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Abstract

Contraction Theory in Control, Learning, and Optimization
by

Alexander Davydov

Contraction is a strong notion of stability for a dynamical system. It ensures that
the distance between any two trajectories decays exponentially quickly in some metric.
As a corollary of this property, contracting systems (i) are automatically input-to-state
stable in the presence of disturbances, (ii) are robust to time-delays in the dynamics, (iii)
entrain to a unique exponentially stable limit cycle when they are forced by a periodic
input, and (iv) satisfy certain composition properties, among others. To be specific, in
this thesis, we study the application of contraction theory in control, machine learning,
and optimization.

In Chapter 2, we develop a novel theoretical framework for contraction analysis with
respect to non-Euclidean norms based on weak pairings and one-sided Lipschitz con-
stants. We show how we can use weak pairings to readily establish desirable consequences
of contracting dynamical systems. In Chapter 3, we present a non-Euclidean monotone
operator theory in analogy to the standard monotone operator theory on Hilbert spaces.
This theory showcases how one can devise fixed point algorithms for computing zeros of
non-Euclidean monotone operators including contracting dynamical systems. In Chap-
ter 4, we present an application to machine learning where we design an implicit neural
network and show how we can use contraction theory to compute fixed points and estab-
lish explicit Lipschitz estimates. In Chapter 5, we extend the work of Chapter 4 to more
general neural dynamics including Hopfield and firing rate neural networks and provide

necessary and sufficient conditions for them to be contracting with respect to a non-

xii



Euclidean norm. In Chapter 6, we show how we can use contracting dynamics to derive
novel tracking error bounds for time-varying dynamical systems and how to design feed-
forward corrections to attain zero tracking error. We apply these results to time-varying
convex optimization problems. Finally, in Chapter 7, we show how to leverage the virtual
system method from contraction theory to establish when a linear time-invariant system

with an optimization-based controller is exponentially stable.
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Chapter 1

Introduction

“Begin at the beginning,” the King
said, very gravely, “and go on till

you come to the end: then stop.”

Lewis Carroll,

Alice in Wonderland

1.1 Motivation and outline of the thesis

Due to the underlying complexity of modern engineering systems, many engineers
have begun relying upon optimization and machine learning-based methods for con-
trolling them. For example, in autonomous driving and robot manipulation tasks, the
underlying dynamics are complicated by the dependence on parameters that are difficult
to estimate, e.g., tire forces in driving and complex contact geometries in robot manipu-
lation. As a result, many state-of-the-art methods for controlling these complex systems
rely upon methods such as model predictive control, reinforcement learning, imitation

learning, or neural network feedback controllers. Despite the empirical successes of these
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methods, they are often quite costly in terms of data collection, require careful finetuning,
and provide limited theoretical guarantees. Moreover, these methods are often described
as “black-box,” i.e., there is limited interpretability in their predictions. Thus, these
methods are prone to failures which ultimately violate stability and safety guarantees for
the engineering system.

As a first step to establishing stability and safety guarantees for classes of engineering
systems, we must define what properties we want our system to have. Namely, how do
we know if our system has strayed too far from a nominal operating condition? How
do we know that the model will be robust to exogenous disturbances? Traditionally,
control theorists have studied global asymptotic stability or input-to-state stability as a
desirable set of properties for engineering systems. Instead, in this thesis, [ will argue that
the system should be contracting in closed-loop. Contracting dynamical systems enjoy
many desirable properties including incremental exponential stability, exponential input-
to-state stability, robustness to uncertain and unmodeled dynamics, and they entrain to
periodic inputs. As a consequence, contraction automatically implies the consequences
of global asymptotic stability and input-to-state stability.

Motivated by the above, in this thesis, we study contraction theory, a mathematical
framework for establishing the stability and robustness of nonlinear control systems. We
say that a dynamical system is contracting if the distance between any two trajectories
is decaying exponentially quickly in some metric. Although contraction is a property
of a dynamical system, it has gained traction in the nonlinear control community as a
methodology for establishing robustness bounds for closed-loop systems.

We focus our attention to systems which are contracting with respect to a metric
induced by a norm. While this assumption may appear restrictive, we will show that
there are many interesting classes of systems which satisfying this property. Namely,

stable linear systems, certain dynamical neural networks, and dynamical systems solving

2
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convex optimization problems all satisfy this property. In this thesis, we make both
novel theoretical contributions in understanding corollaries of contraction and in the
application of contraction theory to neural networks, optimization, and control.

As an outline, in Chapter 2, we establish a mathematical framework for contraction in
general, finite-dimensional normed vector spaces. We introduce the key concepts of weak
pairings as a generalization of an inner product and the one-sided Lipschitz constant for
arbitrary norms. With this language, we state 5 equivalent characterizations of contrac-
tion with respect to an arbitrary norm. Moreover, we prove incremental input-to-state
stability for contracting dynamics and a sufficient condition for the interconnection of
contracting dynamics to remain contracting.

In Chapter 3, we introduce a non-Euclidean monotone operator theory. While mono-
tone operator theory on Hilbert spaces has been well-studied, the non-Euclidean extension
has largely been missing. By leveraging weak pairings, we provide a natural generaliza-
tion of monotone operator theory to vector spaced endowed with non-Euclidean norms.

In Chapter 4, we study a class of machine learning architectures referred to as deep
equilibrium networks. These architectures are described via a fixed point equation. By
leveraging a non-Euclidean contraction theory framework, we provide a novel sufficient
condition for their well-posedness and establish an explicit estimate for their /., Lipschitz
constant.

In Chapter 5, we extend the results of Chapter 4 to more general continuous-time
neural networks. Specifically, we provide many sharp conditions for the non-Euclidean
contrativity of neural networks. We primarily focus on firing rate and Hopfield neural
networks but some additional classes of neural networks are considered as well.

In Chapter 6, we turn our attention to time-varying convex optimization. We demon-
strate that many examples of dynamical systems solving convex optimization problems

are in fact contracting with respect to a suitable Euclidean norm. We additionally prove

3
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equilibrium tracking error bounds for contracting dynamics and use them to establish
rigorous tracking error bounds for time-varying convex optimization problems.

Finally, in Chapter 7, we study the interconnection of a linear system with a controller
which is the solution to a parametric optimization problem. We provide a sufficient
condition for exponential stability based on the contractivity of a Lur’e dynamical system

and present two numerical experiments to support the claims.

1.2 Preliminaries and notation

In this section, we review some basic notation and preliminaries that will be used
throughout the thesis.

The set of real numbers is denoted by R, the set of positive numbers is denoted by
R, the set of nonnegative numbers is denoted by R, and the set of n-dimensional
vectors with real (resp. positive or nonnegative) entries is denoted by R™ (resp. RZ, or
RZ,). The set of n x m matrices with real entries is denoted by R™"™. The extended
real number line is denoted R := R U {—o00, +00}, the set of integers is denoted by Z,
the set of nonnegative integers is denoted by Zs, and the set of complex number is
denoted by C. The real part of a complex number, z, is denoted Re(z). 0, € R" is
the n-dimensional vector with all entries equal to zero and 1,, € R" is the n-dimensional
vector with all entries equal to one. For two vectors, v, w, we write v > w if v; > w;
for all i € {1,...,n}. We let I, denote the n x n identity matrix. For a vector n € R",
we will adopt the notations diag(n) or [n] for the diagonal matrix whose diagonal entries
equal the entries of . For a vector or matrix, we use (-)' to denote its transpose. We
say a symmetric matrix A € R™" is positive semidefinite (denoted A = 0) if 27 Az > 0
for all x € R". A symmetric matrix A € R™" is positive definite (denoted A > 0) if

xT Az > 0 for all  # 0,,. The matrix A is negative semidefinite (resp. negative definite)

4
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if —A > 0 (resp. —A > 0). For two symmetric matrices A, B € R™" we write A < B
(resp. A < B) if B — A is positive semidefinite (resp. positive definite). For a square
matrix A € R™" we let spec(A) C C denote the spectrum of A, i.e., the set of its
eigenvalues. For a square matrix A with all real eigenvalues, we let A\jax(A) and Apin(A)
denote the maximum and minimum eigenvalue, respectively. The spectral abscissa of a
square matrix, A is a(A) = max{Re(\) | A € spec(A)}. A square matrix is said to be
Metzler if all of its off-diagonal entries are nonnegative.

For a set S, let 25 denote its power set, |S| denote its cardinality, and, if S C R™,
conv(S) denote its convex hull.

Norms and logarithmic norms. We will let || - || denote an arbitrary norm on R”
and its corresponding induced norm on R"*", i.e., ||A|| = max,|=1 ||Az|. We say a norm
| - || on R™ is monotonic if for all z,y € R™, |z| < |y| = ||z|| < |ly||. Of particular

interest will be the £, norms with p € [1, 00|, denoted by || - ||, and are given by

n 1/p
(zi:1 ’$i|p) , P F# 00,
[zl =

maX;e{1,..n} [zil, p=oo.

We recall the standard ¢, induced norms for p € {1,2, c0}:

HAH2 =V )‘maX(ATA>>

n n
|All: = max }Z |aij|, [[Allc = max }Z |aij]-
j=1

je{l,...,n P 1€{1,....n

where Apax (AT A) is the largest eigenvalue of AT A.
We will also frequently consider weighted norms. Given a norm || - || and an invertible
matrix R € R"™", define the R-weighted ¢, norm, | - ||,z by ||z|,r = ||Rz|l,. For

p € {1, 00}, we will often restrict ourselves to diagonal weights with positive entries, i.e.,

5
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|- Il or || - lloo,— Where n € RZ,. For p = 2, we will frequently limit ourselves to
positive definite weights and write || - || p1/2 or || - ||p to mean the vector norm defined
by zllapr2 = l|z]lp = VT Pa.

Let us now introduce the matrix logarithmic norm, sometimes referred to as matrix
measure or log norm. For a given vector norm || - || on R™ and the induced matrix norm
|| ||, the logarithmic norm is the map p: R™*"™ — R given by

L) — g AL

1.2
h—0t h ( )

It is well known that this limit is well posed because the right-hand side is non-increasing
in h, due to the convexity of the norm. For arbitrary n x n matrices A and B, the

following properties hold:

sub-additivity: A+ B) < pu(A) + p(B), (1.3a)

weak homogeneity: u(aA) = au(A), Ya >0, (1.3b)

convexity: @A+ (1—-6)B) <0u(A)+ (1 —-60)u(B), Vo <|0,1],
(1.3¢c)

norm/spectrum: —||A]| < —pu(—A) < Re(N\) < p(A) < ||A]|, YA €spec(4), (1.3d)

translation: w(A+cl,) = u(A)+c¢, VeeR, (1.3e)
product: max{—u(A), —u(=A)}Hz| <|Az||, Vx € R", (1.3f)
norm of inverse: w(A) <0 = ||A7Y < —1/u(A). (1.3g)

Note that convexity is an immediate consequence of sub-additivity and weak homogeneity.
Additionally, by property (1.3d), the matrix measure is upper bounded by the matrix
norm and may be negative. We refer to [1], and references therein, for the proof of these

and additional properties enjoyed by matrix measures.
6
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For ¢, norms, p € {1,2, 00}, log norms admit simpler representations. Namely,

1
A) = max (a--—i— al--), (A) = max (aii—|— al-->. 1.5
)= s (ot 3 o) i) = o o+ 3 ) 09

For R invertible square, the log norm induced by the R-weighted ¢, norm is given by
ppr(A) = p,(RAR™'). For a symmetric positive-definite matrix P € R™", the ly
weighted log norm satisfies yp(A) = min{b € R | PA+ AT P < 2bP} [2, Lemma 2.7].
Lipschitz maps. Given two normed spaces (X, |- ||x), (I, - |ly) amap F: X — Y
is Lipschitz from (X, | - ||x) to (), ] - ||y) with constant ¢ > 0 if for all z;, 25 € X, it
holds that
[F(x1) = Fx2)lly < £llwy — xaflx. (1.6)

fY=Xand| -|lx=]|"|y, we instead say F'is Lipschitz on (X, | - ||x) with constant
¢ > 0. When the spaces (X, |- ||x) and (), || - ||y) are clear from context, we will instead
simply say F'is Lipschitz. For a Lipschitz map F', we will adopt the notation Lip(F’) to
denote either the infimum value ¢ satisfying (1.6) or an upper bound thereof (which we
are using should be clear from context). We will say a function F' is locally Lipschitz if
for each x in the domain of F', there exists an open neighborhood containing x such that
F restricted to the open neighborhood is Lipschitz.

For a mapping F': X — ) where X C R",Y C R™, let Dom(F') be its domain. If F'is

differentiable, let DF(z) := az;{(;) denote its Jacobian evaluated at z. Further recall that
if F'is locally Lipschitz, then DF(z) exists for almost every z in light of Rademacher’s
theorem. When Y C R, then DF(x)" is denoted by VF(x) € R" and is referred to as
the gradient of . When Y C R, the Jacobian of the map VF: X — R" is the Hessian

of F and is denoted V2F.
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For a mapping F': R" — R", let Zero(F) := {z € R" | F(z) = 0,} and Fix(F) =
{z € R" | F(z) = z} be the sets of zeros of F' and fixed points of F, respectively. We
let Id: R* — R"™ be the identity mapping. For a vector y € R, define the mappings
sign: R — R and ReLU: R — R by sign(y) = y/|y| if y # 0 and sign(0) = 0 and
ReLU(y) = max{y,0}. By extension, when y € R", by a slight abuse of notation, we
define the vector-valued mappings sign: R” — R" and ReLU: R" — R" by (sign(y)); =
sign(y;) and (ReLU(y)); = ReLU(y;).

We additionally recall the useful mean-value theorem for vector-valued mappings [3,

Prop. 2.4.7]. Let f: R® — R™ be continuously differentiable. Then for every x,y € R™,

)50 = ([ prtr+ (= par) o - ) (1.7

Convex analysis and monotone operators. Let C C R” be convex, closed, and
nonempty. The map ¢: R™ — R is the indicator function on C and is defined by ¢¢(z) = 0
if z € C and t¢(z) = +oo otherwise. The map P¢: R™ — C is the projection on C and is
given by Pe(z) = argmin, . ||z — ulf2.

The epigraph of a map g: R® — R is the set {(x,&) € R | g(x) < ¢}. The map
g is (i) conver if its epigraph is a convex set, (ii) proper if its value is never —oo and
is finite somewhere, and (iii) closed if it is proper and its epigraph is a closed set. The
map g: R — R is (i) strongly conver with parameter p > 0 if the map x — g(z) — £||z||3
is convex and (ii) strongly smooth with parameter ¢ > 0 if it is differentiable and Vg is
Lipschitz on (R", || - ||2) with constant ¢.

Let g: R” — R be convex, closed, and proper (CCP). The subdifferential of g at
r € R™ is the set dg(z) := {z € R" | g(z) — g(y) > 2" (z — y) for all y € R"}. When g

is differentiable at z, then dg(x) = {Vg(x)}. The prozimal operator of g with parameter
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v >0, prox,,: R" — R", is defined by

. 1 )
rox. (x) =argmingqg(z) + —||lx — z||5.
prox.,(z) g, 9(2) 27|| 2

The associated Moreau envelope of g with parameter v > 0, M,,: R® — R, and its

gradient are given by:

1
M'Yg(x) - g(prox'yg(x)) + g”x - pI‘OX,yg(.T)H%,

VM, (x) = %(:p — prox,,(z)). (1.8)

The gradient of the Moreau envelope always exists and is Lipschitz on (R", || - ||2) with
constant 1/7.

A map F: R" — R" is (i) monotone if (F(z) — F(y))"(z —y) > 0 for all z,y € R®
and (ii) strongly monotone with parameter m > 0 if the map F' — mld is monotone. We
refer to [4] for a comprehensive treatment of these tools.

Dynamical systems. For a time-varying vector field f: Rs>o x R*" — R", we will

frequently study the initial-value problem

T = f(t,z), z(to) = xo. (1.9)

Under mild conditions on f, e.g., piecewise continuity in the first argument and local
Lipschitzness in the second, then for each zy, there exists 7(xzg) > ¢y such that a solution
of (1.9) exists on a time interval [to, 7(xo)) (note that 7(z¢) = 400 is possible) and is
unique on this interval. We will denote this solution at time ¢ € [to, 7(x¢)) by ¢(t, to, zo).
Namely, ¢(to,t0,20) = xo. At times, when it is clear, we will use x(t) to denote this

solution. Also, when f is autonomous, we will sometimes also adopt the notation ¢, (t)
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for the solution. At times, we will consider vector fields which are only continuous in
their second argument. In this case, solutions may be nonunique and we will treat these

cases separately to establish uniqueness of solutions.

