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Abstract

Our brain is perhaps one of the most striking examples of complex systems: about 10°
neurons, interconnected by approximately 10'° recurrent synaptic connections, capable
of adapting and learning through local synaptic rules, continuously solving optimization
problems like sparse representation. While artificial neural networks (ANN) were initially
inspired by natural networks, nowadays they have significantly diverged from biological
realism, driven by performance criteria. As a result, ANNs still exhibit errors and
biases that are absent in natural networks and that cannot be explained and quantified a
priori. This naturally raises important questions: What if we could design ANNs with
today’s performance, but that more closely mimic the way natural networks work? How
can we obtain biologically plausible models and how can we guarantee their stability
and robustness? What optimization problems do natural networks solve, and how can
biologically plausible neural networks mimic these processes? Can we create a normative
framework translating optimization problems into ANNS that are guaranteed to converge
to equilibria representing optimal solutions of the initial optimization problems?

Motivated by these exciting open challenges, in this thesis we aim at laying the
theoretical groundwork for the modeling and understanding of neural networks that
align more closely with biological principles. We propose a normative framework that
translates complex tasks, described as optimization problems, into biologically plausi-
ble neural networks that are guaranteed to converge to equilibria corresponding to the
optimal solutions. Our models incorporate core principles of natural networks: the use
of continuous-time dynamical systems for both neural and synaptic changes, recurrent
connections, positivity of the system, and local learning rules. Specifically, for the
neural dynamics we focus on two widely used recurrent neural network (RNN) mod-
els — the Hopfield neural network (HNN) and the firing rate neural network (FNN) —
and model synaptic weight dynamics using continuous-time Hebbian learning rules. To
ensure stability and robustness of our models, we leverage contraction theory, a robust
computationally-friendly stability tool from control theory. This approach offers a signif-
icant advantage: with a single condition, it guarantees global exponential convergence,
along with a number of highly ordered transient and asymptotic behaviors of contracting
dynamics, which are advantageous for our objectives.

We begin our analysis by developing essential theoretical tools to analyze relevant
neural dynamics, filling a gap in the literature by establishing conditions for strong
and weak Euclidean contractivity of RNNs with locally Lipschitz activation functions.




Remarkably, our lower bound on the contraction rate is log-optimal for almost all sym-
metric weight matrices, making our results sharp — they are the best achievable within
this framework. Additionally, we establish new algebraic results on matrix polytopes
and symmetric matrix products, advancing both neural network stability and broader
applications in matrix theory and optimization.

Building on these theoretical results, we propose a top-down normative framework
for designing biologically plausible networks that solve sparse reconstructions and other
optimization problems. This framework is based upon the theory of proximal operators
for composite optimization and leads to continuous-time firing rate neural networks —
the firing rate competitive network — that are therefore interpretable. We analyze the
behavior of these dynamics, establishing a direct link between the network equilibria and
the optimal solutions of sparse reconstruction problems. Under a standard assumption,
we prove that the dynamics converge linear-exponentially (and thus globally) to the
equilibrium. Importantly, we show that the positive variant of the firing rate competitive
network preserves non-negativity in its state variables, aligning with biological principles
and further underscoring the plausibility of the model.

In the second part, we explore the interaction between neural and synaptic dynamics
by embedding Hebbian learning rules into the continuous-time RNN models of the first
part. This results in the coupled neural-synaptic networks: RNNs with dynamic synaptic
connections that closely mirror biological processes. We propose and analyze these sys-
tems, combining HNNs and FNNs with Hebbian learning rules. For these dynamics, we
propose a low-dimensional formulation that captures synaptic sparsity of neural circuits.
We establish sufficient conditions for the contractivity of each model by leveraging non-
Euclidean contraction arguments. Additionally, we demonstrate biologically plausible
forward invariance results and show that under suitable conditions, the models satisfy
Dale’s Principle — an empirical principle referring to the fact that a neuron has either
only excitatory or only inhibitory synapses — further enhancing biological plausibility.

In the final part of the thesis, we explore the potential of a contractivity-based ap-
proach for optimization. We begin by translating canonical static optimization problems
into continuous-time dynamical systems, establishing conditions for strong infinitesimal
contractivity. For both static and time-varying optimization problems, we derive con-
tractivity conditions and, in certain cases, demonstrate improved convergence rates. Our
work includes two key results on equilibrium tracking in parameter-varying contracting
dynamics, addressing both known and unknown rates of parameter change. Addition-
ally, we extend our analysis to convex optimization problems with unique minimizers.
We show that these problems lead to dynamics that are globally-weakly contracting in
the state space and only locally-strongly contracting. For these dynamics, we present
a detailed convergence analysis, showing that convergence is linear-exponential. This
means that the distance between each solution and the equilibrium is upper-bounded by
a function that first decreases linearly and then exponentially. We also provide input-
to-state stability conditions for these dynamics, further strengthening the robustness and
applicability of the approach.

We conclude by highlighting potential future directions and with an appendix with
novel complementary results on the Euclidean contractivity of FNNs with dissipation.
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1 Introduction

Problems worthy of attack prove
their worth by fighting back.

Paul Erdos

This thesis proposes a normative framework for translating optimization problems
into biologically plausible neural networks that are guaranteed to converge to equilibria
corresponding to optimal solutions of the optimization problem. These neural networks
are systems that more closely align with the principles governing natural neural net-
works. We aim to model and analyze such systems, using contraction theory — a robust
computationally-friendly stability tool from control theory — to establish conditions en-
suring their stability and robustness, and use these models to solve static and time-varying
optimization problems.

Part of this thesis was conducted during research visits abroad. Specifically, from
September 2022 to August 2023, I was at the University of California, Santa Barbara,
working in Professor Francesco Bullo’s lab at the Center for Control, Dynamical Systems,
and Computation. Additionally, in May and June 2023, I was at the Automatic Control
Laboratory at ETH Ziirich, hosted by Professor Florian Dorfler.

1.1 Context of the Research Topic

Our brain is one of the most complex systems in nature: about 10'° neurons, intercon-
nected by approximately 10'® recurrent synaptic connections [1]. These neurons are
capable of adapting and learning through local synaptic rules [2], continuously solving
complex optimization problems. A notable example is sparse representation [3], where
biological neural networks efficiently process information using minimal resources.
Attempt to mimic the computations of natural neural networks is what originally
inspired [4] artificial neural networks (ANNs). However, over time, most ANNs have
diverged significantly from biological realism, driven by performance criteria. Today,
the principles guiding ANNs are quite different from those governing biological net-
works. A clear example of this divergence is the backpropagation algorithm [5], the most
commonly used learning algorithm in ANNs. Backpropagation is indeed recognized to




be biologically implausible [6, 7, 8, 9]. The key reason is that it violates the local nature
of synaptic changes observed in biological neurons. To see this, consider a synaptic
connection between a pre-synaptic neuron j and a post-synaptic neuron 4, say it W;;. In
backpropagation, changes to W;; depend not only on the activities of neurons 4 and j, but
also on the activities of other neurons of the network. This non-locality contrasts with
biological networks, where synaptic changes are local, that is changes to W;; depend
only on the activities of the pre- and the post-synaptic neuron.

Despite these differences, ANNs have achieved impressive results, even surpassing
human performance in specific tasks, see, e.g., [10, 11]. However, ANNSs still exhibit
errors and biases that cannot be explained and quantified a-priori and that are absent in
biological neurons [12]. For example, ANNS typically require extensive training with
large datasets, may lack generalization ability, and can be unstable, with small changes
in input leading to significant errors in output [13].

Given the success of ANNS, one might ask: why should we care about the differences
between artificial and biological neural networks? The reason lies in what should be the
broader goal of Al development. If the aim is to outperform humans on isolated tasks,
the current trajectory of ANN development might suffice. However, if the aim is to create
general-purpose artificial network that overcomes the actual limitations of ANN, under-
standing the algorithms governing biological neural networks becomes highly relevant.
Quoting [14]: “Natural NNs must contain some “secret sauce” that artificial NNs lack.
This is why we need to understand the algorithms implemented by natural NNs and go
back to models that mimic the computations of such complex systems.”

Motivated by these challenges, our research seeks to model and understand ANNs
that more closely align with the principles governing natural networks. The moonshot
objective is to develop trustable neural networks: robust systems with the ability, typical
of human intelligence, to generalize, compose, and abstract knowledge from data.

While it is unrealistic to expect an exact replication of the complex dynamics in biological
brains, we aim to develop models that respect some key biological constraints. Our
approach does not attempt to reproduce all the intricate biological details. Instead, we
focus on a few fundamental principles, including (i) positivity of the system, that is non-
negative neuronal outputs [15, 16], and (ii) locality of the learning rules, that is synaptic
weights are updated based on local learning rules [2].

Recent advances in neuroscience have provided valuable insights into how popu-
lations of neurons compute information. Research has increasingly shifted towards a
dynamical systems perspective [17, 18, 19], where neural populations are seen as evolv-
ing systems that perform computations over time [20, 21]. In this framework, neural
responses are treated as trajectories in high-dimensional state spaces, influenced by both
the internal dynamics of the network and external inputs. Recurrent neural networks
(RNNSs), in particular, have proven useful as models for brain dynamics, as they allow
for the study of high-dimensional, distributed, and time-varying neural activity. From
a computational perspective, an important feature of RNNs is that they are modeled as
nonlinear dynamical systems. This allows for the use of well-established techniques to
analyze and understand the properties of those systems. For example, tools from control
theory can be employed to ensure the stability and robustness of RNNs. Specifically,




the tool that we are gonna use throughout this thesis, is contraction theory. The main
motivation for looking for contracting dynamics is that with just a single condition, global
exponential convergence, along with a number of highly ordered transient and asymptotic
behaviors of contracting dynamics, are guaranteed (we expand on why contraction theory
is useful in this context in Section 1.3).

Understanding neural dynamics, however, is only one part of the puzzle. To build
biologically plausible artificial systems, we must also consider how synaptic plasticity —
changes in synaptic connections over time — is modeled. As emphasized in [22],

“Model neural networks, abstractions from neurobiology, are conceived in terms of two
different kinds of variables. One class of variables represents the activity of the nerve
cells, or ‘units’. The other class of variables describes the synapses, or connections,
between the nerve cells. A complete model of an adaptive neural system requires two
sets of dynamical equations, one for each class of variables, to specify the evolution and
behavior of the neural system (...).”

This insight suggests that continuous-time dynamical systems are essential not only
for modeling neural dynamics but also for capturing synaptic changes (allowing for dif-
ferent time scales). Incorporating such synaptic dynamics is a key aspect of biologically
plausible models, yet quite underexplored [22, 23, 24].

In this context, a normative approach to translate complex tasks, that mathematically
can be described by optimization problems that model natural network mechanisms,
into biologically plausible neural networks is still missing. The main advantage of such
approach is that it provides a direct way to investigate the underlying principles of neural
functioning — via the properties of the biologically plausible neural networks — while
offering a mathematically tractable framework for understanding these mechanisms. At
its core, this challenge can be seen as that to solve complex optimization problems
using biologically plausible neural networks, which take the form of continuous-time
dynamical systems. This process involves two key steps: (i) establishing the equivalence
between the optimal solutions of the optimization problem and the equilibrium points of
the network dynamics, and (ii) identifying conditions that guarantee stable convergence
of these dynamics to their equilibria. Contraction theory will play a crucial role in
ensuring both stability and convergence of the dynamics of our interest, as discussed in
later chapters.

This area of research pushes the boundaries of our understanding of neural networks,
bridging fields such as neuroscience, machine learning, optimization, control theory, and
applied mathematics. In this thesis, we build on these ideas, by proposing a multidis-
ciplinary approach that integrates concepts across diverse fields to lay the groundwork
for how contractions theory can be used in the context of biologically plausible (stable)
neural networks and optimization.




1.2 Key Research Questions

In the context of the scenario discussed in the previous section, the main objective of
this thesis is to establish a normative framework to translate optimization problems into
biologically plausible NN that are guaranteed to converge to equilibria corresponding
to the optimal solution to the starting problem. We aim to model and analyze such ANN
systems, leverage contraction theory to establish conditions that ensure their stability
and robustness, and use those dynamics to solve (static or time-varying) optimization
problems. To achieve this, several key questions guide our research:

1. How can we obtain biologically plausible models and how can we guarantee
stability and robustness of those dynamics?

2. What are the functional implications of these models? That is, what mechanisms
(optimization problems) do natural neural networks solve, and how can biologically
plausible neural networks mimic these processes?

3. Can we derive a normative framework to translate optimization problems into NNs
that are guaranteed to converge to equilibria corresponding to the optimal solution
to the corresponding problem?

4. Given a neural network in which both neural and synaptic change are ruled by
continuous-time dynamics, can we establish conditions that guarantee the stability
of these systems?

5. Can we effectively use contraction theory to study the stability and robustness of
those systems?

6. Given the characteristics of contracting systems, can a contractivity-based approach
be effectively applied to track solutions to time-varying optimization problems?

7. In many convex optimization problems, the associated dynamics are non-expansive.
In such cases, under what conditions can we guarantee convergence? Additionally,
what is the converge behavior for such dynamics?

These questions form the foundation of our research. In the following chapters, we
address these questions through a rigorous theoretical and interdisciplinary approach that
combines insights from computational neuroscience, control theory, monotone operator
theory, and optimization. With our results, we aim to propose an alternative way to how
model and analyze biologically plausible neural networks. At the same time, we aim to
provide theoretical insights useful in broader contexts, such as the analysis of non-smooth
neural networks, nonlinear dynamical systems, static and time-varying optimization —
areas with a plethora of practical applications. The long-term objective of this project is
to obtain trustable neural networks, i.e., robust neural networks having the ability typical
of human intelligence to generalize and abstract knowledge from data. While there
are many challenges ahead, our goal is to lay a possible groundwork for achieving this
ambitious goal. Further discussions on potential future work are presented in Chapter 13.




1.3 Contraction Theory: What and Why?

Contraction theory is the central analytical tool used throughout this thesis to charac-
terize stability and robustness of continuous-time dynamical models. While we refer to
Chapter 4 for a comprehensive review of contraction theory, it is important to highlight
the reasons why contracting dynamics are particularly well-suited for our analysis.

In dynamical neuroscience, biologically plausible continuous-time neural network
models are widely studied to simplify and understand complex neural dynamics. These
models must account for uncertainties such as unmodeled dynamics and delays. For
instance, central pattern generators (CPGs) are biological neural circuits responsible for
rhythmic behaviors like walking and swimming. To properly model CPGs in neural
networks, one needs to ensure that, if a neural network is interconnected with a CPG,
then all trajectories of the neural network converge to a unique stable limit cycle.

In optimization a growing body of work focuses on synthesizing continuous-time
dynamical systems that converge to equilibria that are also optimal solutions of the
corresponding optimization problem. Consequently, significant research effort has been
dedicated to characterizing the stability and convergence rates of these systems, along
with their robustness against uncertainty. In many applications, optimization algorithms
must operate in real-time on time-varying problems, such as tracking a moving target or
online learning. In these contexts, the dynamical system should converge to the unique
optimal solution when the problem is time-invariant or to an explicitly computable
neighborhood of the optimal solution trajectory when the problem is time-varying.

Remarkably, these challenges can be effectively addressed using contracting dy-
namics. Indeed, contracting systems exhibit highly ordered transient and asymptotic
behaviors, which are advantageous in the above contexts. For example: (i) initial con-
ditions are exponentially forgotten [25]; (ii) for time-invariant dynamics, there exists a
unique globally exponential stable equilibrium [25]; (iii) contraction ensures entrainment
to periodic inputs [26] and implies robustness properties such as input-to-state stability,
also when there are delayed dynamics [27, 28]. Moreover, efficient numerical algorithms
can be devised for numerical integration and fixed point computation of contracting
systems [29]. For a more extensive list of these properties, we refer to Section 4.4.

1.4 Contributions of This Work

This section summarizes the main contributions of this thesis. Detailed statements
and references for each contribution are provided in the corresponding chapters. In
Chapters 2, 3, and 4 we introduce the main definitions, notations and review the main
dynamical models and analytical tools needed for our analysis. With these, we give an
answer to the research question number | in Section 1.2.

Next, in Chapter 5, we begin our analysis by developing the theoretical tools neces-
sary to analyze the stability of the dynamics resulting when solving sparse reconstruction
problems and other optimization problems. Specifically, we investigate stability con-
ditions of two commonly used RNN models, i.e., the Hopfield neural network (HNN)
and the firing rate neural network (FNN) by leveraging contraction theory. Initially, we




present several useful algebraic results on matrix polytopes and products of symmetric
matrices. Then, we give sufficient conditions for strong and weak Euclidean contractivity
of both models with symmetric weights and possibly non-smooth activation functions.
The main contributions of this chapter, which includes results published in a paper
that received the 2024 IEEE Control Systems Letters Outstanding Paper Award, can be
summarized as follows.

Contribution 1: We provide a set of sufficient conditions characterizing strong and
weak infinitesimal contractivity of continuous-time HNNs and FNNs with symmetric
weights and possibly non-smooth activation functions. This result is crucial for our
analysis, enabling the use of common activation functions such as ReLU and soft-
thresholding functions.

Contribution 2: We establish lower bounds on the contraction rates and prove that
these bounds are log-optimal for almost all symmetric weight matrices. This implies that
our results are sharp, in the sense that they are the best achievable within this framework.

Contribution 3: We present several general algebraic results on matrix polytopes,
which are interesting per se. With these results, we: (i) determine a weighted Euclidean
norm for matrix polytopes which is log-optimal for almost all synaptic matrices; (ii) give
a lower bound on the spectral abscissa of matrix polytopes; (iii) provide optimal and
log-optimal norms for the product of symmetric matrices.

In Chapters 6 and 7, we propose and analyze continuous-time FNNS, the firing rate
competitive networks, to tackle sparse reconstruction problems. With the analysis in
these chapters, we address the research questions 2 and 3 outlined in Section 1.2. The
main contributions of these chapters are the following.

Contribution 4: 'We propose a top/down normative framework for a biologically plau-
sible explanation of neural circuits solving sparse reconstruction and other optimization
problems. This framework uses the recently studied proximal gradient dynamics, pro-
viding a means to transcribe a composite optimization problem into a continuous-time
firing rate neural network, which is therefore interpretable.

Contribution 5: We propose and analyze the firing rate competitive network and the
positive firing rate competitive network to tackle the sparse reconstruction and positive
sparse reconstruction problems, respectively. We establish a result connecting the equi-
libria of these networks to the optimal solutions of sparse reconstruction problems. To
the best of our knowledge, the positive firing rate competitive network is the first RNN
designed to tackle positive sparse reconstruction problems.

Contribution 6: We characterize the convergence of the dynamics towards the equi-
librium. With our main convergence result we prove that, under a standard assumption
on the dictionary, our dynamics converge linear-exponentially to the equilibrium, in the
sense that (in a suitably defined norm) the trajectory’s distance from the equilibrium is
initially upper bounded by a linear function and then convergence becomes exponential.
This, in turn, implies that converge towards the equilibrium is global.




Contribution 7:  We show that the positive firing rate competitive network is a positive
system, i.e., if the system starts with non-negative initial conditions, its state variables
remain non-negative. This is an important, biologically plausible property of the network,
enabling to effectively model both excitatory and inhibitory synaptic connections in a
biologically plausible way.

In Chapters 8 and 9, we propose the modeling and analysis of HNNs and FNNs
with dynamic recurrent connections undergoing Hebbian learning rules. Through this
analysis, we contribute to provide answers to the research questions 4 and 5 outlined in
Section 1.2. The main contributions of these chapters are the following.

Contribution 8: We study a number of coupled neural-synaptic dynamical systems
that combine Hopfield neural networks and firing rate neural networks for the neural
dynamics and two different Hebbian learning rules for the synaptic dynamics. These
models capture networks with both excitatory and inhibitory synapses governed by both
Hebbian and anti-Hebbian learning rules.

Contribution 9: To capture synaptic sparsity of the neural circuits, we propose a
low-dimensional formulation of our models.

Contribution 10: We give sufficient conditions for the contractivity of each coupled
neural-synaptic model by leveraging non-Euclidean contraction arguments. Our suffi-
cient conditions for contractivity and our lower bounds on the contraction rate are both
based upon biologically meaningful quantities.

Contribution 11: For each coupled neural-synaptic model, we present a biologically
inspired forward invariance result and show that, under suitable conditions, they satisfy
Dale’s principle. These results enhance the biological plausibility of our models.

In Chapters 10, 11, and 12, we explore the potential of a contractivity-based approach
for optimization. With our results, we contribute to provide answers to the research
questions 6 and 7 outlined in Section 1.2. Specifically, in Chapter 10, we review
convex optimization theory and give natural transcriptions into contracting dynamics
for canonical optimization problems. The main contributions of the chapter are the
following.

Contribution 12: We give natural transcriptions into contracting dynamics for three
canonical strongly convex optimization problems namely monotone inclusions, linear
equality-constrained problems, and composite minimization problems. We also review
the case of unconstrained optimization problem.

Contribution 13: For each problem we study, we prove the sharpest-known rates of
contraction and provide explicit tracking error bounds between solution trajectories and
minimizing trajectories.

In Chapter 1 1, we present a contraction-theoretic approach to continuous-time time-
varying convex optimization. The main contributions of the chapter are the following.




Contribution 14: We prove a general theorem regarding parameter-dependent strongly
infinitesimally contracting dynamics. Specifically, we show that the tracking error is
asymptotically proportional to the rate of change of the parameter with a proportionality
constant upper bounded by the Lipschitz constant in which the parameter appears divided
by the square of the contraction rate of the dynamics.

Contribution 15: We propose an alternative dynamical system that augments contract-
ing dynamics with a feedforward term. This augmentation ensures that the tracking error
decays exponentially to zero.

Contribution 16: We provide explicit tracking error bounds between solution tra-
jectories and minimizing trajectories for three canonical problems, namely monotone
inclusions, linear equality-constrained problems, and composite minimization problems.

In Chapter 12, we investigate the convergence characteristics of dynamics that are
globally weakly and locally strongly contracting. Such dynamics naturally arise in
the context of convex (but not strongly convex) optimization problems with a unique
minimizer. The main contributions of the chapter are the following.

Contribution 17: We analyze the convergence of globally-weakly and locally-strongly
contracting dynamics, showing that this is linear-exponential, in the sense that the distance
between each solution of the system and the equilibrium is upper bounded by a linear-
exponential function, introduced in the corresponding chapter.

Contribution 18: Through a novel technical result, we characterize the evolution of
certain dynamics with saturation in terms of the linear-exponential function.

Contribution 19: We characterize local input-to-state stability for input-dependent
dynamics that are globally-weakly and locally-strongly contracting with respect to the
same norm.

Finally, each chapter includes numerical examples to illustrate the effectiveness of
our results.

1.5 Relevance to Risk and Complexity

When giving examples of complex systems, the human brain is almost always cited
as a prime example. In fact, by definition, the brain embodies complexity: countless
interconnected particles (neurons), interacting in a nonlinear way to produce a larger-
scale collective outcome, and that are continually influenced by input signals. [30, 31].
This thesis builds on the starting idea of ANN to mimic the computations of the complex
systems that are natural neural networks to lay the ground for a normative approach
to translate complex tasks into stable and robust biologically plausible neural networks
that are guaranteed to converge to equilibria, corresponding to optimal solutions of the
original problem. The link to complexity is both direct and fundamental. Moreover, it
is worth highlighting that this work is inherently interdisciplinary. To reach our goal we
combine in new and unexplored ways insights from computational neuroscience, control
theory, and optimization.




While the framework and results we propose are primarily theoretical, our find-
ings hold significant promise for practical applications, particularly in managing risk
and complexity in real-world systems that operate in dynamic, uncertain environments.
Examples of such applications include time series forecasting, predictive modeling in
smart cities, COVID-19 spread prediction, short-term load forecasting, tracking mov-
ing targets, estimating stochastic process paths, and online learning [32, 33, 34, 35].
Sparse representation — one of the key optimization problems we will focus on — and
static and time-varying optimization problems are widely applicable in complex sys-
tem scenarios. The biologically plausible neural networks we develop in this thesis,
grounded in continuous-time dynamical systems and contraction theory, provide a po-
tential framework for addressing the above problems. Additionally, the work on coupled
neural-synaptic networks and time-varying optimization problems further strengthens
the link between this research and the management of complex systems. Moreover,
the modeling and analysis of locally-strongly and globally-weakly contracting systems
provide valuable insights into complex systems that enjoy conservation or invariance
properties, such as flow systems, traffic networks, and population dynamics [36].

In summary, the interdisciplinary framework we propose in this thesis has far-reaching
implications for the design and analysis of biologically plausible neural networks capa-
ble of addressing complex and risk-related tasks. We believe that our findings lay a
possible groundwork for future research that will lead to systems capable of enhancing
the efficiency and reliability of applications operating in time-varying and risk-related
environments.

1.6 Thesis Structure and Outline

The thesis is organized as follows. Detailed outlines are provided in each chapter.

Chapter 2 introduces definitions and notations used throughout the thesis together
with needed mathematical preliminaries. Chapter 3 provides essential background on
continuous-time dynamics governing both neural masses and synaptic weights. Chapter 4
reviews contraction theory for continuous-time dynamical systems. Next, the main
contributions of this thesis are presented in three major parts.

Part I proposes a top-down normative framework for biologically plausible neural
networks solving optimization problems. This part is made of three chapters. Chapter 5
establishes theoretical results related to the stability of continuous-time Hopfield and
firing rate neural networks, providing a sharp characterization of their contractivity
with respect to Euclidean norms. These results are essential for the analysis of our
models. Next, in Chapters 6 and 7, we propose a top-down normative framework
for biologically plausible neural networks that solve sparse reconstruction and other
optimization problems. Specifically, in Chapters 6 the modeling of a novel family of
continuous-time firing rate neural networks, called firing rate competitive networks, to
address the sparse reconstruction problems is introduced. Chapter 7 then focuses on the
analysis of the convergence behavior of the proposed models.

Part I explores embedding biologically plausible learning mechanisms within neural
networks, specifically through Hebbian learning. This part is composed of two chapters.




Chapter 8 focuses on the modeling of coupled neural-synaptic dynamics. These models
combine Hopfield neural networks and firing rate neural networks for the neural dynamics
and two different Hebbian learning rules for the synaptic dynamics. Chapter 9 follows
with the analysis of the dynamical properties and stability of these coupled systems.
Part III investigates the potential of a contractivity-based approach for convex opti-
mization. This part is made of three chapters. In Chapter 10 we provide a transcription
to continuous-time dynamical systems of canonical time-invariant optimization prob-
lems. For each of these dynamics, we give conditions under which these are strongly
infinitesimally contracting. This is extended in Chapter 1 1, which explores time-varying
optimization problems and gives results on equilibrium tracking for parameter-varying
contracting systems. Finally, Chapter 12 extends the analysis to continuous-time dynami-
cal systems that solve convex optimization problems with unique minimizers. As we will
show, these dynamics are globally weakly contracting and locally strongly contracting.
For these systems, we present a comprehensive analysis of their convergence behavior.
Chapter 13 summarizes the main findings and highlights potential future directions.
The thesis concludes with Appendix A where additional novel complementary results on
the Euclidean contractivity of firing rate neural networks with dissipation are presented.




2 Mathematical Preliminaries

This chapter introduces the main notations, acronyms, and mathematical tools we use
throughout the thesis to obtain our results. The chapter is organized as follows. We start
in Section 2.1 by introducing the general notation we use throughout the manuscript.
Next, in Section 2.2, we give the main definitions and properties of maps necessary for
our analysis. In Sections 2.3 and 2.4, we review the properties of logarithmic norms
and one-sided Lipschitz conditions. Following this, we recall the concept of composite
norms in Section 2.5 and some useful concepts of graph theory in Section 2.6. We
conclude the chapter with a primer on proximal operator in Section 2.7.

2.1 Notation

We adopt standard notation throughout the thesis. Unless explicitly stated otherwise, we
use the definitions and notations listed here.

General notation:
* R := (—00,+00) is the set of real numbers,
¢ R := [~00, +00] is the set of extended real numbers,
¢ R"™ is the set of n-dimensional real numbers,
* R>¢ := [0, +00) is the set of non-negative real numbers,
* S™ is the set of real symmetric n X n matrices,
* 1, € R" is the all-ones vector of size n,
¢ 0,, € R" is the all-zeros vector of size n,
» [, is the n X n identity matrix,
* 0, is the n X m zero matrix,

o AT denotes the transpose of a vector/matrix A,




¢ [z] € R™*™ is the diagonal matrix with diagonal entries equal to the vector x € R",

* “0” denotes the Hadamard product.

Acronyms:

e LMI := Linear Matrix Inequality,

* SVD := Singular Value Decomposition,

¢ ReLU := Rectified Linear Units,

¢ ANN := Artificial Neural Network,

¢ RNN := Recurrent Neural Network,

* FNN := Firing rate Neural Network,

* HNN := Hopfield Neural Network,

¢ FCN := Firing rate Competitive Network,

* PFCN := Positive Firing rate Competitive Network,

* LCA := Locally Competitive Algorithm,

* RIP := Restricted Isometry Property,

* GW-LS-C := Globally-Weakly and Locally-Strongly Contracting.
Elements of matrix theory: Vector inequalities of the form = < (>) y are entrywise.

We let A € R™*™ denote a n x m matrix with real entries a;;, i € {1,...n},j €
{1,...,m}. Given A € R"*™ we denote by

o rank(A) its rank,
* spec(A) := {\ | A eigenvalue of A} its spectrum,

* a(A) := max{Re(\) | A eigenvalue of A} its spectral abscissa, where Re(\)
denotes the real part of A,

* Amax(A), Amin(A) the maximum and minimum eigenvalue of A, respectively.

Given A € S™, we say that A is positive definite (semi-positive definite) and we write
A= 0 (resp. = 0)if v " Az > 0 (resp. > 0) forall x € R" (resp. forall z € R™\ {0, }).
Given A, B € S™, we write A < B (resp. A < B) if B — A is positive semidefinite
(resp. definite). A triple (Ua, X 4, V) denote the singular value decomposition (SVD)
of A € R™*" thatis A = UsX 4V, , where

e Uy = [u‘f‘, .. ,uﬁl] € R™*™ is orthonormal, with the eigenvectors of AAT as
columns,




e Vy = [vf‘, . vA] € R™ ™ is orthonormal, with the eigenvectors of AT A as

b n
columns,

» for positive diagonal matrix X7 € R"™*", r < min{m, n},

o E,Tq or,nfr mxn
XA = Omfr,r Onfr,nfr €R ’
where ¥ = [04] := [v/Aa], with A4 € R" being the positive eigenvalues of

AAT and AT A.

Whenm =n, Uy = Va4, X4 = Ay := [A4], and we denote by (U, A 4) the SVD of A.

Next, we recall the definition of two important types of matrices commonly used in
the study of the stability of continuous-time dynamical systems: Hurwitz matrices and
Metzler matrices. In our analysis, we will run into Hurwitz matrices several times when
analyzing stability of the dynamical systems of our interest. Metzler matrices will play a
significant role in the stability analysis of coupled neural-synaptic systems in Chapter 9.

Definition 2.1 (Hurwitz and Metzler matrices). A matrix A € R™"*"™ is
1. Hurwitz if «(A) < 0,

2. Metzler ifa;; > 0 foralli # j, i,j € {1,...,n}.

Norms: We let || - || denote both a norm on R™ and its corresponding induced matrix
norm on R™*™, For a given p € [1, 00| and an invertible matrix R, the weighted vector
norm and weighted matrix norm are, respectively, defined by

|#|lp.r = |Rz|l, and ||All,.z = |RAR'|,, forallzeR" AeR"™™

Givenz € R™ and r > 0, we let B, (z,7) := {z € R" | ||z — x|, < r} be the ball
of radius r centered at x computed with respect to the norm p. Given two vector norms
| |lo and || - || g on R™ there exist positive equivalence coefficients kS > 0 and kg >0
such that

lzlla < KZllzlls, lzlls < kglalla, forallz € R™. 2.1

We recall the concept of equivalence ratio between two norms. This is used in Chapters 7
and 12 for analyzing the convergence behavior of non-expansive dynamics with a locally
exponentially stable equilibrium.

Definition 2.2 (Equivalence ratio between two norms). Given two norms ||-||o and || - || 3,
let kﬁ and kg be the minimal coefficients satisfying inequalities (2.1). The equivalence

ratio between || - || and || - || 3 is ko g := kgkg




Functions: Finally, we give a list of useful functions used throughout the manuscript.
Given d > 0 and a set C, we denote by

* [ ]: R — Z the ceiling function, defined by [2] = min{y € Z | = < y},

e sign: R — {—1,0, 1} the sign function, defined by sign(x) = —1lifzx <0,
sign(m) :=0ifz =0, and sign(x) =1ifz >0,

* softy: R — R the soft thresholding function, defined by softy = 0 if |z| < d, and
softy = & — dsign(x) if |z > d,

s saty: R — [—d, d] the saturation function, defined by satq(z) = z if |z| < d,
saty (m) =dif x > d, and saty (x) = —difz < —d,

e 1c: R™ — [0, +00] the zero-infinity indicator function on C, defined by t¢(x) = 0
ifz € Cand (¢ (x) = 400 otherwise,

* 1¢: R — {0, 1} the indicator function on C, defined by 1¢(z) = 1if 2 € C and
1¢(z) = 0 otherwise,

* ReLU: R — Ry the Rectified Linear Units, defined by ReLU(z) = max{0, =},

* ReLUy: R — [d, +00| the shifted Rectified Linear Units, defined by ReLUy4(z) =
max{0,x — d}.

2.2 Operators

We review the main definitions and properties of maps used in this thesis. We begin with
the following standard definition.

Definition 2.3 (Lipschitz map). Given two normed spaces (X, || x), (Y, |- |ly), a map
T: X — Y is Lipschitz from (X, || - ||x) to (I, ] - ||y) with constant L > 0 if

||T(x1) — T($2)||y < LHJJl — J)QHX, for all xr1,T2 € X.

IfY=Xand|||lx = |y, wesay that T"is Lipschitz on (X, || - || x) with constant
L > 0. Additionally, we omit to specify the vector space in which the map is Lipschitz if
this is clear from the context or is simply (R™, || - ||z~ ). We let Lip(T) be the minimum
Lipschitz constant of a map T'. If T' is a multi-variable function we write Lip(.)(T') to
specify the variable with respect to which we are computing the Lipschitz constant.

Definition 2.4 (Upper-right Dini derivative). The upper-right Dini derivative of a function
f: R — Rattis defined by

DT f(t) := limsup w
h—0t h




We recall the following theorem [37, 38] for locally Lipschitz function. With this
result, in Section 12.5, we characterize local input-to-state stability of non-expansive
dynamical systems with a locally exponentially stable equilibrium.

Theorem 2.1 (Mean value theorem for locally Lipschitz function). Let C C R"™ be an
open and convex set, and f: C — R™ be a locally Lipschitz map. Then, for almost every
x,y € C it holds

@ - = ([ Df(y + s - D)ds ) (2 =),

where the integral of a matrix is to be understood component-wise.

2.3 Logarithmic Norm

In this section, we review the properties of logarithmic norm, also known as matrix
measure. The concept of logarithmic norms was introduced in 1958 separately by
Dahlquist [39] and Lozinskij [40] as a tool to study the growth of ODE’s solutions and
the error growth in discretization methods for their approximate solution. For continuous-
time dynamical systems, logarithmic norms have become a fundamental tool for defining
infinitesimal contractivity and inferring various properties of dynamical systems.

We begin with the following.

Definition 2.5 (Logarithmic norm). Given a norm || - || and a matrix A € R"*™, the
logarithmic norm (log-norm) of A, u(A), is defined by

.|+ RA| -1

w(A) = lim

2.2
h—0+ h (2.2)

Remark 2.1.

* The existence of the limit in (2.2) is established based on the convexity of the norm
function.

* The name logarithmic norm is justified by the following reason. Consider the
dynamics & = Ax. By applying Coppel’s upper bound [41] [42, Th. 2.3] we get
T roglal < n(A)
— log ||z ,
dz & =H
i.e., the maximal growth rate of the logarithm of the norm of x is bounded by p(A).

* The log-norm of a matrix A can be interpreted as the directional derivative of the
matrix norm in the direction of A and evaluated at the point I,,.

O




Given a weighted matrix norm || - ||, g, with p € [1,4+o00] and R invertible matrix,
the corresponding weighted log-norm is defined as

ip(4) = jip(RARY).

It is worth highlighting that the log-norm of a matrix can be negative, which is a key
difference from matrix norms. This property makes the log-norm a useful tool for
studying the stability of continuous-time dynamical systems. Table 2.1 provides explicit
formulas for computing the log-norms corresponding to some of the most commonly
used norms, along with the corresponding vector norms and induced matrix norms.

Vector Norm Induced matrix norm Logarithmic norm
ol =Y bl | A= max Slayl | pa(4) = max (a+ Y ayl)
= J€{ln} = Je{l,...,n} T
- AT+ A
ol =) a? JAIE = Aman (AT 4) 2(A) = A (=)
i=1
|zl = max o] | [[Alle = max Y |ag| | peo(A) = max (aiz‘+ > \a,-j|>
ie{l,...,n} ie{l,...,n} = ie{l,...,n} fley oy

Table 2.1: Vector norms, induced matrix norms, and corresponding log-norms, for
x € R"and A € R"*".

Next, we give some of the main properties of the log-norms used throughout the
manuscript.

Proposition 2.2 (Properties of the log-norm). Given A, B € R"*", the following
properties hold

(i) positive homogeneity: (cA) = |c|u(sign(c)A), Vc€eR,

(ii) subadditivity: w(A+ B) < u(A) + u(B),

(iii) translation: pw(A+cl,) =p(Ad)+c¢, VeeR,

(iv) product max{—(A), —p(~A)}je| < |Az], Vz e R,
(v) norm of difference: |(A) — u(B)| < ||A - B|,

(vi) norm spectrum: ||| < —p(~A) < Re(\) < a(4) < u(A) < |4,

VA € spec(A).

The norm spectrum property shows that the log-norm of a matrix A is an upper
bound on the spectral abscissa of A. This is fundamental for analyzing the stability of
continuous-time dynamical systems. As a consequence, it is interesting to understand
the gap between the spectral abscissa and the log-norm of a matrix. To this purpose,
we recall the following definition of logarithmic optimality of norms. We extend this
definition in Chapter 5 to matrix polytopes.
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Definition 2.6 (Logarithmic optimality of norms). Given a matrix A € R™" with
spectral abscissa a(A) and a scalar € > 0, the norm || - || with associated log-norm i is

1. logarithmically optimal for A if u(A) = a(A),
2. logarithmically e-optimal for A if a(A) < p(A) < a(A) +e.

Finally, we recall a result on Metzler matrices [43] (see also [44]) that we use in
Chapter 8 to analyze contractivity of the coupled neural-synaptic models.

Lemma 2.3 (Optimal diagonally-weighted norms for Metzler matrices). Consider a
Metzler matrix M € R™*™. For any p € [1,00], and § > 0, define N ps € R, by

ll/P ll/p
1 n
775 = PR )
T}/q Trll/q
where q € [1,00] is the conjugate index of p, while l and r € R, are the left and right

dominant eigenvectors of M + 1n1; . Then for each € > 0 there exists 6 > 0 such that

1. the norm || - is e-logarithmically optimal for M, that is

I, ins]

(M) < pip,,) (M) < a(M) +e,
2. if M is irreducible, then || - ||, 1,0 is logarithmically optimal for M, that is

a(M) = Hep, [no] (M)

2.4 One-sided Lipschitz Conditions

In this section, we review the concept of one-sided Lipschitz conditions, which serve as
a useful tool for characterizing the contractivity of continuous-time dynamical systems.
To do so, we first introduce the notion of weak pairing.

Definition 2.7 (Weak pairing). A weak pairing [-,-] on R™ isamap [-,-] : R" xR™ - R
satisfying

* sub-additivity of first argument: [z + z,y] < [x,y] + [z, y], forallz,y,z € R,

e curve norm derivative formula: ||y(¢)||DV||y(¢)|| = [4(2),y(¢)], for every differ-
entiable curve y: |a,b|— R™ and for almost every t €a, b),

* Cauchy-Schwartz inequality: |[z,y]| < [|z|||ly|l, forall z,y € R™,

A
* Lumer’s equality: (A) =  sup 4z, 7]
zeR",z;ﬁon [[Z’ Z]]

, for every A € R"*",

For every norm || - || on R™, there exists a (possibly not unique) compatible weak
pairing [-, -] such that ||z||?> = [z, z], for every z € R™. We give the following.




Definition 2.8 (One-sided Lipschitz constant). Given a convex set C' C R™, a norm with
compatible weak pairing, and a continuous map f: C — R", the minimal one-sided
Lipschitz constant of f, denoted by osL(f), is defined by

OSLip(f) = sup [[f(.]?) — f(y)"r B yﬂ

z,yeC,x#y ||$ _y”2

eR.

For a continuously differentiable map f: C' — R™, where C' C R"™ is convex, the
log-norm of the Jacobian matrix of f, denoted by D f (), satisfies the following property

osL(f) = Sggu(Df(fr))-

Given f: R>o x C — R", where C C R™ is open and connected, we denote by
osL( f;) the one-sided Lipschitz constant of f; :== f(t,-). Note that the Cauchy-Schwarz
inequality for weak pairings implies osL(f;) < Lip (f;).

Given an invertible matrix (), a scalar p € [0,4o00], and a map f, we write
osLip, o(f) to specify that the one-sided Lipschitz constant of f is computed with
respect to a ()-weighted £, norm. For example, for the ()-weighted Euclidean norm we

have (z — )7 Qf(x) ~ f(v))
o ) ‘ T—y x)—Jy )
lagualf) = S T o=y g

2.5 Composite Norms

In this section, we review the concept of composite norms, originally studied in [45] (see
also [46]). Composite norms provide a framework for studying systems with intercon-
nected components by combining different norms in a structured manner. This approach
is particularly useful when dealing with systems where multiple subsystems interact,
such as the coupled neural-synaptic systems we study in Chapter 9. Specifically, we use
composite norms for analyzing the overall stability and contractivity properties of these
interconnected dynamical systems.
Consider r positive integers n1, ..., n,, such that >.._, n; = n, and

¢ rlocal norms || - ||; defined on R™ with induced log-norms y;(-),

s an aggregating norm || - ||age on R” with induced log-norm fr,gq (+).
The composite norm || - || cmpst on R™ is defined as
1 [[21]l1
Hx”cmpst = =
Ly cmpst ||(L'T ||T agg

We denote by ftempst (+) the log-norm induced by || - ||cmpst- Next, consider a block matrix
A € R"*™ withblocks A;; € R™*"i ¢, j € {1,...,r}. The aggregate majorant |A|,gq
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and aggregate Metzler majorant |Aly in R™*" are defined by

wi(Ag), ifj =1,
Alagg) . = [[Aijllij,  ([Alm)ij == .
(| | gg)zg || ]H J (| ‘M) J { HAinij, 1fj 7$i,
where || A;;]|;; = max{||Ai;y;l: | y; € R™ s.t. |ly;||; = 1}. Finally, we report results
that can be found, under different technical statements, in [45, 28] with the upper bound
for the log-norm introduced in [46].

Theorem 2.4. For any set of local norms || - ||;, i € {1,...,r}, consider a monotonic
aggregating norm || - ||agg over a decomposition of R™ and a matrix A € R"*". Then:

cmax [ Asilli < llAllempse < 11 4lagsloge,

.

(2.3)

ieglaxr} ,U,z(An) S ,U/cmpst(A) é Nagg(|A‘M)'

2.6 Out-Incidence and In-Incidence Matrices

In this section, we review some concepts from graph theory used in Chapter & to derive
low-dimensional reformulations of the coupled neural-synaptic models.

Let G be a weighted directed graph with n nodes and m edges, andlet V = {1,...,n}
and E = {1,...,m} be the set of nodes and edges of G, respectively. We writee = (i, j),
1,7 € V, when we want to emphasize the nodes associated with the edge e, and we refer
to ¢ as the tail and to j as the head of e. According to the context, with a little abuse of
notation, we let e denote both an ordered pair (¢, j) as well as an element of E. We let
{ac}ecE be the set of weights for the edges of G.

The adjacency matrix A € R™*™ is defined as follows: for eachedge e = (4,j) € E,
the entry (7, j) of A is equal to the weight a, of the edge (4, j), and all other entries of A
are equal to zero. The weight matrix A € R™*™ is the diagonal matrix of edge weights,
that is A := [{ac }ecr].

Definition 2.9 (Topological in-degree and out-degree). Given a weighted directed graph
G and a vertex i € V, the topological in-degree and out-degree of i are the number
of in-neighbors and out-neighbors of i, respectively. We define maximum topological
in-degree and maximum topological out-degree, the highest topological in-degree and
out-degree among all vertices in G, respectively.

Next, we introduce the key tools we use in Section 8.4 to derive low-dimensional
reformulations for the coupled neural-synaptic models.

Definition 2.10 (Out-incidence and in-incidence matrices). Given a weighted directed
graph G, for any node i € V and edge e € E, the out-incidence matrix By € {0, 1}"*™
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and in-incidence matrix B, € {0, 1}™*™ are respectively defined by

1 ifnode i is the head of edge e,

(Bo)ie =4+ 100 feds 2.4
0 otherwise,
1 ifnode i is the tail of edge e,

(Bin)ie = { Jnode /eds 25)
0 otherwise.

T

Note that, by construction, the matrices By and Bi, have unit row sums, thus B,

and BiI have unit column sums. The following result can be found in [47, Ex. 9.4].

Proposition 2.5. Consider the adjacency matrix A € R™*", the weight matrix A €
R™*™ the out-incidence matrix By, € {0,1}"*™, and the in-incidence matrixB;, €
{0,1}™*™., Then:

1. foreach x € R" and e € E of the form e = (3, j),
(Bay)e = xj, and (B x)e = ;. (2.6)
2. the following identity holds
A = By, AB,, 2.7)

out*

3. IBiille = 1Bl llo = 1, || Boutlloo and ||Binlloo are the maximum topological

out-degree and maximum topological in-degree of G, respectively.

Finally, we give a representative example to clarify the graph theoretic concepts
introduced in this section.

Example 2.1. Consider the directed graph G in Figure 2.1. The set of nodes and edges
of G, are, respectively, V.= {1,...,4} and E = {ey,...,e5}. Specifically, we have
€ = (47 1), €y = (1,2), €3 = (4,2), €4 = (173), €5 = (3,4)

e4 eS

€

€ €3

Figure 2.1: Directed graph G withnodes i, ¢ € {1,...,4}, andedges, e;,j € {1,...,5}.

