzero z € R satisfying z' Nz > 0.
(i) ying

Proof. We first prove that .(1) implies .(i1).  Assume that .(1) holds
but, on the contrary, (a).(ii) does not hold. This implies that there exist vectors
z € R? and y € R", not both zero, such that
T T
m N m >0 and m M m <0. (A.25)
Y Y Y Y

We claim that there exists a pair (z,y) satisfying ( ) with = # 0.

To see this, suppose that z = 0 and y satisfy ( ). We will use these vectors
to construct a new pair (Z,g) satisfying ( ) with Z # 0. By the hypothesis
that Noo < 0, we have that Nooy = 0. In addition, since ker Nog C ker N1 we
obtain

N m —0. (A.26)

Let [ET ng] " be an eigenvector of N corresponding to a positive eigenvalue .
Note that & # 0 because Nas < 0. By ( ), we see that

(E1+<Bl) ~(E+<ED -1 [l

for any € € R. In addition,

(1<) » ([ <) <o
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if € is sufficiently small. Therefore, for sufficiently small € # 0, the pair (ez,y +
ey) satisfies ( ). As T # 0, the pair (%,9) := (eZ,y + y) satisfies ( )
with & # 0. Let (z,y) be such a pair. By Lemma there exists a matrix
Z € Z,.(N) satistying § = Zz. By ( ) we see that
T
I I

~T ~

o [ <o
that is, Z ¢ Z,.(M). This, however, contradicts the assumption that Z,.(N) C
Z,.(M). Therefore, we conclude that (a).(ii) holds.

Next, we prove that .(1) implies .(i1). Therefore, assume that

holds but, on the contrary, . does not hold. This implies that there exist
vectors x € R? and y € R", not both zero, such that

T T
m N m >0 and m M m <. (A.27)
Y Y Y Y
This implies that « # 0. Indeed, if = 0 then also y = 0 by the hypothesis that
Nss < 0. Thus, by Lemma there exists a matrix Z € Z,.(N) satisfying
y = Zz. By ( ) this implies that
+
I I
T [ 7 M 7 rz<0
that is, Z ¢ Z(M). This contradicts the hypothesis that Z,.(N) C Z}(M).
This shows that (b).(ii) holds.

Next, we prove that (a).(ii) implies (a).(i). Suppose that Z € Z,.(N). Then
we have that

T T
|1 1 |1 1
y [Z NZy>0, and thus y 7 MZy>O

for all y € R9. In other words, Z € Z,.(M). The proof that .(ii) implies
is analogous and therefore omitted. This proves the theorem. (|

A.3.3 Non-strict matrix S-lemma and Finsler’s lemma

In the following theorem we apply the results of the previous section to establish
a matrix version of the S-lemma.

Theorem A.17 (Matrix S-lemma). Let M,N € S?t". If there exists a real
a > 0 such that M — aN > 0, then Z.(N) C Z.(M). Next, assume that
N €11, , and N has at least one positive eigenvalue. Then Z,.(N) C Z,.(M) if
and only if there exists a real a > 0 such that M — aN > 0.
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Proof. The ‘if” statements are obvious. We thus focus on proving the ‘only if’
part of the second statement. Assume that Z,.(N) C Z,.(M). By Theorem

)

x" Mz > 0 for all x € RI*" satisfying 7 Na > 0. Finally, by Lemma , we
conclude that there exists a scalar a > 0 such that M — aN > 0. O
Similar to the ‘standard’ S-lemma (Lemma ), we note that the matrix S-

lemma requires NV to have at least one positive eigenvalue, an assumption known
as the Slater condition. It turns out, however, that under additional assumptions
on M and N, we can state a theorem analogous to Theorem in the case
where N € II, . has no positive eigenvalues, equivalently, N | No2 = 0. In this
special case, Z,.(N) = Z2(N) which leads to a matrix version of Finsler’s lemma.

Theorem A.18 (Matrix Finsler’s lemma). Let M, N € S¢". If there exists
a € R such that M — aN > 0 then Z°(N) C Z,.(M). Next, define © € S¢ by

-
I I
O := M .
|:_N2TQN21:| |:_N2J(2N21:|

Assume that
(a) M,N e TI,,,
(b) N| Ny =0, and
(c) ker® C ker M | Mas.
Then Z2(N) C Z,.(M) if and only if there exists o > 0 such that M — aN > 0.