10



Chapter 2

Non-Euclidean Contraction Theory

for Robust Nonlinear Stability

This chapter was first published in the IEEE Transactions on Automatic Control [5].!

2.1 Introduction

Problem description and motivation: A vector field is contracting if its flow map is a
contraction or, equivalently, if any two solutions approach one another exponentially fast.
Contracting systems feature highly-ordered asymptotic behavior. First, initial conditions
are forgotten. Second, a unique equilibrium is globally exponential stable when the vector
field is time-invariant and two natural Lyapunov functions are automatically available
(i.e., the distance to the equilibrium and the norm of the vector field). Third, a unique
periodic solution is globally exponentially stable when the vector field is periodic; in
other words, contracting system entrain to periodic inputs. Fourth and last, contracting

systems enjoy natural robustness properties such as input-to-state stability and finite

1(©2022 IEEE. Reprinted, with permission, from Alexander Davydov, Saber Jafarpour, and Francesco
Bullo, Non-FEuclidean Contraction Theory for Robust Nonlinear Stability, December 2022.

11
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Log norm Demidovich One-sided Lipschitz
condition condition condition
pp(Df(x)) <b  PDf(x) + Df(z)"P < 2bP (@ =) P(f(z) = f(v) < bllz —yll3 pse

pr(Df()) <b  sign(Ro) " RDf(x)v <bllvllir  sign(Rr — Ry)"R(f(x) — f(y)) < bllw —ylir

poo(Df (2)) <b  max (Df(2)v);v; < bvll3, max ((f(z) = f()))i(z —y)s < bz -yl

i€l (v) i€loo(z—y)

Table 2.1: Table of contraction equivalences, that is, equivalences between measure

bounded Jacobians, Demidovich and one-sided Lipschitz conditions. f: R™ — R" is

a continuously differentiable vector field with Jacobian Df. Each row contains three

equivalent statements, to be understood for all z,y € R™ and all v € R™. We adopt

the shorthand I (v) = {i € {1,...,n} | |vi] = ||v|lec}. The matrix P is positive

definite and the matrix R is invertible.
input-state gain in the presence of (Lipschitz continuous) unmodeled dynamics. Because
of these highly-ordered and desirable behaviors, contracting systems are of great interest
for engineering problems.

Contraction theory aims to combine, in a unified coherent framework, results from
Lyapunov stability theory, incremental stability, fixed point theorems, monotone sys-
tems theory, and the geometry of Banach, Riemannian and Finsler spaces. Classical
approaches primarily study contraction with respect to the ¢5 norm for continuously dif-
ferentiable vector fields. However, recent works have shown that stability can be studied
more systematically and efficiently using non-Euclidean norms (e.g., 1, ¢ and poly-
hedral norms) for large classes of network systems, including biological transcriptional
systems [6], Hopfield neural networks [7], chemical reaction networks [8], traffic net-
works [9, 10, 11], multi-vehicle systems [12], and coupled oscillators [13, 14]. Moreover,
for large-scale systems, error analysis based on the /., norm may more accurately capture
the effect of bounded perturbations. As compared with the ¢ norm, there is only limited

work on non-Euclidean contraction theory.

It is well known that contraction with respect to the ¢ norm is established via a test

12



Non-Euclidean Contraction Theory for Robust Nonlinear Stability Chapter 2

on the Jacobian of the vector field; it is also true however that an integral (derivative-free)
test on the vector field itself is equivalent. While some differential tests are available for
non-Euclidean norms, much less is known about the corresponding integral tests. We note
that computing Jacobians for large-scale networks may be computationally intensive and
so derivative-free contraction tests are desirable. In this chapter, we aim to characterize
differential and integral tests for arbitrary norms, paying special attention to the ¢; and
l« norms, and provide a unifying framework for differential and integral tests.

Literature review: Contraction mappings in dynamical systems via logarithmic norms
have been studied extensively and can be traced back to Lewis [15], Demidovich [16] and
Krasovskii [17]. Logarithmic norms and numerical methods for differential equations
have been studied by Dahlquist [18] and Lozinskii [19] in as early as 1958; see also the
influential survey by Strom [20]. Finally, logarithmic norms were applied to control prob-
lems by Desoer and Vidyasagar in [1, 21, 22] and contraction theory was first introduced
by Lohmiller and Slotine in [23]. Since then, numerous generalizations to contraction
theory have been proposed including partial contraction [24], contraction of stochastic
differential equations [25], contraction in differential algebraic equations [26], contraction
on Riemannian and Finsler manifolds, [27, 28|, contraction for PDEs [29], transverse
contraction [30], contraction after short transients [31], weak and semi-contraction [32],
and k-contraction, i.e., contraction of k-dimensional bodies [33].

While the work of Lohmiller and Slotine explored differential conditions for contrac-
tion for the ¢ norm, related integral conditions have been studied in the literature under
such various names as the one-sided Lipschitz condition in [34], the QUAD condition
in [35], the nonlinear measure [7], the dissipative Lipschitz condition [36], and incremen-
tal quadratic stability in [37]. A related unifying concept is the logarithmic Lipschitz
constant, advocated in [38, 39]. Moreover, the key idea appears as early as [40], whereby

minus the vector field is called uniformly increasing and in the work on discontinuous

13
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differential equations, see [41, Chapter 1, page 5| and references therein. Comparisons
between the Lipschitz conditions, the QUAD condition, and contraction are detailed
in [42], see also [34, Section 1.10, Exercise 6].

Tests for contraction with respect to non-Euclidean non-differentiable norms have not
been widely studied. Early results on compartmental systems include [43, Theorem 2]
and [44, Appendix 4]. The ¢; integral test is used to study neural networks in [7] and
traffic networks in [10]. Recent work [11] establishes that the ¢; and ¢, norms are well
suited to study contraction of monotone systems. A comprehensive understanding of
connections between differential and integral conditions for these norms is desirable.

Aminzare and Sontag first drew connections between contraction theory and so-called
“semi-inner products” in [39], where they give conditions for contraction in LP spaces.
Since then, they have explored contraction with respect to arbitrary norms in [14, 45],
and [46], where arbitrary norms are used to study synchronization of diffusively coupled
systems and contractivity of reaction diffusion PDEs. Most notably, in [45, Proposition
3] necessary and sufficient conditions for contraction are given using Deimling pairings
(see [47, Chapter 3| for more details on Deimling pairings). This chapter builds upon
these underappreciated works and underutilized connections.

Contributions: Our first contribution is the definition of weak pairings as a generaliza-
tion of the classic Lumer pairings, as introduced in [48, 49]. We study various properties
of weak pairings, including a useful curve norm derivative formula applicable to dy-
namical systems analysis. Additionally, we establish a key relationship between weak
pairings and logarithmic norms, generalizing a result by Lumer in [48]; we refer to this
relationship as Lumer’s equality. For ¢, norms, p € {1,000}, we present and characterize
novel convenient choices for weak pairings: the sign pairing for the ¢; norm and the max
pairing for the /., norm. We argue that, due to their connection with logarithmic norms,

weak pairings are a broadly-applicable tool for contraction analysis.

14



Non-Euclidean Contraction Theory for Robust Nonlinear Stability Chapter 2

Our second contribution is proving five equivalent characterizations of contraction for
continuously differentiable vector fields on R™ with respect to arbitrary norms. Using the
language of weak pairings, we prove the equivalence between differential and integral tests
for contraction; this result generalizes the known f5 norm results to non-differentiable
norms such as the ¢/; and ¢, norms. We show that three of the five equivalences capture
the logarithmic norm condition, the differential condition on the vector field (referred to
as the Demidovich condition), and the integral condition (referred to as the one-sided
Lipschitz condition). These results generalize [45, Proposition 3] in the sense that (i) we
draw an additional connection between the logarithmic norm of the Jacobian and the
weak pairing and (ii) use this connection and our sign and max pairings to write the
explicit differential and integral conditions in Table 2.1.

Our third contribution is the extension of contraction theory to vector fields that are
only continuous. This extension demonstrates that contraction can be understood as a
property of the vector field, independent of its Jacobian. In other words, this extension
establishes the importance of weak pairings over classical contraction approaches based
on the Jacobian of the vector field and the stability of the linearized system.

Our fourth contribution is the formalization of equilibrium contraction, a weaker form
of contraction where all trajectories exponentially converge to an equilibrium. This no-
tion has been explored for example, in [22, Chapter 2, Theorem 22| and [24, Theorem 1].
These approaches establish global exponential convergence under two conditions: the
vector field can be factorized as f(t,x) = A(t, x)z and the logarithmic norm of A(¢, z) is
uniformly negative. Our treatment of equilibrium contraction demonstrates that these
two conditions are only sufficient, whereas we provide a necessary and sufficient charac-
terization based upon the one-sided Lipschitz condition.

Our fifth contribution is proving novel robustness properties of contracting and equi-

librium contracting vector fields. For strongly contracting systems we prove incremental
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input-to-state stability and provide novel input-state gain estimates. These results gen-
eralize [1, Theorem A] and [50, Theorem 1], where vector fields are required to have
a special control-affine structure. We additionally prove a novel result for contraction
under perturbations and are able to upper bound how far the unique equilibrium shifts.

Our sixth and final contribution is a general theorem about the contractivity of the
interconnection of contracting systems. Motivated by applications to large scale systems,
we provide a sufficient condition for contraction and establish optimal contraction rates
for interconnected systems. This theorem is the counterpart for contracting system of the
classic theorem about the interconnection of dissipative systems, e.g., see [51, Chapter 2.
This treatment generalizes the results in [20, Section 5|, [13], and [27, Lemma 3.2,
where optimal rates of contraction are not provided, vector fields are differentiable, and
interconnections with inputs are not studied.

Chapter organization: Section 2.2 reviews Lumer pairings and Dini derivatives. Sec-
tion 2.3 defines weak pairings and provides explicit formulas for ¢, norms. Section 2.4
proves contraction equivalences. Section 2.5 gives robustness results for contracting vec-
tor fields. Section 2.6 studies the interconnection of contracting systems. Section 2.7

provides conclusions.

2.2 A review of Lumer pairings and Dini derivatives

2.2.1 Norms and Lumer pairings

Definition 1 (Lumer pairings [48, 49]). A Lumer pairing on R" is a map [+, -] : R"xR" —

R satisfying:
(i) (Additivity in first argument) [x1 + xo,y| = [z1,y] + |22, y], for all x1, 29,y € R,

(ii) (Homogeneity) [ax,y| = [z, ay] = alz,y], for all z,y € R",a € R,
16
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(i11) (Positive definiteness) [x,x] > 0, for all x # 0, and

(iv) (Cauchy-Schwarz inequality)

[z, y]| < [z, 2]Y2[y, y]"/?, for all z,y € R™.

Lemma 2.2.1 (Norms and Lumer pairings [48]). (i) If R" is equipped with a Lumer

pairing, it is also a normed space with norm ||z|| := [z, x]'/2, for all v € R",

(i) Conversely, if R™ is equipped with norm || - ||, then there exists an (not necessarily
unique) Lumer pairing on R™ compatible with || - || in the sense that ||x|| = [z, 2]'/?,

for all x € R".

Lemma 2.2.2 (Lumer’s equality [48, Lemma 12]). Given a norm ||-|| on R™, a compatible

Lumer pairing [-,-], and a matriz A € R"*",

u(A) = sup [Az, z] = sup M
Jall=1 220, |||

(2.1)

Recall that a norm || - || on R™ is differentiable if, for all z,y € R™\ {0, }, the following

limit exists:
Ll Byl — 2]
h—0 h

The ¢, norm is differentiable for p € (1, 00) and not differentiable for p € {1, c0}.

Lemma 2.2.3 (Gateaux formula for the Lumer pairing [49]). Let || - || be a norm on R™.
If || - || is differentiable, then there exists a unique compatible Lumer pairing given by the

Gateaux formula:

.y +hx|| — |y n
9] = Nyl i IR e 0, (2:2)

Lemma 2.2.4 (Lumer pairing and log norm for weighted ¢, norms [52, Example 13.1(a)]).

Forp € (1,00) and R € R™™ invertible, let ||-||p g, [, |p,r and pi, r(-) denote the weighted
17
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¢, norm, its Lumer pairing and its log norm, respectively. Then, for x,y € R" and

A E RTLXTL;
(Ryo |Ry|"*)" Ra
2llp.r = |1 B2llp, 2, Ylpr = = :
1ylly.x
pp.r(A) = | r‘nax (Rz o |Rx|P~%)" RAw,
z|[p,r=1
where o is the entrywise product, | - | is the entrywise absolute value, and ()P is the

entrywise power.

Corollary 2.2.5. For p =2 and R = PY/? where P = P" = 0, Lemma 2.2./ implies

Hng,Pl/2 = xTan [xay]Z,Pl/Q = xTPya
PAP ' + AT>

fo p1/2(A) =  max z A" Px = )\max< 5

Hx”Q’Pl/Q:l

2.2.2 Dini derivatives

Definition 2 (Upper right Dini derivative). The upper right Dini derivative of a function

p:Rsg— R s
D*p(t) = limsup plt+ h}z —elt), (2.3)
Lemma 2.2.6 (Danskin’s lemma [53]). Given differentiable functions fu,. ... fm: (a,b) —
R, if f(t) = max; fi(t), then
D* f(t) = max { S£(0) | flt) = £(1)}. (24)

The following two lemmas are related to known results. We report them here for

completeness sake.

18



Non-Euclidean Contraction Theory for Robust Nonlinear Stability Chapter 2

Lemma 2.2.7 (Dini derivative of absolute value function). Let x : (a,b) — R be differ-

entiable. Then

D |a(t)] = &(t) sign(z(t)) + [£(t)x 03 (z (1)),
where x a(x) is the indicator function which is 1 when x € A and zero otherwise.

Proof. Since |z(t)] = max{x(t), —z(t)}, Lemma 2.2.6 implies D¥|z(t)| = (t) if z(¢) >

0, —x(t) if x(t) < 0, and |&(¢)| if z(t) = 0. O

Lemma 2.2.8 (Nonsmooth Gronwall inequality). Let o, 7: [a,b] — R>q and m: [a,b] —
R be continuous. If DT p(t) < m(t)p(t) +r(t) for almost every t € (a,b), then, for every
t € [a,b] and for M(t) = [

" m(7)dr,

o) < M0 (p(@) + [ r(m)e M ar), (2.5)
Proof. Let (t) = ¢(t)e™™® >0 for all t € [a,b]. Then
D*(t) < (DFp(t) — m(t)p(t)e MV < r(t)e M.

for almost every ¢ € (a,b). Note that r(t)e=™® is continuous and satisfies r(t)e=® >0

for all t € [a,b]. Then by [54, Appendix A1, Proposition 2], for every t € [a, b], we have

P(t) < la) + /tT(T)eM(T)dT,

which, in turn, implies the claim. O

Lemma 2.2.9 (Dini comparison lemma [55, Lemma 3.4]). Consider the initial value
problem ¢ = f(t,Q), C(to) = Co, where f: Rsg x R — R is continuous in t and locally

Lipschitz in ¢, for allt > 0 and ¢ € R. Let [ty,T) be the mazximal interval of existence
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for ((t) and let v: R>o — R be continuous and satisfy

DYo(t) < f(to(1), vlto) < Go

Then v(t) < ((t) for all t € [ty,T).
Lemma 2.2.10 (Coppel’s differential inequality [56]). Given a continuous map (t,x) —

A(t,x) € R™" any solution x(-) of & = A(t,x)x salisfies

D x(®)|] < p(A(t, z(t))ll=(6)]]- (2.6)

We conclude with a small useful result.

Lemma 2.2.11. Consider the control system @ = f(t,z,u(t)) with f: Rso x R" x RF —
R™ continuous in (t,xz,u). Let | - ||x be a norm on R™ and || - |l be a norm on R*. If

there exists £ > 0 such that, for each t € Rsg,x € R", u,v € RF,

1t 2,u) = £ 2,0) |2 < flu— vl

then any two continuously differentiable solutions z(-),y() to the control system corre-
sponding to continuous inputs u,u,: Rsqg — R¥ and with z(t) = y(t) for some t > 0
satisfy

DF||(t) — y()]lx < Ll|ua(t) — uy(t)]ur. (2.7)

Proof. The result follows from the definition of Dini derivative and by Taylor expansions

of z(t + h) and y(t + h). O
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Symbol Meaning

|- llp.rg ¢ norm weighted by R, ||z|,r = ||Rz||,
[-,-]p,g  Lumer pairing compatible with || - ||, r
[,-],r  Weak pairing compatible with [ - ||,
tp.r(%) Log norm with respect to || - ||,.r

Table 2.2: Table of symbols. We let p € [1,00] and R € R™*" be invertible. If a norm,
Lumer pairing, weak pairing, or log norm does not have a subscript, it is assumed to
be arbitrary. If the subscript R is not included, R = I,,.