The out- and in-incidence matrices for GG are:

01010 100 0 0
00000 01100
Bo=10 000 1/"P*=1{0 00 1 0
10100 00001
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2.7 A Primer on Proximal Operators

We provide a brief overview of proximal operators and outline the key properties relevant
to our analysis. The proximal operator of a convex function extends the concept of a pro-
jection operator onto a convex set, offering a powerful tool for dealing with non-smooth
optimization problems. This concept has gained increasing significance in various fields
including signal processing and optimization [48, 49]. In our analysis, proximal opera-
tors play a crucial role in Chapter 6 for transcribing a composite optimization problem
into an interpretable continuous-time RNN. Additionally, this operator is instrumental in
Chapters 10 and 11 to design continuous-time dynamical systems solving the monotone
inclusion problem in both static and time-varying scenarios.

We start by giving several preliminary concepts. Given a function g: R” — R, the
epigraph of g is the set epi(g) = {(z,y) € R"*! | g(z) < y}.

Definition 2.11 (Convex, proper, and closed function). A function g: R™ — Ris

* convex if epi(g) is a convex set,

* proper if its value is never —oo and there exists at least one x € R"™ such that
g(x) < oo,

* closed if it is proper and epi(g) is a closed set.

Next, we define the proximal operator of a function g, which is a map that takes a
vector z € R™ and maps it into a subset of R™, which can be either empty, contain a
single element, or be a set with multiple vectors.

Definition 2.12 (Proximal Operator). The proximal operator of a function g: R — R
with parameter ~y > 0, prox.,,: R" — R", is defined by

1
prox.,(r) = argmin g(z) + ~—|lz — 2|13, Vo € R™. (2.8)
zER™ 27
Of particular interest for our analysis is the case when prox., , is a singleton. The next
Theorem [49, Th. 6.3] provides conditions under which prox,, exists and is unique.

Theorem 2.6 (Existence and uniqueness). Let g: R" — R be a convex, closed, and
proper function. Then prox.,, (x) is a singleton for all x € R™.

The above result shows that for any convex, closed, and proper function g, the
proximal operator prox., g(m) exists and is unique for all x € R™. Next, we recall key a
result in the calculus of proximal mappings [49, Section 6.3]. This result is instrumental
in our interpretation of certain dynamics as recurrent neural networks in Chapter 6.
Specifically, this property enables us to view in our context the proximal operator as the
activation function of an RNN.

Lemma 2.7 (Prox of separable functions). Let g: R™ — R be a convex, closed, proper,
and separable function, that is g(x) = >, gi(x;), with g;: R — R being convex,
closed, and proper functions. Then

(prox.,(z)); = prox. . (v;), i€ {l,...,n}.
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Remark 2.2. Given a convex set C, the proximal operator of the zero-infinity indicator

function on C is the Euclidean projection onto C, that is prox,, (z) = Pc(z) =
argmin ||z — z||2 € C.
z€C

Finally, we introduce the Moreau envelope associated with the proximal operator of
a function g.

Definition 2.13. The Moreau envelope of a function g: R" — R with parameter v > 0,
M,y R™ = R, is defined by

1
My (@) = glprose, () + 5| — prose ()} 29)

The Moreau envelope of a function g is essentially a smoothed or regularized form
of the function. An important property of the Moreau envelope is that it is always
continuously differentiable, even when g is not, and its gradient is given by

1
VM, 4(x) = ;(x — prox., (). (2.10)

The gradient of the Moreau envelope is Lipschitz on (R™, || - ||2) with constant 1/~.

Example 2.2. Let g(x) = ||x||1. Note that g is separable, thus satisfies Lemma 2.7. We
have that

* the proximal operator of g is the soft-thresholding function, that is

prox,,(r) = soft, (z),

* the associated Moreau envelope of g is the Huber function, i.e.,

3507 if || <,
v (|2l = 37), il >,

Myg(z;) = {

e the gradient of the Moreau envelope is the saturation function

VM,y(z;) = sign(z;) min( |;:| , 1).

2.7.1 Proximal Gradient Method

The proximal gradient method generalizes standard gradient descent to certain classes of
non-smooth optimization problems. Based on the use of proximal operators, proximal
gradient method (see, e.g., [50]) can be devised to iteratively solve a class of composite
(possibly non-smooth) convex problems of the form

min f(z) + g(2), 2.11)
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where f: R" — R, g: R" — R are convex, proper and closed functions, and f is
differentiable. At its core, the proximal gradient method updates the estimate of the
solution of the optimization problem by computing the proximal operator of ag, where
a > 0 is a step size, evaluated at the difference between the current estimate and the
gradient of o f computed at the current estimate. That is,

F = proxakg(mk — oV f(zh)).

Remark 2.3. When g = 0, the proximal gradient method simplifies to standard gradient
descent. When g is the indicator function of a convex set, the proximal gradient method
simplifies to projected gradient descent. O

Notably, this method has been recently extended and generalized to a continuous-time
framework [51, 52, 53], resulting in solving a continuous-time FNN. In this case, the
iteration becomes the continuous-time proximal gradient dynamics

&= —x + prox, (Jc - VVf(x)), (2.12)

with v > 0. The above dynamics are central to developing a normative framework for bi-
ologically plausible neural networks solving sparse reconstruction problems in Chapter 6.
Additionally, these dynamics are useful for the design of contracting continuous-time
dynamical systems solving non-smooth and convex composite optimization problems, as
we show in Chapters 10 and 11.

2.8 Summary

In this chapter, we introduced the main symbols and notations we will use throughout
the thesis and provided a self-contained review of the key concepts and theories that
underpin our results, providing the details useful for our developments. Specifically, we
listed the main functions we will use in this thesis. Then, we reviewed the concept of
logarithmic norm. This is an important tool for analyzing the stability of continuous-
time dynamical systems, as it provides an upper bound on the spectral abscissa of a
matrix. Next, we recalled the concept of one-sided Lipschitz conditions, which, together
with logarithmic norms, we use throughout the thesis to characterize the contractivity
of possibly non-smooth continuous-time dynamical systems. We then discussed com-
posite norms, a useful tool for analyzing interconnected systems. Following this, we
presented key concepts from graph theory that, as we will see in Chapter 9, allow us to
derive low-dimensional reformulations of the interconnected neural-synaptic models we
propose. This low-dimensional formulation allows to capture synaptic sparsity of the
neural circuits. Finally, we provided a review of proximal operators. In the following
chapters, the continuous-time proximal gradient dynamics, in particular, play a key role
in designing contracting continuous-time dynamical systems solving non-smooth and
convex composite optimization problems, including the sparse reconstruction problem.
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3 Neural and Synaptic
Dynamics

In this chapter, we provide backgrounds on the continuous-time dynamical rules gov-
erning both neural masses and synaptic weights, which are central to our analysis.
Specifically, for the neural dynamics, we focus on two widely used continuous-time
RNN models: the Hopfield neural network (HNN) and the firing rate neural network
(FNN). In Chapter 5, we analyze the stability of these dynamics, providing novel stability
conditions for non-smooth activation function, allowing the use of the more commonly
used ones. Additionally, we run into FNNs in Chapters 6 and 7, where we propose a
top/down normative framework for a biologically plausible explanation of neural circuits
solving sparse reconstruction problems and other optimization problems. These neural
dynamics are also at the basis of the coupled neural-synaptic problems we propose and
analyze in Part I1. There, we assume the synaptic weight dynamics evolve according to
continuous-time Hebbian learning rules.

3.1 Introduction

Artificial neural networks, inspired by biological neural systems, are typically conceptu-
alized through two distinct sets of variables: one representing the activity of neurons and
the other describing the synapses (or connections) between them. Understanding and
modeling these two aspects is crucial in both computational neuroscience and machine
learning, as they form the basis of how networks process information and learn.
Recurrent neural networks naturally emerge when modeling neural dynamics due to
both anatomical and functional properties of the brain [54, 20]. A large fraction of the
output from cortical regions loops back to the area of origin, making recurrent connections
a fundamental feature of cortical organization [55]. Furthermore, RNNs can generate
rich intrinsic activity patterns, reminiscent of ongoing activity observed in the brain [56].
From a computational perspective, RNNs are particularly powerful because feedback
loops enable the modeling of temporal dependencies, making these networks well-suited
for tasks involving sequential data or time-series predictions. Another important feature
of RNNs is that they are modeled as nonlinear dynamical systems. This allows to
apply tools from dynamical systems theory to study key properties like stability, attractor

25



dynamics, and convergence, as we will explore in the following chapters.

Synaptic plasticity refers to changes in the strength of connections between neurons
over time. This process is at the basis of learning and memory in biological systems. One
of the most widely accepted theories of synaptic plasticity is Hebbian learning [2], often
captured by the phrase “neurons that fire together, wire together”. Hebbian learning
is a form of unsupervised learning and provides a biologically plausible mechanism for
how networks adapt based on experience. Over the years, this rule has inspired various
learning algorithms in artificial neural networks, with the goal of developing biologically
plausible models of learning.

The chapter is organized as follows. In Section 3.2, we provide a concise litera-
ture review on RNNs and Hebbian learning. Then, in Section 3.3, we introduce the
continuous-time dynamical rules governing the neural masses of the RNN models we are
interested in: the Hopfield neural network and the firing rate neural network. Finally, in
Section 3.4 we review Hebbian learning rules and the mathematical formulation we use
in our analysis.

3.2 Overview

Wilson and Cowan pioneered the study of RNN in a biological context work by describing
the average firing rates of groups of neurons through differential equations, thus modeling
the dynamics of neural populations [57]. This model laid the foundation for modern RNN
frameworks, which have since become instrumental in analyzing neural circuit behaviors
through rate-based equations.

Two common models of RNNs are the firing rate neural network (FNN) [54] and
Hopfield neural network (HNN) [58]. The key difference between these models lies
in the order in which the activation function is applied. For certain synaptic weight
matrices and initial conditions, the two models can be shown to be mathematically
equivalent via a transformation of coordinates and input states [59]. However, this
transformation is state-dependent, particularly when the synaptic matrix is rank deficient.
Additionally, the transformation of solutions from HNNs to FNNs requires that the
initial condition of the input depends on the initial condition of the state. RNNs have
been demonstrated to be suitable in applications requiring the learning of sequential
tasks. For example, they have been successfully used in time series forecasting [60] and
pattern generation [61]. Over the years, Hopfield neural networks, originally designed to
model associative memory systems, have found applications in optimization and machine
learning tasks [62, 63, 64, 65].

One of the central mechanisms underlying learning in both biological and artifi-
cial systems is synaptic plasticity—the process by which synaptic connections between
neurons are strengthened or weakened based on neural activity. This principle is often
captured through Hebbian learning rules, first introduced by Donald Hebb in his seminal
work, “The Organization of Behavior” [2]. Hebbian learning rules have since played
a crucial role in modeling and understanding neural learning dynamics and have been
extensively studied within the framework of unsupervised feedforward neural networks.
For instance, Hebbian learning rules have been used in training a neuron to extract the
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first principal component of its inputs [66]. In [67] it is shown that a layer of simple
Hebbian units connected by modifiable anti-Hebbian feedback connections can learn to
code a set of patterns so that statistical dependency between the representation elements is
reduced, while information is preserved. Several mathematical formulations of Hebbian
learning are presented in [68]. In [69] is presented a mathematical analysis of the effects
of Hebbian learning in random recurrent neural networks. In the context of Hopfield
neural networks with adapting synapses undergoing Hebbian rules, we recall [22, 24, 70].
Additionally, Hopfield neural networks with a coupled Hebbian learning rule have been
shown to be able to learn the underlying geometry of a given set of inputs [23]. Along
these lines, recently, [8] proposed an unsupervised biologically plausible learning rule
that allows the network to achieve good performance on the MNIST and CIFAR datasets.
Finally, Hebbian learning has been generalized to a variety of computational paradigms,
including sparse coding [71] and similarity matching [72, 73, 74, 15, 14, 16].

3.3 Neural Dynamics: Hopfield Neural Network and
Firing Rate Neural Network

In this section, we introduce the dynamical rules governing the neural masses. Specifi-
cally, we are interested in two widely used continuous-time RNN models: the Hopfield
neural network and the firing rate neural network.

Hopfield neural network: the continuous-time HNN follows the dynamics of the form
THE = —x + WP(x) + up, (3.1)
where
* x € R" is the neural activation vector,
e 7y > 0 is the timescale of the network,

* W e R™*"™ is the synaptic matrix, with W;; € R being the synaptic weight from
a pre-synaptic neuron j to a post-synaptic neuron ¢,

* &: R” — R” is a nonlinear and diagonal activation function, that is, for z € R",
(®(x)); = ¢(x;), where ¢: R — R,

* ug € R” represents external stimuli, which may be time-dependent.
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Firing rate neural network: the dynamics of the FNN are given by
TV = —v + O(Wv + up) (3.2)
where, similar to (3.1),

¢ v € R" is the neural activation vector,
e 7r > 0 is the timescale of the network,

* W € R™" is the synaptic matrix, with W;; € R being the synaptic weight from
a pre-synaptic neuron j to a post-synaptic neuron g,

e &: R™ — R is a nonlinear and diagonal activation function,

* up € R" represents the external stimuli, which may be time-dependent.

Remark 3.1.

(i) We term the RNN (3.2) as firing rate neural network because when the activation
function is non-negative, the positive orthant is forward-invariant and the state v
is interpreted as a firing rate. In contrast, in (3.1), the state x can be either positive
or negative, and thus x is interpreted as a membrane potential.

(ii) The HNN (3.1) has the same form as the original Hopfield model [58] with the
key difference that the synaptic matrix is not assumed symmetric if not explicitly
stated. Despite the absence of the symmetry assumption, with a slight abuse
of terminology, we also term the Hopfield-like neural network (3.1) as Hopfield
neural network. This terminology is consistent with the terminology used in,
e.g., [75, 76, 23].

O

An important characteristic of the HNN in equation (3. 1) is that it can be implemented
as an analog electronic circuit (see, e.g., [ 77, Section 13.5]). To the best of our knowledge,
there is no such implementation for the FNN in equation (3.2).

The HNN (3.1) and FNN (3.2) are known to be mathematical equivalent through
suitably defined state and input transformations. [59]. However, the input transformation
is state-dependent when the synaptic matrix is rank deficient (as in the sparse recon-
struction problem we analyze in Part I) and, counter-intuitively, the transformation of
solutions from HNN to FNN requires that the initial condition of the input depends on
the initial condition of the state. Moreover, the FNN might hold an advantage over the
HNN in terms of biological plausibility in the following sense. When the activation
function is non-negative, the positive orthant is forward-invariant, i.e., the state remains
non-negative from non-negative initial conditions and is thus interpreted as a vector of
firing rates. Therefore, even if the HNN state can be interpreted as a vector of membrane
potentials, it is more natural to interpret negative (resp. positive) synaptic connections as
inhibitory (resp. excitatory) in the FNN rather than the HNN.

A complete understanding of the correspondence between (3.1) and (3.2) remains
an ongoing area of research. In [78] we take a step further in the analysis of this
correspondence.
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3.4 Synaptic Dynamics: Hebbian Learning

Biological synaptic plasticity is believed to be a fundamental process underlying human
learning and memory. One of the most widely accepted theories of synaptic plasticity is
Hebbian learning, introduced by Donald Hebb in 1949 [2]. Hebb proposed that learning
is based on the correlated activity of connected neurons. Specifically, in a famous passage
of [2], he stated the following postulate:

“When an axon of cell A is near enough to excite cell B and repeatedly or persistently
takes part in firing it, some growth process or metabolic change takes place in one or
both cells such that A’s efficiency, as one of the cells firing B, is increased.”

In essence, Hebb’s rule suggests that synapses are strengthened or stabilized when there
is a correlation between pre- and post-synaptic neurons. Hebb formulated his principle
on purely theoretical grounds, therefore the postulate does not have a single mathematical
formulation. Instead, Hebbian learning can be seen as a family of learning rules that
share two key characteristics derived from Hebb’s law: (i) the learning rule must be
local, meaning that only the activities of the connected neurons A and B matter, without
any influence from any other neurons C that might make a connection onto A or B, and
(1) cooperativity, meaning that both pre-synaptic neuron A and post-synaptic neuron
B must be active to induce a weight increase. Locality is one of the key properties
that a learning rule must possess to be considered biologically plausible [16]. As
discussed in Section 1.1, the absence of this property is one of the primary reasons why
backpropagation is considered biologically implausible.

Mathematical Formulation

A rigorous mathematical description of Hebbian learning, along with the key properties
that make it significant for implementation in artificial neural networks (ANNS5), is given
in [79]. Here, we review these properties and their formulations, following the approach
presented in [79]. For further details, we refer the reader to the original paper. To this
purpose, we focus on a single synapse with efficacy w;;, which transmits signals from
a pre-synaptic neuron v; to a post-synaptic neuron v;. The first two properties, locality
and cooperativity, are direct consequences of Hebb’s postulate.

* Locality: the learning rule for the synapse w;; should depend only on the activity
of 7 and 7 and not on that of any other neurons. Mathematically, this can be
expressed as:

d

dt
where F' is a function that should be chosen according to the additional properties
we want the dynamics to satisfy.

wij = F(wij, Vi, l/j), (33)

» Cooperativity: pre- and post-synaptic neurons have to be active simultaneously
to induce a weight increase. Given a parameter ¢, mathematically, the simplest
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choice for the function F in (3.3) is

d
%wij = CVv;Vj. (34)

Equation (3.4) represents the simpler and more direct implementation of Hebb’s
postulate, but from this simple formulation, one can see that it leads to unrealistic
behavior, as the weights diverge. To have a more realistic system, additional properties
must be considered:

* Synaptic depression: To avoid divergence, synaptic weights should be able to
decrease (or increase). Given cq > 0, this, for example, can be modeled by adding
a weight decay to equation (3.4), obtaining
d

—; W45 = CVVj — CqWijy. (35)

dt
* Boundedness: In realistic systems, synaptic weights should remain bounded.

* Competition: If some synaptic weights grow, they should do so at the expense
of others, ensuring a competitive balance. Given ¢ > 0, a well-known rule that
satisfies this property is Oja’s rule [66] given by

%wij = cvvj — cufwij. 3.6)

The above mathematical formulations play a central role in Part II, where we the-
oretically explore the embedding of biologically plausible learning mechanisms — and
Hebbian learning one is the most widely accepted of such mechanisms — into neural net-
works. Specifically, we introduce and analyze there coupled neural-synaptic dynamics
that combine HNNs and FNNs with two different Hebbian learning rules for the synaptic
dynamics. The first rule satisfies the biological properties of locality, cooperativity,
synaptic depression, and boundedness; the second rule — which we refer to as Oja’s like
learning rule — fulfills, in addition, a competitiveness property.

3.5 Summary

This chapter presented a self-contained review of the continuous-time dynamical rules
governing neural masses and synaptic weights central to our analysis. Specifically, in
Section 3.3 we introduced the continuous-time dynamical rules governing the neural
dynamics. Then, in Section 3.4 we reviewed Hebbian learning rules and the mathemat-
ical formulation used in our analysis. The rationale behind choosing these dynamics
is supported by both theoretical and experimental evidence, as discussed in the intro-
duction (Section 3.1) and overview (Section 3.2) sections. These dynamics play a key
role in Parts I and II, where we propose a normative framework for translating optimiza-
tion problems into biologically plausible neural networks and a possible way to embed
learning within this framework.
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4 Contraction Theory
for Dynamical Systems

Contraction theory is the main analytical tool we use throughout the thesis for studying
the convergence, stability, and robustness properties of the dynamics of our interest. In
this chapter, we review basic results of contraction theory for continuous-time dynamical
systems. The treatment presented is based on the monograph [42]. We refer to the
monograph and the original papers referenced in this chapter for further details.

4.1 Introduction

Contraction theory is a powerful mathematical framework for the analysis and under-
standing of the stability and convergence behavior of dynamical systems. Traditionally,
stability properties are defined in terms of convergence to an invariant set, such as an
equilibrium or a periodic orbit, combined with a Lyapunov stability requirement that
trajectories starting near the attractor remain close to it for all future times. However,
these methods typically require prior knowledge of the system’s attractors, which can
make them challenging to apply in complex scenarios where such information is not read-
ily available. In contrast, rather than focusing on specific attractors, contraction theory
focuses on the distance between trajectories, requiring that any two trajectories (expo-
nentially and without overshoot) converge towards each other. In general, contraction
theory can be viewed as a unified and coherent framework that aims to combine results
from Lyapunov stability theory, incremental stability, fixed point theorems, monotone
systems theory, and the geometry of Banach and Riemann spaces.

The importance of contraction theory extends beyond its theoretical elegance and lies
in its practical effectiveness. In fact, contraction theory has been successfully applied in
various fields, including, e.g., network synchronization [80], learning-based control [81],
and convex optimization [53].

The chapter is organized as follows. In Section 4.2, we provide a brief literature
review on contraction theory. Then, in Section 4.3, we review some basic concepts and
results on continuous-time dynamical systems that we use throughout the manuscript
to prove our results. Finally, Section 4.4 presents the definition and main properties of
contracting dynamics.
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4.2 OQOverview

The study of contraction theory started with the seminal work of Stefan Banach in
1922 [82]. The groundwork for understanding contraction properties in dynamical
systems through the use of logarithmic norms was laid by Lewis [83], Demidovi¢ [84],
and Krasovskii [85]. A historical review is given by Pavlov et al. [86].

Contraction theory applied to control problems began with the seminal work of
Lohmiller and Slotine [25], who introduced an approach based on differential conditions
for contraction using the Euclidean norm. This work marked a pivotal shift in the
analysis of nonlinear systems, opening new avenues for research and application. Since
then, contraction analysis has been extensively studied and numerous generalizations
have been proposed. These include partial contraction [87], contraction of stochastic
differential equations [88, 89], contraction on Riemannian and Finsler manifolds [90, 91],
weak and semi-contraction [36], contraction in systems with different time scales [92],
and k-contraction [93].

The application of contraction theory has also expanded beyond smooth dynamical
systems. For instance, the framework has been extended to piecewise smooth dynamical
systems [80], and more recently to locally Lipschitz functions [38].

The classic approach to contraction theory is with respect to the Euclidean norm, using
linear matrix inequality (LMI) tools to design optimal weight matrices. However, recent
works have shown that stability can be studied more systematically and efficiently using
non-Euclidean norms (e.g., {1, £, and polyhedral norms), particularly in large classes
of network systems. Examples include biological transcriptional systems [26], coupled
oscillators [46], chemical reaction networks [94], Hopfield neural networks [95, 38],
biologically plausible models [96, 70], and traffic networks [97, 98].

Beyond these results, contractivity has proven effective in other application domains,
including modern control design on multiple time scales [99] and online feedback op-
timization [100]. An implicit model that uses contraction theory to allow for a convex
parametrization of stable models is presented in [101]. Contraction-theoretic tools have
also been applied to machine learning and ANNs. For example, in [28] contraction-based
conditions are given to characterize disturbance rejection properties of HNN's with delays.
Euclidean contractivity is analyzed in the context of RNN with dynamic synapses [24]
and in [102], where a number of contractivity conditions are proposed. Additionally,
contractivity has been shown to enhance the robustness of neural ordinary differential
equations [ 103] and implicit neural networks [104, 27] against adversarial perturbations.

Contraction dynamics have also been effectively employed to solve optimization
problems [105, 53, 106]. The asymptotic behavior of weakly contracting dynamics has
been characterized in various contexts, including monotone systems [98] and primal-
dynamics with locally stable equilibria [36], as well as in non-expansive functions with
a locally exponentially stable equilibrium [107, 106].

For a more comprehensive understanding of contraction theory, notable surveys, and
reviews include [108, 109, 80, 81, 110, 111], along with the recent monograph by
Bullo [42].
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4.3 Nonlinear Dynamical Systems: Basic Concepts

In this section, we introduce key notations and basic concepts for nonlinear continuous-
time dynamical systems, which will be referenced throughout this manuscript.
Specifically, we consider dynamical systems of the form

where f: R>o x C' = R", is a smooth nonlinear function and C' C R" is a forward
invariant (see the above definition) set for the dynamics. We let ¢ — ¢ (x(O)) denote
the flow map at time ¢ of (4.1) starting from initial condition z(0) := x¢. We denote
by Df(t,z) := 0f(t,x)/0x the Jacobian matrix of f with respect to z. If f is a
multi-variable function, we write D . f to specify the variable with respect to which we
are computing the partial derivative. Whenever it is clear from the context, we omit
specifying the dependence of functions on time ¢.
We now recall some standard definitions useful for our analysis.

Definition 4.1 (Forward Invariant set). A set A C R" is said to be forward invariant
for system (4.1) if the trajectories of every solution of (4.1) starting from any point of
x(0) € A remains in A for all t > 0, that is

zoeA =  (zg) €A VE>0.

Definition 4.2 (Attractive set). A set A C R" is said to be attractive for system (4.1) if
the trajectories of every solution of (4.1) starting from any point of R™ asymptotically
converge to the set A, that is for any initial condition xy € R"™ there exists a time ty > 0
such that

¢t($0) eA Vit > t().

Next, we recall the following result from [112, pp. 102-103] that we will use several
times to prove our statements.

Theorem 4.1 (Comparison Lemma). Let f: R>¢ x C C R — R be continuous in t and
locally Lipschitz in x, for allt > 0 and x € C. Consider the scalar differential equation

= f(t,x), =z(to) = xo,

and let [to, T) (T could be infinity) be the maximal interval of existence of the solution
x(t). Suppose that x(t) € C, forallt € [to,T). Let v(t) be a continuous function whose
Dini derivative satisfies the differential inequality

DYu(t) < f(t,v(t), wv(to) < o,
withv(t) € C, forall t € [ty,T). Then v(t) < x(t) for all t € [to,T).

Finally, we recall Nagumo’s Theorem [ 1 13] for the positive orthant. We refer to [42,
Exercise 3.13] for more details. We use this result to prove that the positive orthant is
forward invariant for a given dynamical system. This, in turn, implies that the dynamical
systems is positive, which, as we argue in Section 1.1, is a key property for biologically
plausible dynamical models.
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Theorem 4.2 (Nagumo’s Theorem for the positive orthant). The positive orthant RY  is
forward invariant for a vector field f if and only if

filz) >0 Va € RY, such that v; = 0. 4.2)

4.4 Contraction Theory

In this section, we review the main properties of continuous-time contracting dynamical

systems. Throughout this manuscript we follow the approach in [109, 42], characterizing

contractivity through the log-norm of the Jacobian of the system. Specifically, we focus on

continuous-time dynamical systems whose Jacobians have log-norms uniformly upper-

bounded by a negative constant either everywhere or almost everywhere in the state

space, depending on the differentiability properties of the system under consideration.
We begin with the following:

Definition 4.3 (Contracting systems [42]). Let || - || be a norm on R™ with compatible
weak pairing and with associated log-norm 1. Given a function f: R>o x C — R",
with C C R™ f-invariant, open and convex, and a constant ¢ > 0 (¢ = 0) referred as
contraction rate, f is strongly (weakly) infinitesimally contracting on C' if

osLip(f;) < —e¢, forall t € R,
or, equivalently for differentiable vector fields, if
w(Df(t,z)) < —c, forallz € C'and t € R>. 4.3)

Of particular interest is the case of non-smooth map f, as such functions appear
in several frameworks. For example, in neural network models, non-smooth activation
functions such as ReLU and saturation functions are prevalent. Indeed, as we will
see, these models naturally arise when using contracting dynamics for solving convex
optimization problems. The next result [38, Theorem 16] allows using condition (4.3) for
locally Lipschitz function, for which, by Rademacher’s theorem, the Jacobian Df (¢, x)
exists almost everywhere in C'.

Theorem 4.3 (osLip and log-norm equivalence for locally Lipschitz functions). Given a
norm || - || on R™ with compatible weak pairing and with associated log-norm p, consider
a function f: R>g x C — R" locally Lipschitz on C C R"™ open and convex set. Then
for every c € R the following statements are equivalent:

1. osLip(fi) < ¢ forallt € R,
2. p(Df(t,x)) <c for almost every x € C, and t € R>o.

It is evident from the definition that contractivity is a metric property and depends
on the specific metric used. A system may be contracting with respect to one metric but
not with respect to another. We show this statement in the following simple example of
a linear dynamical system.
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Example 4.1. Consider the system
T T —0.1 1 T
bbb “

st = () ([ 3] =010

We have

and

n

w1 (A) = max (ajj + Z |a¢j\) = max{—1.1,0.9} = 0.9 > 0.
je{1,...,n} =1k

Therefore system (4.4) is 0.1-strongly contracting with respect to the norm || - ||o, but it

is not strongly contracting with respect to the norm || - ||1.

One of the benefits of contraction theory is that it enables the study of the convergence
behavior of the flow map with a single condition. Specifically, if f is contracting, for any
two trajectories x(+) and y(+) of (4.1) rooted from z, yo € C it holds

161 (0) — ¢e(yo)l| < e™flzo —5oll, forallt >0,

i.e., the distance between the two trajectories rooted in C' shrinks exponentially with
rate ¢ if f is c-strongly infinitesimally contracting, and never increases if f is weakly
infinitesimally contracting.

Properties of Strongly Infinitesimally Contracting Dynamics

Strongly infinitesimally contracting dynamical systems exhibit highly ordered transient
and asymptotic behavior, making them particularly advantageous for analyzing and con-
trolling dynamical systems. Namely,

1. initial conditions are forgotten exponentially quickly,
2. the distance between any two trajectories is monotonically decreasing,

3. time-invariant dynamics admit a unique globally exponential stable equilibrium
(see Figure 4.1). Additionally, two natural Lyapunov functions are automatically
available: the distance from the equilibrium and norm of the vector field itself,

4. time-varying and periodic vector fields admit a unique periodic orbit, which is
globally exponentially stable,

5. contracting dynamics enjoy highly robust behavior including:

* incremental input-to-state stability,

* finite input-state gain,
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* contraction margin to unmodeled dynamics, and

* input-to-state stability in the presence of delayed dynamics.

6. contraction theory is a modular framework: under proper conditions, the intercon-
nection of contracting dynamical systems is contracting, with an explicit estimate
of the contraction rate available (see Section 4.4.1 for more details).

Additionally, contracting dynamical systems admit systematic procedures for the com-
putation of their equilibria. We recall the following result that shows that, for a given
time-invariant contracting dynamical system, the forward Euler integration of the dynam-
ics with a proper step size guarantees that this discrete-time iteration is also a contraction.

Theorem 4.4 (Contractivity of Euler discretization). Given a norm || - || induced by an
inner product (-, -), consider a Lipschitz map f: R™ — R". The following statements
are equivalent

1. the dynamical system & = f(x) is strongly infinitesimally contracting with respect
to the norm || -

>

2. for a €]0,2c/L?] the explicit Euler integration algorithm z 1 = @) + o f (zx) =
(Id + ecf ) () is strongly contracting with respect to the norm || - ||.

Proof. Let f: R™ — R™ be Lipschitz with constant L, and [-, -] be the weak pairing
associated to the norm || - ||. First we prove that statement | implies statement 2.

Assume & = f(x) is strongly infinitesimally contracting with respect to the norm
|| - || with rate ¢ > 0, that is, by using the one-sided Lipschitz condition,

[f(z) = f), (=] = {f(@) = fW), (x —y)) < —cllz —y|?, Va,yeR",

where in the first equality we used the fact that if a norm is induced by an inner product,
then the weak pairing coincides with the inner product. To prove statement 2 we show
that there exists a constant d < 1 such that |zg+1 — ygp+1|| < d||zr — yxl|, for all z,
and y, € R™. We compute

H$k+1 - yk+1||2 L= ||xk + O‘f('rk) — Yk — af(yk)||2

= llex — yr + a(f (xx) — £ ) 17
= [lzx = ykll? + 20(f (2x) = Fyr)s 2 — i) + 2| F (k) — flyn)]1?
< llow = yrl® = 2aclzy — yxl® + @ L2||zy, — yel|?
= (1 —2ac+ o®L?) ||z — yxl?
where in the last inequality we used the contractivity and Lipschitzness of the map f. The
statement then follows by noticing that 1 — 2ac+ o?L? < 1if and only if & €]0, 2¢/L?[.

Viceversa, assume that statement 2 holds, thatis Lip (Id + «.f) < 1fora €]0,2¢/L?].
To prove statement | we show that osL (f) < 0. We have

osL(ld+ af) =14 osL(af) =1+ aosL(f).
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On the other hand, it always holds osL (Id + a.f) < Lip (Id + «f) and, by assumption,
Lip (Id + a.f) < 1. These inequalities imply

1+ aosL(f) <1 < osL(f)<0.
This concludes the proof. O

The optimal choice of step size depends on the norm. For more details and guidance
on the step-size selection, we refer to [114] for the Euclidean case, and to [115] for the
non-Euclidean case.

Figure 4.1: Strongly infinitesimally contracting systems: the distance between any two
trajectories converges exponentially to the unique equilibrium point x*. The figure
illustrates contractivity with respect to the Euclidean norm. Given two initial conditions
xo, and yo, the trajectory of y(t) remains inside the ball centered at x(¢) with radius
e~ and both trajectories converge exponentially to z*. Image reused with permission

from [42].

Properties of Weakly Infinitesimally Contracting Dynamics

The properties listed in the previous section do not generally extend to weakly infinitesi-
mally contracting (or non-expansive) systems, where the distance between trajectories is
non-increasing. These systems are, e.g., systems that exhibit conservation or invariance
properties and that, therefore, cannot be strongly infinitesimally contracting since the
system trajectories cannot fully forget initial conditions. Nevertheless, these systems still
enjoy numerous useful properties, such as the so-called dichotomy property [36]. This
property states that a weakly infinitesimally contracting system on C' has either:

* no equilibrium point in C, and every trajectory starting in C' is unbounded (see
Figure 4.2.a),

* at least one equilibrium, and every trajectory starting in C' is bounded (see Fig-
ure 4.2.b).

Moreover, if there exists an equilibrium point that is locally asymptotically stable, then itis
also globally asymptotically stable. We rigorously prove this result and provide a detailed
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characterization of the convergence behavior for systems that are weakly contracting over
the entire state space and have a locally asymptotically stable equilibrium point.

-

I

/

/]

v/
Iy
/ 4

Figure 4.2: Illustration of the dichotomy property of weakly contracting systems: a) the
system has no equilibrium and every trajectory is unbounded or b) there exists at least one
equilibrium and every trajectory is bounded. Images reused with permission from [42].

4.4.1 Interconnected Systems

In this section, we briefly review the theory of contracting interconnected systems. This
is crucial for analyzing the stability of complex systems, and we use it in Chapter 9 to
establish the contractivity of coupled neural-synaptic dynamics.

Given r positive integers ni,...,n, such that ny + --- + n, = n, consider the
decomposition R” = R™ x - - - x R™, alocal norm || -||; on R™, foreachi € {1,...,r},
with associated log-norm p;(-). Now, consider the interconnection of v dynamical
systems given by

T; = fi<t,$(}i,$tl’,7;), Vi € {1,...77“}, 4.5)

where z; € R™, and x_; € R" ™™ denotes the vector x without the component x;. We
recall the following result [45, 46], which provides conditions under which interconnected
systems are contracting.

Theorem 4.5 (Contractivity of interconnected system). Consider the interconnected
system in (4.5). For eachi € {1,...,r}, assume that

(1) (contractivity-at-each-node) at fixed x_; and t, the map x; — f;(t, z;,x_;) is
strongly infinitesimally contracting with rate c; with respect to || - ||;.

(2) (Lipschitzinterconnections) at fixed x; andt, each functionx_; — f;(t,x;, x_;)
is Lipschitz with Lipschitz constant y;; € R>q, i # j.
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Define the gain matrix

—C1 '71r
=1|: . 1 |eR™. (4.6)

Tr1 s —Cr

If the gain matrix U is Hurwitz, then the interconnected system is strongly infinitesimally
contracting with respect to a composite norm || - || generated by logarithmic optimal norm
for T, with rate |a(T") + €.

Let D f(z) denote the Jacobian of the interconnected system (4.5) and note that the
gain matrix I is an aggregate Metzler majorant of (4.5). By applying inequality (2.3)
and the monotonicity property of the log-norm, we have

SUP flempst (D f (7)) < fagg (P [ Df () l) = fiags (T)-

Then a logarithmic optimal norm for I' in Theorem 4.5 can be selected by applying
Lemma 2.3.

4.5 Summary

In this chapter, we provided a self-contained review of contraction theory for nonlinear
continuous-time dynamical systems. This is the main theoretical framework we use to
analyze the stability and robustness of the dynamics we study. We began by introducing
the basic concepts of dynamical systems needed for our analysis. Then, we dive into
the analysis of contracting systems. After formally defining contracting dynamics, we
outlined the key properties that make contraction theory a powerful analytical tool, as
discussed in Section 1.3. In the following chapters, we give conditions that ensure
contractivity in our models, explicitly stating the norm and contractivity rate for each
case. Moreover, in Part I1] we show the effectiveness of contracting dynamics in analyzing
static and time-varying convex optimization problems.
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PART |

A Normative Framework for
Biologically Plausible
Neural Networks
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.1 Introduction

Recurrent neural networks are a class of computational models used for explaining
neurobiological phenomena and for solving machine learning problems. In RNNs, the
neurons’ activity is influenced not only by the current stimulus but also by the current state
of the network. This feedback property makes RNNs particularly suited for computations
that unfold over time, such as tasks involving sequential data or time-series predictions.

RNNs have been successfully applied to many domains, including solving optimiza-
tion problems. Typically, in this framework, researchers define the dynamics and then
demonstrate that these dynamics effectively solve the problem at hand. However, this
approach often lacks a clear biological interpretability.

Research questions: As a result, key questions arise:

* What are the functional implications of RNN models? That is, what mechanisms
(optimization problems) do natural neural networks solve, and how can biologically
inspired neural networks mimic these processes?

* How do the dynamics of such networks emerge when solving optimization prob-
lems, and how can we use these dynamics to tackle these problems effectively?

.2 A Normative Framework for Biologically Plausible
Neural Networks

In this part, to address the above questions, we propose a top/down, normative framework
for a biologically plausible explanation of neural networks solving sparse reconstruction
and other optimization problems. By normative framework, we refer to an approach that
starting with an optimization problem that models natural network mechanisms, derives
an artificial neural network that provides a theoretical understanding of the computation
principles of the circuit. This approach has the advantage of directly investigating
the underlying principles of neural functioning, while also providing a mathematically
tractable framework for understanding the network.

It is widely believed that a key function of both biological and artificial neural
networks is to extract information from large amounts of data and there are empirical and
theoretical evidences that support the use of sparse representations in neural systems.
Motivated by this, we focus on sparse reconstruction problems, which are ubiquitous in
a wide range of domains including compressed sensing, image processing, and machine
learning. These problems entail approximating a given stimulus as a combination of a
sparse set of neurons and a dictionary and can be formalized as a regularized least squares
problem. At its core, our approach can be viewed as the task of solving optimization
problems through the use of continuous-time RNNs. This process essentially consists of
two key steps:

1. establishing the equivalence between the optimal solutions of the optimization
problem and the equilibrium points of the network dynamics,
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2. identifying conditions that guarantee stable convergence of these dynamics to their
equilibria.

A fundamental aspect of this analysis, and a crucial property for any complex system, is
the stability of the system of interest. Among the tools for characterizing the stability of
a dynamical system, we adopt a control-theory perspective leveraging contraction theory
— a robust method that ensures more than simple stability, as discussed in Chapter 4.

In this framework, we identified a gap in the literature regarding the contractivity
analysis of RNNs: contractivity conditions for some of the most common activation func-
tions and systems — including RNNs designed for solving sparse reconstruction problems
— were missing. This gap motivated us to develop the theoretical tools necessary to ana-
lyze the stability of the dynamics resulting when solving sparse reconstruction problems
and others. Specifically, in Chapter 5, we conduct a comprehensive sharp Euclidean
contractivity analysis of continuous-time Hopfield and firing rate neural networks with
symmetric weights. The assumption of symmetric weights is motivated by the wide
range of optimization problems whose solutions can be encoded via the equilibrium
points of neural networks with symmetric synaptic matrices. We provide several exam-
ples of these throughout the thesis. Remarkably our main results give logarithmically
optimal contractivity bounds for almost all symmetric synaptic matrices and for RNNs
with locally Lipschitz activation functions. Our analysis focuses on HNN and FNN, but
is built upon two useful classes of matrix polytopes which includes the Jacobian of the
HNN and FNN, but does not exclude the application of our results to other dynamical
systems whose Jacobian belongs to one of the matrix polytopes defined in Section 5.3.

We continue our analysis by proposing a top-down normative framework for biolog-
ically plausible neural networks that solve sparse reconstruction and other optimization
problems. To streamline the analysis, we divide our results into two chapters: Chap-
ter 6 presents the modeling of our dynamics, while Chapter 7 focuses on the analysis
of the convergence behavior. Specifically, in Chapter 6 we introduce a novel family of
continuous-time FNNs, called firing rate competitive networks (FCN), to address the
sparse reconstruction problems, by leveraging tools from monotone operator theory.
This general theory explains how to transcribe a composite optimization problem into a
continuous-time firing rate neural network, which is therefore interpretable. Because real
neurons produce non-negative outputs in response to non-negative stimuli (e.g., visual
input), we are particularly interested in solving the positive sparse reconstruction prob-
lem, where solutions are constrained to be non-negative. This leads to the introduction
of the positive firing rate competitive network (PFCN), which is the first RNN, to our
knowledge, designed to tackle positive sparse reconstruction problems.

Next, we proceed to the analysis of the proposed model. Our key findings can be
informally summarized as follows:

Informal statement (Summary of the main results in Chapters 6 and 7). The equilibria
of FCN are the optimal solutions to sparse reconstruction problems, and vice-versa.
Furthermore, the trajectories of the FCN are bounded. Additionally, if the dictionary
satisfies a standard assumption (that is the restricted isometry property), then:

1. the FCN converges to an equilibrium point that is also the optimal solution of the
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corresponding sparse reconstruction problem;

2. the convergence is linear-exponential, in the sense that the trajectory’s distance
from the equilibrium point initially decays at worst linearly, and then, after a
transient, exponentially.

Analysis of the PFCN:
main results

Equivalence between the The distance between any two trajectories of the
optimal solution of the SR PFCN never increases.
problem and the equilibria Theorem 7.6
of the FCN.
Lemima 6.3 If the dictionary is RIP

The equilibrium point of ; | The PFCN is locally-
the PFCN is locally strongly infinitesimally

. exponentially stable. contracting.
Equivalence between the Theorem 7.7(i) Theorem 7.7(ii)
optimal solution of the
positive SR problem and
s eql;’lll;gr;]a ERthS The PFCN converges linear-exponentially.
Corollary 6.4 Theorem 7.8

Figure 4.3: Schematic diagram summarizing the main results of Chapters 6 and 7 and their
assumptions. To streamline the presentation, we focus on the PFCN in the diagram. With
Theorem 7.8 we show that the PFCN exhibits linear-exponential convergence towards
the optimal solution of the positive sparse reconstruction problem. The result follows
from: (i) establishing a link between the optimal solution of the optimization problem
and the equilibria of the PFCN; and (ii) characterizing the contractivity of the PFCN.

The assumptions, the results, and their links towards building the claims in the
informal statement are also summarized in Figure 4.3 for the PFCN. Specifically, in
Chapter 6 we show that the equilibria of both the FCN and PFCN are the optimal
solutions of the sparse reconstruction problem and the positive sparse reconstruction
problem, respectively (Lemma 6.3 and Corollary 6.4). Then, in Chapter 7 we focus
on the convergence behavior of our dynamics, focusing on the PFCN to streamline
the presentation. We demonstrate that the distance between any two trajectories of
the PFCN never increases (Theorem 7.6). Moreover, we show that if the dictionary
satisfies a standard assumption, then the equilibrium point for the PFCN is not only
locally exponentially stable but it is also strongly contracting in a neighborhood of the
equilibrium (Theorem 7.7). These results then lead to Theorem 7.8, where we show
that the PFCN (6.9) has a linear-exponential convergence behavior. That is, the distance
between any trajectory of the PFCN and its equilibrium is upper bounded, up to some
linear-exponential crossing time, say tcoss, by a decreasing linear function. Then, for all
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t > teross, the distance is upper bounded by a decreasing exponential function.

The analysis of the FCN and PFCN dynamics naturally leads to the study of the
convergence of globally-weakly and locally-strongly contracting systems. These are
dynamics that are weakly infinitesimally contracting on R™ and strongly infinitesimally
contracting on a subset of R™. While in this part we provide a preliminary result on
the convergence behavior of this class of dynamics instrumental for the analysis of our
FCN models, we formalize and extend the study of such systems, which naturally arise
in the context of convex (but not strongly convex) optimization problems with a unique
minimizer, in Chapter 12.

.3 Overview

Historically, understanding how neural systems represent sensory input has been a central
challenge in neuroscience. The evidence that many sensory neural systems employ sparse
reconstruction traces back to the pioneering work by Hubel and Wiesel, where it is shown
that the responses of simple-cells in the mammalian visual cortex (V1) can be described
as a linear filtering of the visual input [116]. This insight was further expanded upon by
Barlow, who hypothesized that sensory neurons aim to encode an accurate representation
of the external world using the fewest active neurons possible [117]. Subsequently, Field
showed that simple cells in V1 efficiently encode natural images using only a sparse
fraction of active units [118]. Then, Olshausen and Field proposed that biological vision
systems encode sensory input data and showed that a neural network trained to reconstruct
natural images with sparse activity constraints develops units with properties similar to
those found in V1 [3]. These ideas have since gained substantial support from studies on
different animal species and the human brain [119].

