On Greedy Reconstruction Algorithms

Dissertation zur Erlangung des
akademischen Grades eines
Doktors der Naturwissenschaften

(Dr. rer. nat.)

vorgelegt von

Simon Buchwald

an der
=
Universitat S
Konstanz it

Mathematisch-Naturwissenschaftliche Sektion

Fachbereich fiir Mathematik und Statistik

Tag der miindlichen Priifung: 01.07.2025
1. Referent: Prof. Dr. Stefan Volkwein
2. Referent: Assoc. Prof. Dr. Gabriele Ciaramella

Konstanz, 2025

Konstanze©Online-Publikations-Syste(KOPS)
URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-2-kilyc5f8um2¢






Zusammenfassung

Diese Arbeit widmet sich der Entwicklung und Analyse von Greedy Rekonstruktionsal-
gorithmen (GR). Mit diesen Verfahren kénnen optimale Steuerungsfunktionen bestimmt
werden, die eine exakte und effiziente Identifikation unbekannter Operatoren in dynami-
schen Systemen ermdéglichen. Die Methoden basieren auf einer Zerlegung des Rekonstruk-
tionsprozesses in Offline- und Online-Phasen, sowie auf einem Ansatz fiir den unbekannten
Operator, der durch eine gegebene Familie an Operatoren definiert ist.

Der erste Teil dieser Arbeit konzentriert sich auf lineare dynamische Systeme. Eine detail-
lierte Analyse zeigt, dass die Verwendung von Steuerungen, die vom GR-Algorithmus be-
rechnet wurden, zu strikter Konvexitit des quadratischen Online-Rekonstruktionsproblems
fithrt. Basierend auf diesen Ergebnissen wird ein neues Greedy-Verfahren (OGR) einge-
fithrt, welches zusétzlich den Ansatz fiir den unbekannten Operator optimiert.

Im zweiten Teil werden allgemeinere nichtlineare Systeme betrachtet. Auf Grundlage der Li-
nearisierungen dieser Systeme wird ein weiterer Greedy-Algorithmus (LGR) entwickelt. Es
wird gezeigt, dass die von LGR berechneten Steuerungen lokale Konvergenz des klassischen
Gauss-Newton-Verfahrens, angewandt auf das nichtlineare Online-Rekonstruktionsproblem,
ermoglichen. Dieses Resultat wird auf die Steuerungen ausgeweitet, die vom urspriinglichen
GR-Algorithmus, angewandt auf das nichtlineare System, berechnet werden. Numerische
Experimente an dynamischen Systemen mit linearen und bilinearen Steuerungsstrukturen
bestétigen die Effektivitdt der Greedy-Algorithmen.

Der dritte Teil der Arbeit befasst sich mit der Rekonstruktion nichttrivialer Wahrscheinlich-
keitsverteilungen von zwei Parametern im Hamiltonian von Kernspinresonanz-Systemen.
Obwohl die zugehoérigen Spindynamiken durch ein bilineares System représentiert werden,
ist das Online-Rekonstruktionsproblem quadratisch. Eine ausfiihrliche Analyse zeigt, dass
die vom GR-Algorithmus generierten Steuerungen strikte Konvexitéit dieses Identifikati-
onsproblems garantieren. Diese Ergebnisse werden durch numerische Beispiele bestétigt,
welche die Effizienz des OGR-Algorithmus hervorheben.

Im letzten Teil dieser Arbeit werden die GR-Algorithmen auf allgemeine Approximations-
probleme von Funktionen angewandt. Im Fall von Polynominterpolation zeigt sich, dass der
urspriingliche GR-Algorithmus genau die Leja-Interpolationspunkte (bzw. entsprechende
Tensorprodukte davon) berechnet. Zudem kann eine Aquivalenz zwischen OGR und der
etablierten empirischen Interpolationsmethode (EIM) bewiesen werden. AbschlieSend wird
eine neue Klasse von Greedy-Algorithmen eingefiihrt, mit dem Ziel die kleinste Teilmenge
eines zu approximierenden Datensatzes auszuwdhlen und gleichzeitig die Struktur des Né&-
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herungsansatzes zu optimieren. Umfangreiche numerische Tests mit neuronalen Netzwerken
belegen die Effizienz der neuen Algorithmen.



Abstract

This thesis is devoted to the development and analysis of greedy reconstruction (GR)
algorithms. These procedures allow the design of optimized control functions that facilitate
the accurate and efficient identification of unknown operators in dynamical systems. The
approach is based on an offline/online decomposition of the reconstruction process, and on
an ansatz for the unknown operator defined by a given family of operators.

The first part of this thesis focuses on linear dynamical systems. A detailed analysis
demonstrates that the controls computed by the GR algorithm make the quadratic online
reconstruction problem strictly convex. Based on these results, an optimized greedy strat-
egy (OGR) is introduced that additionally optimizes the ansatz for the unknown operator.

In the second part, more general nonlinear systems are considered. Based on the lineariza-
tion of these systems, a new greedy algorithm (LGR) is developed. It is shown that the
controls computed by LGR lead to the local convergence of the classical Gauss-Newton
method applied to the nonlinear online reconstruction problem. This result is extended
to the controls obtained by the original GR algorithm applied directly to the nonlinear
system. Numerical experiments on dynamical systems with linear and bilinear control
structures confirm the effectiveness of the greedy algorithms.

The third part of this thesis considers the reconstruction of a non-trivial joint probability
distribution for two Hamiltonian parameters in Nuclear Magnetic Resonance. While the
corresponding spin dynamics can be represented by a bilinear dynamical system, the online
reconstruction problem is fully quadratic. A rigorous analysis proves that the controls
generated by the GR algorithm ensure strict convexity of this reconstruction problem.
These findings are confirmed by numerical experiments that highlight the efficiency of the
OGR algorithm.

In the final part of this work, the GR algorithms are applied to general function approxima-
tion problems. In the case of polynomial interpolation, the original GR algorithm is shown
to compute exactly the (tensor-product) Leja points. Additionally, an equivalence be-
tween OGR and the well-established Empirical Interpolation Method is revealed. Finally,
a new class of greedy algorithms is developed, that aim to select the smallest subset of a
given data set, while simultaneously optimizing the structure of the approximation ansatz,
within a given family of approximation functions. Extensive numerical tests on function
approximation by neural networks demonstrate the efficiency of the new algorithms.






Acknowledgments

First and foremost, I want to thank my wife Selina from the bottom of my heart for always
being there for me, especially during the time of writing this thesis. You are truly the love
of my life!

I thank my family, my parents and my brother, for all your love and support throughout
my entire life. You gave me the confidence to follow my heart in all of life’s big decisions.

A special "grazie mille” is for Prof. Gabriele Ciaramella, for sparking my interest in GR
algorithms and for guiding me through my PhD. Over the many years we worked together,
you became my mentor, on a professional and also on a personal level. Whenever I got
lost in details, you helped me regain my focus on the important matters at hand. I shall
always remember to approach any problem in life ”step-by-step”.

A big thank is for Prof. Stefan Volkwein, for supporting me from the bachelor thesis to my
PhD. Your encouraging style of teaching inspired me to choose the path of optimization in
the first place. And even though I am still not a big coffee drinker, the ”coffee breaks” in
your office were always a welcome distraction and place of fruitful discussions.

I also want to thank Prof. Julien Salomon. You offered me new perspectives on the world
of greedy algorithms, and showed me Paris from its most beautiful side.

I also thank Prof. Dominique Sugny. You showed me that the application of mathematics
in the real world requires hard work, but also makes any success even more enjoyable.

I would like to thank Prof. Marco Verani. Working with you was a big inspiration, your
views on mathematics are truly special.

A huge thanks is for all the current and former members of the AG Volkwein group. First
of all, I have to thank Marco, my best friend for many years. 1 will never forget all the
mathematical discussions we had during our many hiking trips in the alps. I also want to
thank Jan B. for investing so much time into bringing the group closer together, and for
your motivation and endurance. A ”loaded” thanks is for Andrea, for the positive office
vibe and the many insights into Italian culture. A last big thank is for Behzad, Carl, Chris,
Georg, the other Jan, Lena, Luca, Lucas, Michi, Moritz and Stefan for the nice atmosphere
in our group.

Finally, I gratefully acknowledge the financial support by the German Research Foundation
(DFG) via the collaborative research center SFB1432, Project-ID 425217212.

vii






Contents

Zusammenfassung iii
Abstract v
Acknowledgments vii
1 Introduction 1
1.1 Outline . . . . . . . . e 3

1.2 Publications . . . . . . . .. Lo 4

1.3 Notation . . . . . . . . . e 5

2 Greedy reconstruction algorithms for dynamical systems 7
2.1 General setting . . . . . . . . .. 7
2.2 The greedy reconstruction algorithm . . . . . ... ... ... ... ..... 8
2.3 The optimized greedy reconstruction algorithm . . . . ... ... ... ... 10
2.4 Linearized greedy reconstruction algorithms . . . . . . ... ... ... ... 11

3 Reconstruction of matrices in linear systems 15
3.1 Reconstruction of a control matrix . . . ... ... ... ... ... ... 15
3.1.1 Matrix-vector formulation of GR . . . . .. .. .. ... 16

3.1.2 Analysis for fully observable systems . . . . . .. ... ... ..... 19

3.1.3 Analysis for partially observable systems . . . . . . . ... ... ... 22

3.1.4 OGR for linear-quadratic problems . . . . . . . ... ... ... ... 28

3.2 Reconstruction of a drift matrix . . . . . ... ... ... ... ... ... .. 31
3.2.1 Model problem . . . . . ... L 31

3.2.2 Matrix-vector formulation of LGR . . . . .. ... ... ... ... .. 32

3.2.3 Analysis for fully observable and controllable systems . . . ... .. 33

3.2.4  Analysis for partially observable and controllable systems . . . . . . 35

3.2.5 Positive definiteness of the GN matrix . . . . . .. .. .. ... ... 37

3.2.6 Local uniqueness of solutions . . . . .. ... ... ... ....... 39

4 Reconstruction of matrices in bilinear systems 41
4.1 Analysis for skew-symmetric bilinear systems . . . . . ... ... ... ... 43
4.2 Positive definiteness of the GN matrix . . . . . . . ... ... ... ... .. 44
4.3 Local uniqueness of solutions . . . . . . . . . ... .. ... ... ... ... 45

ix



CONTENTS

X
5 Analysis for general dynamical systems 47
5.1 A local analysis for nonlinear GR algorithms . . . . . ... ... ... ... 47
5.1.1 Linear and bilinear control systems . . . . . . . . ... ... ... .. 51

5.1.2 A general class of nonlinear systems . . . . . ... ... ... .... 54

5.2  Global convergence in a specificcase . . . . . .. ... ... L. 56

6 Numerical experiments for linear and bilinear systems 59
6.1 Reconstruction of drift matrices . . . . . . . ... ... .. ... ... 59
6.2 Bilinear reconstruction problem . . . . . . . ... ..o oL 61
6.3 Multi-spin (/multi-qubit) reconstruction problem . . . . . .. ... ... .. 62

7 Reconstruction of parameter distributions in spin systems 63
7.1 Model system . . . . . .. e 63
7.2 Greedy reconstruction algorithms for parameter distributions . . . . . . .. 67
7.3 Analysis . . . . . . e 67
7.4 Numerical experiments . . . . . . . . . . ... 71
7.4.1 Reconstruction of single parameter distributions . . . ... ... .. 71

7.4.2 Reconstruction of joint parameter distributions . . . . . . . ... .. 73

7.5 Numerical stability . . . . . . ... ... . 7

8 Greedy reconstruction algorithms for function approximation 81
8.1 Greedy reconstruction algorithms optimal interpolation points. . . . . . . . 82
8.2 GR algorithms for polynomial approximation . . . .. ... ... ... ... 83
8.2.1 Analysis of GR algorithms . . . . . . . ... ... 84

8.2.2 OGR and equivalence with EIM . . . . .. .. .. .. ... ... .. 91

8.2.3 Practical implementation aspects . . . . . . . ... o0 94

8.2.4 Data approximation GR for polynomial interpolation. . . . . . . .. 94

8.3 A greedy algorithm for function approximation by residual neural networks 95
8.3.1 OGR for minimal neural network structures . . . . . ... ... ... 97

8.3.2 Practical implementation aspects . . . . . . .. ... oL 98

8.3.3 Numerical experiments . . . . . . . ... ... ... . ... 99

9 Conclusions and Outlook 105
A Local convergence of the Gauss-Newton method 107
Lists of Symbols, Figures, Tables, Algorithms and Abbreviations 111

Bibliography 119



Chapter 1

Introduction

Reconstruction /identification problems represent one of the main intersections between
theoretical and applied science. The typical idea is to optimize operators or parameters
inside a theoretical model such that its output fits best the data resulting from laboratory
experiments. In general, this is understood as an inverse problem, where both the ansatz
space for the operators and the experimental data are fixed. However, the data used in the
fitting process can often be manipulated, for example when the experiment is affected by
control functions (i.e., input forces such as magnetic fields, lasers or heat sources). If the
controls are not chosen appropriately, the fitting process can result in very poor quality of
the reconstructed operators. Thus, it is essential to identify a set of controls that allows
one to generate good data, permitting the best possible reconstruction. This is a typical
case in the field of Hamiltonian identification [17, 24, 27, 35, 38-41, 69, 72-74], as well as
in engineering contexts such as state space realization [33, 50, 67] and optimal design of
experiments [6, 11, 19]. In some settings, one is also interested in optimizing the structure
of the ansatz space, within a given family of operators. For example, this can involve
finding the smallest neural network able to learn the selected data, or simply reducing the
complexity of the reconstruction problem.

This work is concerned with the development and analysis of so-called greedy reconstruction
(GR) algorithms that are designed to address both of these aspects. More specifically, given
the task to reconstruct an operator B, inside a given model, the goal of our methods is to
construct a set of optimal controls {«™},, while simultaneously optimizing the structure
of the ansatz set B within a given family of operators in which one searches for B.

This class of algorithms was first introduced in [57] for Hamiltonian identification problems.
The approach divides the reconstruction process into two phases: an offline phase, where
the controls are computed by a GR algorithm, and an online phase, where these controls
are used to generate experimental data. This data is then used in an inverse problem for the
(online) reconstruction of the unknown operator. However, [57] presented only preliminary
numerical results.

We provide a detailed analysis of the strategy defined in [57] for the reconstruction of
control matrices in linear dynamical systems (see [1]) which represents one of the main
novelties of this thesis. Notably, we show that under appropriate observability assump-
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tions, the controls generated by GR make the online reconstruction problem (globally)
uniquely solvable. This analysis leads to the development of two new algorithms: opti-
mized GR (OGR) and linearized GR (LGR). OGR extends the greedy character of GR
to the ansatz space for B,. Given a family of operators B, OGR is able to identify and
eliminate redundant elements, thereby optimizing B. Our investigation into OGR also re-
veals a lower bound for the number of control functions required to achieve uniqueness of
solutions for the online reconstruction problem. LGR, on the other hand, builds the foun-
dation of our analysis for bilinear and general nonlinear dynamical systems. Inspired by
classical methods for solving nonlinear problems, such as the Gauss-Newton method (GN),
LGR is formulated using linearizations of the dynamical systems. We demonstrate that
the controls computed by LGR can ensure that GN is locally well-defined and convergent,
thus making the online nonlinear reconstruction problem (locally) solvable. In particular,
we provide a detailed analysis of LGR for two classes of problems: the reconstruction of
a drift matrix in linear systems and the reconstruction of a Hamiltonian matrix in skew-
symmetric bilinear systems, see [2]. Both cases represent truly nonlinear problems, since
the unknown operators act on the states of the systems.

Our investigations into LGR also allow us to obtain a first analysis of the original GR
algorithm applied to nonlinear systems, see [2]. More specifically, we prove that under
appropriate controllability and observability assumptions, the controls generated by GR are
also suitable for LGR, thereby make the online reconstruction problem (locally) solvable.
This is demonstrated in detail for three classes of problems: the previously discussed linear
and bilinear reconstruction problems, as well as the reconstruction of the control matrix in
nonlinear dynamical systems with a linear control structure. Finally, we compare GR and
LGR by direct numerical experiments and by a global convergence analysis in a specific
case. These reveal that GR and LGR perform similarly when operating locally near the
solution. However, GR is superior when applied directly to the original nonlinear system,
especially when only poor information about the solution is available.

To test our algorithms in an applied setting, we adapt GR and OGR to the identification
of probability distributions for parameters in nuclear magnetic resonance (NMR), see [3,
4], which marks the second main novelty of this thesis. In this context, the distributions
that we aim to reconstruct are contained in the observable. We provide a rigorous analysis
showing that the controls generated by the new GR algorithm (called GRPD) make the
online reconstruction problem uniquely solvable. Numerical experiments show that the
optimized version of GRPD (OGRPD) achieves comparable results to GRPD while utilizing
only half the amount of controls, aligning with the theoretical lower bound that we found in
our previous analysis. Notably, both methods are able to outperform a set of randomized
controls, emphasizing their effectiveness.

The third and final novelty of the present thesis is the extension of GR and OGR to
the field of function approximation, specifically focusing on polynomial interpolation and
neural network applications, see [5]. We prove that GR and OGR applied to polynomial
interpolation compute exactly a set of (tensor-product) Leja points. Moreover, we show
that OGR is equivalent to the well-established Empirical Interpolation Method (EIM);
see, e.g,. [10, 14, 20, 45, 58, 59] and references therein. Despite this equivalency, GR
and OGR have one main advantage over EIM: EIM, as well as other greedy algorithms



1.1. OUTLINE 3

commonly used for function approximation (see, e.g., [15]), is limited to linear parameteri-
zations of the ansatz function. In contrast, GR and OGR can be formulated to also handle
nonlinear parameterizations, such as weights and biases of neural networks. This observa-
tion motivates the introduction of a new class of greedy algorithms, called Data Greedy
Reconstruction (DGR) algorithms. These methods assume that a (very) large data set is
already available. The goal of these DGR algorithms is to select the smallest subset of data
while simultaneously optimize the structure of the approximation ansatz, within a given
family of approximation functions. In particular, we develop a combination of OGR and
DGR tailored for neural network applications, called Network OGR (NOGR). We provide
an in-depth discussion on the network structure optimization and illustrate by numerical
tests how our algorithms effectively optimize the depth and number of neurons in a neural
network.

1.1 Outline

Generally speaking, this thesis can be divided into two main parts. The first half (Chapters
3-5) is devoted to the introduction and analysis of the GR algorithms (see [3, 4]). In the
second half (Chapters 6-8), we validate our theoretical results by numerical tests in specific
fields of application.

Chapter 1 — Introduction. In the remaining part of this chapter, we list our own
publications that this thesis is build upon, and fix the notation used throughout this work.

Chapter 2 — Greedy reconstruction algorithms for dynamical systems. In this
chapter, we introduce our GR algorithms for the reconstruction of operators inside ordinary
differential equations (ODEs) that are subject to control functions. We state the general
framework and motivate the development of OGR, LGR and OLGR, where the latter
corresponds to an optimized version of LGR.

Chapter 3 — Reconstruction of matrices in linear systems. In this chapter, we
present our analysis of GR and LGR algorithms for the reconstruction of control and
drift matrices characterizing linear input/output systems. Our analysis reveals that the
performance of GR and LGR strongly depends on the observability and controllability
properties of the underlying system.

Chapter 4 — Reconstruction of matrices in bilinear systems. In this chapter, we
consider the LGR algorithm for the reconstruction of skew-symmetric matrices characteriz-
ing bilinear control systems. The special controllability properties of these systems, related
to Lie algebras, enable us to apply an analysis similar to the one in Chapter 3.
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Chapter 5 — Analysis for general dynamical systems. In this chapter, we present
the first analysis of GR algorithms for nonlinear problems. While LGR is limited to
linearized systems that only capture local characteristics of the original nonlinear system,
we prove that the results obtained for LGR in Chapters 3 and 4 also hold locally for the
standard GR algorithm.

Chapter 6 — Numerical experiments for linear and bilinear systems. Based on
our analysis in Chapters 3 and 4, we compare the performance of GR, OGR, LGR and
OLGR by numerical experiments using linear and bilinear reconstruction problems. Our
results suggest that OGR is the most effective strategy of the four.

Chapter 7 — Reconstruction of parameter distributions in spin systems. In this
chapter, we apply our GR algorithms in the field of Nuclear Magnetic Resonance (NMR)
to reconstruct the joint probability distribution of two inhomogeneous Hamiltonian param-
eters. Once again, the controls computed by the optimized version of our GR algorithm
turn out to be the best possible ones.

Chapter 8 — Greedy reconstruction algorithms for function approximation. In
this chapter, we develop a new class of GR algorithms for function approximation prob-
lems. First, we demonstrate the effectiveness of our algorithms by relating them to well-
established methods in the field of polynomial interpolation. Afterwards, we unite all our
gained knowledge on GR algorithms and introduce NOGR, a novel strategy designed to
simultaneously optimize a training data set and find a minimal neural network structure
able to learn this data.

Chapter 9 — Conclusions and Outlook. In this final chapter, we draw our conclusions
and outline the prospects for future research.

Appendix. The Appendix contains a local convergence result for the Gauss-Newton
method used in Chapters 3 and 4.

1.2 Publications

[1] S. Buchwald, G. Ciaramella, and J. Salomon. “Analysis of a greedy reconstruction
algorithm”. In: STAM J. Control Optim. 59.6 (2021), pp. 4511-4537.

[2] S. Buchwald, G. Ciaramella, and J. Salomon. “Gauss-Newton oriented greedy al-
gorithms for the reconstruction of operators in nonlinear dynamics”. In: STAM J.
Control Optim. 62.3 (2024), pp. 1343-1368.

[3] S. Buchwald, G. Ciaramella, J. Salomon, and D. Sugny. “A SPIRED code for the re-
construction of spin distribution”. In: Computer Physics Communications 299 (2024),
p. 109126. DOI: https://doi.org/10.1016/j.cpc.2024.109126.
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[4] S. Buchwald, G. Ciaramella, J. Salomon, and D. Sugny. “Greedy reconstruction algo-
rithm for the identification of spin distribution”. In: Phys. Rev. A 104 (6 Dec. 2021),
p- 063112.

[5] S. Buchwald, G. Ciaramella, and M. Verani. “Greedy reconstruction algorithms for
function approximation”. Submitted, preprint available at https://mox.polimi .
it/reports-and-books/publication-results/?id=1323.

The publications listed above serve as a foundation of this thesis. All authors contributed
equally to the respective work. In particular, the author of the present thesis wrote all
numerical codes and conducted all numerical tests. Moreover, this thesis contains a novel
analysis for the reconstruction of drift matrices in partially observable and controllable
linear systems in Section 3.2.4, and additional numerical experiments for a bilinear recon-
struction problem in Section 6.2.

1.3 Notation

Consider a positive natural number N. We denote by (v,w) := v'w, for any v,w € CV,

the usual complex scalar product on CV, and by || - ||2 the corresponding norm. For any
A€ CV*N || A|l2 is the norm induced by the vector norm || - ||2, [A];x is the j,k (with
J,k < N) entry of A, and the notation A, .5 indicates the upper left submatrix of A
of size k x j, namely, [A[.1.5lem = [Alem for £ =1,... k and m = 1,...,j. Similarly,
Al1:1,5] denotes the column vector in R* corresponding to the first k elements of the column
j of A. Additionally, im(A) is the image of A, and ker(A) its kernel. We indicate by so(N)
the space of skew-symmetric matrices in RV *¥ . Moreover, when talking about symmetric
matrices, PD and PSD stand for positive definite and positive semi-definite, respectively.
For a real number x € R we denote by [z] the ceiling function that maps z to the smallest
integer greater than or equal to x.

Dynamical systems. By (A, B,C) we denote the input/output dynamical system

z(t) = Cy(t), y(t) = Ay(t) + Bu(t), y(0) =y’ (1.1)

The controls u belong to the admissible set U,q, which is assumed to be a non-empty and
weakly compact subset of L2(0,T;RM™), M € N. This guarantees well posedness of the
optimal control problems considered in this work. Moreover, we assume that U, contains
% = 0 as an interior point. This hypothesis is used in our analysis in Section 3.2, and
Chapters 4 and 5. For an interval X C R, the notation ¢ : X = R" indicates that ¢ is a
set-valued correspondence, i.e. ¢(x) C RY is a set for € X. Finally, BY (z) ¢ RY is the
ball with radius » > 0 and center x € RV,

Polynomial interpolation. We denote by Z; € R and z; = [71,...,2;n]" € RY any
interpolation point, while using x and = [z1,...,x N]T for general points in R and RY,
respectively. For N, M € N, we let G = G(X,RM) be a class of functions over some closed
and bounded set X C R™. In particular, for M = 1 we denote by P, := P,(X) the space
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of polynomials p over X with degree deg(p) < n, meaning that

n

p: X >R, zwpx)= Zaama,

ler|=0
for coefficients ao € R with @ € NV, |a| = 2N | «y, and

xa — w(a17'~-7aN) = x?l .. x?VN

For a monomial aqax®, we call @ = (a1,...,ayn) € N? its component-wise degree.

Neural networks. We denote by Fyy, a residual neural network (compare, e.g., [46]) of
depth m, with input size N € N, output size M € N and hidden layers of (the same) width
d € N, represented by weights W = (Wm, . .,W[m]) € RVxd 5 ... x R&*M and biases
b= M, .. b)) e R x - x RY x RM. We call W(d) := (RV*4 x ... x RM) x (R4 x
-« x R? x RM) the joint space of the weight matrices W and the bias vectors b.



Chapter 2

Greedy reconstruction algorithms
for dynamical systems

In this chapter, we introduce the three main classes of GR algorithms for operator recon-
struction in dynamical systems. We begin by formulating the general setting in Section
2.1, which will serve as a reference throughout the following chapters. In Section 2.2, we
state the standard GR algorithm as introduced by Maday and Salomon in [57]. We then
present the OGR algorithm in Section 2.3, developed in [1] with the goal of optimizing
the performance of GR and removing its dependence on the choice and order of the set B.
Finally, in Section 2.4, we discuss the LGR algorithm which was introduced in [2] to prove
local convergence results for nonlinear reconstruction problems.

2.1 General setting

Consider the system of ordinary differential equations (ODE)
y(t) = f(B*ay(t)vu(t))¢ le (O>T]7

(2.1)

y(0) =4°,
where y(t) € RY with N € N, y° € RV and u € U,g. The operator B, is unknown and
assumed to lie in the linear space spanned by a finite-dimensional set B = {By,..., Bk},

K € N, and we write B, = Z]K:1 Be;Bj =t B(Bx). We assume that f : span(B) x RV x
RM — RN (B,y,u) — f(B,y,u) is differentiable in B and y.
To identify the unknown operator B, one uses a set of control functions {u" 5:1 C Uug

to perform K laboratory experiments and obtain experimental data {@d4(u™)}X_, . For
the purpose of this work, we assume that this data is given by

@l (w™) = Cy(B, ™ T), form=1,..., K, (22)

where y(By,u;T") denotes the solution to (2.1) at time 7" > 0, corresponding to the operator
B, and a control function u. The matrix C € RF*Y (P < N) is a given observer matrix.
The measurements are assumed not to be affected by noise.

7
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Using the set {u™}X_, and the data {pd@e(w™)}E_, c RF, the unknown vector B, is
obtained by solving the least-squares problem

K
ﬁlgﬂi%% % > llp(B(B),w™) — ¢ w™)|3, (2.3)
m=1
where
@(B(B),u™) = Cy(B(B),v™;T). (2.4)

Clearly B, is a global minimizer for (2.3).
In the presented setting, several variables are used. Let us clarify their roles in plain words:

e The elements of the set B can be arbitrarily chosen as data, but are assumed to be
such that B, € span B.

o Given a set B, the true unknown of the reconstruction problem (2.3) is B, (or equiv-
alently By).

« The control functions {u™}X_, determine the experiments that are performed to
produce the laboratory data {pd@%(u™)} X _  defined in (2.2). This data is necessary

to assemble the (online) reconstruction problem (2.3).

If the control functions {u™}X_, and the data {@d(u™)} X _, are given, problem (2.3) is a
standard parameter-identification inverse problem written in a least-squares minimization
form. However, the choice of the control functions {u™}X_, can affect significantly the
properties of problem (2.3) and the corresponding solutions.

2.2 The greedy reconstruction algorithm

To design an optimized set of control functions, in particular with the goal of improving
local convexity properties of (2.3), Maday and Salomon introduced in [57] a numerical
strategy which separates the reconstruction process in offline and online phases. During
the offline phase, a GR algorithm computes a set of optimized control functions {u™}X_,
by exploiting only the theoretical model (2.1), without using any laboratory data. In
the online phase, these controls are used experimentally to produce the laboratory data
{pdata(ym)}E | and to define the online reconstruction problem (2.3). Thus, the online

phase consists (mathematically) in solving an inverse problem.

The ideal goal of this offline/online framework is to find a good approximation of the
unknown operator, such that the difference at time 7" between observed experimental data
and numerically computed data is minimized for any control u. In other words, one aims
at finding an operator B that solves

i B _ data 2
ptin o max lo(B,u) — " (u)ll2,

or equivalently an 8 that solves

. B _ data 2_ 2.5
Jnin max le(B(B),u) — @™ (u)]lz (2.5)
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Algorithm 1 Greedy Reconstruction Algorithm (GR)

Require: A set of linearly independent operators B = {By,..., Bx}.
1: Set k =1 and find the control u' that solves

max [|p(0,4) — ¢(B,u)]3, (2.7)

ueUyq
where @(B,u) is defined in (2.4).
2: while k<K -1 do
3: Fitting step: Find g% = (ﬁf)jzl

7777

where B*)(B) := Z?Zl B;B;.
4: Splitting step: Find u**! that solves
max [@(B® (8"),4) — @(By1,u)l5. (2.9)
u€U,q

5: Update k + k + 1.
6: end while

m 1K

Therefore, the goal of the GR algorithm is to generate a set of control functions {u™},_;

such that a computed solution to (2.3) also solves (2.5).

Since the GR algorithm does not have access to any laboratory data, we must assume that
B* could be any vector in R, To ensure that (2.5) has a unique solution 8 = B* for any
B* € RX | it must hold that

~ ~

VBB € RY, B+ B, Fuc U : p(B(B),u)# p(B(B),u).
Thus, the controls {u™ £:1 generated by the GR algorithm must attempt to satisfy

VB.B RN, B#B, Ime {1,... K} : o(B(B),u™) # o(B(B),u™). (2.6)

Following this idea, Maday and Salomon defined the GR algorithm as an iterative procedure
that performs a sweep over the set B = {Bk}gzl and computes a new control u* at each
iteration. The full GR algorithm is stated in Algorithm 1. The goal of this strategy is
that, at iteration k € {1,..., K}, the computed controls {u™}* _, satisfy

VBB eRF, B#B, 3me{1,....k} : @(BP(B),u™) # o(B*)(B),u™), (2.10)

where B (B) = Zkle BjB;. This is achieved by a series of alternating fitting and splitting
steps that mimic the structure of the min-max problem (2.5).

Since the analysis performed in the following chapters focuses on Algorithm 1, let us explain
it in more details. The initialization is performed by solving the optimal control problem
(2.7), which aims to maximize the distance (at time 7") between the observed states of the
two systems

{w) = f(0,(t), u(t)), {w) = f(B1,y(t),u(t)),
y(0) y(0) =9".
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The numerical solution of this maximization problem provides the first control function u'.

Assume now that the control functions u!,...,u* have been computed. The new control

u**+1 is obtained by performing a fitting step (namely solving problem (2.8)) and a splitting
step (namely solving problem (2.9)). In the fitting step, one compares the two systems

y(t) = (51 8By y(t), u™(t), Y(t) = f(Brt1,9(t),u™ (1)),
y(0) =", y(0) =1,
for m € {1,...,k}, and looks for an B8 € R¥ for which their observed solutions at time

T are as similar as possible (ideally identical and hence indistinguishable). We denote
by BF = [BF,...,BF]T the vector computed by solving (2.8). This vector is used in the
subsequent splitting step, which consists in solving the optimal control problem (2.9). Here,
we compute a control function 4**! that maximizes the distance (at time T') between the
solutions of the two systems

{z)(t) FOCh_ BEB,y(t),ult)), {y@) = F(Brs1,y(t), u(t)),
y(0) =14, y(0) =9°,

where now B¥ is a fixed vector of coefficients and the optimization variable is the control
function u.