2.3 Weak pairings and calculus of non-Euclidean norms

2.3.1 Weak pairings definition and properties

We define the notion of a weak pairing which further weaken the conditions for a

pairing to be a Lumer pairing.

Definition 3 (Weak pairing). A weak pairing on R™ is a map [-,-] : R* x R — R such

that the following properties hold:

(i) (Subadditivity and continuity of first argument) [x1 4+ x2,y] < [x1, y] + [x2, y], for

all z1, 9,y € R™ and [-,-] is continuous in its first argument,

(i) (Weak homogeneity) [ax,y] = [z, ay] = az,y] and [—z,—y] = [x,y], for all

r,y € R", a >0,
(iii) (Positive definiteness) [z, z] > 0, for all x # 0,
(iv) (Cauchy-Schwarz inequality) | [z, y] | < [z, 2]"* [y, y]*/?, for all z,y € R™.

From Definition 3, any Lumer pairing is a weak pairing, but not every weak pairing
is a Lumer pairing. When necessary, we distinguish the symbols for Lumer pairings and

weak pairings and make this clear in Table 2.2.
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Theorem 2.3.1 (Compatibility of weak pairings with norms). If [-, -] is a weak pairing
on R, then || - || = [-,-]"* is a norm. Conversely, if R™ is equipped with a norm || - |,

then there exists a weak pairing (but possibly many) such that [-,-] = - ||*-

Proof. First, we show that || - || = [, -]]1/2 is a norm. Clearly it is positive definite by

property (iii). For homogeneity,

laz|® = [az, az] = o® [z, 2]

1/2

= laz| = [af [z, 2] = |af[lz],

by weak homogeneity, property (ii). Finally, regarding the triangle inequality,

lz+yl>=[z+y,z+y] <[z, +y] + [y, 2+ 9]

< ([l + llyDllz + I,

by subadditivity, property (i), and the Cauchy-Schwarz inequality, property (iv). This
implies that ||z + y|| < [lz] + [[y]-
For the converse, the proof is identical to that in [48] since any Lumer pairing is a weak

pairing. 0

As a consequence, if [x,y] is a weak pairing compatible with the norm | - ||, then
[Rz, Ry] is a weak pairing compatible with the R-weighted norm || - ||z for any invertible

R e R™™,

We now define two desirable properties of weak pairings.

Definition 4 (Additional weak pairing properties). Let [-, -] be compatible with the norm
|- ||. Then [-,-] satisfies
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(i) Deimling’s inequality if, for all x,y € R,

< lim 2.

(77) the curve norm derivative formula if, for every differentiable x : (a,b) — R™ and

for almost every t € (a,b),

lz@OND* @)l = [(t), ()] - (2.9)

Note that any given weak pairing may or may not satisfy these properties. It is
essentially known that any Lumer pairing satisfies Deimling’s inequality; see Section 2.8.1

Lemma 2.8.2.

Theorem 2.3.2 (Lumer’s equality for weak pairings). Let || - || be a norm on R™ with
compatible weak pairing [-,-] satisfying Deimling’s inequality, (2.8). Then for all A €
Rnxn

wu(A) = sup [Ax,x] = sup Az, 2]

2.10
i S P (2.10)

Proof. By Deimling’s inequality, for every x € R™\ {0,,},

e+ hAz]| — [l
Az, z] < ||| 1
[Az, 2] < [lf| lim h
|+ A -1
< Jlz[? Tim M = ||lz||Pu(A).
< Jlf|” lim, h ][ (A)

Thus, the inequality u(A) > sup,p, [Az.2] }51ds. For the other inequality, for v # 0,,

[

we define Q(v) = [[mﬁﬂ and note that for every v # 0,, and h > 0,

|(L = hAY|| = — [(L — hA)w, o] = (1 = hQ))[[o] = (1 = hsup,, Q)]

1
o]
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where the first inequality holds by Cauchy-Schwarz, the second by subadditivity, and the
final one since —h < 0 and by weak homogeneity of the weak pairing. Moreover, note
that supy, =1 2(v) < [|A]| # oo by Cauchy-Schwarz for the weak pairing. Then for small

enough h > 0, I,, — hA is invertible and given by

(I, — hA) ™' = I, + hA+ h*A*(I, — hA)™*

= [|(Zn + hAY|| < [|(Zn = hA) " ol + K*|A*(L, — hA) o],

where the last implication holds for all v € R because of the triangle inequality. More-

over, defining = = (I, — hA)v, for sufficiently small A > 0, we have

[(Zn — hA) 2| _ v < 1
[Ea (L, —hA)v[| = 1 — hsupy,=; 2(v)

(2.11)

Then

[(1n + hA)x[/||x]l = 1

p(A) = lim sup

h—07% 340, h
. -1 2|| A2 _ =1l —

< lim sup IUn = hA) el £ WAL, — hA)e] - ]

h—0% g0, thH

I, —hA)™! —

< lim sup [(Ln — hA)" ||/||2] -1

h%O*’w;ﬁ@n h
< tim L (! 1) = pup [4a.2]

im — — 1) = su L2y,
= ho0t h\1 — hsupy,—; Q(v) el

where the first line is the definition of the induced norm, the second line holds by the
triangle inequality, the third line holds due to the subadditivity of the supremum, and

the last line holds because the inequality in (2.11) holds for all x # 0,,. ]

In the following subsections, we propose weak pairings for the ¢, norms in R", p €
[1,00], and show that they satisfy the two properties in Definition 4.
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2.3.2 Weak pairings for differentiable norms

Each ¢, norm for p € (1,00) is differentiable. Therefore, the corresponding Lumer
pairing is unique, given in Lemma 2.2.3, and satisfies Deimling’s inequality, (2.8). Thus,
we pick the weak pairing to be the unique compatible Lumer pairing from Lemma 2.2.4.
Moreover, because of differentiability of the norm, in Section 2.8.1 Lemma 2.8.3 we show
that the unique Lumer pairing satisfies the curve norm derivative formula in Defini-

tion 4(ii).

2.3.3 Non-differentiable norms: The /; norm

The ¢; norm given by ||z|; = Y i, |z;| fails to be differentiable at points where
x; = 0. Hence, we propose a pairing and show that it is a Lumer pairing compatible with

the ¢; norm.
Definition 5 (Sign pairing). For R € R™" invertible, let ||- |1 r be the weighted ¢; norm

given by [|z|1r = ||Rz|l;. The sign pairing [-, -],  : R" x R" — R is defined by

[z, 4], 5 == llyll.r sign(Ry) " Rz (2.12)

Lemma 2.3.1. The sign pairing is a Lumer pairing compatible with the weighted ¢,
norm.
Proof. We verify the four properties of a Lumer pairing in Definition 1. Regarding

property (i), for z1,zq,y € R™,

[21 + 22, y]1 ;= Iyl rsign(Ry) " R(z1 + )

= llyll.r (sign(Ry) " Rz + sign(Ry) " Rxy) = [z1,y]y 5 + [22, 9], 5 -
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Regarding property (ii), for a € R, [[oz:v,y]]l’R = ||lyll1.rsign(Ry) " R(az) = « [[J:,y]]LR. To

check homogeneity in the second argument, we see that o = 0 is trivial, so for av # 0

. o .
[z,ay], g = lloyll, g sign(aRy) " Ra = Ia!mHyHl,R sign(Ry) " Re = a[z,y], 5.

Regarding property (iii), [z, 2], 5 = ||#]l1,rsign(Rz)" Rx = ||z||? z > 0. This also proves

compatibility. Regarding property (iv),

[z, 9], 5 | = [y, y]}2 | sign(Ry) " Re| < |sign(Rz)" Re| [y, y]i/5 = [z, 2]y7 [y, y]15 -

]

Since the sign pairing is an Lumer pairing, it is a weak pairing that satisfies Deimling’s

inequality, (2.8). Finally, we separately establish the curve norm derivative formula, (2.9).

Theorem 2.3.3 (¢; curve norm derivative formula). Let = : (a,b) — R" be differen-

tiable. Then
(i) DT||z(t)||1.r = sign(Rz(t)) " Ri(t), for almost every t € (a,b).
(i) ||| gDF|z(t)||1.r = [[:t(t),x(t)]]LR for almost every t € (a,b).

Proof. Since ||z(t)|[1,r = >y |(Rz(t));], it suffices to compute DT |z;(¢)|. Then by Lemma

2.2.7:

n

D x()[1r = Z D*|(R(t))i] = ) ((Ri(t))isign((Rz):) + |(Ri())ilx oy ((Rz(t)):))

i=1

= sign(Rx(t) )+ Z [(Ri(t))i|xqoy ((Rz(t))s)-
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Multiplying both sides by ||z(t)]|1.r gives

lz@®) .z D lz(®)ll.r = [£(), z(0)]; £

+ 2@z Z; |(Ra(2))ilx 0y (R (£))s)-

To prove both results, it suffices to show that ", [(R&(t)):|x 01 ((Rz(t));) = 0 for almost
every t € (a,b). If (Rz(t)); # 0, for alli € {1,...,n} and for all t € (a,b), the result holds
since X0y ((Rz(t));) = 0 for all t € (a,b),7 € {1,...,n}. So suppose (Rx(t)); = 0 for
some 7. Then either (Rx(t)); = 0 for a single ¢, in which case the result holds. Otherwise
(Rx(t)); =0 for all t € I C (a,b), where [ is an interval. In this case, by differentiability
of x, we have that (R#(t)); = 0 for almost every ¢t € I, so |(R&(t)):|x{o1((Rx);(t)) = 0

for almost every ¢ € I and hence almost every t € (a,b). O

2.3.4 Non-differentiable norms: The /., norm

.....

where the infinity norm is achieved in more than one index. We propose a map and show

that it is a weak pairing that satisfies the properties in Definition 4.

Definition 6 (Max pairing). For R € R™" invertible, let || - ||o,r be the weighted (o

norm given by ||z||eo,r = || R2[|co. The max pairing [, -] r : R" x R" — R is defined by
= Rz);(Ry);, 2.13
[, Y] i ierzi%y)( z)i(Ry) (2.13)

where Ix(v) ={j € {1,...,n} | |vj| = ||Vl }-

Lemma 2.3.2. The mazx pairing is a weak pairing compatible with the weighted ¢, norm.
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Norm Weak Pairing Logarithmic norm
fiy pi/2(A) = Ipax(PAP  + AT)

|%]l2,pr/2 = VT Pz [, s, pr/2 =2 Py = max x'PAx
lzlly p1/2=1
A) = max <a~—|— a~>
el = Z‘x| . . p1(A) jeitony \197 ;’ ij|
L= 2 0% [z, yl, = llyll1 sign(y) = .
i = sup sign(z)' Az
ll=ll1=1
Hoo(A) = max (“ii + |%’|)
[7]loo = max |z;] [z, 9] = Er?aé) ZiYi S J#i
7 1cloco

= max max (Az)z;
|z]|oo=1 t€Ix ()

Table 2.3: Table of norms, weak pairings, and log norms for weighted ¢o, ¢1, and
{5 norms. We adopt the shorthand Io(z) = {i € {1,...,n} | |x;| = ||z]l}. The
matrix P is positive definite. Only the unweighted ¢1, /. norms, weak pairings, and
log norms for p # 2 are included here since pp g(A) = p,(RAR™1) for any p € [1, 00].

Proof. We verify the four properties of a weak pairing in Definition 3. Regarding prop-
erty (i):
[21 4+ 22, Y] ok = Z.é?(%y)(R(fEl + 22))i(Ry): = ieﬁ%y)(R%)i(Ry)i + (Raz)i(Ry);

< Rxy)(Ry); + Rx9);(Ry); = ; + , )
—ieﬁ?}éw( z1)i(Ry) ieg%y)( 29)i(RY)i = [21, Y] o g + [72, Y] o 1

Further, for fixed y € R", the function z — [z, y], 5 is continuous since I, (Ry) is fixed

and the max of continuous functions is continuous. Regarding property (ii), for o > 0,

[az, y]]oo,R = ieﬁ%y)<3a@i(39)i = aieﬁ%y)(Rl’)i(Ry)i = ar, y]]oo,R?

[z, Oéy]]oo,R = ieg?ﬁy)(Rf)i(Ray)i = Qieﬁ%}’éy)(Rx)i(Ry)i = a [, y]]oo,Ru

b = —Rz)(-Ry); = [z, .
[[ Z, y]]oo,R ie[l;rol(a—XRy)( l') ( y) [[l' y]]oo,R
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Regarding property (iii)

[ 0] = o (Re)i(Re)s = max [l = loll%n > 0

This also shows that this weak pairing is compatible with the norm. Finally, regarding

property (iv):

1/2 1/2

X |[Ylloorllzlloo.r| = [2, 2] [y Yloo i

<| m
i€l (Rx)

— Rz);(Ry);
|2, Yl o | ieﬁ?}éy)( r);(Ry)

We postpone to Section 2.8.2 the proof of the next lemma.

Lemma 2.3.3 (Deimling’s inequality for the max pairing). The max pairing in Defini-

tion 6 satisfies Deimling’s inequality, (2.8).

Theorem 2.3.4 (Derivative of /,, norm along a curve). Let x : (a,b) — R" be differen-

tiable. Then for allt € (a,b),

(i) D [w()loep = _max  sign((Ra(t)):)(RE(t)); + xqo.y (R(t)[|E() ]| ok, and

1€100 (Rx(1))
(it) x(t)loo D l|2(t)loo,r = [2(), 2(E)] . -

Proof. From Danskin’s lemma, Lemma 2.2.6, f(t) = max{fi(t),..., fm(t)} with differ-
entiable f; satisfies DT f(t) = max{< f;(t) | fi(t) = f(t)}. If the functions f; are max

functions themselves (e.g., absolute values in our case), a simple argument shows

D f(t) = max{D" f;(t) | f;(t) = f(1)}.
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By the definition of || - ||oo,r, We have

DH|z(t)||eo.r = DT(Rx(t)),].
#(O)ller = _max D" |(Ra(t))d

Then by using the property for Dini derivatives of the absolute value function as in

Lemma 2.2.7,

D||z(t)|oor = max sign((Ra(t)):) (R (t)): + [(R(t))ilxqoy (Rx(t)):

1€1o0 (Rx(t))
e sign((Ra(t)) (Re(0): + xio,) (Re0) (0
This proves the first result. To get the second result, multiply both sides by ||z (¢)||co.r

to get

12 () lloc D () llo.r = [2(8), 2(D)] o, + 120 [ls0.mX (0.} (R ()| £(E) [0,

Note that this second term is identically zero since if x (o} (Rz(t)) = 1, then ||2(t)||s,r =
0. O

Weak pairings, known expressions for log norms, and novel expressions for log norms

from Lumer’s equality for £, norms are summarized in Table 2.3.

2.4 Contraction theory via weak pairings

2.4.1 One-sided Lipschitz functions

Definition 1 (One-sided Lipschitz function). Let f: C — R", where C' C R" is open

and connected. We say f is one-sided Lipschitz with respect to a weak pairing [-, -] if
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the weak pairing satisfies Deimling’s inequality, (2.8), and there exists b € R such that

[f(z) = f(y), 2 =yl S bllw —yl*  for allz,y € C. (2.14)

We say b is a one-sided Lipschitz constant of f. Moreover, the minimal one-sided Lips-

chitz constant of f, osL(f), is

osL(f) := sup [f(x) — f_(y),za: —
zFY |z —yl|

€ RU {oo}. (2.15)

We prove the following proposition in Section 2.8.3.

Proposition 2.4.1 (Properties of osL(f)). Let f,g: C' — R"™ be one-sided Lipschitz with

respect to a weak pairing [-,-]. Then for ¢ € R and Id: C' — C the identity map:
(i) osL(f) < sup,, D=Ll
(ii) osL(f + cId) = osL(f) + ¢,

(111) osL(af) = aosL(f), foralla >0,

(iv) osL(f + g) < osL(f) + osL(g).