From a mathematical perspective, the sparse reconstruction problem can be formu-
lated as a composite minimization problem given by a least squares optimization problem
regularized with a sparsity-inducing penalty function. While traditional optimization
methods rely on discrete algorithms, recently an increasing number of continuous-
time recurrent neural networks have been used to solve optimization problems. Es-
sentially, these RNNs are continuous-time dynamical systems converging to an equi-
librium that is also the optimizer of the problem. Consequently, much research effort
has been devoted to characterizing the stability of those systems and their convergence
rates [120, 121, 63, 122, 78, 53]. A particularly notable RNN designed to tackle the
sparse reconstruction problem is the Locally Competitive Algorithm (LCA) introduced
by Rozell et al. [64]. This network is a continuous-time Hopfield-like neural network [58]
in equation (3.1). Following [64], several results were established to analyze the proper-
ties of the LCA. Specifically, in [123] it is proven that, provided that the fixed point of the
LCA is unique then, for a certain class of activation functions, the LCA globally asymp-
totically converges. Then, in [124] it is shown that the fixed points of the LCA coincide
with the solutions of the sparse reconstruction problem. Using a Lyapunov approach,
under certain conditions on the activation function and on the solutions of the systems,
it is also shown that the LCA converges to a single fixed point with exponential rate
of convergence. In [125] a technique using the Lojasiewicz inequality is used to prove
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convergence of both the output and state variables of the LCA. Various sparsity-based
probabilistic inference problems are shown to be implemented via the LCA in [126].
[127], [128], [129] focus on analyzing the LCA for the sparse reconstruction problem
with ¢, sparsity-inducing penalty function. Specifically, the convergence rate is analyzed
in [127]. In [129] it is rigorously shown how the LCA can recover a time-varying sig-
nal from streaming compressed measurements. Additionally, physiology experiments
in [128] demonstrate that numerous response properties of non-classical receptive field
(nCRF) can be reproduced using a model having the LCA as neural dynamics with an
additional non-negativity constraint enforced on the output to represent the instantaneous
spike rate of neurons within the population.

In a broader context, RNNs have been used both for explaining neurobiological
phenomena and as a tool for solving machine learning problems [130, 131, 44, 132,
102, 133]. While multistability is a key feature of the original Hopfield model [58]
(with multiple equilibria interpreted as memories), significant interest has grown over
the years in establishing conditions that ensure convergence to a unique equilibrium
point [75, 44,76, 134]. The use of continuous-time RNNSs to solve optimization problems
and research on stability conditions for these RNNs has gained considerable interest
in a wide range of fields, see, e.g., [122, 124, 125, 135]. For example, sufficient
conditions for the stability of HNNs are given in [134] based on the use of Lyapunov
diagonally stable matrices. A recent comprehensive survey is [122]. A powerful tool to
simultaneously establish stability and robustness of RNNs is contraction theory (which
precludes multistability). Among recent works studying contractivity of RNNs we
recall [101, 103, 24, 38, 102].
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5 Euclidean Contractivity
of Neural Networks
with Symmetric Weights

To deepen the understanding of the correspondence between the Hopfield neural network
in equation (3.1) and the firing rate neural network in equation (3.2), and to derive results
applicable to the study of biologically plausible neural networks addressing the sparse
reconstruction problem, this chapter provides a comprehensive sharp characterization
of the contractivity of HNNs and FNNs with respect to Euclidean norms. Notably, we
address the case of weak contractivity, which makes our results applicable to systems
that exhibit conservation or invariance properties. Moreover, we handle weakly increas-
ing and locally Lipschitz activation functions, allowing us to consider commonly used
activation functions such as the ReLU and soft-thresholding functions.
The results presented in this chapter appeared in:

* V. Centorrino, A. Gokhale, A. Davydov, G. Russo, and F. Bullo. “Euclidean Con-
tractivity of Neural Networks with Symmetric Weights”. IEEE Control Systems
Letters, 7:1724-1729, 2023. doi: 10.1109/LCSYS.2023.3278250. Recipient of
the 2024 IEEE Control Systems Letters Outstanding Paper Award.

Additionally, these results were presented at:

* V. Centorrino, A. Davydov, A. Gokhale, G. Russo, and F. Bullo. “Euclidean Con-
tractivity of Neural Networks with Symmetric Weights”, 62nd IEEE Conference
on Decision and Control, Singapore, December 2023. Presented in the invited
session “Contraction Theory for Analysis, Synchronization, and Regulation I”.

49


10.1109/LCSYS.2023.3278250

5.1 Introduction

Continuous-time recurrent neural networks are dynamical models that have been exten-
sively studied in various fields, including computational neuroscience, machine learning,
and optimization. Recent research efforts have been directed to establish the contractivity
properties of continuous-time RNNs. Motivated by optimization [62, 63] and neurosci-
entific applications [64], [54, Chapter 17], this work specifically targets the analysis of
symmetric synaptic interactions. Indeed, as we will see in later chapters, continuous-time
RNNss used to solve optimization problems often involve symmetric synaptic interactions.

While a comprehensive contractivity analysis with respect to non-Euclidean ¢; and
ls norms was recently presented in [38], the corresponding analysis with respect to
Euclidean norms was not complete yet. In this chapter, we bridge this gap, following
a recent breakthrough in this direction that was obtained in [102]. Specifically, we
focus on two common models of RNNSs: the firing rate neural network and the Hopfield
neural network, both introduced in Chapter 3. As previously discussed, for certain
synaptic matrices and initial conditions, FNN and HNN can be shown to be equivalent
through an appropriate change of coordinates and input transformation [59]. However, the
understanding of this partial correspondence is not complete and, as we show below, their
contractivity properties are similar but not entirely equivalent. Finally, to demonstrate the
practical application of our contractivity analysis, we propose a firing rate neural network
to solve certain quadratic optimization problems. This analysis sets the stage for further
exploration of contracting dynamical systems in the context of solving optimization
problems, which is the focus of Part III.

The chapter is organized as follows. Section 5.2 presents the initial setup for the
chapter, outlining the assumptions and notations needed for the analysis. In Section 5.3,
we introduce the matrix polytopes relevant to our analysis and extend the concept of
logarithmic optimal norm for a matrix, given in Definition 2.6, to matrix polytopes. We
then give two general algebraic results: a lower bound on the spectral abscissa of matrix
polytopes and a result concerning products of symmetric matrices. These findings are
then used to prove the main result of the section, that is the explicit weighted ¢ norm
for the matrix polytopes which is log-optimal for almost all synaptic matrices. Building
on this result, we establish a set of sufficient conditions characterizing strong and weak
infinitesimal contractivity of FNNs and HNNG, in Section 5.4.1. Finally, in Section 5.5,
we propose an FNN solving quadratic optimization problems with box constraints and
apply our results to ensure global exponential convergence of the proposed dynamics,
along with all the other properties of contracting systems.
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5.1.1 Contributions

The main contributions of this chapter are a set of comprehensive, sharp sufficient con-
ditions that characterize both strong and weak infinitesimal contractivity of FNNs and
HNNs with symmetric weights and possibly non-smooth activation functions. Here,
by comprehensive we mean that we provide the specific norms with respect to which
the models are contracting, as well as explicit lower bounds on the contraction rates.
Remarkably, we demonstrate that these lower bounds are log-optimal in almost all sym-
metric weight matrices, making our results sharp — they are the best achievable within
this framework.

These theoretical findings are fundamental for the analysis in the next chapters of
this thesis and, in general, for the analysis of continuous-time RNNs. Indeed, with these
results, we address a significant gap in the existing literature by establishing conditions for
the Euclidean contractivity of RNNs with locally Lipschitz activation functions, which,
to the best of our knowledge, were missing. Our findings not only characterize the
contractivity properties of HNNs and FNNs with symmetric weights but also extend to a
broader family of matrix polytopes. Additionally, we also address the weak contractivity
case, thereby extending the applicability of our results to systems with conservation or
invariance properties, as well as to RNNs designed to solve specific convex optimization
problems, which we explore in subsequent chapters. To derive our main results, we
extend the concept of logarithmic optimal norms for matrices, recalled in Definition 2.6,
to matrix polytopes. Our approach leverages several general algebraic results, which are
interesting per se and constitute a contribution in their own right. With these algebraic
results, we: (i) determine a weighted ¢ norm for matrix polytopes which is log-optimal
for almost all synaptic matrices; (ii) give a lower bound on the spectral abscissa of matrix
polytopes; (iii) provide optimal and log-optimal norms for the product of symmetric
matrices.

Finally, we apply our sufficient contractivity conditions to propose an FNN that solves
certain quadratic optimization problems with box constraints. This application sets the
stage for further exploration of contracting FNNs for solving optimization problems,
which is the focus of the next chapters.

5.2 Set-up

Motivated by optimization [62, 63] and neuroscientific applications [64], [54, Chap-
ter 17], we work under the following assumption on the weight matrices.

Assumption 5.1 (Symmetric synaptic weights). The synaptic matrix W € R™*™
is symmetric.

We remark that Assumption 5.1 is valid in optimization applications, as the solutions
to a wide range of optimization problems can be encoded via the equilibrium points of
neural networks with symmetric synaptic weights. An example of this is provided in
Section 5.5, along with several other examples throughout this thesis.
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Under Assumption 5.1, the eigenvalues of W are real, a(W) = Apax (W) and it
holds the inequality W < a(W)I,,. We let the pair (U, Ay ) denote the SVD of W
(see Section 2.1 for a review of SVD).

We start by defining a function that plays a crucial role in determining the contractivity
weight matrices. Given A, > 0, we define the map 6, : | — 00, Am] — [2Am, +00] by

0, (2) == 2)\m(1—|— 1—2//\m), Vz €] — 00, Al (5.1)

We illustrate 0, (-) in Figure 5.1. For our derivations, it is useful to introduce the
shorthand notation 0, (Aw) := [(6x, (A1), ..., 0, (An))], where (Aq,...,\,) is the
vector of eigenvalues of W. Additionally, we introduce the matrix Qp ), € R™*"
defined as

Qr., = Uy, (MU = 0, (5.2)
and, when W is invertible, the matrix Qg », € R™*" defined as

Qu o, = Qr W = Uy, (Aw) Ay Uy, = 0. (5.3)

301

10 ; ; ; : '
—20 —15 —10 -5 0 5

z

Figure 5.1: Plot of the function 6, (+) in equation (5.1) with Ay, = 5.

Remark 5.1. The matrix Qu », definedin (5.3) can be written as Qu x,, = Uw gx,, (Aw ) Uiy,
where we use the notation gy, (Aw) = [gx, (A1), - -, gx, (An)], with gz (-) defined by

orn(2) = 2 VI oo o,

O

Our first result, instrumental in proving the main result of this chapter, is on upper-
bounded symmetric matrices.

52



Lemma 5.1 (Splitting upper-bounded symmetric matrices). Consider a symmetric matrix
W (Assumption 5.1). Assume W = Ay, for some Ay > 0 and let 05 () and Qg »,, be
defined in equations (5.1) and (5.2), respectively. Then,

1
W = QF 2, — m@%,,\m- 5.4

Proof. By definition of the function 0 (), forall A\; < Ay, ¢ € {1,...,n}, it holds

L

Ai = Oy, (Ni) 5

Ox, ()2 (5.5)

In fact, we have

2
1 i 1 i
9,\m()\i) - K&,\m()\i)Q == 2)\m (1 + 1 - )\) - K‘l)\gj (1 + 1 —_— )\)

)\i / )\z

=Am|2+24/1—— -2+ — —24/1 — —

“‘( it/ W W /\m>
=\

= A;.

>

>

Equation (5.5) implies Ay = 05, (Aw) — iexm(l\w)?- Equality (5.4) follows by
multiplying by Uy, and U ‘;‘r/ to the left and to the right. O

5.3 Main Results

This section presents the main results of the chapter. Namely, we give algebraic results
on weighted Euclidean norms of certain matrix polytopes. These polytopes naturally
arise in the analysis of the contractivity properties of HNNs and FNNs.

First, in the following definition, we extend the concept of logarithmic optimal norm
for a matrix, given in Definition 2.6, to matrix polytopes.

Definition 5.1 (Log-optimal and log-e-optimal norms for matrix polytopes). Given
Ay, ..., A, € R" ™ consider the polytope

P = {ZﬁjAJ‘ 8 20.) 6= 1}
j=1 j=1

and a scalar € > 0. We say that the norm || - || is
(i) logarithmically optimal (log-optimal) for P if

max a(4) = jemax 1 (A;),

53



(ii) logarithmically -optimal (log-e-optimal) for P if

A) < Aj) < A .
R = o, p) S e +e

We are specifically interested in the matrix polytopes Pr := {[d]W | d € [0,1]"} and
Py :={W]|d] | d € [0,1]"}. Namely, in Theorem 5.4 we give algebraic results on the
Euclidean log-norm of matrices in Pg and Py.

Remark 5.2. It is always possible to rewrite Pg and Py in the form of Definition 5.1.
In fact, let Ay,..., Aon € R™™ be the 2" vertices defined by A; = [v;|W where
v; € {0,1}" is the binary vector with entries either 0 or 1 (note that there are 2" such
binary vectors). Then the set {23:1 BjA; | B >0, Zj:l B; = 1} is exactly the set
Pr = {[d]W | d € [0,1]™}. To prove this, note that the vertices of the convex set [0, 1]"
are the 2" vectors vj. Therefore, given d € [0,1]" there exist §; > 0, j = 1,...,2",

n

with 2321 B = 1 such that [d] = Z?Zl Bj[v;]. Thus,

on on

Pr = {ldW | d e 0.1} = { 3 AllW | 552 0,376 = Lo € {0.1)" |

271 2TL
{8451 820> 8 =1},
j=1 j=1

The same reasoning holds for Py. O

Before stating the main result of this section, we provide some technical lemmas
necessary for the proof. First, we give a technical result for the spectral abscissa of
matrix polytopes.

Lemma 5.2 (Lower bound on spectral abscissa of polytope of matrices). For any matrix
W e R" " we have

e a([d]W) > max{0, a(W)}, (5.6)
max «a(Wd]) > max{0, a(W)}. (5.7)
delo,1]n

Proof. First, note that the spectral abscissa is a continuous function and that the set Pg
is compact, hence the maximum is well-defined. To prove (5.6) we compute:

ax a([@v) = max{a(@W)],_o,.a(dW)], 1, )
= max{ 0, a(W) }.

The same calculation applies to prove inequality (5.7). O

Next, we give the following algebraic result for products of symmetric matrices.
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Lemma 5.3 (Optimal norms for products of symmetric matrices). Let A; = SQ € R"*"
and Ay = QS € R™™ "™ where S, Q € S™, with Q = 0. Then, foreachi € {1,2},

(i) spec(A;) is real and has the same number of negative, zero, and positive eigen-
values as S;

(ii) the norm || - ||, q1/2 is optimal for the matrix A;, i.e., || A9 qi/2 = p(Ai);
(iii) the norm || - ||3 g1/2 is log-optimal for A;, i.e., piy g1/2(A;) = a(Ay).

Proof. Let i = 1. A; is similar to Q'/2SQ'/? € S™, hence spec(A,) is real. State-
ment (i) then follows from Sylvester’s law of inertia, noting that Q'/2SQ'/? is congruent
to S. Regarding statement (ii), we compute

A1[13 12 = Amax(Q AT QA1) = Anan (@7 H(QS)Q(SQ))
= AmaX((SQ)z) = P(SQ)Q,
where the last equality follows from the fact that (SQ)? has the same eigenvectors as SQ

and real eigenvalues equal to the square of the real eigenvalues of S(). Finally, to prove
statement (iii) we compute

fa.gra(Ar) = (M) _ AW(Q(SQ)Q1 + QS)

Amax 9 9
AmaX(QS) = )\max(QSQQil)
/\max(QAlQ_l) = /\max(Al) = a(Al)'

This concludes the proof of item (ii). The proof for ¢ = 2 is a straightforward adaptation.
O

We now give the main result of this section. To enhance clarity we prove its parts
case by case. Statements (i) and (ii) in Theorem 5.4, are based upon and extend the
treatment in [ 102, Theorem 2] — see Remark 5.3 for more details.

Theorem 5.4 (Euclidean log-norm of matrix polytopes). Given a symmetric synaptic
matrix W (Assumption 5.1), the following statements holds:

(i) if a(W) > 0, then || - |l2,Qp.0wy» With Qraw) € R™™ defined in (5.2), is
log-optimal for Py, i.e.,

0 12.Qr ) (W) = o a([dW) = a(W).

In addition, if W is invertible, then || - ||2,q,, . w,» With Qu,a(w) € R"*" defined
in (5.3), is log-optimal for Py, i.e.,

e 12,Qu.aw) (Wd]) = 0 a(W[d]) = a(W),
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(ii) if (W) = 0, then for each & > 0 the norm || - ||2,q; ., with Q. € R"*" defined
in (5.2), is log e-optimal for P, i.e.,

e p2,Qr. ([dIW) < dé?oa,“ﬁno‘([ W) +e=e¢,

(iii) if (W) <0, then || - ||5,(_w1/2 is log-optimal for P and Py, i.e.,

max o (—wy/2([d]W) = max a([d]W) =0,

delo,1]» defo,1]"
(ax iz wy/2(Wld]) = max a(Wd]) = 0.

Proof of statement (i). First, we prove that || ||2,q; . w, is log-optimal for Pr and it holds

dn[loai(] a([d]W) = a(W). For this purpose, define
€[o,1]™

1
P= tamm

Lemma 5.1 implies W = Qf o(w) — P. Next, pick d € R" satisfying 0,, < d < 1, so
that [d] is diagonal and invertible. Then

Qf a(w) = 0-

1
20(W)P = SQf o) = 0 (5.8)

1
g 2a(W)P - iQF,a(W) [d]QF,a(W) = 0
= 20(W)P — Qpaw)|d]P(2P[d]P) "' P[d]Qk aw) = 0.
Since P[d]P > 0, we can apply the Schur complement to this LMI to conclude that

T 2a(W)P —Qp,ow)[d] P

>0, VyeR2. 5.9
Yo l-PldQraqwy  2PdP V=0T >9)

Setting y = (y1,y1) for arbitrary y; € R”™, the inequality (5.9) implies

2a(W)P — Qr.aw)d|P — Pld)Qr a(w) + 2P[d]P = 0

= Qraw)[d]P + Pld|Qp ow) — 2P[d]P X 2a(W)P

W=Qg ow)—P
Lo WidlP + PAW < 20(W)P

= QF oo [dAW + WIAQE oy = 20(W)QE (- (5.10)

In summary, we have established that the weak LMI (5.8) (independent of d) implies the
weak LMI (5.10) forall 0 < d < 1,,. Here, by weak LMI, we mean to state that the linear
matrix inequality is not strict. It is known [136, Theorem 6.3.5] that the eigenvalues
of a symmetric matrix are continuous functions of the matrix entries. Therefore, the
LMI (5.10) holds also for 0,, < d < 1,,. Finally, note that the LMI (5.10) is equivalent
to the condition p2,q; ., ([AIW) < a(W) forall d € [0, 1], therefore

< .
0, 12,Qr o ([AIW) < (W)
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Moreover, the norm spectrum property of log-norm (vi) implies that for every log-norm
w and every matrix A it holds a(A) < p(A). Specifically in our case:

([dW).

max «a([d]W) < max

= H2,QF o
defo,1]» defo,1]» Qra(w)

The proof then follows from (5.6), after noticing that under the assumptions of state-
ment (i) it holds max{0, (W)} = a(W).

Next, assume that W is invertible. We need to prove that || - ||2,q,, ., is log-optimal
for Py and that it holds J g[loai(]n a(W1d]) = a(W). Note that for two invertible matrices

Q1, Q> € R™™ it holds

1hp,01 s (A) = 1p.0, (Q2AQ5™). (5.11)

We have

dg[loe}ﬁnuz,QH,a(W(W[d]) = ax 12,Q¢ oy w1 (Wd])

.10 _

- dg[loaj(]” H2,QF, o (w) ([d]W) = Oé(W),
where the last equality follows from the log-optimality of || - ||2,QF,Q (w for Pg. The proof
again follows from (5.6). O

Proof of statement (ii). The proof follows the same reasoning as that of statement (i) by
considering € > 0 instead of «(W). Hence, we omit it here for brevity. U

Proof of statement (iii). Pick d € R" satisfying 0,, < d < 1,, and consider the matrices
[d]W and W([d]. Lemma 5.3 with S :=[—d] and Q := —W > 0, implies that the
spectrum of the product matrices [d]W = [—d](—W) and W[d] = (—W)[—d] is real
and has the same number of negative, zero, positive eigenvalues as [—d]. Therefore,

<0 ifd>0,,
fiz (w2 ([dIW) = a([dW) { <0 otherwise,
<0 ifd>0,,
oy W) =W { 20 B O
Maximizing over d € [0, 1]™ we get statement (iii). O

It is worth elaborating on the previous results, as it is key for obtaining sufficient
conditions for the strong infinitesimal contractivity of the FNNs and HNNs with sym-
metric weights with respect to weighted Euclidean norms. Given a symmetric matrix W,
Theorem 5.4 provides weighted Euclidean log-optimal log-norms for matrix polytopes in
‘Pr and Py. Moreover, it applies also to polytopes that arise when studying contractivity
of the FNNs and HNNs, that are polytopes of the form al,, + [d]W and al,, + W[d], for
all @ € R, where d € [0, 1]™. This last statement follows from the log-norm translation
property (iii). The log-optimality of the proposed log-norms is key to obtain sharp results
in our contractivity analysis for some cases.
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5.4 Contractivity of Recurrent Neural Networks

Consider the neural network dynamics for the FNN in equation (3.2) and for the HNN in
equation (3.1). Using the results in Section 5.3, we now derive sufficient conditions for
the strong infinitesimal contractivity of the FNN and the HNN with symmetric weights
with respect to weighted Euclidean norms.

We make the following assumption on the activation functions.

Assumption 5.2 (Slope restricted activation function). The activation function
¢: R — Ris Lipschitz and slope restricted in [0, 1], i.e.,

o(x) — ¢(y)
T —y

0< <1, forallx,y € R, x #y.

Assumption 5.2 ensures that ¢'(x) € [0,1] for almost all x € R. Many common
activation functions including ReLU, and sigmoid, satisfy Assumption 5.2, possibly
after rescaling. In fact, Assumption 5.2 can be relaxed for larger classes of coupling by
restricting the slope to [0, d], where d > 0. By defining [d] := D®/d and W := dW
our following results still hold for this general case, with a(W) replaced by a(d - W) =
d - a(W). We assume d = 1 to simplify the notation.

Remark 5.3. Our results for strong infinitesimal contractivity of the FNN and HNN
with symmetric weights are based on and generalize [102, Theorem 2]. Specifically, in
the next sections, we (i) provide the explicit expression of the matrix weights for which
the models are contracting. The matrices we find are different for the two dynamics,
highlighting the importance of choosing the appropriate model based on the properties
being studied; (ii) address the weak contractivity case, making our results applicable
for, e.g., systems that enjoy conservation or invariance properties; (iii) handle weakly
increasing and (iv) locally Lipschitz activation functions, which allows our framework
to encompass common activation functions such as the rectified linear unit (ReLU) and
soft thresholding functions. O

5.4.1 Contractivity of Firing Rate Neural Networks

We now provide an upper bound on the /5 one-sided Lipschitz constant and sufficient
conditions for the Euclidean contractivity of the FNN with symmetric weights.

Theorem 5.5 (Euclidean one-sided Lipschitz constant of the FNN). Consider the FNN (3.2)
with symmetric synaptic matrix (Assumption 5.1), Lipschitz and slope restricted in [0, 1]
activation function (Assumption 5.2),

(i) if (W) > 0, then
osLiPy gy ) (fF) < =1+ (W),

with Qg o(w) € R"*" defined in (5.2);
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(ii) if (W) = 0, then
osLipy g, (fr) < —1+¢,

with Qr,e € R™*™ defined in (5.2);
(iii) if «(W) < 0, then
OSLip27(_W)1/2 (fr) < -1
Proof. Regarding statement (i) note that for almost all v € R™ we have

H2,Q5 o (w) (DfF(V)) = H2,Qr,aw) (71" + DCI)(WV + U)W)

< — I, + [dW) = =1 + a(W),
< max 142,Qp, o (—In + [d]W) + (W)

where the last equality follows by the log-norm translation property (iii) and statement (i)
in Theorem 5.4. The proof follows by applying Theorem 4.3. Statements (ii) and (iii)
can be proved similarly, using statements (ii) and (iii) in Theorem 5.4. O

The next result shows that, under further assumptions on the synaptic matrix and the
activation function, some inequalities in Theorem 5.5 are tight.

Lemma 5.6 (Sharp Euclidean one-sided Lipschitz constant of the FNN). Given the
FNN (3.2) with symmetric (Assumption 5.1) and invertible synaptic matrix W, Lips-
chitz and slope restricted in [0, 1] (Assumption 5.2) activation function ¢ satisfying the
equalities inf ¢'(x) = 0 and sup ¢'(z) = 1,

zeR z€R

(i) if (W) >0, then
osLipy0, .o, (i) = 1+ (11,

with Qg o (w) € R"™" defined in (5.2);

(ii) if (W) < 0, then
osLipy (_wyr/2(fr) = —1.

Proof. The proof of both statements follows by applying Theorem 5.5 and noticing that
under the above assumptions for any log-norm g it holds the reverse inequality

w(Dfp(v)) > —1+a(W), VYveR™ (5.12)

To prove (5.12), let h: R\ Q4 — [0, 1] be the function defined by h(v) = ¢'(v) where
Q4 is the measure zero set of points in R where ¢ is not differentiable. It is well-known
that for any closed and bounded set S C R, S D {inf(S), sup(S)}. Then, since h is
bounded, the closure of Im(h) satisfies

Im(h);{ inf  ¢/(v), sup ¢'(u)}:{o,1}. (5.13)

veER\Qy VER\Qy

59



Letting (2¢ be the measure zero points in R” where @ is not differentiable, we compute
sup u(DE@Wvrv+u)W)= sup wpu(DP(v)W) (5.14)
VER™M\ Qg VER™\Qq
— sup{u([d)W) | d; € Im(h), vi}

= max{u([d]W) | d; € Im(h), Vi}

> max u(ld]W 5.15

_dG{Oa}l}’" (W) ( )

= max u([dW). 1
o, ([dw) (5.16)

We justify the above (in)equalities as follows. Equality (5.14) holds because W is
invertible. Inequality (5.15) holds because of the condition (5.13). Finally, equality (5.16)
follows because 1 is a convex function of its argument and the maximum value of a convex
function over a polytope occurs at one of its vertices.

In particular, for the respective choice of norm in statements (i) and (ii), the result is
proved in view of Theorem 5.4 and the translation property for log-norms (iii). O

The following is an immediate consequence of Theorem 5.5.

Corollary 5.7 (Euclidean contractivity of the FNN). Under the same assumptions and
notations as in Theorem 5.5,

(i) if «(W) = 1, then the FNN is weakly infinitesimally contracting with respect to
” : ||27QF.a(W)’

(ii) if 0 < (W) < 1, then the FNN is strongly infinitesimally contracting with rate
L —a(W) > 0 with respect t0 || - ||2,Q;..cw)»

(iii) if (W) = 0, thenforany0 < £ < 1the FNN is strongly infinitesimally contracting
with rate 1 — & > 0 with respect to || - ||2,q; ..,

(iv) if «(W) < 0, then the FNN is strongly infinitesimally contracting with rate 1 with
respect to || - ||o,(_yy1/2.

5.4.2 Contractivity of Hopfield Neural Networks

We first provide an upper bound on the Euclidean one-sided Lipschitz constant and
sufficient conditions for the /> contractivity of HNNs with non-singular symmetric
synaptic matrix. Then, we give sufficient conditions for the /5 contractivity with singular
symmetric synapses, as the two scenarios require a distinct mathematical approach.

Theorem 5.8 (Euclidean one-sided Lipschitz constant of the HNN with non-singular
symmetric weights). Consider the HNN (3.1) satisfying Assumptions 5.1 and 5.2 with
non-singular weight matrix W,

(i) if (W) > 0, then
05Lipy, 0y, .o, (i) < —1 + a(IV),
with Qg ow) € R" " defined in (5.3),
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(ii) if (W) < 0, then
OSLip27(_W)1/2 (fH) S —1.

Proof. Regarding statement (i), note that for almost all x € R™ we have

H2,Qu, 0 (w) (Dfl‘l(x)) = H2,Qu 0w (_In + WD(I)(*%'))
(=1, + W[d]) = =1 + a(W),

< max

= aglo,n e

where the last equality follows by the log-norm translation property (iii) and statement (i)
in Theorem 5.4. The proof then follows by applying Theorem 4.3. statement (ii) can be
proved similarly, using statement (iii) in Theorem 5.4. O

Remark 5.4. Following the same reasoning as in Lemma 5.6, under the same as-
sumptions of Theorem 5.8, if the activation function satisfies inf cr ¢'(x) = 0, and
sup,er @' (x) = 1, then the inequalities in Theorem 5.8 are tight. O

Corollary 5.9 (Euclidean contractivity of the HNN with non-singular symmetric weights).
Under the same assumptions and notations as in Theorem 5.8,

(i) if «(W) = 1, then the HNN is weakly infinitesimally contracting with respect to
H ’ ||27QH.a(W)’

(ii) if 0 < a(W) < 1, then the HNN is strongly infinitesimally contracting with rate
L —a(W) > 0 with respect to || - ||2,Qy.o. cw)»

(iii) if «(W) < 0, then the HNN is strongly infinitesimally contracting with rate 1 with
respect to || - ||o,(_yy1/2.

Finally, we give sufficient infinitesimal contractivity conditions of the HNN with
singular symmetric synapses.

Theorem 5.10 (Contractivity of the HNN with singular symmetric weights). Consider
the HNN (3.1) satisfying Assumptions 5.1 and 5.2 with W having kernel K # {0,},
and such that «(W) < 1. Then, for each ¢ € |0,1 — a(W)]| the HNN is strongly
infinitesimally contracting with rate |1 — a(W) — ¢|.

Proof. Let r be the number of non-zero eigenvalues of W € R™*"™. For simplicity of
notation, we here drop the subscript W in the SVD decomposition of W, denoting it
simply as (U, A). Without loss of generality, we reorder the elements in A € R™ and
U e R"™™ sothat A = (A,...,A,0,...,0) and U = [u1,...,Ur, Ups1,--.,Up],s
where u; € R" is the eigenvector of \; € R.

Next, let K* := span{u,...,u, }, n = dim(K*), K := span{ w,y1,...,un },
ny = dim(K), and define Uy := [uy,...,u,] € R, UL = [upy1,...,un] €
R™*"4 sothat U = [Uy  UL].

We have R" = {z ¢ R" |z € K*} @ {2 € R | « € K}. Therefore,
given z € R" we can always define z = Uj/z € K* and 2, = Uz € K. We

note that U TU = I,, implies U”TUH =1, UlUL =1, ,UJUj = 0y, xp,. and
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U”TUL = Op xn, . Additionally, we define 6 := [(Oawy(M1)s - -+ 0oy (Ar))] and
01 = [(Oaw)(Ars1); s Oaqw)(An))]. Also,

A Onyxn, | (U
W= U, - HUH—UHMUrv

On,xny  Onixn,
Qr.aw) = Ubowy(MUT =[U) Ul] |:0nf>|<n Ongjm] [ZH
= U)0yU +UL6.LU].
Moreover, we have
max pig.g, (—In, + U [dU)A)) < =1+ a(W). (5.17)

delo,1]™
In fact, from Corollary 5.7 we know:
20(W)QE,awy + Qr,am) [AIW + W[d]Qp,aw) = 0
= 2a(W)(U)07U +ULOTU])
+Uotu +uLetuD)du s uf
+ U MU [d(U 67U + ULOTUT) < 0.
By multiplying by U HT and U to the left and to the right, respectively, we get

2a(W)07 + 67U, [d]Uy Ay + AU, [d]U 67 =< 0. (5.18)

Thus, io,0, (—In, + U [dJU}A) < —1+a(W). Next, by multiplying (3.1) by U and
U ”T we obtain the interconnected system:

Uli=-Ul2+U]Wo(z)+ U] u,
Uli=-Ulz+U/We(Wz)+U| u,
thus,

it = —at +ut = fif (2t ut), (5.19)
il = 2l + AU @(2) +ull = fi(a,ul). (5.20)
Equation (5.19) is always contracting with respect to any norm in the subspace /C with
osLip(fig) = —1, being u(Dfg) = p(—1I,,) = —1. For system (5.20) we define

Qu,a(w) = QF,OC(W)VVJr = UQ(X(W)ATUT, where W1 = UATUT is the Moore-
Penrose pseudoinverse of W, with AT defined as

-1
At = { A Onyxn

OnLXnH Onlxnl
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Next, we note that the matrix Q) := UllTQRa(W)WTUH = 9||A_1 and that it holds

[
Df” =—I, + AHUJ [d]U). Thus, we have

: I Il T
osLipy, g, (fi) < acfo,in 1 (D) < deon N279|\Aﬂ1(_ln” 40 14Uy
G.11) T
= max pi2,0,(—Iny + Uy [dU)Ay)

(5.17)
< —1+a(W).

Thus system (5.20) is strongly infinitesimally contracting in K* with respect to || - ||y,
with rate 1 — a(W).

Finally, we note that at fixed || and ¢, the map z; — f|| is Lipschitz with constant
Ly = o(W). Infact, Va' , 23 € K, we get

£y (s ah) = fi(zp, )l = =2y + We(al + 2)) + u+ 2z —Wo(a? +2))—ul|
= [[W(®(z] +x)) — (2] +z)))||
<a(W)||®(z] +x)) — (27 +z))|| < a(W)l|lz] — 27 .

We can now construct the gain matrix (4.6)

-1 0

P=lam) —14amw)

e R?*2, (5.21)

The eigenvalues of I are Ay = —1, Ay = —1 4+ «(W). The fact that K # {0,,} implies
a(W) > 0. In turn, since by assumptions a(WW) < 1, we have A € [—1,0[. Thus I"is
Hurwitz and o(I") = —14a(W). By applying Theorem 4.5, foreach e € 0,1 — a(W)]
we have that the HNN is strongly infinitesimally contracting with rate |a(T) + ¢|. This
concludes the proof. O

Remark 5.5. If W = 0, then the FNN (3.2) and the HNN (3.1) are contracting with rate
1. As a consequence of Corollaries 5.7, 5.9 and Theorem 5.10, when coupling is added
to the networks, they remain (strongly) contracting as long as (W) < 1. Note that the
entries of W are allowed to be large, so as the activation function and this allows to have
different types of coupling as long as the matrix I,, — W is Hurwitz. O

5.5 Using Euclidean Contractivity to Solve Quadratic
Optimization Problems

To demonstrate the practical application of the previous results, we now apply them to
propose a firing rate neural network solving certain quadratic optimization problems with
box constraints. Leveraging Corollary 5.7, we ensure global exponential convergence of
our dynamic, along with all the other properties of contracting systems. We focus on the
use of contracting dynamical systems to solve optimization problems in Part I11.
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Given A = AT > 0, an input u € R”, and a < b € R” the quadratic optimization
problem with box constraints is
1
min (JA W(y) = —y T Ay — uTy>, st.a <y <b. (5.22)
yER™ ’ 2
Note that J 4 ,(+) is strongly convex and the constraints are convex, thus (5.22) admits
a unique global optimal solution.
We propose the following FNN model to solve (5.22). Given a single-layered neural
network of n neurons, the state v € R™ evolves according to

v=—-v+ sata,b((In — A+ u), (5.23)

with output y = v. The activation function sat,(-): R™ — [a,b] = [a1,b] X
- X [an, by, illustrated in Figure 5.2, is defined as (sata,b(z))i = satq, b, (zz), where
sata, b, (1) R = [a;, b;] is

a; if z; < ayg,
sat%bi (21) = 2 ifa; < z; < by,
To simplify the notation, whenever it is clear from the context, we use the same symbol
for both the scalar and vector forms of the saturation function.

asat,,(z)

satqp(2) Dz
3 34
2 2
N
O3 5 &Y 1 2 3 1z -4 -3 2 -1 1 2 3 1z
—t ~1
Figure 5.2: Saturation function satq(-) for @ = —1 and b = 3 (left panel) and its

derivative (right panel). As shown, the saturation function is slope restricted in [0, 1].

Remark 5.6. The function sat,, p, () satisfies Assumption 5.2 (see Figure 5.2). Almost
everywhere, its partial derivative is O satq(-): R\ {a,b} — {0,1} defined by

Osatap(2) [ 0 ifz¢]a,b],
0z 11 ifz€]a,b]
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Next, we use Corollary 5.7 to give sufficient conditions for the strong infinitesimal
contractivity of (5.23). Then, we show that the equilibrium of the FNN (5.23) is the
optimal solution of the optimization problem (5.22).

Lemma 5.11 (Strong infinitesimal contractivity). Let A= AT = 0 in (5.23). The
FNN (5.23) is strongly infinitesimally contracting with rate ¢ > 0 with respect to the
norm || - ||2,p, where

(i) if Amin(A) < 1, then c = Apin(A) and P = Qg1 _x,(A), With Qg 1_x,,, () defined
in (5.2);

(ii) if Amin(A) =1, then forany 0 < e <1,c=1—¢e > 0and P = Qg, with Qp
defined in (5.2);

(iii) if Amin(A) > 1, then c = 1 and P = (A — I,,)"/2.

Proof. The thesis follows by applying Corollary 5.7 noticing that A > 0 implies W =
I,—A < I, thuso(W) = 1—Anin(A) < 1,andsat,, , () satisfies Assumption 5.2. [

A consequence of Lemma 5.11 is that the FNN (5.23) admits a unique equilibrium
point. Next, we prove that this equilibrium point is the optimal solution of (5.22).

Lemma 5.12. The vector v* € R" is the global minimum for the quadratic optimization
point (5.22) if and only if v* is the equilibrium point of the FNN (5.23).

Proof. Let v* € R™ be a global minimum for (5.22), thus v* € [a,b]. Then it follows
from the KKT conditions that, for all i € {1,...,n},

>0 ifvr=a,

%(y*) =(Av");—u; ¢ =0 %f a; < v <b, (5.24)
v <0 ifyr=0b;.
Note that v* is an equilibrium of (5.23) if, forall ¢ € {1,...,n}, we have
—v +satq, b, (1) — (AV"); +u;) = 0. (5.25)
If v} = a; let z* = (AV*MV;:M — u;. By definition of satq, s, () it holds

—a; + satq, b, (ai — z*) > 0. Moreover, from the KKT conditions (5.24), and being
sata, b, () monotonically non-decreasing, we get the reverse inequality. Thus v} = q;
verifies (5.25). Similarly it can be proved that (5.25) holds for a; < v} < b;, and v} = b;.

Vice versa, let v* € R™ be an equilibrium of (5.22), i.e., (5.25) holds. If v} <
a;, then (5.25) implies v} = satq, 5, (a; — z*). By definition of sat,, s, (-) we get
vy € [a;, b, thus v} = a;, and a; — z* < a;, which implies z* > 0. Similarly, if
a; < v} < b, then z* = 0, while if v} > b;, then v} = b; and z* < 0. This ends the
proof since we have shown that the KKT conditions (5.24) hold for all i. O
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5.5.1 Numerical Example

We validate the effectiveness of the FNN (5.23) in solving the quadratic optimization
problem with box constraints (5.22) via a simple numerical example.
Consider problem (5.22) with A = _41 _21 LU= <(1)) ,a = —1,and b = 5, that

is the following quadratic optimization problem with box constraints

min - 2y7 — y1y2 + Y3 — Y1,
yeR (5.26)
st. —1<y; <5,-1<y2 <5,

Solving (5.26) in Python using the function minimize we obtain the vector y* =
(0.28,0.14). The corresponding FNN for problem (5.26) reads

Dl = - + sat_1,5((12 - A)l/ + 1),

5.27
Uy = —Uy + sat_1,5((12 - A)I/) ( )

We simulate the dynamics (5.27) over the time interval ¢ € [0, 5] with a forward Euler
discretization with step-size At = 0.01 from 100 randomly generated initial conditions.
We plot the trajectories of the variables v, and v along with the optimal values y* in
Figure 5.3. We empirically observe how the trajectories of the dynamics converge to
the optimal values y* of the quadratic optimization problem with box constraints (5.26)
from any initial conditions.

® y

v (t)

Figure 5.3: Trajectories of the FNN dynamics (5.27) solving the quadratic optimization
problem with box constraints (5.26). The left panel shows the evolution of the variables
v1(t) from 100 randomly chosen initial conditions as solid curves and the optimal values
y7 as dot. The right panel shows the evolution of the variables v (t) from 100 randomly
chosen initial conditions as solid curves and the optimal values y5 as dot.
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5.6 Summary

In this chapter, we provided sharp conditions for strong and weak Euclidean contractivity
of HNNs and FNNs with symmetric weights and potentially non-smooth activation
functions, together with a number of general algebraic results of independent interest.

We began our analysis by extending the concept of logarithmic optimal norm for
a matrix to matrix polytopes in Definition 5.1. Building on this, in Theorem 5.4, we
gave algebraic results on the Euclidean log-norm of matrix polytopes which includes
the Jacobian of HNNs and FNNs. With these results, which are fundamental for the
contractivity analysis, we proposed norms that are log-optimal for almost all matrices.
Next, leveraging these algebraic results, we analyzed the contractivity of FNNs and
HNNs. This was built upon Theorems 5.5 and 5.8, where upper bounds on the ¢
one-sided Lipschitz constant of the FNN and of the HNN (with non-singular symmetric
weights) are given. We then analyzed the contractivity of HNNs with non-singular
symmetric synaptic matrix separately, as this scenario required a distinct mathematical
approach. For each case, we provided a complete contractivity analysis, specifying
the norms with respect to which the models are contracting, as well as lower bounds
on the contraction rates. Notably, we considered networks with (possibly) non-smooth
activation functions, enabling the use of common activation functions such as ReLU
and soft thresholding functions. These results are instrumental for the analysis in the
following chapter, where, by studying biologically plausible RNNs for solving convex
optimization problems like sparse representation, we will run into FNNs with locally
Lipschitz activation function.

Finally, to demonstrate the application-oriented implications of our contractivity
results, we proposed an FNN to solve quadratic optimization problems with box con-
straints. This example opens the door to the use of contracting FNNs for solving convex
optimization problems, which is the focus of the next chapters of this Part I and of
Part I11.
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6 From Optimization Problems
to Biologically Plausible
Neural Networks: Modeling

In this chapter, we propose a top-down normative framework for a biologically plausi-
ble explanation of neural circuits solving sparse reconstruction and other optimization
problems. To do so, we leverage tools from monotone operator theory [48, 50] and,
specifically, the recently studied proximal gradient dynamics [52, 53]. This general the-
ory explains how to transcribe a composite optimization problem into a continuous-time
firing rate neural network, which is therefore interpretable.

The results in this chapter appeared in:

¢ V. Centorrino, A. Gokhale, A. Davydov, G. Russo, and F. Bullo. ‘“Positive
Competitive Networks for Sparse Reconstruction”. Neural Computation, May, 36
(6): 1163-1197, 2024. doi: 10.1162/neco_a_01657.

Additionally, part of these results were presented at:

¢ V. Centorrino, A. Gokhale, A. Davydov, G. Russo, and F. Bullo. “Contractivity
of Symmetric Neural Networks for Non-negative Sparse Approximation”. CC-
S/ltaly23 Conference, Naples, October 9-11, 2023. Website: https://italy.
cssociety.org/index.php/2023/05/23/ccs-italy-conference-2023/,

* Workshop “Mathematics for Artificial Intelligence and Machine Learning”. “Bi-
ologically Plausible Neural Networks for Sparse Reconstruction: a Normative
Framework”, Oral Talk, Milan, January 17-19,2024. https://dec.unibocconi.
eu/mathematics-artificial-intelligence-and-machine-learning.
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6.1 Introduction

Sparse reconstruction or sparse approximation problems are ubiquitous in a wide range of
domains, including neuroscience, signal processing, compressed sensing, and machine
learning [137, 138, 139, 140]. These problems involve approximating a given input
stimulus from a dictionary, using a set of sparse (active) units/neurons. Over the past
years, an increasing body of theoretical and experimental evidence [116, 117, 118,
141, 3, 119] has supported the use of sparse representations in neural systems. Formally,
sparse reconstruction problems can be formulated as a composite minimization problem',
specifically, a least squares optimization problem regularized with a sparsity-inducing
penalty function. Among the methods for solving optimization problems, we focus on
the use of continuous-time recurrent neural networks.

In this context, we propose (and characterize the behavior of) a novel family of
continuous-time firing rate neural networks that we show tackle sparse reconstruction
problems. Given their biological relevance, we are particularly interested in sparse
reconstruction problems with non-negativity constraints, and, to solve these problems,
we propose the positive firing rate competitive network. This is an FNN whose state
variables have the desirable, biologically plausible property of remaining non-negative.

The chapter is organized as follows. In Section 6.2, we provide an overview of
the sparse reconstruction problems. Then, in Section 6.3, we propose the firing rate
competitive networks to solve the sparse reconstruction problems and present its specific
formulation for the ¢; sparsity-inducing cost function with and without non-negative
constraint. Our primary focus is on the latter due to its biological plausibility. Finally,
in Section 6.4 we demonstrate the equivalence between the equilibria of the firing rate
competitive networks and the optimal solutions of the sparse reconstruction problems.

6.1.1 Contributions

In this chapter, we present a top/down normative framework to translate composite op-
timization problems into continuous-time firing rate neural networks. This framework
is based upon the theory of proximal operators for composite optimization and leads to
continuous-time FNNs that are therefore interpretable. Starting from the sparse represen-
tation problem, a task that has both theoretical and empirical evidence supporting its use
in the human brain, we propose a normative approach for designing biologically plausible
neural networks, such as FNNs. Specifically, we introduce a family of continuous-time
FNNs, called firing rate competitive networks, to address sparse reconstruction prob-
lems. Within this framework, we provide explicit formulations for two common cases:
the sparse reconstruction problem with the ¢;-norm regularization and its variant with
non-negative constraints, the positive sparse reconstruction problem.

Motivated by the fact that biological neurons produce non-negative outputs, we are
specifically interested in the dynamics solving the positive sparse reconstruction problem.

'A composite minimization problem refers to an optimization task that involves minimizing a function
composed of the sum of a differentiable and a non-differentiable component, typically combining a smooth
loss function with a non-smooth regularization term.
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We call this dynamics the positive firing rate competitive network. A significant property
of this network, as we demonstrate, is its nature as a positive system: starting from
non-negative initial conditions, its state variables remain non-negative.

Finally, we formally demonstrate the equivalence between the equilibria of the pro-
posed networks and the optimal solutions of the sparse reconstruction problems.

6.2 The Sparse Reconstruction Problems

Given a m-dimensional input v € R™ (e.g., a m-pixel image), the sparse reconstruction
problem consists in reconstructing v with a linear combination of a sparse vector y €
R™ and a dictionary D € R™*™ composed of n (unit-norm) vectors D; € R™ (see
Figure 6.1.b). Following [3], sparse reconstruction problems can be formulated as the
following composite minimization problem

1 2
in (E(y) = =||u—D AS ) 6.1
;gﬁg( (v) := 5 llu = Dyll; +AS(y) (6.1)
where A > 01is a scalar parameter that controls the trade-off between accurate reconstruc-
tion error (the first term) and sparsity (the second term). Indeed, in (6.1) S: R™ — R is
a non-linear cost function that induces sparsity. We make use of the following standard
assumption on the sparsity-inducing cost function S.