2.3 The optimized greedy reconstruction algorithm

The choice and ordering of the set B = {Bjy,..., Bx} significantly influence the control
functions generated by the standard GR Algorithm 1. Indeed, GR will always compute
exactly K control functions, even if the sufficient condition (2.6) for the reconstruction
problem (2.3) to be uniquely solvable is already satisfied by the first k& < K controls.

To reduce the dependency on B and to increase efficiency with respect to the number of
computed controls, we introduce the OGR Algorithm 2. This new strategy extends the
greedy nature of the original GR algorithm to the choice of the next element in B. During
each iteration, all remaining elements in B are considered as potential candidates. We then
choose the one that yields the largest function value in the respective splitting step. In
other words, we identify the basis element for which one can split the observation the most
from all previous basis elements. It is important to remark that at each iteration, multiple
fitting-step and splitting-step problems are solved. However, these computations can be
performed in parallel since each individual problem is independent of the other ones.

OGR also introduces two new features related to the two tolerances tolg; and tolgyi,
intended to further increase its efficiency. The first feature can be found in Lines 8-9. At
iteration k, after all fitting step problems have been solved, we check whether there exists
¢ e {k+1,...,K} for which the optimal cost function value is different from zero (i.e.,
larger than tolg;). If this is the case, then there exists a control ™, m € {1,... ,7::}, that
already satisfies @(B® (B8),u™) # @(By,u™;T). Thus, recalling (2.10), we can add the
element By to the already selected ones without computing a new control. The second
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Algorithm 2 Optimized Greedy Reconstruction Algorithm (OGR)

Require: A set of operators B = {Bi,...,Bg} for K € N, and two tolerances toly;, tolsp;¢ > 0.
1: Find u' and ¢; that solve the initialization problem

_ 2
pe X, max lp(0,u) — p(Be,u)]3. (2.11)

2: Swap By and By, in B, and set k=1, k = 1 and fupi = |l@(0,u') — @(By,ul)|2.

3: while k£ < K —1 and fsp1i+ > tolspie do

4: (Optional: Orthogonalize all elements { Bg41, - .., Bx } with respect to {By, ..., Bi}, remove
any that are linearly dependent and update K accordingly.)

5: for{=k+1,..., K do
6: Fitting step: Find (6f)j:17___7;C that solve the problem
A
min 3 (B (8)u") - p(Br ™ T, (2.12)
m=1
E m m
and set f; = Y1, [0(BW)(8),u™) — o(Be,um) 3.
7: end for
8: if maX¢—k+1,... K fo> tOlfit then
9: Set ly11 = argmax,_, 1 i fo
10: else B
11: Splitting step: Find #**! and £, that solve the problem
max  max [p(B*(8°),u) — o(Br,u)f3. (2.13)
te{k+1,.... K} u€Uqq
12: Update k< k+1.
13: end if

14: Swap Bg41 and By, in B.
15:  Update fopiir < |l(B®) (B%+1),uF+1) — p(Bjyr,ub+1)[3 and k + k + 1.
16: end while

feature can be found in Line 3. The algorithm terminates if the newly computed control
is not able to split the observations, meaning that the cost function value of the splitting
step is smaller than tolsy;;. This implies that the effect of any remaining element in B on
the observations (2.4) is indistinguishable from the already selected ones.

Finally, we note that OGR returns not only an efficient set of controls {u™ Em:l but also
an optimized (i.e, reordered and possibly reduced) set B.

2.4 Linearized greedy reconstruction algorithms

This class of methods is inspired directly from the numerical process of solving the online
reconstruction problem (2.3). A typical iterative strategy to solve nonlinear problems of
the form (2.3) is the Gauss-Newton method (GN). Its process is initialized by a vector
which we will call B, € RX. We denote by B. € RX the GN iterate, and define f,,(8) :=
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31 ([Bn(B)]i)? = 5 Rm(B)T Rin(B), where
R..(B) :=o(B(B),u™) — wf“t“(um), forme{l,...,K}. (2.14)
Thus, the online reconstruction problem (2.3) is equivalent to

K
min > fu(B). (2.15)
m=1

BERK

Given an iterate 8. € R¥ and the Jacobian R/, (B.) € RP*K of R, at B., GN finds the
new iterate by solving

K
min 37 R (B.)(8 — Be) — Run(Bo)3 (2.16)
m=1

BERK 2

whose first-order necessary optimality condition is

K
/Wcﬂ = Z R;ﬂ(ﬂC)TRm(ﬂc)7 (2'17)

m=1

where W, := S RL(B.)TR,(B.) € REXKE is symmetric PSD. Now, we recall the
following convergence result from [51, Thm. 2.4.1] (for a proof see also Appendix A).

Lemma 2.4.1 (local convergence of GN) Let B, be a minimizer of (2.15) such that
forallm € {1,..., K} the function R,, is Lipschitz continuously differentiable near B, and
R (By) = 0. If the initialization vector B, € RE is sufficiently close to By, and /WC is PD
for all iterates B, € RE, then GN converges lcoally quadratic to B,.

Lemma 2.4.1 implies that, given an initialization vector 8, sufficiently close to the solution
By, the functions {u™}X_, should be chosen such that the GN matrix

K
We= 3" Rin(B) Ry (Be)
m=1

is PD for all B. € RX in a neighborhood of B,. Notice that W\c being PD is equivalent to
(2.16) being uniquely solvable. Using (2.14) and (2.4), we can write (2.16) more explicitly.
For a direction 8 € RE, we have

R;,(Be)(0B) = Coyc(B(6B),u™ T), (2.18)

where dy.(B(68),u™; T) denotes the solution at time 7" to the linearized equation

{5’:% = Oy (BUBo) ey + 171065 (06 (BB yerw) (B)) dyel0) = 0.
yc = f(B(:BC)vyCa'u’)a yC(O) = y07
at u = u". Hence, problem (2.16) can be written as
K
mi% Z ”05yC(B(ﬂ - ﬁc)yum;T) - Rm(ﬂc)”% (2'20)
BeR m=1
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Algorithm 3 Linearized Greedy Reconstruction Algorithm (LGR)

Require: A set of linearly independent operators B = {Bj,..., Bx}.
1: Set k =1 and find the control u' that solves

max HC(SyO(Bl,u T)|3. (2.23)
uel,

2: while k<K -1 do
3: Fitting step: Find (ﬁg?)jzl,wk that solves

k
min 37 [Coys(BY(8). ™ T) — Coya(Besr, ™ T, (2.24)
m=1
4: Splitting step: Find «#**! that solves
i [y (B (84),:T) — Coya( B, us )| (2.25)
u

5: Update k < k + 1.
6: end while

The vectors R,,(B.) € RF are independent of 8 and can be considered as fixed data when
solving (2.20).

Now, we recall that the GR algorithm was designed to generate controls {u" ngzl that
make problems of the form (2.20) uniquely solvable. Thus, let us assume to be provided
with a vector 3, sufficiently close to B, (recall from Section 2.1 that B, = B(f8,)). Further,
let 0yo(B(B — Bo),u™; T) denote the solution at time 7" to

{5'% = 0y f(B(Bo), Yo, u)0yo + 311 (B ,6’0])(8Bf(B(ﬂo)7yo,u)(Bj)), 3Yo(0) =0, (2.21)

yo = f(B(:Bo)7yo; )7 yo(o) = y0~

Then, the goal is to generate control functions {u™}X_, such that (2.20) in B, = Bo, that
is

mmZHcayo (B—Bo),u™; T) = Rin(Bo) |3, (2.22)

is uniquely solvable. In Section 3.2.5, we show that if (2.22) is uniquely solvable, the same
holds for (2.20) at all 8 in a neighborhood of B,. Thus, if B, is an initialization vector for
GN, then (2.20) is uniquely solvable for all iterates B. of GN.

The set {u™ m 1 is computed by Algorithm 3. Since it is related to the linearized equa-
tions (2.21), we call it Linearized Greedy Reconstruction algorithm (LGR). Notice that
Coyo(0,u; T) = 0 for any u and therefore Coy,(0,u;T) — Coyo(B1,u;T) = Coyo(By,u; T).

Analogously to the idea of OGR in Section 2.3, we can also formulate an optimized ver-
sion of LGR, called OLGR, by replacing ¢(B,u) in Algorithm 2 with the linearization
Coyo(B,u; T).






Chapter 3

Reconstruction of matrices in
linear systems

In this chapter, we develop the main analysis of the GR. algorithms for dynamical systems.
We consider a simple linear input/output system

y(t) = Ay(t) + Bu(t), t € (0,T], y(0) =y’ (3.1)

characterized by a drift matrix A € RV*N | a control matrix B € RN*™ N M € N*, an
initial condition y° € RY and a control u € U,gy.

We begin with the reconstruction of the control matrix B in Section 3.1. Since the solution
of (3.1) is linear in B, the corresponding online reconstruction problem (2.3) becomes
quadratic in 8. This allows us to derive sufficient conditions for the controls generated
by GR to ensure that (2.3) is (globally) strictly convex. These conditions mainly revolve
around the observability properties of the system (3.1). Therefore, we divide our analysis
into fully observable systems, discussed in Section 3.1.2, and partially observable systems,
discussed in Section 3.1.3. We also provide a brief analysis of OGR, revealing a lower
bound on the number of controls required to ensure strict convexity of (2.3).

Afterwards, we discuss the reconstruction of the drift matrix A in Section 3.2. Since A acts
on the state y, the corresponding online reconstruction problem (2.3) becomes nonlinear
in 8. Hence, we apply the linearized approach of LGR, as presented in Section 2.4. We
show that sufficient conditions for local convergence of GN involve both, observability and
controllability properties of the system (3.1). Thus, we again split our analysis into fully
observable and controllable systems, discussed in Section 3.2.3, and partially observable
and controllable systems, discussed in Section 3.2.4.

3.1 Reconstruction of a control matrix

Consider (2.1) with f(B,y,u) = Ay + Bu, that is,

y(t) = Ay(t) + Biu(t), t € (0,7, y(0) =y", (3-2)

15
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where A € RV*N is a given matrix for N € Nt, 4% € R, and u € U,,4. The control matrix
B, € RVXM “\r e N*, is unknown and assumed to lie in the space spanned by a finite set
of linearly independent matrices B = {By,...,Bx} C RV*M 1 < K < NM, and we write

B, = ZJK:l 6*,ij = B(ﬂ*)

Now, we apply the strategy introduced in Sections 2.1-2.2, i.e., use the GR Algorithm
1 to generate a set of control functions {u™}E_, C U,y that are used to generate the
experimental data

(pfata( m) = Cy(B*7um;T)’ m = 17 R 7K7

where C' € RP* is the observer matrix (compare (2.2)), and then solve the online recon-
struction problem (2.3).

3.1.1 Matrix-vector formulation of GR
Our analysis begins by proving the following lemma, which gives us an equivalent matrix-
vector formulation of the online reconstruction problem (2.3).

Lemma 3.1.1 (Online reconstruction problem in matrix form) Problem (2.3) for
the linear system (3.2) is equivalent to

ﬁmler}{ (B~ B, W (B~ B.)), (3.3)
where W € REXK jg defined as
W= fj W(u™), (3.4)
m=1
with W(u™) € REXK given by
W (u™)]e; = (re@™),y; (™)), for&,j=1,.... K, (3.5)
you™) = /0 ' CeT=ABu™(s)ds, form,0=1,... K. (3.6)

Proof. Define J(B) := Zgzl le(B(B),u™) — pdata(4™)||3 and notice that
o(B(B),u™) = Cy(B(B),u™; T) = CeTy0 + / CelT=IAB(B)ur (s)ds,
P = Cy(B s T) = O 4 [ T B i

Recalling that B(B) = Z]K:1 BjBj, the function J(B) can be written as

_ i H /T Ce(T‘S)A(i(Bj - ﬁ*,j)B€>“m(5)dSHz
m=1 0 j=1
K

K

K
> (Be = Bt (B — Beg) (ye(w™), v; (™)),

/=1 j=1

II
—_
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where the vectors yy(u") are defined in (3.6). We can now write

K

K
(Be = But) (B — Beg) D (ve u™))
m=1

m
Mw

~
Il

1j=1

K
(BB > W@™)(B~B.)) = (BB W(B - B.)),
m=1

and the result follows. O
Notice that, for any m = 1,..., K, the matrix W (u") defined in (3.5) can be written as
W@™) = D'(w™)"T'(u™), where T'(u™) = [y1(u™) --- v (u™)]. Hence, W(u™) is sym-
metric and PSD. This guarantees that W is also symmetric and PSD. Therefore, problem
(3.3) is uniquely solved by 8 = B, if and only if W is PD, meaning that the GR algorithm
actually aims at computing a set of control functions {um}gzl that makes W PD. We then

need to study how the positivity of W evolves during the iteration of the algorithm. To do
so, the first step is to rewrite the problems (2.7), (2.8) and (2.9) also in a matrix form.

Lemma 3.1.2 (GR in matrix form) Consider Algorithm 1. It holds that:

e The initialization problem (2.7) is equivalent to

max [W(u)h 1. (3.7)

ucUgyq ’

e The fitting-step problem (2.8) is equivalent to

ﬂnénn <ﬁ 1 k 1: k]ﬂ> < [1 k; k+1 7ﬂ> (38)

where W Zm L W (™), and (recalling Section 1.3) /W[(lk,)c 1k € RF*% denotes the

k % k upper-left block of W® and /W[(lkll -

components of the k + 1-th column of W)

€ R* is a vector containing the first k

e The discriminatory-step problem (2.9) is equivalent to

max (v, [W(u)][1:x41,1:6+1]0)> (3.9)
uclU,q

where W (u) is defined in (3.5) and v :=[(B¥)T, —1]T.
Moreover, problems (2.7)/(3.7), (2.8)/(3.8), and (2.9)/(3.9) are well posed.

Proof. The equivalences between (2.7), (2.8), (2.9) and (3.7), (3.8), and (3.9), respectively,
can be proved by similar calculations to the one used in the proof of Lemma 3.1.1. We
omit them for brevity.

Problem (2.8)/(3.8) is a quadratic minimization problem with quadratic function bounded
from below by zero. Hence the existence of a minimizer follows.
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Problems (2.7)/(3.7) and (2.9)/(3.9) are two classical optimal control problems. Since the
admissible set Uyq is a weakly compact subset of L?(0,T; RM), the existence of a maximizer
follows by standard arguments based on maximizing sequences and weak compactness; see,
e.g., [25] and references therein. O

Using the matrix representation given in Lemma 3.1.2, we can now sketch the mathematical
meaning of the iterations of GR. Assume that at the k-th iteration the submatrix W[(k)

1:k,1:k]
is PD, but W[(lkli 1 Lk] has a non-trivial (one-dimensional) kernel. The GR algorithm first

tries to identify (by solving problem (3.8)) the kernel of /W[(lkll L]

to compute (by solving problem (3.9)) a new control function u**! such that the matrix

WiLkt1,1:k41) (uF*1) is positive on the kernel W[(1:,)€+171:k+1].

updated matrix Wkt — k) 4 W (u**+1) has a PD upper-left block /W[(lk;i)l Lk More-

over, if these two steps hold for any k, then we obtain after the (K — 1)-th iteration the

and then attempts

If these happen, then the new

matrix W = W) results to be PD. Hence, two questions clearly arise:

1. Does the fitting step of the algorithm always compute the non-trivial kernel of

7 ®

[kt 1,1k 1] (in case it is truly non trivial)?

2. Does the discriminatory step of the algorithm always compute a control function
k+1 k1)
U that makes W[l:k:+1,1:k+1] PD?
The first question can be answered with the help of the following technical lemma.

Lemma 3.1.3 (On the kernel of symmetric PSD matrices) Consider a symmetric
PSD matriz G € R™™™ of the form

= G b
G:[bT c]’

where G ENR(”_DX(”_I) is symmetric and PD, and b € R"™! and ¢ € R are such that the
kernel of G is non-trivial. Then

ker(G) = span{ {G__llb} }

Proof. Since the kernel of G is non-trivial, there exists a non-zero vector u = [’ﬂ € R"\ {0}

(with v € R"! and d € R) such that Gu = 0. Moreover, since G is PD, the kernel of G
must be one-dimensional and equal to the span of {u}. Using the structure of u, we write

(;U b d b — 0, invertible vV = dG ba

bTv+de =0, —dbTG b+ de =0,

Now, suppose that d = 0. This implies that v = —dG~'b = 0, which in turn implies that
u = 0. However, this is a contradiction to the fact that w # 0. Hence d # 0. The result
follows by the right equations in (3.10) (divided by —d). O
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Recalling the equivalent form (3.8) of the fitting-step problem (2.8), one can clearly see that,

if /W[(llf])ﬂ’lzk] is PD, then the unique solution to (3.8) is given by ¥ = (/W[(llfl)c,lzk])il/w[(l]fl)c,kJrl]'

On the other hand, if we set

~ k) _ k) _ k) _ k)

G = Wikt 1k41)7 G = Wik 1) b= Wikt €= Wit o)
then Lemma 3.1.3 guarantees that the vector v := [(8%)", —1]" spans the kernel of
T/V[(lkl)C k) if this is non-trivial. Therefore, we have

k) —1717(k) k
= (k) _ (Wi 1) W _ _|B
ker(Wih 1 1s1) = Span{ [L:k,1:k] L ek k1] } _ Span{v =17 }

This means that, if wk) has a rank defect, then the GR algorithm finds this defect

[1:k+1,1:k+1]
by the fitting step.

The answer to the second question posed above is more complicated. In order to formulate
it properly, we need to recall the definition of observability of an input/output dynamical
system (A, B, C) of the form (1.1) with A € RV*N B ¢ RV*M ¢ ¢ RPXN: see, e.g., [67].

Definition & Lemma 3.1.4 (observable input-output linear systems) The input-
output linear system (1.1) is said to be observable if the initial state y(0) = y° can be
uniquely determined from input/output measurements. Equivalently, (1.1) is observable if
and only if the observability matrix

C

CA
On(C, A) =

C AN -1
has full column rank.

Notice that the matrix B does not affect the observability of system (1.1).

We now analyze the performance of GR in the case of fully observable systems (namely
rank On(C,A) = N) in Section 3.1.2 and in case of partially observable systems (namely
rank On(C, A) < N) in Section 3.1.3.

3.1.2 Analysis for fully observable systems

Let us assume that the system is observable, namely that rank Oxn(C, A) = N. We show
in this section that this is a sufficient condition for the GR algorithm to make the matrix
W PD. To do so, we first prove the following lemma regarding the splitting step. Notice
that the proof of this result is inspired by classical Kalmann controllability theory; see,
e.g., [31].

Lemma 3.1.5 (Splitting-step problem for fully observable systems) Assume that

the matrices A € RN*N and C € RPN are such that rank On(C, A) = N. Let W[(lk,)f 1:K]



20 CHAPTER 3. RECONSTRUCTION OF MATRICES IN LINEAR SYSTEMS

be PD, B* the solution to the fitting-step problem (2.8), and v = [(B¥)",—1]". Then any
solution u**1 of the splitting-step problem (2.9) satisfies

T k
(v, W[l:k+1,1:k+1] (uk+1),v> _ H /(; Ce(Tfs)A(ZIBJI?Bj — BkJrl)'u,kJrl (s)dSHz >0,
j=1

fork=0,1,..., K — 1.

Proof. Let us define B:= 25:1 ﬁ]"?Bj — By.+1. Since the matrices By, . .., B4 are assumed

to be linearly independent, B is non-zero.

Now, we consider an arbitrary ¢ € (0,7) and define a control function u € U,y as

ai(s) 0, 0<s<§,
S) =
€, 5§5§T7

where e; € RM is the i- -th canonical vector for some index 1 <i < M. Further, we denote
by b; the i-th column of B. Since B is non- zero, we can choose the index ¢ such that b, # 0.
Now, we compute

oo

T " T - T — sV AT~
/ C'e(T_S)ABﬂ(S)dS _ / Ce(T_s)AbidS _ / C [ Z (T;)A} b;ds
0 s 0 '

=
[2%/ T=s) s CAJ]b - [imcm]&
- i 5)C Ab;,

7=0

1

where 3;(9) := (T(;z)lj;l and we used the dominated convergence theorem (see, e.g., [64,
Theorem 1.34]) to interchange integral and infinite sum and obtain the equality (x). Since
the observability matrix Oy (C, A) has full rank and b; # 0, there exists an index 0 < j <
N — 1 such that C/A%b; # 0. Hence, f(0) =372, 8;(0 )C’Ajb is an analytic function for
§ € (0,T) and such that f # 0.! We also know that (non-constant) analytic functions have
isolated roots; see, e.g., [64, Theorem 10.18]. Therefore we can find a § € (0,T") such that

Z;io Bj(é)CAjEZ- # 0, and obtain the existence of a u € U,q such that

T ~
/ Ce'T=94 Bu(s)ds # 0.
0

(oo}

1To see it, recall that 3;(8) = %, consider a function g(z) = 3772 %Vj, and assume that there

exists at least one integer k such that ~; # 0. Now, if we pick the minimum integer % such that v # 0,

we have that g(z) = (k+1)’ v+ ZJ Bt &”wa For © — 0, the first term behaves as O($E+1), while the
k42

second term as O(z"72). Hence, there exists a point y > 0 such that g(y) # 0.
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This implies that

T k 2
(0, Wikt 1r1) (0" ) = / Ce(T_S)A<ZﬁfB£ - Bk+1>uk+1(3)d5H2
0 =1
k
> / CelT—) Z@B@ _ Bkﬂ) dsH
= / Ce(T*s)AE'TJ,(s)alsH2 > 0,
0
where we have used that u**! is a maximizer for problem (2.9). O

Now, we can prove our first main result.

Theorem 3.1.6 (GR for fully observable systems) Assume that the matrices A €
RVN*N and C € RP*N are such that rank Oyx(C,A) = N. Let K € {1,...,MN} be
arbitrary and let {u',... u} C U, be a set of controls generated by GR. Then the matriz
W defined in (3.4) is PD and the online reconstruction problem (2.3) is uniquely solvable

by B = B

Proof. By Lemma 3.1.1 it is sufficient to show that the matrix W corresponding to the
controls u', ..., u” generated by the algorithm is PD. The proof of this claim proceeds by
induction.

Lemma 3.1.5 guarantees that there exists a u! such that [W(u')];1 > 0. Now, we assume

that VV[(1 ])C 1:K] is PD, and we show that W[(lk,ﬁ)l 1k41] is PD as well.
If I/V[1 1, Lo 1] is PD, then
W(k+1) _ /Wk w k
Lkt 1k1] = Wikttt T W) mes1,1k41)

is PD as well, since W(uk)[lzkﬂ,l:kﬂ] is PSD.

Assume now that the submatrix W[(1 I)€ 1 Lk] has a non-trivial kernel. Since I/V[(1 ])C 1:4]

D (induction hypothesis), problem (3.8) is uniquely solvable with solution 8*. Then,

is

by Lemma 3.1.3 the (one-dimensional) kernel of W[( ) is the span of the vector

Lik+1,1:k+1]
= [(B")T, —1]T. Finally, using Lemma 3.1.5 we obtain that the solution u**! to the
splitting—step problem satisfies

0 < (v, W@ ™) [1ps1,1041]0)-

Hence, the matrix [W(ukﬂ)hl :k+1,1:k+1] 13 PD on the span of v. Therefore W[(lk;i)l L] =

k
W[(l I)c-i-l Lk41] T [W(ukﬂ)][l:kﬂal:kﬂ} is PD. D

Remark 3.1.7 (Uniqueness of solution of the min-max problem (2.5)) Under the
assumption that the system is fully observable, the min-max problem (2.5) is also uniquely
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solvable with B = B,.. To see this, we first note that (2.5) can be written in terms of W (u):
T A K 2
ICy(B(B).w.T) ~ Cy(Bews )3 = | [ CeT94( 325 = ., B Juts)as|

Jj=1

= <(,B - ﬁ*),W(U)(ﬁ _ﬁ*»'

Now, similarly as in the proof of Lemma 3.1.5 and using the full observability of the system,
one can show that for any B € RYM with B # B, there exists a control u(B) such that

((B — B.), W(u(ﬁ))(,@ — B4)) > 0. Therefore the unique solution to (2.5) is B = Bx.

Notice that, Theorem 3.1.6 does not require any particular assumption on the matrices
Bi, ..., Bk, which can be arbitrarily chosen with the only constraint to be linearly inde-
pendent. Moreover, the number K € {1,..., M N} can be fixed arbitrarily and the GR
algorithm will compute control functions that permit the exact reconstruction of the coeffi-
cients of the linear combination of the first K components of B, in a basis { B, ..., Byn}-
To be more precise, if the unknown B, belongs to the span of K the linearly independent
matrices B, ..., Bg used by the algorithm, then, using the control functions generated by
the GR algorithm, the unknown B, can be fully reconstructed. If By lies in the span of
Ke{K+1,K+2,...,MN} linearly independent matrices By, ... , Bz, but only the first
K of these are used by the algorithm (and in the online reconstruction problem), then one
reconstructs exactly the K coefficients corresponding to the first elements By, ..., Bx. Fur-
thermore, the ordering of the K considered matrices does not affect the result of Theorem
3.1.6.

3.1.3 Analysis for partially observable systems

The observations and results of Section 3.1.2 are no longer true if the system is only
partially observable, that is rank On(C, A) = R < N. In this case, the choice of the linearly
independent matrices By, ..., Bg and their ordering become crucial for the algorithm. In
particular, we are going to show that the method can recover at most K = RM components
of the unknown vector B, if appropriate matrices Bj,..., Bx are chosen. Moreover, we
will see that an inappropriate choice of matrices By, ..., Bx can lead to completely wrong
results corresponding to an arbitrarily large error.

For our analysis, we begin by choosing a set of K = NM matrices by exploiting the kernel
of the observability matrix. In particular, recalling that rank On(C,A) = R < N, the
rank-nullity theorem allows us to consider a basis {v; }évzl C RY of R¥ such that

vj ¢ ker On(C, A), ji=1,....R, (3.11)
vj € ker On(C, A), j=R+1,...,N, (3.12)
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where span{v; }] ¥ re1 = ker On(C, A). We now define a basis {Bf }"™ of RV*M 4

T T
B1 :'vlel, 32 =viey, ‘-, BM =viey,
@ _ T O _ T o _ T
By =vaey, Byio =v2ey, -, By =voey,
(3.13)
a —wye!, B — ovel O _ T
B(N—1)M+1 =UnNeéyp, B(N—l)M+2 =vney, -, Byy =vneyy,
where e, € RM for ¢ = 1,..., M, are the canonical vectors in RM. Notice that, since the

vectors {v; }é\le are linearly independent, the set {BY I is a basis of RV*M.

From a computational point of view, the vectors v; can be obtained by a singular value
decomposition (SVD) of the observability matrix Ox(C, A) = ULV ", where the columns
of V form a basis of RY and the last N — R columns of V span the kernel of On(C, A);
see, e.g., [68, Theorem 5.2]. Therefore, one can set v; =V} j, j =1,..., N.

Our first result for partially observable systems says that, if the basis {B,?}év :J\{[ is consid-
ered, then we can reduce the reconstruction of B, = EJAQ] B*,jB]O only to the first RM

coefficients 1, ..., Brar- This is proved in the next lemma, where we use the notation
RM
W)=Y BB, (3.14)
j=1

Lemma 3.1.8 (reconstruction problem for partially observable systems)
Consider the basis {BO M constructed as in (3.13) (with vectors v;, j = 1,...,N, as
n (3.11)-(3.12) ). The online least-squares problem (2.3) (with K = MN ) is equivalent to

im0 Cy(Br(B),w™ T) - Cy(B..u™ T3
m=1

Proof. Notice that, for any ¢ € {1,2,..., NM} and s € [0,T], there exist N functions Ej
such that

N-1

CelT- ABE—CZ AJBE u [Zﬁj AJ}BK

j=0
- [ﬁo(sﬂN,ﬁl(s)IN,...,ﬂN 1(s)Iv| O (C, A)BY,

where we have used the Cayley-Hamilton theorem (see, e.g., [48, p.109]) to obtain the
equality (x). If ¢ € {RM +1,...,NM}, then BY = vje;] with j > R + 1, hence v; €
ker On(C, A) and therefore
ON(C, A)BY = On(C, A)v;e] = 0.
=0

Hence, CeT=9)ABY =0 for all £ € {RM +1,...,NM} and s € [0, T]. Thus

T
/ CeT=94B(s)ds = 0,
0

.
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for any control function u € U,q. Now, recalling the definition of J(8) from the proof of
Lemma 3.1.1, our claim follows by writing the least-squares problem (2.3) as

NM NM T
IB) = YIS (5~ 6y) [ CeTIBOu s)as
m=1 j=1 0
NM RM T
=3I 6 [ CT OB (sis]
m=1 j=1 0
O
Lemma 3.1.8 implies that the coefficients Srar+1,-- ., Bmn do not affect the cost function
to be minimized. Therefore, as shown in Corollary 3.1.11, any vector 8 € RMY of the form
IB = [BI: T aBZI(zM7BRM+17' t 7BMN]T

is a global solution to (2.3), for arbitrary 5; € R, j = RM + 1,...,MN. This implies
that one uses only the first RM elements of the basis. In fact, as we are going to show
in Lemma 3.1.9 and Theorem 3.1.10, only their corresponding coefficients can be recon-
structed, while no information can be obtained for the remaining ones. It is therefore
natural, for rank On(C, A) = R < N, to use the GR algorithm with only the first RM
basis elements B? ey Bg a- In this case, the proof of our main result for the GR algo-
rithm is analogous to the one of Theorem 3.1.6. We first prove a version of Lemma 3.1.5
adapted to partially observable systems.

Lemma 3.1.9 (Splitting-step problem for partially observable systems) Assume
that rank On(C, A) = R < N and that the GR algorithm is run until the k-th iteration,
with k < RM, using the linearly independent matrices B?,...,BgM defined in (3.13).

Let /W[(lkl)c 1:K] be PD, and let B* be the solution to the fitting-step problem (2.8). Then any

solution u*+1 of the splitting-step problem (2.9) satisfies for k=1,...RM — 1

T k
(0, W1, 1:041) (u’““)v> = | /0 Ce(Tfs)A<Z/BJkBJO - Bl?+1)uk+1(5)d5”§ >0,
j=1

where v = [(BX)T, —1]7, fork=0,1,..., K — 1.

Proof. Notice that, since the matrices B? yeees Bg A are linearly independent and defined
as in (3.13), we have that On(C, A)(Zle BJI‘?BJO — BI?H) £ 0.

With this observation, the result can be proved exactly as Lemma 3.1.5. ]

Using Lemma 3.1.9, we can prove the following main result for GR in case the matrices
BYP,...,BY,, defined in (3.13) are used.

Theorem 3.1.10 (GR for partially observable systems) Let {u™}*M C U,y be a
family of controls generated by the GR Algorithm 1 with K = RM and using the matrices
BY, ..., BgM defined in (3.13). Then the least-squares problem

RM
Jmin, > [Cy(Br().u"sT) — Cy(B..u"s T3, (3.15)
m=1
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where Br(B) is defined in (3.14), is uniquely solvable with B; = Py j, j=1,...,RM.

Proof. The proof is the same as that of Theorem 3.1.6, where one should use Lemma 3.1.9
instead of Lemma 3.1.5. O

Theorem 3.1.10 allows us to prove the next corollary, which characterizes the result of the
GR algorithm when more than RM basis elements of (3.13) are used.

Corollary 3.1.11 (More on partially observable systems)

Let {u™ -1 C Uad, with K > RM, be a family of controls generated by GR, using the
matrices B1 ..., B defined in (3.13). Then the set of all global minimum points for the
least-squares pmblem

K
i Cy(B¥) M T — Cy(B,,u™:; T)|2
ﬂrél&%;!! y(B\™M(B),u™; T) — Cy(Bs,u™; T)|l3,

is given by {B € RE | B; =B, j=1,..., RM}.