Remark 2.4.2. When f: C — R" is continuously differentiable and C' is convex, osL(f)

does not depend on the choice of weak pairing and instead depends only on the norm since

sup [[f(ZE) — f(y)ax — y]] _ sup,u(Df(x)),

oy [l = yll? weC

which follows from the mean-value theorem for wvector-valued functions in conjunction

with Lumer’s equality. A
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2.4.2 Contraction equivalences for continuously differentiable

vector fields

Theorem 2.4.1 (Contraction equivalences for continuously differentiable vector fields).
Consider the dynamics & = f(t,z), with f continuously differentiable in x and continuous
int. Let C' C R™ be open, convex, and forward invariant and let || - || denote a norm with
compatible weak pairing [-,-] satisfying Deimling’s inequality, (2.8). Then, for b € R, the

following statements are equivalent:
(1) osL(f(t,-)) < b with respect to the weak pairing [-,-], for all t >0,
(11) [Df(t,x)v,v] < bljv|]?, for allv e R",xz € C,t >0,

(iii) w(Df(t,z)) <b, for allz € C,t >0,

(iv) DT[6(t, to, x0) = ¢(t, o, yo) || < bll(E, o, 20) = b(t, to, yo)l, for all wo,y0 € C,0 <

to <t for which the solutions exist,

(v) ll6(t,to, 7o) — B(t, o, yo) | < €= |4(s, t0, 20) — ¢, to, yo)ll, for all o, 30 € C' and

0 <ty < s <t for which the solutions exist.

Proof. Regarding (i) = (ii), if v = 0, the result is trivial. By definition of osL(f(t, ")),
If(t,x) — f(t,y),z —y] < b||lx—yl|? for all z,y € C,t > 0. Fix y # x and set x = y+ hv

for an arbitrary v € R™ and h € R+ sufficiently small. Then

[f(t.y 4+ hv) = f(t,y), hv] < bl[ho|?

= R[f(t,y+hv) — f(t,y),v] < bR?|v]?,

by the weak homogeneity of the weak pairing, property (ii). Dividing by h? and taking
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the limit as h goes to zero yields

e e EL L 3 R

which follows from the continuity of the weak pairing in its first argument, property (i).
Since y, v, and t were arbitrary, this completes the implication.

Regarding (ii) == (iii), suppose [Df(t,x)v,v] < b||v||? for all x € C,v € R™,t > 0.
Let v # 0, and divide by |[[v||*>. Then take the sup over all v # 0,, to get u(Df(t,x)) =
Sup,o, [Df (t,z)v,v] /||v]|* < b, by Lumer’s equality.

Regarding (iii) = (iv), define x(t) = o(t,to,x0),y(t) = ¢(t, to,yo), and v(t) =

x(t) — y(t) for zo,y0 € C,tp > 0. Then by an application of the mean-value theorem for

b= (/01 Df(t.y+ sv)ds) o

By an application of Coppel’s differential inequality, Lemma 2.2.10, we have

vector-valued functions,

1
Dol <5 ([ Drtey(o)+ sutoyas) ot
0
1
< | DI y(0) + sule))isluto)] < b
which follows from the subadditivity of log norms, [1]. Substituting back gives the in-
equality.

Regarding (iv) == (v); this follows from an application of the nonsmooth Gronwall

inequality, Lemma 2.2.8 on the interval [s, ] C [to, t].
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Regarding (v) = (i), let zg,y0 € C, top > 0 be arbitrary. Then for » > 0,

16(to + h, to, 20) — B(to + h, to, yo) | = |20 — yo + h(f (to, @0) — f(to, y0) I + O(h?)

< "lzo — yoll.

Subtracting ||zo — yo|| on both sides, dividing by h > 0 and taking the limit as h — 0T,

we get
;}E{ﬁ 120 — yo + h(f(to, o) —hf(tmyo))“ — [l — yoll < h“jgﬁ e —1 120 — woll
Evaluating the right hand side limit gives
lim |20 — yo + h(f (o, %0) — [ (o, y0))I| — [[z0 — yoll < bl|zo — vol. (2.16)

h—0t h

But by the assumption of Deimling’s inequality,

[f(to, z0) — f(to,¥0), o — vol

lzo — yo + h(f (%o, zo) — f(to, y0))ll — |20 — %ol
- .

< — li
< [lzo = wol| lim,
Then multiplying both sides of (2.16) by ||zo — yo|| gives

[f(to, z0) — f(to, Yo0), o — yo] < bllzo — wol|*.

Since tg, o and yo were arbitrary, the result holds.

]

Remark 2.4.3. (i) A vector field f satisfying conditions (i), (i) or (iii) with b < 0 is

said to be strongly contracting with rate |b|, see [23]. Condition (ii) is referred to
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as the Demidovich condition, see [57]. A system whose trajectories satisfy condi-
tions (iv) or (v) with b < 0 is said to be incrementally exponentially stable without
overshoot, see [58].

(1i) Theorem 2.4.1 holds for any choice of weak pairing satisfying Deimling’s inequal-
ity, (2.8), (but not necessarily the curve norm derivative formula). Moreover, if a
weak pairing does not satisfy Deimling’s inequality, condition (ii) still implies (v)

since Sup |, =1 [Az, 2] > p(A) from Theorem 2.5.2. A

Contraction equivalences (i), (ii), and (iii) are transcribed for the £, norms in Table 2.1

for the choices of weak pairings given in the previous section.

2.4.3 Contraction equivalences for continuous vector fields

Theorem 2.4.2 (Contraction equivalences for continuous vector fields). Consider the
dynamics & = f(t,x), with f continuous in (t,x). Let C C R™ be open, connected, and
forward invariant and let || - || denote a norm with compatible weak pairing [-, -] satisfying
Deimling’s inequality, (2.8), and the curve norm derivative formula, (2.9). Then, for

b € R, the following statements are equivalent:

(i) osL(f(t,-)) < b with respect to the weak pairing [-,-], for all t > 0,

(”) D+||¢(t,t0,$o) - ¢(t7t0’y0)|| S b||¢(t7t07w0) - ¢<t7t07y0)||7 fOT’ all Lo, Yo S C,O S

to <t for which the solutions exist,

(Z”) ||¢(t7t07 LU(]) - ¢(t7t07 yO)H < eb(t_S)qu(57 th .ﬁ(fo) - ¢(SJ t(]?yO)Hi fOT all Zo, Yo € C and

0 <ty <s <t for which the solutions ezist.

Moreover, if statements (i), (i), and (iii) hold, then solutions are unique. Finally, if
statements (i), (ii), and (iii) hold with b < 0 and there ezists x* € R™ such that f(t,z*) =

0 for allt > 0, then solutions exist uniquely for all time t > 0.
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Proof. Regarding (i) = (iii), let zo,y0 € C,to > 0. If ¢(¢,t0,20) = ¢(t,10,y0) for
some t > to, then Lemma 2.2.11 implies that the result holds. So suppose ¢(t, to, xg) #
o(t,to,y0). Let v(t) = ¢(t, to,x0) and w(t) = ¢(t, to,yo) and apply the curve norm

derivative formula to v(t) — w(t):

lo(t) = w® DT [[o(t) — w(t)| = [f (£, v(t) = f(t w(t), v(t) —w(B)],

for almost every ¢ > 0. By the assumption of (i), dividing by ||v(t) — w(t)]| # 0 implies
that

D+||¢(tat07$0) - ¢(t7t0ay0)” < b||¢(t,t0,l‘()) - Qb(t,to,y())H,

for almost every t > ty. Then applying the nonsmooth Gronwall inequality, Lemma 2.2.8,
gives (iii). Regarding (iii) = (i), the proof is the same as in Theorem 2.4.1. Regarding
(i) == (iii), the result follows from the nonsmooth Grénwall inequality, Lemma 2.2.8.
Regarding (iii) = (ii), we invoke a concept from Section 2.8.1. Following the proof
of (ili) == (i) gives the inequality (f(¢t,x) — f(t,y),z — y). < b|lz — y[[>. Then
applying the curve norm derivative formula for Deimling pairings, Lemma 2.8.3, with

v(t) = @(t,to, o), w(t) = G(t, to, yo) for zo,yo € C,ty > 0, implies that

lo(t) —w@®IDT|Jo(t) —w@®)l < (f(tv(t) — £t w(?), v(t) — w(t))+,

for all t > ¢, for which v(t),w(t) exist. Then substituting the previous inequality gives
the result. To see uniqueness, note that if ¢(g, ¢y, xo) = ¢(to, o, Yo), then ||zg — yol| =0
and [|@(t, to, xo) — P(t,to,y0)|| = O for all ¢ > to for which the solutions exist by (iii).
Regarding existence, if b < 0, consider the flow ¢(¢, to, *) which is constant for all ¢ > ;.

Then any other solution exponentially converges to x* and must exist for all ¢ > 0. [

Remark 2.4.4. If f(t,z) is only piecewise continuous in t, then both (i) and (ii) im-
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ply (iit), but the converse need not hold. We refer to [59] for contraction results for
piecewise smooth vector fields in terms of their Jacobians. Theorem 2.4.2 does not require
the computation of Jacobians and demonstrates that contraction is completely captured

by the one-sided Lipschitz condition. A

2.4.4 Equilibrium contraction

Theorem 2.4.3 (Equilibrium contraction theorem). Consider the dynamics & = f(t,x),
with f continuous in (t,x). Assume there exists x* satisfying f(t,x*) = 0, for allt > 0.
Let C C R™ be open, connected, and forward invariant with «* € C' and let || - || denote
a norm with compatible weak pairing [-,-] satisfying Deimling’s inequality, (2.8), and the
curve norm derivative formula, (2.9). Then, for b € R, the following statements are

equivalent:
(i) [f(t,z),x —z*] < b||lw — x*||?, for all z € C,t >0,
(i1) DT|p(t, to, x0) — x*|| < b||d(E, to, x0) — x*||, for all zg € C,0 < tg < t.
(i5i) ||d(t, to, 20) — x*|| < || (s, to, 20) — 2*||, for all zg € C,0 <ty < s < t.

Moreover, if C is conver and there exists a continuous map (t,x) — A(t,z) € R™™ such
that f(t,z) = A(t,z)(x — x*) for all t,x, then u(A(t,x)) < b for all t,x implies (i), (ii),
and (iii).

Proof. Regarding (i) = (iii), let zy € C,ty > 0. If ¢(t,t9,20) = 2*, then the result
holds. So assume @(t,tg, zg) # x*, let v(t) = ¢(t,to,z9) and apply the curve norm

derivative formula to v(t) — z*. Then

lo(t) = 2| DF[lo(t) — 2™ = [f(t,v(t)), v(t) — 2] < bllo(t) — 2*|I%,
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for almost every ¢ > 0. Dividing by ||v(¢) —a*|| # 0 implies DF||v(t) —z*|| < b||v(t) — x|
for almost every t > 0. Then the nonsmooth Grénwall inequality, Lemma 2.2.8, gives
(ii).

Regarding (ii)) = (iii), this result follows by applying the nonsmooth Grénwall
inequality in Lemma 2.2.8.

Regarding (iii) = (i), let 29 € C,ty > 0. Then for every h > 0,

I6(to + B to,z0) — a°I| = 2o — 2 + A (to, 20))|| + O(H) < o — 2*].

Subtracting ||zo — x*|| on both sides, dividing by A > 0 and taking the limit as h — 0T,

we get

ok _ X bh __
Ll = o B o)) | o=l e

_ *
h—0+ h T h—0t h ||ZL’0 v H '

Evaluating the right hand side limit and multiplying both sides by [|zq — *|| gives

— 2+ h(f(t —|lzo — 2*
||l‘0—$*||h1im ||'T0 T+ (f( 07%0))” ”xO z H §b||$0—$*||2,

—0t h

However, by the assumption of the weak pairing satisfying Deimling’s inequality, (2.8),
we get [f (to, %o), zo — x*] < b||xg — x*||. Since to, o were arbitrary, the result holds.
Regarding (iii) = (ii), we invoke a concept from Section 2.8.1. Following the proof

of (iii) = (i), we have

(f(t,z),z — 2%)y < b||lz —2*|)?, forallz e C,t>0. (2.17)

Then let zy € C,ty > 0, let v(t) = ¢(t, to,x0), and apply the curve norm derivative
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formula for Deimling pairings, Lemma 2.8.3, to v(t) — x* to get

[o(t) = 2" [ DT [lo(t) — 2™|| < (f(t,v(t)), v(t))+,

for all £ > 0. Using the inequality in (2.17) proves the result.
Now suppose that there exists a continuous map (¢, x) — A(t, z) such that f(t,z) =
A(t,z)(x —x*) and p(A(t,z)) < bfor all z € C and all t > 0. Let o € C,ty > 0 and let

v(t) = o(t,to, xg) — 2*. Then
v = A(ta ¢(ta lo, xO))U'

Applying Coppel’s differential inequality, Lemma 2.2.10, implies

Do) < u(A(t, ¢(t, to, x0))) [[0(1)]].

Substituting p(A(t, ¢(t, to, zo))) < b gives (ii). O

Remark 2.4.5. (i) A vector field f satisfying condition (i), with b < 0 is said to be

equilibrium contracting with respect to x* and with rate |b|.

(ii) If f(t,x) is continuously differentiable in x, the mean value theorem for vector-

valued functions implies

Flt2) = f(ha) — f(ta") (/01 Df(t, 2" + (x — x*)s)ds) (z — o).

One can then define the average Jacobian of f(t,x) about the equilibrium x* to be

DF,. (b 2) = /0 Df(t, " + (z — 2*)s)ds. (2.18)
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Therefore, there always exists at least one matriz-valued map A(t,x) such that

flt,x) = A(t,z)(x — z*).

(i1i) Condition (ii) implies that the choice of Lyapunov function V(x) = ||z — z*|| for

b < 0 gives global exponential stability within C'. A

Example 1 (Counterexample). To see that (i) need not imply u(A(t,z)) < b, consider

the dynamics in R?

—r3—1 0 T
&= A(z)r = : (2.19)
0 22— 1| |2y

with equilibrium point ©* = 0y. For the unweighted ¢y norm, x — A(x)x satisfies Theo-
rem 2.4.3(i) with b = —1 since [A(x)z,x], = x" A(x)r = —||z||3. However, us(A(x)) =
2 —1>—1. A

2.5 Robustness of contracting systems

We include a brief review of signal norms and system gains and refer the reader to [21,

Chapter 2] for more details.

Definition 7 (Signal norms and system gains [21, Chapter 2]). Given a norm || - ||x on
X =R", let L%, q € [1,00], denote the vector space of continuous signals x: Rsg — R"

with well-defined and bounded norm

(S lelizan) ™, g # o0,

[ ()l.q = (2.20)

sup;o [l ()|, q = oo.

A dynamical system with state v € X = R" and input u € U = R* has E‘f‘,yu gain bounded
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by v > 0 if, for all uw € L}, the state x from zero initial condition satisfies

() l[xg < AMu) -

In what follows, for a control system & = f(¢,x,u(t)), we write z(t) for the flow

o(t, to, xo) subject to the vector field resulting from control input u,(t).

Theorem 2.5.1 (Input-to-state stability and gain of contracting systems). For a time

and input-dependent vector field f, consider the dynamics

T = f(t,z,u(t)), z(0) =29 € X =R", (2.21)

where u takes values in U = R*. Assume there exists a norm || - ||x: R" — Rsqy with
compatible weak pairing satisfying the curve norm derivative formula, (2.9), for all time

I, -1y, @ norm || - |u: R* — Rs, and positive scalars ¢ and ¢ such that

(A1) osL(f(t,-,u)) < —c with respect to the weak pairing [-,]y, for allt >0, u € R¥,
(A2) |If(t,z,u) — f(t,z,0)||x < Llu— vy, for allt € Rsy, € R", u,v € RE.

Then

(1) any two solutions x(t) and y(t) to (2.21) with continuous input signals w,, u,: Rso —

RF satisfy for all t >0,

DT |lz(t) — y(®)llx < —clla(t) — y(O)lla + llua(t) = wy(t)ler

(i1) f is incrementally input-to-state stable, in the sense that, from any initial condi-
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tions g, yo € R",

01 —e )

lz(8) = y(®)llx < e™llzo — gollx + sup |Jua(7) = uy (1) [lu;

T€[0,t]

(i4) f has incremental £ —gain bounded by £/c, for ¢ € [1,00], in the sense that

solutions with x(0) = y(0) satisfy
l
l20) =yl = 7 lua () = uy ()l (2.22)

Next, assume that f satisfies the weaker Assumptions (A1")-(A2) instead of (Al)-(A2),

where

(A1) there exists x* € R™ and continuous u*: Rso — R¥ such that f(t, z*,u*(t)) = 0, for
all t, and [f(t,z,u) — f(t,2*,u),x —y], < —cllz —a*||5 for allt > 0,2 € R",u €

R*.
Then

(iv) the solution x(t) to (2.21) satisfies DT ||x(t) — z*||x < —c||z(t) — 2*||x + £||u(t) —
w ()|, for allt >0,
(v) f is input-to-state stable in the sense that ||z(t) — 2*||x < e “|zg — 2*||x +
(1 —e i
= () — ()
& T7€[0,¢]

(vi) f has L%, gain bounded by {/c, for ¢ € [1, c0].