Assumption 6.1 (Sparsity-inducing cost function). The function S is convex,
closed, proper, and separable across the indices, i.e., S(y) = Y., s(y;), for
all y € R™, where s: R — R is a convex, closed, and proper scalar function.

Using the definitions of the Euclidean norm we can write the cost function in (6.1) as

1
E(y) = i(u—ru —2u" Dy +y ' D" Dy) + \S(y).

The matrix DT D € R™*™ is known as Gramian matrix of D.

Remark 6.1. When S is convex and rank(D) = n, the objective function E(y) is
strongly convex, therefore (6.1) admits a unique solution. While, when rank(D) < n,
E(y) is not strongly convex, leading to possibly multiple solutions. O

Sparse reconstruction problems focus on the underdetermined case, i.e., whenn > m
(Note that, when n. > m we have rank(D) < n).

A common choice of the sparsity inducing cost function S is the ¢; norm, resulting
in the following formulation of (6.1), known as basis pursuit denoising or LASSO:

. 1 2
min (B (y) = glu ~ Dy|[3 + Ayl ). 6.2)

For problem (6.2), accurate reconstruction of « is possible under the condition that u is
sparse enough and the dictionary satisfies the following:
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Definition 6.1 (k-sparse vector). Let k < n be natural numbers. A vector x € R" is
k-sparse if it has at most k non-zero entries.

Definition 6.2 (RIP condition [142]). Let k < n be natural numbers. A matrix D €
R™ ™ satisfies the restricted isometry property (RIP) of order k if there exist a constant
0 € [0,1), such that for all k-sparse © € R™ we have

(1= 8)||zll5 < |Dx||3 < (14 8)]|=[f3- (6.3)
The order-k restricted isometry constant 0y, is the smallest § such that (6.3) holds.

We are particularly interested in the minimization problem (6.2) with non-negative
constraints, which we term positive sparse reconstruction problem. The goal of this
constrained minimization problem is to reconstruct an input v using a linear combination
of a non-negative and sparse vector y € RZ and a unit-norm dictionary D € R™*".
Formally, the positive sparse reconstruction problem can be stated as follows:

1 )
min 5{|u = Dyl|, + Myl

s.t.y € RY,.

(6.4)

The minimization problem (6.4) can equivalently be written as the unconstrained opti-
mization problem

1
min 5||u—Dy||§+AIIyII1+LR;0(y)~ (6.5)

We note that problem (6.5) can be formally written as problem (6. 1) when the sparsity
inducing cost in (6.1) is

n

$1(0) 1=yl + o, () = (91 + 3o (00)),

=1

where we used the fact that y must belong to RZ,. Also, for our derivations, it is useful
to introduce the scalar function s1(y;) := yi + iR, (i)-

6.3 Firing Rate Neural Networks for Solving Sparse
Reconstruction Problems

The sparse reconstruction problems introduced in Section 6.2 naturally arise in the
context of visual information processing. For example, as illustrated in Figure 6.1.a for
mammalians, the visual sensory input data v € R™ is encoded by the receptive fields
of simple cells in V1 using only a small fraction of active (sparse) neurons. Formally
(see Figure 6.1.b), the input signal u is reconstructed through a linear combination
of an overcomplete matrix D € R™*" and a sparse vector y € R™. The FCN and
PFCN introduced in this thesis to tackle the sparse reconstruction and positive sparse
reconstruction problems are schematically illustrated in Figure 6.1.c. Namely, each
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Figure 6.1: The visual sensory input data © € R™ is encoded by the receptive fields of
simple cells in the mammalian visual cortex (V1) using only a small fraction of active
(sparse) neurons. Formally, b) the input w is reconstructed by a linear combination of an
overcomplete (n > m) set of features D; € R™ and sparse neurons y € R™. ¢) Block
scheme of the proposed (positive) firing rate competitive network. The hidden node
v; receives as stimulus the similarity score between the input signal v € R™ and the
dictionary element D; € R™ and collectively all hidden neurons give as output a sparse
(non-negative) vector y = v € R".

hidden node, or neuron in what follows, v; receives as stimulus the similarity score
between the input signal v € R™ and the dictionary element D; € R" and, collectively,
all the hidden neurons give as output a sparse (non-negative) vector y = v € R".

To transcribe the sparse reconstruction problem in (6. 1) into an interpretable continuous-
time firing rate neural network, we leverage the theory of proximal operators (see Sec-
tion 2.7 for a self-contained primer on proximal operators). We start by noticing that the
sparse reconstruction problem (6.1) is a special instance of the composite minimization
problem of the form (2.11) with f(z) := 3 ‘u — Dsz and g(x) := AS(y). Therefore,
to tackle problem (6.1) we introduce the following special instance of proximal gradient
dynamics, that we denote the firing rate competitive network (FCN):

v(t) = —v(t) + prox,g((In — DT D)v(t) + DT u(t)), (6.6)

with output y(t) = v(¢). This dynamics is schematically illustrated in Figure 6.1.c.
In (6.6), the term D Tu(t) is the input to the FCN and it captures the similarity between
the input signal and the dictionary elements, while the term (I,, — D" D)v(t) models the
recurrent interactions between the neurons. These interactions implement competition
between nodes to represent the stimulus. Additionally, we note that in (6.6) the particular
form of the activation function is linked to the sparsity-inducing term in (6.1), AS, via
the proximal operator. To be precise, the activation function is the proximal operator of
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AS computed at the point v — V(5 ||u — Dz/||;) =v—D"Dv+D"u.

The dynamics given in (6.6) are quite general, as they encompass a broad class
of sparse reconstruction problems. Next, we provide specific formulas for how these
dynamics read in two common problems: the ¢; sparse reconstruction problem in (6.2)
and the positive sparse reconstruction problem in (6.5).

6.3.1 LASSO Problem

For the LASSO problem (6.2), the sparsity-inducing cost function is S(v) = ||v|.
This function is convex, separable and s(v;) = |v;|, for all v; € R, thus satisfying
Assumption 6.1. Moreover, it is well known (see, e.g., [50]) that for any v € R”,
the proximal operator of Al|v[|y is proxy,, = softx(v). We illustrate the activation
function softy in Figure 6.2 for a given value of the parameter \. Now and throughout
the rest of the chapter, we adopt a slight abuse of notation by using the same symbol to
represent both the scalar and vector form of the activation function. The corresponding
FCN (6.6) for the LASSO problem (6.2) is therefore:

v(t) = —v(t) + softy (I, — D' D)v(t) + D u(?)). (6.7)

Remarkably, the dynamics (6.7) is the firing rate version of the LCA designed for tackling
the LASSO problem (6.2), which is a continuous-time Hopfield-like neural network of
the form [64]:

v(t) = —v(t)+ (I, — D' D)softr(v(t)) + D u(?), (6.8)
with output y(t) = softy(v(¢)).

softy () 0S0£t;(:)

—14 —1

Figure 6.2: Soft thresholding function soft (-) with A\ = 1 (left panel) and its derivative
(right panel). As shown, the soft thresholding function is slope restricted in [0, 1].
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6.3.2 Positive Sparse Reconstruction Problem

Next, we define the FCN that solves the positive sparse reconstruction problem (6.5).
For this purpose, we need to determine the proximal operator of the sparsity-inducing
term AS1(v) = 31, (Av; + tro, (v5)). The next result shows that this operator is the
(shifted) ReLU function.

Lemma 6.1 (Proximal operator of AS in the positive sparse reconstruction problem).
Consider A > 0 and a function S1: R™ — R defined by S1(y) = |lyll1 + %LRQO (y),
Vy € R™. Then

prox,g, (y) = ReLU(y — AL,).

Proof. We start by noticing that AS is separable across indices and, for any y; € R, we
have As1(y;) = Ay; + tr., (yi). Hence, Lemma 2.7 implies that the computation of the
proximal operator of \S; reduces to computing scalar proximals of As;(y;). This can
be done as follows:

1
prox,,, (y;) = arg min i(yz —2)2 4+ A2+ IR (2)

z€R
0 if 5; < A
_ BYESA C ReLU(y; — N).
yi— A ify; > A
This proves the statement. O

Lemma 6.1 implies that the FCN (6.6) that solves the positive sparse reconstruction
problem (6.5) is

v(t) = —v(t) + ReLU ((I, — D" D)v(t) + D u(t) — AL,) := feren(v),  (6.9)

with output y(t) = v(t). We illustrate the activation function ReL U} in Figure 6.3 for a
given value of the parameter A. We call the dynamics (6.9) positive firing rate competitive
network (PFCN). In the next lemma we show a key property of the PFCN, that it is the
fact that this is a positive system, i.e., given a non-negative initial state, the state variables
are always non-negative. In order words, the positive orthant R% , is forward invariant.

Lemma 6.2 (On the positiveness of the PFCN). The PFCN (6.9) is a positive system.

Proof. To prove the statement we use Nagumo’s Theorem 4.2 to prove that the positive
orthant Rgo is forward invariant for fpren. To this purpose, let us consider the PFCN
written in components

U; = —v;+ReLU (f 3" DI Di(t) + D] u(t) - A) = foreni(v), i€ {l,...,n}.
J=1,5#i

Then, for all v € Rgo such that v; = 0 we have

fereni(v) = ReLU (— Z D, Djv;(t) + D} u(t) — /\> >0,
i=Li#i

for each 4. This concludes the proof. O
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oReLU, (=
ReLU;(z) 2 )eo—zK)

[N

-1 -1

Figure 6.3: Shifted ReLU function, ReLU(+), with A = 1 (left panel) and its derivative
(right panel). As shown, the ReL.U function is slope restricted in [0, 1].

To the best of our knowledge, the PFCN is the first continuos-time RNN designed
to tackle the positive sparse reconstruction problem. The positiveness of the PFCN is a
desirable property that can be useful to effectively model both excitatory and inhibitory
synaptic connections. In fact, in the PFCN the nature of excitatory and inhibitory
recurrent interactions, described by the term — Z; 2ig=1 D] D;v;, only depends on the
sign of the weights. Specifically, the recurrent interaction between two nodes, say them ¢
and j, is inhibitory if — >, .| D D; < 0, and excitatory if — >°7,, ;_, D} D;j > 0.

Finally, for later use, we note that the Jacobian of fprcn exists almost everywhere
by Rademacher’s theorem, and now and throughout the rest of the thesis we denote by
Qy C R"™ the measure zero set of points where the function fprcn is not differentiable.

6.4 Relating the FCN and PFCN with Sparse Recon-
struction Problems

We conclude the chapter by demonstrating that the firing rate competitive networks
effectively solve the sparse reconstruction problems. Specifically, we establish that a
given vector is the optimal solution to the problem (6.1) if and only if it is also an
equilibrium of the FCN (6.6)

Lemma 6.3 (Linking the optimal solutions of the sparse reconstruction problem and
the equilibria of the FCN). The vector z* € R"™ is an optimal solution of the sparse
reconstruction problem (6.1) if and only if it is an equilibrium point of the FCN (6.6).

Proof. The necessary and sufficient condition for z* € R" to be a solution of prob-
lem (6.1) is

0, € 0E(z*) = D" Da* — DTu+ A9S(z*) := G(z*) + NS (z*),
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where we have introduced the function G : R” — R" defined as G(z) = D" Dz — DT .

Note that G is a linear function of z, thus it is Lipschitz, and G(x) = V(% Hu — Dx”i)
That is, G is the gradient (with respect to x) of a convex function, and thus it is monotone.
Moreover, by Assumption 6.1, the function S is convex, closed, and proper, and therefore,
soitis AS. Then, by applying the result in [53, Proposition 4] (pickingy = 1, F = G, and
g = AS in such proposition), we have that 0,, € (G + OAS) () if and only if 2* is an
equilibrium of & = —x 4 prox,g(z — G(z)) = —z + prox,g((I, = D" D)z + D "u).
This concludes the proof. U

The next result relates the optimal solutions of (6.5) with the equilibria of the
PFCN (6.9).

Corollary 6.4 (Linking the optimal solutions of the positive sparse reconstruction prob-
lem and the equilibria of the PFCN). The vector x* € R™ is an optimal solution of the
positive sparse reconstruction problem (6.5) if and only if it is an equilibrium point of
the PFCN (6.9).

Proof. The proof, which follows the arguments used to prove Lemma 6.3, is omitted for
brevity. O

6.5 Summary

In this chapter, we addressed several key research questions posed in Section 1.2. Specif-
ically, we understood that one of the functional implications of the FNN in equation 3.2 is
dimensionality reduction, being sparse representation a mechanism believed to occur in
V1, and demonstrate how it can be modeled by continuous-time FNNs. To this end, we
proposed a top-down normative framework that translates composite optimization prob-
lems into interpretable continuous-time firing rate neural networks. First, we considered
the sparse reconstruction problem in equation (6.1) and transcribed this optimization
problem into a continuous-time firing rate neural network. This framework is based
upon the theory of proximal operators for composite optimization and leads to FNNs that
are therefore interpretable. The key idea behind our analysis relies on the fact that the
sparse reconstruction problem (6.1) is a special instance of a composite minimization
problem that is the sum of a smooth loss term, which captures the reconstruction error, and
a non-smooth regularization term, S(-), which promotes sparsity. As we demonstrated,
the resulting FNN is therefore dependent on the specific form of the function S(-). We
gave specific formulas for two common cases: the sparse reconstruction problem with
the ¢1-norm regularization, leading to the soft-thresholding activation function, and its
variant with non-negative constraints, resulting in the ReLU activation. The positive
sparse reconstruction problem is particularly relevant, as it aligns with the non-negative
output characteristics of biological neurons. We called to the resulting dynamics positive
firing rate competitive network (PFCN). Crucial for the PFCN is the fact that this is a
positive system (see Lemma 6.2). This, in turn, can be useful to effectively model both
excitatory and inhibitory synaptic connections in a biologically plausible way. To the
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best of our knowledge, the PFCN is the first RNN designed to tackle the positive sparse
reconstruction problem.

Finally, we established (Lemma 6.3 and Corollary 6.4) the equivalence between the
optimal solutions of the sparse reconstruction and positive sparse reconstruction problems
to the equilibria of the FCN and PFCN, respectively. In the next chapter, we complete
this analysis by identifying conditions that guarantee stable convergence of the FCN (and
the PFCN) to their equilibria, which corresponds to the optimal solutions of the sparse
reconstruction (and positive sparse reconstruction) problems.
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7 From Optimization Problems
to Biologically Plausible
Neural Networks: Analysis

Chapter 6 laid the groundwork for a biologically plausible framework for neural circuits
solving sparse reconstruction problems, focusing on the modeling of these dynamics
through continuous-time firing rate neural networks. Specifically, we introduced the
firing rate competitive network and the positive firing rate competitive network, which are
designed to solve sparse reconstruction problems, including those with non-negativity
constraints. In this chapter, we advance this framework by providing a comprehensive
analysis of these networks, focusing on their convergence properties and stability.

The results in this chapter appeared in the same paper and were presented at the same
conferences as those in Chapter 6.

7.1 Introduction

In the previous chapter, we introduced biologically plausible neural networks solving
optimization problems and established the equivalence between the equilibria of the pro-
posed FNN models and the solutions of sparse reconstruction problems (see Section 6.4).
This foundational result demonstrated that the steady states of both the FCN and PFCN
correspond to the minimizers of their respective optimization problems, and vice versa.
The next crucial step in our analysis is to understand and characterize the convergence
behavior of these networks. This step is essential not only to confirm that the networks
will eventually converge to solutions to the optimization problems but also to provide
insights into the stability and rate of convergence of the dynamics.

As aconsequence, building upon the theoretical foundation established in the previous
chapter, we now present a detailed analysis of the dynamic behavior and convergence
properties of the proposed networks. Specifically, we aim to rigorously establish the
conditions under which these networks converge to their respective equilibria.

The chapter is organized as follows. In Section 7.3, we begin by analyzing the con-
vergence behavior of globally-weakly and locally-strongly contracting systems, showing
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that this is linear-exponential. We also provide an algebraic result of the {5 log-norm of
upper triangular block matrices. In Section 7.4 we analyze the convergence behavior of
the FCN. Specifically, we first prove that the PFCN is weakly infinitesimally contracting
in the entire state space. Then, under a standard assumption on the dictionary, we show
that the PFCN is locally-strongly contracting and apply the results in Section 7.3 to show
that the PFCN converges linear-exponentially to the equilibrium. Finally, in Section 7.5,
we illustrate the effectiveness of our approach via a numerical example.

7.1.1 Contributions

In the previous chapter, we presented a normative way for designing biologically plausible
neural networks that solve sparse reconstruction problems. These networks are the firing
rate competitive network and, for the specific case with non-negative constraints, the
positive firing rate competitive network. In this chapter, we complete the analysis by
giving conditions that guarantee stable convergence of our proposed dynamics to their
equilibria, which correspond to the minimizers of the original optimization problems.

Our analysis for the FCN and PFCN dynamics naturally leads to the study of the con-
vergence behavior of globally-weakly and locally-strongly contracting systems. These are
dynamics that are weakly infinitesimally contracting on R™ and strongly infinitesimally
contracting on a subset of R™. For this class of dynamics, we show that convergence is
linear-exponential, in the sense that (in a suitably defined norm) the trajectory’s distance
from the equilibrium is initially upper bounded by a linear function, and then conver-
gence becomes exponential. An immediate and key implication of this result is that
convergence towards the equilibrium is global. We also provide a useful technical result
on the Euclidean logarithm norm of upper triangular block matrices.

Building upon these results, we analyze the convergence behavior of the FCN and
PFCN. Specifically, after characterizing the local stability and contractivity of these
dynamics, with our main convergence result we prove that, under a standard assumption
on the dictionary, the FCN and PFCN converge linear-exponentially to the equilibrium.
We also give explicit expressions for the average linear decay rate and the time at which
exponential convergence begins. Finally, we illustrate the effectiveness of our results
via numerical experiments. The code to replicate our numerical examples is available at
https://tinyurl.com/PFCN- for-Sparse-Reconstruction.

7.2 Set-up

Given their central role in this chapter, we begin by reviewing the dynamics of the firing
rate competitive network and its positive variant introduced in the previous chapter.

For a m-dimensional input © € R™ (e.g., a m-pixel image), a dictionary D &
R™*™ composed of n (unit-norm) vectors D; € R™, consider the sparse reconstruction
problems

1
min (B(y) = 5 [[u - Dy} + AS()). (7.1)
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where A > 0 is a scalar parameter that controls the trade-off between accurate recon-
struction error and sparsity, and S: R” — R is a non-linear cost function that induces
sparsity. We assume that the sparsity-inducing cost function S satisfies Assumption 6.1.

To tackle problem (7.1), we introduced in Chapter 6 the following biologically plau-
sible neural network, the FCN:

v(t) = —v(t) + prox,g (I, — D" D)v(t) + D u(t)), (7.2)

with output y(t) = v(t).

While the dynamics in (7.2) are quite general, as they encompass a broad class
of sparse reconstruction problems, we also provided specific formulas for two common
problems: the ¢; sparse reconstruction problem and its non-negative variant. Specifically,
when S is the £1 norm, problem (7.1) is known as basis pursuit denoising or LASSO:

. 1 2
min (B (y) = glu ~ Dy|[} + Ayl ). (7.3)
The corresponding FCN (7.2) is
U(t) = —v(t) + softr (I, — D' D)v(t) + D u(t)). (7.4)

For biological plausibility, we are particularly the non-negative variant of the above
optimization problem, the positive sparse reconstruction problem, that can be written as
the following unconstrained optimization problem

1
min §Hu—DyH§+AHyII1 +irg, (y)- (1.5)

The corresponding FCN (7.2), termed as positive firing rate competitive network, is:
v(t) = —v(t) + ReLU ((I, — D" D)v(t) + D u(t) — A\L,) := feren(v),  (7.6)

with output y(¢) = v(t). A key property of the PFCN is the fact that this is a positive
system (see Lemma 6.2).

7.3 Methods

In this section, we present a convergence result for a class of dynamical systems, from
which the convergence of the firing rate competitive networks introduced in Chap-
ter 6 follows. Specifically, we consider nonlinear systems of the form (4.1) that
are globally-weakly contracting and locally-strongly contracting (possibly, in different
norms). Through our analysis, we characterize their convergence behavior, showing that
this is linear-exponential, in the sense that the trajectory’s distance from the equilibrium is
initially upper bounded by a linear function, and then convergence becomes exponential.
This analysis will be formalized, sharpened, and extended in Chapter 12, as this class of
systems is of significant interest due to their occurrence in various scenarios.

We begin our analysis by giving a general algebraic result on the inclusion relationship
between balls computed with respect to different norms.
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Lemma 7.1 (Inclusion between balls computed with respect to different norms). Given
two norms || - || and || - || on R™ and a point x* € R", for all r > 0, it holds that

Bg(x*,r/kg) - Ba(x*,r) - Bg(sc*,rkg), (7.7)
where k2 and kg are the minimal equivalence coefficients given in (2.1).

Proof. We start by proving the inequality B,, (x*, 7’) C Bg (:c*, rkg) By definition of
ball of radius r, for any = € B,, (ac*, 7"), we know that ||z — 2*||, < r. Also, we have
e —a*lls < ekl — 2l < llz =20 <.
kg - kgf - -
Therefore ||z — 2*||3 < rk§, so that = € Bg (a:*,rk:g).
The inequality B (m*, r/ kﬁ) C B, (x*, r) follows directly from the above inequality
and from the fact that kg kg > 1. Specifically, we have:
|z — 2"l < kng —z¥|g < k:grkg <r.

O

We are now ready to state the main result of this section, which characterizes the
convergence of globally-weakly and locally-strongly contracting dynamics.

Theorem 7.2 (Finite decay in finite time of globally-weakly and locally-strongly con-
tracting systems). Let || - ||L and || - ||c be two norms on R™. Consider a dynamical
system (4.1) with f: R>og x R" — R"™ being a locally Lipschitz map satisfying the
following assumptions

(A1) f is weakly infinitesimally contracting on R™ with respect to || - ||,
(A2) f is cexp-strongly infinitesimally contracting on a forward-invariant set S with
respect to || - ||L;

(A3) z* € S is an equilibrium point, i.e., f(t,z*) = 0,, forall t > 0.

Also, let Bg (x*, 7“) C S be the largest closed ball centered at ©* with radius v > 0
with respect to || - ||g. Then, for each trajectory x(t) starting from x(0) ¢ S and for
any contraction factor 0 < p < 1, the distance along the trajectory decreases at worst
linearly with an average linear decay rate

(1—p)r

= . 7.8
Clin t, (7.8)

up to at most the linear-exponential crossing time

teross = ’VHx(Ozl_x;)H: — T-‘ tpa (79)

when the trajectory enters Bg (x*, r).
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Proof. Consider a trajectory x(t) of the dynamical system in equation (4. 1) starting from
z(0)—z*
lz(0)—z*[[c*
as in Figure 7.1. Note that 2y, is a point on the boundary of Bg (x*, r) , since ||Tmp —
x*||g = r. Moreover, the points 2*, Zimp, and z(0) lie on the same line segment, thus

initial condition z(0) ¢ S and define the intermediate point Ty = * + 1

12(0) = 2%l = [[(0) = Zumpllc + [[€mp — 2" G- (7.10)

Figure 7.1: Tllustration of the set up for the proof of Theorem 7.2 with || - |l = || - ||2-
Given the equilibrium point * € S, with S forward invariant set, we consider a trajectory
¢t (x(0)) of (4.1) starting from x(0) ¢ S and define the intermediate point Ty, €
Bg (x*, 7'). After a time ¢, the trajectory starting at 2y, (Which may exit Bg (:1:*, 1"))
must enter Bg (x*, pr) , for 0 < p < 1. Image reused with permission from [42].

Using the triangle inequality, we get
¢e (2(0)) — 2l < [l (2(0)) — bt (Tump) llG + |t (zmp) — 2* |-

By Assumption (A1) and equality (7.10), we know that ||¢; (x(O)) — ¢ (xtmp)“G <
[2(0) = #umpllc = [|2(0) — 2*[lc — 7, thus

1¢¢(2(0)) — 2*lg < [l2(0) — 2*[lc — 7 + |4 (Fump) — 2" |-

Next, we upper bound the term ||¢; (zump) — 2*||g. We note that, because each trajectory
originating in Bg (m*, r) remains in S, the time required for each trajectory starting in
Bg(x*,7), to be inside Bg (x*, pr) for the c-strongly contracting map f is

ln(kL,prl)

t, =
Cexp

This follows by noticing that

(7.7), 2™ inequality
—

z(0) € Bg(2*,7) z(0) € BL(z*,rkp),

z(t,) € By(z*, pr/kg).

(7.7), 1% inequality
P—

z(t,) € Bg(z*, pr)
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Thus, the time required for a trajectory starting in Bg (x*, r) to be inside Bg (m*, pr)
is upper bounded by the time required for the trajectory to go from B (m*, rkg ) to
By (z*, pr/kg). In these balls, Assumption (A2) implies ||z (¢) —2* || < e~ %*||z(0) —
x* ||, and so ¢, is determined by the equality et rkS = pr/kk.

Therefore, at time t,,, we know ¢¢, (2ump) € Bg(2*, pr) and we have

e, (2(0)) — 2 llg < [|2(0) — 2 [lg — 7 + pr = [|2(0) — 2" [l — (1 — p)r-

By iterating the above argument, it follows that after each interval of duration ¢,, the
distance ||z (t) — 2*|| has decreased by an amount (1 — p)r for each z:(¢). Therefore the
average linear decay satisfies

variation in distance to * (1 —p)r 1—p

Clin := — = = Cexp” . 7.11
fin variation in time t, P In(kLgpt) (.11
Hence, after at most a linear-exponential crossing time tcposs = [%—‘ t,, the
trajectory will be inside Bg (z*,r) C S. This concludes the proof. O

Remark 7.1. Assumptions (A2) and (A3) of Theorem 7.2 imply that for any x(0) € S,
the distance ||z (t) — «* || decreases exponentially with time with rate cexp. Specifically,
for all t > 0 it holds that

() — 2* [l < e7"

|2(0) — z™||L. (7.12)
O

The next result, which establishes the linear-exponential convergence of dynamical
systems of the form system (4.1), follows from Theorem 7.2.

Corollary 7.3 (Linear-exponential decay of globally-weakly and locally-strongly con-
tracting systems). Under the same assumptions and notations as in Theorem 7.2, for
each x(0) ¢ S and for any contraction factor 0 < p < 1, the distance ||z(t) — z*||g
decreases linear-exponentially with time, in the sense that:

||JJ(0) —z* |G + (1 - P)T - Clinta ift < tcr0357
kL,G r e—Cexp(t—tcru<<) lft > tcross-

lz(t) — "]l < { (7.13)

Proof. The result follows directly from Theorem 7.2. Indeed, given a trajectory z(t)
of (4.1) starting from x(0) ¢ S, for all ¢ < {055, from Theorem 7.2 we know that the
distance ||z(t) — z*||g decreases linearly by an amount (1 — p)r with an average linear
decay rate ¢y = (1 — p)r/t, towards Bg(z*,7) C S, which implies the upper bound

() — 2"l < [[2(0) = 2"l + (1 = p)r — ciint-

Next, for all £ > teross the trajectory x(t) is inside Bg (z*,7) and Assumption (A2), i.e.,
Cexp-Strongly infinitesimally contractivity on S, implies the bound

16¢(2(0)) — a*[lL < [[2(0) — a* L e orltlems) Yt >ty
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Applying the equivalence of norms to the above inequality we have
162 (2(0)) = 2" |6 < ki [|2(0) — 2*[|g e~ Trms) |Vt > tegss.
Therefore, for all ¢ > t.,,s We have
(1) = 2" |6 := |6¢ (2(0)) — 2" |6 < krgre” o),

This concludes the proof. O

7.3.1  The ¢, Logarithmic Norm of Upper Triangular Block Matrices

We present an algebraic result on the ¢5 log-norm of upper triangular block matrices.
This result is inspired by [42, E2.28] and is instrumental for determining the rate and
norm with respect to which the PFCN exhibits strong infinitesimal contractivity. We also
refer to [26] for a result on the log-norm of these triangular matrices using non-Euclidean
norms.

Lemma 7.4 (The /5 logarithmic norm of upper triangular block matrices). Consider the
block matrix

_ All A12 (n+m)x (n+m)
A= [ 0 A22] eR .

€P1 0

For all € > 0 and for P. = { 0 lp
2

}withPlzPlT>0andP2:P2T>O,we

have
1/2 —1/2
/’Lg’pgl/z (A) < max {uz’pllﬂ (A11)7 /“Lg’pzl/2 (AQQ)} + EHPI A12P2 HQ (7.14)

Proof. We compute

fy p1/2(A) = pa AALPTE P RAnP
2P 0 Py/? Ay Py 2
o P11/2A11P171/2 0 n 0 5P11/2A12P271/2
< " P11/2A11P;1/2 0 te 0 P11/2A12P2_1/2
= 0 PY? Ay Py 0 0 )

where the last inequality follows by applying the log-norm translation property (iii) and
the norm spectrum inequality (vi), u(B) < ||B||, for all matrix B. From the LMI
characterization of the ¢ logarithmic norm, we obtain

X

p2A, PR 0
0 P2 Ay Py 2

) = max {M2,P11/2 (A11)7/'1’2’P21/2 (AQQ)} .
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The claim then follows by noting that

Next, we give a specific result for a particular case of the matrix A, where we can
explicitly determine the matrices P, and P». This specific matrix form is of significant
interest because, as we will see, the Jacobian of the PFCN computed at the equilibrium
exhibits this structure.

= P 412 Py 2o

[0 P2 AP Y 2]
2

0 0

O

Corollary 7.5. Consider the block matrix

_ |=Bu Bi (n+m)x (n+m)
B_[ 0 —Im] eR ,

with By, = B = 0 satisfying Amin(B11) > 1, with | €0, 1]. Then, for all ¢ > 0 and
el, 0
Jor Q. = [ 0 5_1Im], we have

pi2.q.(B) < —(1 — %[ Biz|12). (7.15)
Proof. By applying Lemma 7.4 to the block matrix B, for all £ > 0 we obtain
p12,Q. (B) < max {2 1, (=Bu), pi2,1,, (= Im) } + €[ I Bralm |2
<max{ —1,—1} 4+ &*||Buza|l2 = —1 + €°||Bi2| 2.
This concludes the proof. O
Remark 7.2. The result in Corollary 7.5 implies that:
(i) if || Bizll2 = 0, then po.q.(B) < 0 forall e > 0,
(ii) if || B1z2l|l2 # 0, then pa,g.(B) <0, forall e € ]0,/1/| B1z2l|2[-
O

7.4 Analysis of the Firing Rate Competitive Networks

In this section, we investigate the key properties of the models introduced in Chapter 6. To
streamline the presentation and due to its biological relevance, our primary focus is on the
analysis of the PFCN. However, the results presented here are not limited to this specific
model, but can be extended to any FCN (7.2), whose proximal operator is Lipschitz and
slope restricted in [0, 1]. For example, our convergence analysis can be applied to the
firing rate version of the LCA tackling problem (7.3), i.e., the dynamics (7.4), given that
the operator soft is Lipschitz and slope restricted in [0, 1].
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7.4.1 Convergence Analysis

We now present our convergence analysis for the PFCN in equation (7.6). We start with
the following.

Definition 7.1 (Active and inactive neuron). Consider the PFCN (7.4). Given a neural
state v* € R™, an input u € R™, and a parameter A > 0, the i-th neuron is active if
ReLU(((I, — D" D)v* + D"u — A1,);) # 0, inactive if ReLU(((I,, — D" D)v* +
DTu—A1,);) =0.

Remark 7.3.

(i) The definition of active and inactive neuron/node in our model aligns with the
definitions provided in [124] for the LCA. Specifically, as in [124], for an equi-
librium point v* € R", the activation function in our model is also composed
of two operational regions. Namely: (i) one region characterized by having
(I, — D" D)v* + DTu — A\1,, below zero, in which case the output y is zero, as
the system is at the equilibrium v* = ReLLU (g[n ~D'Dyw*+D"u— )\1"). (ii)
one region characterized by having (I, — D" D)v* + DT u — \1,, above zero, in
which case vy is strictly increasing with the state v.

(ii) For the FCN, the ReLU in Definition 7.1 is replaced by prox, g.
O

We now show that the distance between any two trajectories of the PFCN never
increases (see Figure 4.3). We do so by proving that the PFCN is weakly infinitesimally
contracting.

Theorem 7.6 (Global weak contractivity of the PFCN). The PFCN (7.4) is weakly
infinitesimally contracting on R™ with respect to the weighted norm || - ||2,¢.'

Proof. First, we note that the activation function ReL U is Lipschitz with constant 1 and
slope restricted in [0, 1]. Moreover, (W) = (I, — D" D) = 1, being D" D = 0.
The result then follows by applying Corollary 5.7 in Chapter 5. U

Essentially, with the above results we established that the trajectories of the PFCN are
bounded. Next, we further characterize the stability of the equilibria of the PFCN when
the dictionary is RIP. We prove that the equilibrium is not only locally exponentially
stable but also locally-strongly contracting in a suitably defined norm (see Figure 4.3).

Theorem 7.7 (Local exponential stability and local strong contractivity of the PFCN).
Letv* € RY \ Q¢ be an equilibrium point of the PFCN (7.4) having n, active neurons.
If the dictionary D is RIP of order n, and parameter § € [0, 1], then

(i) v* is locally exponentially stable,

Ithe explicit expression of Q@ € R™*™ is given in (5.2) in Chapter 5.
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(ii) the PFCN (7.4) is strongly infinitesimally contracting with rate cep, > 0 with
respect to the norm || - ||2,s. in a neighborhood of v*.

Proof. To prove statement (i), we show that D fpren(v*) is a Hurwitz matrix, i.e.,
a(D fpren(v*)) < 0. We start noticing that

D feren(v*) = =1, + [d|(I, — DT D), (7.16)

where [d] = [0ReLU((I, — D"D)v* 4+ D"u— Al,)] is a diagonal matrix having
diagonal entries equal to O or 1. We let n, and n;, be the number of active and inactive
neurons of v*, respectively, and rearrange the ordering of the elements in v* such that

v =[vf, vi]", where, v} € R™ and v € R", so that

=% o a.17)

Further, we also decompose DT D into

(7.18)

lﬂl):[DJDa DJDﬂ7

DD, D/!D,

where D, D, € R™*" DT D;, € Rw*na DI D, € Rt DID,, € RMaxmi,
The fact that D is RIP of order n, implies that

%rFmpmﬂ%

T 2 _ . TnT _
||Da Va||2 - xa Da Daya - |:Onm Dl—arDa DiIDia On;a

| = a- om0
Therefore, D,” D, is positive definite, and its smallest eigenvalue is bounded below by
1 — 0. Moreover, D fpren(v*) can be written as

(7.19)

. -D!'D, —-D]D;
DfPFCN(V)_[ o 2 a:|7

0 _Iniﬂ

that is a block upper triangular matrix with Hurwitz diagonal block matrices, and
a(DprCN(Z/*)) =9 —1 < 0. Thus D fppcn(v*) is Hurwitz. This concludes the
proof of the statement.

Next, to prove statement (i) we note that Amin (D, D;) > 1 — 8. By applying
Corollary 7.5 to the matrix D fpren (v*), we have

p2,s. (D feren(v*)) < —Cexp < 0,

with the explicit expression of ce, and Se given in (7.24). Let K be the region of
differentiable points in a neighborhood of v*. Then, by the continuity property of the
log-norm, there exists a neighborhood of v*,

Bs_(v*,q) == {z € R" | [[z=v"|l2,s. < q}, with g :=sup{z >0 | Bg, (v*,2) C K},

(7.20)
where D fppen(v) exists and o g (D fopen(V)) < —Cexp, for all v € Bg, (1/*, q). This
concludes the proof. O

88



Symbol Meaning Ref.
Q Weight matrix with respect to the PFCN is globally-weakly contracting Eq. (5.2)
Il - 2,0 | Euclidean weighted norm with respect to the PFCN is globally-weakly contracting | Th. 7.6
Se Weight matrix with respect to the PFCN is locally-strongly contracting Eq. (7.24)
| - |l2,s. | Euclidean weighted norm with respect to the PFCN is locally-strongly contracting | Th. 7.7
ks..o | Equivalence ratio between || - ||2,s. and | - ||2,¢ Def. 2.2
q Radius of the ball where the system is strongly infinitesimally contracting Eq. (7.20)
Bg,_ (q) Ball of radius g centered at v* computed with respect to || - ||2 5. Eq. (7.20)
r Radius of the largest ball Bg (r) contained in Bs_ (q) Th. 7.8
Bg(r) | Ball of radius 7 centered at v* computed with respect to || - [|2,¢ Th. 7.8
Cexp Exponential decay rate Eq. (7.24)
Clin Average linear decay rate Eq. (7.22)
teross Linear-exponential crossing time Eq. (7.23)
P Contraction factor, 0 < p < 1 Th. 7.8

Table 7.1: Symbols used in Theorem 7.8.

Remark 7.4. To improve readability, in the statement of Theorem 7.7 we do not provide
the explicit expression for cop, and S,. These are instead given in Remark 7.5. For the
same reason, we do not report in the statement of Theorem 7.7 the neighborhood in which
the PFCN is strongly infinitesimally contracting. However, as apparent from the proof,
the neighborhood is Bg, (1/*, q), which is defined in (7.20). O

With the next result, we prove that the PFCN converges linear-exponentially to v*
(see Figure 7.2 for an illustration of this behavior). We summarize the key symbols used
in the next theorem in Table 7.1.

Theorem 7.8 (Linear-exponential stability of the PFCN). Consider the PFCN (7.4)
satisfying the same assumptions and with the same notations of Theorems 7.6 and 7.7. Let
Bs. (l/*, q) be the ball around v* where the system is strongly infinitesimally contracting.

Then, for each trajectory v(t) starting from v(0) ¢ Bg_ (1/*, q) and for any 0 < p < 1,
the distance ||v(t) — v*||2,q decreases linear-exponentially, in the sense that:

”V(O) - V*l 2,Q + (1 - ,0)7“ — Clint lft < Leross
kSE,Q re_cexp(t_tcmss) ift > Teross

[ (t) = 72

Q<

s =

(7.21)

where v > 0 is the radius of the largest ball Bg (1/*,7") centered at v* such that
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Bqg (V*,r) C Bg, (V*,q) and where

Cexp(l — p)7
n=— 7.22
W Tl qp ) 0
v(0) — v* —7r| In(k -1
b= [ (0) — v*[l2.0 w (ks..0p™) (723)
(1 - p)T’ Cexp

are the average linear decay rate and the linear-exponential crossing time, respectively.

Proof. We begin by noting that, under the assumptions of the theorem we have that (i)
Theorem 7.6 implies that the PFCN is weakly infinitesimally contracting on R™ with
respect to || - ||2,¢; (i) Theorem 7.7 implies that the PFCN is c.-strongly infinitesimally
contracting on Bg_(1*,q) with respect to || - ||2,s.. Hence, the statement follows from

Corollary 7.3 with S = Bg, (u*,q), Je=1"ll2gand | |l =1 "z2s.- 0
A
linear decay

= /

2

x

(O]

é exio/nential decay

teross t

Figure 7.2: Schematic representation of the linear-exponential convergence behavior
exhibited by the PFCN. The distance of the trajectory from the equilibrium point is upper
bounded by a function that decreases linearly with time until £ ,,ss and then exponentially
for all t > t.0ss. While the solution of the PFCN is continuous, a bounded jump in the
upper bound we obtain might occur at time #;os-

Remark 7.5 (Expression of S. and ceyp in Theorem 7.7). Corollary 7.5 enables the
computation of the rate and the norm with respect to which the PFCN is strongly in-
finitesimally contracting, as stated in Theorem 7.7. In fact, the Jacobian of fprcn
computed at the equilibrium, given by equation (7.19), is in the form of the matrix B
in Corollary 7.5 with n. = ng, m = ny, By := D] D, = 0,1 =1—-4§ €]0,1],
and Byy := —D, Di,. Therefore the PFCN is strongly infinitesimally contracting with
respect to the norm || - ||2,s. with rate ceyp,, where

(i) if | D, Dislla = 0, then Se := Qc, Cexp = 1 — 8,V > 0,
(ii) l..fHD;rDiaHQ 7& 0, then Se = Q57Cexp =1-0- 52||D;Dia|‘27 (7.24)
Ve €10,1/(1 - 8)/1D] Dillal.
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It is important to highlight the significance and practical implication of Theo-
rems 7.6, 7.7 and 7.8. First, a key aspect to emphasize is the fact that convergence
is global: the PFCN converges towards the equilibrium point v* from any initial con-
dition. Moreover, global linear-exponential convergence is a stronger result than global
asymptotic convergence, since with the bound in (7.21) we provide an explicit estimate
of the time required to reach a neighborhood of the equilibrium. Next, the role of the RIP
assumption to obtain this result deserves some comments. From Theorem 7.6, we know
that the trajectories of the PFCN are bounded, meaning that the distance between any
two trajectories never increases over time. However, boundedness alone is not enough to
guarantee global convergence. For this, we need more "structure" on the problem. The
RIP assumption provides this structure, ensuring (Theorem 7.7) the existence of a locally
stable equilibrium point v*. This, in turn, ensures a number of highly ordered transient
and asymptotic behaviors, characteristic of contracting dynamics.

7.5 Simulations

We now illustrate the effectiveness of the PFCN in solving the positive SR problem (7.3)
via a numerical example’. This example, built upon the one in [124], serves two key
purposes: first, to validate the ability of the PFCN to solve the positive SR problem while
respecting the non-negativity bounds of its state variables; and second, to illustrate the
global convergence behavior of the PFCN.

To this aim, we consider a n = 512 dimensional sparse signal yo € RY,, with
n, = 5 randomly selected non-zero entries. The amplitude of these non-zero entries is
obtained by drawing from a normal Gaussian distribution and then taking the absolute
values. As in [124] the dictionary D € R™*™ is built as a union of the canonical basis
and a sinusoidal basis (each basis is normalized so that the dictionary columns have unit
norms). Also, we set: (i) the measurements v € R™, with m = 256, to be u = Dy + 1,
where 7 is a Gaussian random noise with standard deviation o = 0.0062; (ii) A = 0.025.

Given this set-up, we simulated both the PFCN (7.4) and, for comparison, the
LCA (6.8). Simulations were performed with Python using the ODE solver solve_ivp. In
all the numerical experiments, the simulation time was ¢ € [0, 15], and initial conditions
were set to 0, except for 20 randomly selected neurons (initial conditions were kept
constant across the simulations). The time evolution of the state variables for both the
PFCN and LCA is shown in Figure 7.3. Both panels illustrate that both the PFCN and
the LCA converge to an equilibrium that is close to yg (although it can not be exactly
Yo because of the measurement noise). Also, the figure clearly shows, in accordance
with Lemma 6.2, that the trajectories of the PFCN are always non-negative. Instead, the
trajectories of the LCA nodes exhibit also negative values over time.

To illustrate the global convergence behavior of the PFCN (7.4), we performed
an additional set of simulations, this time with the PFCN starting from 20 randomly

2The code to replicate all the simulations in this section is available at the GitHub https://tinyurl.
com/PFCN- for-Sparse-Reconstruction.

91


https://tinyurl.com/PFCN-for-Sparse-Reconstruction
https://tinyurl.com/PFCN-for-Sparse-Reconstruction

State

Figure 7.3: Time evolution of the state/neuron variables of the proposed PFCN (7.4)
(leftward panel) and of the LCA (6.8) (rightward panel) networks. The cross symbols
are the non-zero elements of the sparse vector yg. Both the PFCN and the LCA converge
to an equilibrium that is close to yy. Note that, in accordance with Lemma 6.2, the state
variables of the PFCN never become negative.

generated initial conditions. Then, we randomly selected two neurons from the active
and inactive sets and recorded their evolution. The result of this process is shown
in Figure 7.4, which reports a projection of the phase plane defined by these nodes.
Figure 7.4 shows that the trajectories of the selected nodes converge to the equilibrium
point from any of the chosen initial conditions. Specifically, in accordance with our
results, the trajectories of the active neurons converge to positive values, while the
trajectories of the inactive nodes converge to the origin.

Finally, we performed an additional, exploratory, numerical study to investigate what
happens when the activation function of the LCA is the shifted ReLU. Even though the
assumptions in [ 124] on the activation function exclude the use of the ReLLU for the LCA,
we decided to simulate this scenario to investigate if the LCA dynamics would become
positive if the ReL.U was used as activation function. Hence, for our last numerical study,
we considered the following LCA dynamics:

v(t) = —v(t) + (In + DT D) ReLU(v(t) — A\1,) + D T u(?), (7.25)

with output y(t) = ReLU(v(t) — Al,). In Figure 7.5 the time evolution of the state
variables of the LCA (7.25) is shown. As apparent from the figure, even using the ReLU
as activation function, the trajectories of the LCA states still exhibit negative values over
time.
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Figure 7.4: Trajectories of two randomly chosen nodes of the PFCN (7.4) from the active
(leftward panel) and inactive (rightward panel) set in the planes defined by these two
nodes, respectively. In the panels, the evolution is shown from 20 randomly chosen
initial conditions. In accordance with our results, the trajectories of the active neurons
converge to positive values, while the trajectories of the inactive nodes converge to the
origin.

State

Figure 7.5: Time evolution of the state variables of the LCA (7.25) with ReLU as
activation function. The cross symbols are the non-zero elements of yo. The LCA
converges to an equilibrium close to yo. Even using the ReLLU as activation function, the
trajectories of the LCA states still exhibit negative values over time.
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7.6 Summary

In this chapter, we completed the analysis we began in Chapter 6 for a biologically
plausible framework for neural networks solving sparse reconstruction problems, by
giving a comprehensive convergence analysis of the proposed network dynamics. For
simplicity of presentation, we provided an explicit analysis only for the PFCN and gave
rigorous conditions to extend this analysis to the FCN. Specifically, we showed that (i)
the PFCN (7.4) is weakly contracting on R™ (Theorem 7.6); (ii) if the dictionary is
RIP, then the equilibrium point of the PFCN is locally exponentially stable and, as a
consequence, in a suitably defined norm, it is also strongly contracting in a neighborhood
of the equilibrium (Theorem 7.7). These results lead to the main result of the chapter, i.e.,
Theorem 7.8, which establishes the global linear-exponential convergence of the PFCN.

To derive our key findings, we also devised a number of instrumental results, inter-
esting per se, providing: (i) algebraic results on the log-norm of triangular matrices; (ii)
convergence analysis for a broader class of non-linear dynamics (globally-weakly and
locally-strongly contracting systems) that naturally arise from the study of the FCN and
PFCN. Finally, we illustrated the effectiveness of our results via numerical experiments.