Proof. Theorem 3.1.10 (and Theorem 3.1.6) and its proof allow us to obtain that, using the
firss RM controls generated by the GR algorithm, the matrix W(RM) ¢ REXK hag a PD

upper-left submatrix W[SRRA;\[} 1RM] and all the other entries [W(RM )]g,j are zero. Indeed,

recalling the vectors yx(u™) defined in (3.6), for any BY with k > RM + 1, we have that
On(C, A)BY = 0 and thus

T
Ye(u™) = / CeT=)ABOu™ (s)ds = 0,
0

for any T > 0 and any m = 1,...,RM. Similarly, the matrices W (u™) for m > RM
have the same structure, namely that their only nonzero components can be the upper-left
submatrices [W(u™)].rar,1:r0]- Therefore, the matrix W = W) has a PD upper-left

submatrix Wii.ras 1.7, While all its other entries are zero. Therefore, the result follows
by Lemma 3.1.1. O

Remark 3.1.12 (More about the kernel of Oy (C, A) and identifiability)

Corollary 3.1.11 guarantees that, if the basis {BO} L, s used with K > RM, then one can
reconstruct exactly RM coefficients, while nothmg can be said about the coefficients [3; for
J T ng This is due to the structure of the matriz W(RM), which has a PD submatriz
17(RM

%%

[L:RM, 1R M] and is zero elsewhere (as discussed in the proof of Corollary 3.1.11).

Remark 3.1.13 (A priori error estimate) Let fPP"° be the solution to (3.15). Then
we get the a-priori error formula

B, — Br IBapprox — Z B*jBO
J=RM+1

Remark 3.1.14 (Min-max problem) Following the same arguments of the proof of
Lemma 3.1.8, one can show that the min-max problem (2.5) is equivalent to

pin, max [[Cy(BywT) - Cy(Br(8),wT)|3. (3.16)
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Analogously to Remark 8.1.7, we can conclude that, using the matrices B{Q,...,B%M
defined in (3.13), problem (3.16) is uniquely solvable with 5; = By j, j=1,...,RM.

The results proved so far for a partially observable system are obtained for the special basis
{Bj}j]\/f{[ constructed in (3.13). However, it is natural to ask:

o Is there any basis that permits to reconstruct more than RM coefficients?
e Can one reconstruct at least RM coefficients for any arbitrarily chosen basis?
The answers to both questions are negative. The first one is given by Theorem 3.1.15.

Theorem 3.1.15 (Maximal number of identifiable elements) Let the observability
matriz On(C, A) be such that rank Oy (C, A) = R < N. There exists no basis of RV*M
for which one can exactly recover more than RM coefficients.

Proof. Consider the basis B = {B,?}g M RNXM constructed as in (3.13) and another
arbitrarily chosen basis B = {Bj }YM < RV*M, Any element B € B can be written as a
linear combination of the elements of B, that is B = ZNM Aj BO for appropriate \; € R,

j=1,...,MN. Multiplying B with On(C, A), we get

NM
ON(C,A)B = On(C, A) [ZAjBf] Z)\ ON(C,A)B Z)\ On(C, A)BY

j=1 j=1 J=1

where we used that Oy (C, A)B]O =0, for j e {R+1,..., N}, to obtain the last equality.
Now define the set D = {Dk}{fzj‘f as Dy := On(C, A)ﬁk, k=1,...,NM. Hence, we can
conclude that at most RM elements of D are linearly independent. Recalling the proof of
Lemma 3.1.5 and Remark 3.1.12, this means that for NM — R M elements of B there exists
a linear combination of the other R M elements, such that the observation at final time T’

is identical for any control u. Therefore one can reconstruct at most RM coefficients for
the basis B. O

Let us now explain why the answer to the second question is also negative. To do so,
we provide the following examples, which show that a wrong choice of a basis leads to
inconclusive results.

Example 3.1.16 (Wrong bases lead to inconclusive results) Consider a simple

system with
10 11 10
St O B M R

and the following basis of R**?

= 10 = 10 = 01 = 01
R i B O R
Notice that in this case the observability condition does mot hold, since one can compute
that

1o o],
0000 ~ &

R =rank Oy (C, A) = rank {
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Clearly we have that
B, =0-B1+1-Bs+0-B3+1- By,

and hence B, =[0101]". We can now compute for an arbitrary control u € U,q that

Cy(B,,u;T)—Cy(B(B),u;T) c/ B,u(s ds—C/ T=5)AB(B)u(s)ds

_ (—s)A L 1| |Bi+B2 Bs+ba
_/0 Ce [1 J [ 5, 5, ]) (s)ds

_ /OT 1 FTO_S L[ =]
- /OT [eTS(l _éﬁl PR _(563 ’ 64))] u(s)ds,

which is zero for any B = [B1 P2 B3 Ba]' € R* with By + B2 =1 and B3+ B4 = 1 (for any
controlw). This means that any B = [51 B2 B3 Pa] with B1+ P2 =1 and B3+ B4 = 1 solves
the least-squares problem (2.3), independently on the control functions ui,...,us. Since
the online least-square problem has then infinitely many solutions,> one cannot conclude
anything about the quality of a computed solution, which has the form

~ 1 1
poappror _ 7
[52 54]

leading to the error

1B« = Br(B"™ )T = (1= B2)* + (1 = Ba)?,

which can be arbitrarily large (here || - ||p denotes the Frobenius norm). Even if one would
by chance guess the right coefficients (in this case B2 = 1, B4 = 1), there would be no “way to
verify them, since their effect is not observable. Notice also that, even if the entries Bappmr

and Bipzp "% are correct, it is not possible to certify this or to associate these correct entries
to some precise elements of the chosen basis. This example shows that for an arbitrarily
chosen basis, one can not conclude anything about the quality of the computed coefficients
or the difference between B(B) and B.

Example 3.1.17 (Good bases lead to certified results) Consider the same system
as in Example 3.1.16, but now let us use the SVD of the observability matriz,

)

10 20 -2 0] [V2 0
ool 0o 1 o0 of|l0 o]t o] T
00 0o 0o 0 1|/LO O

o

which gives v1 = [(1)} ¢ ker On(C, A), vy = [1] € ker On(C, A), leading to the basis

1 0 0 1 00 0 0
Bl_|:0 O:|’B2_|:0 0:|aB3_|:1 0:|vB4_|:0 1:|7

?Notice that these solutions are also solution to the min-max problem (2.5).
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constructed as in (3.13). In this case, we have B, = [L 11 1]". Since the GR algorithm
considers only the first two basis elements, one gets the final result

1 1
approxr __
B B {0 O] '

Similarly to Example 3.1.16, the two entries Bfﬁpmw and B\fgpmx are correct, but now

this is guaranteed by Theorem 3.1.10. Therefore, in this case, the results obtained are
accompanied by precise information on their correctness.

These examples show clearly that without an a priori knowledge about the observability of
the system (and hence about the “quality” of the basis), GR leads to inconclusive results.
This is the main motivation for the optimized version of GR (OGR), which attempts to
identify automatically “good” elements in a given set of matrices.

3.1.4 OGR for linear-quadratic problems

Consider an arbitrary set of linearly independent matrices {Bj}JK:1 C RYXM_ The idea
of the OGR Algorithm 2 is to choose at every iteration one element B; which leads to
a control function capable of improving the rank of the matrix /1/17[(1161)C IERRAIE For this
purpose, OGR replaces the sweeping process of GR with a more robust and parallel testing
of all the matrices. At each iteration, the element associated with the maximal splitting-
step function value is chosen and removed from the set {B; }JK:p while the corresponding
control function is added to the set of already computed control functions. Therefore, the
dimension of the set {B; }szl reduces by one at each iteration and the algorithm is stopped
if either all the K matrices were chosen or as soon none of the remaining ones can be split
by the others.

Notice that a selected element By, will not be linearly dependent on previously chosen
elements (after multiplication with the observability matrix). This is proven in the next
theorem, which also motivates the stopping criterion used in line 3 of OGR.

Theorem 3.1.18 (Linearly independence of selected basis elements) Assume
that OGR selected already k linearly independent matrices Bj, j = 1,...,k. At iteration
k + 1, the new selected matrix Byyq1 is such that On(C, A)Byy1 is linearly independent
from the matrices On(C, A)Bj, j =1,...,k, if and only if

|Cy(B®) (B%), w1, T) — Cy(By, , ,, w1 T)3 > 0.

Proof. If the matrix On(C, A)Bj41 is linearly independent from the matrices On(C, A) By,
7 =1,...,k, then one can show as in the proof of Lemma 3.1.9 that

|Cy(B® (B%),uk 1, T) — Cy(By, ,,, w1 T)|3 > 0.

Now, we prove the other implication by contraposition. Assume that there exists a vector
B € R¥ such that On(C, A)(Zle BjBj — Bi+1) = 0 holds. This vector B is a solution of
the fitting step problem with cost-function value equal to zero. However, the corresponding
cost function of the splitting-step problem (2.13) results to be zero for any control function
4. The result follows by contraposition. O
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Notice that, if OGR stops when first reaching line 3, then the chosen basis does not allow
one to distinguish the states corresponding to controlled and uncontrolled systems. In this
case, entering in the while loop would be useless since the first splitting step will certainly
fail in producing a large enough splitting value.

Theorem 3.1.18 shows exactly that OGR manages to identify among the elements of the
given set {B; }JK:l the ones that do not lie in the kernel of O (C, A). For instance, let us
consider again the system of Example 3.1.16, for which we have shown that GR leads to
inconclusive results. If we use instead OGR, this performs two iterations and selects only
two basis elements, one among 31 and BQ and the other among B3 and B4 This can be
shown by performing calculations similar to the ones of Example 3.1.16. In particular, in
the initialization step the four matrices produce the same cost fungtion value. Hence, any of
them can be selected by the algorithm. Assume that the element B; is picked (hence /1 = 1)
and consider the first iteration of the algorithm (k=1). At the fitting step the algorithm
computes a coefficient 37 = 1 for Bg, and some coefficients 37 and 3 corresponding to
Bg and B4 Now, 3% = 1 leads to a cost function of the splitting step which is zero for
any control functions, while for 47 and 3{ there exists a control function leading to a non-
zero value of the splitting cost. Therefore, the algorithm selects either B3 or B4 Let us
assume that By is picked (2 = 4) and hence the two elements By and By are swapped.
In the fitting step of the second iteration (k = 2), the algorithm computes 82 = [0, 1]"
and g% = [1, O]T. Both of these two vectors lead to a splitting cost that is zero for
any control. Hence, since the splitting step does not find any positive function value, the
algorithm stops and returns By, = By and By, = B4 and the corresponding controls. If one
uses the two selected basis elements and the corresponding control functions in the online
phase, then one obtains the result 8 = [1, I]T, which is not the exact solution shown
in Example 3.1.16. This is due to the non-full observability of the system, which implies
that On(C, A)By = On(C, A)By and Oy(C, A)Bs = Oy(C, A)By. This means that the
observations generated by the elements B; and Bg cannot be distinguished by the ones
created by Bg and B4 The non-full observability of the system cannot be overcome by
any numerical strategy. OGR can nevertheless identify automatically all the observable
degrees of freedom of the considered system.

Let us now demonstrate the efficiency of OGR by direct numerical experiments. We con-
sider an experiment with two randomly chosen N x N full-rank real matrices A and C
with V = 10. The unknown B, is a randomly chosen real N x N matrix. In this case the
system is fully observable, nevertheless we construct the basis elements to be used in GR
and OGR as in (3.13) (by an SVD of the observability matrix), but we order the elements
randomly. We then run GR and compute the rank of the matrix W at every iteration
k. This leads to the results shown in Figure 3.1 by the blue curve. The rank increases
monotonically during the iterations and becomes full after about 30 iterations. However,
the curve is not strictly monotonically increasing since the rank does not increase at each
iteration. If we repeat the same experiment (with the same matrices) using OGR, we ob-
tain the red curve in Figure 3.1. This curve is strictly monotonically until W® is full-rank
after 11 iterations. Thus OGR computes much less control functions, meaning that also
fewer laboratory experiments are needed to fully reconstruct the unknown operator Bi.
This experiment clearly shows the high potential of the OGR, algorithm, which is capable
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100

-o-GR algorithm
-%-0OGR algorithm

0 20 40 60 80 100
Iteration k

Figure 3.1: Rank of the matrix W®) corresponding to GR (blue curve) and OGR (red
curve) for a fully observable system. Both algorithms make use of a basis
constructed as in (3.13).

to choose among the elements Bj, ..., Bx in an optimized fashion.

Looking more closely at the plots in Figure 3.1, it seems that the rank increase of the
matrix W) is related to the dimension of the problem. Indeed, the rank of any matrix
W (u) is bounded by the number of rows P in the observer matrix C' € RP*N as we show
in the following proposition.

Proposition 3.1.19 Let W®) = 27’;:1 W (u™) for k € N, W(u) defined as in (3.5)-(3.6),
and an arbitrary set of controls {u™}* _, C Uuq. Then

rank W®) < kP,

where P is the number of rows in the observer matriz C € RP*N,

Proof. For any 4 we have
W () = () "T'(u),

where T'(u) = [y1(u) -+ vx(u)] € RP*E for ; defined in (3.6). Using standard matrix-
rank properties (compare, e.g., [48, Section 0.4.5]), we obtain rank W (u) < rank I'(u) < P
and therefore

k k
rank W®) = rank ( Z W(um)) < Z P =FEkP.
m=1

m=1

O]

From Proposition 3.1.19 we can also directly derive the following result regarding the
minimum number of iterations needed by GR and OGR.

Proposition 3.1.20 Consider the online reconstruction problem (2.3) for the setting de-
scribed at the beginning of Section 3.1. Let the observer matriz C € RF*N be such that
rank On(C, A) =R < N, and consider the basis B = {BY,...,BY,,} with BJ(9 defined as
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n (3.13). Then GR and OGR need to compute at least [ZAL] controls in order to make
(2.3) uniquely solvable.

Recall that we considered N = M = P =R = 10 to obtain the results in Figure 3.1. Thus,
OGR is able to reduce the number of iterations almost down to the theoretical minimum
[RMY = 10.

Let us conclude this section with another important observation. The improvement pro-
posed in OGR allows one to even enrich the set B = {B; }JK:1 used as input in OGR with
other new elements that can be linearly dependent on By, ..., Bi. In this case, if we de-

note by {B;}£ |, for K > K, the enriched set, then Theorem 3. 1 18 guarantees that OGR

will automatically pick some elements of the enriched set {B; } =1, such that On(C, A)B;
are linearly independent for all selected B;. Hence, the corresponding splitting-step cost-
function values will be strictly positive. Thus, OGR is particularly useful in more general
nonlinear reconstruction problems, where an optimal choice of the set B can not be derived
from the underlying system.

Jj=b

3.2 Reconstruction of a drift matrix

3.2.1 Model problem
We consider (2.1) with f(A,y,u) = Ay + Bu, that is,
y(t) = Awy(t) + Bu(t), t € (0,T], y(0)=0. (3.17)

The main difference to the setting in Section 3.1 is that we now assume the control matrix
B € RV*M to be given and the drift matrix A, € RV*V to be unknown and to lie
in the space spanned by a set of linearly independent matrices B = {A,...,Ag} C
RN*N 1 < K < N2, We write 4, = Zszl ByjA; =1 A(By). As stated in Section
2.1, we want to identify the unknown drift matrix A, by using a set of control functions
{um}g:1 C Ugq in order to perform K laboratory experiments and obtain the experimental
data {pd@te(u™)}E_, c RP| as defined in (2.2).

Remark 3.2.1 The hypothesis y(0) = 0 in (3.17) can be made without loss of generality.
Indeed, if y(0) = y° # 0, one can use u = 0 (case of uncontrolled system), generate the
data <pdam(()), and then subtract this from all other data {pd®(u™)}K_| to get back (by
linearity) to the case of system (3.17) with y(0) = 0.

Using {u™}X_, and {pd@*e(uw™)}E_, the unknown vector B, is obtained by solving the

online reconstructlon problem (2.3), in which ¢(A(B),u™) = y(A(B),u™;T) now solves
(3.17), with A, replaced by A(B). Thus, we use LGR Algorithm 3 to generate {u™}X_;
with the goal of making (2.22) uniquely solvable, that means making PD the GN matrix

W.,, defined in (3.19). In (2.22), 0y, (A(0B),u;t) is now the solution to

(3.18)

{5%() A(Bo)oyo(t) + Y15, 68 Ajyo(t), € (0,T), dys(0) =0,
(t) = A(Bo)yo(t) + Bu(t), te(0,T), wo(0)=0.
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In what follows, we show that the LGR does produce {u™}X_, that make W, PD un-
der appropriate assumptions. In contrast to the setting in Section 3.1, we now require
both observability and controllability of linear systems. Thus, we recall the observability
(see Definition & Lemma 3.1.4) and controllability properties for an input/output system
(A, B,C) of the form (1.1) with A € RVXN B ¢ RVXM ' ¢ RPXN: see, e.g., [67, Thm. 3,
Thm. 23].

Definition & Lemma 3.2.2 (controllable input-output linear systems) The linear
system (1.1) is said to be controllable if for any final state y! there exists an input sequence
that transfers y° to y/. Equivalently, (1.1) is controllable if and only if the controllability
matrix

Cn(A,B) := [B AB --- AN’lB]
has full rank.

Similar to Section 3.1, our analysis is based on a matrix-vector reformulation of LGR, which
we introduce in Section 3.2.2. Detailed analyses for fully observable and controllable, and
partially observable and controllable are provided in Section 3.2.3 and 3.2.4, respectively.

Notice that, in fact, the analysis we are going to present in the following sections is also
valid in the setting of Section 3.1, and is therefore an extension of the results obtained in
Sections 3.1.1-3.1.4.

3.2.2 Matrix-vector formulation of LGR

Recall the notation from Section 2.4. From (3.18), we have that 0y, is linear in 8. Thus,
R (Bo)(6B) = dyo(A(6B),u™;T) = Zszl d3;Coyo(A;,u™; T). Hence, R;,(B,) is a matrix
with columns R;,(B.); = Coy.(A;,u™;T) for j =1,..., K, and hence

K
[Wo]i7j = Z <06y0(A’L”u’mﬂ T)7 C(Syo(Ajvuma T)>7 la] € {17 e 7K} (319)

m=1

Now, we can use (3.19) to rewrite the sub-problems of LGR (2.23), (2.24) and (2.25) in a
matrix form in Lemma 3.2.3, similar to Lemma 3.1.2.

Lemma 3.2.3 (LGR in matrix form) Consider Algorithm 3. Then:
o The initialization problem (2.23) is equivalent to

max [Wo(u)]11, (3.20)

ucU,q

where [Ws(u)]; j := (Cyo(As,w; T), Coyo(Aj,w; T)) fori,je{l,...,K}.

e Let Wo(k) = an:l Wo(u'™), the fitting-step problem (2.24) is equivalent to
1 (k

min (B, Vs ) a08) = 272 s B) (3:21)

e Letv:=[(B*)T, —1]T, the splitting-step problem (2.25) is equivalent to

max (v, [Wo(u)][1:x41,1:54+1)0)- (3.22)
u€Uyq
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Moreover, problems (2.23)-(3.20), (2.24)-(3.21), and (2.25)-(3.22) are well posed.

Proof. The proof is similar to the one of Lemma 3.1.2. For an arbitrary k& € {0,..., K —1}
let v € RF! and A(v) = Zfill v;A;. We have
ICoyo(A@),u; T) 13 = (v, [Wo ()] 1ks 1,154 1))

Recalling that 0y, (A(v),u; T) = Z?;l v;0Yo(Aj,u;T), we obtain the equivalence between
(3.20), (3.22), and (2.23), (2.25) for suitable k and v. For the equivalence between (3.21)
and (2.24), notice that for v = [T, —1]T € R¥*! and any W € REFDX(*+1) we have

(v, Wv) = (B, [W][1:k,1:k]ﬂ> — 2([W] [1:k,k+1]7:3> + [Wlks1,k+1-

The well-posedness of the three problems follows by standard arguments; see, e.g., the
proof of Lemma 3.1.2. O

Recalling the results from Section 3.1.1, the idea of LGR is to iteratively find control
functions {un,}¥,_, k € {1,..., K}, such that the matrix [W,(u)][1.,1:4) is PD. A sufficient

m=1>
k+1

condition, for LGR to be successful, is that any new control u satisfies

1Oy (AR (B%), uM 1 T) — Coyo(Aps1, w5 T3 > 0.

The existence of such a control depends on the controllability and observability properties
of system (3.18), as shown in Sections 3.2.3 and 3.2.4.

3.2.3 Analysis for fully observable and controllable systems

We define OF; := On(C, A(B,)) and C}, := Cn(A(B,), B) and assume that the system
(A(Bs), B,C) is observable and controllable, namely R := rank(O%) - rank(C%,) = N2
In what follows, we show that this is a sufficient condition for /Wo to be PD with the
controls generated by the LGR Algorithm 3. First, we need the following result [9, Ch. 3,

Thm. 2.11].

Lemma 3.2.4 (controllability of time-invariant systems) Consider the system & =
Az + Bu with (0) = 0 and its solution x(u,t) := fg e(t=9)ABo) Bu(s)ds. For any finite time
to > 0, there exists a control w that transfers the state to w in time to, i.e. x(u,ty) = w,
if and only if w € im(CN(A,B)). Furthermore, an appropriate w that will accomplish
this transfer in time to is given by u(t) = BT etoD4y for t € [0,t9] and v such that
We(0,to)v = w, where W.(0,T) := fOT e ABB e dr.

Now, we prove the following lemma regarding the initialization problem (2.23) and the

splitting step problem (2.25). Notice that the proof of this result is inspired by classical
Kalman controllability theory; see, e.g., [31].

Lemma 3.2.5 (LGR initialization and splitting steps (linear systems)) Assume
that the matrices A(B,) € RN B e RV*M and C € RPN are such that
rank(0%) = rank(C3,) = N, and let A € RN*N\ {0} be arbitrary. Then any solution

u of the problem maxycy,, |Coyo (A, u; T)|2 satisfies
|Coyo (A, T)|I3 > 0,
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where 8y, = A(Bo)0yo + Ay°, with §y.(0) = 0, and g, = A(Bs)yo + Bu with y,(0) = 0

Proof. Tt is sufficient to construct a u € U,q such that Cdyo(g,ﬂ;T) # 0. Since A # 0,
there exists w € RY \ {0} such that Aw # 0. Since (A(B.), B,C) is observable, there exists
¢ > 0 such that Cet4Bo) Aw £ 0. The map f: R — RP t — CetA(ﬁ°)Aw is analytic with
derivatives f)(t) = CA(Bo) et B°) Aw. Since O3, has full rank and e*4B°) Aw # 0, there
exists i € {0,..., N} such that f)(f) = Cé(ﬂo)iem(ﬁt))gw # 0. Hence, f is nonconstant,
and there exists to € (0,T) with CetoABe) Aw #£ 0.

Now, we use that yo(u,s) := [ e(s=mAB) Bu(r)dr is the solution at time s of g, =
A(Bo)yo + Bu, with y,(0) = 0. Since C¥ has full rank, we have w € im(C3;). Thus, Lemma

3.2.4 guarantees that @(t) = BTe(t0—0AB) "y for t € [0,to] and some v € RV, satisfies
Yo(u,tg) = w. Clearly, u is analytic in [0, tp] and thereby the same holds for y,(u, s). Note
that, since u = 0 is an interior point of Uy, there exists A > 0 such that \u € U,y with
CetoAB) Ay, (M, tg) = ACeloABe) Ay (@, ty) # 0. Hence, we can assume without loss of
generality that u € Uyg.

In conclusion, we obtain that the map g : R — R” defined as
5 Ce(T_s)A(ﬂc’)}lv/s s~ AB) Bai(7)dr,
0

is analytic in (0,t9) with g(tg) # 0. Thus, g is nonzero in an open subinterval of (0, o).
Hence, there exists t; € (0,tg) such that fotl g(s)ds # 0. By choosing

_ ) 0, 0<s<T—1,
o Nu(s—t1), T—t<s<T,

and using that Céy.(A,u;T) = f(;f Ce(T_S)A(ﬂO)gf(f els=7)AB°) Bu(r)drds, we obtain

. t1 . S t1
Coy(A,u;T) = / Ce(tl_s)A(ﬂ")A/ es=AB) Bi(7)drds = / g(s)ds # 0.
0 0 0

Lemma 3.2.5 can be applied to both (2.23) and (2.25), choosing A = A; and A =
(A(k) (BF) — Ak+1), respectively. Now, we can prove the main result of this section.

Theorem 3.2.6 (positive definiteness of the GN matrix W, (linear systems))
Assume that A(Bo) € RVN B € RVXM gnd C € RP*N are such that rank(O%) =
rank(C3,) = N. For K < N2, let B = {Ay,...,Ax} € RY*N be a set of linearly inde-
pendent matrices such that A(Bo) € span(B), and let {u',... , u} C Uyq be generated by
Algorithm 8. Then the GN matriz /Wo, defined in (3.19), is PD.

Proof. We proceed by induction. Lemma 3.2.5 guarantees that there exists a u' such

that [Wo(u)l11 = [|Céyo(Ar,ul;T)||3 > 0. Now, let us assume that [/Wo(k)][hm;k} =
Zﬁlzl[WO(um)][lzk’M} is PD. By construction, [/Wcsk+1)][1;k+171;k+1] is PSD. Thus, if
(W)t 1,101) is PD, then

[Wék+l)][1:k+l,1:k+l} = [Wék) + Wo(uk+1)][1:k+1,1:k+1}
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is PD as well, since [Wo(uk)][1:k+1,1;k+1] is PSD. Assume now that the submatrix
[chk)][lzk-i-l,l:k—i-l] has a nontrivial kernel. Since [W§k)][1:k71:k} is PD (induction hypoth-
esis), problem (2.24) is uniquely solvable with solution B¥. Then, by Lemma 3.1.3 the
(one-dimensional) kernel of [ng)][1:k+171:k+1] is the span of the vector v = [(8%)T, —1]T.

k+1

Using Lemma 3.2.5 we obtain that the solution u to the splitting step problem satisfies

(0, Wo (u" ™) py1,104170) = [C0yo(A® (BY) = Ay, ws T)I3 > 0.

Thus, [W(ukﬂ)][l:kH,likH] is PD on the span of v, and [Wﬁkﬂ)][l:kH,l:kH] is PD. O

Notice that Theorem 3.2.6 does not require any assumption on the matrices Ay, ..., Ak.
These can be arbitrarily chosen with the only constraint to be linearly independent. Also
the ordering of these matrices does not affect the result of Theorem 3.2.6. This is, however,
different for partially observable and controllable systems, i.e. for R < N2,

3.2.4 Analysis for partially observable and controllable systems

The results of Section 3.2.3 are no longer true if (A(B,), B, C) is not fully observable and
controllable, that is, rank(O%;) - rank(C3%;) < N2. We denote from now on R := RoR¢ with

Ro :=rank(0O}), Rc¢ :=rank(Cy).

In what follows, the choice of the linearly independent matrices Ay,..., Ax and their
ordering becomes crucial for the algorithm, and we show that one can make the matrix W,
PD on an R-dimensional subspace of R¥ if Ay, ..., A are appropriately chosen. We begin
by choosing a set of K = N? matrices by exploiting the kernel of the Kronecker product

of O, and C%;. Using [49, Theorem 4.2.15], we obtain rank((C}’V)T ® O}’V) =Rc¢Ro. Now,
the rank-nullity theorem allows us to consider a basis {v; };le of RN? such that
v; ¢ ker((C}’V)T ® (97V),j ~1,...,R, (3.23)

v; € ker((C}’V)T®O}’V>,j —R+1,..., N2, (3.24)

with s.pan{'uj}é\ZjR_H = ker((C}’V)T ® (’)}’V) We introduce the operation

-
vec(A) = [A[l,l}v ce A[N,1], A[I,Q]a - 7A[N,2]7 o Apngy - >A[N,N}] )

that stacks the columns of a matrix A € RV*Y below each other. Using this notation, we
define the matrices A?, e ,A22 by rearranging v as

vee(A9) =v;, j=1,...,N% (3.25)

Since the vectors {v; };V:QI are linearly independent, the set {A?};le is a basis of RV*V,

From a computational point of view, the vectors v; can be obtained by the singular value
decomposition (SVD) of (C3,)"T ® O% = ULV, where the columns of V form a basis of
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RN?. The last N2 —R columns of V span the kernel of (CJO\,)—r ®@O%; see, e.g., [68, Theorem
5.2]. Hence, we set v; = [V]. ;) for j = 1,..., N2 Notice that for C3, = UcScV, and
oy = UOEOVOT, the result from [49, Theorem 4.2.15] says that V = UCT ® V. Thus, we

can compute V' using only the SVD of O; and C3;, which are also used to get R = RoRe,

and avoid computations with the large matrix (C3)" ® 0%, € RY *MPXN®

Our first result says that Cdy.(A,u;T) =0 for any A € span{A?}é\fRH.

Lemma 3.2.7 (reconstructing partially observable and controllable systems)

Consider {A?}évjl constructed as in (3.25), with vectors v;, j = 1,...,N? as in (3.23)-

(3.24). Then Céyo(A,u;T) = 0 for any A € span{A?}éVjRH and u € Uygq, i.e. the last
— R rows and columns of Wo, defined in (4.6), are zero.

Proof. Notice that, by the Taylor expansion of the exponential matrix and the Cayley-
Hamilton theorem (see, e.g., [49, page 109]), for any i € {1,...,N?}, s € [0,T] and
T € [0, s], there exist N functions §,: [0,7] x [0,T7] = R, £=10,...,N — 1, such that

—-1N-1

CeT=214BI AD(mABI B = N~ N " B,(T, 5) (s, 7) (CA(Bo)") AT (A(Bo) B).
p=0 ¢=0

Ifi € {R+1,...,N?}, then vec(AP) = v; € ker((C}’V)T ® (’)R,) and therefore
0= ((Cj'v)T ® O?V)Vec(AzO) = vec(O}’VA?CfV).

Thus, using the definitions of O, and Co, we get (CA(B,)P) AP (A(Bo)'B) = 0 for any
£,p€{0,...,N —1}. Hence, (CeT=5)AB)AQ (e54Bo)B) = 0 for all i € {R +1,...,N?}
and s € [0,T]. Now, let u € U,q be an arbitrary function. Then we have

Coyo (AP u; T) / CeT=3)4(B) 49 / e~ AB) Bu(7)drds = 0.

Recalling (4.6), we obtain that [Wy(u)]; j = 0 for 4,7 > N? — R and the result follows. [

Lemma 3.2.7 implies that one can only make the upper-left R x R submatrix of /WO PD.
This means that only the first R elements of the basis are of interest. In fact, as we are
going to show in Lemma 3.2.8 and Theorem 3.2.9, it only makes sense to use LGR with
the first R basis elements A?, . ,A%, and to consider the submatrix [WO]LRJ:R. In this
case, the proof for our main result is similar to the one of Theorem 3.2.6. We first prove a
version of Lemma 3.2.5 adapted to partially observable and controllable systems.

Lemma 3.2.8 (LGR initialization and splitting steps for R < N2) Assume that
the matrices A(Bo) € RVN B € RV*M and C € RP*N are such that rank(O%,) -

rank(Cy) = R < N2. Let Ac (span{A?};zﬂ) \ {0} for A;o as in (3.25). Any solution u
to the mazimization problem maxycy,, |Coyo(A,u; T)||2 satisfies

1Cdyo (A, w; T)|3 > 0, (3.26)
where 6y, = A(Bo)0yo + Ay with 6y.(0) = 0 and § = A(B.)y + Bu with y(0) = 0.
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Proof. Using the calculations in the proof of Lemma 3.2.7, we have O}’VA?CJOV £ 0, for any
¢e{l,...,R}. Since A € (span{A?}}il) \ {0} and by the construction of the A?, we

also obtain O‘]’VKC}’V # 0. Hence, there exists w € im(Cg;) such that Aw ¢ ker(O%;) and
therefore there exists ¢ > 0 such that Cet4(B°) Aw # 0. With this observation, the result
can be proved analogously to Lemma 5.5. O

Following exactly the proof of Theorem 3.2.6, in which Lemma 3.2.8 has to used instead
of Lemma 3.2.5, we can prove our main result.