Proof. The result holds at times ¢ > 0 when z(t) = y(t) by Lemma 2.2.11. So assume
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x(t) # y(t). By the curve norm derivative formula, Assumptions (A1) and (A2) imply

l2(8) = yO)llx DT [l(t) — y(®)llx = Lf (£ 2(t), ua () = F(E (1), uy (1)), 2(t) = y(B)]
< [f(2(), ua(t) — f(Ey(t), ua(t), () — y(t)]
+ 1 y(0), ualt) = F{Ey(8), uy (1)), () — y ()] 5

< —cll=(t) = y@l% + Uz ) — y@)llxllus () — g (t) o,

which follows from the subadditivity and the Cauchy-Schwarz inequality for the weak
pairing. This proves statement (i). Statement (ii) follows from the nonsmooth Grénwall
inequality, Lemma 2.2.8. Regarding statement (iii), let w(t) = |juy(t) — u,(t)|l and

consider the scalar equation

¢ =—cC+Lw, ¢(0)=[z(0) = y(0)[[x = 0. (2.23)

Then by the Dini comparison lemma, Lemma 2.2.9, ||z(t) — y(¢)||x+ < ((¢) for all £ > 0.
Let G be the linear operator given by w + ( via the solution of (2.23). In other words,
( = Gw. Since G arises from a first-order scalar linear system, its induced £? norm is

¢/c for all q € [1, 0], see [60, Proposition 2.3]. Thus,

() =y(llxg < éHux(-) = tty(-)|lug, forall g € [1,00].
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Regarding statement (iv), apply the curve norm derivative formula to z(t) — x* to get

l2(t) — 2|« DT [z (t) — 2"l = [f (£, 2(t), u(t)) — f(t, 2" u" (1)), 2(t) — 2"]
< [F(E (), ut)) — f(E 2", ult)), x(t) — "] 5
+ [[f(t’x*>u(t)) - f(t>$*vu>k(t))>$(t) - ‘T*]]X

< —clla(t) — 2% + llult) — u*()lull() — 27

Statement (v) then follows from the nonsmooth Grénwall inequality, Lemma 2.2.8. The

proof of statement (vi) is identical to the proof of (iii). O
The next result studies contractivity under perturbations.

Theorem 2.5.2 (Contraction under perturbations). Consider the dynamics @ = f(t,x)+

g(t,x). If osL(f(t,-)) < —c < 0 and osL(g(t,-)) < d € R with respect to the same weak

pairing [-,-] for allt >0, then

(i) (contractivity under perturbations) if d < ¢, then f+ g is strongly contracting with

rate ¢ — d,

(#) (equilibrium point under perturbations) if additionally f and g are time-invariant,
then the unique equilibrium point x* of f and x** of f + g satisfy
x*
e < L)l

1R (2.24)

[ p—

Proof. Statement (i) is an immediate consequence of Proposition 2.4.1(iv). Finally, we
consider the two initial value problems & = f(z) + g(z) and y = f(y) + g(y) — g(x*) with
arbitrary initial conditions. Note f(z*) + g(z*) — g(z*) = 0, that is, * is the unique
equilibrium of the contracting system f(y) + g(y) — g(z*). Taking the limit as ¢ — oo,

Theorem 2.5.1(ii) implies statement (ii). O
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2.6 Networks of contracting systems

We consider the interconnection of n dynamical systems
;= fi(t,x;,xy), forie{l,... n} (2.25)

where z; € RN, N = >"" | N;, the subscript —i = {1,...,n} \ {i} so that z_; € RV~

and f;: Rso x RY x RV — R is continuous. Let || - |; and [, -], denote a norm and

a weak pairing on Ri. Assume

(C1) at fixed x_; and t, each map z; — fi(t, z;, x_;) satisfies osL(fi(t,-,x_;)) < —¢; <0
with respect to [-,-], which satisfies Deimling’s inequality, (2.8), and the curve

norm derivative formula, (2.9). If f; is continuously differentiable in x;, then this

condition is equivalent to

i (Dfi(t, x, x_;)) < —c, for x; € RN x_; € RV

(C2) at fixed x; and t, each map z_; — fi(t, z;, x_;) satisfies a Lipschitz condition where,

for all j € {1,...,n}\ {i}, there exists 7;; € Rxg, such that for all z;,y; € R7

n

=1,
Lemma 2.6.1 (Efficiency of diagonally weighted norm [61, Lemma 3]). Let M € R™*"
be Metzler and let a(M) denote its spectral abscissa. Then, for each € > 0, there exists

§ € RY, satisfying the LMI

diag(&)M + M "diag(¢) = 2(a(M) + €)diag(€). (2.26)
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Moreover, if M is irreducible, the result holds with € = 0.

Definition 8 (Diagonally weighted aggregation norm). For { € RZ,, define the &-

weighted norm and corresponding weak pairing on RN by

l@n el =3 &l (2.27)
(@), s w)le = 3 & Loyl (2.28)

It is easy to see that (2.27) defines a norm. We prove in Section 2.8./ that (2.28) is a
weak pairing that is compatible with (2.27) and satisfies Deimling’s inequality, (2.8) and

the curve norm derivative formula, (2.9).

Theorem 2.6.1 (Contractivity of interconnected system). Consider the interconnection
of continuous systems (2.25) satisfying Assumptions (C1) and (C2) and define the gain

matrix

—C1 .o Min

Tnl - —Cn

If ' is Hurwitz, then

i) for every e € 10, |a(D)||, there exists & € RZ, such that the interconnected system is
>0

strongly contracting with respect to || - ||¢ in (2.27) with rate |a(T') + €|, and

(i1) if T is irreducible, the result (1) holds with € = 0.

Proof. For i € {1,...,n}, Assumptions (C1) and (C2) imply

Lfit, s, 2_i) — fi(t, yir y—i), Ti — yi]]i < Uit zo, o) — filt, ys, v—3), 5 — yi]]z‘
+ [[fl<t7 Yis x—i) - fi(tvyiay—i>7xi - yl]]z

n
< —cillzi — il + ijlj# Vil — yillilles — vills,
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where we used the subadditivity and Cauchy-Schwarz inequality for the weak pairing.
By Lemma 2.6.1, for ¢ € |0, |a(I)|[, select & € RZ satisfying (2.26). Next, we check
the one-sided Lipschitz condition for the interconnected system on RY with respect to

norm (2.27) and weak pairing (2.28):

Zi:l G lfilt iy ws) — filt,yis y—i), @i — wil;
< - Zi:1 &icillzs — il + Zmzl,#i §viglles — ysllslle: — will:

-
21—y la lz1 — w1 llx
= : diag(f)f‘
1z — vl 2 — il
- 4T
||951 —?ﬁHl ||$1 —?Jl||1
_ diag(¢)T" 4 T'" diag(¢é) .
_— 2 . )
_”xn _yn”n_ ”xn _yan

so that the interconnected system is strongly contracting if the gain matrix I' is diagonally

stable. Moreover, using Lemma 2.6.1

Zi:1& Lfi(t,zi o) — fi(t, yi, y—i), @i — yil;
T
o1 —y1llx o1 — w1 lx

< (a(l') +¢) : diag(£)
20 = Ynlln 12 = ynlln

= (a() +¢) Z; illwi = willi = (@(@) + )l (@1 =y, - 20 — yn)lle-

Then by Theorem 2.4.2, we have strong contraction with rate |a(I') 4+ | and incremental

exponential stability. Finally, if I is irreducible, we can take ¢ = 0 by Lemma 2.6.1. [
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An example interconnected system satisfying the Assumptions (C1) and (C2) is of
the form f;(t,x;,x_;) = g:i(t,x;) + Z?:Lj# H;;x;, where each vector field g;(¢,x;) has
one-sided Lipschitz constant —¢; and where Assumption (C2) is satisfied with v;; equal

to the induced gain of Hj;.

Remark 2.6.2 (Input-to-state stability and gain of interconnected contracting systems).
Consider interconnected subsystems of the form &; = f(t,z;,x_;,u;) with an input u; €
R* . Assume each f; satisfies Assumptions (C1) and (C2) at fized input and, for fized

2, 2, t and all u;,v; € R,

| f(t, zix_s,w;) — f(E @ x_,v)|i < Gil|ui — v

U; s

for some norm || - ||y, on R¥. Then, with ¢ = |a(T') + €|, Theorem 2.5.1 shows that the

interconnected system is incrementally input-to-state stable with

lz(t) =yl < e llzo — yolle

1—e % n
LIS s sup ) = sl

= T€[0,t]

and has finite incremental ﬁgm gain, for any q € [1,00]. A

2.7 Conclusions

In this chapter, we present weak pairings as a novel tool to study contraction the-
ory with respect to arbitrary norms. Through the language of weak pairings, we prove
contraction equivalences for continuously differentiable vector fields, continuous vector
fields, and for equilibrium contraction. For £, norms with p € [1, 0|, we present explicit

formulas for the log norms, the Demidovich condition, and the one-sided Lipschitz con-
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dition, leading to novel contraction equivalences for p € {1,00}. We then prove novel
robustness results for contracting and equilibrium contracting systems including incre-
mental input-to-state stability properties as well as finite incremental Eg{,u gain. Finally,
we provide a main interconnection theorem for contracting subsystems, that provides a
counterpart to similar theorems for dissipative subsystems.

Possible directions for future research include (i) leveraging our non-Euclidean con-
ditions for control design akin to control contraction metrics [62], (ii) studying the gen-
eralization to nonsmooth Finsler Lyapunov functions and differentially positive systems
28, 63], (iii) exploring the additional structure in monotone systems [11], and finally
(iv) studying generalizations of contraction including partial contraction [24], transverse

contraction [30], and contraction after transients [31].

2.8 Auxiliary results

2.8.1 Deimling pairings

Definition 9 (Deimling pairing [52, Chapter 3|). Given a norm ||-|| on R", the Deimling

pairing is the map (+,+)+: R" x R™ — R defined by

il 1 Rl = D]
(@) o= gl i A (229)

This limit is known to exist for every x,y € R™.

If a norm is differentiable, then its associated Lumer pairing coincides with the Deim-
ling pairing. The Deimling pairing is also referred to as superior semi-inner product and

right semi-inner product, [47, Chapter 3|, [45, Remark 1].

Lemma 2.8.1 (Deimling pairing properties [47, Chapter 3, Proposition 5 and Corollary
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5]). Let || - || be a norm on R™. Then the following properties hold:

(i) (x1 4+ x2,y)+ < (x1,Y)+ + (2,y) 4+ for all x1, 29,y € R™ and (-, )4 is continuous in

its first arqument,
(i) (az,9)+ = (3,09)5 = a(z,5); ond (—z,~9)s = (2,9); for all 2,y €R",a >0,
(1) (z,z)y = ||z||* for all x € R",
() 1)+ < lalllgll for all z,y € R™.

While a Deimling pairing need not be a Lumer pairing and a Lumer pairing need not

be a Deimling pairing, both Deimling pairings and Lumer pairings are weak pairings.

Lemma 2.8.2 (Relationship between Deimling pairing and Lumer pairings for a norm
[47, Chapter 3, Theorem 20]). Let || - || be a norm on R™ and let [-,-] be a compatible
Lumer pairing. Then

[I,y] < (x7y)+7 fOT’ all T,y € R™. (230)

Moreover, if S, is the set of all Lumer pairings compatible with the norm, then (x,y); =

Supy. jes, [, y] for all z,y € R™.
Lemma 2.8.3 (Deimling curve norm derivative formula [52, Proposition 13.1]). Let
x @ |a,b] — R™ be differentiable. Then
le@ID e ()l = (&), (t))+, for all t € Ja,b[. (2.31)
Hence, any Deimling pairing satisfies Deimling’s inequality, (2.8), (by definition) and
the curve norm derivative formula, (2.9), (with equality holding for all time).
Remark 2.8.4 (Logarithmic Lipschitz constant). In [38, Definition 5.2/, the least upper
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bound logarithmic Lipschitz constant of a map f: C'— R™ is defined by

M) o= sup LD TG T )

(2.32)
wy |z —y||?

In other words, M*(f) is a special case of osL(f), where osL. may be with respect to any
weak pairing satisfying Deimling’s inequality, (2.8). Thus, we show that, in contraction

theory, we are not restricted to using Deimling pairings for analysis. A

Finally, for comparison’s sake, we report from [52, Example 13.1(b)], the Deimling

pairing for the ¢; norm:

(@,9)+1 = llyllL (sign(y fc+z |zl x g0y (). (2.33)

2.8.2 Proof of Lemma 2.3.3

Before we prove Lemma 2.3.3, we first define a class of Lumer pairings called single-

index pairings.

Lemma 2.8.5 (Single-index pairings). For R € R™ " invertible, let || - ||co.r be the
weighted (o, norm. Let 21" be the power set of {1,...,n}. A choice function on {1,... n},

2N\ {0} — {1,...,n} satisfies for all S € 2\ {0}, f(S) € S. Let Fenoice be the
set of all choice functions on {1,...,n}. Then each f € Fepoice defines a Lumer pairing
uniquely:

[, Yloo.r 1= (B) (10 (Ry)) (BY) (1o (Re)- (2.34)
Moreover, each Lumer pairing is compatible with the weighted (., norm.

Proof. First, we prove that any choice function defines a Lumer pairing. Let f € Faoice.
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Regarding property (i), let xq1, z9,y € R™.

[951 + g, y]oo,R = R(ffl + $2)f(100 (Ry)) (Ry) f(Is(Ry)) = [951, y]oo,R + [$2, y]oo,R-

For property (ii), let & € R. Then

[, Yloo,r = (Ra) p(1.0 (Ry)) (RY) £(1e (Ry)) = [T, Yoo, R-

[55, ay]oo,R = (R$) (Ino (Roy)) (Ray)f(loo(Ray)) = a[xay]oo,R-

Regarding property (iii):

[, 2)o0.r = (RZ) (10 (Re)) (RT) (10 (Rz)) = 1T ][22 = 0

This also proves compatibility. Finally, for property (iv):

[, Yoo, ml = [(R) (1 (1)) (BY) s (1c (i) | = [ BY 0| (B) (1 (0 |

1/2 1/2
< |Ryllool| Relloo = [, 2] 201y, 4] %

]

Corollary 2.8.6 (Relationship between max pairing and single-index pairings). Let
Sindex be the set of all single-index pairings on R™ compatible with norm || - ||s.r- Then

we have

[[JZ y]]ooR [CL’ y]oo R fOT’ all ['7 ']oo,R S Sindemxu ) S Rn
Moreover, for all z,y € R", there exists |-, ]oo,r € Sindex such that [x,y] . r = [%, Y]oo,r-

Proof. [z,y] g 2 [%,Yleo,r follows by definition. Moreover, if z,y are fixed, let i* =

argmaxes.(ry)(Ry)i(Rx);. Then any choice function satisfying f(I.(Ry)) = i* defines
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a single-index pairing with [z, y]__ r = [2, Y]x,&- O

Proof of Lemma 2.3.3. Let x,y € R™\ {0,}. Then by Corollary 2.8.6, there exists
[ ]k € Sindex such that [z,y] » = [¥,y]ecr. However, since [,-]o g is a Lumer

pairing, it satisfies Deimling’s inequality, (2.8). Thus,

= Ny + hallso,r — |Ylloo,r
0o < 00 | 2 Lk
[[x7y]]oo,R [, Y]oo,r < |Y]| 7Rhlr(r)1+ .

Since x,y were arbitrary, this proves the result. O

2.8.3 Proof of Proposition 2.4.1

To prove Proposition 2.4.1, we will first prove one additional property of weak pair-

ings.