The findings in the Methods section 7.3 open the way for an exciting research direc-
tion, which we investigate further in Chapter 12: the study of globally-weakly contracting
and locally-strongly contracting systems. As we will show, this class of systems naturally
arises in the context of convex (but not strongly convex) optimization problems with a
unique minimizer, making them relevant to a wide array of applications.
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PART Il

Towards Embedding Learning
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1.1 Introduction

Driven by the massive availability of data in many applications and the increase in com-
puting power, the leading paradigm to train artificial neural networks has become that
of feeding them with data, using backpropagation to learn the network weights. This
approach has achieved impressive results, spanning from computer vision to natural lan-
guage processing. However, despite their initial biological inspiration and performance
achievements, these systems differ from human intelligence in several ways. As already
discussed in Section 1.1, the backpropagation algorithm is not biologically plausible and
this might explain the poor ability, typical of human intelligence, of certain deep networks
to generalize, compose, and abstract knowledge from data. In this context, it has been
recently shown that models trained via backpropagation can be extremely fragile, in the
sense that even small changes in the input can produce large changes in the output.

This gap between artificial learning networks and biological learning drives the
exploration of more biologically plausible neural networks, particularly RNNs with
synapses undergoing Hebbian learning rules. Hebbian learning, based on the principle
“neurons that fire together wire together”, mimics the plasticity observed in synaptic
connections in the brain.

Research questions: In the above context, several questions naturally arise:

* How can we design RNNs that incorporate biologically plausible learning rules,
such as Hebbian learning?

¢ What conditions ensure that these networks exhibit stable, robust behavior?

* How can these biologically plausible RNNs be analyzed and controlled to guarantee
convergence and reliable performance?

Il.2 Towards Embedding Learning

In this part, to address the above questions, inspired by [22], we propose embedding
nonlinear Hebbian learning rules into the continuous-time RNN models analyzed in
Part I, allowing for dynamic synaptic weight updates that mirror biological processes
more closely. We name these systems coupled neural-synaptic networks. Our goal is
to characterize the behavior of these systems and provide conditions that ensure their
stability and robustness. To streamline the analysis we divide our results into two
chapters: Chapter 8 focuses on the modeling of these networks, while Chapter 9 explores
their dynamic behavior and stability properties.

Specifically, in Chapter 8 we introduce the coupled neural-synaptic dynamics. These
models combine HNNs and FNNs for the neural dynamics and two different Hebbian
learning rules for the synaptic dynamics. The first rule fulfills the biological properties
of locality, cooperativity, synaptic depression, and boundedness; the second rule fulfills,
in addition, a competitiveness property (see Chapter 3.4 for further details on these
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principles). To capture and reflect the synaptic sparsity of biological neural circuits, we
propose a low-dimensional formulation for our coupled neural-synaptic models.

Next, in Chapter 9 we turn to the analysis of the dynamical properties of the proposed
models. First, we show that the solutions to the coupled neural-synaptic systems are
bounded, reflecting the biological reality that neurons eventually saturate in response
to high input levels, and synaptic weights do not grow indefinitely. Then, we provide
sufficient conditions to guarantee contractivity of each model. We recall that, by ensuring
contractivity, global exponential convergence and other useful robustness properties are
guaranteed. Finally, we show that, under suitable conditions, our coupled neural-synaptic
models satisfy Dale’s law [143]. This is an empirical principle referring to the fact that
a neuron has the same type of effect, inhibitory or excitatory, on all its neighbor neurons.

1.3 Overview

Over the last few years, there has been a growing interest in the study of biologically
plausible learning rules to train neural networks and in finding connections between
these rules and backpropagation [144, 9]. For example, HNNs coupled with a Hebbian
learning rule have been shown to be able to learn the underlying geometry of a given set
of inputs [23]. Recently, an unsupervised biologically plausible learning rule has been
proposed and it has been demonstrated how this rule allows the network to achieve good
performance on the MNIST and CIFAR [8] datasets; also, in [14] it has been shown
that neural networks equipped with both Hebbian and anti-Hebbian learning rules can
perform a broad range of unsupervised learning tasks.

When studying RNN models a key problem is that of guaranteeing stability and
robustness; see, e.g., [135, 122]. Over the years, significant interest has grown in estab-
lishing conditions that ensure convergence of RNNSs to a unique equilibrium point [75,
44,76, 134]. As already emphasized multiple times, contraction theory (which precludes
multistability) is a useful tool for studying stability and robustness. An implicit model
that uses contraction analysis to allow for a convex parametrization of stable models is
presented in [101], while in [28] contraction-based conditions are given to characterize
disturbance rejection properties of HNNs with delays. Contraction theory is also used
in [102] to find conditions under which assemblies of RNNs are stable. Recently, non-
Euclidean contractivity of RNNs has been studied in [38]. In the context of networks
with adapting synapses undergoing Hebbian rules we recall [22], where stability of the
combined neural and synaptic dynamics is shown via Lyapunov analysis, and [24], where
Euclidean contraction theory is used to study the stability of RNNs with linear coupling
between the different nodes and with dynamic synapses undergoing a correlation-based
Hebbian learning rule.
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8 Coupled Neural-Synaptic
Networks: Modeling

This chapter focuses on the modeling and analysis of coupled neural-synaptic networks
that combine recurrent neural networks with dynamical recurrent connections undergoing
Hebbian learning rules. The aim is to model neural circuits that not only learn from input
data but also adapt their synaptic strengths in a way that mirrors learning processes
observed in biological systems. For these models, we also propose a low-dimensional
formulation to capture the synaptic sparsity of the neural circuits.

The results presented in this chapter appeared in:

* V. Centorrino, F. Bullo, and G. Russo. “Modeling and Contractivity of Neural-
Synaptic networks with Hebbian learning”. Automatica, 164:111636, 2024. doi:
10.1016/j.automatica.2024.111636,

* V. Centorrino, F. Bullo, G. Russo. “Contraction Analysis of Hopfield Neural
Networks with Hebbian Learning”. 2022 IEEE 61st Conference on Decision and
Control, Cancun, Mexico, pp. 622-627, 2022. doi: 10.1109/CDC51059.2022.
9993009. Presented in the invited session “Brain Dynamics and Control”.

8.1 Introduction

Driven by the massive availability of data and the increase in computing power, the
leading paradigm to train deep neural networks has become that of feeding them with
data, using backpropagation to learn the network weights. This approach has achieved
impressive results, spanning from computer vision to natural language processing [6]
and to the end-to-end control of complex video games [145]. Nevertheless, as discussed
in Section 1.1, despite their initial biological inspiration and performance achievements,
these systems differ from human intelligence in several ways [12]. Today, the principles
guiding artificial neural networks are quite different from those governing biological
networks. A clear example of this divergence is the backpropagation algorithm itself,
which is indeed well-known to be biologically implausible [6, 7, 8, 9] and this might
explain [12] the poor ability, typical of human intelligence, of certain artificial networks
to generalize, compose and abstract knowledge from data.
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Motivated by these observations, this chapter aims to model and understand ANNs
that more closely align with the principles governing natural neural networks. As
highlighted in [22] a complete model of biologically plausible neural networks requires
two sets of continuous-time dynamical systems, one for the activity of the neurons and
one describing synaptic changes. As a consequence, this chapter presents the modeling
and analysis of biologically plausible recurrent neural networks with dynamical recurrent
connections. Specifically, following the motivations in Chapter 3, for the neural dynamics
we focus here on two widely used continuous-time RNN models: the Hopfield neural
network and the firing rate neural network. As for the synaptic weight dynamics, we use
continuous-time Hebbian learning rules.

The chapter is organized as follows. In Section 8.2 we introduce the dynamical rules
governing the neural masses and synaptic weights. Namely, Hopfield neural networks
and firing rate neural networks for modeling the neural dynamics, and Hebbian Learning
rules for synaptic dynamics. Then, in Section 8.3, we present the coupled neural-synaptic
dynamics we are interested in. These systems combine HNN and FNN (for the neural
dynamics) and two different Hebbian learning rules (for the synaptic dynamics). Finally,
in Section 8.4 we propose a low dimensional formulation for the neural-synaptic models
introduced in Section 8.3.

8.1.1 Contributions

This chapter presents the modeling of biologically plausible coupled neural-synaptic
systems: recurrent neural networks with dynamic recurrent connections. Specifically,
we study a number of neural-synaptic systems that combine HNN and FNN (for the neural
dynamics) and two different Hebbian learning rules (for the synaptic dynamics). The first
rule, simply termed Hebbian learning rule, fulfills the biological properties of locality,
cooperativity, synaptic depression, and boundedness; the second rule (Oja-like learning
rule) fulfills, in addition, a competitiveness property. We refer to the resulting models as
Hopfield-Hebbian, firing-rate-Hebbian, Hopfield-Oja, and firing-rate-Oja networks. The
models capture networks with both excitatory and inhibitory synapses governed by both
Hebbian and anti-Hebbian learning rules. We note that our Hopfield-Hebbian model
generalizes the ones analyzed in [22, 24] by relaxing the assumptions of these papers
on the sign of the coefficients of the Hebbian rule and on the linearity of the coupling
between neurons. Additionally, to capture synaptic sparsity, which is a defining feature
of many biological neural networks, we propose a low-dimensional formulation of these
models, relying on out-incidence and in-incidence matrices.
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8.2 Set-up

We begin by introducing the dynamical rules governing the neural masses and synaptic
weights. Then, we present the coupled neural-synaptic dynamical systems we analyze.

8.2.1 Neural Dynamics

As discussed in Chapter 3, for the dynamical rules governing the neural masses we
are interested in two widely used continuous-time RNN models: the Hopfield neural
network (8.1) and firing rate neural network (8.3). We briefly recall these dynamics here
for completeness and also introduce slight modifications in the notation to streamline our
analysis.

Hopfield Neural Network

For each neural mass i, we denote its mean membrane potential at time ¢ by x;(t) € R
and assume it evolves according to the following continuous-time HNN:

ii(t) = —cazi(t) + Z Wij (8)p(x () + wi(t). 8.1)

The first term on the right-hand side of (8.1) models the intrinsic dynamics of neuron 3,
where ¢, is its decay rate. The second term models the coupling of neuron ¢ with the other
neurons. Specifically, W;; : R>g — R denotes the effective time-dependent synaptic
weight of the signal transmitted from a pre-synaptic neuron j to a post-synaptic neuron
i, and ¢ : R — R is the activation function. Finally, u; : R>¢ — R is a time-dependent
external stimulus to neuron <.

In vector form the dynamics (8.1) reads:

#(t) = —cax(t) + W(t)D(a(t)) + ult), 8.2)

where x € R”, &: R" — R"” is a nonlinear and diagonal activation function, i.e.,
(®(x)); = Pp(a;), W € R™™™ is the synaptic matrix, and u € R™ are the external neural
stimuli.

Firing rate Neural Network

For each neural mass 4, we denote its firing rate at time ¢ by v;(¢) € R and we assume it
evolves according to the following continuous-time FNN:

Ui(t) = —cavi(t) + ¢ <Z Wij ()i (t) + ui(t)> , (8.3)

where, as in (8.1), the decay rate is ¢,, the synaptic weight is W;; : R>o — R, the
external stimulus is u; : R>9 — R, and the activation functionis ¢ : R — R. The vector
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form of the dynamics (8.3) is:
v(t) = —cav(t) + @(W (v (t) + u(t)), (8.4)

where v € R", &: R™ — R"™ is a nonlinear and diagonal activation function, W € R™*"
is the synaptic matrix, and v € R™ are the external neural stimuli.

Remark 8.1. The activation functions in (8.1) and (8.3) can be different, but they have
the same properties. Therefore, to streamline our derivation, we are using the same
symbol for both activation functions. O

8.2.2 Synaptic Dynamics

For modeling the synaptic dynamics, as discussed in Chapter 3, we consider continuous-
time Hebbian learning rules. Following Hebb’s postulate [2], the synaptic weight between
two neurons, say ¢ and j, should increase if both neurons are simultaneously active. Our
models capture this aspect and are based upon the framework presented in [79], where
a number of formulations of Hebbian learning are reviewed (see Section 3.4 for more
details). The first synaptic rule we consider is modeled via a dynamic of the form:

Wi () = Hijp(yi (£))d(y; (1) — ;Wi () + Ui (£), (8.5)

where y; can be either the membrane potential or the firing rate (from now on we use y;
when referring to both state variables). As described next, the dynamics (8.5) satisfies
the properties of locality, cooperativity, and synaptic depression, which are biologically-
inspired requirements for any model aiming to capture Hebbian synaptic plasticity, [79].
Specifically,

* Cooperativity Property: the first term on the right-hand side of (8.5) describes
the cooperation between pre- and post-synaptic activity: in the absence of external
stimuli, both the pre- and post-synaptic neurons must be active to induce a synaptic
weight increase or decrease. The coefficient H;; € R is defined so that a non-
zero entry corresponds to an existing synaptic connection and a corresponding
evolution of the synaptic weight. Specifically, H;; describes the topology of the
network (and this is constant over time), while W;;(t) describes the time-varying
evolution of the corresponding synaptic weight.

* Synaptic Depression Property: the second term on the right-hand side of (8.5) is
a decay factor (c; > 0) that prevents the weights from diverging.

* Locality Property: the rule modeled in (8.5) is local, in the sense that changes in
W;; only depend on the activities of neurons j and i.

Finally, the third term on the right-hand side of (8.5), U; ;i R>g — R,is atime-dependent
external stimulus, e.g., it can represent some exogenous phenomena.
In compact form, the dynamics (8.5) reads

W (t) = Ho(y(1))2(y(1)) — esWi (1) + T (1), (8.6)
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where W € R™*" is the synaptic matrix, y € R™ is the neural variable, & : R® — R, is
the term by term application of the activation function ¢, i.e., ®(x); = ¢(z;), U € R"*"
are the external synaptic stimuli.

For our derivations, it is useful to define:

hmax := max |Hjl. 8.7

Moreover, following [79], we give the following

Definition 8.1 (Hebbian and anti-Hebbian learning rules). We call a Hebbian learning
rule with H;; > 0 Hebbian learning, and a rule with H;; < 0 anti-Hebbian learning.

The second model for Hebbian learning we consider also fulfills a

* competivity property: feature implying that if some synaptic weights grow, they
do so at the expense of others.

To capture this feature, we consider the following Oja’s like learning rule [66]:
Wi = Hijd(yi)p(y;) — (s + cod® (i) Wi + Ui, (8.8)
with ¢, > 0. We observe that if ¢, = 0, the dynamics (8.8) reduces to (8.5).

Remark 8.2. When y; is the membrane potential and there are no external stimuli,
equations (8.5) and (8.8) become the ones found in [79]. When y; is the firing rate,
through the activation function we are introducing a non-linearity. We emphasize that
to streamline our derivations we are using the same notation for the activation functions
across the models since they verify the same properties. However the activation function
in (8.1), (8.3), (8.5), and (8.8) can be different. U

8.3 Coupled Neural-Synaptic Dynamics

Consider an RNN of n neurons with dynamic synapses and fixed topology of interactions.
That is, the coefficients of H = (H;;);; € R™*"™ describing the Hebbian and anti-
Hebbian learning connections are constant. We make no assumptions on the relative
timescales of synaptic and neural activity. We now present the models that are the
subject of our study. These models are obtained by combining the neural and synaptic
dynamics introduced in Section 8.2. See Figure 8.1 for an illustration of a coupled
neural-synaptic model.

Hopfield-Hebbian Model

The coupled Hopfield-Hebbian model is obtained by combining the HNN (8.1), and the
Hebbian learning rule (8.5), with initial neural and synaptic conditions z;(0) € R and
W;;(0) € R, respectively. For our analysis, it is useful to write this system in vector
form:

(8.9)

T =—cpr + Wo(z) + u,
W=Hodx)®x) —e¢W+U,
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X v 4
Wij = Hijp(a:) () — csWij

Figure 8.1: Example of a coupled neural-synaptic (Hopfield-Hebbian) model (without
external stimuli, for simplicity) describing the dynamical evolution of both neural activity
x; and synaptic weights W;.

with initial neural and synaptic conditions z(0) := zy € R™ and W (0) := W, € R"*",
respectively.

Firing-rate-Hebbian Model

The coupled firing-rate-Hebbian model is obtained by combining the FNN (8.3), and the
Hebbian learning rule (8.5), with initial neural and synaptic conditions v;(0) € R and
W;;(0) € R, respectively. In vector form, the system is:

{ D:fcnz/+<I>(W1/+u), 8.10)

W=Hod()d() —cW+U,
with initial neural and synaptic conditions v(0) := vy € R™, and W, respectively. In

system (8.10), v € R" is the vector of the firing rates, while for notational convenience
the other terms are defined consistently with (8.9).

Hopfield-Oja Model

The coupled Hopfield-Oja model is obtained by combining the HNN (8.1), and the Oja’s
like synaptic plasticity rule (8.8), with initial neural and synaptic conditions z;(0) and
W;;(0), respectively. Using the same notation as for the dynamics in (8.9) we write this
system in vector form as

{ &= —cpx + Wo(z) + u,
(8.11)

W =Ho®)0(x)" — (cslp + co[®(2)][@(x)])W + U,

with initial neural and synaptic conditions xy and W, respectively.
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Firing-rate-Oja Model

The coupled firing-rate-Oja model is obtained by combining the FNN (8.3), and the Oja’s
like synaptic plasticity model (8.8), with initial neural and synaptic conditions v;(0) and
W;;(0), respectively. Using the same notation as in (8.10) we write this system in vector
form as

{ U= —cov + ®(Wr +u), (8.12)

W=Hodw)®v)" — (csIy + co[@)|[@(]))W + U,

with initial neural and synaptic conditions vy and W), respectively.

8.4 Low Dimensional Reformulations

The neural-synaptic models introduced in Section 8.3 consist of n x n? variables — n
neurons and n? synaptic connections. However, in biological systems, synaptic connec-
tivity is sparse compared to the number of neurons [ 1, 24]. To see this, just think about
the C. Elegans, one of the simplest organisms with a nervous system and the first mul-
ticellular organism to have a completed mapped connectome. C. Elegans has a system
that contains 302 neurons but only about 7,000 synapses [146], so it is pretty sparse.

To effectively exploit this sparsity, we now propose low-dimensional reformulations
of the models introduced in Section 8.3. These reformulations, which leverage the out-
incidence and in-incidence matrices reviewed in Section 2.6, are used in the next chapter
to give biologically-inspired forward invariance results and to obtain sufficient conditions
for non-Euclidean contractivity of the models.

Let m be the number of synaptic connections in the neural-synaptic dynamics intro-
duced in Section 8.3. To obtain the reduced formulation, we pick the m nonzero elements
of H, say H;;, and the corresponding elements of W and U, say W;; and U ij- We then
vectorize these elements in h € R™, w € R™ and u € R™, respectively. We stress that,
in our notation, W;; is the synaptic weight of the signal transmitted from a pre-synaptic
neuron j to a post-synaptic neuron ¢. These connections define a graph, whose n X n
adjacency matrix has the weight W;; as the element at position (¢,j). By applying
the identity (2.7), we can write the synaptic weight matrix W as W = By [w] B,
where By, and Bj, are defined as in (2.4) and (2.5). Moreover, from (2.6) for each
edge (i.e., synaptic connection) of the form e = (i, j), we get (B()Tmfb(y))e = oY),
and (B ®(y)), = ¢(y;). Substituting the above identities into the full dimensional
coupled neural-synaptic models introduced in Section 8.3, we obtain the corresponding
low dimensional reformulations. It is worth remarking that, in each case, we obtain a
system with n x m variables, with m < n2, instead of a system with n X n? variables.
Specifically, these reformulations yield the following systems.
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Hopfield-Hebbian Model Reformulation

T = —cyx + Bin w|Bl &(z + wu,
+ Bulul B b(e) .
w = ho B,,®(x) o By, ®(x) — csw + @,
with 2(0) := zp € R™ and w(0) := wy € R™. The components of wy are the m
elements of Wy having non zero H;;’s.
Firing-rate-Hebbian Model Reformulation
V= —cuv+® BmwBTV—Fu ,
+o(BafulBL +1) 51
w=ho Boutq)(’/) © Binq)(y) - GW + U,

with v(0) := 19 € R™ and wy € R™ defined consistently with the initial conditions in
(8.13).

Hopfield-Oja Model Reformulation

{ & = — ey + Bin|w]BJ,®(x) 4 u, 8.15)

W =h o By ®(z) o Bl ®(x) — (csLn + co[ By ®(2)][Byy @(2)])w + @,

out

with zp € R™ and wy € R™ defined consistently with the initial conditions in (8.13).

Firing-rate-Oja Model Reformulation

{ P = —cov + ®(Bi[w| Bl + ), (8.16)

W= hoBy®v)o Bl ®v) — (csIm + co[ By ()] [ By @(v)])w + @,

out

with vy € R™ and wg € R™ defined consistently with the initial conditions in (8.14).

8.5 Summary

Motivated by the aim to model and study ANN s that more closely align with the principles
governing natural neural networks, in this chapter we introduced biologically plausible
recurrent neural networks with dynamical recurrent connections. Specifically, we pre-
sented the modeling of four coupled neural-synaptic models: the Hopfield-Hebbian
model, the firing-rate-Hebbian model, the Hopfield-Oja model, and the firing-rate-Oja
model. We considered networks with both excitatory and inhibitory synapses governed
by both Hebbian and anti-Hebbian rules. To reflect the inherent synaptic sparsity found
in neural circuits, in Section 8.4 we proposed a low dimensional modeling formulation
of each model that allowed us to go from a system with n x n? variables—n neurons
and n? synaptic connections—to a system with n x m variables, where m < n? is the
number of non zero elements of the synaptic connection matrix H. In the next chapter,
we analyze the dynamical properties of these coupled neural-synaptic models, focusing
on their stability and convergence behaviors.
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9 Coupled Neural-Synaptic
Networks: Analysis

In Chapter 8 we introduced a number of coupled neural-synaptic models, combining
biologically plausible recurrent neural networks with dynamical recurrent connections
undergoing Hebbian learning rules. In this chapter, we shift our focus to a rigorous
analysis of the dynamical behavior of these models. Building on the framework presented
in the previous chapter, we now aim to deepen our understanding of the properties of
such networks. Specifically, we aim to explore and establish conditions for the stability,
robustness, and convergence properties of our coupled neural-synaptic dynamics.

The results in this chapter appeared in the same paper and were presented at the same
conferences as those in Chapter 8.

9.1 Introduction

Understanding the dynamical behavior of coupled neural-synaptic networks is important
for advancing both biological and artificial systems. Indeed, the analysis of such networks
is not only crucial for understanding the underlying mechanisms of learning in biological
systems but also for designing ANNs capable of more accurately mimicking natural
processes. In this context, Chapter 8 laid the groundwork by introducing models that
capture the complex interplay between neurons and synapses. Namely, we presented a
number of coupled neural-synaptic models that combine HNN and FNN for the neural
dynamics and two different Hebbian learning rules for the synaptic dynamics.

Building upon this framework, we now take a step forward by analyzing the dynamical
properties of these models to derive conditions under which the networks exhibit desirable
dynamical properties. The goal is to take a first step in the understanding of ANNs that
more closely align with the principles governing natural neural networks, to ensure that
not only these networks can learn and adapt efficiently but also to guarantee that they do
so in a stable and robust manner, mirroring the resilience of biological neural systems.
By leveraging tools from contraction theory and other mathematical frameworks, we
provide rigorous conditions that guarantee the stability and robustness of our coupled
neural-synaptic networks, together with other biologically-inspired forward invariance
results.
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The chapter is organized as follows. Section 9.2 presents the initial setup for the
chapter, outlining the assumptions and notations needed for the analysis. In Section 9.3
we show bounded evolutions of the solutions of the proposed coupled neural-synaptic
models. Then, in Section 9.4 we analyze the stability of those systems, by giving sufficient
strong infinitesimal contractivity conditions. The contractivity tests we propose are based
on biologically meaningful quantities, such as the neural and the synaptic decay rate,
the maximum out-degree, the maximum synaptic strength. In Section 9.5, we analyze
invariance properties of the synaptic dynamics. Specifically, we show that these dynamics
satisfy Dale’s principle and analyze the case of symmetric synaptic matrices. Finally, in
Section 9.6, we validate the effectiveness of our approach via a numerical example.

9.1.1 Contributions

In this chapter, we establish several key results that advance the understanding of the
dynamical properties of the coupled neural-synaptic networks introduced in Chapter 8.

First, we provide biologically-inspired forward invariance results for the coupled
neural-synaptic dynamics. Specifically, we show that the solutions of these models
are bounded, aligning with the biological observation that neurons eventually saturate
with high input values and that synaptic weights are inherently bounded. We also
show that, under suitable conditions, our models satisfy Dale’s principle — an empirical
principle [143] referring to the fact that an individual neuron has either only excitatory
or only inhibitory synapses. We then focus on the stability and robustness analysis
of the coupled neural-synaptic models. We do so by providing sufficient conditions
for the contractivity of each coupled model and leveraging non-Euclidean contraction
arguments. Remarkably, our sufficient conditions for contractivity and our lower bounds
on the contraction rate are both based upon biologically meaningful quantities, i.e., neural
and synaptic decay rate, maximum in-degree, and maximum synaptic strength.

Finally, we complement our theoretical results with numerical simulations on a
biologically-inspired network [146]. We leverage this network to illustrate the effective-
ness of our conditions and use the numerical results as a motivation to outline possible
avenues for future research.

9.2 Set-up

Starting from the low-dimensional reformulations of the coupled neural-synaptic models
introduced in Section 8.4 of the previous chapter, we now analyze several dynamical
properties of those systems. To conduct this analysis, in this chapter, we work under the
following assumptions.
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Assumption . For every neuron i we assume that the activation function satisfies

(9.A1) 0 < (i) < Pmax = jcfax | sup (yi (1)),
(9.42) 0< ¢/(y) < 1.

Moreover, for every i and j, we assume that the external stimuli are such that

(9.43) Ju;(t)] < Umax := max supu(t),
B i€{l,....n} ¢ B
(9.A4) ‘Uij(t)| < Umax := max supU;;(¢).
i,j€{1,...,n} ¢
Remark 9.1.

(i) The assumptions on bounded activation function and external stimuli are used to
prove forward invariance results for the coupled neural-synaptic dynamics. While
all the assumptions are used for the contraction analysis, as we will show, for the
results on the firing-rate-Hebbian and firing-rate-Oja models, Assumption (9.A3)
is not needed.

(ii) For each result of this chapter, except for Dale’s principle, we can relax Assump-

tion (9.A1) by letting ¢min 1= Miniegy 3 sup; @(¥i(t)) < d(¥i) < Pmax =
max;eq1,....n} SUP; @(yi(t)). We assume dmin = 0 for simplicity of notations.

(iii) The assumptions are not restrictive in practice. Indeed, widely used activation
functions (e.g., sigmoid — see Figure 9.1 for an illustration) satisfy, possibly after
rescaling, Assumptions (9.A1) and (9.A2). It is also physically plausible that the
external stimuli are bounded.

O

sigmoid(z) asigmoid, (z)
0z

T

Figure 9.1: Sigmoid function sigmoid(z) =

—4 -2 ( 2 4 z —4 -2 2 4 z

H% (left panel) and its derivative (right

panel). As shown, the sigmoid function is slope restricted in [0, 1].
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Additionally, we define the following quantities:

* dmax := || Bin|loo is the maximum topological in-degree of the network.

* Tmax = (Umax + dmax PmaxWmax ) /Cn 18 the maximum membrane potential,
* Umax := @max/Cn is the maximum firing rate,

* Wmax = (Mmax P2 +Hmax ) /Cs is the maximum synaptic weight value.

These quantities are used throughout our analysis to derive conditions for stability,
forward invariance, and contractivity of the neural-synaptic models under consideration.

9.3 Dynamical Property of the Models: Bounded Evo-
lution

All biological neurons eventually saturate for high input values and the synaptic weights
remain bounded. Inspired by these properties, we now investigate whether the solutions
of the coupled neural-synaptic models introduced in Section 8.4 are bounded. To state
our results, we define the following sets:

X :={z eR"||z;| < Tmax, 7 € {1,...,n}},
Vi={veR"||vi| < tVma, 1 € {1,...,n}},
W = {W S Ran | |Wl]| S Wmax Z,j c {17 .. ,n}}

With the next result, we show that the solutions of the Hopfield-Hebbian model have
bounded evolutions when Assumptions (9.41), (9.43), and (9. A4) hold.

Lemma 9.1 (Bounded evolutions Hopfield-Hebbian). Consider model the coupled Hopfield-
Hebbian system (8.13) and let Assumptions (9.A1), (9.A3), and (9.A4) hold. Then, the
set X x W is forward invariant and attractive, in the sense that, for every neuron
1€ {1l,...,n}, and every edge e € {1,...,m}, the following inequalities hold

|25 ()] < (J2:(0)] — Zmax)e ™" + Tmax, t>0, 9.1)
lwe ()] < (|we(0)| - wmax)eicht + Wmax, t>0. 9.2)

Proof. Let (',w')" be a solution of (8.13) having initial conditions (7, ,@, )" €
X x W. Considering the synaptic dynamics in (8.13) written in component, for each
edge e we have W, (t) = he(Bgy®(z)), (B ®(x)), — ¢We(t) + T, for all t > 0.

Assumptions (9.A41) and (9.44) and the fact that the matrices B, and B, are unit
column sum, imply the upper bound

ﬁe (t) S hmax¢12nax - Csme (t) + ’amax~ (93)
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Next, let v(t) := |w,(t)

, for all ¢ > 0.From inequality (9.3) we get
1
D [w,(t)] = limsup —([w(t + k)| — [we(t)])
k—0t k

|We (t) + k (Amax Dy — CWe(t) + Umax ) | — [We (£))]

< lim sup
k—0t k
I, — ke, || —1
< lim sup m & [We (t)] + Mmax @2 4 Umax
k—0t k

= U(*Cslm) |we(t)| + hmaxd)?nax + Umax = —Cs |we(t)| + hmaX¢r2nax + Umax-
Therefore D [, (t)| < —cs [We ()] + hmaxP2ax + Umax, for all £ > 0. Next, consider

m

the function v : R>¢ — R and define the differential equation
U'(t) = g(”? t) = —csu(t) + hmax(/l)?nax + Umax u(O) = |E€(0)| :

Its solutionis u(t) = (|we (0)|—wWmax)e ™" +wWmax, Where Wmax := (Amax@2ax + Umax) /Cs-
Applying the comparison Lemma 4.1 we have v(t) < u(t), forall ¢ > 0, i.e.,

|m€(t)| S (|we (O)‘ - wmax)eicSt + Wmax - (94)

Being W, (0) € W we get [We(t)| < wmax, hence We(t) € W, for all ¢ > 0 and edges
e. Moreover, considering the neural dynamics in (8.13) written in component, for each ¢
we have Z; = —c,Z; + (Bin[w] B, ®(Z)); + u;. By Assumption (9.41), Definition (8.7)
and having proved that w.(t) € W, forallt > 0ande € {1,...,m}, it holds

ii (t) S Umax + dmax¢maxwmax - Cnfi (t)
Hence, following steps similar to those we used to bound the synaptic dynamics, we have
|fi (t)| < (|fz(0)| - xmax) e et + Tmax, 9.5

where Zmax := (Umax + @maxPmax Wmax )/ cn- Being T;(0) € X we get [T;(t)| < Zmax. This
implies that Z;(¢) € X, for all t > 0 and for all ¢. Thus the trajectories of any solution
(z",w") T of the coupled Hopfield-Hebbian system (8.13) having initial conditions in
the set X x VV remain in this set, which therefore is forward invariant.

Finally, to prove that the set is also attractive, we observe that as ¢ — +oo condi-
tions (9.4) and (9.5) are verified for all initial conditions (4 ,wg ), not only for those
starting in X x W. Thus, inequalities (9.1) and (9.2) hold and according to Definition 4.2,

the set X x W is attractive. ]

Next, we consider the coupled firing-rate-Hebbian model and show that it exhibits
bounded evolution of the solutions if Assumptions (9.A41) and (9.44) hold.

Lemma 9.2 (Bounded evolutions firing-rate-Hebbian). Consider the coupled firing-rate-
Hebbian system (8.14) and let Assumptions (9. A1), and (9. A4) hold. Then, the setV x VW

is forward invariant and attractive, in the sense that, for every neuron i € {1,...,n},
and every edge e € {1,...,m}, the following inequalities hold
i < ([16(0)] = Vinax)e ™" + Vinas, t>0, (9:6)

lwe(t)] < (‘we(o)‘ - wmaX)e_Cst + Wmax, t>0. 9.7
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Proof. The proof, which follows similar steps to the one given for Lemma 9.1, is omitted
here for brevity. O

Then, we give the following result for the bounded evolution of the solutions of the
Hopfield-Oja model.

Lemma 9.3 (Bounded evolutions Hopfield-Oja). Consider the coupled Hopfield-Oja
system (8.15) and let Assumptions (9. A1), (9.A3) and (9.A4) hold. Then, the set X x W
is forward invariant and attractive in the sense that, for every neuron i € {1,...,n},
and every edge e € {1,...,m}, inequalities (9.1) and (9.2) hold.

Proof. The proof, which follows a reasoning similar to the proof of Lemma 9.1, is
obtained once the following upper bound for D |w,(t)] is established

D 0,0 < pi(—ul — o[ B ()[BT (@)]) [We(t)] + huis S + o

Applying the translation property of the log-norm (iii) and noticing that the inequal-
ity —p(co[By ®(2)][B ®(x)]) < 0 hold, we get D [We(t)| < hmax®Zax + Umax —
¢ [We(t)], for all ¢ > 0. The desired results then follow. O

Finally, we show that coupled firing-rate-Oja model exhibits bounded evolution of
the solutions if Assumptions (9.A1) and (9.A4) hold.

Lemma 9.4 (Bounded evolutions firing-rate-Oja). Consider coupled firing-rate-Oja sys-
tem (8.16) and let Assumptions (9. A1), and (9. A4) hold. Then, the set V x W is forward
invariant and attractive, in the sense that, for every neuron i € {1,...,n}, and every
edge e € {1,...,m}, inequalities (9.6) and (9.7) hold.

Proof. The proof, which follows similar steps to the one given for Lemma 9.3, is omitted
here for brevity. O

Remark 9.2. Lemmas 9.1, 9.2, 9.3, 9.4 ensure that the synaptic rule of each of our
models fulfills the boundedness property. This is a desirable property for realistic neural
network models, see e.g. [79]. O

9.4 Showing Contractivity of the Models

We now investigate the contractivity of the coupled neural-synaptic models introduced in
Section 8.4. Specifically, we give sufficient conditions for strong infinitesimal contrac-
tivity by leveraging suitably-defined composite norms (see Section 2.5 for more details).
For each model, we propose a contractivity test based on biologically meaningful quan-
tities, such as the neural and the synaptic decay rate, the maximum out-degree, and the
maximum synaptic strength. Our first result in this section presents a sufficient condition
for the contractivity of the coupled Hopfield-Hebbian model.
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Theorem 9.5 (Strong infinitesimal contractivity of the Hopfield-Hebbian model). Con-
sider the coupled Hopfield-Hebbian model (8.13) and let Assumptions (9. A1) — (9. A4)
hold. Further, assume that:

CpCs > 3dmathax¢?nax ~+ dmaxUmax - (9.8)

Then, the dynamics (8.13) is strongly infinitesimally contracting on X x VV with respect
to the norm || [[|z]|co, [[Wloo] lp,fn)» Jor any p € [1,00] and where 1) is some positive
vector. Moreover, the contraction rate is at least

Cug + gnh — \/(5}1}1 + gh)2 — dgnc?

2¢, ’

Ay = — 9.9)

R 2 - 2 P Py
where byax 1= dmathax¢max: CHH ‘= C§ + 2bmax » and Gh ‘= CnCs — 3bmax — dmaxUmax-

Proof. Letus consider the low dimensional formulation of the coupled Hopfield-Hebbian
model (8.13) satisfying Assumptions (9.A1)—(9.A4). Its Jacobian is

Jnn JnS
J(x,w) := [ A },

where, defining f, := —c,x + Bin[w] B, @ () +u, and f := ho B/, ®(x) o Bl ®(x) —
csw + U, we have

_ O

Jin = Oz = —caln + Bin[w]B;t[CPI(x)],
_0fy _ OBalBau®@w) o, oy
JIIS - 8U} - 61,0 - Bln [Bol.ll@(x)]’
afs /
T = S5 = (BB + (B BL) @ @),
_of
Jss - Ow - CsIm'

We consider the infinity norm both on R” and R™ and we define the aggregate Metzler
majorant of the matrix J(z, w):

| peo(Jin) |1 nsleo
T = 1 e | ©.10)

For any p € [1,00] and for 7 > 0 as in Lemma 2.3 we consider the aggregation norm
|l - llagg = Il - llp,jn]- Then Theorem 2.4 implies

,qupSt(J(x7 W)) < Mp,[n](|J(x7 w)‘M)

From Proposition 2.5 we know || B! ||so = || Boyll« = 1. Also, being [|[®’(2)][|c < 1,

out

[®(2)|lc = Gmax and [Wij| < (Amax@Zax + Umax)/Cs» for all i,5 € {1,...,n}, we
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bound:

[Jaslloo < 1| Binlloo [ Bow®(@)]lloo < dimax Pmax,
[ Jsalloo < I[P loo [ Bou® (@) By + [Bia ®(2)] Bawlloo < 2hmax Gimax.
oo (Jan) = =Cn + oo (Bin[w] By [¥' ()]) < —ca + || Bin[w] By [®' ()] [l oo
< dimax (hmax Oinax. + Timax) /€ — €,
too(Jss) = —¢s.

dmax (hmax ¢§1ax + amax)

—Cn dmax ¢max

2hmax¢max —Cs
Applying the monotonicity property of the log-norm of a Metzler matrix, and being

J M-uH an irreducible Metzler matrix, from Lemma 2.3 we get

Hence |J(z,w)|m < = JMeHH.

i, 1o (| (2, w) ) < i g (Tvae) = (T nimm)-

Finally, the last step is to find conditions for which Jyinn, and thus | (z, w)]|w, is
Hurwitz. In our case, being Jy.gy a 2 X 2 matrix this happens if and only if

dEt (:]M—HH) = CpCs — 3dmathax¢[2nax - dmaxﬂmax > 07 (91 1)

and tr(Jyenn) = dmax (Pmax @2 + Gmax)/Cs — Cn — s < 0, i.e.,
CnCs > *C? + dmax(hmaxd)rznax + ﬂmax)~ (912)

Now, since condition (9.11) implies (9.12), jM py 18 Hurwitz if and only if condi-
tion (9.11), that is condition (9.8), holds. Next, we determine the spectral abscissa of
J M-ug- Note that the eigenvalues of J M-uH are the zero of the characteristic polynomial

p(/\) = /\2 - tr(jM-HH))\ + det(jM_HH),

whers: bmax = dmathax(b?naxa tI‘(:]M-HH) = (bmax + 'amaxdmax)/cs — ¢ — ¢y, and
det(JM_HH) = CpCy — gbmax — amaxdmax. Deﬁning EHH = Cg —+ 2bmax’ and gnh ‘=
CnCs — 3bmax - dmaxamam we write p(A) = )‘2 =+ <CHHWI> /\ + 9h- We havep()\) = O
Cs
if and only if
o CHH + gh — \/(EHH +gn)” — dgnc?
1= 205 )
\ Cun + gn + \/(EHH + gn)” — 4gnc?
2= - .

2¢

We observe that the delta of the polonium p()\) is

A= (052 + gn + 2bmax)2 - 4ghcg _ (gh - 032)2 + 4bmax(bmax + CSZ + gh)
a g B g '
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Assuming condition (9.8) (which implies that g, > 0) and being b;,,,x and ¢ non negative,
we have A > 0, so that Ay < \; = a(jM_HH) := MqH-

Hence, if (9.8) is satisfied, then, from the definition of contracting systems 4.3,
we have that the coupled neural synaptic dynamics (8.13) is strongly infinitesimally
contracting and its contraction rate is at least Ayy. This completes the proof. O

With the next result, we give a sufficient condition for the contractivity of the firing-
rate-Hebbian model.

Theorem 9.6 (Strong infinitesimal contractivity of the firing-rate-Hebbian model). Con-
sider the coupled firing-rate-Hebbian system (8.14) and let Assumptions (9.A1), (9.A2)
and (9.A4) hold. Further, assume that:

2 -

CnCs > dmathax(ﬁ?nax (1 + Z) + dmaxUmax - (9.13)
n

Then, the dynamics (8.14) is strongly infinitesimally contracting on )V X WV with respect

to the norm || [||[V]|so, [|[Wllso] lp,i)» Jor any p € [1,00] and where 1) is some positive

vector. Moreover, the contraction rate is at least

Cru + gr — \/(EFH + 9f)2 — 4grc?
AFH = — 50 , 9.14)
S

where g := cnCs — Amax (1 4+ 2/¢n) — Umax@max and epg = €2 + 2amax/Cn-

Proof. The proof follows similar steps as these used to prove Theorem 9.5. The full proof
is therefore omitted here, we only notice that, for the firing-rate-Hebbian dynamics, the
Jacobian is partitioned into the following matrices:

Jon = Bin[w] By, [® (Bin|[w] Boyv + u)] — caly,

Jns = Bin[Boyv] [®' (Bin[w] Boyv + u)] ,

Jin = [0 ([Bou® () By + [Bip ()] B ) [®' ()],

Jss = *csIm~

Additionally, we compute the lower bounds on the contraction rate. To this purpose,
consider the matrix

j o dmax(hmax(b?nax + ’amax)/cs — Cn dmax¢max/cn
M-FH 2hmax d —c '
max ¥/ max S
1
We have p(\) = A\? + — (G + gr) A + gr. We observe that under condition (9.13) it is
c
gt > 0. We have p()\) = 0 if and only if

~ Cru+gr— v/ @ru + g6)% — 4gec?

A =
! 2¢ ’
Ao — Cru + 95 + \/(EFH + gf)2 - 4ngZ
9 = — .
2¢s
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We observe that the determinant of p(\) is

1 2 ?
A= 2 CE + gt + —Qmax - 4gfcg
c: Cn

1 4 a
= 2 (-t Lo (= gr )

c? n A
Therefore, under condition (9.13) and being amax, ¢n, ¢s NON negative, it always results

A > 0, so that (] J (z, w)|m) == Am = A1 O

With the next result, we give a sufficient condition for the contractivity of the Hopfield-
Oja model.

Theorem 9.7 (Strong infinitesimal contractivity of the Hopfield-Oja model). Consider
the the coupled Hopfield-Oja system (8.15) and let Assuptions (9.A1) — (9.A4) hold.
Further, assume that:

_ C _
CnCs > dmax (Shmaxqﬁmx + umax) + 20*0¢12mxdmax (hmax(b?nax + Umax)- (9.15)
Then, the dynamics (8.15) is strongly infinitesimally contracting on X x VV with respect

to the norm || [||z]|co, [|Wlloo] lp, ), Jor any p € [1,00] and where 1 is some positive
vector. Moreover, the contraction rate is at least

CHO + go — \/(éﬂo +g0)° — 4goc?
)\HO = — 2 )
S

where cyo 1= CE + 2bmax + 2¢2 co/cs (bmax + dmax'amax) and go ‘= CnCs — 3dmathax(brznax +

_ Co o 2 _
AmaxUmax — 2 ; ¢max (dmax Panax ¢max + dmaxumax) .
S

Proof. The full proof, which follows similar steps to the ones used to prove Theorem 9.5,
is omitted here for brevity. We only note that, for the Hopfield-Oja dynamics, the Jacobian
is partitioned into the following matrices:

Jnn - *Cn[n + Bm[w}B;l;t[@/(x)],
Jns = Bin[BT (I)(.’E)],

out

Jon = (W] ([Bou®(@)]| By + [Big ®(2)] B ) [#'(2)] — 260 [w][ By @ ()] By [#' ()],

out

Jss = _CSIm - CO[BII(I)(:)S)][BJ(I)(QT)]

For completeness, we also compute the lower bounds on the contraction rate. To this
purpose, consider the matrix

dmax(hmax¢r2r1ax + ’amax)/cs — Cp dmax¢max

JmHo = i
M-HO 2¢max(hmax + co(hmaxqj)?nax + Umax)/cs) —Cs
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and its characteristic polynomial p(\) = A% + <m> A+ go. We have p(A) =0

S

if and only if

CHo + Go — \/(EHO +90)° — 4goc?
1 — 285 )

CHo + 9o + \/(EHO +90)° — 4goc?
2cs '

Ao =
The determinant of p(A) is

_ 2
(Cf + 9o + 2bmax + 2¢2Co/cs(bmax + dmaxumax))

A= =2 —4g,
_ (go - 63)2 + 4bmax(bmax + Cf + go) + 4(1540(2)/03 (bmax + dmaxﬁmax)z
c &8
+ 4¢2Co/cs(bmax + dmax’amax) (652 + 9o + 2bmax)
c2 '

Therefore, under cgndition (9.15) and being by, ¢o, and ¢ non negative, it always results
A > 0, so that OZ(JM,H()) = Ago = 1. O

Finally, with the next result, we give a sufficient condition for the contractivity of the
firing-rate-Oja model.

Theorem 9.8 (Strong infinitesimal contractivity of the firing-rate-Oja model). Consider
the coupled firing-rate-Oja (8.16) and let Assumptions (9.A1), (9.A2) and (9.A4) hold.
Further, assume that:

2 o _
s > s s O (14— ) + o + 2= 6 o (i O+ ) - (9:16)

Cn sCn

Then, the dynamics (8.16) is strongly infinitesimally contracting on )V X VV with respect
to the norm || [[|[v]loo, [Wlloo] llp.[n), Jor any p € [1,00] and where 1 is some positive
vector. Moreover, the contraction rate is at least

Cro + got — \/ (%0 + gor)” — 4gorc?

b)
2¢

AF0 = —

— 2 P 2 2 ¢ =
where Gmax 1= dmathax(bmax’ Cro = C§ + 2a/max/cn + 2¢ - (amax + dmax“max) and

CsCn

_ 2 oy [¢ 2 o
Gof = CnCs — Omax (1 + CT]) — dmaxUmax — QCSZH max (amax + dmaxumax)-

Proof. We omit the proof since it follows the same steps of Theorem 9.5. The main
differences are the Jacobian of (8.16) and the bound on the contraction rate, that, for
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completeness, we present here. The Jacobian is partitioned into the following matrices:

Jon = —cnly + Bin[w] By, (@ (Bin [w] By + u)],

Jus = Bin[Bow] [®' (Bin[w] By + u)]

Jan = [1] ([Boue®] By + [Bin @] Boy) [9]2¢,[w][ By, ® ()] By, (9],
Jis = =l — o[ By O(2)][By ®(x)].