Theorem 3.2.9 (positive definiteness of the GIN matrix W, for R < N?) Let
A(B,) € RNXN B € RV*M gnd C € RP*N be such that rank(O%;) - rank(C3) = R < N2.
Let {u™})_, C Uy be generated by the LGR Algomthm 3 with K = R and using the
matrices A1 ..., AQ defined in (3.25). Then [W Inr,1:w) s PD.

Having proved that Algorithm 3 makes Wo PD, the obvious question is whether this is
sufficient for the convergence of GN (Lemma 2.4.1). We answer this question in Section
3.2.5.

3.2.5 Positive definiteness of the GN matrix

To account for both fully and partially observable and controllable cases, we assume for
the rest of Section 3.2 that the basis B = {A;,..., Ax} satisfies K < R = rank(O%) -
rank(C%) < N? and if R < N2, then A; € {A9}R, for j=1,..., K.

To guarantee convergence of GN, we need to show that /V[7(,B) =YK R.(B)TR,(B)
(defined in Section 2.4) remains PD in a neighborhood of ﬁ* In Sections 3 2.3 and 3.2.4,
we proved that the controls generated by Algorithm 3 make W, = W(,B ) PD. Thus, it is
sufficient to prove that W(ﬂ) is PD in a neighborhood of B, containing B.. To do so, we
write W(ﬁ) as

K
Wiy =D (ri(B.um™),v;(B,u™), ije{l,... K}, (3.27)
m=1
T
(B u™) = / CeT=AB) A y(A(B),u™: s)ds, je{l,....K},  (3.28)
0

and recall the next lemma, which follows from the Bauer-Fike theorem [18].

Lemma 3.2.10 (rank stability) Consider Np, Mp € Nt with Np > Mp, and a matriz
D € RNo>XMb wyith rank Rp and (positive) singular values o1, ... ,0r, in descending order.
Then ming_pnpxup 1| Dll2 | rank(D + D) < Rp} = or,-

Using this lemma, we can prove the following approximation result.
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Lemma 3.2.11 (positive definiteness of W(ﬁ) (linear systems)) Let W, defined in
(3.19) be PD and let o3, > 0 be its smallest singular value. Then, there exists 6 := §(o3;) > 0

such that W(B) (in (3.27)) is PD for any B € RE with ||B — Bol|2 < 6.

Proof. Our first goal is to show that W(B) is continuous in B. From (3.27) and (3.28)
we know that W(,B) is the sum over products of f CeT=9)AB) A,y(A(B),u™; s)ds, where
y(AB),u™s) = [ e(s=mAB) By (r)dr. Now, recall that A(B) = Z]K:1 BjA;, mean-
ing that A(B) is continuous in B. Since the exponential map RY — RN*N g 5 sA4(8)
and the integral map RV*N — RN X fos X Bu(t)dr are continuous, we obtain that
y(A(B),u™;s) is continuous in B. Since products of continuous functions are continuous,
we obtain that /W(,B) is continuous in S.

By assumption, W, is PD, and therefore o3, > 0. Since W(,B) is continuous in B, we obtain
that there exists a ¢ := 5(UK) > 0 such that for any g with ||8 — B.|]2 < d(0%) it holds
that ||W( ) W( o)ll2 < o%. Now, let ,B be such that Hﬂ Bo ||2 < 6(0%) and hence
IW(B) — W(Bo)|l2 < of- Setting D = W(,BO) and D = W(B) — (ﬂo) Lemma 3.2.10
implies that K = rank(W(,B )) < rank(W(,B)) Because of (3.27), W(,B) € REXK meaning
that rank(W(,B)) K. Since W(ﬂ) is PSD by construction, rank(W(B)) = K implies that
W (B) is PD. O

Lemma 3.2.11 implies that the positive definiteness of W(ﬂ) is locally preserved near f,.
Now, we can prove our main convergence result.

Theorem 3.2.12 (convergence of GN (linear systems)) Let B, € RX be such that
A(Bs) € RVN B e RMM gnd C € RPXN satisfy rank(O%,) - rank(C%) = R < N2. Let
{um™}E _ | C U,q be a set of controls generated by Algorithm 3. Finally, let G be the K-th
(smallest) singular value of W, defined in (3.19). Then there exists 6 = 0(dx) > 0 such
that if B, € RX satisfies ||Bx — Boll2 < J, then GN method for the problem

mmfZHCy (B:).u™;T) — Cy(A(B).u™; T)|3, (3-29)

BERK 2

initialized with Bo, converges to By.

Proof. Theorem 3.2.6 guarantees that WO is PD. Thus, o > 0 and by Lemma 3.2.11 there
exists § = 0(dx) > 0 such that W(ﬂ) is PD for B € RE with |8 — Bo|l2 < 6. Moreover,
we know from Section 2.1 that W(ﬂc) is the GN matrix for the iterate 8. € R of GN
for (2.3). As in the proof of Lemma 3.2.11, one can also show that the functions R,,(8),
defined in (2.14), are Lipschitz continuously differentiable in 8 for all m € {1,..., K}.
Hence, if ||Bx — Boll2 < d, then the result follows by Lemma 2.4.1. O

However, the results in this section also imply that if K > R, then the GN matrix WG can
not be full rank. Thus, there is no more guarantee that GN converges to B, and the online
reconstruction problem (2.3) can have infinitely many solutions.
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3.2.6 Local uniqueness of solutions

Theorem 3.2.12 says that GN converges to B, if an appropriate initialization vector B, is
used. However, in the linear case corresponding to (3.17) we can specify the local properties
of problem (2.3) around the solution B,. To this end, we start by rewriting the cost function
in a matrix form.

Lemma 3.2.13 (reconstruction problem in matrix form (linear systems))
Problem (2.3) for the linear system (3.17) is equivalent to

BHEHH *(ﬁ B W (B, B)(B — B)), (3.30)

where /W(ﬁ*,ﬁ) € REXE 45 defined as® W(,B*,ﬂ) = Zﬁzl W (B, B,u™), with
[W(ﬁ*aﬁaum)]i,j = <7i(:3*7137um)77j(ﬂ*7ﬂaum)>7 Z?] € {17 v >K}7 (331)

Vi (Bs, B,u™) := /OT CeT=IAB) Ay(AB),u™;5)ds, je{l,....,K}.  (3.32)

Proof. Let J(B) := 3+ oK _ (|Cy(A(B),u™; T) — Cy(As,u™; T)|3. For t € [0,T] and m €
{1,..., K} define Ay,,(t) :=y(A(B),u"™;t) — y(A.,u™;t). Then we have

L (8y0) (1) = ABWAB).w™: 1) + Bu(t) ~ A(B.)y(Av.u"s1) - Bu™ (1)

= A(B+)Aym(t) + A(B — B )y(A(B),u™; 1),

whose solution at ¢t = T is
T
Byn(T) = [ T [A(B — LYy A(B) u"s )] ds.
0

Thus, recalling A(B8) = Z]K:l BjA;j, a direct calculation shows that J(B) can be written as

Now, the set of global solutions to (3.30) is Sgiobar = {ﬂ € RE | (B—By) € ker W(,B*,,B)}
Since W(ﬂ*, B) is symmetric PSD, (3.30) is locally uniquely solvable if and only if W(B*, B)
is PD for B close to B«. Now, Theorem 3.2.12 guarantees that Algorithm 3 computes
{u, }E_, such that W(,B*) = W(,B*,,B*) is PD, if B, is close enough to B,. Similar to
the proof of Lemma 3.2.11, one can prove that V[N/(,B*,,B) is continuous in B. Hence, if
W(ﬂ*,ﬂ*) is PD, then the same holds for W(ﬂ*,ﬂ), when B is close to B, which implies
that (3.30) is locally uniquely solvable with g = B,.

3Notice that this notation is related to (3.27) in the sense that W(ﬂﬂ) = W(ﬂ)






Chapter 4

Reconstruction of matrices in
bilinear systems

In this chapter, we extend the results from Chapter 3, in particular Section 3.2, to skew-
symmetric bilinear systems. We consider (2.1) with a right-hand side f(A,y,u) = (A +
uB)y, that is,

y(t) = (Ac +u()Bly(t), t € (0, 7], y(0) =y", (4.1)
where B € s0(N) is a given skew-symmetric matrix for N € Nt the initial state is
y? € RV \ {0}, and v € U,y C L?(0,T;R) (with M = 1; see Section 1.3) is a control
function. The matrix A, € so(/N) is unknown and assumed to lie in the space spanned
by a set of linearly independent matrices B = {A1,...,Ag} C RV*N 1 < K < N2 and
we write A, = Zszl By, Aj =: A(By). Since the matrices A, and B are skew-symmetric,
system (4.1) is norm preserving, i.e. |[y(t)|2 = |[y°||2 for all t € [0,T].}

To identify the true matrix A,, one can consider a set of control functions {u™ 521 C Ugq
and use it experimentally to obtain the data {@(y™)}E_| C RP, as defined in (2.2).
The unknown vector B, is then obtained by solving the online reconstruction problem (2.3),
in which @(A(B),u™) = Cy(A(B),u™;T) now solves (4.1), with A, replaced by A(B). We
assume to have an estimate B, of B,. We can derive the linearized equation in 8,:

{5'yo<t>=<Ao+u<t>B>6yo<t>+zf_155jAjyo<t>, eI by =0

Yo(t) = (Ao +u(t)Blyo(t), t€ (0,7, yo.(0) =9y
where A, := A(B,). Denoting by 0y.(A(0f),u;t) the solution of (4.2) at time ¢ € [0, T,
the GN matrix W, is defined as in (3.19), and LGR is detailed in Algorithm 3.

Let us recall the following definition and result from [25, Corollary 4.11].

Definition & Lemma 4.0.1 (Controllability of skew-sym. bilinear systems)
Consider a system of the form

y(t) = (Ao +u(t)Bly(t), y(0) =4", (4.3)
'To see this, we observe that 24 ||ly(t)[|5 = (y(¢),9(t)) = (y(t), (A« + u(t)B)y(t)) = 0.
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where Ao, B € so(N). System (4.3) is said to be controllable if for any final state yf
that lies on the sphere of radius ||y°||2 there exists a control u(t) that transfers y° to yf.
Furthermore, if the Lie algebra Lie{A., B} C so(N), generated by the matrices A, and
B, has dimension w, then there exists a constant t > 0 such that for any T >t
controllability of (4.3) holds.

Notice that the Lie algebra Lie{A,, B} contains exactly the matrices A,, B and their
iterated commutators
[Ao, B, [[Ao, B, Aq], [[4s, B], B, . ..

see, e.g., [25, Section 4.1] and references therein, where [A,, B] := A.B — BA, denotes
the matrix commutator. Since [A,, B]T = —[A,, B], we have Lie{A,, B} C so(N). Re-

calling that the space of skew-symmetric matrices s0(/N') has dimension w, we obtain

dim(Lie{A,, B}) < W For further details on Lie algebras, we refer the interested
reader to [25, Appendix A.3] and references therein.

As in Section 3.2, we also need to make some assumptions on the observability of the
linearized equation in (4.2). However, recalling the proof of Lemma 3.2.5, these assumptions
are only required to prove the existence of a control function that guarantees a positive
cost function value in the splitting step. If we assume this function to be constant, at least
on a subinterval of [0, 7], then we get a system of the form

3yo(t) = (Ao + cB)dyo (t) + A(5B)ys (1), (4.4)

for a scalar ¢ € R. In this case, system (4.4) is again a linear system, for which observability
is defined in Definition 3.1.4. Hence, the observability matrix is On(C, Ao + ¢B).
Let us state our assumptions on controllability and observability of (4.3) and (4.4).

Assumption 4.0.2 Let the matrices Ao, B and C be such that

1. The Lie algebra Lie{A,, B} C so(N) has dimension N(]\fol) and T > 0 is large

enough, such that the controllability result from Lemma 4.0.1 holds.
2. There exists ¢ € R such that On(C, Ao + ¢B) has full rank.

In addition, let Uyq C L%(0,T;R) be chosen such that the controllability result from Lemma
4.0.1 holds, and such that uw = ¢ is an interior point of Uyq (for the above ¢ € R).

Remark 4.0.3 The analysis presented in the following sections can be applied to the case
where the matriz A = A, is assumed to be known and B = B(fB) := Zszl BjBj is unknown
and to be identified. The main differences in the case of the reconstruction of B is that the
state equation is linearized around an initial guess Bo, leading to

{@o(t):mw() 0)8yo(t) z L 08u(t)Biya(t), te€ (0,T], dy.(0) =0,
§o(t) = (A+u(t)Boyo(t), te€(0,T], yo(0)=1y".

Assumption 4.0.2 would be the same, only with A instead of A, and B, instead of B. Notice
that, in this case, we also cover Schridinger-type systems of the form

() = (H + u(t)m)p(t), t € (0,T], $(0) =",
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as considered in [57], for Hermitian matrices H, p, € CN*N. This can be seen by writing
Y=vrp+ithr, ¥° =¥p + i), H=Hp+iH; and ji, = pu g+ ipinr1, to get

i) = ( ]t |t ] )y(t» (45)

for y(t) :== [Yr(t) wI(t)}T and skew-symmetric matrices A, B, € RN*N (compare also
[25, Section 2.12.2]).

4.1 Analysis for skew-symmetric bilinear systems

We show in this section that Assumption 4.0.2 is a sufficient condition for the GN matrix
W,, defined as in (3.19), to be PD if the controls generated by the LGR Algorithm 3 are
used. The idea of the analysis is similar to the one considered in Section 3.2, meaning
that we first have to show the existence of a control that makes the cost function of (2.25)
strictly positive.

Lemma 4.1.1 (GR initialization and splitting steps (bilinear systems)) Let the
matrices Ao, B and C satisfy Assumption 4.0.2. Let A € span(B) be an arbitrary matriz.
If T > 0 is sufficiently large, then ||Céyo(A,u; T)||3 > 0 for any solution u to

max |C0yo (A, u; T)|[3, s.t. 0yo(t) = (Ao + u(t) B)dyo(t) + Ayo(t), dy.(0) =0,
Yo(t) = (Ao +u(t) B)yo(t), ¥o(0) =y

Proof. Tt is sufficient to construct a u. € U,q such that C(Syo(E, ue; T) # 0 for T sufficiently
large. Let us define
N ‘ u(s), forogsgtA,
' c, fort<s<T,

where ¢ € R, U € Uy, T > 0 and t € (0,T) are to be chosen. Since A % 0, there
exists v € RNV \ {0}, |jv]l2 = [[¥°]|2 such that Av # 0. By the first part of Assumption
4.0.2, we know that (4.3) is controllable on the sphere of radius ||y°||2, meaning that there
exist £ > 0 and U € U,q such that yo(A,a;¢) = v. Defining A, := Ao + ¢B, we notice
that fy(t) := AetAey is analytic in ¢, and since f,(0) = Av # 0, it is not equal to zero
everywhere and therefore has only isolated roots, see, e.g., [64, Thm. 10.18]. Recalling that
exponential matrices are always invertible (see, e.g., [49, Thm. 2.6.38]), we obtain that
there exists t; > 0 such that e~t1(Ac) fe(ti—DAcy # 0. By defining w := (5yo(Av ;) and
g(t) = ;te_s(AC)ge(s_tA)Acvds + e~tAeqy, we observe that dggl) e~t1(Ae) fe(ti=DAcy £ .
Since d%—(tt) is analytic in ¢, the same holds for g(¢),2 and since dg tl # 0 we obtain that
g(t) has only isolated roots. Notice that

o~ t o~ -~ —~
Ay (A, s 1) = etAc/A e1=9)(40) Fols—DAcy g 4 (- DAeqy — g(p),
t

2This follows directly from the fundamental theorem of calculus.
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for t > ¢. Thus, it remains to show that there exists 7' > t such that CeT4cg(T") # 0.
Assumption 4.0.2 guarantees that there exists ¢ € R such that the observability matrix
On(C, Ao + ¢B) has full rank. Hence, for any ¢ € RV \ {0} there exists a t4 > t such that
Celateq £ 0. Since t — Cetdeq is analytic in t, Celaeq # 0 implies that it has only isolated
roots. Thus, for ¢ > tA, t— CetACg(t) is the composition of two analytic functions which
both have only isolated roots, and is therefore also analytic with isolated roots. Hence,
there exists T > £ such that Coy(A, Ge; T) = CeT4eg(T) # 0. O

Now, we can prove our main result, whose proof is the same as the one of Theorem 3.2.6,
in which Lemma 4.1.1 has to be used instead of Lemma 3.2.5.

Theorem 4.1.2 (positive definiteness of the GN matrix W, (bilinear systems))
Let Bo € RE be such that the matrices A(Bo), B € s0(N) and C € RP*N satisfy Assump-
tion 4.0.2. For K < N2, let B = {A1,...,Ag} C s0(N) be a set of linearly independent
matrices such that A, € span B, and let {u',...,u"} C U.q be controls generated by
Algorithm 3. Then the GN matriz W, defined in (3.19), is PD.

4.2 Positive definiteness of the GN matrix

As in Section 3.2.5, we show that if the GN matrix in B, is Plz,\then the same is true
locally, for all iterates B. of GN. We start by writing the matrix W (8) as a function of 3:

K
(W(B)ij =Y _(Coy(B, Ai,u™;T),Coy(B, Aj,u™T)), i,je{l,....K},  (4.6)

m=1

where 0y(8, A\, u; T) denotes the solution at time T' of

{5‘y<t> = (A(B) +u(t)B)oy(t) + Ay(1), 5y(0) =0, )

y(t) = (AB) +ut)By(t), y(0)=y".
Now, we want to prove the same positive definiteness result as in Lemma 3.2.11.

Lemma 4.2.1 (positive definiteness of W, (bilinear systems)) Let W,, defined in
(3.19), be PD and denote by o3, > 0 the smallest singular value of /V[Z). Then, there exists
§ :=6(0%) > 0 such that for any B € RE with ||B — Bo|l2 < 8, the matrix W(,B), defined as
in (4.6), is also PD.

Proof. Recalling the proof of Lemma 3.2.11, it is sufficient to show that the solution
Sy(B, A, u; T) of (4.7) is continuous in B. By [25, Proposition 3.26],3 we obtain continuity
of the map B — y(A(B),w; T) and analogously the continuity of 8 — dy(B8, A, u; T). O

Using the result from Lemma 4.2.1, we can directly prove our main result.

Theorem 4.2.2 (convergence of GN (bilinear systems)) Let B, € RX be such that
the matrices A(Bo), B and C satisfy Assumption 4.0.2, and let {u™}E _, C U,q be generated
by Algorithm 3. Denote by o the smallest singular value of Ws, defined in (3.19). Then

3This result is a special case of the implicit function theorem; see, e.g., [25, Thm. 3.4].
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there exists § = §(0r) > 0 such that, if B € RE satisfies ||Bx — Boll2 < 0, then GN for the
solution of (2.3), initialized with B, converges to By.

Proof. Theorem 4.1.2 implies that I//T\fo is PD, namely o > 0. As in the proof of Lemma
4.2.1, one can show that 8 +— R,,(B8), defined in (2.14), are Lipschitz continuously differ-
entiable in B for all m € {1,..., K'}. Thus, the result follows by Lemma 4.2.1. O

4.3 Local uniqueness of solutions

Let us study the local properties of the online reconstruction problem (2.3) around B..
We use the same approach as in the linear case, and start by rewriting problem (2.3) in a
matrix-vector form.

Lemma 4.3.1 (reconstruction problem in matrix form (bilinear systems))
Problem (2.3) the bilinear system (4.1) is equivalent to

min 7<ﬂ ﬁ*’ (ﬁ*vﬁ)(ﬂ_ﬁ*»? (48)

BERK 2
where we define W(ﬂ*,ﬂ) = Zi:l W (B, B,u™) € REXE,
[(W(Bx, B, u™)]ij := (CoYym(Bs, B, Aj; T), CoYm(Bs, B, Ai; T)), (4.9)
fori,j €{1,..., K}, and 0ym(Bx, B, A;t) solves

{a'y@) = (A(B.) +u™(t)B)dy(t) + Ay(t), dy(0) =0,
y(t) = (AB) +u™(t)By(t), y(0)=y".

Proof. Let J(B) = %Zfizl ICy(A(B),u™; T) — Cy(Ay,u™;T)||3. For t € [0,T] and m €
{1,..., K} define

(4.10)

Aym(t) :=y(A(B), v t) — y(Ax, u™;t). (4.11)

Then we have

Ay, (1)

(A(B) +u™(t)B)y(A(B),u™;t) — (A(Bx) + u™(t) B)y(As, u™; t)
= (A(Bs) + (t)B)Aym(t)+A(ﬁ—ﬂ*)y(A(ﬂ),um;t)
0Y(B: B, A(B — B),u™; ).

From (4.10) we get that 8y,,(Bx, 8, A; t) and dym(Bs, B, A;t) are linear in A. Thus

K
TB) = 5 S NCYn(D)3 = 5 3 |Coyn(B.. B, AB — £.): T3
m=1

3
Il

K K K
- % 3B BB = 5 (o B B, A T), (B B, A5 T))

5B =B W W (B, 8)(8 = By)),

which yields the equivalence of the problems (2.3) and (4.8). O
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Notice that the notations in (4.6) and Lemma 4.3.1 are related in the sense that W(ﬂ) =
W(,B,,B) Now, proceeding as in Section 3.2.6 and defining the set of all global solutions
Syiobat = {B € RE | (B — B.) € ker W(,B*,,B)}, we obtain the same local uniqueness of
the solution B, to (2.3), meaning that if W(ﬂ*) = W(,B*,ﬂ*) is PD, the same holds for
W(,B*,,B) when 8 is close to B.



Chapter 5

Analysis for general dynamical
systems

The LGR algorithm analyzed in the previous chapters only considers the linearized system.
Thus it does not have access to the full (nonlinear) dynamics and can only capture the
local characteristics of the considered system. Moreover, as we will show in Chapter 6,
standard GR can outperform LGR when S, is far from the solution. However, the analysis
of LGR allows us to better understand the local behavior of GR and prove that locally it
is capable to construct control functions that guarantee convergence of GN. This analysis
is carried out in Section 5.1. This is the first analysis of GR algorithms for nonlinear
problems. Afterwards, we discuss in Section 5.1.2 global convergence of GN for a specific
bilinear system.

5.1 A local analysis for nonlinear GR algorithms

This section is concerned with general nonlinear systems of the form

§(t) = f(A(Bo) + AWBL), y(1), u(b)),
plata(u) = Cy(A(Bo) + A(0By),w; T),

with the goal of reconstructing A(68+) = A, — A(Bo). Here, the shift of A, is considered
to perform a local analysis near A(B,). The goal is to prove convergence of GN for the
controls generated by the GR Algorithm 4 using a local analogy to the LGR Algorithm
3. Notice that there are a few differences between Algorithms 4 and 3. To derive a local
analogy between them, all operators from the set B = {A;,..., Ak} are shifted by A(B,).
Additionally, the fitting step problem (5.2) only minimizes over a compact set K C RF.
However, this is not restrictive since the set I can be chosen arbitrarily large.

We recall that, in order to obtain our main results for Algorithm 4, it is sufficient to
prove two points. First, that the fitting step (5.2) identifies the kernel of the submatrix

[Wo(k)]u: k+1,1:k+1]- Second, that for the initialization and each splitting step in Algorithm 4

47
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Algorithm 4 Nonlinear Greedy Reconstruction Algorithm

Require: A set of linearly independent operators B = {A;,..., Ak}, an (initial) operator A(B,) €
span B and a family of compact sets K; C R/, j =1,..., K — 1.
1: Compute the control u' by solving
ax [|Cy(A(Bo),u;T) — Cy(A(Bo) + A1, u; 7)|3- (5.1)
2: while k<K -1 do
3: Fitting step: Find 8 = (,Bf)jzl 1 that solves

.....

k
uin > ICY(ABo) + AW (B),u™; T) = Cy(A(Bo) + Awa,u™ T) 3, (5.2)
km:l

> k
where A®)(8) = S5 6,4,
4: Splitting step: Find u**! that solves

Jnax [|Cy(A(Bo) + AW (B"),w; T) — Cy(A(Bo) + Ayr,u; )5, (5.3)

5: Update k + k + 1.
6: end while

there exists at least one control for which the corresponding cost function is strictly positive
(making the submatrix [W§k+1)][1:k+1’1:k+1] PD).

To prove the fitting step result, we need some continuity properties of the argmin opera-
tor. For this purpose, we introduce the following definition of hemi-continuous set-valued
correspondences (see, e.g., [21, Chapter VL,§1]).

Definition 5.1.1 (hemi-continuity) Let X C R be an open set. A correspondence c :
X = R* 4s called upper hemi-continuous (u.h.c.) if for each xo € X and each open set
G C R¥ with c(x¢) C G there is a neighborhood U(zg) C X such that x € U(zg) =
c(x) C G. The mapping is called lower hemi-continuous (L.h.c.) if for each xy € X and
each open set G C RF with c(x9) NG # 0 there is a neighborhood U(zo) C X such that
r € U(xg) = c(x) NG # 0. Furthermore, ¢ : X = R¥ is hemi-continuous if it is u.h.c. and
l.h.c.

Using Definition 5.1.1, we can recall the Berge maximum theorem [7, Thm. 17.31].

Lemma 5.1.2 (Berge maximum theorem) Let X C R be an open interval. Let J :
RE x X — R be a continuous function and ¢ : X = R¥ be a hemi-continuous, set-
valued correspondence such that ¢(x) is nonempty and compact for any x € X. Then the
correspondence ¢ : X = R¥ defined by c(x) := argmin J(z; ) is u.h.c.

zEP(x)

We will also need the following technical lemma.

Lemma 5.1.3 (limit of set-valued correspondance) Let X C R be an open interval
with0 € X, andc: X = R¥ be a u.h.c. correspondence. Ifc(0) = {0}, thenlimy_,o c(z) =
{0} for any sequence ()32, such that limy_, x = 0.

Proof. Consider an arbitrary sequence (xj)3; with limy oz = 0, and let ¢(0) = {0}.
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It is sufficient to show that for any u > 0 there exists n, € N such that for all £ > n, we
have c(x;,) C BF(0). Let u > 0 and define G,, := B(0). Since ¢(0) = {0} and ¢ is u.h.c.,
there exists a neighborhood U,(0) C R such that ¢(z) C G, for any x € U,(0). Since
U,(0) is an open neighborhood of 0, there exists &, > 0 such that (—&,,&,) C Uy(0). Since
limy_, o0 z = 0, there exists n, such that for all & > n,, we have xp € (=&, &) and hence
c(xy) C BE(0). O

To use Lemmas 5.1.2 and 5.1.3, we make the following assumptions.

Assumption 5.1.4 Let k€ {1,..., K — 1} and define
(B A1) - Z ICY(A(Bo) + AW (B),u™; T) — Cy(A(Bo) + Agsr,u™; T)|[3.

o If || Ary1ll2 is small enough, then there exists a B* = B¥(Ajy1) that solves (5.2) with
Jk(ﬂk; Ak—i—l) =0.

e There exists v > 0 such that BE(0) C Ky, and arg ming g Jx(B;0) = {0}.

The first point in Assumption 5.1.4 guarantees that locally near A(B,), for ||Ag+1/|2 small
enough, one can solve (5.2) making the cost function zero, meaning that one can find a
linear combination of the first k£ elements for which the final state cannot be distinguished
from the k& + 1-th element by any of the & computed controls. On the other hand, if the
minimum function value is strictly positive, then there already exists a control in the set
{u,,}* _, that discriminates (splits) these two states.

The second point in Assumption 5.1.4 ensures that {0} = argmin{.J;(8,0) | B € BE(0)}.
If this was not true, then for any v > 0, the ball B%(0) would contain infinitely many
B € R¥\ {0} satisfying Ji(B,0) = 0. Hence, for an infinite number of linear combinations
in the set {A4,..., A}, the corresponding states could not be distinguished by any of the
previously selected controls. This implies that one of the previous splitting steps was not
successful, which contradicts what we assume to reach iteration k.

Now, we can show that the local nonlinear fitting step problem (5.2) is able to identify the
kernel of the submatrix [ng)][1:k+1,1:k+1]» if it is non-trivial.

Theorem 5.1.5 (nonlinear GR fitting step problems) Letk € {1,...,K} and let B*
be a solution to (5.2). If ||Agt1ll2 s sufficiently small and Assumption 5.1.4 holds, then
BF solves (2.24) with % _ |Coyo (AP (BF),u™; T) — Coyo(Asi1,u™; T)|3 = 0.

Proof. Let Apyq = 6kgk+1, where 0, = ||Ag41]]2 and HngHg = 1. Now, define fk(ﬂ, o) ==
Jk(B, 5kﬁk+1) The first point of Assumption 5.1.4 implies that there is a dx > 0 such that
jk(ﬂ 0r) = 0 for all |og] < 5k Thus, Lemma 5.1.2 guarantees that ¢ : (—gk,gk) =
R cx(6) = arg mmﬁe,ck Je(B; 0) is wh.c.! According to the second point of Assump-
tion 5.1.4, ¢x(0) = 0 is an isolated solution of (5.2). Hence, the upper hemi-continuity of
cr guarantees that for 6, — 0 we have 8% — 0 for any corresponding solution B* = B¥(8;)

!Note that, in this setting, the correspondence ¢ : (—Sk, Sk) = R* mentioned in Lemma 5.1.2 is defined
as ¢(z) = Ky for any z € (—dk, dx) with Ki compact, and is therefore hemi-continuous.
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of (5.2). Now, let m € {1,...,k}. If Jo(B%:0;) = 0, then
Cy(A(Bo) + AR (BF) u™, T) — Cy(A(Bo) + pApir,u™; T) = 0. (5.4)

We define g(8) := Cy(A(B),u";T). Since f(A,y,u) in (2.1) is assumed to be differentiable
with respect to A and y, we obtain that the map A +— y(A,u;T) is differentiable with
respect to A by the implicit function theorem (see, e.g., [30, Thm. 17.13-1]). Hence,
Cy(A(B),u;T) is also differentiable with respect to . By Taylor s theorem, we get g(,Bo

v) = 9(Bo) +¢'(Bo)(v) + O(|[v]|3) for v € R*. Defining B* and 8, as B+ := [B%,0,--- ,0]T €
R* and 8y, :=[0,---,0,8%]" € R¥ we can rewrite (5.4) as

0= g(Bo +BF) — g(Bo +8ks1) = 9'(B)(BF) — ¢'(Bo) Bk 1) + O(IBHII2) + O(I5k ).
Since ¢ (Bo)(BF) = Coyo (AW (%), u™; T) and ¢'(Bo) B 11) = Coyo(Sk A1, u™; T),
0 = Coyo (AW (BF), 4™ T) — Cyo(OpApsr, ™ T) + O(IBF|3) + OIS (5.5)

(
Since B*¥ = B¥(6;) — 0 for 6 — 0, we know that all four terms vanish for §; — 0.
?

However, O(|0x|?) converges faster than Coyo(0x A1, w™;T) and O(||8||3) faster than
Coyo(AF) (BF), u™; T). Hence, (5.5) can only be true for 6, — 0 if
Coyo(A®) (BF), u™; T) — Coyo(dpAgy1,u™; T) = 0 for §; small enough, which is equiva-
lent to Coyo (AR (B%),u™; T) — Coyo(Apy1,u™;T) = 0 for ||Api1 |2 sufficiently small. [

Let us now comment about the assumption on ||Ag11]|2. The goal of this section is to prove
a local result around the approximation A(B,). Since the map B — A(B) is linear, the
terms A(Bo) + A®)(BF) and A(B.) + Apy1 are perturbations of A(B,). These are clearly
used in the proof of Theorem 5.1.5. In order to remain close to A(B,), we require that the
basis elements Ay,q are sufficiently small. However, this is not a restrictive assumption
since it can be interpreted as a simple rescaling of the operators Ay, ..., Ax, which are only
required to be linearly independent. Thus, the sufficiently small assumption of || Agy1||2 has
to be understood in the sense that one has to perturb A(8,) by stepping in direction of the
(linearly independent) element Ay,i. However, the length of the step must be sufficiently
small to remain in a neighborhood of A(B,) (related to the Taylor expansion used in the
proof of Theorem 5.1.5).