Proof. The ‘if’ statements are obvious. Now, assume that Z°(N) C Z.(M).
Let Z € Z0(N), € € ker Ny, and 7 € R? be a nonzero vector. By hypothesis,
we have

Z +~én" € Z.(M) (A.28)

for all v € R. Recall that M € II;, and therefore My, < 0. This implies
that Mao& = 0, for otherwise there exists a sufficiently large v € R that violates
( ). We have thus proven that ker Nog C ker May. Next, define the matrix

I 0
—NyoNoy 1

Note that

0 0
0 Nao

) My — Nia N, Moy

T'NT = [ ;
Moy — M22N22N21 My

} and TTMT = {
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This yields

TT(M — aN)T = ) Mo —N12N§2M22

= i (A.29)
Moy — M22N22N21 Moy — aNaa

Next, note that ker Moy C ker M5 implies that
© = M| My + (MJy My — NJyNoy) T Moy (M, Moy — NJyNoy) (A.30)
and
Moy (MJy My — Ny Noy) = My — Mag Ny Noy. (A.31)

Since —NQTQNgl € ZY(N) C Z.(M), we have © > 0. Therefore, since Mag <
0, (A.30) and (A.31) imply ker(M | May) = ker © N ker(My — Moy Ny Noy).
Therefore, by the hypothesis that ker ©® C ker(M | Ma3) we must have ker © =
ker(M | Ma2), and it follows that ker ® = ker(Ma; 7M22N2TQN21). Consequently,
by ( ) and © > 0, we see that " (M — aN)T > 0 if and only if

May — aNyy — (May — My N, Noy) ©F (Myy — N1o NI, Moy) > 0. (A.32)

Since Noo < 0 and ker Nog C ker Moy C ker Mi5, we conclude that there
exists a sufficiently large o > 0 such that ( ) holds. This implies that there
exists an « > 0 such that M — aN > 0. This proves the theorem. O

The assumption (c) on the matrix © is required in the sense that Theo-
rem is, in general, not valid without it. We illustrate this as follows.

Example A.19. Suppose that

-1 1 10
N_[l 1] andM—[Ol].

Note that M, N € II; ; and N | Nz = 0. In this case, © = 0 and M | Ma; =1

so the assumption (c¢) of Theorem does not hold. In addition, we see that
Z)(N) = {1} C Z;(M). Nonetheless, there does not exist an a > 0 such that
M —aN 2 0. [ ]

A.3.4 Strict matrix S-lemma and Finsler’s lemma

Subsequently, we consider strict versions of the above theorems. We focus on
the case that the inequality involving M is strict while the one on N is nonstrict.
The following theorem provides a strict matrix S-lemma in case Nos is negative
definite.
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Theorem A.20 (Strict matrix S-lemma). Let M, N € S?t". If there exists a
real a > 0 such that M — aN > 0, then Z,.(N) C ZF(M). Next, assume that
N €I1,, and Ny < 0. Then Z,.(N) C Z}(M) if and only if there exists a real
« = 0 such that M — aN > 0.

Proof. The ‘if’ parts are clear. Therefore, we focus on proving the ‘only if’ part
of the second statement. Suppose that Z,.(N) C Z;(M). By Theorem , we
have that z T Mz > 0 for all nonzero = € RI*" satisfying ' Nz > 0. We now
distinguish two cases. First suppose that N has at least one positive eigenvalue.
Then, by Lemma , there exists a real a > 0 such that M — aN > 0. Next,
suppose that N does not have any positive eigenvalues, i.e., N < 0. We clearly
have that 2" M2 > 0 for all nonzero = € R9*" satisfying 2 Nz = 0. Then, by

Lemma , there exists a real @ € R such that M —aN > 0. If @ > 0 then we
have M — aN > 0 for « = &. On the other hand, if @ < 0 then M > aN > 0,
so M — alN > 0 for a = 0. This proves the theorem. O

One can even prove a strict matrix S-lemma in the case that Nag is not
necessarily negative definite, but under the extra assumptions that Mss < 0 and
the Slater condition holds on N. It turns out, however, that in that case we need
two real numbers o > 0 and 5 > 0 to state a necessary and sufficient condition.

Theorem A.21 (Strict matrix S-lemma with « and 3). Let M, N € ST,
Then we have that Z,.(N) C ZF (M) if there exist scalars a > 0 and 3 > 0 such
that

M—aN > {ﬂo] 8} . (A.33)

Assume, in addition, that N € Il ., My < 0 and N has at least one positive
eigenvalue. Then Z,.(N) C Z,7(M) if and only if there exist a > 0 and 8 > 0
such that ( ) holds.