Additionally, the lower bound on the contractivity rate is given by the following standard
reasoning. Given the matrix

dmax (hmax QSrQnax + Umax ) dmax (ybmax
— ¢ max ¥ max
JMFo = gz ) ‘n
2(Zsmax (hmax + ? (hmax¢max + umax)) —Cs
S

and its characteristic polynomial p(\) = \? + (&FOcifg“) A + got, where for simplicity of

notation we have defined amax = dmaxPmax@2axs CF0 1= C2+20max/Cn+202 1« o (@max+

CsCn

We observe that under condition (9.16) it is g, > 0. We have p(A) = 0 if and only if

dmaxﬂmax) and gof = CnCs — Omax (1 + %) - dmaxﬂmax - 2670 r2nax (amax + dmaxﬂmax)-

Cro + got — \/ (¢ro + gof)2 — 4gofc?
1 — )

2¢
\ CFO + Yot + \/ (Cro + gof)2 — 4gorc?
9= — .
2¢
Itis
2 2 2
(Cs + Gof + 20’%"“ + 2¢maxﬁ(amax + dmaxﬂmax)>
A= - 4gof

2
Cs

2
(gof - 052)2 + 4%(% + 652 + gof) 4¢$ax (c(jzn) (amﬂx + dmﬂxﬂmﬁx)z
c2 + c2
S S

4¢12nax%(amax + dmaxamax) (652 + got + 2%)

2
Cs

+

Therefore, under cgndition (9.16) and being by, ¢o, and ¢ non negative, it always results
A > 0, so that OL(JM_F()) = Apo = A1. O

Finally, we close this section with the following observation. Comparing condi-
tions (9.8), (9.13), (9.15) and (9.16), we can see that the contractivity test for the coupled
Hopfield-Oja (8.15) and firing-rate-Oja (8.16) systems are more conservative than the
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test for the coupled Hopfield-Hebbian (8.13) and firing-rate-Hebbian (8.14) systems.
On the other hand, when ¢, = 1 the contractivity test for the Hopfield-Hebbian and
the firing-rate-Hebbian models is the same, while when ¢,, > 1 (9.13) gives sharper
contractivity condition with respect to (9.8). Vice versa when ¢, < 1.

Remark 9.3.

» Sparse connectivity enables the low-dimensional reformulations of the coupled
neural-synaptic systems (8.9) — (8.12) as systems (8.13) — (8.16). The contractivity
conditions in (9.8), (9.13), (9.15) and (9.16), are less conservative compared
to what one could obtain if the analysis was applied directly to the original
dynamics (8.9) — (8.12).

» Throughout this section as in, e.g., [23, 79, 102, 59], we consider homogeneous
decay rates. However, it is worth noting that our analysis can be generalized to
heterogeneous decay rates. For example, let c}, be the decay rate for the i-th neuron
so that the dynamics (3.1) reads &; = —cla; + 2?21 Wijd(x;j) + u;. Then the
contractivity condition (9.8) becomes

. i 2 _
(Iniln C;)Cs > 3dmathax¢max + dmaxumax-

9.5 Invariance Properties of the Synaptic Dynamics

In this section, we explore invariance properties of the synaptic dynamics of our neural-
synaptic models. These invariance results are important as they ensure that certain
biological constraints are respected throughout the evolution of the system, thereby
enhancing the biological plausibility of the models.

9.5.1 Dale’s Principle

Biological neurons release either excitatory (E) or inhibitory (I) outgoing synapses,
not both [143, 147]. This characteristic, known as Dale’s Principle, imposes a strict
constraint on the type of output a neuron can produce. Specifically, Dale’s Principle
implies that a single neuron cannot have a mixture of positive (excitatory) and negative
(inhibitory) output synapses. Furthermore, the nature of these synapses is invariant
over time, meaning that once a neuron is classified as excitatory or inhibitory, all of its
outgoing synapses remain either non-negative or non-positive, respectively, for all time.
Mathematically, this principle implies that the elements of the columns of the synaptic
weight matrix W (t) are either all non-negative or all non-positive at any time ¢.

We illustrate Dale’s principle with a simple example of a network of five neurons in
Figure 9.2. In the example, the network on the left satisfies the principle, as each neuron
releases either excitatory or inhibitory outgoing synapses, but not both. In contrast, the
network on the right violates Dale’s Principle, as neurons 2 and 4 release both excitatory
and inhibitory synapses.
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Figure 9.2: Left: Example of a network satisfying Dale’s principle. Each neuron has
either all positive (green) or all negative (red) output synapses. Right: Example of a
network that violates Dale’s Principle, as neurons 2 and 4 have both positive and negative
output synapses.

9.5.2 Invariance Results for the Synaptic Dynamics: Dale’s Prin-
ciple

We now investigate if the models considered in this thesis satisfy Dale’s Principle.

Lemma 9.9 (Dale’s Principle). Consider the coupled neural-synaptic models (8.9) —
(8.12) with external synaptic stimuli U = 0 and let Assumptions (9.A1)—(9.A3) hold.
Pick aneuron j € {1,...,n}. If, foralli € {1,...,n}:

(l) Hij > 0 and W”(O) >0, then le(t) >0, YVt >0,
(ii) Hij < 0and Wij(O) <0, then Wij(t> <0, Vt>D0.

Proof. We start by proving statement (i) for the coupled Hopfield-Oja model (8.11) with
U;; = 0. We show the result by considering the synaptic dynamics

Wis(t) = Higd(ys (1) (y; () — (5 + cod® (5 (1)) Wis (1), (9.17)

with y;(t) and y;(t) being exogenous inputs. Let W; := (Wij)ie(1,...ny € R™ be the
j-th column of W. We show that, if the assumptions in (i) are satisfied, then the positive
orthant is forward invariant for the dynamics for W; uniformly in y;(¢) and y; (¢).

To this aim, note that by assumptions when W;; = 0, the right-hand side in (9.17) is
non-negative. Hence, by Nagumo’s Theorem 4.2, the positive orthant is forward invariant
for (9.17). Moreover, since this property holds for all signals y; (¢) and y; (), this property
also holds when y;(t) = x;(t) and y;(t) = «;(t). This gives the result for the coupled
Hopfield-Oja (8.11) and firing-rate-Oja (8.12) models. Furthermore, the non-negativity
condition for the right-hand side in (9.17) also holds when ¢, = 0, and this, in turn, yields
the result for coupled Hopfield-Hebbian (8.9) and firing-rate-Hebbian (8.10) models. The
proof of statement (ii) follows similar reasoning and is omitted here for brevity. [

Remark 9.4. A key assumption in Lemma 9.9 is that the models satisfy (9. A1), ensuring
the activation function’s non-negativity. It is worth noting that if the activation function
acting on the pre-synaptic node y; has an opposite sign with respect to the one acting
on the post-synaptic node y;, then not only Dale’s principle is not satisfied, but neurons
over time will change the outgoing synapses they release. That is, excitatory synapses
become inhibitory and vice-versa. O
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9.5.3 Invariance Results for the Synaptic Dynamics: Symmetric
Matrices

Finally, we investigate invariant results for symmetric synaptic matrices. We analyze this
aspect as in the neuroscience literature this appears to be a key property for a number
of well-known models, e.g., [22, 58, 24, 9]. Nevertheless, the assumption of symmetric
weight matrices, which is often made to streamline the mathematical analysis, violates
Dale’s Principle. To investigate invariant results for symmetric synaptic matrices, we
consider the dynamics (8.5) in vector form with U = 0:

W (t)=Ho®(y(t)2(yt)" —cW(t), (9.18)

where y(t) is an exogenous input. The following Lemma formalizes the fact that, if H
is symmetric the system always converges to a symmetric synaptic matrix. Moreover, if
W (0) is symmetric, then W (t) = W T (¢), Vt > 0.

Lemma 9.10. [Invariance Results for the Symmetric Synaptic Matrices] Consider the
coupled Hopfield-Hebbian (8.9) and firing-rate-Hebbian (8.10) models with external
synaptic stimuli U = 0, satisfying Assumptions (9.A1)—(9.A3). Assume that H is
symmetric and let Ws(t) and Wa(t) be the symmetric and skew-symmetric components
of W(t), then:

(i) if Wa(0) = 0, then Wa(t) = 0, Vt > 0;
(i) tllglo Wa(t) = 0.

Proof. The proof is inspired by [23, Appendix 8.1]. First, we write W (t) = Ws(¢) +
Wa(t), V& > 0, so that equation (9.18) can be written as

Ws+Wa=(Hod(y)d(y)" — cWs) — ¢;Wa.

To prove statement (i) note that W, (0) = 0 implies that the right end side in (9.18) is
symmetric at time ¢t = 0, thus Wa(t) = 0, ¥¢ > 0 and uniformly in y(¢). This leads
to the desired result. Next, for statement (ii) it suffices to note that the dynamics for the
skew-symmetric component of W (t) are given by W a(t) = —cWa(t), whose solution
is Wa(t) = Wa(0)e™%!, Vt> 0. The desired result then follows. O

Remark 9.5. The previous results hold only when c, = 0. In fact, if ¢, # 0, in general,
the right end side of (9.17) is not symmetric, and therefore Lemma 9.10 can’t apply. [

9.6 Numerical Example

We validate our theoretical results via a simple example and, for brevity, we present
numerical results only for the Hopfield-Hebbian model (8.13). Inspired by one of the
building blocks of the nematode C. elegans neural circuit studied in [146], we consider
the simple network of Figure 9.3 with six neurons and six edges (four excitatory and two
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Figure 9.3: Coupled neural-synaptic model with six neurons ¢ and six edges, ¢;, ¢ =
1,...,6, four excitatory (green) and two inhibitory (red). Only nodes 1 and 2 are
subjected to the external stimuli u; and wug, respectively. Colors online.

inhibitory). The C. elegans architecture can be schematically represented as a cascade
of the blocks of the network in Figure 9.3.
The out- and in-incidence matrices for this network are:

000000 1 100 00
000000 001100
001000 000010

Bo=11 0000 021|000 0 01
000101 000000
010010 000000

In this case dmax = 2 and we pick the elements of 4 in (8.13) from the interval [—1,1].
These elements are selected so that e;, i € {1, ...,4}, are excitatory, while e5 and eg are
inhibitory. For the neurons we set ¢(x) = H% and hence ¢.x = 1. In the network,
only neurons 1 and 2 receive the external stimuli v, = 20sin(8t) and ug = 15 cos(8t),
respectively; also, the excitatory synaptic weights are subject to a constant stimulus
@ = 1.5. In our experiments, we pick the initial conditions from the set [—1, 1] and select
the synaptic initial conditions so that Dale’s Principle is satisfied. To numerically validate
the results presented in Section 9.4 we set ¢, = 3.6 and ¢; = 3.2, so that condition (9.8)
is satisfied, i.e., the Hopfield-Hebbian network is strongly infinitesimally contracting.
The behavior of the network is illustrated in Figure 9.4. The contraction rate estimate
given by (9.9) is Agg = 0.54. As expected, this estimate is more conservative than
the empirical contraction rate of 4.10 obtained from numerical simulations. Moreover,
a direct computation shows that z,,x = 5.98 and wp,x = 0.78, in accordance with
Lemma 9.1. Also, the behavior in the figure is in accordance with Lemma 9.9: note
indeed that the synaptic weights have always the same sign. We also note that, since
our conditions guarantee the contractivity of the network, the Hopfield-Hebbian network
becomes entrained by the periodic inputs u; and us (see Figure 9.4).

Finally, to validate our results for RNNs, we introduce recurrent connections to the
network in Figure 9.3, obtaining the network in Figure 9.5. Here, dy,,x = 2 and we pick
the elements of h in (8.13) from the interval [—1,1]. These elements are selected so
that es, eg, and e; are inhibitory, while the other edges are excitatory. In the network,
only neurons 1, 2, and 4 receive the external stimuli u; = 5 tanh (¢), ue = 3 tanh (¢),
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Figure 9.4: Simulation of the Hopfield-Hebbian model of Figure 9.3 exhibiting entrain-
ment to periodic inputs typical of contracting systems. See Section 9.6 for the parameters.

Figure 9.5: Coupled neural-synaptic model with six neurons ¢, ¢ = 1,...,6, and nine
edges, e;, 7 = 1,...,9, six excitatory (green) and three inhibitory (red). Only nodes 1,
2, and 4 are subjected to the external stimuli u1, ug, and us, respectively. Colors online.

and uz = 7tanh (¢), respectively; also, the synaptic weights e and e4 are subject to a
constant stimulus u = 1.5, while es, e3 and eg to 4 = 1. In our experiments, we pick
the initial conditions from the set [—1, 1] and select the synaptic initial conditions so
that Dale’s Principle is satisfied. Also in this case, we set ¢,, = 3.6 and ¢, = 3.2, so
that condition (9.8) is satisfied. For this example, we perform an exploratory numerical
study to investigate what happens when the network parameters are set so as to satisfy
Theorem 9.5, but the activation functions are affected by the delay, say 7 = 2s in
our simulations. While it is well known that contraction is preserved through specific
time-delayed communications [148], to the best of our knowledge this property has not
been investigated for the types of dynamics considered here. The resulting behavior of
the network, illustrated in Figure 9.6, shows that the delayed system appears to be still
contracting. We leave the study of neural-synaptic networks with delays to future work.
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Figure 9.6: Simulation of the Hopfield-Hebbian model of Figure 9.5 with the activation
functions affected by 2s of delay. Even with the delays the system appears to be still
contracting. See Section 9.6 for the parameters.

9.7 Summary

In this chapter, we completed the analysis of Chapter 8 for the modeling and understanding
of ANNs that more closely align with the principles governing natural NNs. Given the
coupled neural-synaptic models combining RNNs with dynamical recurrent connections
undergoing Hebbian learning rules, in this chapter we characterized key dynamical
properties of such models, supporting some biologically realistic behaviors.

First, in Section 9.3 we established a key biologically-inspired forward invariance
result for the trajectories of the system, showing bounded solutions for each model. This
result mirrors the fact that biological neurons eventually saturate with high input values
and that synaptic weights are bounded. Then in Section 9.4 we gave sufficient conditions
for the non-Euclidean contractivity of the models. Importantly, each contractivity test
we presented is based upon biologically meaningful quantities, i.e., neural and synaptic
decay rate, maximum in-degree, and maximum synaptic strength. Specifically, we found
that when the neural decay rate ¢, > 1 the model with the FNN has sharper contractivity
conditions with respect to the one with the HNN. We then explored invariance properties
of the synaptic dynamics in Section 9.5. Specifically, in Lemma 9.9 we showed that
under suitable conditions the synaptic rules satisfy Dale’s Principle. With this result, we
enhanced the biological plausibility of our models. Additionally, in Theorem 9.10 we
gave invariant results for symmetric synaptic matrices. Finally, to validate our theoretical
results, we conducted a numerical example using a biologically inspired network. This
example is based on a block of the C. elegans neural architecture.

The results of this chapter establish a theoretical framework for advancing ANNs
that more closely align with biologically plausible principles, setting the stage for further
developments in biologically inspired machine learning.
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[11.1  Introduction

Optimization problems are fundamental in science and engineering, with a wide range
of applications spanning from control theory to computational neuroscience, as demon-
strated in earlier parts of this thesis. Within the family of optimization problems, convex
optimization stands out as a central tool across many domains.

Traditionally, optimization algorithms have been implemented as iterative procedures
on digital devices, where the focus is on their numerical performance. However, a
growing alternative approach for addressing possibly time-varying optimization problems
is to synthesize continuous-time dynamical systems, akin to recurrent neural networks,
which converge to equilibria that are also optimal solutions. As a result, significant
efforts have been directed toward characterizing the stability and convergence rates
of these systems, along with their robustness against uncertainty. Remarkably, strongly
infinitesimally contracting systems exhibit these desirable properties such as convergence
for time-invariant systems, tracking for time-varying systems, and robustness to noise.

Research questions: In the above context, several questions naturally arise:

* Can contractivity be used to obtain improved rate of convergence for canonical
optimization problems?

» Can a contractivity-based approach be effectively applied to track solutions of
continuous-time time-varying optimization problems?

* In many convex optimization problems, the associated dynamics are only weakly
contracting. In which cases can we ensure convergence? And what is the conver-
gence behavior for these cases?

l1l.2 Contracting Dynamics for Convex Optimization

In this final part of this thesis, motivated by the above questions, we explore the potential
of a contractivity-based approach for convex optimization. Specifically, in Chapter 10,
we consider four canonical time-invariant optimization problems, say them P(x): uncon-
strained problems, monotone inclusions problems, linear equality-constrained problems,
and composite minimization problems. For each of these problems, we provide a tran-
scription to continuous-time dynamical systems, say it F'(x), and give conditions under
which these dynamics are strongly infinitesimally contracting.

The goal is to use contracting dynamics whose equilibrium point corresponds to the
optimal solution of the optimization problem. Informally, we can schematize this as:

x* =argmin P(x) <= 2" eq. pointof & = F(x).

For a static optimization problem, we know that for any input (or parameter) at
each time instant strongly contracting dynamics admit a unique equilibrium. When
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considering parametric and time-varying convex optimization, intuitively we can track
the equilibrium trajectory by defining parametric and time-varying contracting dynamics.

Chapter 1 | expands on these ideas. We present two results on equilibrium tracking for
parameter-varying contracting dynamics, addressing scenarios where the rate of change
of the parameter is known and unknown. Then, we introduce contracting continuous-
time dynamical systems designed to track the optimal solutions of time-varying instances
of monotone inclusions problems, linear equality-constrained problems, and composite
minimization problems.

Finally, in Chapter 12 we extend our analysis beyond the case of strong convexity to
examine convex (but not strongly convex) optimization problems with unique minimizers.
We show that these problems lead to dynamics that are globally-weakly contracting in
the state space and only locally-strongly contracting, such as the FCNs analyzed in
Chapter 7. For such dynamics, we present a comprehensive analysis of their convergence
behavior, showing that this is linear-exponential, in the sense that the distance between
each solution and the equilibrium is upper-bounded by a function that first decreases
linearly and then exponentially decays. This result extends the findings in Section 7.3,
offering a refined convergence bound (we give more details on this in Chapter 12). In
addition to convergence results, we also provide input-to-state stability conditions for
these dynamics, further strengthening the robustness and applicability of the approach.

1.3 Overview

Studying optimization algorithms as continuous-time dynamical systems has been an
active area of research since the seminal work of Arrow, Hurwicz, and Uzawa [120], with,
e.g., [62] being one of the first works to design neural networks for LPs. Notable examples
include Hopfield and Tank in dynamical neuroscience [121], Kennedy and Chua in analog
circuit design [149], and Brockett in systems and control [150]. Recent advancements
in, e.g., online and dynamic feedback optimization [151] and reservoir computing [152],
have renewed the interest in continuous-time dynamics for optimization. A recent survey
on studying optimization algorithms from a feedback control perspective is [153].
Asymptotic and exponential stability of dynamical systems solving convex op-
timization problems is a classical problem and has been studied in papers includ-
ing [154, 155, 156, 157, 158] among many others. Compared to papers studying asymp-
totic and exponential stability, there are far fewer works studying the contractivity of
dynamical systems solving optimization problems. A few exceptions include [105, 159]
which analyze primal-dual dynamics and [160, 90] which study gradient flows on Rie-
mannian manifolds. Additionally, optimization problems have been related to dynamical
systems via proximal gradients, and the corresponding continuous-time proximal gradi-
ent dynamics are studied in, e.g., [51, 158, 52]. Exponential stability of continuous-time
primal-dual dynamics with linear equality constraints with full row rank constraint ma-
trices has been also studied in works including [156, 158, 161]. The exponential stability
of such dynamics with not full rank constraints is established in [162, 163]. This result
is extended in a contractivity framework in [164] using semicontraction theory, a branch
of contractivity made by systems that are contracting only when restricted to a certain
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subspace.

In the context of time-varying convex optimization, algorithms to track the optimal
solution are designed based on Newton’s method in discrete-time in [165, 166] and in
continuous-time in [167]. Reviews of these results and theoretical extensions are given
in [168] and [169]. These results have been applied to study the feedback interconnection
of an LTI system and a dynamical system solving an optimization problem in [170].
Other examples of problems analyzed in a time-varying framework include works on
distributed convex optimization with time-varying cost functions [171, 172, 173]. From
a contraction theory perspective, both [105] and [159] provide tracking error bounds for
continuous-time time-varying primal-dual dynamics.

Finally, the asymptotic behavior of weakly contracting dynamics is instead charac-
terized in, e.g., [98] for monotone systems and in [36] for primal-dynamics with a locally
stable equilibrium.
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10 Contracting Dynamics for
Canonical Convex
Optimization Problems

In this chapter, we investigate whether a contractivity-based approach can effectively
be applied to study optimization problems. To this end, we begin our analysis by
providing a transcription of canonical convex optimization problems to continuous-
time dynamical systems that are strongly infinitesimally contracting. These systems
offer a robust framework for solving convex problems with guarantees of convergence
to optimal solutions, laying the groundwork for robust, real-time solution tracking in
dynamic optimization settings.
Some of the results in this chapter appeared in:

* A. Davydov, V. Centorrino, A. Gokhale, G. Russo, and F. Bullo. “Time-Varying
Convex Optimization: A Contraction and Equilibrium Tracking Approach”, con-
ditionally accepted on IEEE Transactions on Automatic Control, June 2023,
https://arxiv.org/abs/2305.15595.

Additionally, part of the results were presented at:

* Workshop “Variational Inequalities, Nash Equilibrium Problems and Applica-
tions”. “On Contracting Dynamics for Convex Optimization”, Oral Talk, Catania,
July 11-12, 2024. Website: https://vinepa.dmi.unict.it/.

10.1 Introduction

Convex optimization plays a central role in many areas of applied mathematics, machine
learning, control theory, and economics, offering a powerful framework for solving a
broad class of problems. A paradigm that is becoming increasingly popular is that to
synthesize continuous-time dynamical systems that converge to an equilibrium, which
corresponds to the optimal solution of the optimization problem. A suitable tool to assess
convergence and robustness is contraction theory, which has proven particularly useful
for time-varying convex problems, as we explore in the next chapter.
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Motivated by this, in this chapter, we consider canonical convex optimization prob-
lems, namely unconstrained problems, monotone inclusions problems, linear equality-
constrained problems, and composite minimization problems. For each of these opti-
mization problems, we provide a transcription to continuous-time dynamical systems and
give conditions under which these dynamics are strongly infinitesimally contracting. In
this way, we ensure global exponential convergence to the optimal solution, along with
the other useful properties of contracting dynamics (we refer to Section 4.4 for a detailed
list of these properties).

The chapter is organized as follows. In Section 10.2 we present a brief primer on
convex optimization. Then we analyze the unconstrained optimization problem in Sec-
tion 10.3, the monotone inclusion problem Section 10.3, the linear equality constrained
optimization problems in Section 10.5, and the composite minimization problems in
Section 10.6. Finally, in Section 10.7 we provide a summary table.

10.1.1 Contributions

We consider natural transcriptions into contracting dynamics for four canonical strongly
convex optimization problems: unconstrained problems, monotone inclusions problems,
linear equality-constrained problems, and composite minimization problems.

For (i) unconstrained problems and saddle dynamics, we review results known in
the literature. For the remaining problems, we make specific contributions by introduc-
ing new or improved transcriptions of strongly contracting dynamics. Specifically, for
(i) monotone inclusion problems, we consider the continuous-time forward-backward
splitting dynamics, a generalization of the projected dynamics studied in [174] and the
proximal gradient dynamics studied in [51, 52]. We demonstrate that the continuous-
time forward-backward splitting dynamics are contracting and provide improved rates
of exponential convergence in certain special cases. For (iii) linear-equality constrained
problems, we study the continuous-time primal-dual dynamics and prove their strong
infinitesimal contractivity, providing the contractivity norm and explicit estimates of the
rate of contraction. To the best of our knowledge, our rates are improved with respect
to those presented in literature. Finally, for (iv) composite minimization, we adopt the
proximal augmented Lagrangian approach from [158]. We show that the continuous-time
primal-dual dynamics on the proximal augmented Lagrangian are contracting. This find-
ing improves on the exponential convergence result from [158, Theorem 3] by allowing
for a larger range of parameters, thus increasing the method’s flexibility and applicability.
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10.2 A Primer on Convex Optimization

In this section, we recall basic definitions and facts on convex optimization.

Convex optimization is a subfield of mathematical optimization that deals with prob-
lems where the objective function is convex, and the feasible region forms a convex set.
We recall the following standard definitions.

Definition 10.1 (Convex set). A set C C R™ is convex if
ary + (1 —a)xg € C,
Jorall x1, xo € C and for all « € [0, 1].

In words, a set is convex if any line segment connecting two points within the set
remains entirely inside the set.

Definition 10.2 (Convex and strongly convex functions). Let f: R™ — R be a scalar
function defined over a convex set C C R"™. The function f is

e convex if  f(azi + (1 —a)zs) < af(zr) + (1 —a)f(22)

* strongly convex with parameter m; > 0 if

flazy + (1= a)zg) <af(er) + (1 —a)f(z2) + %mfa(l —a)llz —yll3,

Jorall x1 # xo € C and for all « € [0, 1]. We refer to Figure 10.1 for an illustration of
a convex (but not strongly convex) function and a strongly convex function.

Figure 10.1: Left panel: Convex but not strongly convex function. Right panel: Strongly
convex function.

Geometrically, a function is convex if the line segment between any two points on its
graph lies above or on the graph. A key property of convex function that makes them
particularly useful is the fact that any local minimum is a global minimum. Finally, we
recall a characterization of convexity for twice-differentiable functions.
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Lemma 10.1 (Second order characterization of convex function). Let f: R™ — R be a
twice-differentiable function defined over a convex set C C R"™. Then

e the function f is convex if and only if its Hessian matrix V2 f(x) = 0 forall x € C,

* the function f is strongly convex with parameter my > 0 if and only if its Hessian
matrix V2 f(x) = mygly, forall x € C.

10.3 Unconstrained Optimization Problem

Let f: R™ — R"™ be a convex and differentiable function. We are interested in solving
the unconstrained optimization problem

i . 10.1
min f(z) (10.1)
A common approach to solve problem (10.1) is through the continuous-time gradient
flow dynamics, given by:
& =-Vf(x) =Fgp. (10.2)

In the following result, we give conditions under which the dynamics (10.2) is strongly
infinitesimally contracting.

Lemma 10.2 (Contractivity of continuous-time gradient flow dynamics). Let f: R" —
R™ be continuously differentiable. Then

(i) the map f is strongly convex with parameter my > 0 if and only if the gradient-flow
dynamics (10.2) is strongly infinitesimally contracting with rate m with respect
to the norm || -

2,

(ii) the map f is convex if and only if then the gradient-flow dynamics (10.2) is weakly
contracting with respect to the norm || - ||2.

Proof. The statements follows from Lemma 10.1 after noticing that po (DFGD) =
V2 f(z). O

Remark 10.1.

(i) Statement (i) in Lemma 10.2 is also known as Kachurovskii’s Theorem [175].

(ii) the result in Lemma 10.2 holds also when the function f is locally Lipschitz,
by asking that the conditions are verified at every point where the function is
differentiable.

O
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10.4 Monotone Inclusion Problem

Let F: R” — R™ be monotone and g: R™ — R be convex. We are interested in solving
the monotone inclusion problem

findz* € R"st. 0, € (F+ 9g)(z"). (10.3)

We make the following assumptions on the functions F and g.

Assumption 10.1. The function F: R™ — R" is strongly monotone with parameter
mg and Lipschitz with constant Lg. The map g: R™ — R is closed, convex and
proper.

Under Assumption 10. 1, the monotone inclusion problem (10.3) has a unique solution
due to strong monotonicity of F [176].

We begin with two examples of well-known problems that can be stated in terms of
the monotone inclusion problem (10.3).

Example 10.1 (Convex minimization). Consider the convex optimization problem

min f(z) + g(x), (104)
reRn”
where f: R™ — R is strongly convex and continuously differentiable and g: R" — R
is CCP. In this case, the unique point x* € R™ that minimizes (10.4) also solves the
inclusion problem (10.3) with F = V f.

Example 10.2 (Variational inequalities). Consider the variational inequality
Findz* € Cs.t. F(z*)'(z —2%) >0, Vzel, (10.5)

where C is a nonempty, convex, and closed set. We denote the problem (10.5) by VI(F,C).
It is known that x* € C solves VI(F,C) if and only if for all -y > 0, x* is a fixed point of
the map Pc o (Id — ~F), that is x* = Pe(a* —yF(x*)). In turn, this fixed-point condition
is equivalent to asking x* to solve the monotone inclusion problem (10.3) with g = 1¢
(see, e.g., [177, pp. 37]).

To solve the monotone inclusion problem (10.3), we consider the following continuous-
time forward-backward splitting dynamics with parameter v > 0:

& = —x + prox, ,(z — yF(z)) =: Fig(z). (10.6)

Remark 10.2.

(i) when g = 1c for some convex and closed set C, then for any v > 0, prox,, = P¢,
we are solving the VI(F,C) (10.5) and the dynamics (10.6) are the projected
dynamics [/74]

& =—x+Pc(z —yF(x)).

135



(ii) when F =V f for some continuously differentiable convex function f, we are solv-
ing the convex optimization problem (10.4) and the dynamics (10.6) corresponds
to the proximal gradient dynamics

& = —x + prox, (z — YV f(z)).

O

First, we establish a result relating the equilibrium points of the dynamics (10.6) and
the solutions of the inclusion problem (10.3).

Lemma 10.3 (Equilibria of (10.6)). Consider the continuous-time forward-backward
splitting dynamics (10.6) satisfying Assumption 10.1. Then for any v > 0, 0,, €
(F+ 0g)(x*) if and only if x* € R™ is an equilibrium point of the dynamics (10.6).

Proof. Note that equilibria of (10.6), x* € R", satisfy the fixed point equation
x* = prox,  (z* — yF(z")). (10.7)

Moreover, it is known that fixed points of (10.7) also solve the monotone inclusion
0, € (F+ 9g)(x*) (see, e.g., [178, Proposition 26.1(iv)(a)]) noting that prox,, is the
resolvent of Jg with parameter ~y. O

Remark 10.3. Proposition 10.3 continues to hold under the assumption of monotone
F [178, Propositon 26.1(iv)(a)]. O

Next, we give conditions on the parameter «y for which the dynamics (10.6) are
strongly infinitesimally contracting.

Theorem 10.4 (Contractivity of continuous-time forward-backward splitting dynamics).
Consider the dynamics (10.6) satisfying Assumption 10.1. Then

(i) for every v € ]0,2mg/L2]|, the dynamics (10.6) are strongly infinitesimally con-
tracting with respect to the norm || - || with rate 1 — \/1 — 2ymg + y2L2. More-
over, the contraction rate is optimized at v* = mg/ L,2:.

Additionally,

(ii) if F = Vf for some strongly convex f: R™ — R, for every v € ]0,2/Lg], the
dynamics (10.6) are strongly infinitesimally contracting with respect to || - ||2 with
rate 1 — max{|1 — ymg|, |1 — vLg|}. Moreover, the contraction rate is optimized
aty* =2/(mg + Lg);

(iii) if F(z) = Az + b for all z € R, with A= AT = 0, then for every v €
11/ Amin(A), +00o[, the dynamics (10.6) are strongly infinitesimally contracting
with respect to the norm || - ||y a—r,,) with rate 1.

Proof. Regarding statement (i) note that, for every v > 0, we have
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* the map prox, , is nonexpansive with respect to the norm || - |2, being g: R — R

CCP (see, e.g., [178, Proposition 12.28]);

* the map Id — «F has Lipschitz constant upper bounded by \/ 1 — 2ymg +72LE
with respect to the norm || - ||2 (see, e.g., [177, pp. 16]).

Now, since the Lipschitz constant of the composition of two maps is upper bounded by
the product of the Lipschitz constants, we have

osL(Fg) = osL(—Id + prox. ,(Id — vF)) = —1 + osL(prox_, o (Id — vF))
< —1+ Lip(prox, ) Lip(ld — ~F)

< —1+ Lip(ld —7F) < ~1+ /1 — 2yme +12L2,

where in the first equality we used the translation property of osL and in the first inequality
we used the upper bound osL(T) < Lip(T). Therefore, for v € ]0,2mg /L2, we have
osL(F{p) < 0. Moreover, minimizing osL(F ) corresponds to minimizing 1 — 2ymg +
2 L% as a function of v € |0, 2mg/LE[. This minimization occurs at v* = mg/LE and
yields a one-sided Lipschitz estimate of osL(FJg) < —1 + /1 — mZ/LZ < 0. This
concludes the proof of item (i). Statement (ii) follows the same argument as in item (i),
after noticing that, for all v > 0, Lip(ld — 4V f) < max{|1 — yme|,|1 — vLg|} (see,
e.g., [177, pp. 15]). Moreover, the optimal choice of v is v* = 2/(mg + Lg) and the
corresponding bound on osL(F;*l;) is =1+ (k—1)/(k + 1), where k := Lg/mg > 1
(see, e.g., [177, pp. 15]).
Finally, to prove statement (iii), we compute

DF}y(x) = —I, + Dprox., (I, — y(Az + b)) (I, — vA)

for almost every x € R™. Note that for all x € R™ for which the Jacobian exists, there
exists G = GT € R™" with 0 < G = I, satisfying Dprox., (I, — y(Az + b)) = G
(see [53] for more details). Then, by the log-norm translation property, we have

sup u(DF{g (7)) < —1+ max u(G(I, — vA)), (10.8)

where the sup is over all = for which DFJ;(z) exists. Moreover, for v > 1/Amin(A),
~A — I, is positive definite and by Lemma 5.3 we have that G(I,, — vA) has all real
eigenvalues and has the same number of positive, zero, and negative eigenvalues as —G
does, i.e., all eigenvalues are nonpositive. Then from Theorem 5.4, with the choice of
norm | - [|2,ya—1,, we find

p2yA-1,(G(In =7A)) = p2ya-1,((=G)(vA = 1)) <0,

where in the last equality we used the definition of /5 log-norm. Finally, since this
equality holds for all symmetric G satisfying 0 < G < I, by applying inequality (10.8)
we have

sup iz a1, (DFfg(z)) < —1.
zERn
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Remark 10.4. The rates of contraction in Theorem 10.4(i) and (ii) are consequences
of the contraction rates of the discrete-time forward-backward splitting algorithm in
monotone operator theory, see [177, pp. 25] and [178, Proposition 26.16]. Instead,
Theorem 10.4(iii) is novel and provides an improved and sharp rate of contraction. [

10.5 Linear Equality Constrained Optimization

Let f: R™ — R be convex, A € R™*" and b € R™. Consider the linear equality-
constrained problem

min  f(x),
zER™ (10.9)
s.t. Ax =0b.

We make the following assumptions on the function f and the matrix A.

Assumption 10.2. The function f: R™ — R is continuously differentiable, strongly
convex and strongly smooth with parameters my and Ly, respectively. The matrix
AcRmxn? satisﬁes aminIm j AAT j amaxIm; fOI” Qmin; @max € IR>0~

Note that the linear equality-constrained problem (10.9) is a special case of the
monotone inclusion problem (10.3) with F = Vf and g = ic, where C = {z €
R™ | Az = b}. In this case, we have that prox,, = Pc and Pe(z) = z — AT(Az —b) =
(I, — ATA)z + ATb, where AT denotes the pseudoinverse of A. In this context, the
forward-backward splitting dynamics (10.6) read

i=—x+ (I, — ATA)(zx — 7V f(z)) + A'b. (10.10)

The downside to using the dynamics (10.10) is the cost of computing Af. To
remedy this issue, a common approach is to leverage duality and jointly solve primal
and dual problems. In what follows, we take this approach and study contractivity
of the corresponding primal-dual dynamics. To this purpose, consider the Lagrangian
associated to problem (10.9), that is the map L: R™ x R™ — R given by

L(z,\) = f(z) + AT (Az — b).

The continuous-time primal-dual dynamics (also called Arrow-Hurwicz-Uzawa flow [120])
are gradient descent of L in = and gradient ascent of L in }, i.e.,

i=—-V,L(x,\) = -Vf(x)— AT\, 1011
A =ViL(z,\) = Az —b. '
We give a preliminary result on saddle matrices instrumental for our analysis.

Lemma 10.5 (Logarithmic norm of Hurwitz saddle matrices). Given B = B' € R"*"
and A € R™*™ with m < n, consider the saddle matrix

_ -B —AT (m+n)x(m+n)
B= [ A 0 } eR .
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Then, for each matrix pair (B, A) satisfying buinl, = B = bnaxln and aminl, =
AAT < amax Lo, fOr bin, bmax s Gmins Gmax € R0, the following contractivity LMI holds:

B'"P+PB=<—-2P <+ up(B) < —c,

where
T 1 1 bmn
pP= L{Zl O‘I‘i } = 0, azﬁmin{bmax,amax}, and (10.12)
1 1 Amin  Qmin
c= §aamin =1 mln{b s bmin}. (10.13)

Proof. We start by verifying that P > 0. Using the Schur complement of the (2,2)
entry, we need to verify that

I,—a?ATA >0 <= 1—02amx >0 <= o < 1/ama.

The inequality a? < 1/amax follows from the tighter inequality (2a)? < % which is
proved as follows:

. { 1 bmin }2 . { 1 bmin } { 1 bimin }
min , < min , - max ,

Next, we aim to show that Q := —BT P — PB — 2cP > 0. After some bookkeeping,
we compute

0= 2B —2aATA —2cl, aBAT —2caAT
T |A4+aAB — A—2caA 20AAT —2cl,, |’

The (2,2) block satisfies the lower bound
20AAT —2cl,, = 2(2aAAT —cl,) + aAAT
b 2(%aamm — C)Im +aAAT = aAAT = 0.
Given this lower bound, we can factorize the resulting matrix as follows:
Q=-B'"P—-PB-2cP

o I, 0] [2B—2(aATA+cl,) aB—2cal,| [I, 0
— 10 A aB — 2cal, aly, 0 AT|"

Since al,, > 0, it now suffices to show that the Schur complement of the (2,2) block of
n X n matrix is positive semidefinite. We proceed as follows:
2B — 2(aA" A+ cl,) — a(B —2¢l,)” = 0
< 2B — aB?+ 4acB Q(QATA +ecl,)+ dac?I,
< 2B —aB? > Q(QATA +c¢l,,) and 4aeB = 40?1,.
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To prove 2B — aB? = 2(aA" A + cl,,), we upper bound the right hand side as follows:

(10.12)
Q(QATA+CIn) = a(zamax+amm)In

agébmin/amax 1 b
=

'min

3
(2amax + amin)I j ib mIn-

Amax

Next, since a < 57—, we know —abpax > % We then upper bound the left hand side
as follows:

2B — aB? = 2B — abnB = (2 — 3)B = 3byinl,.

Finally, the inequality 4acB > 4?1, follows from noting ¢ < i e bmln < bpin. O
Finally, we give the main result of this section.

Theorem 10.6 (Contractivity of primal-dual dynamics). Consider the dynamics (10.11)
satisfying Assumption 10.2. Then the continuous-time primal-dual dynamics (10.11) are

strongly infinitesimally contracting with respect to || - ||2, p with rate ¢ > 0 where
In OLAT 1 1 myg
pP= [aA . ] 0, 0= 5mm{Lf amax} (10.14)
1 1 . { Gmin  Gmin } (10 15)
€= =Qlpip, = — min ,——Mmyf . )
2 4 Lf Gmax !

Proof. Since f is continuously differentiable, convex, and strongly smooth, it is almost

everywhere twice differentiable so the Jacobian of the dynamics (10.11) exists almost
2 AT

everywhere and is given by Jpp(z) := [ VAf(x) 61 ] , where z = (z,\) € R,

To prove strong infinitesimal contractivity it suffices to show that for all z for which

Jpp (%) exists, the bound pz p(Jpp(2)) < —cholds for P, ¢ givenin (10.14) and (10.15),

respectively. The assumption of strong convexity and strong smoothness of f further

imply m¢l, < V2f(z) < LI, for all z for which the Hessian exists. Moreover, it

holds: AT
B -
o <
wisrthoi) <, max, e (17775 ]))

where the sup is over all points for which Jpp(2) exists. The result is then a consequence
of Lemma 10.5. O

Remark 10.5. Our method of proof in Lemma 10.5 follows the same method as was pre-
sented in [ 156, Lemma 2], but uses a sharper upper bounding to yield a sharper contrac-
Gmin  Qmin m }

Lf ’ Gmax

Gmin  Qmin

Lf ’ Gmax

1 1
tion rate of 1 min { m f} compared to the estimate 3 min {

in [156, Lemma 2].
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10.6 Composite Minimization

Let f: R® — Rand g: R™ — R be convex, and A € R™*". We consider the composite
minimization problem of the form

;Iel]iRI}l f(x) + g(Ax). (10.16)

We make the following assumptions on the functions f, g, and the matrix A.

Assumption 10.3. The function f: R™ — R is continuously differentiable, strongly
convex, and strongly smooth with parameters my and Ly, respectively. The map
g: R™ — R is convex, closed and proper. Finally, the matrix A € R™*" satisfies
Amindm = AAT = AmaxIm, fOT Qmin, Amax € Rso.

While problem (10.16) is a special case of (10.4), it may be computationally challenging
to compute the proximal operator of g o A. Thus, we treat this problem separately,
leveraging the approach proposed in [158] to solve it. We begin by noticing that, the
optimization problem (10.16) is equivalent to

min_f(z) +9(y),
peRTyeR™ (10.17)
st. Ax—y=0,,.

For v > 0, consider the augmented Lagrangian associated to (10.17), that is the
function L., : R® x R™ x R™ — R defined by

1
Ly(z,y,A) = f(z) + g(y) + AT (Az —y) + glle - yll3,

and, by a slight abuse of notation, the proximal augmented Lagrangian associated
to (10.17) is the function L. : R® x R™ — R defined by

Ly (@A) = F(2) + My (Az +93) = Z N3 (10.18)

The proximal augmented Lagrangian corresponds to the augmented Lagrangian where
the minimization over y has already explicitly been performed and the optimal value
for y has been substituted (we refer to [158, Theorem 1] for more details). Moreover,
minimizing (10.16) corresponds to finding saddle points of (10.18). To this end, the
primal-dual flow corresponding to the proximal augmented Lagrangian is

i =—-V,L(x,\) = -Vf(z) — ATVM,,(Az +y)\),

. (10.19)
A=VaL,(xz,\) = y(—=A+ VMy4(Az + X)),

To provide estimates on the contraction rate and the norm with respect to which the
dynamics (10.19) are strongly infinitesimally contracting, we need to introduce a useful
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nonlinear program. For € € ]0, 1/ /amax [, consider the nonlinear program

max c (10.20a)
c>0,a>0,3>0
1 Y
s.t. o < min { —¢, } (10.20b)
v/ @max Amax
9
x>, (10.20c)
31
< |- - min 10.2
c__(4 — )aa (10.20d)
h(c,a, 5) > 0, (10.20e)

with h: R>o X R>¢ x R>g — R given by
2

hic, o, ) =2my — ReLU(?a — f)amax —2c
Y

Gmax 2 amax
—ax— (" ——

Gmin

a
Ly + dmx 4 902 4 g, dmax g +ﬂ+2c>.
Gmin ( ! Y ) Gmin ( ! Y )
Theorem 10.7 (Contractivity of the dynamics (10.19)). Consider the continuous-time
primal-dual dynamics (10.19) satisfying Assumption 10.3 and let v > 0 be arbitrary.
Then the primal-dual dynamics (10.19) are strongly infinitesimally contracting with
respect to || - ||2,p with rate ¢* > 0 where

* AT
P = [a{u O‘IA ] (10.21)

and o* > 0, c* > 0 are the arguments solving problem (10.20).

Proof. Let z = (z,\) € R™™ and let F: R™*™ — R"*™ be the vector field (10.19)
for 2 = F(z). Let y := Az + ) and define G(y) := vV2M,,(y) where it exists. The
Jacobian of F is then

V() - LATGmA  —ATG()
DF(Z"[ G(y)A I G<y>>]

which exists for almost every z. We then aim to show that up(DF(z)) < —c, for almost
every z. First, we note that for almost every z it holds

—B-1A4TGA —ATG
< v .
swerreys e e ([0 G )
mpl,<B=<LI,
The result is then a consequence of a generalization of [156, Lemma 4]. We refer to [53]
for more details. O

Note that any triple (¢, q, 5) € R?éo satisfying the constraints (10.20b)-(10.20¢)
provides a suboptimal contraction estimate, i.e., the dynamics (10.19) are strongly in-
finitesimally contracting with rate ¢ (weakly contracting if ¢ = 0) with respect to norm

I, aA"
Il - |l2,p, where P = [aA I, ]
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10.7 Table of Contracting Dynamics

Let f: R™ — R be strongly convex and strongly smooth with parameters m; and L,
respectively. Let g: R™ — R be a convex, closed, and proper function and C be a convex
set. Finally, consider a matrix A € R™*" satisfying aminlm < AAT < amaxIpn, for
Gmin, Gmax € Rso.

In the following, we provide a table summarizing the canonical optimization problems
analyzed in this chapter and the corresponding transcription to continuous-time dynami-
cal systems which are strongly contracting under the assumptions in Sections 10.3 — 10.6.

Convex Optimization Problem Contracting Dynamics
Unconstrained: m]iRn f(z) T =-Vf(x)
TER™
min  f(z),
Constrained: ~ *€R” T =—x+Pc(z—f(x))
rel
Composite: m]iRn f(z)+g(x) &= —x + prox (z — YV f(z))
TER™
min  f(z), i=-Vf(z)— AT,
Equality constraints: ~ #€R” . /(@)

st. Ar=5> A=Az —1b

felliRT}l f(z), i=—-Vf(r) - ATVM,,(Azx +~N),

Inequality constraints:

st. Ar<b | A=y(=A+ VM4(Az +y)N)

Table 10.1: Table of canonical optimization problems and the corresponding transcrip-
tion to contracting continuous-time dynamical systems. In the table, f: R™ — R is
continuously differentiable, strongly convex and strongly smooth. The set C is convex.
The map g: R™ — R is convex, closed and proper. The matrix A € R™*" satisfies
Amindn = AAT = amax I, fOr amin, Gmax € Rso, and b € R™. Finally, v > 0 is a
parameter.