Regarding the initialization and splitting-step result, we make now the assumption that
there always exists a control that makes the corresponding cost function value strictly
positive, and discuss specific cases where this assumption holds.

Assumption 5.1.6 Let k € {1,..., K — 1} and B* € R¥ be the solution of (5.2). There
exists a solution uFt' € Uyg to (5.3) that simultaneously satisfies

ICY(A(Bo) + AW (%), uM* T) — Cy(A(Bo) + Apsr,u™ 5 T)[3 > 0, and (5.6)
1C3yo (AW (%), u" 1 T) — C5yo(Ak+1,uk+1;T)H2 > 0. (5.7)
Let (5.6)-(5.7) also hold for a solution u' € Uyq to (5.1) with k =0 and B° = 0.

In Theorem 5.1.10, we will investigate Assumption 5.1.6 for the two settings considered in
Section 3.2 and Chapter 4. Now, we state a result relating Algorithms 3 and 4.
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Theorem 5.1.7 (positive definiteness of the GIN matrix W, (general systems))
Consider the general setting of (2.1) with {Ai1,...,Ax} linearly independent such that
|Agll2 is small enough for all k € {1,...,K}. Let {u™}E_, C Uuy be generated by Al-
gorithm 4 such that Assumption 5.1.4 holds for all k € {1,...,K — 1} and u"™ satisfies
Assumption 5.1.6 for allm € {1,...,K}. Then W, is PD.

The proof of Theorem 5.1.7 is similar to that of Theorem 3.2.6 and is omitted for brevity.

In the Sections 5.1.1 and 5.1.2 we discuss Assumption 5.1.6 for linear and bilinear systems
and for a general class of nonliner systems, respectively.

5.1.1 Linear and bilinear control systems

In this section, we discuss Assumption 5.1.6 in the settings of Section 3.2 and Chapter 4.
First, we require the following result from [71, p. 1079].

Lemma 5.1.8 (on analytic functions in Banach spaces) Let X,Y denote real Ba-
nach spaces and B.(x) C X the open ball with center x € X and radius r > 0. For
an open set D C X, let the functions f,g : D — 'Y be analytic. If there exist vy, x4 € D
such that f(xf) # 0 and g(xy) # 0, then for any x € D and any r > 0 there exists a
T € Br(xz) C D such that f(z) # 0 and g(x) # 0.

We also require the following result about the analycity of control-to-state maps, which
follows directly from the implicit function theorem (see, e.g., [71, p. 1081]).

Lemma 5.1.9 (analycity of control-to-state maps) Consider system (2.1) and define
the map ¢ : U XY — Z as c(u,y) = [ — f(A,y,u),y(0) —y"], where U is the Hilbert
space of control functions, Y is the (Banach) space, where solutions to (2.1) lie, and Z is
a Banach space. If c is analytic in w and y, (2.1) has a unique solution y = y(u) € Y
such that c(y(u),u) = 0 for each u € Uy C U and the linearized state equation oy =
Sy [ (A y(u),u)(dy) — ¢ with 6y(0) = ¢° is uniquely solvable for any [p,¢°] € Z, then the
control-to-state map L : Uyqg — Y,u — y(u) is analytic. If the solution space Y is such that
the evaluation map St : Y — RN,y s y(T) is linear and continuous, then also the map
S Upg — RN u v (y(u))(T) is analytic.

Proof. First, we prove that the control-to-state map L : U,y — Y,u — y(u) is analytic.
This follows directly from the implicit function theorem [71, p. 1081] if we can show that
the map Dyc(u,y) is an isomorphism of Y on Z for any pair (u,y) C U x Y such that
y is the unique solution to (2.1) for u, i.e. c(u,y) = 0. Since Dyc(u,y)(0y) = ¢, which
is equivalent to oy = Syf(A,y,u)(dy) — ¢ with dy(0) = ¢°, admits a unique solution
by € Y for any [p,¢°] € Z, Dyc(u,y) is bijective and hence an isomorphism of Y on
Z. Tt remains to show that also the map S : Uyg — RN u +— (y(u))(T) is analytic.
Consider an arbitrary ug € U,q. Since the control-to-state map L is analytic, there exist (by
definition, see, e.g., [71, p. 1078]) ¢-linear, symmetric and continuous maps ay : (Uyq)? —
RN (u1,...,up) > ag(ui, ..., u) such that y(u) = 32, as(u—up)’. Now, define the maps
be : (Uaa)® — RY as by(u)’ := (ap(w)?)(T), meaning that > ;2 be(u — up)’ = (y(uw))(T).
Since St : Y — RN,y — y(7T) is linear and continuous, the maps by are ¢-linear, symmetric
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and continuous. Thus, the map S : Uyg — RN u — (y(u))(T) = >_02, be(u—uo)* is analytic
by definition. O

In our case, we consider U = L2(0,T; RM) in the linear setting and U = L?(0, T;R) in the
bilinear setting, Y = H'(0,T;R") and Z = L?(0, T;R") x RY. Then, the assumptions in
Lemma 5.1.9 on the ODE system and its linearization are satisfied for (3.17) and (3.18) in
the linear setting, and for (4.1) and (4.2) in the bilinear setting.? Notice that all solutions
lie in H'(0,T;RY) € C(0,T;RYN) (see, e.g., [30]), which implies that the evolution map
Sy HY(0,T;RY) — RN y + y(T) is also linear and continuous. Now, we can prove our
main result.

Theorem 5.1.10 (analysis for linear and bilinear systems) Consider the linear set-
ting (3.17) or the bilinear setting (4.1). Assume that the systems are sufficiently observable
and controllable, i.e., fully observable and controllable in the linear case, and satisfying
Assumption 4.0.2 in the bilinear case. If ||Ags1ll2 s sufficiently small, then the set of
controls in Uyq that satisfy (5.6)-(5.7) in Assumption 5.1.6 is nonempty.

Proof. For brevity, we denote Ag := A(B,) + AR(BRY AL = A(Bo) + Aptr, ypu;t) :=
y(Ag,u;t) and y(ust) :=y(A;,u;t). We start with the linear setting (3.17) from Section
3.2. First, we derive observability and controllability properties for the systems (A4, B, C)
and (Ag, B,C). Denote by o > 0 the smallest singular value of On(C, A(B,)). Let k €
{1,..., K} and B* € R* be the solution of (5.2) for ||Ax1]|2 > 0 sufficiently small such that
|ON(C,A(Bo))—On(C, AL )||2 < 0. From the proof of Theorem 5.1.5, we obtain that also
B* can be assumed to be sufficiently small such that |On(C, A(Bo)) — On(C, Ag)|l2 < 0.
Now, Lemma 3.2.10 guarantees that

rank(On(C, Ay)) = rank(On(C, Ag)) = N.

Using the same argument for the rank of the controllability matrices, we obtain that the
systems (A, B,C) and (Ag, B, C) are fully observable and controllable.

Next, we consider the state of the difference 2(t) = y(Ay,u;t) — y(Ag,u;t) with 2 =
Aiz+ (Ay — Ag)y(Ag,u;t). Since Ay # Ag, there exists v € RY such that (A — Ag)v #
0. Recalling that (Ag, B) is controllable, we can find u;, for any t; € (0,77 such that
yp(us,; ) = v and therefore (A — Ag)yg(us,;t1) # 0. We define

i(s) = {utl(s), for 0 <s < ty,

c, for t1 < s <T,

where ¢ € RY is chosen later. For t > t{, we have

t

2(t) = et A45(1)) + / e (A, — Ag)yg(w; s)ds.
t1

Now, we define

3(t) = e A (1) = () + / -9 (At — Ag)ys(u; s)ds. (5.8)

t1

2Existence and uniqueness of all solutions y, 6y follow by Carathéodory’s existence theorem (see, e.g.,
[67, Thm. 54] and related propositions). For u € L?(0,T;RM) in the linear and u € L?(0,T;R) in the
bilinear setting, we obtain ¢, dy € L?(0, T;RY) and thus y, sy € H'(0, T;RY).
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Notice that for s > t1, the terms e(*1=%)4+ and yp(u;s) = els=t)4py 1 IN e(s=7)48 Beds are
continuous in s. Since exponential matrices are invertible (see, e.g., [49, pag. 369, 5.6.P43])
and z(t1) is independent of ¢, there exists a ¢ > ¢; such that

t
2(t1) + / e (A, — Ag)yg(a; s)ds # 0

t1

and thus z(t) # 0. Using (5.8), we obtain
> — ) .
Ca(t) = Cel=W A5 () = 3 MCA?@(?S). (5.9)

The observability of (A, B,C) guarantees the existence of i € {0,..., N — 1} such that
CAYZ(t) # 0. We have (=0) 5 0 for ¢ > ¢, and all summands in (5.9) converge to zero

2!

at different rates. Hence, there exists ¢ > ¢; such that Cz(t) # 0. Since t; € (0,T] was
chosen arbitrarily, we get Cz(7T") # 0 and thus Cyg(u;T) — Cy4(u; T) # 0.

Regarding the linearized system (3.18), we have already shown in Lemma 3.2.5 that there
exists an u € Uyg such that Coy, (AR (B%),u; T) — Coyo(Apy1,w; T) # 0.

Finally, the maps S, S5 : L*(0, T;RM) — RV, S(u) := Cyg(u;T) — Cy4+(w; T), Ss(u) :=
Coyo(A®) (BF), u; T) — Cdyo(Ajy1,w; T) are analytic by Lemma 5.1.9. Using Lemma 5.1.8,
we obtain the existence of an u € Uyq such that Cy(Ag,w;T) — Cy(A;,u;T) # 0 and
Cbyo (A (BY),u;T) — Coyo(Aps1,u; T) # 0.

Now, let us consider the bilinear setting (4.1) from Chapter 4. First, we derive the ob-
servability and controllability properties for the systems (A4, B,C) and (Ag, B,C) from
Assumption 4.0.2. Similar to the prove for the linear setting above, one can show that
Assumption 4.0.2 holds for (44, B, C) and (Ag, B,C) if || Ag+1]2, and thereby also ||8*]|2,
is small enough.

Next, we want to show the existence of a control u € L?(0, T;R) such that Cy(Ag,u; T) #
Cy(Ay,u;T). We consider the state z(t) = y(Ay, u;t) —y(Ag,u;t) with

5(t) = (A4 +u(t)B)z(t) + (Ay — Ag)y(Ag, ust).

Since Ay # Apg and the system (Ag, B,C) is controllable for ¢ > 0 large enough, there
exists a control u and a time ¢; > 0 such that (A, — Ag)y(Ag,u;t1) # 0. We define

~ , for 0 <s <t
i(s) = U8 for0ss <t (5.10)
c, fort1 <s<T,
where ¢ € R is to be chosen later. For ¢ > 1, we obtain
¢
2(t) = et (AsteB) (1) 4 / et=9)ArteBY (AL — Ag)y(Ag,U; s)ds. (5.11)
t1
Now, we define

t
3(t) = e A +eB) 31y — 2(4) + / eli=)(AeteB) (AL — Ag)y(Ag,u;s)ds.  (5.12)

t1
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Notice that, for s > t;, the terms e(f1=5)(A++cB) anq y(Ag,u;s) = eS(Aﬁ+°B)y(A5, u;ty) are
continuous in s. Since exponential matrices are invertible and z(¢1) is independent of ¢,
there exists a t > t; such that

t
2(t1) + / et1=9)(AeteB) (A — Ag)y(Ag, T; s)ds # 0
t1

and hence z(t) # 0. Using (5.12), we obtain

~ — (t —t1)7 -
Cz(t) = CelmMAHeBIZ (1) = #C(m + ¢B)Z(t). (5.13)
- J:
J=0
By the third point in Assumption 4.0.2, there exists a ¢ € R such that On(C, A4 + ¢B)
has full rank. This implies the existence of an i € {0,..., N — 1} such that

C(Ay + cB)'Z(t) # 0.

Since (t_z%)z > 0 for ¢ > 1, and all terms of the sum in (5.13) converge to zero for ¢t — 0

at different rates for different j, there exists ¢ > t; such that Cz(t) # 0. By analycity of
Cz(t) in T and ¢, we obtain Cy(Ag,u;T) # Cy(A+,u;T) for T sufficiently large.

Regarding the linearized system (4.2), Lemma 4.1.1 implies that there exists au € L?(0,T;R)
such that Coyo (AR (BF), u; T) # Coyo(Apy1,u;T).

By Lemma 5.1.9, the maps S,Ss : L%(0,T;R) — RY, defined by S(u) := y(A,u;T),
Ss(u) := 0yo(A,u; T) are analytic. Using Lemma 5.1.8, we obtain the existence of an u €
U, such that Cy(Ag,u; T) # Cy(Ay,u; T) and Coyo (AR (BF),u; T) # Cdyo(Aps1,u; T).

O]

Remark 5.1.11 Notice that we did not prove exactly Assumption 5.1.6 in Theorem 5.1.10,
but only the existence of a general control w € U,q that satisfies (5.6)-(5.7). However,
this implies that any solution u*! to (5.3) always satisfies (5.6). Additionally, we recall
from the proof of Theorem 5.1.10 that the maps S,Ss : L*(0,T;RM) — R, defined by
Su) :=y(A,u;T), Ss(u) := 0yo(A,u;T) are nonzero. Thus, we obtain by Lemma 5.1.8
that any neighborhood of uF*' can contain only isolated controls not satisfying (5.7), and
infinitely many w that do satisfy (5.7). Thus, it is rather unlucky to choose an u**! not
satisfying (5.7). On the other hand, one can also add inequality (5.7) as a constraint to
(5.3) to ensure that both inequalities are met by u*+1.

As a consequence of Theorems 5.1.7, 5.1.10 and Remark 5.1.11, the controls generated by
Algorithm 4 for (3.17) and (4.1) make the GN matrix W,, defined in (3.19), PD under
certain assumptions. Thus, the results from Sections 3.2.5 and 4.2 imply that GN for the
reconstruction problems (3.29) and (2.3), initialized with B, converges to B.

5.1.2 A general class of nonlinear systems

Now, we focus on a class of more general nonlinear systems and prove our second main
result, which is analogous to Theorem 5.1.10. These systems (of the form (2.1)) are char-
acterized by a function f of the form f(A,y,u) = ¢g(y) + Au, and thus have the form

y(t) = g(y()) + A(Bou(t), te[0,T], (5.14)
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where y(t) € RN, N € N. We make the following hypotheses.

Assumption 5.1.12 (on the system (5.14)) The initial state is y(0) = 0. The function
g is in CLH(RY RY) and satisfies g(0) = 0.2 Additionally, g is Lipschitz continuous with
Lipschitz constant L. The approzimation of By is given by Bo = 0. The state y(T') can be
fully observed, meaning that the observer matriz is the identity: C = I € RV*N,

Assumption 5.1.12 and A(B, = 0) = 0 imply that the linearized equation in B, = 0 is
Yo (t) = ¢'(yo(1))dyo (t) + A(B)u(t), dy(0) =0,
Yo(t) = 9(o(1)),  9-(0) = 0.

Using that y,(0) = 0 and ¢g(0) = 0 from Assumption 5.1.12, we get yo(t) = 0 for all
t € [0,T], and thus

0y, (t) = 9'(0)0yo (1) + A(B)u(t).

Now, we show that there exists a control satisfying inequality (5.6) in Assumption 5.1.6. For
this purpose, we introduce the notation A := A®)(BF)— A1, yg(t) == y(AR) (B, ukt1: 1),
Yir1(t) = Y(Apr1, w5 1), and Ay(t) := yp(t) — yr+1(t). Then, Ay(t) satisfies

Ay(t) = g(yp(t)) — gyr+1 (1) + At (1), Ay(0) =0. (5.15)
By multiplying (5.15) with A’u,kﬂ(t), and using the Lipschitz continuity of g, we get
| A ()13 = (b (1), Ay(e) + (A8, gy (1) — 9(ys(1)))
< At @) (1 8y (1) 2 + LI Ay ).
where we used Cauchy-Schwarz and triangle inequalities. Thus, we obtain
[Au* 1 (6)[l2 < Ay (D)2 + L] Ay(t)]|2- (5.16)

Since AK) (,Bk) and Ay are linearly independent, we have that A # 0. Thus, there exists
v € RM such that Av # 0. Now, we define the control

o (1) = {0, telo,7),

for an arbitrary 7 € (0,7). By (5.16) it holds that
18y (@)l + LI Ay (D)2 = || Auy . (t)]|2 > 0

for all ¢ > 7. Recalling that C' = I by Assumption 5.1.12, if ||Ay(T")|2 > 0, the first
inequality (5.6) is satisfied and we could move to inequality (5.7). Thus, assume that
|Ay(T)||2 = 0. Then ||Ay(T)||2 # 0 and therefore |Ay(T — n)|ls # 0 for some 5 > 0.
Notice that 7 is independent of 7. Since Ay(t) = 0 for t € [0,7), we can simply shift 7
by 1, namely considering uy -4y, to obtain ||Ay(T)||2 > 0. In conclusion, we have found a
control, namely u**! = w, ., satisfying (5.6).

3The first two hypotheses imply that the system with 4 = 0 has an equilibrium point at zero.
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Now, we show that u** = u, ,, satisfies (5.7) in Assumption 5.1.6 as well. To do so, let
Ays(t) := dyo (AR (BF), ub*1: 1) — Sy, (Agr1, uF1;t), which clearly satisfies

Ays(t) = g'(0)Ays(t) + AurH(t),  Ays(0) = 0.

Now, since AuFti(t) = Euv77+n(t) + 0 for t € [T 4n,T), thus Ays(T +n) # 0. Hence, since
t — Ays(t) is continuous, there exists an 77 > 0 such that 7+7 € (7+n,T] and Ays(t) # 0
for all t € (1 +n,7+1n]. If Ays(T) # 0 we proved our claim. Thus, we assume that
T+1n < T and Ays(T) = 0. In this case, we can use the fact that 7 is arbitrary and choose
it to shift the interval (7 +mn, 7 +7] in order to get that T € (7 +n, 7+ 7). This implies that
the control u**! = u, ;4 satisfies both inequalities (5.6) and (5.7) in Assumption 5.1.6.

We summarize our findings in the next theorem (analogue of Theorem 5.1.10).

Theorem 5.1.13 (analysis for systems of the form (5.14)) Consider system (5.14)
and let Assumption 5.1.12 hold. Then the set of controls in Uyq that satisfy both (5.6) and
(5.7) in Assumption 5.1.6 is nonempty.

Remark 5.1.14 Theorem 5.1.13 is an alternative convergence proof for the linear setting
considered in Section 8.1, where the unknown is the control matrixz. However, it does not
cover the setting of Section 3.2, where the unknown is the drift matriz. Moreover, as in
Remark 5.1.11, Theorem 5.1.183 does not exactly prove Assumption 5.1.6, but rather that
there exist controls that simultaneously satisfy (5.6) and (5.7). On the other hand, the map
u = Ays(T) = 0yo (AR (BF), u; T) — 6yo(Aps1,u; T) is analytic by Lemma 5.1.9, and the
map t — Ays(t) is (at least) continuous. In this case, the control functions u that violate
stmultaneously (5.6) and (5.7) are isolated points. Therefore, it is theoretically possible but
also very unlikely that the solutions u**' to the nonlinear splitting step problem (5.3) do
not satisfy (5.7) in Assumption 5.1.6.

5.2 Global convergence in a specific case

In the previous sections, we discussed the performance of the GR algorithm on the local
convergence of GN for the online reconstruction problem. In the context of inverse problems
for nonlinear ODEs, global convergence can generally not be expected, independently of
the method used to generate control functions or data. A sufficient condition for the
global convergence of GN applied to such problems is strict (global) convexity of the online
reconstruction problem (2.3). Thus, if GR can produce controls making the cost of (2.3)
strictly convex, then GN (or other optimization solvers) exhibits global convergence. One
example, where strict convexity can be proven under certain assumptions, is given by
the linear-quadratic setting discussed in Section 3.1. In what follows, we discuss global
convergence (convexity) for a specific case of a bilinear system.

The goal is to reconstruct a matrix A, = f, 141 + Bi242 € R2%2 of the system
y(t) = u(t) Ay(t), tel0,T], y(0) =y’ (5.17)
where T'= 1. Assume that

y0: |:é:|7 ﬂ*:,BO: |:8:|a A1: |:é _01:|a A2: |:? (1):|
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We also assume that we can observe the full state y(7), i.e., C = I € R?*2. We consider
that Uyq is a set of constant controls that are bounded in absolute value by 1, i.e., u(t) =
u € Uyqg = [—1,1]. Thus, the solution to (5.17) can be written explicitly as

y(B,u;t) = e ABy0.

Hence, the corresponding online reconstruction problem (2.3) reads as

2
min J(B) 1= Y _ [|elm(Frartfada))y0 _ gumAag02. (5.18)

2
BeR m=1

uAy

Since A, is zero, we have e%4+y? = 9%, Using the expressions for A; and Ay and the result

[22, Cor. 2.3], one gets

eu(ﬁl A1+B242)

WO [Iﬂlwosh(llﬂllzw+ﬁlsinh(llﬂllzu)}
18112 P2 sinh([|B]|2u) ’

for B # 0. Thus, by a direct calculation, we can write the cost function J in (5.18) as

2

JB) =) (Cosh(II/J’Ilz»um)2 +sinh([|8]|2um)? — 2 cosh([|Bl2um)

m=1

21 sinh(]|B||2tm)
18]l

with J(0) := 1131{‘% J(B) = 0. Assume now that u; = —1 and up = 1. Changing the variable

(cosh(|Bllztm) = 1) + 1))

to = ||B|2, and using that sinh(—xz) = — sinh(z) and cosh(—xz) = cosh(z), we get
J(B) = 2 cosh(|[Bll2)* + 2sinh(||B|2)* — 4 cosh(||Bl|2) +2 =: J(z = ||B|2)-

Thus, we have
J"(x) = 8 cosh(z)? + 8sinh(z)? — 4 cosh(z).

Since cosh(z) > 1 and sinh(z) > 0 for > 0, it holds that J”(z) > 0 for z > 0. Therefore,
J is strictly convex. Hence, a sufficient condition for global convergence of GN is that our
proposed methods select the two controls u; = —1 and ug = 1 (or u; = 1 and ug = —1).
Notice that, if only one control is used among 1 and —1, then J is not convex.

Let us now study the GR algorithm. The initialization problem is given by

max Jr(u) := [y’ — ey,
we[—1,1]
One can show that Jr(u) = (exp(u) — 1)2, which attains its unique global maximum

at v = 1. Thus, assuming that the splitting-step solver converges to the unique global
maximizer, GR will choose u; = 1. Let us now consider the fitting step problem

min Jp(8) = [l Phy? — e Ay,
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Direct calculations show that

Jr(B) = e2® — 2cosh(1)e” + cosh(1)? + sinh(1)?,
Je(B8) = 2eP(e? — cosh(1)).

Clearly, Jp(log(cosh(1))) = 0 and J(3) is negative for 8 < log(cosh(1l)) and positive
for § > log(cosh(1l)). Since it is continuous in 0, Jp has a global minimum in §; :=
log(cosh(1)). Now, consider the splitting step:

Jmax Js(u) = ey — ey (5.19)

Proceeding as before, one can show that (5.19) has a unique global maximizer given by
u = —1. Thus, assuming again that the splitting step solver converges to the unique global
maximizer, GR will choose us = 1.

In conclusion, GR chooses u; = 1 and us = —1, making the online reconstruction problem
(5.18) strictly convex and hence leading to global convergence of GN.

The above example is very instructive. On the one hand, as we are going to see, it can be
used to reveal some properties (and weaknesses) of GR. On the other hand, it is straightfor-
ward to carry out similar calculations to compare GR, LGR and OGR. These calculations
(omitted here for brevity) lead to the following remarks.

The above results about GR for the specific case (5.17) depend heavily on the order of
the basis elements A; and As. If one repeats the calculation with the order of A; and As
reversed, then the initialization problem has two global maximizers at ©w = +1. Indepen-
dently of which of these is chosen, the fitting step has two global minimizers. Each of them
leads to a splitting step problem having two global maximizers located again at u = +1,
independently of the chosen value in the initialization step. Thus, even if one assumes
that the optimizations solvers used for initialization, fitting and splitting steps converge
to global (maximum/minimum) points, it can happen that the control computed at the
splitting step is equal to the one obtained at the initialization step, making the cost of the
online reconstruction problem not convex. The importance of the ordering of the elements
in B was already discussed in detail in Section 3.1 for the reconstruction of the control
matrix B in case of linear systems. This was exactly the motivation for designing OGR. In
fact, if one repeats the above calculation for OGR, the two controls ©w = 1 and v = —1 are
always obtained, independently of the ordering of A; and As. Finally, for LGR one can
show that, independently of the ordering of A; and As, it can happen that the controls
computed at the initialization and splitting steps are equal, leading to a non-convex online
reconstruction problem. The reason is that the linearization process does not allow to fully
capture the dynamics of the system. This is also apparent in the numerical experiments
in the next chapter.



Chapter 6

Numerical experiments for linear
and bilinear systems

We study efficiency and robustness of the GR and OGR algorithms by direct numerical
experiments. In Section 6.1, we consider the reconstruction of a drift matrix. In Section
6.2, we address a Hamiltonian identification problem, as discussed in [57]. In Section
6.3, we focus on a multi-spin reconstruction problem. All fitting-step problems in the
GR algorithms are solved by the standard MATLAB function fminunc that uses a BFGS
(Broyden, Fletcher, Goldfarb, Shanno) descent-direction method (see [28, 37, 43, 65]) with
a cubic line search procedure.! All splitting-step problems are solved by a projected BFGS
descent-direction method with an Armijo line search (see, e.g., [51, Section 5.5.3]). The
online reconstruction problems are solved by GN.

6.1 Reconstruction of drift matrices

We consider system (3.17) with (full rank) randomly generated matrices A, B, C' € R3*3,
The final time is 7 = 1 and the initial value is y° = [0,0,0]". For the set of admissible
controls U,y we use box constraints, i.e.

Uga = {u € L*(0,T;R?) | |u;(t)] <100 a.e in (0,T),j = 1,2,3}.

First, we study the algorithms for system (3.18). This is obtained by linearizing (3.17)
around two different A,, which are randomly chosen approximations to A,, one with 1%

and the other with 10% relative error, meaning that, e.g., % = 0.01 for the one

with 1% error, where || - || is the Frobenius norm. The LGR Algorithm 3 is run for two
different choices for the basis B: the canonical basis of R3*? and a basis consisting of 9
randomly generated (linearly independent) 3 x 3 matrices. LGR is also compared with
OLGR, which is run with a set of 18 matrices, namely, the 9 canonical basis elements and
the 9 random matrices. The controls generated by the respective algorithms are then used

'Notice that we implicitly assume that the set K in the nonlinear GR Algorithm 4 and its optimized
version is chosen large enough such that the BFGS method never reaches the boundary of K.
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Figure 6.1: Percentage of runs that converged to A, initialized by randomly chosen vectors
on a sphere with radius r, for controls generated by LGR and OLGR for 1%
(top left) and 10% (bottom left) relative error between A, and Ao, and GR
and OGR with (bottom right) and without the shift by A, (top right).

to reconstruct the matrix A, by solving the online least-squares problem (2.3) with GN. To
test the robustness of the control functions, we consider a nine-dimensional sphere centered
in the global minimum A, and with given relative radius r, and repeat the minimization for
1000 initialization vectors randomly chosen on this sphere. We then count the percentage of
times that GN converges to the global solution A, = A(B) up to a tolerance of T'ol = 0.005
(half of the smallest considered radius), meaning that W < Tol, where Beomp
denotes the solution computed by GN. Repeating this experiment for different radii of the
sphere, we obtain the results reported in Figure 6.1. All control sets make GN capable
of reliably reconstructing the global minimum A, up to a relative radius » = 2, which
corresponds to a relative error of 200%. This demonstrates that the choice of the basis is
not crucial for fully observable and controllable systems. However, OLGR is able to reduce
the number of controls down to 3 and still outperforms any set of 9 controls generated by
LGR, while staying reliable up to a relative error of 250%. Thus, OLGR is able to compute
a better basis and to omit unnecessary controls.

Next, we repeat the same experiments for GR and OGR. However, we replace the case
for the approximation A, with a relative error of 1% by A, = 0. This effectively removes
the shift and makes the algorithm independent of the choice of A,, which is the version of
the algorithm considered in [57] and [1]. We obtain the results shown in the two panels
on the right in Figure 6.1. The performance of the control sets is similar to the ones for
the linearized system, with an increase in performance for GR with the canonical basis,
without the shift by A., and a decrease in performance for GR with the random basis and
an A, that has a 10% relative error with respect to A,. As in the linearized setting, OGR
is able to reduce the number of controls to 3 and still outperforms any set of 9 controls
generated by LGR.
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Figure 6.2: Percentage of runs that converged to u, € C3*3 initialized by randomly chosen
vectors on a sphere of radius r, for controls generated by LGR and OLGR for
1% (top left) and 10% (bottom left) relative error between p, and po, and GR
and OGR with (bottom right) and without the shift by . (top right).

6.2 Bilinear reconstruction problem

Similar to [57], we consider a Schrodinger-type equation, written as a real system as in
(4.5) with matrices

40 0
H=Hp=10 8 0],
0 0 16
—0.3243 —3.4790 + 0.7359 —0.5338 + 1.92544
[y = | —3.4790 — 0.7359i —3.8342 —1.1697 + 2.0256i
—0.5338 — 1.9254i —1.1697 — 2.0256i 1.0551

The final time is 7 = 107 and the initial state is 9o = [1,0,0]". The observer matrix
is C = [¢1,11], which means that the final state is measured against the fixed state
P = %[1,1,1]? For U,; we use the box constraints |u(t)] < 1. Again, we consider
two bases, each consisting of 9 elements: the canonical and a random one for the space of
Hermitian matrices in C3*3. We then perform the same experiments as in Section 6.1. The
results are reported in Figure 6.2. We observe that the radii, up to which the control sets
make GN capable of reliably reconstructing the global minimum, are much smaller than
for the linear setting in Section 6.1. When the initial relative error between o, = u(8,)
and p, = p(By) is very small (1%) then LGR and OLGR have the most stable performance
regarding the choice of the basis, making GN capable of reliably reconstructing the global
minimum u, up to a relative error of 4 — 5%. However, when the initial relative error is
larger (10%) then only the LGR algorithm for the random basis can keep its performance,
while even OLGR fails at errors of over 1%. The results for OGR, on the other hand, show
the best performance, with and without a shift by p,. The controls generated by the GR
algorithms can not match OGR or LGR and OLGR for small initial errors, but are still
more stable with respect to larger initial errors.
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Figure 6.3: Same as Figure 6.1 but for the experiments of Section 6.3.

6.3 Multi-spin (/multi-qubit) reconstruction problem

Let us consider the case of a 3-qubit system. We use the 64-dimensional real representation
of the Liouville master equation (compare, e.g., [25, Section 2.12.1]):

6
§(t) = (A +ul®) Y Bu)y(®), te(0.7), )=y

n=1

where A, = 27 Z§:1 wmzzl\i + 27 25:1 J*Jgj € R64x64 B — 27T§L+1 for n odd and
— o — 2
B, = 27rB% for n even. Here, the matrices A; and A; correspond to the free evolution

and the coupling of the spins, and the matrices B\n and En correspond to the controlled
evolution. The goal is to reconstruct A,, i.e. the coefficients w, ;, Jx j, which we assume to
be equal to 1. Thus, we define the set B = {A1,..., A5} as the union of the matrices XZ
and A;. Experimentally, we assume that the final state y(T") is measured against a fixed
state y!, meaning that is C' = (y')T. The vector y' consists of zeros except for the second,
fifth and 17th entries which are equal to one, while the initial state y° is equal to one on
the fourth, 13th and 49th entries.? For U,q we use the box constraints |u(t)| < 4. We
perform the same experiments as in Section 6.1 and 6.2 with the difference that GR and
OGR are run with the same basis B. The results are reported in Figure 6.3. All algorithms
show essentially a similar performance.