Lemma 2.8.7. Let || - || be a norm on R™ with compatible weak pairing [-,-] satisfying

Deimling’s inequality, (2.8). Then for all x € R, ¢ € R:
[ex, 2] = ¢||z|*. (2.35)

Proof. 1f ¢ > 0, the result is trivial, so without loss of generality, assume ¢ = —1. Lumer’s

equality, Theorem 2.3.2, with A = —1I,, implies for all z € R”

[—z,z]

—p(-L)=-1 = [-a,2] < sl

sup
a0, ]

Regarding the other inequality, observe that
[z,2] = [z -z + z,2] < [~a,2] +2[=,2]

= [~2,2] 2 - [z,2] = —|=||".
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By weak homogeneity, this proves the result. O]

Proof of Proposition 2.4.1. Properties (i), (iii), and (iv) are consequences of Cauchy-
Schwarz, weak homogeneity, and subadditivity of the weak pairing, respectively. Re-
garding property (ii), we will show the more general result that for any =,y € C,c € R,

[z + cy,y] = [z, y] + clly]|*>. The inequality

[z + cy, y] < [z, y] + cllyll?,

follows from subadditivity and Lemma 2.8.7. Additionally,

[z,y] =[x +cy — ey, y] < [ + ey, 4] + [—cy, y] = [= + cy,y] — cllyl?,

where the final equality holds by Lemma 2.8.7. Rearranging the inequality implies the

result. O

2.8.4 Sum decomposition of weak pairings

Lemma 2.8.8 (Weak pairing decomposition). For N =>"" N;, letx = (x1,...,2,),y =
(Y1, yn) € RY and z;,y; € RYi. Let || - ||; and [-,], denote a norm and compatible
weak pairing on RN and let € € R%,. Then the mapping [, ']]g :RY xRV = RV defined
by

[[x,y]]g = Zi:l &ilzi, vill; »

is a weak pairing compatible with the norm ||z||7 = Y77 &llaif7.

Proof. We verify the properties in Definition 3. Regarding property (i), let z1, 2o,y € RY.

Then [z; + 332>?/]]5 = 2?21 §i[x1, + w2, uil]; < Z?zl i [1,, vily + &[22, will; = [[331791]5 +

[2,y]. Continuity in the first argument follows from continuity of the first argument of
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each of the [-,-].. Regarding property (ii), the result is straightforward because of weak

homogeneity of each of the [-,-].. Regarding property (iii),

[, 2], = Zfi [z, 2], = Zﬁ,”szf >0, forallz#O0y.
=1 i=1

Regarding property (iv), since n is finite, by induction it suffices to check n = 2. For

convenience, define a; = &; [z;, x;]; ,b; = & [yi, vi];- Then

2 2 2 2
[z, y]s = <Zi:1€i [[%,yz]h) < <Zi:1 ai/zbiﬂ)
= (Vaib + a2b2)2 = a1by + agby + 2/ ai1biasby

< arby + agby 4 a1by + asby = (a1 + az)(by + b2)
2 2
= (X a) (X b) = [w. 0l Iy vl
where we have used Cauchy-Schwarz for the [-, -], and the inequality 2v/af8 < a + § for

a, B > 0. Taking the square root of each side proves the result. O

Next we establish Deimling’s inequality, (2.8), and the curve norm derivative for-

mula, (2.9).

Lemma 2.8.9 (Deimling’s inequality and curve norm derivative formula for weak pairing

sum decomposition). Let [, -], and || - [|¢ be defined as in Lemma 2.8.8. If
(i) each [-,-]; satisfies Deimling’s inequality, then [-, ], satisfies Deimling’s inequality,

(ir) each [-,-]; satisfies the curve norm derivative formula, then [-, -], satisfies the curve

norm derivative formula.

To prove Lemma 2.8.9(ii), we first prove a useful equivalent characterization of the
curve norm derivative formula.
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Proposition 2.8.10 (Equivalent curve norm derivative formula characterization). Let
x: (a,b) — R™ be differentiable and [, -] be a weak pairing compatible with the norm || - ||

on R™. Then the following statements are equivalent
(1) |x@®)|| DT |z(t)]] = [2(t), z(t)] for almost every t € (a,b),
(ii) DT ||z(t)||? = 2 [@(t), z(t)] for almost every t € (a,b).

Proof. We first prove (i) == (ii). Initially, suppose that ¢ € (a,b) is an instant in time

at which z(t) = 0,,. Then we compute

(e + B)I* — =@ l=(®) + ha @1 _ . Ik @)]?

DH|z(H)]|? = 1i = 1li
e ()]l = lim sup n i, n i,
h2 . 2
_ i PO
h—0t

so the result holds for all ¢ € (a,b) for which z(t) = 0,. So alternatively suppose
x(t) # 0,,. Then

(e + B)II* — [z

DT ||z(t)||* = lim sup

h—07+ h
= tim (BP0 iy gy 4 ooy
= (D)) Jim, -+ ]+ [lo(e) | W ()] = 2[2(8), 2(0)],

a.e.

where ‘=" denotes that the equality holds for almost every ¢ € (a,b) by the assumption
of (i). This proves (i) = (ii). Regarding the other implication, note that the result
holds trivially for all ¢ € (a,b) for which z(¢) = 0,. Thus, we suppose that z(t) # 0,

(note that this supposition implies that ||z(¢t + k)| + ||z (¢)|| > 0 for all A > 0). Then we
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compute

D a(t)| — timsup 12 DI~ )]

h—0t h
e B~ e 1
h=0+ h [zt + R+ ll=(2)]]
1 1
= (D" ||=(®)|]*) lim = 2[a(t), 2()] 5
OO 53 o i+ T e
Multiplying both sides by ||x(t)|| proves the implication. O

We are now ready to prove Lemma 2.8.9.

Proof of Lemma 2.8.9. First we prove item (i). We prove the result for n = 2 and then
by induction the result easily extends to arbitrary n. For z = (x1,x2) and y = (y1,y2),

we compute

[, y]e = & 21,91 + &[22, w2l

: 1 + hay|ly — [l 32 + haala — [[3a]]2
<1 ( )
< Hm 1llylla h + &allyall2 3
_ lim Ellyllillyn + halh + Ellyell2llys + haslla — [lyl2

h—0t h ’

where the first inequality holds by applying Deimling’s inequality to each of [-, -], for i €
{1,2}. Next we demonstrate that & ||y [|1[[y1+hz |1 4+&2llvell2llye+hazl2 < llyllelly+halle.

Since both sides of the inequality are nonnegative, we square the left-hand side and
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compute

(&gl llys + haalls + &llwallally + hall2)” =

&llynlliliyy + ha [l + Elly2l2llyz + haallz + 26 &yl lyzll2llyy + hallillyz + hasl2
< & llyallillys + haallf + & llyell2lye + haell3

+&&llltlye + hazll3 + S&llyallzlly + haal

= (&llyal + Ellyall3) (€1llsn + haa |2 + llys + hasll3) = llgllZlly + ha 2

where the inequality holds due to 2a3 < o? + 2 for all o, 8 € R with a = ||yi||1]|y2 +
hza||2, 5 = ||y2ll2|ly2 + haz|l2. This proves the desired inequality. As a consequence, we

see

Sillpallllys + il + &llgellallyz + haall2 — [lyll2

< i
Hx;y]]g — hi%lJr h
+ hx h —
<t WA e U TRl
h—0+ h h

which proves Deimling’s inequality.
Regarding item (ii), let 2: (a,b) — R¥ be differentiable. We apply Proposition 2.8.10 to

prove that D¥||z(t)||7 = 2 [@(t), z(t)] for almost every t € (a,b). We compute

D*a(t)| = D*(Z&Hx HEDILR0 12“2251[[% (1))
= 2[a(t). ().

where the third equality holds by the assumption that each [-, -], satisfies the curve norm

derivative formula. Thus, the result is proved. ]
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Chapter 3

Non-Euclidean Monotone Operator

Theory and Applications

This chapter was first published in the Journal of Machine Learning Research [64].!

3.1 Introduction

Problem description and motivation: Monotone operator theory is a fertile field of
nonlinear functional analysis that extends the notion of monotone functions on R to
mappings on Hilbert spaces. Monotone operator methods are widely used to solve prob-
lems in machine learning [65, 66], data science [67], optimization and control [68, 69],
game theory [70], and systems analysis [71]. A crucial part of this theory is the design
of algorithms for computing zeros of monotone operators. This problem is central in
convex optimization since (i) the subdifferential of any convex function is monotone and

(ii) minimizing a convex function is equivalent to finding a zero of its subdifferential.

1©2024 Alexander Davydov, Saber Jafarpour, Anton V. Proskurnikov, and Francesco Bullo. Li-
cense: CC-BY 4.0. Reprinted from Alexander Davydov, Saber Jafarpour, Anton V. Proskurnikov, and
Francesco Bullo, Non-Fuclidean Monotone Operator Theory and Applications, 2024.
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To this end, there has been extensive research in the last decade in applying monotone
operator methods to convex optimization; see, e.g., [72, 73, 74].

Existing monotone operator techniques are primarily based on inner-product spaces,
while many problems are better-suited for analysis in more general normed spaces. For
instance robustness analysis of artificial neural networks in machine learning often re-
quires the use of the £, norm for high-dimensional input data such as images [75]. In
distributed optimization, it is known that many natural conditions for the convergence of
totally asynchronous algorithms are based upon contractions in an £, norm [76, Chap-
ter 6, Section 3].

Motivated by problems in non-Euclidean spaces, we aim to extend monotone operator
techniques for computing zeros of monotone operators to operators which are naturally
“monotone” with respect to (w.r.t.) a non-Euclidean norm in a finite-dimensional space.

Literature review: The literature on monotone operators dates back to Minty and
Browder [77, 78] and the connection to convex analysis was drawn upon by Minty and
Rockafellar [79, 80]. Since these foundational works, the theory of monotone operators
over Hilbert spaces and its connection with convex optimization continues to expand,
especially in the last decade [4, 72, 74, 81]. Despite these connections between convex
optimization and monotone operators, many problems in machine learning involve mono-
tone operators beyond gradients of convex functions. Examples of such problems include
generative adversarial networks, adversarially robust training of models, and training of
models under fairness constraints. Instead of minimizing a convex function, to address
these problems, one must solve for variational inequalities, monotone inclusions, and
game-theoretic equilibria. In each of these more general cases, monotone operator theory
has played an essential role in their analyses.

In machine learning, monotone operators have been used in the training of generative

adversarial networks [82], in the design of novel neural network architectures [66], in
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the analysis of equilibrium behavior (infinite-depth limit) of neural networks [65], in the
estimation of Lipschitz constants of neural networks [83, 84], and in normalizing flows [85].
Monotone operators have also been studied in the machine learning community in the
context of variational inequality algorithms, stochastic monotone inclusions, and saddle-
point problems; see e.g. [86, 87, 88, 89, 90, 91, 92, 93] for recent works in this direction.
See also the recent survey [67] for applications in data science.

The theory of dissipative and accretive operators on Banach spaces largely parallels
the theory of monotone operators on Hilbert spaces [52]. Despite these parallels, this
theory has found far fewer direct applications to machine learning and data science;
instead it is mainly applied for iterative solving integral equations and PDEs in L, spaces
for p # 2 (see the book [94] for iterative methods). Moreover, many works in Banach
spaces focus on spaces that have a uniformly smooth or uniformly convex structure,
which finite-dimensional ¢; and /., spaces do not possess. In a similar vein, methods
based on Bregman divergences utilize smoothness and strict convexity of the distance-
generating convex functions [95]. Connections between logarithmic norms and dissipative
and accretive operators may be found in [96, 38].

A concept similar to a monotone operator in a Hilbert space is that of a contract-
ing vector field in dynamical systems theory [23]. If the metric with respect to which
the vector field is contracting is the standard Euclidean distance, the vector field, F, is
strongly infinitesimally contracting if and only if the negative vector field —F is strongly
monotone when thought of as on operator on R". However, vector fields need not be
contracting with respect to a Euclidean distance. Indeed, a vector field may be contract-
ing w.r.t. a non-Euclidean norm but not a Euclidean one [45]. Due to the connection
between monotone operators and contracting vector fields, it is of interest to explore the
properties of operators that may be thought of as monotone w.r.t. a non-Euclidean norm.

In this spirit, preliminary connections between contracting vector fields and monotone
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operators were made in [97].

Contributions: Our contributions are as follows. First, to address the gap in applying
monotone operator strategies to problems that arise in finite-dimensional non-Euclidean
spaces, we propose a non-Euclidean monotone operator framework that is based on the
theory of weak pairings [5] and logarithmic norms. We use weak pairings as a substitute
for inner products and we demonstrate that many classic results from monotone operator
theory are applicable to its non-Euclidean counterpart. In particular, we show that the
resolvent and reflected resolvent operators of a non-Euclidean monotone mapping exhibit
properties similar to those arising in Hilbert spaces. To ensure that the resolvent and
reflected resolvents have full domain, we prove an extension of the classic Minty-Browder
theorem [77, 78] in Theorem 3.3.1.

Second, leveraging the non-Euclidean monotone operator framework, we show that
traditional iterative algorithms such as the forward step method and proximal point
method can be used to compute zeros of non-Euclidean monotone mappings. We pro-
vide convergence rate estimates for these iterative algorithms and the Cayley method in
Theorems 3.4.1, 3.4.2, and 3.4.3 and demonstrate that for diagonally-weighted ¢; and
ls norms, they exhibit improved convergence rates compared to their Euclidean coun-
terparts. Notably, we prove that for a Lipschitz mapping which is monotone w.r.t. a
diagonally-weighted ¢; or /., norm, the forward step method is guaranteed to converge
for a sufficiently small step size, whereas convergence cannot be guaranteed if the map-
ping is monotone with respect to a Euclidean norm.

Third, we study operator splitting methods for mappings which are monotone w.r.t.
diagonally-weighted ¢; or f,, norms. In Theorems 3.5.1 and 3.5.2 we prove that the
forward-backward, Peaceman-Rachford, and Douglas-Rachford splitting algorithms are
all guaranteed to converge, with some key differences compared to the classical theory.

For instance, in the classical setting where two operators, F and G, are monotone w.r.t.
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a Euclidean norm, the forward-backward splitting algorithm will only converge if F is
cocoercive. In contrast, when considering ¢; or /., norms, Lipschitzness of F is sufficient
for convergence.

Fourth, we present new insights into non-Euclidean properties of proximal operators
and their impact on the study of special set-valued operator inclusions. Specifically,
in Proposition 3.6.4, we demonstrate that when F is the subdifferential of a separable,
proper, lower semicontinuous, convex function, its resolvent and reflected resolvent are
nonexpansive with respect to an ¢/, norm. To showcase the practical relevance of this
result, we apply our non-Euclidean monotone operator theory to the equilibrium compu-
tation of a recurrent neural network (RNN). We extend the recent work of [98] and show
that our theory provides novel iterations and convergence criteria for RNN equilibrium
computation.

Finally, we study the robustness of the RNN via its /,, norm Lipschitz constant.
In Theorem 3.6.1, we generalize the results from [84] to non-Euclidean norms and pro-
vide sharper estimates for the /., Lipschitz constant than were provided in the previous
work [98].

A preliminary version of this work appeared in [99]. Compared to this preliminary ver-
sion, this version (i) provides novel theoretical results on the analysis of nonsmooth oper-
ators which are monotone with respect to general norms, (ii) proves a novel generalization
of the classical Minty-Browder theorem for these non-Euclidean monotone mappings, (iii)
study special classes of set-valued inclusions by providing novel non-Euclidean properties
of proximal operators, (iv) includes a more comprehensive application to RNNs; allowing
for more general activation functions and studies the robustness of the neural network
by providing a tighter Lipschitz estimate, and (v) includes proofs of all technical results.
Finally, we provide further comparisons to monotone operator theory on Hilbert spaces.

Other prior work, [5, 100], focuses on continuous-time contracting dynamical systems
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with respect to non-Euclidean norms and their robustness properties. In contrast, this
work instead uses weak pairings, developed in [5], to establish monotonicity properties
of maps with respect to non-Euclidean norms and how we can find zeros of these maps
using iterative methods. The prior works [5, 100] do not consider these discrete-time

iterations.

3.2 Preliminaries

3.2.1 Weak Pairings

We briefly review the notion of a weak pairing (WP) on R” from [5] which generalizes

inner products to non-Euclidean spaces.
Definition 2 (Weak pairing). A weak pairing is a map [, ] : R" x R® — R satisfying:

(i) (sub-additivity and continuity of first argument) [x1 + xo,y] < [x1,y] + [x2,y], for

all z1, 9,y € R™ and [-,-] is continuous in its first argument,

(i1) (weak homogeneity) [az,y] = [z, ay] = afx,y] and [—z,—y] = [z,y], for all

r,y € R", a >0,
(iii) (positive definiteness) [x,x] > 0, for all x # 0y,
(iv) (Cauchy-Schwarz inequality) | [z, y] | < [z, 2] [y, y]"/?, for all z,y € R™.