Proof. Both ‘if’ statements are clear, so we focus on the ‘only if’ part. Assume
that Z.(N) C Z+(M). We will first prove that ker Nag C ker Mas and ker Nagy C
ker Mis. Let Z € Z,.(N) and v € ker Nay. In addition, select any nonzero vector
w € RY and define Z := vw™. Since N € II,,, we have that Z +vZ € Z,.(N)
for all v € R. Therefore Z +~Z € ZF(M). We write

-
I 1 — 20, T T
0< [Z+72] M {ZJFWZ} = L) +77 (v Magv) ww (A.34)

where £(7) is a matrix that depends affinely on 7. This implies that Masv = 0.
Indeed, if Msov # 0 then v " Mysv < 0 and we can find a sufficiently large v € R
that violates ( ). We conclude that ker Nog C ker May. Next, let v € ker Nog
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and define Z := —vv T Ma;. Since v € ker Mo, we can write

I T I T T I
= _ T
0< {Z —l—’yZ} M [Z + 72] - {Z} M [Z] 2y Migvv May. (A.35)

This implies that Miov = 0, for otherwise we can select a sufficiently large v € R
violating ( ). Therefore, we conclude that ker Nog C ker Mys. Subsequently,
we claim that there exists a scalar 8 > 0 such that

Z,(N) C ZF <M _ {50] SD . (A.36)

Suppose on the contrary that this claim is false. Then there exists a sequence
{Bi} such that 8; — 0 (i — oo) and for all i there exists Z; € Z,.(NN) such that

Z, ¢ 2t (M - [56[ 8]) . (A.37)

Define V := {Z € R"™9 | NogZ = 0}. Write Z; as Z; = Z} + Z? where Z} € V*
and Z? € V. Here V denotes the orthogonal complement of V with respect
to the standard trace inner product on R"*?. Since ker Noo C ker Nio we see
that Z}! € Z,(N) for all i. Next, we claim that {Z}} is bounded. We will
prove this by contradiction. Thus, assume that {Z}} is unbounded. Clearly, the

1

sequence {Hg—lu} is bounded. By Bolzano-Weierstrass, it thus has a convergent

i

subsequence with limit, say Z,. Note that

1
W(Nll + NlQZ,L'l + (NlQZil)T + (Z})TNQQZ,LI) > 0

By taking the limit along the subsequence as i — oo, we obtain Z, NoyZ, > 0.
Using the fact that Noy < 0, we conclude that Z, € V. Since ZZ-1 e VL for all

1

1, also ”g—lll € V1 and thus Z, € V1. Therefore, we conclude that both Z, € V
* 1

and Z, € V+. That is, Z, = 0. This is a contradiction as H?—QH has norm 1

for all i. We conclude that the sequence {Z!} is bounded. It thus contains a
convergent subsequence with limit, say Z.. Note that Z,.(N) is closed and thus
Z. € Z.(N). Since ker Nos C ker Moy and ker Nay C ker Myo, ( ) implies

that
e (o [11)

for all . We take the limit as ¢ — oo along a subsequence with limit Z,, which
yields Z. & Z¥(M). However, since Z, € Z,(N), this contradicts our hypothesis
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that Z,.(N) C Z}(M). Therefore, we conclude that there exists a 3 > 0 such
that ( ) holds. In particular, this implies that there exists § > 0 such that

Z,(N)C 2, (M— [’301 ?)D .

Finally, by Theorem , there exists a scalar a > 0 such that ( ) holds. O

Next, we state a matrix Finsler’s lemma in the case of a strict inequality.

Theorem A.22 (Strict matrix Finsler’s lemma). Let M, N € S9*". Then
ZY(N) C ZF(M) if there exist scalars a € R and 3 > 0 such that ( ) holds.
Next, assume that N € II, ., N|Nag = 0 and Mas < 0. Then Z2(N) C Z}+(M)
if and only if there exist o > 0 and > 0 such that ( ) holds.