2 All matrices A\i, Avj, En and B, and the vectors y' and y° are generated from the codes of [29].



Chapter 7

Reconstruction of parameter
distributions in spin systems

In this chapter, we test our greedy algorithms in a well-recognized field of application:
nuclear magnetic resonance (NMR) [42, 53, 55]. To control an ensemble of spin particles,
it is crucial to have a good understanding of the involved Hamiltonian parameters, which
may vary in a given range due to experimental limitations or uncertainties. In such cases,
it is essential to identify the probability distribution of these parameters over the spin
ensemble, i.e., the number of spins having a given value of the parameters. When the
distribution is known or assumed to be of a simple form, such as Gaussian or Lorentzian,
the identification is straightforward. However, it becomes significantly more challenging
when the distribution is of a complex structure (e.g., with multiple peaks) or is completely
unknown. We demonstrate that the control fields generated by our GR algorithms allow
for an accurate reconstruction of the joint distribution of two Hamiltonian parameters,
regardless of distribution’s form.

This chapter is organized as follows. In Section 7.1, we describe the model system, while
the GR algorithms for the setting of NMR are presented in Section 7.2. The analysis of
the standard GR algorithm is provided in Section 7.3. Numerical results are presented in
Section 7.4.

7.1 Model system

Consider a standard control problem in liquid-state NMR, i.e., a spin ensemble subjected
to both inhomogeneous static and radio-frequency magnetic fields [52, 53, 66]. In a given
rotating frame, each isochromat is characterized by a Bloch vector M = [M,, M,, MZ]T,
evolving in time according to the equations

M, = —wMy + (1 + a)w, M.,
My =wM,; — (14 @)w, M.,
M, = (1+ Q)w: M, — (1 + a)w, M,.

63
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Notice that the components of M satisfy M2 + Mg + M? = Mg, with My the equilib-
rium magnetization. Here, w, and w, are time-dependent controls corresponding to the
components of the radio-frequency magnetic field along the x- and y- directions. The pa-
rameters w and « correspond to offset, i.e., to the inhomogeneity of the static magnetic
field applied along the z- direction, and radio-frequency magnetic field inhomogeneities,
respectively [55]. In standard experiments, we have 5= € [-20,20] Hz and a € [-0.2,0.2].
For the purpose of this work, we assume that the probability densities of w and « are
unknown. The controls 5% and g—j’r are expressed in Hz. We consider a typical field am-
plitude wqg that can be fixed, for instance, to wg = 27 x 100 Hz. We introduce normalized
coordinates as

w M

Y

W Wy ,  Wo
Uy = 27— uo =2n—; t = —t; A=2m = —.
! 2 ’ o wo Mo

wo wo

In what follows, we omit the prime to simplify the notations. We deduce that the differential
system can be expressed in normalized units as

Y1 = —Ayz + (1 + a)uys
Y2 = Ay1 — (1 + a)urys (7.1)
ys = (1 + a)urye — (1 + a)usys

with yf + y5 + y3 = 1. The initial state of the dynamics for each spin is the thermal

equilibrium point, i.e., y° = [0,0, 1]T. Writing system (7.1) in our usual formulation, we
have

y(t) = |AA+ (1 + a)(ul (t)Bl + UZ(t)BZ) y(t)a le (Oa T]v y(O) = y07 (72)
where
0 -1 0 00 O 0 0 1
A=11 0 0f, Bi={({0 0 -1}, Bs=|0 0 0
0O 0 O 01 O -1 0 O

We consider a control time of the order of 100 ms, that corresponds to a normalized time T
of the order of 10. The range of variation of the parameter A is Ag + 27[—0.2,0.2], where
Ay is a frequency value that can be used to shift arbitrarily the interval. For the purpose
of this work, we assume that Ag > 0.47, meaning that A > 0.

The goal is to estimate simultaneously the distributions for the parameters A and « by
designing specific controls u = [ul,ug]T. We consider an ensemble of N spins whose
dynamics are governed by (7.2). We assume that the control amplitudes g, ug belong to the
admissible set Uy,g = {u € R? | |uy| < um, |uz| < um}, where u,, is the maximum amplitude
of each component. A simple way to proceed can be described as follows. We consider that
the system of N spins is divided into K groups, and we associate with the /-th subgroup
a certain value Ay and the corresponding probability P*A(E) = Nﬁ/ ,0=1,...,Ka, with

f:Al P2(¢) = 1. The probability P2(¢) is unknown, which means that the number of

elements Na , of each group is to be found. Similarly, for the parameter a, we have

K, groups with the probabilities P&(¢) = N]‘\",’l, ¢t =1,...,K,, with Zf:al Px(¢) =1 to

estimate.
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This problem leads to the reconstruction of two independent discrete distributions. How-
ever, this approach has two main drawbacks. First, the two random variables A and «
are assumed to be independent. This is a limitation when trying to reconstruct the two
unknown distributions, since any possible correlation is a priori neglected. Second, the on-
line reconstruction problem is nonlinear, since the product of the two distributions would
appear. For these reasons, rather than considering two independent distributions, we work
directly with the joint distribution, i.e., the system of N spins is divided into K groups
and we associate to each subgroup a pair (A, a), and the corresponding joint probability
P.(¢) = %, £=1,...,K, with Zle P,(¢) = 1. Now, the joint probability P,(¢) is un-
known, namely the number of elements N, affected by the pairs (A, «),. This approach
has the advantage of taking into account correlation effects and the online reconstruction
problem remains quadratic. It should be noted that these are acquired at the cost of an in-
crease in the dimension of the unknown object(s), i.e., from two one-dimensional functions
to a two-dimensional function. Finally, we point out that two independent distributions
can also be treated as a specific case of joint distributions.

Since we are dealing with an inverse problem, we need to define what quantities can be
observed in an experimental setting. In NMR, only the first two coordinates of the mag-
netization vector can be directly measured. We do not have accessed directly to the z
component due to the strong constant magnetic field applied along this direction [55]. We
denote by

2((A, @) ust) = [yi (1), y2(1)] T
the projection of the Bloch vector onto the first two coordinates. Here, the dependence on
(A, «) and u has been explicitly mentioned. The corresponding experimental realization
of this controlled dynamic is obtained at t = T and leads to

@1 (u, T) = [y (s T), 5™ (w; T)] |

where ¢%%(y, T) can be viewed as the average at time T of the experimental measures
of all the spins of the set subjected to the control u. The coordinates ydata and ydata are
those of this measured magnetization vector.

The relation between the theoretical description of the dynamical system to the experi-
mental outcome can be expressed as

K
@l (u, T) =3 P(0)z((A, @), u; T). (7.3)
/=1

In general, one control protocol is not sufficient to obtain an appropriate reconstruction
of the unknown P,, but a set of K control processes with K different control functions
denoted 4™, m=1,--- ,.f(, needs to be used. On the basis of the experimental outputs, a
straightforward way to determine Pj is to solve the minimization problem

min Z H ZP (A ) u™ T) — @l (™, T)]3, (74)
m=1
where || - || denotes the standard Euclidean vector norm, and PP is the convex and closed set

of all probability distributions P that satisfy P(¢) > 0 for 1 < ¢ < K and Zle P() =1.
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At this point, it is clear that a key ingredient of the accuracy of the reconstruction process
rests on the choice of a set of K controls u*. The identification of the number K of control
functions is a difficult task. The theoretical analysis presented in Section 7.3 shows that
the choice K = K is sufficient. GR computes exactly K = K control fields. However, we
will show that OGR is capable of reducing (halving) the number K of control fields while
guaranteeing an accurate reconstruction.

Let us now rewrite (7.4) in the form (2.3). We introduce a set B := {gb]} t , of linearly
independent functions ¢; : {1,..., K} — R such that P C span(®), where span denotes

the vector space generated by the functions. We also express P as P({) = Z]K:l Bjd;(€)
and define

o(o( ZZ% (A, )¢, ust), (7.5)

(=1 j=1

where the vector 8 = (ﬁ]) ¢, is taken in RK, a subset of RX, so that P = Z Bip; is a
probability distribution. Now the minimization problem (7.4) becomes

min Z lp(¢ T) — @™, T)|5. (7.6)
ﬂeRK

Notice that the main difference to the reconstruction problem (2.3) is that here, the un-
known operator is not contained in the differential equation itself, but is rather part of the
observable. In fact, by writing

z((A,a),wT)
Z(uw;T) = : € R
z((A,0)k,w T)

and
P, (1) 0 -+ P(K)

G=1"% P(1) -+ 0 PJ(K)

e R2X2K (7.7)

we obtain @ (u, T) = C,Z(u; T).

Finally, we point out that for the specific setting in this chapter, we consider the duration of
each control pulse as a variable to be optimized together with its amplitude. In particular,
we assume that the controls are constant in time, i.e., u(t) = u € R?, and that we can
freely choose the control time up to a fixed maximum value T'. Since the initial state is an
equilibrium point, this is equivalent to turning on the control at a time ¢t > 0. However, to
be consistent with later notation, we rewrite the online reconstruction problem (7.6) as

K
min Y [l@(¢(B),u™; ™) — et (u™, ™3, (7.8)
'BERK m=1

We show in Section 7.3 that the hypotheses are sufficient for the different examples to iden-
tify the probability distributions. The generality of GR allows one to tackle this situation
in a straightforward manner.
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Algorithm 5 Greedy Reconstruction Algorithm For Parameter Distributions (GRPD)

Require: A set of K linearly independent functions B = {¢1, ..., ¢k }.
1: Compute the control ! and the control time ¢! by solving

max [lp(¢1,u,t)]3. (7.9)
u€Uqq
te[0,T]

2: while k<K -1 do
3: Fitting step: Find g% = (Bf)jzl

.....

min Y [lp(¢™(B),u™, 1) — p(drr1,u™ )3, (7.10)

where ¢*)(8) := Y5, B;¢;.
4: Splitting step: Find «**! and t*+1 that solves

Jnax (85 (B%), u,t) — @(drr1,u.t)|3. (7.11)
t€[0,17]

5: Update k < k + 1.
6: end while

7.2 Greedy reconstruction algorithms for parameter distri-
butions

We present in this section adapted versions of the GR Algorithm 1 and the OGR Algorithm
2 in order to simultaneously compute controls 4™ and corresponding control times ¢".

Let us begin by stating the adapted version of GR for the reconstruction of parameter
distributions (GRPD) in Algorithm 5. As we can see, the necessary adaptations are very
straightforward. The initialization and splitting step simply maximize simultaneously over
the control 4 and the control time ¢. The resulting control-time pairs {(u™, ™)}k _,
are then used together in the fitting step to compute the vectors @(¢® (8),u™, ™) and
@(dri1,u™,t™). Notice that the fitting step minimizes over the full space R¥, meaning
that j Bj¢; does not have to be a probability distribution. However, this is a restrictive
condition. On the contrary, it allows the algorithm to find and correct more nontrivial

kernels than might be necessary.

Analogously, one can formulate an adapted version of OGR for the reconstruction of pa-
rameter distributions (OGRPD). However, we omit stating the full algorithm here for
brevity.

7.3 Analysis

In this section, we prove that the controls generated by GRPD and OGRPD make possible
the reconstruction of the unknown probability distributions of the parameters A and «,
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i.e., they make the online reconstruction problem (7.4) uniquely solvable.

We start by recalling that problem (7.4) is equivalent to (7.8). Assuming that P, can
be written as P,({) = Z]K:1 Bx,j®(£), we can write equation (7.8) in a compact form as
follows:

min (8 — B., W(B — B4)), (7.12)

BeRK

where W := Do W(u™,t™) is the sum of symmetric and PSD K x K- matrices whose
elements are defined as

[W(u7 t)]%] = <’YZ(’U,,t),")'J('U:, t)>7 for 7/7.] = 17 ce. 7K (713)
with

’Yj(’u'at) = 90(¢j7u7;t) :Z¢j(€)Z((A,Q)g,U;t), fOI‘j = 17"'7K' (714)
l

Since the set of vectors RE is a convex subset of RE , we deduce that the problem is
uniquely solvable if the matrix W is PD. In the case W has a non-trivial kernel, infinitely
many solutions may exist which lead to wrong probability distributions different from the
experimental one P,. We stress that the non-triviality of the kernel depends completely
on the choice of the controls 4™ and the corresponding control times ¢™.

Using the notation (7.13)-(7.14), we can now also rewrite the sub-problems of GRPD in

—

terms of the matrix W. The initialization problem (7.9) can be written as

max |[W(u,t)]11]% (7.15)
u€Uyqg
te[0,T

The fitting step problem (7.10) is equivalent to

o~

(v, TR ’ 7.16
éreli&(Vﬂ W k1, 1:641)VB) (7.16)

where W®) = an:l W(u™,t™) and vg := [BT,—1]". Finally, the splitting step problem
(7.11) can be written as
max (Vgr, (W (W, t)][1:k41,1:k+1] V) (7.17)

ucUyq
t€[0,T

For a detailed interpretation of these reformulated problems see Section 3.1.1. We summa-
rize the relevant arguments in the following theorem.

Theorem 7.3.1 Let {(u™,t™)}X_, be a set of controls and corresponding control times
generated by GRPD, such that [W (u1,t1)]1.1 > 0. Let B* be the solution to the fitting step
problem (7.16) for k = 1,..., K — 1, such that the vectors vge = [(BF)T, —1]T are not in

the kernel of [W (u* ™ " )1k i1 1.4641)- Then the matriz W= S W (™, t™) is PD.
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It remains to show that the splitting step can always find a control such that the vector
vgr is not in the kernel of [W(u,t)](1.541,1:641)- In fact, it is sufficient to show that for any
ke {l,...,K} there exists a control u € U,q and a t € [0, 7] such that

(vge, W, )] [1:p41,1:041)VgE) > 0.
We show in Theorem 7.3.2 that this is valid in the current context.

Theorem 7.3.2 Let k € {1,.. -1}, W, [lk 1:K] be PD, B* the solution to the fitting-

step problem (7.16), and vgr = [(ﬁk) —1]7. Then any solution (u,t) to the splitting-step
problem (7.17) satisfies

(Vgh, Wikt k1 () vge) = (6™ (B%), u,t) — @(dps1,u,1)]|3 > 0.
Proof. For brevity, we identify a with 1 + « for the remainder of this proof. We start by
writing

(6N (BY),u,1) — P(dr41,u,1) = Z(ZB% ¢k+1<€>>z<<A,a>evu;t>.

Since the functions {¢1,...,¢x} are linearly independent, it holds that
We{l,....,K}:  Gaisr(0) Zﬁkqﬁ] 0) — pppa (£) £ 0. (7.18)

Now, consider the control @ := [0,b]" and a corresponding control time ¢ € [0, T], where
both b € R\ {0} and t are to be chosen later. We have

z((Av a)v“’;t) = Cy((Av O‘)au; t),

100

where y((A, «),u;t) is the solution to (7.2) and C = [O 10

]. Thus, we obtain

z((Av a)g, ﬂ, %V) = Ceg(AZA—FOLZbBQ)yO‘

Since AyA + aybBs is skew-symmetric, we can compute its exponential matrix explicitly.
By setting A := t(AA + abBy) and z; = \/AZ + a?b?, we have ed = I3 + %ﬁJr

1-cos(ler) 72 (see, e.g., [63]). Since CI3y° = 0 and

t2 2
N —Af—a* 0 0
A2 =12 0 —Ag Agagd |
0 Apoayb ?bQ
we obtain
e aypb ~ 0 sin(fzy)
~ ~ sin(tz 1 — cos(tx —ayb
Cy((Aa Oé)g,u; t) =C ( f) 0 + # Afafb = l—cos(fxg)
€Ty 0 iy —a2b2 TA[O@I)
l 1
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Thus, we have

K sin(fxg)
(6™ (B%), 1, 1) — p(dr11,1,1) Z diff (¢ Ael—iﬁs(m) =: F'(t).
— - 2
= T,
Seeking a contradiction, we now assume that ook (,Bk) u,t) — @(dpyi1,8,t) = 0 for all

telo, T] and all b € R\ {0}. Since F is analytic in t, we obtain F®) () = 0 for all k € N
and all t € [0, 7). For k odd, we have

k) (7 = k=1 [ 2h L cos(txy)
) =b> airr(Dae(-17) [Ag§§‘2 Sm(m))] . (7.19)

Since F¥)(T) = 0 for all k odd and b # 0, the first component of F®*)(T) in (7.19), for
different k odd, implies that

11 .- 17
22 22 .. p2 baifr(1)ar cos(Tx)
i N bdiff(2)ag cos(Tx)
Xy Zq e xK ' _0
P - i (K 04' cos(Tx
P Y aif (K)ax cos(Tzk)
-p =9

Notice that D is a Vandermonde matrix (see, e.g., [56]). Now, let K = 2(K — 1), meaning

that D € R(5+DXK j5 square matrix. Then, the determinant of D is given exactly by

det(D)= [ (23 -2

1<i<j<K

This implies that two rows of D are linearly independent if and only if |z;| # |z;|. Hence,
det(D,) = det(D,) # 0 (and therefore ¢y = 0) if and only if |z;| # |z;| for i # j. Recalling
that zp = /A2 + a2b?, |2;| # |z;| is equivalent to AZ?+aZb? # A?—i—a?b? For i # j we also
have o # «j and/or A; # A; by definition. Since oy € [0.8,1.2] and Ay € Ag+27[—0.2,0.2]
with Ag > 0.47, we obtain a? # a? and/or A? # A? for i # j. Thus, there exists b € R\ 0
such that A? + a2b? # A2 + a2b2 for all 4,5 € {1,..., K} with ¢ # j. In conclusion, we
have |z;| # \mj| for i # j, Wthh implies that ¢; = 0 and therefore ¢g4; ff( Y cos(tazg) =0
for all £ € {0,...,K} and all t € [0, T] However, we also have ¢g;f(¢ 0) # 0 by (7.18),

az > 0 and x7 > 0. Thus, there exists t € [0, 7] such that ¢g; (¢ )af cos(txf) # 0, which is
a contradlctlon O

Analogously to the proof of Theorem 7.3.2, one can show that any solution (u!,#!) to the
initialization problem (7.15) satisfies [W (u!,#!)];1 > 0. We conclude our analysis by the
following theorem.

Theorem 7.3.3 Let {(u™ t™)}E_, be a set of controls and corresponding control times
generated by GRPD. Then problem (7.8) is uniquely solvable by B = B,.
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Proof. Let B be the solution to the fitting step problem (7.16) for k =1, ..., K —1. By The-
orem 7.3.2, the vector vgr = [(B¥)T, —1]T is not in the kernel of [W(ukH,t"”“)][l:HLl:kH]
for all £ € {1,...,K — 1}. Thus, we obtain by Theorem 7.3.1 that the matrix W =
Y om W(u™,t™) is PD. Hence, problem (7.12) is uniquely solvable by 8 = .. By equiva-
lency of problems (7.12) and (7.8), we obtain the result. O

Notice that, in the notation above, OGRPD simply reorders rows and columns of the matrix
W) while attempting to find and correct its kernel. In fact, the second improvement (lines

8-9 in OGR Algoithm 2) skips the splitting step only if there exists a row and column of
W) with index lr+1 such that, by swapping ¢r11 and ®u,,,,, the matrix W[(lzl)c+1,1:k+1}
is PD. Thus, if tol,; is sufficiently small, one can also prove convergence of OGRPD

analogously to GRPD.

7.4 Numerical experiments

We test GRPD and OGRPD on two different variations of the setting described in Section
7.1. First, in Section 7.4.1, we consider the special case where the offset A is known, and
only the distribution of the unknown parameter « is reconstructed. Afterwards, in Section
7.4.2, we reconstruct the full joint distributions for the parameters A and a.

All results in this section were produced using the SPIRED code.’

7.4.1 Reconstruction of single parameter distributions

Let us assume that the parameter A is known to be equal to 7/10 for all particles. In this
case, we only want to identify the distribution of the parameter c. We choose a maximum
control time of T" = 16. We consider two different probability distributions P, for «, a
symmetric double peak (see panel on the left in Figure 7.1) and a non-continuous step
distribution (see panel on the left in Figure 7.2). They are discretized by a uniform grid
of 30 points. Similarly, we discretize the set of linearly independent functions {¢; }]K: 1 by
setting K = 30 and ¢; = e; € R30 the j-th canonical vector in R3?. Finally, we fix the
tolerances for OGRPD to be tolgy;; = 10~ and toly; = 1074

Now, let us briefly discuss how we solve the sub-steps of the algorithms numerically. The
initialization and splitting step problems are solved by a second-order trust-region method.
For the fitting step, we use the equivalent compact form (7.16). The corresponding first-
order optimality system is given by

o~ o~

WS g1mB = WPk k- (7.20)

Since the matrix [W(k)][hk,l:k] is symmetric and PD, any solution to (7.20) is a global solu-
tion to (7.16). Hence, we solve the fitting step problem by solving the linear system (7.20)
using a solver based on the SVD. This solver first computes the SVD of [W(k)]p;m;k],

'This code was published as part of [3] in the CPC Library: https://doi.org/10.17632/6fsmzpbsrg. 1
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i.e., two orthogonal matrices U,V € RF** and a diagonal matrix ¥ € RF** such that
Usv’ = [W(k)]p;m;k]- To make the method more robust against numerical instabilities,
it then removes all singular values that are smaller than a given tolerance, and the corre-
sponding columns of U and V. Finally, it computes 8 by setting g = VB and solving
S8 =UTW®] 1)

After running the algorithms, we reconstruct P, by solving problem (7.8). Notice that,
using the notation (7.13)-(7.14), the gradient of the cost function in (7.8) is given by
W8 — > D™, tm) Tpdata(ym M) where the columns of T' are given by the ;(u™,t™)
defined in (7.14). We can also immediately see that the Hessian of the cost function in
(7.8) is exactly W, which is guaranteed to be PD by our analysis in Section 7.3. Hence,
the global solution to (7.8) is given by the (unique) solution to

WB=> T t™) gl ™), (7.21)

However, in order to ensure that the coefficients of the computed solution correspond
to a probability distribution (i.e., belong to RE ), we add the necessary constraints and
solve (7.8) with the second-order interior point algorithm of MATLAB’s fmincon-solver.
Nonetheless, the code includes an option to solve directly (7.21) using an SVD solver.

Now, we run both GRPD and OGRPD on the canonical set B = {¢; };’-’21 of hat functions.
In contrast to our experiments in Chapter 6, we do not include any additional random
vectors in the canonical set for OGRPD and also do not remove any elements from the set
during OGRPD (but still reorder them). The reason for this is that we experienced for
the problem of this paper that additional random elements do not improve the results and
removing elements from the canonical set does not reduce the number of controls, but is
more likely to make the online reconstruction problem numerically unstable. While GRPD
computes 30 controls, OGRPD only designs 15 by skipping 14 splitting steps. Recalling
from (7.7) that C, € R?*2K we notice that OGRPD is able to reach the theoretical
minimum number of controls established by Proposition 3.1.19.

We then choose P, as the symmetric double peak distribution in Figure 7.1 (left) or the step
distribution in Figure 7.2 (left) and compute the corresponding experimental realizations
{pdata(ym ¢m)}K | for the two resulting sets of control fields, with K = 30 for GRPD
and K = 15 for OGRPD. Reconstructing P, as described above, we obtain the coefficient
vectors Br.. and thereby the distributions P, = E;’il Brec,j¢j corresponding to GRPD
and OGRPD.

The results are shown in Figures 7.1 and 7.2. The differences P, — Py, corresponding to
the different distributions and control sets are plotted in Figures 7.3 and 7.4. Although
OGRPD uses only half the amount of control functions (and therefore only half the amount
of experimental data) compared to GRPD, both methods successfully reconstruct the two
probability distributions of «.



7.4. NUMERICAL EXPERIMENTS 73

True distribution GRPD (30) OGRPD (15)

0.1 0.1 0.1
o (3]
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Figure 7.1: The plot on the left shows the true symmetric double peak probability dis-
tribution for K = 30 uniform mesh points. The plots in the middle and on
the right contain the reconstructed distributions for the control sets generated
by GRPD (containing 30 control fields) and OGRPD (containing 15 control

fields).
True distribution GRPD (30) OGRPD (15)
0.06 0.06 0.06
« 0.04 ‘j 0.04 3 0.04
~ ~y Ry

0.02 0.02 0.02
0 0 0

-0.2 0 0.2 -0.2 0 0.2 -0.2 0 0.2

o o o

Figure 7.2: Same as Figure 7.1, but for a discontinuous step distribution.

7.4.2 Reconstruction of joint parameter distributions

Now, let us assume that the distributions of both parameters A and « are unknown. We
choose again a maximum control time of 160 ms, which corresponds to a normalized time
T = 16. The shift of the parameter A is set to Ag = 4w and the width of its interval
to 4mAq, with A1 = 0.2. We consider two different joint probability distributions P,, a
simple Gaussian one (see panel on the left in Figure 7.5) and a step distribution with three
peaks (see panel on the left in Figure 7.7). They are discretized by a uniform mesh of 100
points (10 points in each direction). Similarly, we discretize the set of linearly independent
functions {(;Sj}]K:l by setting K = 100 and ¢; = e; € R the j-th canonical vector in
R'9. As in the previous section, we fix the tolerances for OGRPD to be tolspiir = 10714
and toly;; = 1074,

First, we choose P, as the Gaussian distribution. Reconstructing P, as described in Sec-
tion 7.4.1, we obtain the coefficient vectors Bre. and thereby the distributions Pr.. =
Zjl-iol Brec,j®j corresponding to GRPD and OGRPD, shown in Figure 7.5. Looking at
the errors with respect to the true distribution P, shown in Figure 7.6, we observe that
OGRPD even outperforms GRPD by one order of magnitude. However, the difference is so
small that it is not visible in the reconstructed distributions. Similar results are obtained

for a step distribution with three peaks in Figure 7.7.

To investigate the dependence of the results on the choice of parameters, we repeat the
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<1010 GRPD (30) 5 «1010  OGRPD (15)
2 |
|

[
i I
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Figure 7.3: Difference between the true double peak probability distribution P, (see left
panel in Figure 7.1) and the distibutions P,¢. reconstructed using the coontrol
sets generated by GRPD (left) and OGRPD (right). In brackets are the number
of control fields for each set.

1 «1077 GRPD (30) 4 w1077 OGRPD (15)
| | i
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Figure 7.4: Same as Figure 7.3, but for the step distribution (see left panel in Figure 7.2).

experiment for different maximum control times, widths of the A-interval and K = 400
mesh points. First, we take a look at the number of control fields generated by OGRPD
in Table 7.1. We observe that the number of generated control fields is increasing with
decreasing maximum control time and decreasing width of the A-interval. We also observe
that the ratio between the number of GRPD controls (which is equal to the number of mesh
points K) and the number of OGRPD controls is decreasing with an increasing number of
mesh points. To validate this point, we plot the number of controls for both algorithms,
for different total numbers of mesh points in Figure 7.8.

An explanation of this behaviour is given by the condition number of the corresponding
matrices W, defined in (7.13), representing the compact form (7.12) of the online recon-
struction problem. The condition numbers corresponding to GRPD and OGRPD for the
settings in Table 7.1 are shown in Tables 7.2 and 7.3. Based on our theoretical results for
GRPD and OGRPD proving that K = K controls are sufficient, we also add a set of fully
random controls (randomized within the given bounds u,, and T") that has the same num-
ber of controls as GRPD (i.e., K =100 and K = 400, respectively). We observe that the
condition number shows the same correlation with respect to the maximum control time,
width of the A-interval and number of mesh points, as the number of OGRPD controls. In
particular, the condition number of OGRPD is below 1el5 for all settings where OGRPD
computed less than 60% of the number of GRPD controls.

Regarding the condition numbers, GRPD and random controls show the same behaviour
as OGRPD. The reason can be found by taking a closer look at the entries of the matrix
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True distribution GRPD (100) OGRPD (51)

P?‘E.C

0
A e o

Figure 7.5: The plot on the left shows the true Gaussian probability distribution for K =
100 uniform mesh points. The plots in the middle and on the right contain the
reconstructed distributions for the control sets generated by GRPD (containing
100 control fields) and OGRPD (containing 51 control fields).
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Figure 7.6: Same as Figure 7.3, but for the Gaussian distribution (see left panel in Figure
7.5).

W. It can be shown that the difference between two adjacent rows or columns of W is
bounded in norm by u,,, 7" and the mesh size for the probability distribution, i.e., apyr1 — vy
and Ay — Ay. We discuss this result in more detail in Section 7.5. We conclude that, if
the control bound, the maximum control time, or the mesh size (or equivalently the width
of the A-interval) is too small, the difference between two adjacent rows/columns of W
can become numerically equal to zero, implying that W has a nontrivial kernel.

In order to investigate the impact of this numerical instability on the reconstructed results,
we consider again the setting of the beginning of this section (i.e., A; = 0.2 and T' = 16),
but for K = 400 mesh points. The results for a Gaussian and a step distribution with
three peaks are plotted in Figures 7.9 and 7.10, respectively. We observe that all three
control field sets are able to fully reconstruct the step distribution and, at least partially,
the Gaussian distribution. This is because the admissible set of solutions for the online
reconstruction problem (7.8) is restricted to R¥. Thus, a bad condition number does not
necessarily imply that it is impossible to (at least partially) reconstruct the true probability
distribution. However, a good condition number guarantees stability of the numerical solver
and improves the accuracy of the results. In this context, notice that if we would sufficiently
increase either the control bound u,,, or the maximum control time 7T, both GRPD and
OGRPD would show better condition numbers and be able to perfectly reconstruct also
the Gaussian distribution in Figure 7.9.

We observe also that, if one knows the number of sufficient control functions K=K ,
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True distribution GRPD (100) OGRPD (51)

0.2
0

(a3

Figure 7.7: Same as Figure 7.5 but for a step distribution with three peaks. In brackets
are the number of control fields for each set.

y I K =100 I K =400

T
At
01 70 | 52 [ 50 [ 50 | 259 [ 299 | 276 [ 240
0.2 ]| 58 [ 51 | 50 | 50 || 305 | 293 | 223 | 220
04 ]| 56 | 50 [ 50 | 50 || 326 | 256 | 211 | 200
08 ] 51 [ 50 | 50 | 50 || 292 | 210 | 200 | 200
1.6 [ 50 [ 50 | 51 | 50 || 275 | 205 | 200 | 200

8 16 24 32 8 16 | 24 | 32

Table 7.1: Number of controls computed by OGRPD for a control bound u,, = 10, and
different numbers of discretization points K, maximum control times 7' and
widths 47A; of the A-interval. Bold numbers indicate that the number of
OGRPD controls is less than 60% of the number of GRPD controls. Notice
that GRPD always generates K controls.

then even completely random control fields can be able to perform similarly to GRPD and
OGRPD controls. However, while OGRPD finds automatically K (reduces the number of
control fields to a sufficient amount), there is no indicator for a sufficient amount of random
controls in general. Additionally, the corresponding condition numbers are in many cases
worse than for GRPD and OGRPD, as seen in Tables 7.2 and 7.3, meaning that they are
more likely to show numerical instabilities. Thus, the recommended strategy is clearly
OGRPD, since it is able to reduce the number of control fields by up to 50% (which, as we
recall from Proposition 3.1.19, is the theoretical minimum), while accurately reconstructing
the probability distributions.

Lastly, we remark that making the tolerance toly; smaller can generally lead to even
fewer controls being computed by OGRPD. However, this in turn can lead to less accurate
results in the reconstructed solution, meaning the user has to decide for themselves if such
a trade-off is desirable.
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number of controls

0 100 200 300 400
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Figure 7.8: Number of controls for GRPD (dashed circles) and OGRPD (solid crosses) for
different total numbers of mesh points. To highlight the ratio between the
amount of controls, we also plot half the amount of GRPD controls (dotted

squares).
l H GRPD H OGRPD H random control set ‘
A r 8 16 24 32 8 16 24 32 8 16 24 32
1
0.1 3el6 | 5e07 | 7e03 | 6e03 || 3el5 | 3e08 | 7e05 | 7e06 || 1el8 | 1e09 | 1e06 | 3e06
0.2 7e09 | 4e06 | 3e03 | 1e03 || 5e09 | 1e08 | 1e08 | 1e06 || 7el2 | 1e09 | 4e04 | 9e03
0.4 lell | 5e03 | 1e03 | 1e03 || 2ell | 3e06 | 1e07 | 1e07 || 1lel6 | 7e04 | 9¢03 | 1e03
0.8 1e06 | 2e03 | 103 | 1e03 || 3e07 | 8e05 | 2e05 | 2e05 || 7el0 | 3e03 | 2¢03 | 1e03
1.6 2e04 | 9¢02 | 1e03 | 8e02 || 2e06 | 4e07 | 1e05 | 7e07 || 5e09 | 1e04 | 2e03 | 1e03

Table 7.2: Condition number of W for different control sets, maximum control times 7" and
widths 47 A1 of the A-interval. The total number of mesh points is K = 100 and
the bound on the control is u,, = 10. Bold numbers indicate that the condition
number is smaller than 1elb.