10.8 Summary

In this chapter, we proposed a contractivity-based approach for solving strongly convex
optimization problems. We considered natural transcriptions into contracting dynamics
for four canonical convex optimization problems: unconstrained problems, monotone
inclusions problems, linear equality-constrained problems, and composite minimization
problems.

For the unconstrained problems and gradient dynamics, we reviewed results known
in the literature. For the monotone inclusion problems, we considered the forward-
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backward splitting dynamics and studied its contractivity in Theorem 10.4, providing
improved rates of exponential convergence in certain cases. For the linear-equality con-
strained problems, we studied the contractivity properties of the primal-dual dynamics,
providing explicit estimates of the rate of contraction in Theorem 10.6. Also, in this
case, we provided improved rate with respect to those presented in the literature. For
composite minimization, we considered the proximal augmented Lagrangian approach
and gave conditions under which this is contracting in Theorem 10.7. This finding
improves on previous exponential convergence results by allowing for a larger range of
parameters, thus increasing the method’s flexibility and applicability. We concluded with
a summary table of the canonical optimization problems analyzed in the chapter and the
corresponding strongly contracting dynamics.

The results of this chapter demonstrate the effectiveness of using contracting dynam-
ics for static convex optimization, providing improved rates of exponential convergence
in some cases. The advantages of strongly contracting systems are that these guarantee
exponential stability, convergence, along with robustness features that make these dy-
namics particularly promising in a time-varying setting. In the next chapter, we expand
on this framework, exploring a contractivity-based approach for time-varying convex
optimization.
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11 Contracting Dynamics for
Time-Varying
Convex Optimization

In the previous chapter, we introduced a contractivity-based approach for solving static
convex optimization problems, demonstrating that for any given input or parameter at
each moment, the strongly contracting dynamics yield a unique equilibrium that coincides
with the optimization problem’s minimizer. In this chapter, we expand on this approach,
exploring a contractivity-based approach for time-varying convex optimization. These
problems often arise in many real-world scenarios where conditions evolve continuously,
and decision-making must adapt in real-time. To address these challenges, we examine
contracting continuous-time dynamical systems designed to track the optimal solutions
of the corresponding time-varying problems.

The results in this chapter appeared in the same paper and were presented at the same
conferences as those in Chapter 10.

11.1 Introduction

Time-varying optimization problems are fundamental to modern applications, such as
tracking moving targets, adapting in online learning, or following the trajectory of stochas-
tic processes. Unlike static optimization, where the objective is fixed, time-varying prob-
lems require algorithms capable of continuously adjusting to changes and converging to
an optimal solution at each time instant. In such problems, we aim for dynamical systems
that not only converge to the unique optimal solution when the problem is time-invariant,
but also converge to an explicitly-computable neighborhood of the optimal solution tra-
jectory when the problem is time-varying. Beyond tracking optimal trajectories, a key
desirable feature of optimization algorithms is robustness in the face of uncertainty. In
many real-world scenarios, the exact value of the cost function or its gradients may not
always be available in their true form; instead, they might be estimated with some error
or delay. Thus, for practical use of an optimization algorithm, it is essential to ensure that
this has these robustness features built-in. A powerful approach to achieve these goals is
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through strongly infinitesimally contracting dynamical systems, which inherently ensure
stability, convergence, and robustness against noise and time-delays. Motivated by this,
we now present equilibrium tracking results for parameter-varying contracting dynam-
ical systems. Building on the transcription of canonical convex optimization problems
to continuous-time strongly infinitesimally contracting systems presented in Chapter 10,
we show how contracting dynamics can be used to tackle time-varying instances of some
canonical convex optimization problems.

The chapter is organized as follows. Section 11.2 presents the initial setup, defining
the parameter-varying dynamical systems and their key properties. Next, in Section 11.3,
we present our main results on equilibrium tracking for parameter-varying contracting
dynamical systems, giving estimates of the tracking error for both unknown and known
rates of parameter change. These results are then applied in Section 11.4 to establish
tracking error bounds for contracting dynamics solving three canonical convex optimiza-
tion problems. Finally, in Section 11.5, we validate the effectiveness of our approach
through numerical simulations.

11.1.1 Contributions

We present two results on equilibrium tracking for parameter-varying contracting dynam-
ics, addressing both scenarios where the rate of change of the parameter is known and
unknown. For the first scenario, where the rate of change of the parameter is unknown,
we prove a general theorem for parameter-dependent strongly infinitesimally contracting
dynamics. Specifically, we prove that the tracking error between any solution trajectory
and the equilibrium trajectory is uniformly upper-bounded and is asymptotically propor-
tional to the rate of change of the parameter. For the scenario where the rate of change
of the parameter is known, we propose an alternative dynamical system. This system
augments the contracting dynamics in the first scenario with a feedforward term. This
augmentation ensures that the tracking error is exponentially decaying to zero and does
not require any Lipschitz condition on how the parameter appears in the dynamics.

We apply these results to contracting dynamics solving three canonical strongly
convex optimization problems, as introduced in Chapter 10. Specifically, we focus on
(i) monotone inclusions, (ii) linear equality-constrained problems, and (iii) composite
minimization problems. For each of these problems, we provide estimates of the tracking
error in time-varying convex optimization scenarios.

Finally, to validate our theoretical results, we present numerical experiments that
showcase the tracking error bounds for time-varying equality and inequality-constrained
minimization problems.
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11.2 Parameter-Varying Contracting Dynamical Systems

Consider a parameter-varying dynamical system, that is a dynamical system that depends
on a time-varying parameter, say it §. Specifically, for a vector field f: R™ x R — R",
the system is described by

z(t) = f(z(¢),0(t), z(0)=uz9eR", (11.1)

where, for all ¢ > 0, 2(¢) and 6(t) take value in X C R™ and © C R, respectively. In
this chapter, we work under the following assumptions.

Assumption . Assume there exist two norms || - || x, || - |le on X and ©, respectively,
such that

11.A1) there exists ¢ > 0 such that for all 0, the map x — f(x,0) is strongly
infinitesimally contracting with respect to || - || x with rate c,

11.A2) there exists Ly > 0 such that for all x, the map 0 — f(x, 0) is Lipschitz from
O, - lle) to (X, || - ||x) with constant L.

Note that Assumption (11.A1) implies that, for each 6 € O, there exists a unique
equilibrium solution xj; € X such that f(z},60) = 0,. Given this, it is meaningful to
define the following

Definition 11.1 (Equilibrium curve). Given 6 € ©, consider the parameter-varying
system (11.1) and let Assumption (11.A1) holds. We define equilibrium curve the map
z*: © — X defined by x*(0) = z},.

First, we give a result on the Lipschitzness of parametrized time-varying equilibrium
trajectories and a bound on their time derivatives.

Lemma 11.1 (Lipschitzness of parametrized curves). Consider X C R" and © C R
with associated norms || - ||x: R™ — Rsq and || - ||o: R? — Rx, respectively. Let
g: © = X be Lipschitz with constant Lip(g). Then for every a,b € R with a < b and
every continuously differentiable 0 |a, b[— O,

(i) the curve x: ]a,b[— X given by x(t) = g(0(t)) is locally Lipschitz;

(ii) ||z(t)||x < Lip(9)||0(t)|le, for almost every t € Ja, b|.

Proof. Statement (i) follows from the facts that continuously differentiable maps are
locally Lipschitz and that a composition of Lipschitz maps is Lipschitz. Note that, in
turn, this statement implies that & (¢) exists almost everywhere by Rademacher’s theorem
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Next, to prove statement (ii), for all ¢ € |a, b[ for which () exists, we compute

. et h) —a(h) 1
=1 —H = lim - .
i@l = | tim DRI g Dyaen) - 2oy
: Llp( )
<1 ot + o(t
- hi%h 16 +h) —6@)]le
Ot +h)—0(t) . ;
ip(g)]| lim, h o = Lip@)lIe)lle
where we have used the continuity of || - || x and || - ||e and the Lipschitzness of g. This
concludes the proof. O

Next, we give a result on parametrized contracting systems.

Lemma 11.2 (Parametrized contractions). Consider the parameter-varying system (11.1)
and let Assumptions (11.A1) and (11.A2) hold. Then the equilibrium curve z*: © — X
is Lipschitz with constant Ly /c.

Proof. Given two constant inputs 6, and 65, let 2*(0;) and z*(#5) be the two equilibrium
solutions of (11.1), respectively. The assumptions of [42, Theorem 3.16] are satisfied with
¢ = —osL,(f)and Ly = Lipy(f), and the ISS differential inequality [42, Equation 3.39]
implies

0 < —cflz"(01) — 27 (02)[|x + Loll0r — O2]l0-

This concludes the proof. O

Given the previous results, we can give the following

Definition 11.2 (Time-varying equilibrium curve). Consider a continuously differen-
tiable curve §: R>o — © and the parameter-varying system (11.1) satisfying Assump-
tions (11.A1) and (11.A2). The time-varying equilibrium curve is the map t — x*(6(t)).

Finally, we note that Lemma 11.1 implies that the time-varying equilibrium curve
2*(6(+)) is locally Lipschitz. Additionally, this curve satisfies the condition

F(@*(0(t)),0(t) = 0, forallt > 0.

11.3 Equilibrium Tracking for Parameter-Varying Con-
tracting Dynamical Systems

In this section, we derive tracking error bounds for parameter-varying contracting dy-
namical systems for both unknown and known rates of parameter change.

We begin by analyzing the case where the rate of parameter change is unknown. In
the following theorem, we provide tracking error bounds between any trajectory of (11.1)
and the time-varying equilibrium curve.
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Theorem 11.3 (Equilibrium tracking for contracting dynamics). Let §: R>q — © be
continuously differentiable and consider the parameter-varying system (11.1) satisfying
Assumptions (11.A1) and (11.A2). Then the following statements hold for almost every
t>0:

(i) the tracking error ||x(t) — x*(0(t))||x satisfies

(ii) the Gronwall inequality for Dini derivatives implies
* —ct * Ly ! —c(t—7) |14
lz() = 2" (0(t)llx < ™ lzo — 2" (6o)llx + — L © 16(2)l[edr.

(iii) from any initial conditions xo € R™, 8y € R? and uniformly bounded ||0(t)|

CH
the following inequality holds
. . Ly .. ;
limsup ||z(t) — z*(0(t))||x < —29 limsup ||0(¢t)]e- (11.2)
t—o0 c t—o0

Proof. Consider the dynamics

z(t) = f(x(t),0(t)) +v(t) :=T(x(t),0(t),v(t)), (11.3)

where 7: R" x R? x R" — R™ and v: R>o — X. Note that by assumption (11.41),
for fixed 6, v, the map = — T'(x,0,v) is strongly infinitesimally contracting with rate
¢ > 0. Moreover, at fixed x, 6, the map v — T'(z, 6, v) is Lipschitz on (X, || - || x) with
constant L, = 1. Next, consider the inputs v;(¢) = 0, and v2(¢) = £*(0(t)) and note
that 2*(0(¢)) = f(z*(0(¢)),0(t)) + £*(6(¢)), so that the curve z*(6(-)) is a solution
to system (11.3) with input v2(¢) and initial condition *(6p). Additionally, for any
initial condition zy € X, the solution z(t) to the dynamics (11.1) is a solution to the
system (11.3) with input v;(¢). By an application of the incremental ISS theorem for
contracting dynamical systems [42, Theorem 3.15] to the trajectories z(+), and z*(6(-))
arising from inputs v; (+), and vo(+), respectively, we get

D at) — 2 Ol < —ellr(t) — (600 e + i (6(0)
< ~clla(t) — #* OOl + 0o

where the last inequality follows from Lemma 11.1. This proves statement (i). State-
ment (ii) is a consequence of the Gronwall inequality. Finally, statement (iii) is a
consequence of statement (ii). O

Remark 11.1. A related result to Theorem 11.3 was proved in [105, Lemma 2], but
with the tracking error bound depending on the knowledge of the rate of change of the
equilibrium trajectory, which is unknown, in general. Instead, Theorem 11.3 provides a
bound that depends purely on the rate of change of the parameter, which may be much
easier to estimate. O
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Theorem 11.3 is a general result that establishes that one does not need to know
£*(0(t)) to obtain an estimate on the tracking error. However, if one knows the rate of
change of the parameter, it stands to reason that some system should be able to track the
equilibrium trajectory with eventually zero tracking error. To show this, we introduce
a new dynamics that augment the contracting dynamics (11.1) with a feedforward term
proportional to the rate of change of the parameter.

Specifically, consider a parameter-dependent vector field f: R” x R? — R™ con-
tinuously differentiable in both arguments, and let #: R>o — © C R? be continuously
differentiable. Assume that the function f satisfies Assumption (11.41). The time-
varying contracting dynamics with feedforward prediction is defined by

() = f(2(t),0(t)) = (Daf (1), 0(1))) " Do f(x(1), 0(1))0(t)- (11.4)
Remark 11.2. Assumption (11.A1) implies that D, f (x, 6) is invertible for all z:, 6, which
makes the dynamics (11.4) well-posed. O

The following theorem shows that by considering the time-varying contracting dy-
namics with feedforward prediction we obtain exponential decay to zero tracking error.

Theorem 11.4 (Exact tracking with feedforward prediction). Given a parameter-dependent
map f: R" xR¢ — R™ continuously differentiable in both arguments satisfying Assump-
tion (11.A1), and a function 0: R>g — © C RY continuously differentiable, consider
the time-varying contracting dynamics with feedforward prediction (11.4). Then ¥Vt > 0,

f(z(t),0(t))| x, satisfies
1f(2(t),0)|lx < e[ f(2(0),0(0))] x- (11.5)

(ii) the tracking error ||x(t) — x*(0(t))| x satisfies

(i) the residual,

li(t) — 2 (00l < e~ (x(0), 0(0)) .- (116

Additionally, if f is Lipschitz in its first argument with constant L, uniformly in 0,
then

() — 2™ (0()) ]| x < %e’“\lx(o) — z7(0(0)) | x- (11.7)

Proof. Givenatrajectory x(t) of (11.4),letV(t) = || f(x(¢),0(t))|| ». Then we compute,
omitting dependencies of x and 6 on time,

p 1@+ R, ut + R)lx = [ f(2(?), ult)) | x

D1V (t) = limsu

h—0+ h
© o M@0 +hgf (@ 0)]x —[If (@, 6)]x
h—0+ h
a1 o If(@,0) + hDy f(,0)f(z,0) |2 — || f(2, 0) ]|
h—0+ h

< (. 0) el i

< (Do f(@,0)V (1) <~V (1),
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where W is by a Taylor expansion of f in ¢ and the equality (LY holds since (11.4)

implies that & f(x,0) = D, f(z,0)& + Dy f(x,0)0 = D, f(x,0) f(x,0). The Gronwall
inequality for Dini derivatives implies statement (i). Statement (ii) is a consequence of
the fact that || f (z, 0) — f(z*(0),0)||x > ¢/l —2*(0)|| x since f(z*(0),8) = 0,, and for
fixed 0, the map « — f(z, 0) is invertible and the inverse map is Lipschitz on (X, || - || x)
with constant 1/¢ [42, Lemma 3.5]. O

Remark 11.3.

(i) A related treatment to Theorem 11.4 is proposed in [167], (see also the early
reference [179]) where the authors study a continuous-time Newton method and
show how to add a feedforward term to ensure zero tracking error in the Euclidean
norm. In contrast, Theorem 11.4 is very general and applies to any contracting
dynamics with respect to any norm and need not be limited to the solution of
time-varying optimization problems.

(ii) Compared to Theorem 11.3, Theorem 11.4 does not require Assumption (11.A2)
but does additionally require differentiability of f.

O

11.4 Parameter-Varying Contracting Dynamical Systems
for Canonical Convex Optimization Problems

We now focus on three canonical strongly convex optimization problems from Chapter 10:
monotone inclusions, linear equality-constrained problems, and composite minimization
problems, each of which we assume to be time-varying. For these problems, we consider
the natural transcriptions into contracting dynamics introduced in Chapter 10 and apply
the result of the previous section to provide tracking error estimates.

11.4.1 Parameter-Varying Monotone Inclusion Problem

LetF: R"x© — R"™and g: R™ x@ — Rand, forfixed§ € ©, denote by Fy: R™ — R”
the map F(+, #) and by gg: R™ — R the map g(-, §). We make the following assumptions
on the functions F and g.

Assumption 11.2. For each 0 € ©, the function Fy is Lipschitz with constant
Lip, (F) and strongly monotone with parameter mg. The map gy is closed, convex,
and proper. Additionally, at fixed x € R™ the map 0 — F(x,0) is Lipschitz and,
for every v > 0 the map 0 — prox., (z) is Lipschitz with constant Lipy(prox., ).

Consider the following parameter-varying monotone inclusion problem

for 6 € ©, find 2*(0) € R" s.t. 0,, € (Fg + 9go) (2™ (9)), (11.8)
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To solve the monotone inclusion problem (1 1.8), we consider the corresponding continuous-
time parameter-varying forward-backward splitting dynamics defined by

& = —x +prox , (x —Fa(z)) =: Fiy(z,0), (11.9)

where v > 0 is a parameter.

For each 6 € ©, Theorem 10.4 implies that, for suitable v > 0, the dynamics (11.9)
are strongly infinitesimally contracting. Therefore, problem (11.8) has a unique solution
x*(0). When 6: R>g — © is a continuously differentiable curve, let z*(6(-)) be the
corresponding time-varying equilibrium curve. If the map 6 — F}j;(z, 0) is Lipschitz,
Theorem 11.3 ensures that trajectories of (11.9) track «*(6(¢)) with a tracking error
proportional to ||0(t) e after a transient. The following lemma formalizes this statement,
providing a precise estimate of the tracking error.

Lemma 11.5 (Equilibrium tracking for (11.9)). Consider the continuous-time parameter-
varying forward-backward splitting dynamics (11.9) satisfying Assumption 11.2. Then

(i) for fixed x € R", for any v > 0 the map 0 — Fy;(x, 0) is Lipschitz with constant
Lipg (Fy) < Lipg(prox. ;) + v Lipy(F).

Additionally, if the map 0: R>o — © is continuously differentiable, then
(ii) for v € 10,2mg/ Lip2(F)|, any zo € R™, and any trajectory x(t) satisfying
&(t) = Fyy(x(t), 0(t)) with initial conditions x(0) = x( satisfies
l2(t) = 2*(0(1) |2 < e™*[|lwo — 2™ (60) |2

Li + v Lipy(F t .
n |P9(p1"0xvg)c vy IPe( )/ e_c(t_T)H@(T)HdT,
0

where c =1 — \/1 — 2ymg + 72 Lip2(F).
Proof. To prove statement (i), let 61,62 € ©. For any v > 0 we have

[F3n(z, 01) — Fig(@, 02)l2 = [[prox, 4, (z —Fe, (2)) — prox,,, (z —Fe,(2))l2

< |lprox, g, (z —Fg, (2)) — prox,, (z —Fo, (2))ll2

+ [lprox, g, (z —Fe, (2)) — prox, g, (z —Fe,(2))|2

< Lipg(prox,¢)[|61—b2lle + [[z—7Fe, (z)—z+7Fe, ()||2
< (Lipg(prox, ) + v Lipg(F))[|01 — O2]le-

Statement (ii) is a consequence of Theorem 10.4 for strong infinitesimal contractivity

in x with rate 1 — \/ 1 — 2ymg 4 42 Lip2(F) and statement (i) for Lipschitzness in 6.
Theorem 1.3 then provides the bound. This concludes the proof. O

If, additionally, FK,H is differentiable in both arguments, one can design a feedforward
term to attain zero tracking error leveraging Theorem 11.4.
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11.4.2 Parameter-Varying Linear Equality Constrained Optimiza-
tion
Let f: R" x O — R, b: © = R™, and A € R™*" be full row rank. For fixed # € ©

we denote by fp: R™ — the map f(-,6) and by by € R™ the vector b(). We make the
following assumptions.

Assumption 11.3. For each 6 € ©, the function fy is continuously differentiable,
strongly convex and strongly smooth with parameters my and Ly, respectively.
Additionally, at fixed x € R", the map 0 — V. f(x,0) is Lipschitz with constant
Lipg(Vf). The map 0 — by is Lipschitz with constant Lipy (). Finally, the matrix
A € R™*™ satisfies aminlm =< AAT = amax Loy fOT Gmin, Gmax € Ro.

Consider the parameter-dependent equality-constrained minimization problem:

min  fy(x),
zER™ (11.10)
s.t. Az = by.

To solve this minimization problem, we consider the corresponding continuous-time

parameter-varying primal-dual dynamics defined by
&= —Vfp(z)— AT\,
) Jo(@) a1.11)

A=Az — bg.

By Theorem 10.6, for each § € ©, the dynamics (11.11) is guaranteed to converge
to the unique primal-dual pair solving problem (11.10). The following lemma shows
that, under proper assumptions, the dynamics (11.11) track the time-varying equilibrium
curve 2*(0(t)), A*((t)) with a tracking error proportional to ||0(t)| after a transient.

Lemma 11.6 (Equilibrium tracking for (11.11)). Consider the continuous-time parameter-
varying forward-backward splitting dynamics (11.11) satisfying Assumption 11.3. Let
z = (z,)\) € R"™™, and let fep: R"T™ x © — R™™ be the vector field defining
% = fpp(z,0) via the dynamics (11.11). Then

(i) for fixed z € R"™, the map 0 — fpp(2,0) is Lipschitz with constant
Lipg(fon) < V/[[Pll2]|P~1|2(Lipg (V £)? + Lipy (b)),
where the matrix P is defined in (10.14).

Additionally, if the map 0: R>q — © is continuously differentiable, then

(ii) for any zg € R™, \g € R™, and any trajectory z = (x,\) € R" ™™ satisfying
2(t) = fep(0(t), 2(t)) with initial condition zy = (xo, Ao) further satisfies

l2(t) = 22 O(O) 1 p < e [lz0(6) = =* (Bo(0))]
VPP T2y (V772 + Lipy (0)%) / e~ (7) odr,
0

Cc
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where P is defined in (10.14) and ¢ > 0 is defined in (10.15).

Proof. To prove statement (i), let 6, o € ©. We compute

_ _ AT AT
1fon(8, 2) — fon(, 2)| % = H [ v/ a(ﬂx - bg)\jAva:fi(li) ' A}

R

P
2

P

{Vf%,(x) - er(x)}

by, — by )
= [|Pll2| P~ [2(IV folz) — V()13 + [Ibe — by 13)
< |IP|l2/| P~ [|2(Lipg(V £)? + Lipa(0)®)[10 — I3,

2
< |P|2||P1||2’

which implies the statement. Statement (ii) is a consequence of Theorem 10.6, which
proves strong infinitesimal contractivity in z with rate ¢ defined in Equation (10.15), and
statement (i) for Lipschitzness in 6. Finally, Theorem 11.3 provides the bound. O

If, additionally, Vy f is differentiable in x and 0 and by is differentiable in 6, then
we can design a feedforward term involving 6 leveraging Theorem 11.4 to attain zero
tracking error.

Remark 11.4. We have not let the matrix A depend on the parameter 0 since the norm
with respect to which the dynamics (10.11) are contracting depends on A. If A depends
on 0, then the norm with respect to which the dynamics are contracting is also parameter-
dependent and the results from Theorems 11.3 and 11.4 do not directly apply. O

11.4.3 Parameter-Varying Composite Minimization

Let f: R"x 0O =R, g:R"x 0O — R, and A € R™*" be fulLrow rank. For fixed
6 € © we denote by fy: R™ — the map f(-, ) and by gg: R™ — R the map g(-,6). We
make the following assumptions.

Assumption 11.4. For each 0 € ©, the function f: R"™ x © — R is continuously
differentiable, strongly convex and strongly smooth with parameters my and Ly,
respectively, while the map gy is convex, closed and proper. Additionally, at fixed
x € R™, the map 6 — V. f (x,0) is Lipschitz with constant Lipy (V ) and, for every
7y > 0, the map 0 > prox,, (x) is Lipschitz with constant Lipy(prox. ). Finally,
the matrix A € R™*" satisfies aminlm = AAT < amaxIm, fOF Gmin, Gmax € Rso.

Consider the following parameter-dependent composite minimization problem

min fo(z) + go(Az). (11.12)
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To solve this composite minimization problem we consider the primal-dual dynamics on
the parameter-varying proximal augmented Lagrangian defined by

i =—Vfa(z) — ATVM, g, (Az + 7)),

. (11.13)
A=3(=A+ VM, (Az + vX)).

By Theorem 10.7, the dynamics (11.13) converge to the unique primal-dual pair solving
the minimization problem (11.12). In what follows, we show that, under proper assump-
tions, the dynamics (11.13) track the time-varying equilibrium curve x*(0(t)), \*(6(t))
with a tracking error proportional to ||0(t)| after a transient.

Lemma 11.7 (Equilibrium tracking for (11.13)). Consider the parameter-varying proxi-
mal augmented Lagrangian (11.13) satisfying Assumption 11.4. Let z = (z,\) € R"t™,
and let foy: R x © — R™™ be the vector field defining > = fcm(z,0) via the
dynamics (11.13). Then

(i) for fixed z € R"™™, the map 0 — fem(z, 0) is Lipschitz with estimate

up9<fCM>s¢ 12121122 (Ling (V)2 o (%75 + 1) Lip (prox, . )2) =: Lo,

where the matrix P is defined in (10.21).
Additionally, if the map 0: R>¢ — © is continuously differentiable, then

(ii) for any xg € R™ A\g € R™ and any trajectory z = (z,\) € R"™ satisfying
2(t) = fem(0(t), 2(t)) with initial condition zy = (xq, Ao), satisfies

12(6) = =" (B(D)llp < e [l20(t) — =" (B0 (1)) | p + %/0 e~ Do) |odr,

where P is defined in (10.21), ¢* > 0 is the optimal parameter solving (10.20).

Proof. The proof of statement (i) follows from analogous steps to the proof of 11.6(i) and
using the equality VM., (Az+~A) = % (Az+yA—prox,  (Az+vA)). Statement (ii)
is a consequence of Theorem 11.3, which proves strong infinitesimal contractivity in z
with rate ¢*, and statement (i) for Lipschitzness in 6 with estimate Lgy. Finally, the bound
follows from Theorem 11.3. U

Additionally, if fcwm is differentiable in both of its arguments, then we can leverage
Theorem 11.4 to design a feedforward term involving 6 to attain zero tracking error.

Remark 11.5. As in the case of linear equality-constrained minimization, the matrix A
cannot depend on the parameter 0. For the same reason as before, the norm with respect
to which the dynamics (10.19) are contracting depends on A. O
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11.5 Numerical Simulations

In this section, we report two numerical examples to validate the performance of the
proposed dynamics. We present an application of Theorem 11.3 to a problem with
equality constraints, which corresponds to Problem (11.10) and a case with inequality
constraints, which corresponds to Problem (11.12).

11.5.1 Equality Constraints

Consider the following time-varying quadratic optimization problem with equality con-
straints

1 )
—lz —r(t
min - ole =)l

(11.14)
s.t. 1+ 2z + 3 = sin(wt),

where w = 0.2 and r(¢) = (sin(wt), cos(wt), 1). We can see that the minimization prob-
lem (11.14) is an instance of the parameter-dependent equality-constrained minimization
problem (11.10) with n = 3 primal variables and m = 1 equality constraints by letting
0(t) = (cos(wt),sin(wt)) € © := {z € R? | ||z]|2 < 1} C R?. Letting || - [[e = | - ||2,
we can verify that the Lipschitz assumptions are verified for fo)(z) = %[l — 7(t)]|3

and bg(¢) = sin(wt). The corresponding primal-dual dynamics for problem (11.14) read

&1 = —x1 +sin(wt) — A,
&g = —xo + cos(wt) — 2\,

1.1
3= —a3+1- ) (1)

AN=1x1 + 229 + 73 — sin(wt).

We simulate the dynamics (11.15) over the time interval ¢ € [0, 50] with a forward
Euler discretization with stepsize At = 0.01 and set the initial conditions z(0) =
03, A(0) = 0. We plot the trajectories of the primal variables in dynamics along with the
instantaneously optimal values z*(6(t)) in Figure 11.1.

We empirically observe how the trajectories of the dynamics track the instantaneously
optimal values x*(6(t)) after a small transient.

11.5.2 Inequality Constraints

Consider the following time-varying quadratic optimization problem with inequality
constraints

1
min, e+ (1),

z€R? (11.16)

st — a1+ a2 < cos(wt),

where w = 0.2 and r(t) = (sin(wt), cos(wt)). We see that (11.16) is an instance

of (11.13)withg: R x © — Rgivenby g(z,0) = t¢c,(z) whereCyg = {z € R | 2 < 0, },
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Figure 11.1: Plots of trajectories of the primal variables in dynamics (11.15) solving
the equality-constrained minimization problem (11.14). Left panel: trajectories of the
primal variables xz(t) as solid curves and trajectories of the instantaneously optimal
primal variables z* (6(¢)) as dashed curves. Right panel: trajectories of the dual variable
A(t) as solid curve and trajectory of the instantaneously optimal dual variable A(6(¢)) as
dashed curve.

0(t) = (cos(wt),sin(wt)) € © :={z € R? | |z|]2 <1}, and A= [-1,1]. Then for
given t, 0(t), z, we can verify that

prox (2) = Pc,, (2) = min{z, cos(wt) }

Y96 (t)

and the corresponding Moreau envelope is
1 . 1
VMg, (2) = —(# — min{z, cos(wt)}) = — ReLU(z — cos(w(t))).
v v

Thus, we can verify that the Lipschitz assumptions in § hold. The corresponding primal-
dual dynamics on the augmented Lagrangian for problem (11.16) then read

1
i1 = —a; — sin(wt) + = ReLU(—21 + 22 + Y\ — cos(wt)),
v

1
&9 = —x9 — cos(wt) — — ReLU(—z1 + z2 + v\ — cos(wt)),
Y

A= —yA+ ReLU(—z1 + 2 + 7\ — cos(wt)).

We simulate the dynamics (11.17) with v = 10 over the time interval ¢ € [0, 50]
with a forward Euler discretization with stepsize At = 0.01 and initial conditions
x(0) = 03, A(0) = 0. We plot the trajectories of the primal variables in dynamics along
with the instantaneously optimal values 2*(6(t)) in Figure 11.2.

We empirically observe how the trajectories of the dynamics track the instantaneously
optimal values z*(6(¢)) after a small transient.
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Figure 11.2: Plots of trajectories of the primal variables in dynamics (11.17) solving
the inequality-constrained minimization problem (11.16). Left panel: trajectories of
the primal variables z(t) as solid curves and trajectories of the instantaneously optimal
primal variables x* (6 (¢)) as dashed curves. Right panel: trajectories of the dual variable
A(t) as solid curve and trajectory of the instantaneously optimal dual variable A(6(t)) as
dashed curve.

11.6 Summary

In this chapter, we proposed a contraction theory approach to the problem of tracking op-
timal trajectories in time-varying convex optimization problems. We presented two main
results on equilibrium tracking for parameter-varying contracting dynamics, address-
ing both scenarios where the rate of change of the parameter is known and unknown.
Specifically, in Theorem 11.3, we proved that the tracking error between any solution
trajectory of a strongly infinitesimally contracting system and its equilibrium trajectory
is upper bounded with an explicit estimate on the bound. This bound gives designers
valuable insight into how they may accelerate their dynamics to achieve lower tracking
errors. Specifically, we showed that the bound is asymptotically proportional to the rate
of change of the parameter, confirming the intuitive result that the faster the system the
bigger the tracking error. The applicability of these results has already been proved in
other contexts. Specifically, [180] leveraged these findings to develop a computationally
efficient barrier function-based contraction approach for safety verification. For the sce-
nario where the rate of change of the parameter is known, in Theorem 11.4, we prove
that by augmenting a strongly infinitesimally contracting system with a feedforward term
we can ensure that the tracking error converges to zero exponentially quickly.

Then, we applied these results to convex optimization problems. By leveraging
the contractivity results in Chapter 10, we applied Theorem 11.3 to provide explicit
tracking error bounds. Specifically, we focused on monotone inclusions, linear equality-
constrained problems, and composite minimization problems. We concluded the chapter
with two numerical examples to validate the proposed bounds.
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12 On Weakly Contracting
Dynamics for
Convex Optimization

In Chapters 10 and 11, we proposed a contractivity-based approach to effectively solve
static and time-varying strongly-convex optimization problems. In this chapter, we
extend our analysis beyond the case of strong convexity and focus on convex optimization
problems with unique minimizers. As we will show, these problems lead to dynamics that
are globally-weakly contracting in the state space and only locally-strongly contracting,
such as the the firing rate competitive networks analyzed in Chapter 7. Our goal is to
study and characterize the convergence behavior of these systems. The results presented
in this chapter appeared in:

* V. Centorrino, A. Davydov, A. Gokhale, G. Russo, and F. Bullo. “On Weakly
Contracting Dynamics for Convex Optimization”. IEEE Control Systems Letters,
vol. 8, pp. 1745-1750, June 2024. doi: 10.1109/LCSYS.2024.3414348.

Additionally, part of the results were presented at:

* Workshop “Variational Inequalities, Nash Equilibrium Problems and Applica-
tions”. “On Contracting Dynamics for Convex Optimization”, Oral Talk, Catania,
July 11-12, 2024. Website: https://vinepa.dmi.unict.it/,

* V. Centorrino, A. Davydov, A. Gokhale, G. Russo, and F. Bullo. “On Weakly
Contracting Dynamics for Convex Optimization”, 63rd IEEE Conference on De-
cision and Control, Milan, Italy, December 2024. Presented in the invited session
“Contraction Theory in Systems and Control I”.
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12.1 Introduction

As established in previous chapters, one powerful way to analyze convex optimization
problems is to synthesize continuous-time dynamical systems that converge to an equi-
librium that is also the optimal solution to the problem. A suitable tool to assess the
convergence of these dynamics is contraction theory. For optimization problems with
strongly convex costs, the corresponding gradient dynamics, primal-dual dynamics (in
the presence of constraints), or proximal gradient dynamics (for non-smooth costs) are
strongly contracting, implying that trajectories exponentially converge to the equilib-
rium, which is also the optimal solution. In contrast, for optimization problems with only
convex costs, the corresponding gradient, primal-dual, or proximal gradient dynamics
are weakly contracting, and convergence depends on the existence of the minimizer. In
this context, we now focus on convex optimization problems with a unique minimizer
via continuous-time dynamical systems. These optimization problems lead to a class
of continuous-time dynamical systems that are globally-weakly contracting in the state
space and only locally-strongly contracting. We characterize the convergence behavior
of such dynamics, showing that this is linear-exponential, and present local input-to-state
stability (ISS) results.

The chapter is organized as follows. Section 12.2 presents the initial setup, for-
mally defining the linear-exponential function and its properties. Then, we analyze the
convergence properties of globally-weakly and locally-strongly contracting dynamics.
Specifically, in Section 12.3 we analyze the case in which global and local contractivity
are with respect to the same norm. The scenario of different norms is then analyzed in
Section 12.4. Section 12.5 characterizes local ISS for input-dependent dynamics that
are GW-LS-C. Finally, in Section 12.6, we illustrate the effectiveness of our results by
applying them to a dynamical system solving the LP problem.

12.1.1 Contributions

We analyze the convergence behavior of the class of globally-weakly and locally-strongly
contracting (GW-LS-C) dynamics, showing that this is linear-exponential, in the sense
that the distance between each solution of the system and the equilibrium is upper bounded
by a linear-exponential function, introduced in this chapter. Through a novel technical
result, we characterize the evolution of certain dynamics with saturation in terms of the
linear-exponential function. This result is then exploited for our convergence analysis,
which is carried out considering two cases that require distinct mathematical approaches.
First, we consider systems that are GW-LS-C with respect to the same norm. Then, we
consider the case where the dynamics are GW-LS-C with respect to two different norms.
Additionally, we characterize local ISS for input-dependent dynamics that are GW-LS-C
with respect to the same norm. Finally, we show the effectiveness of our results by
considering continuous-time dynamics tackling LPs and propose a general conjecture.
The code to replicate our numerical example is given athttps://shorturl.at/vGNY1.
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12.2 Linear-Exponential Function

In this section, we define the linear-exponential function, which plays a pivotal role in
bounding the convergence behavior of GW-LS-C systems.

Definition 12.1 (Linear-exponential function). Given a linear decay rate c;, > 0, an
intercept ¢ > 0, an exponential decay rate cexp, > 0, and a linear-exponential crossing
time teross < ¢/ ciin, the linear-exponential function lin-exp: R>g — R is defined by

— Clint ift <t
lin-exp(t) = § 47 = s (12.1)
(q - Clintcross)eiceXp(titcms) 1f t> tcross'

We write lin-exp(t ; ¢, Clin, Cexp, teross) When we want to highlight the parameters in (12.1).
See Figure 12.1 for an illustration of equation (12.1) for some parameters.

lin-exp(t)

Figure 12.1: Plot of the linear-exponential function (12.1) with linear decay rate
cin = 0.8, intercepts ¢ = {2.5, 3.5, 4.5}, exponential decay rate cexp, = 1, and linear-
exponential crossing time Zcross = 2.

The next result shows that the linear-exponential function is the solution of certain
continuous-time dynamics with saturations.

Lemma 12.1 (Property of the linear-exponential function). Let cexp, and d be positive
scalars. Consider the dynamics

&(t) = —Cexp sty (x(t)), T =q > d. (12.2)

-1

. . -1
Then, x(t) = lin-exp(t ; ¢, Ciin, Cexps teross)» With Ciin = dCexp and teross 1= qey, — Coxpr

is a solution of (12.2).

Proof. First, we note that being the right-hand side of the dynamics (12.2) locally
Lipschitz continuous, the ODE (12.2) admits a unique continuous solution at least within
a certain neighborhood of the initial condition. Using the definition of saturation function,
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for all £ € R we can write the ODE (12.2) as

dcexp ifz(t) < —d,
#(t) = { —copa(t) ifx(t) € [~d,d], (12.3)
—dCexp ifz(t) > d,

which, in each interval [tg,t;1] € R>o where the solution is continuous and does not
change regime, has general solution

deexpt + x(t0) if z(t) < —d,
x(t) = x(to)e_c”?(t_t()) if Z‘(t) (S [—d, d], (124)
—dcexpt + x(to)  if z(t) > d.

At time t = 0, we have ¢y = ¢ > d. For continuity of the solution, there exists ¢t* such
that z(t) > d, Vt € [0,t*]. Thus from equality (12.4) and being z(t; = 0) = g, it is
x(t) = —dcexpt + ¢, Vt € [0,t*]. Moreover being xz(t) decreasing, the time value t* is
finite and there exists a time, say it Z, such that z(f) = d. Let ¢jj := dceyp, We have

2(f) =d <= —deept +q=d <= t=qc; — c;; = teross-

In summary, we have shown that the solution of (12.3) is z(t) = q — ¢yt for all
t € [0, teross) and is z(t) = d at time feross. Thus, since (teross) = ¢ — Clinterosss for all
t > teross, from (12.4) we have z(t) = (¢ — c]mtcr(,ss)e*CC*P(t*t“"”). Specifically, z(t) > 0
for all ¢ > 055, thus it can never be the case x(t) < —d. This concludes the proof. [

In the next sections, we focus on studying the convergence behavior of GW-LS-C
dynamical systems of the form given by (4.1), where the function f: R>¢ x C — R" is
locally Lipschitz, and where C C R™ is an open, convex, and f-invariant set. In what
follows, we make the following assumptions.

Assumption . There exist norms || - ||g, || - ||L on R™ such that

(12.A1) f is weakly infinitesimally contracting on R™ with respect to || - ||c,

(12.A2) f is cexp-strongly infinitesimally contracting on a forward-invariant set S
with respect to || - |1,

(12.A3) «* € S is an equilibrium point, i.e., f(t,x*) = 0,, forallt > 0.

Remark 12.1. Assumptions (12.A2), (12.A3) can be equivalently replaced by assuming
the existence of a locally exponentially stable equilibrium. O

In what follows, we first consider GW-LS-C systems with respect to the same norm
and then GW-LS-C dynamics with respect to different norms. In both scenarios, we
show that convergence is (globally) linear-exponential. That is, given a trajectory x(t)
of the dynamics, the distance ||(t) — *||g is upper bounded by a linear-exponential
function (12.1).
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12.3 Convergence of Globally-Weakly and
Locally-Strongly Contracting Dynamics with Re-
spect to the Same Norm

We start by giving a bound on the upper right Dini derivative of the distance of any

solution of the dynamical systems (4.1) with respect to the equilibrium z*.

Lemma 12.2 (Saturated error dynamics). Consider the dynamical system (4.1) and let
Assumptions (12.A1) — (12.A3) hold with || - |lc = || - |l := || - || Let r be the largest
radius such that B (m*, r) C S. Then, for every trajectory x(t) starting from xo ¢ S,
for almost every t > 0, we have

DY |z(t) — 2*| < —Cexp Satr (| 2(t) — ). (12.5)

Proof. Consider an arbitrary trajectory x(t) starting from xy ¢ S and a second trajectory
equal to the equilibrium z*. Let u be the log-norm associated to || - ||. For for almost
every t > 0 it holds ([37, 38]):

Tlla(t) — 2* 1 " 4+ a(z(t) — x* a - ||z(t) — 2| = .
D att)=a7 < [ u(Df(ta" +ala(t) ~a") )da - lalt) = a*]| = RES

where « € [0, 1], and 2* + a(x(t) — 2*) is the segment from x* to x(¢).
For each t > 0, if ||z(t) — z*|| < r, then Assumption (12.A42) implies

1
RHS < /0 (=Cexp)dar - [|2(t) = 27| = —cexpl(t) = 2™|| = —cexp sty ([[2(t) — ),

where in the last equality we have used the definition of saturation function.
If ||z(t) — *|| > r, define o* = r/||x(t) — 2*|| and note that, for almost every ¢ > 0,
Assumptions (12.42) and (12. A1) imply
a<a® = p(Df(ta" +alzlt) —zY)))
a>a* = puDf(t "+ az(t) — "))

—Cexp,

0.

IN A

Therefore, for almost every ¢t > 0, it holds

*

RHS < /Oa w(Df(t,a* + a(z(t) — x¥)))da - [|z(t) — 27|

1
+ [ n(Ds (" + ala(t) ~ +*)da) - fialt) = o]
< (—Cexp@® + 0)[[2(t) — 2" = —Cexpr = —Cexp saty ([ (t) — 2*]), (12.6)

where in the last equality we used the definition of saturation. Figure 12.2 provides an
illustration of this result about the average of the log-norm. This concludes the proof.
O
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Figure 12.2: Illustration of the inequality (12.6) with || - || = || - [|2-

With this result in mind, we can now give our convergence result for GW-LS-C
systems with respect to the same norm.

Theorem 12.3 (Linear-exponential convergence of GW-LS-C systems with respect to
the same norm). Consider the dynamical system (4.1) and let Assumptions (12.A1) —
(12.A3) hold with || - |l = || - [l == || - |l Also, let v be the largest radius such that
B(x*, 7") C S. For each trajectory x(t) starting from x, it holds that

(i) if xg € S, then, for almost everyt > 0,

la(t) — 2*|| < e lzg — ™,
(ii) if xog & S, then, for almost every t > 0,
Hl‘(t) - x*ll < lin—exp(t 5 4, Cliny Cexp; tCrOSS)a (12.7)

with

* exponential decay rate cexp > 0,

* linear decay rate cjin = Cexp T,

e intercept q = ||xg — ¥,

o linear-exponential crossing time teoss = (¢ — 1)/ Clin-
Proof. Statement (i) follows from Assumption (12.A42). Item (ii) follows by using the
Comparison Lemma 4.1 to upper bound the solution to the differential inequality (12.5).

Additionally, the upper bound obeys precisely the initial value (12.2) in Lemma 12.1, for
parameter values d = 7, Clin = Cexp’s ¢ = ||T0 — &*||, and teross = (¢ — 1) /Clin. O
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12.4 Convergence of Globally-Weakly and
Locally-Strongly Contracting Dynamics
with Respect to Different Norms

In this section, we extend the results from Section 7.3 by refining the convergence bound
presented in Corollary 7.3. This improvement stems from a more accurate intercept and
linear-exponential crossing time. Differently from the bound in inequality (7.13), the
bound introduced here remains continuous at all times, and no jump can occur at ¢yqgs.

We begin by formalizing the concept of the p-contraction time, where 0 < p < 1
is the contraction factor introduced in Lemma 7.2. This concept plays a crucial role in
quantifying the convergence behavior of the dynamics when different norms are applied
globally and locally.

Definition 12.2 (p-contraction time). Let the dynamical system (4.1) be strongly in-
finitesimally contracting with respect to a norm || - ||o. Consider the contraction factor
0<p<1 anorm| - | andavector x € R™.

* The p-contraction time is the time required for each trajectory starting in B, (x, r),
for some r > 0, to be inside B, (x, pr),

* The p-contraction time with respect to the norm || - || g is the time required for each
trajectory starting in Bg (:v, r), Sor some r > 0, to be inside Bg (z, pr).

Remark 12.2. It is implicit in Definition 12.2 that the p-contraction time for a specific
trajectory depends on the initial condition and the center of the ball. O

Lemma 12.4 (Contraction times with respect to distinct norms). Given || - || and || - ||
norms on R™ with equivalence ratio ko g, consider system (4.1) satisfying Assump-
tions (12.A2), (12.A3) with || - || = || - ||a- Then, for each contraction factor 0 < p < 1,

(i) the p-contraction time is t, = In(p~')/c,
(ii) the p-contraction time with respect to the norm | - || is t5F = In(ka,5 p™)/c.

Proof. Consider a trajectory x(t) of the dynamical system (4.1) such that ||zg|lo < 7.
To prove statement (i) we need to find the first time ¢, such that ||z(t,) — 2*[|o < pr.
Clearly the worst-case time is achieved when ||xg—2* ||, = 7. But ¢-strongly infinitesimal
contractivity with respect to || - ||, implies ||z(t) — 2*|lo < e |lzg — 2*|, and so ¢,
is determined by the equality e~ “*»r = pr, from which item (i) follows.

Regarding statement (ii), we need to find the first time tz"ﬁ such that it holds the
inequality ||z(t,) — z*||s < pr. We note that

(7.7), 2™ inequalit
— Y 0 € By (z*, K2r),

z(t,) € Ba(z7, pr/kg).

zo € Bg(z*,7)

x(t,) € Bg(a*, pr) (17), 1 inequality
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Thus, the contraction time from Bg (z*,r to Bg (:c*, pr) is upper bounded by the
contraction time from B, (ac*, kgr) to B, (:c*, pr/ kg) . Therefore, the contraction factor

with respect to the || - || norm is (pr/k§) (kBr) = p/ke.p. Statement (ii) then follows
from statement (). O

We can now give our convergence result for GW-LS-C systems with respect to the
different norms.