Proof. The ‘if’ statements are obvious. To prove the ‘only if’ statement, assume
that Z2(N) C Z;7(M). Since N| Ny =0 and N € I, ., we have that N < 0.
This implies that Z2(N) = Z,.(N). Therefore, we also have that Z,.(N) C
Z¥T(M). We can thus use the same argument as in the proof of Theorem

to show that ker Nog C ker Moy and ker Nog C ker M7o. Next, define the matrices

-
I 0 I I
T := and © = M
[—N§2N21 I} [—N§2N21] LNgsz]

and observe that

0 0

T _
TTNT = [o Ny

} and TTMT = [ © Mz = N”N?T?M”] :

Moy — M22N§2N21 Moo

Since —NJ,Noy € Z9(N) C Z;H(M) we have © > 0. Then obviously, there exists
a real § > 0 so that © — 51 > 0. We have that

ALl (M_QN_VI 0]>T:[ @—51T M12—N12N2T2M22}
00 M1 — M2y Nyy Noy Moz — aNaa

BI 0

Therefore it holds that T'7 <M —aN — { 00

])T}Oifand only if

Moy — tNgy — (May — Maa Ny Nop ) (© — BI) ™ (Myy — NiaNJ, Mas) > 0. (A.38)

Because Noo < 0, ker Noo C ker Moo and ker Nog C ker Mo, there exists a
sufficiently large a > 0 such that ( ) holds. This proves the statement. [

Finally, we note that it is possible to combine the strict versions of the matrix
S-lemma and Finsler’s lemma, Theorems and , into one result. This
results in the following corollary. Note the absence of the Slater condition on N.
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Corollary A.23. Let M,N € S?*". Then Z,.(N) C Z}(M) if there exist
scalars a > 0 and B > 0 such that ( ) holds. Next, assume that N € II, ,
and Msy < 0. Then Z,(N) C Z (M) if and only if there exist « > 0 and 8 > 0
such that ( ) holds.

Proof. Once again, the ‘if’ parts are clear. To prove the ‘only if’ statement,
we distinguish the cases that N has at least one positive eigenvalue, and N < 0
(equivalently, N'| Noo = 0). In the first case, Theorem is directly applicable,
resulting in the existence of & > 0 and 8 > 0 such that ( ) holds. In the
second case, Z,(N) = Z?(N) and Theorem yields & > 0 and 8 > 0
satisfying ( ). O

A.4 Notes and references

The majority of the results in this chapter, such as the parameterizations (The-
orem ), and the matrix versions of the S-lemma and Finsler’s lemma (Theo-
rems , , , , and ), are based on the paper [168]. Additional
matrix versions of the S-lemma can be found in [169].

The parameterization of Theorem can be simplified under the additional
assumption that IIs; < 0. Indeed, in this case the last term of ( ) (depending
on the matrix 7T) is zero. If IIss < 0, Theorem .(b) can also be proven
using [155, Corollary 2.3.6] by defining the matrices A = I3l , B = I,
Q =1I|Iy, R = —Ily; and X = Z " in that result.

Corollary is intimately related to the so-called elimination lemma [70,

]. In fact, in the case that II is nonsingular and has r negative and ¢ positive
eigenvalues, Corollary can also be obtained from [142, Lem. A.2] by taking
P=-II,A=1,B=W" and C = YW where W+ € R¢=P)*4 is any full row
rank matrix such that W-W = 0.

The standard (non-strict) S-lemma in Proposition was first proven by
Yakubovich in [195]. We also refer to the survey paper [130]. For the strict
version in Proposition , we refer to [195] and [26, p. 24]. Moreover,
Finsler’s lemma (Proposition ) is named after the German mathematician
Paul Finsler, and was first proven in 1936 [53]. Also a non-strict version of this
result exists, see e.g., [200], although for this version a so-called Slater condition
is required.

Lemma was instrumental in proving the matrix versions of the S-
lemma. It can be regarded as an extension of [143, Lemma A.2] to the set
of matrices I, ,. Indeed, instead of requiring that N satisfies Noo < 0 and
Ny — N12N251N21 > 0, we have merely assumed non-strict inequalities.

The proof of Lemma for the case r = ¢ = p is given in [22, Fact 5.10.19]
and for the case r = p in [132, Lem. 3|. In this chapter, we have provided a
constructive proof for the case that r and p are not necessarily equal.
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Some of the other matrix theoretical results in this chapter are also taken
from the work of Bernstein [22]. Indeed, Lemma is a direct consequence
of [22, Prop. 6.1.7]. Moreover, the fact that (A.1) holds if and only if Z €
Z,(I1) follows from [22, Fact 8.15.28]. For a proof of Haynsworth inertia theorem
(Lemma A.1) we refer to [22, Fact 6.5.5].

One of the steps of the proof of Lemma was to show that the 2¢ x 2¢q
partitioned matrix

{0 I, }
Iq Hll

where I1;; is a symmetric matrix, has g positive and g negative eigenvalues. The
proof of this fact was taken from Maddocks [101, Lem. 5.1].
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