7.5 Numerical stability

Let us take a closer look on the numerical stability of the matrix W. Notice that for
constant controls the solution to the dynamical system (7.2) can be written as

Y((A, ), u;t) = ldAtaluBituaba))0

In order to estimate the difference between two solutions, we need the following technical
lemma.

Lemma 7.5.1 Let N € N and X,Y € RV*N. Then
X+ — X < [[y [l Xl (7.22)

Proof. For n € N the binomial theorem (see, e.g., [34, Hilfssatz 2.12]) implies that

(X+Y)-x"=Y" (Z) xhyn—k,
k=1
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l H GRPD H OGRPD H random control set ‘
A T 8 16 24 32 8 16 24 32 8 16 24 32
1
0.1 2e20 | 1el9 | 1e20 | 2elb 3el9 | 2el9 | 9el9 | 3eld 4el19 | 2el9 | 2el9 | 3el8
0.2 1lel9 | 1lel9 | 1leld | 4el3 6el19 | 5el19 | 2el14 | 1lel4d 2el9 | 2el9 | 6el9 | 3el8
0.4 8e19 | 2¢19 | 1lel4 | 1e04 519 | 8¢18 | 1lel4 | 4e07 6el9 | 4el9 | 8elb | 2e06
0.8 3e¢l19 | 2e13 | 1e04 | 9e03 || 3¢19 | 2el4 | 1e07 | 5e07 || 5e19 | 4el8 | 1e08 | 1e05
1.6 6e20 | 1e10 | 2e04 | 6e03 || 1e20 | 4ell | 8e07 | 2e08 || 3e¢19 | 6el8 | 1e08 | 2e04

Table 7.3: Same as Table 7.2 but for a total number of mesh points K = 400.

True distribution GRPD (400) OGRPD (293) random (400)
0.02 0.02 0.02 0.02
ax 0.01 g 0.01 8001 8 0.01

Ry Ay Ry
0 0 0 0
1413 0.2 1413 0.2 1413 0.2 1413 0.2
12 020 12 020 12 020 12 020
A e o A e o A e fa" A e o

Figure 7.9: Same as Figure 7.5 but for K = 400 and including the reconstructed distribu-
tion for 400 random control fields.

Thus

(X +Y)" = X SZ( >HXH 1Y% = (X[ + 1Y D™ = X (1"
k=1

*

n—1
XD+ 1Y - 1X 1) X+ Iy X e+
k=0

<Y1 X+ Y DR+ Iy =+

= oYX+ Y=

where we used

n—1
XU = Y™ = AX = 1Y) Y Xy e+
k=0
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True distribution GRPD (400) OGRPD (293) random (400)

Figure 7.10: Same as Figure 7.9 but for a step distribution with three peaks.

to obtain (x). Hence, we get

x4y oxy [ XY X"
le —e ’_HZIO n! _z:o n!

oo
[(X+Y)" — X"
= Zl n!
—

— n—1
<3 n|[Y [ ([ X + 1Y)

n!
n=1

S

_ X+ ™

= vy
n=0

— Y[ XIHIYE = [yl XY
O

Now, consider two parameter pairs (o, A)y and (a, A)gy1, and define Dy = t(AA +
ag(u1 By 4+ ugBsg)) and Dyyq := t(Api1 A + ayy1(u1 B + ueBs)). Notice that

HD@ — Dg+1H2 = Ht(AgA + ag(ulBl + UQBQ)) — t(Ag+1A + Oéngl(ulBl + u2B2))H2
< (1A = Aen)l|Allz + lae — acsafum(| Billa + 11 Bzll2)),

=:Fy

where we used that ¢t < T, |ui| < uy, and |ua| < uy,. Clearly Ey — 0if T'— 0, or u,, — 0,
or Ay — Agpand apyq — ay. Setting X = Dy and Y = Dy — Dyyq in (7.22), we obtain

ly(A, @) uit) —y((A, @)pr1,ust) |2 = [lePry° — P10
< |lePr — ePrr|y ||yl
=1
< || Dy — DHIHQQHDellzellDﬁDeﬂHz

< EellPell2 e

Recalling (7.14), C

[(1) (1) 8] and that ¢; = e; in our example, the matrix entries of W

are given by

Wi =Y (Cy((A, a)i,u™t™), Cy((A,a)j,u™; ™), forij=1,...,K.

m
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Thus, the difference between two rows (or analogously two columns) of W is given by

S ((Cyl(a i umsem) = Cy((A, @), umstm) ), Cy((A, a)r,u™s ™))
Wlieg = (Wi, = :
Y ((CU((A, a)iu™s 7) = Cy((A, @)y u™st™) ), Cy((A, a) e u™s ™))

Since [|y((A, ), u;t)||2 = 1 for any A, o, u and ¢, we get

1V — Wgalls < KICI3 Y (A, a)iw™; ™) —y((A, )y, u™; ¢™)[3.

Hence, we obtain for two adjacent rows (or analogously two adjacent columns)
H[W][&} - [W] [Z+1,:}H2 <v KHCHanontrolsEéeuDelheEe7

where ¢ € {1,..., K} and neoptrors € N is the number of controls. Now, recall that E, — 0
ifT — 0, or uy, — 0, or Apry = Ay and aypy1 — . Thus, the difference between two
adjacent rows or columns of W is bounded in norm by um, T and the mesh size for the
probability distribution, i.e., apr1 — ap and Apy1 — Ay



Chapter 8

Greedy reconstruction algorithms
for function approximation

In the previous chapters, we focused solely the reconstruction of objects associated with
differential equations. However, the main idea of the GR algorithms is very versatile
and does not inherently require the underlying model to be a differential equation. This
allows us to extend our algorithms to general function approximation problems. In this
context, they address two main aspects: the computation (or selection) of the data and
the optimization of the structure of the approximation ansatz, within a given family of
approximation functions. More specifically, given the task of finding an approximation (a
surrogate) g, of a function f, the goal of our methods is to construct a set of data points
{(zj, f (5]))}5(: | while optimizing the structure of the ansatz set G, within a given family of
approximation functions, in which one searches for g,. Given these two objects, one obtains
g« by computing an element in G that minimizes the distance from f when evaluated at
the points {Ej}JKzl

In the first part of this chapter, we consider the well-understood field of polynomial ap-
proximation, where one searches for a set of interpolation nodes that leads to the best
approximation quality (see, e.g., [32, 60]). Here, while the structure of the approximation
ansatz is fixed (a polynomial of a given order), the computation of the data (interpolating
nodes) is a crucial aspect that strongly affects the approximation error. We prove that
GR computes exactly a set of (tensor-product) Leja points (see, e.g, [13, 26, 36, 54] and
references therein). Moreover, we show that OGR (for polynomial interpolation) is equiv-
alent to the well-known Empirical Interpolation Method (EIM); see, e.g,. [10, 14, 20, 45,
58, 59] and references therein. Although the two methods can be equivalent, our greedy
algorithms have one main advantage over EIM: EIM (and also other greedy algorithms
used for function approximation, see, e.g., [15]) is limited to linear parametrizations of the
ansatz function, while GR and OGR can also handle nonlinear parameterizations, such as
weights and biases of neural networks.

In the second part, we introduce a new class of greedy algorithms that we call Data Greedy
Reconstruction (DGR) algorithms. These procedures assume that a (very) large data set
{(®;, f(Z;))}5=1, with J > K, is already available. Their goal is to select the smallest

81
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subset of K elements from {(z;, f(z;))}; J_, while simultaneously optimizing the structure

of G. In particular, we develop a combmatlon of OGR and DGR tailored for neural network
applications, called Network OGR (NOGR) algorithm. We provide a detailed discussion
about the network structure optimization and illustrate how our algorithms can optimize
the depth and number of neurons of a network.

8.1 Greedy reconstruction algorithms optimal interpolation
points

For a (finite-dimensional) function space G over a compact set X C R¥, the interpolant of
a function f: X — RM for a set of points {ij}]K:l C X is the element g, € G such that
g«(x;) = f(x;),j=1,..., K. A general approach of finding this interpolant is to solve the
least-squares problem

manHf ;) — 9(x;)|15. (8.1)

The overall goal is to find a g, that approximates f well at all other points x € X \
{Z1,...,Zx}. In other words, the interpolant g, must ideally solve

2
min max T .
min mas | (z) - g(a)|}

In that regard, the choice of the points {ij}le plays a crucial role. One reasonable

assumption is that for an increasing number of interpolation points K, the approximation

eITor Mmax | f(z)—gx(z)||3 decreases. However, depending on the application, the evaluation
xe

of the function f at a large number of points might be very expensive or create an imbalance
in the approximation properties of the interpolant g, with respect to X. Thus, our goal
is to find an efficient set of points {Z;}% i1, L.e., the fewest number of points such that the
approximation error is still reasonably small.

For this purpose, we introduce adapted versions of the GR Algorithm 1 and the OGR
Algorithm 2. In the context of function approximation, they compute the inputs {z; }5(:1

to generate the data {f(.’l,‘]) * , using a set (or basis) B := {gi1,...,9x} CG.

In order to handle different function spaces G, we assume that the set B can be parameter-
ized, i.e., there exists K<K , a closed and convex subspace A C RK , and an isomorphism
g: A= GB— g(B) = gp. In this way, we can identify B = {g1,...,9x} with a set
{Bl, .. ,EK} C A such that g := 9z, for Kk =1,..., K. Notice that this can be viewed
as an extension of the previous chapters, where we con81dered the simple parameterization

gg = Zk 1 Brg, for a linear basis B, K = K, A=RK and ﬁ , = € the canonical vectors
in RE

GR and OGR applied to the setting of problem (8.1) is stated in Algorithms 6 and 7.

Both GR and OGR are data-free methods, in the sense that they do not require evaluations
of the function f (outputs). However, there are many applications, especially in the field
of machine learning, where output data are already available. A common issue in these
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Algorithm 6 GR for function approximation

Require: A set of functions B = {¢1,...,9x} C G with corresponding parameterizations
{By,...,B} CRE with K, K € N with K < K and such that g =93, fork=1,...,K.
1: Set k£ =1 and find z; that solves

max llg1(@)]15- (82)
2: while k< K -1 do
3: Fitting step: Find an B* that solves
k
min Y l98(@;) — g1 @))]3- (8.3)

ﬂGSPan{Ei}"L‘C:l j=1
4: Splitting step: Find an .1 that solves
ma || gge () — g1 (®)]I3- (8.4)

5: Update k + k + 1.
6: end while

data-driven settings is that the data is imbalanced, which can lead to biased models (see,
e.g., [61, Section 5.3.1]) and thereby a lack of robustness. With the goal of selecting optimal
data points that represent well the whole data set and avoid biased models, we introduce
a data-driven version of GR (DGR) in Algorithm 8. Notice that the termination criterion,
that is ||ggr (Zx41) —Yr1]13 < tol, is similar to that of OGR where the evaluation giy1(Zx41)
is replaced by the data g ;. This ensures that DGR terminates when the function gg« is
a sufficiently good approximation of the full data set {(:I;j,yj)}le. In general, it is also
possible to modify DGR by using other features of OGR to DGR like, for example, the
automatic selection of the next element gr.q from B. However, we omit this discussion
here, since the resulting method is very similar to the NOGR strategy introduced in Section
8.3.1.

8.2 GR algorithms for polynomial approximation

In this section, we apply our GR methods to the well-known case of function approximation
by polynomials, i.e., M = 1 and G = P,,(X), and study the corresponding behavior. For
a set of linearly independent polynomials B = {p1,...,px} C Pp, we consider the simple
linear parameterization pg = Zle Bepr for B € RE. This implies that, at the k-th GR
iteration, the fitting step is interpolating the new polynomial py41 by a linear combination
of the polynomials p1,...,pr. GR for polynomial interpolation is detailed in Algorithm
9. Now, we analyze the behavior of this algorithm in Sections 8.2.1 and 8.2.2. Finally, in
Section 8.2.3 we discuss practical implementation aspects.
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Algorithm 7 OGR for function approximation

Require: A set of functions B = {g1,...,9x} C G with parameterizations A = {El, . 7EK} CRg
with K, K € N, K < K and such that g5 = 95, k=1,...,K, and a tolerance tol > 0.

1: Find z; and ¢; that solve

2
ZGE{“"XK}%%?”W( )|z (8.5)

2: Swap g1 and gy, in B, B, and le in A, and set fspie = [|g1(Z1)]|3 and k = 1.
3: while £k < K —1 and fp+ > tol do
4 forl=Fk+1,... K do

5: Fitting step: Find B¢ that solves
min Z l98(;) — 9e(2;) 13- (8.6)
ﬁEspmn{ﬂ }L 1j=1
6: end for
7 Splitting step: Find Zxy1 and £y that solve

_ 2
e X K};neaXHgﬂf( ) = ge(@)]]2- (8.7)

8: Swap gk+1 and ge, ., in B, By and B, | in A

9: Update fopiit < ||gpr (Zp+1) — Gkt1(@pe1)]|3 and k Kk + 1.
10: end while

8.2.1 Analysis of GR algorithms

In this section, we investigate the points selected by Algorithm 9 for one-dimensional
and multivariate polynomial interpolation. First, we consider the standard case of one-
dimensional polynomials, since it is well understood and the notation is simple. This allows
us to formulate the main arguments of our analysis in a comprehensible way. Afterwards,
we build the analysis for multivariate polynomials on top of the one-dimensional foundation.

One-dimensional polynomial interpolation

We begin with the one-dimensional setting N = 1 with X C R a closed interval. We also
consider the standard assumption that the number of selected points matches the degree
of the polynomials in B, i.e., K =n + 1.

Recall (e.g., from [60, Theorem 8.2]) that for any set of points {Z; }"H and the polynomial
P« € Py, interpolating an (n+1)-times continuously differentiable functlon f at these points,
there exists for each z € X a £ € X such that

n+1

”°° H |z — T (8.14)

”f n+1

|f(z) = pu(z)] =

Thus, to minimize the error |f(x) — p.(x)|, the points {z; }?ill should be chosen such that

they minimize max H;”ill |z — Z;|. One popular set of points that can be derived directly
Te
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Algorithm 8 DGR for function approximation

Require: A set of data points Z := {(z;,y;)}/_; € X x RM with y; := f(z;) and J € N, a set of
functions B = {g1,...,9x} C G and a tolerance tol > 0.
1: Find (21,y1) that solves

2
ma. . 8.8
max_ [yl (33)
: Update Z < Z\ (z1,¥;) and set fopir = ly.l13, k= 1.
while k< J —1and fe > tol do
Fitting step: Find an B that solves

B W

k
min l9s @) — 5,13 ®.9)
Bespan{B,;}r_, Jz:; ’ ’

5: Splitting step: Find (Zy41,Y,,1) that solves

2
(x) —yll5. 8.10
max_lgg (@) - il (8.10)
6: Update Z < Z\ (@11, Yps1)s Sspiit < |98 @ps1) — Yppnll3 and k « k + 1.
7: end while

from this goal, are the so-called Leja points. This class of interpolation points was first
introduced by Edrei [36] and later studied by Leja [54]. Starting from any z; € X the

corresponding Leja sequence (xj)?ill is generated iteratively by the update
k
5k+1:argmaXH\x—fj|, E=1,...,n. (8.15)
zeX j=1

The update formula (8.15) has two main advantages. First, the update formula allows one
to incorporate any preexisting set of points {Z; };?:1. This property is of particular interest
in applications, where some preliminary data is already available. Second, the computation
of the new point Zj11 allows one to evaluate the term max H§:1 |z —2;| = H§:1 |Thr1— T4,

which corresponds to the a-priori interpolation error given in (8.14).

As main result of this section, we show that GR computes exactly a sequence of Leja points
if B is a polynomial basis of increasing order.

Theorem 8.2.1 (GR computes the Leja points) Let B = {p1,...,pnr1} C Pn be
such that span{pi,...,pr} = Pr—1 for all k = 1,...,n. Then the points {Z; ;Lill com-
puted by Algorithm 9 form a Leja sequence.

Proof. We begin by constructing the coefficients 8% € R¥ that solve the fitting step problem

(8.12) at iteration k. Let us define pg(z) := —ag11 H?Zl(l' — ), where aj4 is the leading

coefficient of pgy1 € Pr. Then py + pi+1 is a polynomial in P_q. Since {p1,...,pr} form a

basis of Pj_1, there exists B € R¥ such that Pt = Pk + Pry1- Thus pge(T;) — pry1 (7)) =

Pr(Zj) = 0 for all j = 1,...,k, which implies that 8% = arg min Z?:l lpg(Zj) — Prt1(5)]-
BERF

The uniqueness follows by the fact that the points Zi,...,7) are distinct (which can be
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Algorithm 9 GR for polynomial interpolation

Require: A set of linearly independent polynomials B = {p1,...,px} C Pp.
1: Set k = 1 and find Z; that solves

2
. 8.11
max |p: ()] (8.11)
2: while k< K -1 do
3: Fitting step: Find an B* that solves
k
min Y pg(&;) — pr1 (&), (8.12)

k
BER =

k
where pg(x) = >, Bipi(x).
4: Splitting step: Find an Zj,1 that solves

max [pgr (2) = pria ()] (8.13)

5: Update k + k + 1.
6: end while

shown by a simple iterative argument), meaning that the polynomial pgr and therefore
also B* are unique.

Now, using the polynomial pgr constructed above and solving (8.12), we obtain

k
Ipgr (x) = P (2) P = [Br(@)* = lagsa [* [ ] J= — &1
j=1

Since ag.1 does not depend on z, the splitting-step problem (8.13) can be written as
max H§:1 |z — 7|, which is equivalent to the Leja update (8.15). Thus, the splitting step
S

of Algorithm 9 at iteration k computes exactly the point Tx11 in the Leja sequence. O

Notice that p; € Py implies that p; = ¢ for some ¢ € R. Thus, any = € X is a solution to
the initialization problem (8.11). Together with the result from Theorem 8.2.1, this implies
that one may choose any initial point 7 € X and GR will compute the corresponding Leja

sequence {Z; ;lill .

Multivariate polynomial interpolation

Let us turn to the multivariate setting, i.e., N > 1 and X = X; x --- x Xy with X; a
closed and bounded subinterval of R for ¢ = 1,..., N. As in the one-dimensional case, we
denote by B a basis of P, = P,(X). Notice that dim(P,) = (V") (see, e.g., [70, Theorem
2.5]), which implies that GR will compute K = (N;,“”) points.

To relate the points selected by GR to tensor products of Leja points, we introduce some

additional notation. For an initial point ; € X, we denote by {y; 7]1:11 C X, y§ the Leja
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sequence initialized by z1,; for i =1,..., N, i.e, Y= Z1,; and
j—1
—argmaxH]a:—ye\ i=1,....,.N, j=2,...,n+ 1. (8.16)
zeX; —1

Now, we define the m-first tensor-product Leja points for m € N as

N
=l )T L v ENT st Y g < N 4m), (8.17)
=1

with cardinality #V,, = (N ]J\r/m) Let us give an example of V.

Example 8.2.2 (on the set V,,) Let N =n = 2, X = [-1,1]? and 2, = [-1,-1]".
Then yi = y2 = —1, yi = y3 = argmax |z — (—1)| = 1 and
z€[—1,1]
ys = y2 = argmax |z + 1||z — 1| = 0.
z€e[—1,1]

Thus, the two Leja sequences {yjl }?:1 and {3/32}?:1 are given by {—1,1,0}. Since

Vi = Y1 U{ly;, y5) " |1, d2 € N st ji + 2 = 2+ m}
for m > 1, we obtain

T

={ly
V= yOU{[ypr]Ta Y

[

[ T
Vo =Y1U{lut, 31" [v3.93) ", ly

[

[

Lot} =
2:vil '} =
5,01} =1 U
Vs =Y U{lys,u3) " [z, 18]} =
5,u3] ) =

Vi=YsU{ly

T

These sets are represented in Figure 8.1. Notice that for m > 5 we have Yy, = V4.

Remark 8.2.3 (on the set ), and the full tensor product of Leja points) Notice
that the set Y, = Yo in Example 8.2.2 still contains the full Leja temsor product {y}, Y} ®
{y3,y3} = {-1,1}®{—1,1}. However, this is not the case for generaln, N € N since a full
Leja tensor product {yt,....,yty @ - @ {y),...,yN} of order m < n contains all points
[yjl-l, .. ,y]]-\jv]T with ji,...,jn € {1,...,m}. Thus, in order for the set Y, to contain this

point, we require n to satisfy Zf\;l m < N +n, namely that Nm < N +n.

The main result of this section (Theorem 8.2.8) is that the points computed by GR coincide
with )V,. To prove it, two assumptions are needed. To clarify their meanings, we sketch
the idea of the proof of Theorem 8.2.8 in what follows.

The main part of the result is proven by induction on the degree m of the polynomials
in the basis B = {p1,...,prx}. For the induction step, we follow the same idea of the
proof for Theorem 8.2.1 and thus require that the basis elements are ordered according to
their polynomial order and the appearing monomials. For this purpose, we introduce the
following assumption on the order of B.
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Yo N1 Y2
1 1{% 1% X
< 0 < 01 < 0%
—-1% -1 . E -1 »® %
-1 0 1 -1 0 1 -1 0 1
X1 X1 X1
V3 Va
1% ¥ % 1% ® b3
< 0% % < 0% % %
-1{% » *® -1 » »®
-1 0 1 -1 0 1
X1 X1

Figure 8.1: All tensor-product points (gray crosses) corresponding to the two Leja se-
quences {yjl ?:1 = {yj2 :;»:1 = {-1,1,0} from Example 8.2.2, and points
x = [v1,22)" € [~1,1]? (red crosses) contained in the sets Vo (top left), V;
(top middle), Yo (top right), Vs (bottom left) and Y4 (bottom right) as defined
in (8.17).

Assumption 8.2.4 Let m € {0,...,n}, k = (N;m) and K, = (NJF]T\?H). Then the first
k elements p1,...,px in B form a basis of Pp,. Additionally, for all ¢ € {k+1,..., Ky}
the polynomial py € B introduces exactly one new monomial with respect to all monomials
appearing in the polynomials p1,...,pg. In other words, there exists a (unique) polynomial
p € span(pi,...,px) such that py = ad/i’__.7d§vx(d§""’dgv) + p, where age . 2t € R\ {0} and
(d{, ey d?v) denotes the componentwise degree of the new monomial 24N introduced
by pe.

Let us clarify Assumption 8.2.4 by the following example.

Example 8.2.5 Let N =n = 2 and consider a basis B = {p1,...,px} with K = (N]J\;") =

6 such that Assumption 8.2.4 holds. Then py must be the constant polynomial, i.e., p1 = a
for some a € R. Now, there are two possible choices for pa:

p2(x) = a171 + ag or  p2(x) = a172 + ao,
for a; € R\ {0}, ap € R. Let us assume that pa(x) = a1x1 + ag. Then

p3(x) = bixa + bo,
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for by € R\ {0}, bp € R. Now, we have three choices for py:

agaz% + asxo + a1x1 + ag,
pa(x) = { azx2 + agws + a1x1 + ag,

as3r1xr9 + asx2 + ai1x1 + ap,

for ag € R\ {0}, ag,a1,a9 € R. Depending on the choice of p4, the polynomials ps and pg
will be of the remaining two forms and thereby introduce the other monomials of degree 2.

Assumption 8.2.4 allows us to uniquely identify the basis elements in B by the compo-
nentwise degree of the monomials introduced by the basis elements. For example, if we
choose py = azx1x2 + asxo + a1x1 + ag in Example 8.2.5, then we can identify py by the
componentwise degree (1, 1) that corresponds to the monomial azxjz2. Let us conclude the
discussion on Assumption 8.2.4 with the following remark, relating the space of polynomials
Pm+1 \ P with the set of Leja points Vi1 \ Vi, for m =0,...,n.

Remark 8.2.6 (on the sets P, and V,,) Let m € {0,...,n}, k = (N]”\L,m) and K, =
(N”L;\?H). Then Assumption 8.2.4 implies that the polynomials {pg}f:”éﬂ form a basis of
Pri1 \ Pm. Thus, the componentwise degrees (dt, ... ,dg\,) of the monomials p(didy)
introduced by the polynomials pg, for £ =k +1,..., Ky, coincide with all possible combi-

nations (dy,...,dy) € NV that satisfy Zfil d; = m + 1. Moreover, we can write

N
merl\ym: {[yjlp)yj]\][\;]—r |j17~"7jN €N+ s.t. Z]z :N+m+1}
=1

N
- {[yélﬂ,...,ygﬂf | (d1,....dy) €NV st Y d; =m+1}.

=1

Hence, there exists a one-to-one relation between the componentwise degrees of the mono-
mials introduced by the polynomials {pg}f:”;C 41 and the Leja points Vimi1 \ Y.

The next step in the proof of our main result is to show that the splitting-step problem
(8.13) is equivalent to a multivariate version of the Leja update (8.16). However, notice
that maximization problems involving multivariate polynomials in general do not have a
unique solution. Consider, for example, the maximization problem

max p(z)|*, p(z) = (H(ﬂcl—y})> (H(m—zﬁ)) (H(m—ﬁ)) =x1—y;. (8.18)

Then any x = [21,...,2y] € X with 21 € argmax |z; —y}|? is a solution to (8.18). Notice
reX
that x1 does not has to be unique. Thus, we introduce the following assumption that sets

all components to the next entry of the corresponding Leja sequence.

Assumption 8.2.7 At iteration k € {1,..., K — 1} of Algorithm 9, let (d]f'H, . ,df\,ﬂ) €
NV be the componentwise degree of the unique monomial that pyy, € B introduces, according
to the second part of Assumption 8.2.4. If the splitting-step problem (8.13) is given by
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max |pgr (&) — prt1(x)|? with

reX
df*l dﬁﬁl
pgr(T) — pry1(x) = a< H (w1 — y]l)> e ( H (xn — y;v)>, (8.19)
Jj=1 J=1
for some a € R, then Algorithm 9 selects the point Ty = [ycll’““Jrl’ e ,yé\,zHH]T
1 N

Notice that, if the polynomial pgr(z) — pr41(x) is given as in (8.19), then

d’f+1 diﬁl
2 _ 1,2 N2
o e (&) — piis () —a( mas IT b o} )( ma T le o ) (8.20)
J J=

r1€X1 . TNEXN

Thus, by the Leja update (8.16), [ycll’”lﬂ’ cee yé\,fﬁhrl] is always a solution to (8.20) and
1 N

hence to the splitting-step problem (8.13). We can now state our main result.

Theorem 8.2.8 (multivariate GR computes tensor product Leja points) Let
n,N €N, K=", B={p}, abasis of P, and T, € X the solution to (8.11). If
Assumptions 8.2.4 and 8.2.7 hold, then the points computed by Algorithm 9 coincide with
Y.

Proof. We prove the result by induction on the degree m of the polynomials in B. The
case m = 0 is trivial since Yy = {[y},...,y]]"} = {Z:}. Let us now assume that for
some m € {1,...,n} and k = (N;m) the set {ij}é?zl coincides with Y. Then the result
follows if we can show that the set {5]-};(:"1 for K,, = (N +]7\7+1) coincides with YV, +1. To
do so, recalling Remark 8.2.6, it is sufficient to show that Algorithm 9 computes exactly

the point [y§f+1’ .. ,yé\é +1]T at iteration ¢ € {k +1,..., K,,}. We prove this result by a
1 N

second induction argument on the index /.

Let us begin with the base case £ = k + 1. By Assumption 8.2.4, we have

k41 k+1
db Lk

Pk+1 = ad’f“,...,df\,“x( + D,
for some p € span{p1,...,px}. Now, we define the polynomial
dtt ki
Pl@) = —ag_gn ( H1 (z1 — y;.)> ( H1 (zn —y )) € Pt (8.21)
j= Jj=

where y§ are the Leja points defined in (8.16). By the definition of the polynomial degree
given in Section 1.3, we can write p(z) = Zﬁlzo aox* — pr41(x), for some aq € R. Thus,
since the polynomials {p1,...,px} form a basis of P, (by Assumption 8.2.4), there exists
a unique B* € R* such that

k
P(@) = pgr(x) — prs1(@) = > _ Bipil@) — praa(@),  forallz € X.
=1



8.2. GR ALGORITHMS FOR POLYNOMIAL APPROXIMATION 91

Recalling (8.17), we have for any y € ), that y = [yjl-l,...,yé\]’v]—r for some indices

J1,--+,Jn € NT with sz\il jJi = N + m. Since Zf\il df“ = m + 1, there exists at least
one j; such that 1 < j; < d¥1.1 Together with (8.21), this implies that p(y) = 0 for all
Y € V. Since we assume that the set {5]'}?:1 coincides with Y, we obtain p(z;) = 0
for all j € {1,...,k}. Thus, B* is the unique solution to the fitting-step problem (8.12),
and the splitting-step problem (8.13) can be written as max |p(z)|?. By Assumption 8.2.7,
Algorithm 9 will now choose exactly Zp11 = ycll,fﬂﬂ, . ,yé\f;vHH !

Next, consider the induction step £ — £ + 1. Let us denote by {5j}§:k 1 the set of points

computed by Algorithm 9 from the base case until iteration . By the induction hypothesis,
we have {z; }ﬁzk +1 € Yma1. Now, the induction step £ — £+ 1 follows analogously to the
base case above. We only have to show that the new polynomial

di*! dy!
@) = —agen g ( [ - y;.)> oo ( [[Gy - ij)> € Prns1 (8.22)
j=1 j=1

satisfies p(x;) = 0 also for all j € {k+1,...,¢}. This can be shown by the following
contradiction. Assume that p(z;) # 0 for some j € {k+1,...,¢}. By the assumption of the

induction step, we have &; € Vi1 \Vm and x; = [yclle, ... ,yé\; +1]T with Zfil dg =m+1.
1 N

On the other hand, since py11 € Pmy1 \ Pm we also have Zfil df“ = m + 1. Thus,
P(E;) # 0 together with (8.22) imply that ¢ + 1 > d‘™ for all i € {1,...,N}. Since
SN @ =N dL) we obtain d = ™ for all i € {1,...,N}.2 Since j < £+ 1, this is
a contradiction to the second part of Assumption 8.2.4. O

Notice that the full grid of tensor-product Leja points of order n is given by

Vo= {y}a <o x {y) ;?j:{[y;l,...,yﬁvf\jl,...,jNe{1,...,n+1}}.

Clearly, we have ), € ), meaning that GR applied to a basis B of P, only computes
a subset of the tensor-product Leja points. However, analogously to Theorem 8.2.8, one
can also show that if we use a basis B that spans the same space as the monomials up to

componentwise degree n®, then GR computes the full tensor product ).

8.2.2 OGR and equivalence with EIM

As in Section 8.1, we can formulate an OGR for polynomial interpolation problems. The
resulting method is stated in Algorithm 10. This algorithm looks similar to a popular
greedy algorithm introduced in [14]: the empirical interpolation method (EIM). While
EIM is mostly used in the context of reduced-basis applications for parameter-dependent

IThis follows by a contradiction argument: assume that all j; > df"’l for all ¢ € {1,...,N}, then
Zévzl ji > Zﬁv(df"'l + 1) = N +m+ 1, contradicting Zf\;l ji=N+m. _
2This follows by a contradiction argument: assume that there exists i € {1,..., N} with d/ # d*™'. Then,

since 2N, d) = SN df!| there exists i € {1,..., N} with d% < dg“. This implies that d% +1< dé“,

i=1""

which contradicts &} +1 > d{™ for all i € {1,...,N}.
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Algorithm 10 OGR for polynomial interpolation

Require: A set Bogr = {p1,...,px} C Py for K,n, N € N and a tolerance tol > 0.
1: Find z; and ¢; that solve
2
. 8.23

o X, A Ipe(z)| (8.23)
2: Swap p1 and py, in Bogr, and set fspiir = |p1(z1)] and k = 1.
3: while £k < K —1 and fp+ > tol do
4: for{=k+1,..., K do

5: Fitting step: Find B¢ that solves
ko k 5
min 3 > Bwi(@) - @) (8.24)
j=1 i=1
6: end for
7: Splitting step: Find Zxy1 and £y that solve

2

k
L) ()
pepaX | max ;@pz(w) pe(x)| . (8.25)

. E ol
8: Swap pr4+1 and py,,, in Bogr, and set pge = > ., ;" ' p;.
9: Update .fsplz’t — ‘pﬂk ($k+1) — pk+1($k+1)‘ and kK +— k + 1.
10: end while

PDEs, it has also been studied for polynomial interpolation (see, e.g., [59, Section 3]). The
version of EIM used for the setting of polynomial interpolation (compare [59, Section 2]),
adapted to our notation, is stated in Algorithm 11.