Theorem 12.5 (Linear-exponential convergence of GW-LS-C systems). Let || - || and
| - llc be two norms on R™ with equivalence ratio ki, g. Consider system (4.1) satisfying
Assumptions (12.A1) — (12.A3). Let r be the largest radius such that Bg (Jc*, r) cS.
For each trajectory x(t) starting from xy, it holds that

(i) ifzg € S, then, for almost every t > 0,

[2(t) — 2"l < kL ge™ e’

lTo — %G, (12.8)

(ii) if xg ¢ S, then for any contractor factor 0 < p < 1 and, for almost every t > 0,
”x(t> - «T*HG < hn'exp(t ; 4, Clin, Cexp) tcross)» (12.9)
with

* exponential decay rate Cexp > 0,

o linear decay rate cin = Cexpr(1 — p)/In(kLgp™ ),

) In(kr,g
e intercept q = ||xg — x*||g + (1 — p)ln(kigp—)l)
e linear-exponential crossing time t.oss = [%—‘ In(krgp™t)/cexp +

ln(kL,G)/cexp.

Proof. Consider a trajectory x(¢) starting from initial condition xg. If g € S, then
statement (i) follows from Assumption (12.A42) and the equivalence of norms. Indeed,
Assumption (12.A42) implies that for every xy € S and for almost every ¢ > 0, it holds

¢t (0) — 2"l < e ||lzg — 2.
Applying the equivalence of norms to the above inequality, we get

[P+ (170) —2*||g < kL ge” %!

2o — ¥ (12.10)

If 2y ¢ S, define the point yo = a* + rugfL

*
—z*|lo

€ 8BG(37*,7“)‘. The norm

lyo — x*||g = 7, therefore yq is a point on the boundary of Bg(z*,r). Moreover, the
points x*, yg, and z¢ lie on the same line segment, thus

lzo — 2*[lc = [0 — wollc + 7 (12.11)

Note that dBg (a:*, r) means the boundary of Bg (:r:*, 7").
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By Lemma 12.4(ii) and because each trajectory originating in Bg (:r*, r) remains in

S, the p-contraction with respect to || - || for the cep-strongly contracting map f is
In(kpgp™t
16 = In(hrop™) (12.12)
Cexp
Then, for almost every ¢ € [0, £;;'], we have
I¢e (20) = 2*[la < ¢4 (z0) — @t (yo)lla + ll¢e(y0) — 2l (12.13)
< [lzo = olla + kr.ce™ " lyo — 2* |l (12.14)
12.11 —c,
U=z — 2l — lla* — wolla + kge '
t:t;’G L,G
< lwo — a¥fle — (1 — krge™ ')
12.12
Y= leo -l —r(1 - p), (12.15)

where in (12.13) we added and subtracted ¢;(yo) and applied the triangle inequality,
while inequality (12.14) follows from Assumption (12. A1) and inequality (12.10). Now,
equality (12.15) implies ”d)tb’G (z0) — 2*|l6 < |lzo — a*|c —r(1 — p). If [|g — 2*||c —
tL’G
P

r(1 — p) < r, then by Assumption (12.A2), for almost every in ¢ > , we have

,G
64 (z0) — 2*lla < kLge™ =% (g — 2* o — r(1 = p)).

If |z — 2*||g — r(1 — p) > r, we iterate the process. Specifically, let z, := qbt%o(xo),
"
and define y, := CU*—H“% € 0Bg(z*,r). Consider the solution tojy = f(t,y)
Tp —I7||G
with initial condition y (%) = y, and note that ¢;(z,) = ¢, , s (o). For almost every

t € [tHS, 2t9], we compute

6,40 (w0) — 2" ll6 < ll9e(2p) — de(yp)lla + [10e(yp) — 2"l (12.16)
—c(t—tb9) *
< lzp = ypllc + ke ? Nlyo — 2|l (12.17)
1211 . . e(t—tG
U e, — 6 — o = yplle + ke Dy

< Jlgpe(wo) — 2l — r(1 — ke =5

(12.15) )
< ||$0 - :ﬂ*HG - r(l - p) — 7«(1 _ kL,Gefc(tftfoG))

t=2t5
< lwo — 2%l — 2r(1 — p),

where in (12.16) we added and subtracted ¢;(yo) and applied the triangle inequality,
while (12.14) follows from Assumption (12.41) and inequality (12.10). We now reason
as done in [0, t5:9]. If [|zg — 2* ¢ — 2r(1 — p) < r, then Assumption (12.42) implies

* * —c(t— L.G
16,4 .5 (20) — ¥l < 6 (llzo — 2*[lg — 2r(L — p))e™ U207, vt > 2600,
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If || zo —2*||c —2r(1—p) > r, we proceed analogously until || zg —a* || —=Tr(1—p) < r.
lzo—2*|lo=r
(1—p)r
process, at step T, for almost every ¢ € [(T' — 1)t59, Tt55], we get

This inequality is verified after at most T" := [ steps. Iterating the previous

LG
||¢t+(T71)tI;,G($O)—$*HG < ||.130—x*||G—(T—1)7”(1—p)—T(l—kL,Ge—c(t—(T—l)tp ))7

t=kt; O
< lzg—a*|lc =Tr(1—p) <,

where the last inequality follows from the definition of 7'. Local strong contractivity then
implies
L.G

Hd)t-i—Tt';G(l'O)—fC*HG < kLVG(||:c0_x*HG_Tr(l—p))efc(thtp ), forae. t> Tt%’G.
The above reasoning together with Assumption (12. A1) implies that for almost every
te [ithS, (i+1)t5C], i € {0,...,T — 1}, we have

16, s (z0) — 2% 6 < min{”xo — 2t —ir(1 - p), (12.18)

lzo — 2*|g —ir(1 —p) —r(1 — kL’Ge_C(t_itIE’G))}.

By partitioning the interval [0, +-00] as [0, t5:C[U- - - U[(T —1)t5¢, TtHC[U[TT5C, +o0]
and summing up the above inequalities we obtain the bound:

T-1

lé(0) = #*lla < D Lo <ocrysey (B
=0

min { |z — ¥l = ir(1 = p), a0 — ¥l — ir(1 = p)
—r(l- kL,Gefc(tfitl‘;‘G))} + 1oy (1)
min { o — 2" = Tr(1 - p),
g (leo = @l = Tr(1 = p) e =T L e gy (1), (12.19)

Finally, statement (ii) follows by noticing that gg(t) < lin-exp(t; ¢, Ciin, Cexp, Leross)s

t > 0, for teross = Tln(kL,Gp_l)/Cexp + ln(kL,G)/Cexp’ Clin =T Cexp<1 - P)/ ln(kL7Gp_1),
hl(k‘[ﬂ(})

In(kLcp™t)
Figure 12.3 illustrates the bound in (12.9) and the one in (7.13).

and ¢ = ||zg — 2*||g + r(1 — p) . This concludes the proof. O

Remark 12.3.

(i) The bound in Theorem 12.5 generalizes the result for equal norms in Theorem 12.3.
Infact, the factor (1—p)/ In(ky gp~") is always less than 1 for k. g > 1. Moreover,
when kg = 1 it results lim1 (1—p)/In(kLgp™ ") = 1, thereby exactly recovering

p—

the equal-norm result.
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Figure 12.3: Linear-exponential bound in (12.9) (solid blue curve) and the decay bound
in (7.13) (red curve) for ||zg — 2*|lc =24, 7 =1, cexp = L k¢ =2, p = 0.4

(ii) A consequence of Theorem 12.5 is that, jointly, Assumptions (12.A1), (12.A2),
and (12.A3) preclude the existence of any other invariant sets besides S, and the
convergence towards the equilibrium is global.

(iii) Linear-exponential convergence is weaker than global exponential convergence,
but stronger than global asymptotic convergence (e.g., we provide an explicit
estimate of the time required to reach a neighborhood of the equilibrium).

O

With the following Lemma, we give the explicit expression for the optimal contraction
factor p that maximizes the average linear decay rate cj,.

Lemma 12.6 (Optimal contraction factor). Under the same assumptions and notations
as in Theorem 12.5, for ki g > 1 the contraction factor p € |0, 1] that maximize the
average linear decay rate cyy, is

1

—_—, (12.20)
W4 (_e_lkL,é)

plkLg) = —

where W_1(+) is the branch of the Lambert function W (+) * satisfying W (x) < —1, for
allx € [-1/e,0].

Proof. To maximize the linear decay rate cj;, we need to solve the optimization problem

IL—p
_. 12.21
02521 In(keg) — In(p) (12.21)
We compute

d  1-p _ pln(p) —p(L+ (ko)) +1 _
dp In(kyG) — In(p) p(In(krc) — In(p))?

)

2The Lambert function W (-) is a multivalued function defined by the branches of the converse relation of
the function f(z) = xe®. See [181] for more details.
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which holds if and only if
pln(p) — p(1 +In(kyg)) +1=0. (12.22)

Note that the equality (12.22) is a transcendental equation of the form z In(z)+az+b = 0,
whose solution is known to be the value x = Wl’bea) if —be® > 0 and the two values

Wbbea) and z = Wﬁbea) if —1/e < —be® < 0, where Wy(-) is the branch
satisfying W (z) > —1, and W_(+) is the branch satisfying W (z) < —1.

In our case itisb = 1 and a = —(1 + In(kyg)), thus —be® = —e~ (I +In(kic)) ¢
]—1,0][. Therefore, the solutions of the equality (12.22) are p = — and p =

1
W_l(—eflk]:é)

xr =

1
Wo(—e=1k 5)

. Being 0 < p < 1, the only admissible solutionis p = —W,
_1(—e L.G

thus the thesis. 0
A
0.81
0.6 1
©
£ 0.4
Q
0.2
0.0 T T : T . >
5 10 15 20 25
ki,

Figure 12.4: Plot of the optimal contraction factor p(kL ) given by equation (12.20).

12.5 Local Stability in the Presence of External Inputs

We now characterize local ISS for GW-LS-C systems with respect to the same norm.
Specifically, we consider the input-dependent dynamics

i(t) = f(t,z(t),u(t)). (12.23)

where, f: R>o X C x U — R", the map = — f(¢,,u) is locally Lipschitz, for all ¢,
u, with C C R™ f-invariant, open and convex, and &/ C R™. Given u € R™, we define
the set of bounded inputs U := {u: R>g — U | |Ju(t)|lu < @, Vt > 0}. We make the
following assumptions.
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Assumption . There exist norms || - ||, || - |z on C and U, respectively, such that

(12.A1’) forallt, u, the map x — f(t,x,u) is weakly infinitesimally contracting on
R™w.rt. || - |,

(12.A2%) for allt, x, the map u — f(t,x,u) is Lipschitz with constant L,, > 0,

(12.A3’) there exist a forward-invariant set S and cexp, > 0 such that, for all t,
for each u € U, the map x — f(t,x,u(t)) is cexp-strongly infinitesimally
contracting on S w.rt. || - ||,

(12.A4’) at u(t) = O, for all t, there exists an equilibrium point * € S.

We begin by giving two technical lemmas, needed to prove the main result of this section.

Lemma 12.7 (Error dynamics for input-dependent systems). Consider the input-dependent
dynamics (12.23) satisfying Assumption (12.A2°). Then any two solutions x(t) and y(t)
with inputs Uz, uy : R>g — R™, satisfy for almost every t > 0,

1
D at) -0 < | (DS r+alo—y),u,))dalfolt)-yb) ]+ Lalus (- (O
0

(12.24)
Proof. Let z(t) and y(t) be two trajectories of (12.23) with input signals w, u,, respec-
tively. Let [-, -] be a weak pairing compatible with | - ||. We compute
l2(t) = y@OID =) — y(B)l| = [f (2 ux) = f(E,y,uy), 2 = 3] (12.25)
< [[f(taxa uy) - f(ta y7uy)7x - y]] + ||f(t,:c,ux) - f(t,x,uy)HH:E - y”
(12.26)
< [[f(tama uy) - f(ta yvuy)vx - Z/]] + Lu“uﬂv - uy”UHx - yHa
(12.27)

where in (12.25) we used the curve norm derivative formula 2.7, in (12.26) we added
and subtracted f(t,z,u,) and used the sub-additivity 2.7 and the Cauchy-Schwartz
inequality 2.7, and in (12.27) we used Assumption (12.42"). Next, by dividing both
sides for ||z (t) — y(t)|| we get

[[f(tax7uy)_f(tayvuy)ax_y]] _
— 2 [l
= —yll

D+||x(t) —y(t)|| = yll + Lullus — UUHM
(12.28)

By applying the mean-value Theorem 2.1 to (12.28), a.e., we get

Hfol Df(y+s(z—y), uy)ds(z—y), w—y]] lz—yl|

Hle(t)—
D¥ () =yl < lz—y]| lz=yll

Lo ||t =y [

(12.29)

ds||lz—yll+Lu|[ue—uy |l
(12.30)

Y [Df(y+s(a—y),uy)ds(z—y), z—y]
= / =k
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where in (12.29) we have used the weak pairing sub-additivity 2.7. Next, recall that

A
Lumer’s equality 2.7 implies, [[[[ i ?] < ,u(A) for every A € R™*"™ and z # 0,,. By
2,2

applying this equality to (12.30) (with A = Df(y + s(z — y),uy) and z = x — y) we
get inequality (12.24). This concludes the proof. [

The next result gives a linear-exponential bound for the solution of dynamics with
saturations and additive inputs.

Lemma 12.8 (Solution of dynamics with saturations and additive inputs). Let cex, and
d be positive scalars, and u: R>o — R" satisfying ||u(t)||cc = tUmax < dCexp, for all t.
Consider the dynamics

i(t) = —cexpsata(z(t)) +ult), zo=q>d. (12.31)

Then, a solution of (12.31) satisfies

. _ _ U
x(t) < lin-exp(t ; q, Ciins Cexps Leross) + L[ty +00[(E) (1 — € Coxp (t t))%7
exp

With Ciin 1= dCexp — Umax > 0 and teross := =d -,

Clin

Proof. Using the definition of saturation function, for all ¢ € R>( we can upper bound
the ODE (12.31) as

—dCexp + Umax ify(t) > d,
(t) < Y(t) = —cCexpr(t) + umax  if y(t) € [—d, d], (12.32)
dCexp + Umax if y(t) < —d,

which, in each interval [tg,t;] C R>o where the solution is continuous and does not
change regime, has general solution

(—deexp + qmax)t + y(to) ify(t) > d,
u U, .
y(t) = (y(to) 2 )e_Ce*P(t_tO) + —Cmax ify(t) € [—d,d], (12.33)
exXp exp
(dcexp + umax)t + y(to) if y(t) < —d.

At time t = 0, we have x¢y = ¢ > d. For continuity of the solution, there exists ¢t* such
that y(¢t) > d for all ¢ € [0, ¢*]. Thus from (12.33) and being z(to = 0) = g, itis

y(t) = (_dcexp + umax)t +q,

for all t € [0,¢*]. Moreover being umax < dcexp, the function y(t) is decreasing,
the time value ¢* is finite and there exists a time, say it ¢, such that y(¢) = d. Let
Clin := dCexp — Umax, W€ have

q—d
Clin

yt)=d <= —cint+q=d <= t=

= Teross-
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In summary, we have shown that y(t) = g — cjint, for all t € [0, teross], and y(t) = d
at time tyoss. Thus, from (12.33) and being y(teross) = ¢ — Clinterosss VE > teross We have
y(t) = (q - Clintcross)e_cm(t_tmss) + (]. — e_ce"p(t_tm’ss) Lmax.

Cexp
Specifically, y(t) > 0 for all > 055, thus it can never be y(t) < —d. This concludes
the proof. O

We are now ready to state the main result of this section.

Theorem 12.9 (Local ISS for input-dependent GW-LS-C systems). Consider system (12.23)
satisfying Assumptions (12.A1°) — (12.A4°). Let r be the largest radius such that
B(z*,7) C S, U < rcexp, and tmax = sup,¢qo,¢ [tz (7)|lu < @ For each trajectory
x(t) with input u, € U starting from xo ¢ S, for almost every t > 0, we have:

(i) DF|la(t) — 27| < —cepsaty([|2(t) — ") + Lulua (t) s,

. . L
(”) Hx(t) - £L'* H S hn—exp(t 5 4, Clin, Cexp; tcross) + ]-[tcmss,—i-oo[(t) -

(1 - eic“pt )umax;
Cexp

with

* exponential decay rate cexp > 0,

i

* intercept ¢ = ||xg — x*
e linear decay rate Ciin = TCexp — Umaxs
* linear-exponential crossing time teoss = (q — 1)/ Clin-
Proof. Consider an arbitrary trajectory z(t) starting from xo ¢ S with input u, and a
second trajectory equal to the equilibrium x* with input u = 0,,. To prove statement (i),

let 1 be the log-norm associated to || - ||. By applying inequality (12.24) to those
trajectories, for almost every ¢t > 0, we have

1
DHa(®) ~ o’ < [ n(Di(a" + alalt) = 27),0))daa(®) ~ o] + Luue
0
(12.34)
The proof follows by using similar reasoning as the one in the proof of Lemma 12.2.

Statement (ii) follows by using the Comparison Lemma 4.1 and Lemma 12.8 to upper
bound the solution to the differential inequality (i). O

12.6 Applications

We now demonstrate the effectiveness of the previous results by applying them to two
dynamical systems: one minimizing the Huber loss, and the other addressing linear
programming problems.
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12.6.1 Huber Loss

Consider the convex minimization problem

min hs(zx), (12.35)

where hs: R — R>( is the Huber loss [182] and is defined by

s if [z <0
hs(z) = 4 27 X ! o] <, (12.36)
§- (x| —46), if|z| >4,

with § € R>(. The Huber loss is a function used in robust regression and represents
a compromise between the ¢; and /5 loss functions. Figure 12.5 illustrates the Huber
loss (12.36) for different values of the parameter §.

124 hs(z)

>
>

Figure 12.5: Huber Loss in equation 12.35 for § = 1,2, 3, 4.

To solve (12.35), we consider the associated continuous-time gradient flow dynamic
& = —Vhs(x) = — sats (x) = fu(x). (12.37)

Given that the Huber loss is convex, the gradient dynamics (12.37) is weakly contracting,
and not strongly contracting. The following theorem characterizes the convergence
behavior of the gradient dynamics (12.37).

Theorem 12.10 (Contractivity of the Huber Loss function). Consider the gradient-flow
dynamics (12.37). Then

(i) the dynamics (12.37) is weakly contracting on R with respect to any norm;

(ii) the dynamics (12.37) is locally strongly contracting with respect to any norm in
B(0,r), forany 0 < r < § with rate ¢ = 1.
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Proof. Statement (i) follows directly from Lemma 10.2, as the Huber loss is convex and
the saturation function is locally Lipschitz.

To prove statement (ii), note that, by definition of saturation function, the equilibrium
point of the gradient-flow dynamics (12.37) is * = 0 and

, _Jo if || >4,
Jul(@) = { 1 if x| <6

Therefore, for any 0 < r < §, we have f};(z) < —1 for all x € B(0,r). This concludes
the proof. O

Corollary 12.11 (Convergence of (12.37)). Given 6 > 0, consider the gradient-flow
dynamics (12.37). For each trajectory x(t) starting from x, it holds that

(i) if zg < 0, then, for almost every t > 0,

2(t) < e tag,

(ii) if xg > 0, then, for almost every t > 0,
x(t) S lin—exp(t ; 4, Clin, cexp7 tcross)7 (1238)

with exponential decay rate co, = 1, linear decay rate ciin = cexp 0, intercept
q = xo, and linear-exponential crossing time teoss = (2o — 9)/Clin.

Numerical Experiments

Consider the minimization problem (12.35) and the associated continuous-time gradi-
ent flow dynamics (12.37). We set 6 = 2 and simulate the dynamics (12.37) over the
time interval ¢ € [0, 11] starting from initial conditions 0.5, 3, 6,9, respectively. The
simulation results show that each trajectory converges to the optimum 2* = 0. Fig-
ure 12.6 illustrates the simulated trajectories of (12.37) and the corresponding bounds
from Corollary 12.11. Depending on whether the initial condition x is smaller or larger
than the threshold § = 2, the convergence follows either an exponential decay or a
linear-exponential decay, as predicted by Corollary 12.11.

12.6.2 Tackling Linear Programs

Given c € R", A € R™*" and b € R™, we consider the linear program:

min ez,
zER™ (12.39)
st. Ax <b,

and its equivalent unconstrained formulation

HelliRITIL e+, (Az), (12.40)
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Figure 12.6: Plots of trajectories of the dynamics (12.37) starting from four different
initial conditions. The figure shows the trajectories as solid curves and the corresponding
linear-exponential bound from Corollary 12.11 as dashed curves. In agreement with
Corollary 12.11 the convergence is linearly-exponentially bounded.

where 7, = {y € R™ | y — b < 0,,}. We assume that (12.40) admits a unique
equilibrium. Note that (12.40) is a particular composite minimization problem:

min f(z) + g(Az), (12.41)

with f(z) = ¢z and g(Az) = 17, (Ax). To solve (12.40), we leverage the proximal
augmented Lagrangian approach proposed in [158] and consider the proximal augmented
Lagrangian, L., : R™ x R™ — R, defined by

Ly (@, 3) = f(2) + My (Az +73) = ZIN3, (12.42)

where A € R™ is the Lagrange multiplier, v > 0 is a parameter, and M., is Moreau
envelope of g.

Remark 12.4. For f continuously differentiable, convex, and with a Lipschitz contin-
uous gradient, and g convex, closed and proper, solving the composite minimization
problem (12.41) corresponds to finding saddle points of (12.42), simultaneously updat-
ing the primal and dual variables [158, Theorem 2]. O

Next, consider the continuous-time augmented primal-dual dynamics associated to
the proximal augmented Lagrangian of problem (12.40)

& =—Voly(z,X) = —c— ATVM,,, (Ax+ 7)) = —c— Lat ReLU(Az + A — b),
Y

A= ViLy(z,A) = =yA + 7V My, (Az +yA) = —yA + ReLU(Az + v\ — b).
(12.43)
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We let Fip: R*t™ — R™+t™ denote the vector field for (12.43).

Remark 12.5. Equation (12.43) follows directly after noticing that for almost every
y € R™ it results

VM, (y) = %(y “P., () = %(y ~ min{y,b}) = %ReLU@/ ).

The next result characterizes the convergence of (12.43).

Theorem 12.12 (Convergence of the linear program). Consider the dynamics (12.43)
and let (x*, \*) € R™™™ be an equilibrium point. If DFyp (a:*, A*) is Hurwitz, then any
solution of (12.43) linear-exponentially converges towards (x*, \*).

Proof. To prove the statement we show that (12.43) satisfies the assumptions of Theo-
rem 12.5. First, we prove that the system is globally-weakly contracting. To this purpose,
let z := (z,\) € R™™™, y := Az + v\ — band define G(y) := D ReLU(y), for almost
every y € R™. The Jacobian of (12.43) is

DFLp(z):{_iATG@)A ~ATG(y) ]

Gw)A  —Um—G(y))

Being 0 < G(y) < I,,°, a.e. y € R™, we have

—~1ATGA —ATG
aonton < s ([T G5

By definition of po, we have that

—TIATGA —ATG 1\ _, ([-r'ATe4 0
H2 GA WG —1,)] ) = max 0 (G =1,

= max{ Amax (—’y_lATGA),)\maX (’y(G — Im))} <0.

The last equality follows from the fact that Ap,« (—7’ 1 ATGA) = Amax (7 (G -1 m) ) <0.
In particular, the equality Ayax (—'y (G — Im)) < 0 follows directly from 0 < G < I,,;
while Apax (-7 TATGA) < 0, follows noticing that ATGA = 0°. This implies
that (12.43) is weakly contracting on R™*" with respect to || - ||2. Thus (12.43) is weakly
contracting on R™ ™" with respect to || - ||2.

Next, we prove that the system is locally-strongly contracting. To do so, we first
note that for any equilibrium point z* := (z*, \*) of (12.43), both D ReLU(y*) and
DF, p(z*) are differentiable in a neighborhood of y* and z*, respectively. In fact, for each
i, the KKT conditions ensures that either (Az*); —b; = O or A7 = 0. In turn, this implies
thaty? = (Ax*);+y\F—b; # 0, forall i. Now, being by assumption D Fy p(z*) Hurwitz,

3For every v > 0,0 < VQMW(y) < %In, a.e. y € R™ [53, Lemma 18].
ATGA >0 <= 2TATGAz >0 Vz €R" «— y'Gy>0,Vy eR™ — G > 0.
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there exists () invertible such that p15 o (DFip(2*)) < 0 [42, Corollary 2.33]. Let K be
the set of differentiable points in a neighborhood of z*. Then, by the continuity property
of the log-norm, there exists Bz g (2*, p), with p := sup{p > 0 | B2 o(z*,p) C K},
where DFyp(2) exists and 5,0 (DFip(2)) < —cexp for all z € By (2%, p), for some
Cexp > 0. Therefore (12.43) is strongly infinitesimally contracting with respect to || - ||2,¢
in By ¢ (2*,p). This concludes the proof. O

A key hypothesis of Theorem 12.12 is that DFy p(a*, A*) is Hurwitz. This hypothesis
can only be verified by prior knowledge of the LP solution. This limitation motivates the
following conjecture, which would relate stability of DFyp(z* A*) to matrix A and the
KKT conditions.

Conjecture 1. Let (x*, \*) be the equilibrium of (12.43). The LP (12.39) has a unique
solution, x*, if and only if DFyp (x*, A*) is Hurwitz.
Numerical Experiments

Consider the following LP
min  x; + 22 + =3,
z€R? (12.44)
st. —1<2; <1, -1 <2<, -1 <3< 1.

for which the unique optimal solution is z* = (—1,—1, —1).
Next, consider the corresponding continuous-time augmented primal-dual dynamics:

1
b=l (ReLU (1 + 7M1 — 1) — ReLU (—ar1 + yAs — 1)),

o

1
—-1- 5 (ReLU (2 + A2 — 1) — ReLU (—x2 + yA5 — 1)),

1
By =1 (ReLU (23 + 73 — 1) — ReLU (—a3 + yAg — 1)),
).\1 = —vA1 + ReLU (z1 + v\ — 1) , (12.45)
/.\2 —vA2 + ReLU (22 + yA2 — 1) R

(
(
A3 = —yA3 + ReLU (23 + A3 — 1),
(
(
(

M = =Y\ + ReLU (=21 + v\ — 1

)
A5 = —yA5 + ReLU (—z5 + A5 — 1) ,
A6 = =y + ReLU (—a3 + vAg — 1).

We set v = 0.5 and simulate the dynamics (12.45) over the time interval ¢ € [0, 40] with
a forward Euler discretization with step-size At = 0.001, starting from 150 initial condi-
tions generated as follows: we first randomly generate an initial condition and then define
the remaining 149 initial conditions by adding, to the first initial condition, random noise
generated from a normal distribution with mean 0 and standard deviation 2. The simu-
lation results show that each trajectory converges to z* = (—-1,—1,-1,0,0,0,1,1,1).
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Next, we numerically found that DF, p(2z*) is Hurwitz (in alignment with our conjec-
ture). Figure 12.7 illustrates the mean and standard deviation of the log-norm of the /5
distance of the 150 simulated trajectories of (12.45) with respect to z*. In agreement
with Theorem 12.12 the convergence is linearly-exponentially bounded.

—— Mean

~ 2.51 Std Deviation
N 0.01
|
o —2.51
X
> —5.01
o

—-7.51

0 5 10 15 20 2'5 30 35 40

Figure 12.7: Mean (red curve) and standard deviation (shadow curve) of the log-norm
of the Euclidean distance of 150 simulated trajectories of (12.45) with respect to the
equilibrium point z*. In agreement with Theorem 12.12 the convergence is linearly-
exponentially bounded.

12.7 Summary

In this chapter, we analyzed the convergence of globally-weakly and locally-strongly
contracting dynamics, which naturally arise from convex optimization problems with
a unique minimizer. First, in Lemma 12.1, we characterized the evolution of certain
dynamics with saturation in terms of the linear-exponential function (12.1).

Then we studied the convergence behavior of GW-LS-C dynamics in two cases
requiring distinct mathematical approaches. In the first case, for GW-LS-C systems
with respect to the same norm, we applied Lemma 12.1 to establish linear-exponential
convergence (Theorem 12.3). This means that the distance between each solution of
the system and the equilibrium is upper bounded by a linear-exponential function. In
the second case, for GW-LS-C dynamics with respect to two different norms, we also
demonstrated linear-exponential convergence (see Theorem 12.5), extending the results
from Section 7.3. Remarkably, linear-exponential convergence implies that convergence
towards the equilibrium is global. Additionally, in Theorem 12.9, we characterized local
ISS for input-dependent dynamics that are GW-LS-C with respect to the same norm.
Finally, we illustrated our results on two applications: minimizing the Huber loss and
solving LP problems. Our results motivated a conjecture relating the optimal solution of
LPs to the local stability properties of the equilibrium of the resulting dynamics.
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13 Conclusions and
Future Work

Life is a climb.
But the view is great.

Miley Cyrus

In this thesis, we proposed a normative framework for translating optimization prob-
lems into biologically plausible neural networks that are guaranteed to converge to
equilibria corresponding to optimal solutions of the initial optimization problem. By
leveraging contraction theory, we characterized stability and robustness of the proposed
models, along with the other properties of contracting dynamics. We then used these
models to solve static and time-varying convex optimization problems.

Our theoretical contributions began in Part [ with the development of the mathemat-
ical tools needed for analyzing stability and convergence properties of continuous-time
recurrent neural networks. Specifically, in Chapter 5 we provided sharp conditions
for both strong and weak Euclidean contractivity of HNNs and FNNs with symmetric
weights and possible non-smooth activation functions, together with a number of general
algebraic results on matrix polytopes. With these findings, we proposed norms that are
log-optimal for almost all synaptic matrices. In this sense our results are sharp — they are
the best achievable within this framework. Remarkably, with our contractivity results,
we filled a significant gap in the literature by enabling the use of RNNs with non-smooth
activation functions, as most common activation functions such as ReLU and threshold-
ing functions. Additionally, we addressed the weak contractivity case, thereby extending
the applicability of our results to systems with invariance properties, as well as to RNNs
designed to solve certain convex optimization problems.

We then proposed, in Chapters 6 and 7, a top/down normative framework to trans-
late composite optimization problems into continuous-time firing rate neural networks.
These results provided a biologically plausible explanation for how neural circuits solve
sparse reconstruction and other composite optimization problems relevant to machine
learning, compressed sensing, and signal processing applications. The framework we
proposed is based upon the theory of proximal operators for composite optimization
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and led to continuous-time firing rate neural networks that are therefore interpretable.
Specifically, we proposed and analyzed the firing rate competitive network, FCN, and
the positive firing rate competitive network, PFCN, to tackle sparse reconstruction and
positive sparse reconstruction problems, respectively. Crucial for the PFCN is the fact
that this is a positive system. To the best of our knowledge, the positive firing rate
competitive network is the first RNN designed to tackle positive sparse reconstruction
problems. We presented a detailed convergence analysis for our models, proving that
convergence is linear-exponential. This, in turn, implies global convergence toward the
equilibrium. We illustrated the effectiveness of our results via numerical examples where
we proposed an FNN that solves certain quadratic optimization problems with box con-
straints. This application set the stage for further exploration of contracting FNNs for
solving optimization problems.

Next, in Part II we investigated how to embed learning within our biologically
plausible framework. To this purpose, we proposed embedding nonlinear Hebbian
learning rules into the continuous-time RNN models analyzed in Part I. In this way,
we allowed for dynamic synaptic weight updates mirroring biological processes more
closely. Specifically, we studied four coupled neural-synaptic systems: the Hopfield-
Hebbian model, the firing-rate-Hebbian model, the Hopfield-Oja model, and the firing-
rate-Oja model. To capture the synaptic sparsity of neural circuits, for each model we
derived a low dimensional formulation that allowed us to go from a system with n x n?
variables—n neurons and n? synaptic connections—to a system with n x m variables,
where m < n? is the number of non zero elements of the synaptic connection matrix
H. We then characterized the key dynamical properties of the models. First, we gave a
biologically-inspired forward invariance result for the trajectories of the system, showing
bounded solutions for each model. Then we provided sufficient conditions for the non-
Euclidean contractivity of the models. Each contractivity test we presented is based
upon biologically meaningful quantities, i.e., neural and synaptic decay rate, maximum
in-degree, and maximum synaptic strength. Notably, we showed that under specific
neural decay rates, the FNN model displayed sharper contractivity conditions compared
to the HNN. Additionally, we proved that under suitable conditions the synaptic rules
satisfy Dale’s Principle, further enhancing the biological plausibility of our models. We
illustrated the effectiveness of our results via numerical examples based on a block of the
C. Elegans neural architecture.

In the final part, Part III, we explicitly considered optimization problems, using
contracting continuous-time dynamical systems to address both static and time-varying
convex optimization problems. We first applied contraction theory to time-invariant
problems by considering four canonical time-invariant optimization problems. For each
of these problems, we provided a transcription to continuous-time dynamical systems
and gave conditions under which these dynamics are strongly infinitesimally contracting.
We then extended this approach to the problem of tracking optimal trajectories in time-
varying convex optimization problems. To this purpose, with our two main results, we
proved (i) that the tracking error between any solution trajectory of a strongly infinitesi-
mally contracting system and its equilibrium trajectory is upper bounded with an explicit
estimate on the bound, (ii) that any strongly infinitesimally contracting system can be
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augmented with a feedforward term to ensure that the tracking error converges to zero
exponentially quickly. We established the strong infinitesimal contractivity of canonical
dynamical systems solving optimization problems and applied our main results to provide
explicit tracking error bounds. We validated these bounds in two numerical examples.
With these results, we showed the potential of a contractivity-based approach for analyz-
ing strongly convex optimization problems. Finally, we extended our analysis beyond the
case of strong convexity and focused on convex (but not strongly convex) optimization
problems with unique minimizers. This led to the analysis of globally weakly and lo-
cally strongly contracting dynamics. For such dynamics, we showed linear-exponential
convergence to the equilibrium. Specifically, we demonstrated that linear-exponential
behavior arises naturally in certain dynamics with saturations and used this result for
our convergence analysis. Depending on the norms where the system is GW-LS-C, we
considered two different scenarios that required two distinct mathematical approaches,
yielding convergence bounds that are sharper than those provided in Part I.
Additionally, after giving a sufficient condition for local ISS, we illustrated our results on
the continuous-time augmented primal-dual dynamics solving LPs. Our results motivated
a conjecture relating the optimal solution of LPs to the local stability properties of the
equilibrium of the resulting dynamics.

Overall, this thesis advances the understanding of how biologically plausible neural
networks can solve sparse reconstruction and other optimization problems. Additionally,
we showed the effectiveness of using contracting dynamics for static and time-varying
convex optimization, highlighting their value for both theoretical exploration and practical
applications. We believe that our work not only provides theoretical foundations but also
provides practical tools for future research in both neuroscience and optimization.

13.1 Future Work

Several interesting research directions emerge from the findings of this thesis, each
offering promising avenues for further exploration.

One key area for future research involves extending our results to design networks
able to tackle sparse coding problems [71, 183], which involves learning features to
reconstruct a given stimulus. We expect this will lead to the study of coupled neural-
synaptic dynamics. Building on the approach developed in Part I, our goal is to derive
together with the dynamics of neural activity, also learning rules for synaptic weights
from the same objectives. While doing this from the composite optimization problems
analyzed in this thesis remains an open and challenging question, a promising direction
was introduced in [72] (see also [74, 14]). The proposed approach, based on a novel cost
function called similarity matching, provides a biologically plausible neural network
with Hebbian learning rules. Interestingly, from this objective function a number of
dimensionality reduction problems [73, 15, 16], including sparse reconstructions, can
be obtained. However, the proposed algorithm still lacks a formal theoretical proof of
convergence, and we are currently working on bridging this gap.

Additionally, we aim to explore sparse reconstruction problems involving more gen-
eral and non-convex sparsity-inducing cost functions [184]. This would broaden the
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scope of our current results, potentially allowing us to tackle a wider range of tasks.

In terms of extending our contractivity analysis, future work will focus on broadening
our current results to cover more general synaptic matrices, including arbitrary (non-
symmetric) synaptic matrices and heterogeneous dissipation matrices. We propose
preliminary conservative results in this direction in Appendix A. Further investigation
into higher-order contractivity properties using the theory of k-contraction [93] and the
analysis of the stochastic models [89] will also be of interest. In particular, stochastic
models and systems with arbitrary synaptic matrices could yield new insights into both
neuroscience and machine learning problems.

Moreover, motivated by the numerical findings reported in Figure 9.6, it would be
interesting to investigate models with delays. This could allow to better understand the
effects of temporal lags in neural dynamics and their potential implications for both
theoretical models and real-world applications.

Additionally, we aim to prove Conjecture | introduced in Chapter 12 and extend our
input-to-state stability (ISS) analysis to systems evaluated under different norms.

Least but not last, it is important to highlight that the potential applications of our
results extend across a wide range of problems, particularly in the realm of complex
systems and risk-related issues. In this direction, implementing the proposed dynamics
to design efficient and robust algorithms would be a valuable next research direction.
Testing these algorithms on real-world datasets will provide an additional application-
oriented validation of the theoretical results developed in this thesis.
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Appendix A

Euclidean Contractivity of
Firing Rate Neural Networks
with Dissipation

In this appendix, we present additional and preliminary novel results on the contractivity
of FNN with dissipation. These results are direct applications of recent findings in [185]
and have not been published elsewhere yet.

While the contractivity results in Corollary 5.7 are sharp (in the sense that they are
the best achievable), they are limited to dynamics with homogeneous dissipation and
symmetric weight matrices. In this appendix, we address these limitations by providing
conditions for the Euclidean contractivity of FNN with heterogeneous dissipation and
general weight matrices. The drawback of this approach is that, as we will show, leads
to conservative results. Consider the continuous-time FNN (3.2) with dissipation, i.e.,

v=—Dv+dWv+u), (A1)

where D € R"*™ is a positive diagonal matrix and the other terms are defined as
in (3.2). We assume that the activation function is Lipschitz and slope restricted, that is
Assumption 5.2 in Chapter 5, but we do not make any assumption on the matrix W.

To study the contractivity of the dynamics (A.1), we adopt a different approach com-
pared to the methods used in Chapter 5. Specifically, we (i) reformulate the FNN (A.1)
as a Lur’e system', and (ii) use the contractivity conditions recently developed in [185]
to analyze the stability of the resulting system.

To begin with our analysis we note that we can rewrite the FNN (A.1) as a Lur’e

A Lur’e system is a nonlinear system obtained by connecting a linear time-invariant (LTI) system with a
time-varying nonlinear feedback control. The resulting closed-loop system is & = Az + BF(t, Cx), where
A, B, and C' are matrices of the proper dimensions.
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system. In fact, let us consider the Lur’e system

v(t) = —Duv(t) + b(t),
y(t) = Wu(t) +u(t)
with b(t) = ®(t,y(t)). The resulting closed-loop system is i(t) = —Duv(t) +
®(Wu(t) + u(t)), which corresponds exactly to the FNN in (A.1).
The following theorem is a rewriting of [185, Theorem 1] in the context of the FNN
dynamics (A.1). This result provides sufficient conditions for the contractivity of a Lur’e
system in a closed-loop form.

Theorem A.1 (Sufficient condition for contractivity). Consider the FNN (A.l) with
Lipschitz and slope restricted in [0, 1] activation function. Let P = PT € R™ ™ pe
a positive definite matrix. The system (A.1) is strongly infinitesimally contracting with
respect to the weighted Euclidean norm || - ||2, p with rate ¢ > 0 if there exists v > 0 such
that the following LMI holds:

= 0.
(A2)

2cP —DP —PD P+~W7' Z0 = |PP+PD—2cP —P—AWT
P+ ~W —2v1I, —P —yW 271,

Theorem A.1 implies that to study the contractivity of the FNN (A.1) we have to find
amatrix P = PT - 0 and a scalar v > 0 (and ¢ > 0) such that the LMI (A.2) holds.
Next, we recall the following definition, needed for our analysis.

Definition A.1 (Lyapunov Diagonally Stability). A matrix A € R™*™ is Lyapunov
Diagonally Stable (LDS) with rate n > 0 if there exists a diagonal P = [p], p € RZ
satisfying the LMI

PA+ATP < 2P, (A3)

Before proceeding with our analysis, we verify whether the LMI (A.2) holds for the
results in Corollary 5.7, which we know implies contractivity of the FNN (A.1). For
simplicity, we are gonna check it only for the case when a(W) < 0.

Remark A.1 (Check if the LMI (A.2) holds for results in Corollary 5.7). Let D = I,,
and W = WT € R™ " satisfying a(W) < 0. Additionally, let P = (—W)'/? and
c = 1. In this case, the LMI (A.2) reads: find v > 0 such that

|: 071,><n *(*W)1/2 *’YW

For~ # 0, since 2v1,, = 0, applying the Schur complement to the LMI (A .4) yields: the
LMI (A.4) holds if and only if

1

_%((—W)”2 + W)2 =0 ((—W)”2 + “YW)2 < 0.
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which leads to an absurd. Therefore, the LMI (A.2) does not hold in this case, even
though we know the system is contracting. This discrepancy is likely due to the fact that
the results in Corollary 5.7 are optimal, whereas the conditions in (A.2) are conservative.
Finally, we note also that if W +# 1, is diagonal, then the matrix —D + W =
—I,, + W < 0 is Lyapunov Diagonally Stable (LDS) with respect to P = (—=W)'/2. In
fact, we have
(—W)V2(=L + W) + (=L, + W) (= W)1/2
= (_W)1/2 (_In + W) + (_In + W)(_W)1/2
= 2(-W)V2 4 (-W)V2W + W (-W)'/?
= 2(W)Y2 —2(W)/2 W
= o(W)1/2 (In - A) <0,
where the last LMI follows from being W < 0 and I,, — A > 0. O
The next result characterizes the contractivity of the FNN (A.1).

Theorem A.2 (Contractivity of the FNN (A.1)). Consider the FNN (A.1) with Lipschitz
and slope restricted in [0, 1] activation function. Assume that the matrix — D+W € R"*™
is LDS with rate 1 for some diagonal matrix P > 0. If

1 A (P) A (WTW)
T2 1 xm(P) Aam(D)

(A.5)

then the FNN (A.1) is strongly infinitesimally contracting with respect to || - |2, p.

Proof. To prove our result we apply Theorem A. 1. Therefore we have to find P = PT >~
0 and v > 0 (and ¢ > 0) such that the LMI (A.2) holds. We compute

—DP—-PD+2cP P+ WWT} B {—2PD +2cP P+ WWT]

P+~W —2v1, P+~AW —2v1,
| P Opxnl| |—2D+2cl, I,
o 0n><n P In OTLXTL
+ Onxn 'YWT
’VW _271n .

First, we show that v # 0. In fact, for v = 0 the LMI (A.2) becomes

P Opnxnl| |2¢l, — 2D 1,
=< 0.
[OW P } { I, onm] =0

The above LMI holds if and only if

2c—2D I,
I’I’L Oan

2D —cl,) -I,

}50@[ I 0
—4in nxn

} = 0. (A.6)

The Schur complement characterization implies that the LMI (A.6) holds if and only if
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1. D—cl, 0,
2. —(D—cl,) ' =0,

which leads to an absurd. Therefore it has to be v # 0.
Next, let v > 0. By assumption there exists P = [p], p € R% such that

P(—=D+ W)+ (=D +WT)P < —2qP. (A7)

Consider the LMI (A.2) with P being the matrix satisfying (A.7). Our goal is to find
~v > 0 (and ¢ > 0) such that the following LMI holds

2P(D —cl,) —(P+~WT)

~(P4aW) oL, | E A8

Since 21, > 0, we can apply the Schur complement characterization to the LMI (A.8):
the LMI (A.8) holds if and only if

1
2P(D — cl,,) — (P+WWT)E(P+7W) =0 <=

1 1 1
9PD— —P>— “PW — WP TWTW = 2P «—
2 2 2 2
PD + 1(P(D W)+ (D - W)P) e Ty s aep
2 2 2 =
1
PD +nP — o—P” - %WTW = 2¢P. (A.9)
Y

Let pmin := Amin (P)’ Pmax ‘= Amax (P)’ and dpin = Amin (D) For proper ¢ > 0
the LMI (A.9) follows if there exists v > 0 such that

1 1 1
PD > —P? e P(Df—P)EO e D——Px0
27y 2y 2y

1 1
<= D> —P <= dnin > —Pmax; (A.10)
27y 2y

npP = %WTW < NPmin = %Amax(WTW)

7 Amax (WTW) (A.11)

Now, note that inequalities (A.10) and (A.11) implies, respectively:

1 pmax

2 dmin

I
y > and < 5 71Pmin

max (WTW)

Such a +y exists if and only if

1 Pmax < Pmin

n Pmin > 1 Pmax
2 dmin - )\max (WTW)

Amax(WTW) = 2 duin
1 Prnas Amax (W W)

<~ > —
= 4 Pmin dmin

= 2n

)
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which is true by assumptions. Note that, for proper ¢ > 0, the LMI (A.9) follows also if
PD = 2WW = Prindnin > 2 Amax (W W)
1 1
nP = —P? < nl, = —P
2y 2y

1
= n= ﬂpma»

These bounds lead to the same condition on 7. O

Remark A.2. As intuitively shown by Remark (A.1), for a given diagonal matrix P, the
LDS is not sufficient to guarantee the existence of ay > 0 such that the LMI (A.2) holds.
Instead, the value of n for which the LDS holds is crucial. In the following, we provide
a simple numerical example showing that for the choice of diagonal P in Remark (A.1),
the LDS with parameter 11 > 0 does not hold for n satisfying inequality (A.5). Let

-9 0 0 300
W=|[(0 -4 0 and P=(-W)"2=10 2 0 (A.12)
0 0 -1 00 1
We compute
—60 0 0
P(—Is+ W)+ (—I+W)P=| 0 —20 0 | <o, (A.13)
0 0 —4

therefore the —Is + W is LDS with respect to the diagonal matrix (—W)l/ 2. Next, pick

1 poax Amax(WTW) 1381 243

= =——— = —. A.14
K 4 Pmin dmin 411 4 ( )
We have
22 0 0
P(—I+W)+(-I+W)P+2nP=| 0 223 0 |,
0o o0 2%

2

which is positive definite. Therefore the “strong” LDS with parameter n satisfying
inequality (A.5) does not hold and indeed, as proved in Remark (A.1), there not exists
v > 0 such that the LMI (A.2) holds. O
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