For every norm || - || on R”, there exists a (possibly not unique) compatible WP [-, -]
such that ||z||* = [z, ], for every x € R". If the norm is induced by an inner product,

the WP coincides with the inner product.

Definition 3 (Deimling’s inequality and curve norm derivative formula). Let || - || be a

norm on R™ with compatible WP [-,-].
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(i) The WP [-,-] satisfies Deimling’s inequality if
[ < Iyl lim A7+ el — ). forallzy e R (31)

(i) The WP [-,-] satisfies the curve norm derivative formula if for all differentiable
x: Ja, bl — R, ||z(t)||DT||z(@t)| = [£(t),z(t)] holds for almost every t € ]a,b],
where Dt denotes the upper right Dini derivative.?

For every norm, there exists at least one WP that satisfies the properties in Defini-
tion 3.3 Thus, going forward, we assume that WPs satisfy these additional properties.
We will focus on WPs corresponding to diagonally-weighted ¢; and /., norms. Specifi-

cally, from [5, Table I1I}, we introduce the WPs [-, ']]1,[77] e -]]007[77]_1 : R"xR™ — R defined
by

[, 41y = 1yllopy sign(y) "[nlz and [[x,y]]oo,[n]-lZiEIHg%gly)nZQym- (32)

where Io(z) = {i € {1,...,n} | |z;| = ||z]l~}. One can show that both of these WPs
satisfy Deimling’s inequality and the curve-norm derivative formula. Formulas for more

general ¢, norms are available in [5].

3.2.2 Contractions, Nonexpansive Maps, and Iterations

Definition 4 (Lipschitz continuity). Let || - || be a norm and F: R™ — R™ be a mapping.

F is Lipschitz continuous with constant { € R>q if

I|IF(z1) — F(z2)]| < l||x1 — 22| for all x1,x9 € R". (3.3)

2The definition and properties of Dini derivatives are presented in [101].

3Indeed, given a norm, the map [-,-] : R"xR" — R given by [z,y] = ||y limy o+ = (||y+hz| —||y])
defines a WP that satisfies all of these properties. For more discussions about properties of this pairing,
we refer to [52, Section 13] and [5, Appendix A].
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Moreover we define Lip(F) to be the minimal (or infimum) constant which satisfies (3.3).

If two mappings F, G: R™ — R" are Lipschitz continuous w.r.t. the same norm, then

the composition F o G has Lipschitz constant Lip(F o G) < Lip(F) Lip(G).

Definition 5 (One-sided Lipschitz mappings, [5]). Given a norm || - || with compatible

WP [-,-], a map F: R" — R™ is one-sided Lipschitz with constant ¢ € R if

[F(z1) — F(za), 21 — 2] < cf|zy — a:2H2 for all x1, x5 € R". (3.4)

Moreover we define osL(F) to be the minimal (or infimum) constant which satisfies (3.4).

As was proved in [5, Theorem 27|, if F, G: R™ — R" are one-sided Lipschitz w.r.t. the
same WP, then osL(aF) = aosL(F), osL(F + G) < osL(F) + 0sL(G), and osL(F + cld) =
osL(F) 4+ ¢ for all « > 0, ¢ € R. Note that (i) the one-sided Lipschitz constant is upper
bounded by the Lipschitz constant, (ii) a Lipschitz continuous map is always one-sided
Lipschitz, and (iii) the one-sided Lipschitz constant may be negative. Moreover, if F is

locally Lipschitz continuous, we have an alternative characterization of osL(F).

Lemma 3.2.1 (osL(F) for locally Lipschitz continuous F, [100, Theorem 16]). Suppose
the map F: R™ — R"™ is locally Lipschitz continuous. Then F is one-sided Lipschitz with

constant ¢ € R if and only if *

w(DF(x)) <c¢  for almost every x € R™. (3.5)

Definition 6 (Contractions and nonexpansive maps). Let T: R" — R"™ be Lipschitz
continuous w.r.t. || - ||. We say T is a contraction if Lip(T) < 1, and T is nonexpansive

if Lip(T) < 1.

4Note that for locally Lipschitz continuous F, DF(x) exists for almost every x by Rademacher’s
theorem.
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Definition 7 (Picard iteration). Let T: R® — R™ be a contraction w.r.t. a norm || - ||
with Lip(T) < 1. The Picard iteration applied to T with initial condition z° defines the
sequence {z*}2 ) by

oF T =T (). (3.6)

By the Banach fixed-point theorem T has a unique fixed point, x*, and the Picard
iteration applied to T satisfy ||2* — z*|| < Lip(T)¥||2° — 2*||, for any initial condition x°.
If T is nonexpansive with Fix(T) # ), Picard iteration may fail to find a fixed point

of T. Such situations can be addressed by the following iteration and convergence result,

initially proved in [102] and with rate given in [103].

Definition 8 (Krasnosel’skii-Mann iteration). Let T: R™ — R"™ be nonerpansive w.r.t.

a norm || - ||. The Krasnosel’skii-Mann iteration® applied to T with initial condition x°
and 0 € )0, 1] defines the sequence {x*}%, by
M = (1 — 0)a" 4 0T (aF). (3.7)

Lemma 3.2.2 (Asymptotic regularity and convergence of Krasnosel’skii-Mann itera-
tion, [103, 102]). Let T: R™ — R™ be nonexpansive w.r.t. a norm || - || and consider the

Krasnosel’skii-Mann iteration as in (3.7). Suppose Fix(T) # (. Then for any initial

condition x°,

21 fx* ix 0 — g
ot Tty < 2ol 2 o) 35)
kmO(1 — 0)

Moreover, the sequence of iterates, {xy}32,, converges to a fized point of T.

®The Krasnosel’skii-Mann iteration may be defined with step sizes 6 € ]0, 1] which vary for each
iteration. In this document, we will only work with constant step sizes.
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3.3 Non-Euclidean monotone operators

3.3.1 Definitions and properties

Definition 9 (Non-Euclidean monotone mapping). A mapping F: R" — R" is strongly
monotone with monotonicity parameter ¢ > 0 w.r.t. a norm || - || on R™ if there exists a

compatible WP [-,-] and if for all x,y € R,

—[-(F(z) = F(v)),z = y] = cllz — y*. (3.9)

If the inequality holds with ¢ =0, we say F is monotone w.r.t. || - ||.

In the language of Banach spaces, such a function F is called strongly accretive [94,
Definition 8.10]. Note that Definition 9 is equivalent to — osL(—F) > c.

In the case of a Euclidean norm, the WP corresponds to the inner product and
Definition 9 corresponds to the usual definition of a monotone operator as in [77] and [4,
Definition 20.1].

By properties of osL, if F, G: R™ — R™ are both monotone w.r.t. the same norm (and
WP), then — osL(—F — G) > — osL(—F) — osL(—G) and thus a sum of mappings which
are monotone w.r.t. the same norm are monotone. Additionally, if F is monotone with
monotonicity parameter ¢ > 0, then for any o > 0, —osL(—Id — aF) = 1 — aosL(—F)

and thus Id 4+ aF is strongly monotone with monotonicity parameter 1 + ac.

Remark 3.3.1 (Connection with contracting vector fields). A mapping F: R — R" is
strongly infinitesimally contracting with rate ¢ > 0 w.r.t. a norm || - || on R™ provided
osL(F) < —c¢ [5]. If ¢ = 0, we say F is weakly infinitesimally contracting w.r.t. || - ||.
Clearly F 1is strongly monotone if and only if —F s strongly infinitesimally contracting.

Vector fields which are strongly infinitesimally contracting w.r.t. a norm generate flows
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which are contracting with respect to the same norm. In the case of weakly infinitesimally

contracting vector fields, their flows are nonexpansive.

Lemma 3.3.2 (Monotonicity for locally Lipschitz continuous mappings). Let F: R" —
R™ be locally Lipschitz continuous. F is (strongly) monotone with monotonicity parameter

c¢>0 wrt anorm | | if and only if —u(—DF(x)) > ¢ for almost every x € R™.
Proof. Lemma 3.3.2 is a straightforward application of Lemma 3.2.1. O]

We can see the application of Lemma 3.3.2 more explicitly in the context of con-
tinuously differentiable monotone operators in Euclidean norms. To be specific, for an
operator F: R” — R" let || - ||2 be the Euclidean norm with corresponding inner product

{(-,-)). Then, following [77], F is monotone with respect to || - |2 if

(F(z) —=F(y),z—y) >0,  forallz,y € R"

If F is continuously differentiable, this condition is known to be equivalent to (see
e.g., [72]) DF(z) + DF(z)" = 0, or equivalently —us(—DF(z)) > 0 or 3Amin(DF(z) +
DF(x)") > 0, where pp(A) = A\ (A+ AT) is the log norm corresponding to the norm

2

| - |l2- This result coincides with what was demonstrated in Lemma 3.3.2.

Example 2. An affine function F(x) = Az + b is monotone if and only if —pu(—A) >0
and strongly monotone with parameter c if and only if —u(—A) > ¢. This condition

implies that the spectrum of A lies in the portion of the complex plane given by {z €

C | Re(z) > ¢}.
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3.3.2 Resolvent, reflected resolvents, forward step operators,

and Lipschitz estimates

Monotone operator theory transforms the problem of finding a zero of a monotone op-
erator into finding a fixed point of a suitably defined operator. Monotone operator theory
on Hilbert spaces studies the resolvent and reflected resolvent, operators dependent on
the original operator, with fixed points corresponding to zeros of the original monotone
operator. In this subsection we study these same two operators and also the forward step
operator in the context of operators which are monotone w.r.t. a non-Euclidean norm.
In particular, we characterize the Lipschitz constants of these operators, first providing
Lipschitz upper bounds for arbitrary norms and then specializing to diagonally-weighted

¢y and /o, norms.

Definition 10 (Resolvent and reflected resolvent). Let F: R™ — R™ be a monotone map-
ping w.r.t. some norm. The resolvent of F with parameter o > 0 denoted by Jor: Dom(J,g) —
R"™ and defined by

Jor = (Id + aF) . (3.10)

The reflected resolvent of F with parameter a > 0 is denoted by Rop: Dom(R,g) — R”
and defined by
Ror = 2J. — Id. (3.11)

Definition 11 (Forward step operator). Let F: R™ — R" be a mapping and o € R. The

forward step of F with parameter a > 0 is denoted by Sor: R™ — R™ and defined by

Sar = Id — aF. (3.12)

Note that for any o > 0, we have F(z) = 0, if and only if z = J.r(z) = Rue(z) =
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Sor(z), i.e., Zero(F) = Fix(Jor) = Fix(Rar) = Fix(Sar). Note that under the assumption
that F is monotone, both J,r and R,f are single-valued mappings.

We have deliberately not been specific with the domains of the resolvent and reflected
resolvent operators. As we will show in the following theorem, under mild assumptions

(continuity and monotonicity), both of their domains are all of R".

Theorem 3.3.1 (A non-Euclidean Minty-Browder theorem). Suppose F: R" — R" is

continuous and monotone. Then for every a > 0, Dom(J,r) = Dom(R,g) = R™.

Proof. Note that Dom(J,r) = R"™ provided that for every v € R"™, there exists x € R"

such that (Id + aF)(xz) = u. To establish this fact, consider the differential equation

&t =—x—aF(z)+u=:G(z). (3.13)

Note that any equilibrium, z*, of (3.13) satisfies (Id + aF)(z*) = uw. Thus it suffices to
show that the differential equation (3.13) has an equilibrium. First we note that for all

r,y € R,

[G(z) = Gy),z —y] < [-(z—y),z —y] +a[-(F(x) =F(y)),z —y] < —[lz —y*.
(3.14)

Thus, we conclude that osL(G) < —1. In line with Remark 3.3.1, we conclude that
G is strongly infinitesimally contracting which ensures uniqueness of solutions to (3.13)
(see [5, Theorem 31]). Let ¢(t, o) denote the flow of the dynamics (3.13) at time ¢ > 0

from initial condition z(0) = z. Then by [5, Theorem 31], we conclude that

|‘¢(t7 :UO) - (b(t?yO)“ < eit”xo - yOH

for all zo,yo € R™ and for all £ > 0. In other words, for a fixed ¢ > 0, the map = — ¢(¢, x)
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is a contraction. By the Banach fixed point theorem, for 7 > 0, there exists unique z*
such that z* = ¢(7r,2*). Then either z* is an equilibrium point of (3.13) or it is part
of a periodic orbit with period 7. If * were part of a periodic orbit, then every other
point on the periodic orbit would be a fixed point of ¢(7, -), contradicting the uniqueness
of the fixed point from the Banach fixed point theorem. Thus, we conclude that z* is
an equilibrium point of (3.13) and thus verifies (Id + aF)(z*) = u. This proves that

Dom(J,r) = R™. The proof for R, is a consequence of Dom(J,¢) = R™. O
We have the following corollary about inverses of strongly monotone mappings.

Corollary 3.3.3 (Lipschitz constants of inverses of strongly monotone operators). Sup-
pose F : R" — R"™ is continuous and strongly monotone with monotonicity parameter
¢ > 0. Then F71: R® — R"™ is a Lipschitz continuous mapping with Lipschitz constant

estimate Lip(F™1) < 1/c.

Proof. To see this fact, note that

IF() = F@)llllz — yll > = [-(F(z) = F(y)), 2 — y] > cllz =y, (3.15)

where the left hand inequality is the Cauchy-Schwarz inequality for WPs. So if F(x) =
F(y), then necessarily = y, which implies that F~! is a single-valued mapping. The fact
that Dom(F~!) = R™ follows the same argument as in Theorem 3.3.1 instead studying the
differential equation # = —F(z). Choosing u,v € R™ and substituting z = F~(u),y =

F~1(v) into (3.15), we conclude

lu = vl > cllz = yll = cl[F~*(w) = F ()], (3.16)

which shows that Lip(F~!) < 1/c. O
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For each of J,r, Ror and, S,r we have now established that each of their domains is
all of R™ and that fixed points of these operators correspond to zeros of F. In order to
compute zeros of F, we aim to provide estimates of the Lipschitz constants of J.r, R.r, and
S.F as a function of v and the norm and show when these maps are either contractions

or nonexpansive. The following lemmas characterize these Lipschitz estimates.

Lemma 3.3.4 (Lipschitz estimates of the forward step operator). Let F: R — R™ be

Lipschitz continuous w.r.t. the norm || - || with constant Lip(F) = ¢.
(i) Suppose F is monotone w.r.t. || - || with monotonicity parameter ¢ > 0, then
Lip(Sap) < €72+ e — 1 — o, for all a > 0. (3.17)
(i1) Alternatively suppose ||-|| is a diagonally weighted ¢, or {o norm and F is monotone
w.r.t. || - || with monotonicity parameter ¢ > 0, then
: 1
Lip(Sar) <1 —ac <1, for all o € (O, m}, (3.18)
where diagli(F) := sup max (DF(z)); < ¢, where Qf is the measure zero set

2ERM\QF i€{1,....,n}
of points where F is not differentiable.

Proof. Regarding item (i), we recall the inequality [18, pp. 14], [38, Prop. 2.1]

|e4]| < e, for all & > 0, A € R™*". (3.19)

We additionally note that since F is Lipschitz continuous, S.f is as well and S.r has
Lip(Sar) < L if and only if | DS.r(2)|| < L for almost every € R™. Also we have that

DS.e(z) = I, — aDF(x) everywhere it exists and that DF(z) satisfies —u(—DF(z)) > ¢
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and ||DF(x)|| < ¢. In what follows, when we write DF(z), we mean for all z for which
the Jacobian exists.

To derive an upper bound on |1, — aDF(x)||, we define
x iDF i

and it is straightforward to see that ||S(x)|| <> .2, a”Df—” < e — 1 — al. Moreover,

11, — aDF (2)|| < [le” @ + [[S(2)|| < e FE) et — 1 — e
(3.20)
<e e 1 —al.

Since this bound holds for all = for which DS,g(x) exists, the result is proved.