Although the two methods are very similar, OGR has one main advantage over EIM: the
parameterization discussed in Section 8.1. While EIM only considers linear combinations
of the elements in Bgryr, OGR can handle also nonlinear parameterizations, for example
a set Bogr of neural networks where the parameterizations are given by the weights and
biases. We will discuss this example in more detail in Section 8.3.

Let us now compare OGR and EIM in more detail. The initializations of OGR (line

1 in Algorithm 10) and EIM (lines 1-2 in Algorithm 11) are obviously equivalent, since

[Pl oo (x) = max |p(z)| for any p € P,. A similar analogy also holds for the maximization
re

problems inside the while loops (line 7 in OGR and lines 8-9 in EIM). The difference here is
that, while OGR selects elements p directly from the set Bogr, EIM generates a new basis
of polynomials {qk}fzmla" (see also line 10 in EIM). If we neglect this difference between
p; and ¢; for a moment, we notice that the fitting step (line 5 in OGR) solves the strictly
convex problem (8.24), whose optimality system coincides with the linear system (8.26).
On the other hand, if at iteration k the polynomials {ﬁi}le computed by EIM coincide
with the set {p;}¥_, selected by OGR, then we also have span{p;}¥_, = span{g;}¥_,. This
is because ¢ is a rescaled version of py (see line 3 in EIM) and the g for k > 2 are linear

combinations of pi, ..., i (see line 10 in EIM).

To prove the equivalence of OGR and EIM, we need the following results [59]:
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Algorithm 11 EIM for polynomial interpolation

Require: A set of polynomials Bgry = {p1,...,px} C P, for K,;n, N € N, and a maximum
number of iterations K. < K.
1: Compute p; = arg max ||p|| o (x)-

PEBEIM
2: Compute y; = arg max |p1 (y)|.
yeX
. _ _pb1_ _
3: Set g1 = M) and k= 1.
4: while k< K,,, —1 do
5: for p € By do
6: Find B(p) € R¥ that solves the interpolation problem
k

Z[ﬂ(p)]lQZ(g]) :p(?jj)v Jj=1... k. (826)

i=1
7: end for i
8: Compute ppq1 = argmax ||p — >, [B(P)]ig: Lo (x)-

PEBEIM

9 Compute gy = argmax [pii1(y) - S B @Rt ().
ye

10: Set gyt = 5oy, where ri (3) = Prea(y) — i1 [B0+1)iaiy).

11: Update k <+ k + 1.
12: end while

Pl If Kpur < (N ~") then problem (8.26) is uniquely solvable (see [59, Theorem 1]).

P2 For all k € {1,..., Ky} and all p € span{g;}¥_; we have p — Zle[ﬁ(p)}iqi =0
(see [59, Lemma 1]).

Theorem 8.2.9 (Equivalence of OGR and EIM) Assume that Bogr = By =: B.
Let {ij}JK:OlGR, {pi}fiolGR and {gjj}f:”i”, {g:YEmew be the points and polynomials selected by
OGR and EIM, respectively. Then for any K € N, K < min{ Kogr, Kmaz}, it holds that
zj=y; forj=1,...,K and span{p; }X| = span{q; } K ,.

Proof. Notice that EIM considers all elements of B in each iteration and does not reorder
the set B. Thus, we may assume that the polynomials in the set B are ordered as OGR
selects them, i.e. the {pz}fi 99" selected by OGR are exactly the first Kogr polynomials
in B.

We now prove the result by induction. Since ||p||pe(x) = max Ip(z)| for any p € P,, OGR
EAS

and EIM choose the same first point ; = y; and corresponding polynomial py, = p1. By
the definition of ¢; in line 3, we obtain span(py,) = span(qi).

Next, we assume that at iteration & < K we have zj =y, for j=1,...,k and p; = p; in
EIM for i = 1,...,k, implying that span{p;}¥_; = span{g;}*_,. From P1 we obtain that
(8.26) has a unique solution ﬁEEIM for £ =0,..., K. Since span{p;}¥_, = span{q;}}_,, the
optimality system of (8.25) coincides with (8.26). Thus, also (8.25) has a unique solution
:BéGR for { =k+1,...,K with Z?:ﬂﬂZOGRthlpi = Zle[ﬂ%IM]ini. From P2 we know
that pe(x) — Zle ﬁf+1qi(m) =0 for £ = 1,...,k. On the other hand, the polynomials
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Dkil,---,Px are linearly independent from {p;}¥ ;. Thus, the splitting step (8.25) of
OGR is equivalent to the two maximization problems of EIM in lines 8-9, meaning that
we obtain Zry1 = Yry1 and py,,, = Pry1. Finally, by the definition of gr41 we obtain

span{p; }/; = span{q;} 5. O

8.2.3 Practical implementation aspects

To solve the initialization problems (8.11) and (8.23), and the splitting-step problems
(8.13) and (8.25) numerically, we consider a strategy used for both the Leja points (see,
e.g., [62]) and EIM (see, e.g., [14, 59]). The idea is to replace the input space X by a
finite approximation (e.g., a grid), which we denote by X}, compute the value of the cost
function at every € X,, and select the point Z corresponding to the maximum value.

Notice that the computational effort of this approach grows exponentially with respect to
the dimension of X (increasing with N and n). A possible solution, based on the so-called
Fast Leja points (see [12]), is to adaptively enlarge the discrete set X} in each iteration.
A similar strategy can also be applied to our GR algorithms. However, the discussion of
these implementation details goes beyond the scope of this work.

8.2.4 Data approximation GR for polynomial interpolation
Following the idea described in Section 8.2.3 and replacing the space X by X} = {z; }3]:1,
J € N, the evaluations of the polynomials pi,...,px on X} can be precomputed, resulting
in a discrete set

Z = {(z,pi(x)) bieq1,...N},-

je{1,....J}

In this way, we can provide GR directly with Z, instead of the set of polynomials B. On
the other hand, this approach can also be interpreted as GR trying to approximate the
“data” Z by polynomial functions.

This motivates the application of DGR (Algorithm 8 in Section 8.1) to the setting of
polynomial interpolation. The idea is to consider a data set Z = {(z;, f(z;)) 3-]:1 CXxR

and find the smallest number of data points J € N, J < J , such that the polynomial
J

j=
Z\{(z;, f(z;)) 3’:1. For brevity, let us denote y; := f(x;), 7 = 1,...,J. The new version of
DGR is stated in Algorithm 12. Notice that the fitting step in line 4 is no longer formulated
as a least squares problem, since the interpolation of k points by a polynomial of degree
k — 1 is exact.

of degree J—1 interpolating {(x;, f(2;))}7_; also approximates well the remaining data

Let us now test the performance of DGR to interpolate the famous Runge function

1

f(x)

We provide DGR with a tolerance tol = 10710 and a data set {(z;, f(z;)) 3]:1 with equidis-

tant points z; = —1+ 2%, j=1,...,J. To solve the interpolation problem in the fitting



8.3. A GREEDY ALGORITHM FOR FUNCTION APPROXIMATION BY RESIDUAL
NEURAL NETWORKS 95

Algorithm 12 DGR for approximation by polynomials

Require: A data set Z = {(x;,y;)}/—, for J € N and a tolerance tol > 0.
1: Find (Z1,91) that solves

2
. 8.27
Qe |y (8.27)
2: Update Z < Z\ (Z1,71) and set foprie = |91, k= 1.
3: while k£ < J —1 and fsp;+ > tol do
4: Fitting step: Find p* € P,_; that interpolates {(ij,ﬂj)}é?:l.
5: Splitting step: Find (g1, Yr+1) that solves
k 2
ma, x)—yl©. 8.28
@hax Ip*(z) -yl (8.28)
6: Update Z <= Z\ (Ti+t1, Yot+1), foplit < Ip*(@rs1) — Jpa1| and k < k + 1.

7: end while

step (line 4 of DGR), we use the barycentric Lagrange interpolation (see [23]). To test the
performance of DGR, we evaluate the interpolation error
k
_ 8.30
max |f(z) — p*(2)| (8.30)
at each iteration k& of DGR on a fine grid X, C [—1, 1] of 100000 equidistant points. We
then compare the result to the interpolation error for the same amount of Chebyshev nodes

(compare, e.g., [60, (10.20)]) and Fast Leja points (see [12]). The results for data sets of
sizes J = 100 and J = 1000 are shown in Figure 8.2.

We observe that DGR for a data set of size J = 1000 terminates after k = 124 iterations
(by reaching the required tolerance tol = 1071%) and is able to match the convergence rate
of the Chebyshev nodes and Fast Leja points. If we only provide DGR with J = 100 data
points, it begins to diverge after 40 iterations. However, this is to be expected since the
data {(zj, f(z;)) 3-]:1 provided to DGR are produced using equidistant points x;, which
are known to have a divergent interpolation error for the Runge function (compare, e.g.,
[60, Example 8.1]). However, the interpolation error for pure equidistant points in Figure
8.2 already starts to diverge at 10 interpolation points.

Obviously, the computational effort of DGR is larger than that in computing the Chebyshev
nodes or Fast Leja points. Nevertheless, our investigations serve as a proof-of-concept that
this data GR framework can perform well for polynomials, with the advantage that it can
be extended to other frameworks.

8.3 A greedy algorithm for function approximation by resid-
ual neural networks

The advantage of our class of greedy algorithms is that the approximation ansatz does
not have to be linear with respect to the coefficients 8. This allows us to extend them to
the field of deep learning, where a neural network depends nonlinearly on parameters, like
weights and biases as in the following example.
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Figure 8.2: Interpolation error (8.30) for the Runge function (8.29), using the barycentric
Lagrange interpolation for the points computed by DGR at iteration k for
a data set of size J = 100 (blue crosses) and J = 1000 (orange crosses),
and for Chebyshev nodes (green triangles), Fast Leja points (red circles) and
equidistant points (purple squares) of degree k.

We consider the following class of residual neural networks. For a network Fyy; of depth

m with activation function ¢ and input z =: 2°, we let
i o(Whi=1lzi=1 4 pli-1]) for i € {1,m},
2t 4 (W £ i)y otherwise.

In other words, the input of each hidden layer is summed directly to its output. That
automatically implies that the widths of all hidden layers are equal. Thus, the architecture
of any such network Fyy, is determined by its depth m and the widths of all hidden layers
d.

J

For inputs (Z;);_;,

formulated as

the problem of approximating a function f by a neural network can be

apmin  L((Fwa @) (FE))- (8.31)

where L is a loss function, for example, the mean squared error

J
L((Fra@)r, U@ = 5 D2 17@) — Fual@)IE (8:32)

In Section 8.3.1, we formulate a combination of OGR and DGR that is able to simultane-
ously select a minimal network architecture (namely m and d) and an optimal subset of
training data for a given data set. Afterwards, in Section 8.3.3, we test the performance of
our new method, using residual neural networks to learn the Runge function and a spiral
data set.
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Algorithm 13 NOGR for deep neural networks

Require: A set of networks {Fy, , }/<, with depths {m,;}/X, and widths {d;}}<, for K € N,
maximum network depth mma;and maximum hidden layer width d,,.., a set of training data
Z = {(:l:j,;l/j)}}-]:1 for J € N, a maximum number of iterations K;; < J and two tolerances
tOlfitthISplit > 0.
Set L={1,...,K}.
(@1, 91)s fsprits Fyogr) + splitting step(L, {Fyy, 4, heer, 2).-
Update Z < Z\ {(Z1,y;)} and set k = 1.
while k < K and fopiit > tolgpe do

{(Fyl 3,18, £) + fitting step({F, ,, Moy, (@5,9;)51, tolgir)

((%k-‘rly gk--i—l)v fSplit7 Fjlzf-glgj:g) — Sphttinngtep(‘C’ {F{]/ﬂ[/—:,lbz}éeﬁvz)'

Update Z < Z\ {(Tr41,Ypq1)} and kb k41
end while
return Training points {(Z;,¥;)}¥_, and the (trained) network Fyogr = Foqp with smallest
validation loss fspiiz.

Algorithm 14 splitting_step

Require: A set of indices £, the corresponding networks {Fy, s, }eec, and a set of points Z =
{(xj7yj)}3’]:17 with J € N.
1: for £ € L do
2: Splitting step: Find (Z¢,y,) that solve

max_ L(Fw,p, (2),y). (8.33)
(z.y)ez
3: Set fr = L(Fqubz("/E\f)vgé)‘
4: end for
5: Compute £ = arg min f.

el
6: Set (Z,y) = (T5,Y7), [split = [, and Fyogr = Fw,p,-
7: return The training point (Z,y) with validation loss fep;: and corresponding network Fyogr.

8.3.1 OGR for minimal neural network structures

In many machine learning applications the training data is already available. However,
the choice of an appropriate/optimal neural network structure for the specific data is often
only based on heuristics, experience, or determined by trial and error. This leaves open
the possibility of choosing a suboptimal network size, which can lead to under/overfitting
(see, e.g., [44, Section 5.2]). Moreover, even if a “good” network structure is found, it is a
common issue that the data is imbalanced, leading to biased models (see, e.g., [61, Section
5.3.1]) and thereby lack of robustness.

To address these issues, we introduce a new method, called Network OGR (NOGR), which
combines the ideas of the OGR Algorithm 7 and the DGR Algorithm 8. The main idea
of this new greedy algorithm is to select simultaneously a subset of optimal training data
points and the smallest network (trained on the selected data) capable of well representing
the non-selected data. NOGR is stated in Algorithm 13, while its splitting and fitting
steps are detailed in Algorithms 14 and 15. For a better overview, we summarize the role
of some variables in Table 8.1.
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Algorithm 15 fitting_ step

Require: A set of networks {Fyy, 5, } X, with depths {m;}X; and widths {d;}£, for K € N, a set
of points {(@,ﬂj)}?:l for £ € N, and tolerances tolsi; € R, Mpmaz and dpaz-
1: Set K = 0.
2: while KX = 0 do
3: for/=1,...,K do

4: Fitting step: Train Fyy, p, on {(Ej,ﬂj)};?:l, ie., find (Wz,ge) that solve
i L( Foo (@)Y, {515 ) 8.34
i E({Fwa(@) s Y (8:34)

and set Fy, 5, = Iy, 3,

5: end for
6 Set K={0&{1,.... K} L({Fi @)}y (1) < tolgu}.
T: forie{l,...,K}\ K do
8: Increase m; and/or d; (not beyond Munaz, dmas), and update Fyy, p, accordingly.
9: end for
10: if  min  (my,d;) = (Mmag, dmaz) then
ie{l,... K}
11: STOP with message: “Was not able to fit the data, stopping NOGR!”
12: end if

13: end while
14: return A set of trained networks {Fy, 5, }22, and a set of indices K.

Let us describe the first iteration of NOGR in more detail. First, NOGR applies the
splitting step (Algorithm 14) to the full set of networks {FI}VZ bi},{il. In this step, for each
network a training point (Z,y) € Z is computed by maximizing the validation error in
(8.33). Among all these training points, the one that corresponds to the network F]{,OG R
with the smallest validation error fg,;: is selected and denoted by (z1,7,). Next, NOGR
checks whether the network FJ{,OG r already represents well enough all the training data,
namely the validation error fg,;; is below the tolerance tolgy;;. If that is not the case,
NOGR continues with the fitting step (Algorithm 15). Here, all networks are trained
on (z1,y;). If the training of some networks is unsuccessful, i.e., the final loss of the
corresponding training problems is larger than the tolerance tol;;, then the depths and/or
widths of these networks are increased. The fitting step is repeated until one training was
successful or the maximum network depth m,;,4, and maximum width of the hidden layers
dmaz are reached. In the latter case, the process is stopped because none of the admissible
network architecture was able to represent the selected data. Otherwise, if the training
was successful for one or more of the networks, these (trained) networks are registered in
the set L for the next splitting step.

8.3.2 Practical implementation aspects

The main advantage of the particular class of residual neural networks that we introduced
at the beginning of Section 8.3 is that it limits the amount of choices when upgrading the
network. Omne can either add a new hidden layer with the same width as all the other
hidden layers or increase the width of all existing hidden layers by 1.
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Variable name ‘ Description/Role

Munazs Amaz Bounds on the depth and hidden layer width of the networks
{F W;,bj }szl :

tol g Tolerance used in the fitting step to decide whether the training of a

network was successful or not.

tolsprit Tolerance used to terminate NOGR if the validation error of a

network is sufficiently small.

K Set of indices computed during the fitting step, indicating which
networks were successfully trained.

L Set of indices deciding which networks are considered in the splitting
step. At iterations k > 2 we have £ = K.

zZ Set of training points not selected by NOGR at a certain iteration.

Table 8.1: Description for some variables used in Algorithms 13, 14, and 15.

Let us explain this upgrade strategy in more detail. We initialize NOGR with a set of
networks {Fyy, », }1£; that have no hidden layers (i.e., m; = d; = 0), but different weights
and biases that are randomly chosen in [—1, 1]. In the first architecture update in lines 7-9
of the fitting step (Algorithm 15), we replace all {Fiv, », }ie1,....k 1\ With random networks
that have exactly one hidden layer of width 1, i.e., m; = d; = 1. For all further updates,
we use the smallest (successfully trained) network as reference size and add either a new
hidden layer, or increase the width of all hidden layers by 1. More precisely, by defining
# Iy, as the total number of weights and biases in the network Fyy;, we compute the

index of the smallest (successfully trained) network 7 as

argmin #Fy,p, if I # 0,
Z: e

argmin #Fy,;, otherwise.
te{1,... . K}

Then we set (i, d;) = (mp + 1,d;) and (g, ds) = (mg,dy + 1), and replace the set
{Fw, p; Yieq1,...k\kc With random networks such that half of them have depth m; and
hidden layers of width di, and the other half have depth ms and hidden layers of width ds.

Remark 8.3.1 NOGR can also be extended to other classes of neural networks. The main
challenge here is to design an appropriate strategy to update the network architecture (lines
7-9 in Algorithm 15). For general feedforward neural networks, for example, the number of
possible incremental upgrades (by one node) grows proportionally to the number of hidden
layers.

8.3.3 Numerical experiments

We test the performance of NOGR, using the residual network structure and upgrade
strategy discussed in Section 8.3.2. For our first test we consider again the Runge function.
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Figure 8.3: Left: Runge function (blue line), inputs (fi])]ll:l of the data points selected by
NOGR (green crosses), for tolerances toly;; = tolgy = 1075, and output of the
network Fyogr on an equidistant grid X, of 100000 points (orange dash-dotted
line). Right: Same as left, but for smaller tolerances toly;; = tolgpir = 1077.

Afterwards, we apply NOGR to a two-dimensional spiral data set. Our implementations
use PYTORCH [§].

An optimal residual network for the Runge function

Our goal is to find the smallest residual network that is able to learn the Runge function
(8.29). Similar to Section 8.2.4, we consider a data set {(xj,f(a:j))}jzl for J = 100
equidistant points z; € [—1, 1].

For all networks in this section, we fix input and output size to dg = d,,, = 1 and use the
hyperbolic tangent as activation function, i.e., o(x) = tanh(x). Since we want to learn the
outputs of a function, we consider the mean squared error loss (8.32). We solve the fitting-
step problem (8.34) using a BFGS method with the full gradient to have good convergence
properties. Notice that there is no need to apply any stochastic optimization approach,
since the fitting step at iteration k trains the networks only on the selected training points

{@j@j)}?:r

We run NOGR for a set of K = 100 networks, a maximum network width and depth of 20
and toly;; = tolgpr = 10~°. The algorithm stops after 11 iterations, selecting data points
(z5, f(fj))]lil and a network Fyogg of size (1,1,1,1,1,1,1), i.e., 5 hidden layers of width
1, accumulating to 11 trainable parameters. The loss of Fnxogr on the full training data
set of 100 points is 5.32 - 1077, the loss on a fine grid X, C [~1,1] of 100000 equidistant
points is 5.38 - 10~7. The results are plotted in Figures 8.3 and 8.4. For a fixed network
Fyyp, the interpolation error in Figure 8.4 is defined as

max [ f(x) = Fiwp ()], (8.35)

To obtain the plots in Figure 8.4, we train the networks {F{?VZ bi}%g{ used in the NOGR

fitting step in the iterations k = 3,...,11 on the data points {(z;, f(x;)) 9?:1, where
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Figure 8.4: Left: Interpolation error (8.35) of F¥,,p at iteration k € {3,...,11} (or-
ange crosses) for tolerances tol s = tolgpir = 1075, compared to the smallest
interpolation error achieved by one of the networks {F{EVZ bi}}g{ trained on k
Chebyshev nodes (green triangles), Fast Leja points (red cii"cles) or equidistant
points (purple squares), respectively. Right: Absolute difference (8.36) for
the final network Fyogr = Fioor (orange line) evaluated on a fine grid of
100000 points in [—1, 1], compared to the error for the one network from the set
{Fy. 7,)1,}}2% that achieved the smallest interpolation error when trained on 11
Chebyshev nodes (green dash-dotted line), Fast Leja points (red dash-dotted
line) or equidistant points (purple dash-dotted line), respectively.

the inputs x; correspond to k Chebyshev nodes, Fast Leja points or equidistant points,
respectively. We then select, for each iteration and each input set, the network F{},’b with
the smallest interpolation error (8.35), and plot this error in the left-hand side plot of
Figure 8.4. For the final iteration k = 11, we additionally plot the absolute difference

|f(@) = Fwp(z)],  x€Xp, (8.36)

for the networks FI}Vl’b, selected for the different sets of inputs, in the right-hand side plot
of Figure 8.4. We observe that all input sets perform similarly until iteration & = 8.
Afterwards, NOGR outperforms the other input sets by one order of magnitude. One
possible reason is the fact that NOGR places more inputs towards the center of the interval,
where the Runge function exhibits more rapid changes. Indeed, as we can see from the
right-hand side plot in Figure 8.4, the networks corresponding to Chebyshev nodes, Fast
Leja points and equidistant points have the largest error in the center area of the interval.
On the other hand, the error peaks for the network Fyogr seem to be the smallest in the
center. This could also explain why the equidistant points perform better than Chebyshev
and Leja points, which tend to accumulate more points towards the bounds of the interval.
However, we also notice that the points, where the error is dropping very low (i.e., the
intersection points between the smooth network functions Fyy;(x) and the Runge function),
do not necessarily coincide with the training points. The reason for this is that there is
no guarantee that a trained network will interpolate the training data exactly, especially
since we are dealing with rather small networks.
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Figure 8.5: Same as Figure 8.4, but for smaller tolerances toly;; = tolgy;s = 1077,

To better understand the role of the tolerances in NOGR, we repeat our test with tols;; =
tolgplit = 1077, As expected, the algorithm requires more iterations (13) and a larger
network Fnogr of size (1,2,2,2,2,2,2,1) in order to fit the data in accordance with the
smaller tolerances. This means that Fyogr has one more layer than for the larger toler-
ances, and the width of all hidden layers is increased by 1. Although this corresponds to
“only” two upgrades of the network structure, the number of trainable parameters more
than triples to a total of 36. On the other hand, we also obtain a smaller loss on the full
training data set (9.48-107%) and on the fine grid X} (9.56-107?). The results are plotted
in Figures 8.3 and 8.5. As before, the networks trained on the data selected by NOGR
outperform the ones trained on data corresponding to other input sets.

Optimal learning of a two-dimensional spiral data set

In this numerical experiment, we apply our NOGR to find the smallest residual neural
network that separates two spirals in R?. The data set for this example is adapted from
[47], and consists of 600 input vectors € R? and corresponding labelsy € {(9), ({)} C R?
that indicate whether & belongs to the red or blue spiral. We randomly select J = 450 data
points for NOGR and set aside the remaining 150 points to test the performance of NOGR.
a posteriori. For all networks in this section, we set input and output size to dy = d,,, = 2.
As activation function, we use again the hyperbolic tangent, i.e., o(x) = tanh(z). Since
we consider a classification problem, we use the cross entropy loss in both sub-problems of

NOGR
: exp([2];)
L(z,y) = — ; log —22

j=1 exp([z];)
We solve the fitting-step problem (8.34) with a (full gradient) BFGS method.

[yl:-

We run NOGR for a set of K = 100 networks, a maximum network width and depth of 20
and toly;; = tolgps = 10~7. The algorithm stops after 58 iteration with a network Fyogr
of size (2,4,2), i.e., one hidden layer of width 4, accumulating to 20 trainable parameters.
The loss of Fxogr on the full training data set of 450 points is 1.06 - 1072, the loss on the
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Figure 8.6: Full spiral data set (red and blue curve), inputs {.’Ej}?il of the data points
selected by NOGR (orange crosses) and decision output of the network Fyogr
for all points on the domain (dark and light gray areas).

2

1

Figure 8.7: Spiral training data (red and blue curve), inputs (:?j);‘:l of the data points
selected by NOGR at iterations k = 14, 28,42 (from left to right) and decision
output of the network F¥ . p for all points on the domain (dark and light gray
areas).

150 test points is 6.36 - 107? with a classification accuracy of 100%. The spiral training
data, the outputs of the trained network Fyocr and the selected data points {(z;,¥;) pa
are plotted in Figure 8.6. As we can see, the relatively small network Fyoagr selected by
NOGR is able to separate the two spirals, while using only ~ 13% of the training data.
In fact, the interface drawn by Fyogr between the dark and light area is almost the best
possible linear separation for the fewest number of vertices. The placement of {(z;, fc]]) ?il
is also very interesting. Many of them seem to be chosen close to vertices and edges of the
separation interface. To better understand the interplay of selecting points and training the
network during NOGR, we show in Figure 8.7 the inputs {x; }g?:l of the data points selected

by NOGR and the output of the intermediate network FJIS,OGR, at iterations k = 14, 28, 42.






Chapter 9

Conclusions and Outlook

In this thesis, we developed, analyzed and tested greedy reconstruction algorithms. In
particular, we tackled the reconstruction of operators in dynamical systems. Our analysis
for the reconstruction of control operators in linear ODEs revealed the strong dependence
of the performance of the standard GR algorithm on the observability properties of the
system. The OGR algorithm, on the other hand, was able to adjust the basis elements
used to reconstruct the unknown operator, ensuring a precise and efficient reconstruction.

To extend our results to nonlinear problems for the reconstruction of drift operators in
linear and bilinear systems, we considered a linearized approach inspired by GN. We proved
that the controls obtained by LGR lead to local convergence of GN applied to the online
nonlinear identification problem. In addition to observability, this convergence depends
also on the controllability properties of the underlying system. Our results also extended
to the controls obtained by the standard GR algorithm on the original system (without
linearization). Numerical experiments demonstrated the efficiency of our algorithms.

The effectiveness of our algorithms was further validated by an application to spin dy-
namics in NMR, where GR and OGR successfully reconstructed different joint probability
distributions of two Hamiltonian parameters.

Finally, we introduced a new class of GR algorithms designed to improve the data selec-
tion process for general function approximation problems while simultaneously minimizing
the structure of the ansatz within a given family of approximation functions. Theoreti-
cal and numerical studies on polynomial interpoltion and neural network approximations
highlighted the efficiency of our methods.

Overall, our greedy reconstruction algorithms offer significant potential for future research.
A first extension of OGR to partial differential equations in [16], focusing on the reconstruc-
tion of unknown monotone nonlinear operators in semilinear elliptic models, has already
proven to be very effective. The structure optimization features of our NOGR algorithm
also appear highly promising, with a wide range of possible applications, for example min-
imizing the kernel sizes of convolutional neural networks for image classification.
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Appendix A

Local convergence of the
Gauss-Newton method

We provide a detailed proof for the local convergence of GN, inspired by [51, Theorem 2.4.1].

Theorem A.0.1 (local convergence of GN) Let B, be a minimizer of (2.15) such that
for all m € {1,...,K} the function R,, is Lipschitz contmuously differentiable near By.
Then there exist ¢,6 > 0 such that if B, € Bs(B.), then W, = K RL(B.)TR.,(B.) is
nonsingular and the error in the GN iteration satisfies

K
1B+ = Bull <@ (1B = Bl + 11B: = Bull Y 1 (B (A1)
m=1

where B4 denotes the next GN iterate:

ﬂ+:ﬁc—(ZR’ (B) Riu(B)) (ZR/ n(Bo)). (A.2)

Proof. Let L,, be the Llpschltz constant of R, form =1,..., K and § > 0 be sufficiently
small such that the matrix W(8) := S.X_ R/ (,B)TR;n (B) is nonsingular for all 8 € Bs(By).
The existence of such a ¢ follows by Lemma 5.7. Let B, € Bs(Bx) and define e, := B, — B«
and e, = B4 — B4. We have

1
Rou(Be) = FsB)+ | Roy(Bot NBL = Bo)eci
1
= R(B)+ Rp(Bolec+ | (Rin(Bo+ NB. — Bo)) =~ (B0 ecdh

0
and hence

1
R (Belec+ Rou(B.) = Ron(Be)| =1 [ (Rin(B+ A(B = Bo)) = Riy(B2)JecA|

1
< / IRy (Be + A(Be — Be)) — R (Bo)llleclldn
0
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Using the Lipschitz continuity of R/, with Lipschitz constant L,,, we obtain

1
IR (Belec + Ron(Be) = Ron(B < [ ALuulIBe = Bulllecldr = Sl (43

Since B, is a minimizer of (2.15), we also have

K 1 K
ozv(zng(ﬁ)T )] =Y RL(B.) Rum(B)
m=1 m=1
and thus
K K
— 3" RLB)TRu(B) = S (Ron(B.) = Ri(Be) Rn(B.)- (A.4)
m=1 m=1

Using (A.2) and ( $X_, R;Z(ﬁC)TR;n(ﬁC))*l (X Byu(B) T Riu(Be)) = Tic, we obtain

e =e.— > R(B:) Riy(80) 5 Ry, (B) Ron(B2))
m=1 m=1
(X R R 8) (f T (R (Boee — n(B2)) ).
m=1 m=

In summary, we have

ye+||:H(§:R;n(ﬁc TR, (8.) (ZR’ (Bo)" (Rin(Bo)ee — R(B2)) )

m=1
gH(ijinwc)TR’ 6)) | HZR’ (B) (Rin(Bole — Rn(By) |
m=1
=,
K
= cp. | D" Rin(B)T (= BunlBo) + Rin(Bolec + Rn(B) — Ron(Bo)
m=1
3%[\ S ACARRER ZHR’ (B 1B, (B )ec+Rm<ﬂ*>—Rm<ﬁc>||]
m=1
Yo |5 m R ZHR’ B e
m=1
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Setting

< B [Z [(R — Ry, (Be)s R (B + Z 17,8 ||||ec|2]

Lm
< cp, Z (B = Bell | Bon(B) |+ 1 Brn (Be) |2 )

~ 2llecl| R (BN + | B (Be)lllec]
K} Lm) 8 D 2

m=1

< Loneety, [ i Heclll RnB)l + 1B Bollecl?

m+ \R;nwc)uHf;mw*)uuecul
— Loasc, é 2B B (12 + el 12 (81
SLmaxcﬂciE{r{fgny}< + IR )”)(||ecu2+Hecugnfzm(ﬂ*)u)

/
Se L max Cﬂ<1+||Ri<ﬂ>u>

BEBs(B+) 2
e{l,...,K}
K
= Lz ﬂe%%*), H(; R (ﬂ)TR/ (ﬂ)>_1H< ||R’; )||>
ie{l,..,.K} =

completes the proof.
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