Regarding item (ii), for every z € R™ for which DF(x) exists,

n

1 = QDF(@)lg-s = max 1= a(DF(@)l + - |—a<DF<x>>z-j|% (3.21)

i€{l,...,n}

j= 1]'7% !
15
= max 1 i Oé ” + - 3'22
s, 3 ok 2
J=1,j#i
=1+ au(—DF(x)) <1 - ac, (3.23)

where (3.22) holds because 0 < o < so that 1 —a(DF(z)); > 0 for all x € R, 7 €

di agL(F)
{1,...,n} and (3.23) is due to the formula for pio, -1. The proof for y ) is analogous,

replacing row sums by column sums, and is omitted. O

Remark 3.3.5. If ¢ > 0, then for small enough o > 0, one can make the upper bound
on Lip(Sag) in (3.17) less than unity. In particular, one can show that minimizing the
upper bound (3.17) yields the optimal step size o = +1n(s(7)) and contraction factor

¢

s(v)+s(y)"" =1 —1In(s(y)), where v = ¢/¢ < 1 and s() is the unique solution to the
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transcendental equation s —1 — ys~7 = 0.

Remark 3.3.6. Note that for general norms, if F is monotone, but not strongly mono-
tone, then Sur need not be nonexpansive for any o > 0. Indeed, consider F(x) = (% §) z,
which is monotone w.r.t. the f5 norm, but S,r is not nonexpansive for any o > 0. On the

other hand, Lemma 3.3.4((ii)) implies that if F is monotone w.r.t. a diagonally weighted

U1 or U, norm, then S,r is nonexpansive for sufficiently small .

1.5
5
w
k=t
4
=
3
e
=
=
S}
2
g
=
o
)
0 | | | |
0 0.1 0.2 0.3 0.4 0.5

— General norm (3.17)
{5 norm [72]

- = {1/ls norm (3.18)

------- General norm [98]

Figure 3.1: Plots of upper bounds of Lip(S,r) with respect to different norms. We fix
parameters ¢ = 1, £ = 2 and vary the choice of norm. The solid red curve corresponds
to the Lipschitz estimate (3.17) for arbitrary norms, the densely dashed green curve
corresponds to the estimate Lip(Sar) < V1 — 2ac + o202 from [72, pp. 16] for the /o
norm, the loosely dashed blue curve corresponds to the estimate (3.18) for diagonal-
ly-weighted ¢1 /¢~ norms which is valid on the interval |0, ﬁL(Fﬂ Finally, the dotted

black curve corresponds to the estimate Lip(Sor) < (1 + ac — f_zfe)_l previously es-

tablished in [98, Theorem 1]. We see that the estimate (3.17) is a tighter estimate
than the estimate from [98] and that Lipschitz upper bounds are least conservative in
the case of diagonally-weighted ¢ /{ norms.

We plot the upper bounds on the estimates of Lip(S,g) as a function of « and choice
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of norm for fixed parameters ¢ and ¢ in Figure 3.1.
Lemma 3.3.7 (Lipschitz constant of the resolvent operator). Suppose F : R™ — R™ is

continuous and monotone with monotonicity parameter ¢ > 0. Then,

1
1+ ac

Lip(Jap) < , for all o > 0. (3.24)

Proof. We observe that Id + aF is strongly monotone with parameter 1 4+ ac. Then by
Corollary 3.3.3, the result holds. O]

Lemma 3.3.8 (Lipschitz constant of the reflected resolvent). Suppose F : R™ — R™ is

Lipschitz continuous with constant € w.r.t. a norm || - ||.

(i) Suppose F is monotone w.r.t. || - || with monotonicity parameter ¢ > 0. Then

e e 1 —al

Lip(Rar) < T ac : for all o > 0. (3.25)
(ii) Alternatively suppose || - || is a diagonally weighted ¢, or ls norm. Moreover,
suppose F is monotone w.r.t. || - || with monotonicity parameter ¢ > 0. Then,
Lip(Ror) < =% <1, forall 6(0—1 } (3.26)
ip(Ra <1, or all « ) = , ,
PAReF) = T e diagL(F)

Proof. Recall from [72, pp. 21| that since F is monotone and continuous, we have that
RoF = SaF © Jor. Both results then follow from Lip(Rug) < Lip(Sar) Lip(Jor) and the

bounds on Lip(Ssr) from Lemma 3.3.4 and on Lip(Jue) from Lemma 3.3.7. O

Lemma 3.3.8 stands in striking contrast with results on monotone operators in Hilbert

spaces which says that for any maximally monotone operator,® F, the reflected resolvent

6Recall that in monotone operator theory on Hilbert spaces, a set-valued mapping F: R” — 28" ig
maximally monotone if it is monotone and there does not exist another monotone operator, G, whose
graph properly contains the graph of F. See [4, Sec. 20.2] for more details.
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of F with parameter o > 0 is nonexpansive for every a > 0. Indeed, in the non-FEuclidean

case, this property cannot be recovered as is demonstrated in the following example.

Example 3. Consider the linear mapping F(z) = Az = (2 7?)x. F is monotone w.r.t.

the ls norm since —poo(—A) = —pos (21 %) = 0. For a =2, we compute
3/23  4/23 ~17/23  8/23
Jop(z) = x, Rar(z) = x.
—2/23 5/23 —4/23 —13/23

Thus, Lip(Jur) = 7/23 and Lip(Rae) = 25/23. In other words, for a = 2, JoF is a

contraction and R,r 1s not nonexpansive.

Despite this key divergence from the classical theory, we will still be able to prove
convergence of iterative algorithms involving the reflected resolvent under suitable as-

sumptions on the parameter o > 0.

3.4 Finding zeros of non-Euclidean monotone oper-
ators

For a mapping F: R™ — R"™ which is continuous and monotone, consider the problem
of finding an x € R™ that satisfies

F(z) = 0,. (3.27)

Without further assumptions on F, this problem may have no solutions or nonunique
solutions. First we provide a preliminary sufficient condition for existence and uniqueness

of a solution.

Lemma 3.4.1 (Uniqueness of zeros of strongly monotone maps). Suppose F: R" — R"

is continuous and strongly monotone. Then Zero(F) is a singleton.
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Proof. We have that Zero(F) = Fix(Jue) for @ > 0. By Lemma 3.3.7, we have that
Lip(Jour) < 1/(1 + ac) < 1, where ¢ > 0 is the monotonicity parameter of F. Then
by the Banach fixed point theorem, J,r has a unique fixed point and thus Zero(F) is a

singleton. O]

Alternatively, if F is continuous and monotone, then we study fixed points of the
nonexpansive map J,g, which may or may not exist and may or may not be unique. In
what follows, we will study the case where it is known a priori that zeros of F exist but
need not be unique.

We show that the most known algorithms for finding zeros of monotone operators on
Hilbert spaces (see, e.g., [72]) can be generalized to non-Euclidean monotone operators
using our framework and, furthermore, explicitly estimate the convergence rate of these

methods.

3.4.1 The forward step method

Algorithm 1 (Forward step method). The forward step method corresponds to the fized
point iteration

2" = S (2F) = 2F — aF(2F). (3.28)

Theorem 3.4.1 (Convergence guarantees for the forward step method). Let F: R® — R”

is Lipschitz continuous with constant £ w.r.t. a norm || - || and let z° € R™ be arbitrary.

(i) Suppose F is strongly monotone w.r.t. ||-|| with monotonicity parameter ¢ > 0. Then
the iteration (3.28) converges to the unique zero, x*, of F for every a € (0,a").

Moreover, for every k € Z>,

I — 2™ < (e7 + e — 1 — al)|a* — 27,
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where o is the unique positive value of o that satisfies e ¢ 4+ e** = 2 4+ (.

(i1) Alternatively suppose || - || is a diagonally-weighted 1 or {s, norm and F is strongly
monotone w.r.t. || - || with monotonicity parameter ¢ > 0. Then the iteration (3.28)

converges to the unique zero, *, of F for every a € (0 . Moreover, for every

F ]
» diagL(F)
k € ZZ>0,

Iz — 2" < (1 = ac)l|l2* — 27,
with the convergence rate optimized at o = 1/ diagL(F).

(111) Alternatively suppose ||-|| is a diagonally weighted {1 or {s, norm and F is monotone
w.r.t. || -||. Then Zero(F) # O implies the iteration (3.28) converges to an element

of Zero(F) for every a € 10, —diaglL(F) [

Proof. Regarding statement (i), from Lemma 3.3.4(i), we have that Lip(Sar) < e * +
e — 1 — af. Tt is straightforward to compute that at o = a*, Lip(Ser) < 1 and for
a € (0,a*) we have that Lip(Sor) < 1. Thus, Suf is a contraction and fixed points of S,¢
correspond to zeros of F. Then by the Banach fixed point theorem, the result follows.
Regarding statement (ii), Lemma 3.3.4(ii) implies that Lip(Sar) = 1 — ac < 1 for all
a € (0,1/diagLi(F)). The result is then a consequence of the Banach fixed point theorem.
Regarding statement (iii), since F is monotone w.r.t. a diagonally weighted ¢; or /.
norm, S, is nonexpansive for a € (0,1/diagl(F)] by Lemma 3.3.4(ii). Moreover, for
every o € (0,1/diagL(F)[, there exists § € (0,1) such that Sor = (1 — 0)ld + 6SsF,
for some & € (0,1/ diagLi(F)]. Therefore the iteration (3.28) is the Krasnosel’skii-Mann

iteration of the nonexpansive operator Sz and Lemma 3.2.2 implies the result. O]

Note that Theorem 3.4.1(iii) is a direct consequence of the fact that the forward
step operator is nonexpansive for suitable a > 0 when the mapping is monotone w.r.t.

a diagonally-weighted ¢; or /., norm, a fact which need not hold when the mapping
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is monotone w.r.t. a different norm, e.g., a Hilbert one. See the relevant discussion in
Remark 3.3.6 for an example of a mapping, F, which is monotone with respect to the ¢y

norm but S,r is not nonexpansive for any o > 0.

3.4.2 The proximal point method

Algorithm 2 (Proximal point method). The proximal point method corresponds to the

fixed point iteration

o* = Jop(2F) = (Id + aF) 71 (2F). (3.29)

Theorem 3.4.2 (Convergence guarantees for the proximal point method). Suppose

F: R® — R" is continuous and let z° € R™ be arbitrary.

(i) Suppose F is strongly monotone w.r.t. a norm || - || with monotonicity parameter
¢ > 0. Then the iteration (3.29) converges to the unique zero, x*, of F for every

a € (0,00). Moreover, for every k € Zsq, the iteration satisfies

[l — 27 < lo* = 27]].

1+ «ac

(i1) Alternatively suppose F is monotone and globally Lipschitz continuous w.r.t. a di-
agonally weighted {1 or ls, norm || - || and diagli(F) # 0. Then if Zero(F) # (), the

iteration (3.29) converges to an element of Zero(F) for every a € (0, 00).

Proof. Regarding statement (i), Lemma 3.3.7 provides the Lipschitz estimate Lip(Jof) <
ﬁ < 1 for all @ > 0. Thus J.f is a contraction and since fixed points of J,¢ correspond
to zeros of F, the Banach fixed point theorem implies the result.

Regarding statement (ii), we will demonstrate that the iteration (3.29) is a Kras-

nosel’skii-Mann iteration of a suitably-defined nonexpansive mapping. To this end, let
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0 € (0,1) be arbitrary and consider the auxiliary mapping EZF: R" — R" given by

=0 - .
Roe = % — 1?ﬂld. Then it is straightforward to compute

-1 N
Ry = ('d+;‘F) . ; % 1d + aF) o (1d + aF)~!

- (% - #(ld + aF)) o(ld+aF)~! = (Id -

(1-0)x
7

F) 0 daF = Si-,p 0 dur.

Moreover, J,f is nonexpansive by Lemma 3.3.7, and by Lemma 3.3.4(ii), Lip(S¥aF) <1,
_ . =0 . .
for all a € (0, WE(F)]. We conclude that Lip(R.g) < Llp(S%aF) Lip(Jap) < 1 for a €

L =0 . : o
(0, #gg(ﬂ] which implies that Rg is nonexpansive for all « in this range.

Let o > 0 be arbitrary. Then for any” § < WagL(F) € (0,1), we have that J,p =
(1 —9)|d+9§i,:, and ﬁ,ez is nonexpansive since a € (0, ﬁzg(ﬁ]' Thus, the iteration (3.29)

is the Krasnosel’skii-Mann iteration for ﬁZF and the result follows from Lemma 3.2.2. [

Remark 3.4.2. Theorem 3.4.2(ii) is an analog of the classical result in monotone op-
erator theory on Hilbert spaces which states that the resolvent of a mazximally monotone
operator is firmly nonexpansive [77] and [4, Prop. 23.8]. This firm nonexpansiveness is
a consequence of the fact that the reflected resolvent of a mazximally monotone operator
with respect to a Fuclidean norm is always nonexpansive and J.r = %Id + %Rap. Note that
this property need not hold when F is monotone with respect to a non-Euclidean norm
but we are able to show that in the case of diagonally-weighted ¢4/l norms, a similar

result holds.

"Note that
monotone F.

W%L(F) € (0,1) holds under the assumption diagL(F) # 0 since diagL(F) > 0 for any
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3.4.3 The Cayley method

Algorithm 3 (Cayley method). The Cayley method corresponds to the iteration

" = Rop(2%) = 2(Id 4 oF) 7 (2*) — 2. (3.30)

Theorem 3.4.3 (Convergence guarantees for the Cayley method). Suppose F: R™ — R"

is Lipschitz continuous with constant £ w.r.t. a norm || - || and let z° € R™ be arbitrary.

(i)

(i)

(iii)

Suppose F is strongly monotone w.r.t. || - || with monotonicity parameter ¢ > 0.
Then the iteration (3.30) converges to the unique zero, x*, of F for sufficiently

small o > 0. Moreover, for every k € Z>, the iteration satisfies

—ac al _ 1—af
s e LA |

1+ ac
Alternatively suppose || - || is a diagonally weighted 1 or €o, norm and F is strongly
monotone w.r.t. || - || with monotonicity parameter ¢ > 0. Then the iteration (3.30)
converges to the unique zero, x*, of F for every a € (0, m]. Moreover, for every
k € Z>, the iteration satisfies

k+1 % l—ac, %
"7 =2 < [ — =7,
1+ ac

with the convergence rate being optimized at o = 1/ diagL(F).
Alternatively suppose ||-|| is a diagonally weighted {1 or s, norm and F is monotone

w.r.t. || - ||. Then if Zero(F) # 0, the Krasnosel’skii-Mann iteration with § = 1/2

1 1
karl — §:Ij'k 4 §RaF(xk>
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F strongly monotone and globally Lipschitz continuous

Algorithm, Iterated map ly General norm Diagonally weighted ¢; or £,
« range Optimal Lip « range Optimal Lip « range Optimal Lip
2c 1 1 . 1 1 1 1
Forward step, Sqr ]0, 67[ 1— Byl + O(E) 10,0 | 1= 22 + O(?) ]0, m] 1— o
Proximal point, Jor 10, oof AS. 10, o0[ AS. 10, oo[ AS.
1 1 2 1 1 2 1
Cayley, R, 0, 1—— O(— 0,07 | 1-= Of) ]07] 1- = o(—
AV, R 10, o0l 2 /4,2) 10,07] 2 (K»‘ " diagL(F) Koo o )

Table 3.1: Table of step size ranges and Lipschitz constants for three algo-
rithms for finding zeros of monotone operators with respect to arbitrary norms.
For F strongly monotone and Lipschitz continuous, let ¢ be its monotonicity
parameter (with respect to the appropriate norm), ¢ its appropriate Lipschitz
constant, and diagL(F) := supgepm o maxieq1,.. o) (DF(2))i < £ Additionally,
Kk = L/c > 1, ke = diagL(F)/c € [1,k], and a* is the unique positive solution
to e ¢+ el =24 0. A.S. means the Lipschitz constant can be made arbitrarily
small. We do not assume that the strongly monotone F is the gradient of a strongly
convex function.

correspond to the proximal point iteration (3.29), which is guaranteed to converge

to an element of Zero(F) for every a € (0,00).

Proof. Regarding statement (i), from Lemma 3.3.8(i), we have that Lip(R.r) < (e7*¢ +
e —1 — al)/(1 + ac) which is less than unity for small enough a > 0. Thus, for small
enough o, R,f is a contraction and fixed points of R,r correspond to zeros of F. Thus,
by the Banach fixed point theorem, the result follows.

Regarding statement (ii), Lemma 3.3.8(ii) implies that Lip(R.r) < (1—ac)/(1+ac) <
1 for a € (0,1/diagL(F)]. The result is then a consequence of the Banach fixed point
theorem.

Statement (iii) holds since ild + 1(2Jor — Id) = JuF, and convergence follows by

Theorem 3.4.2(ii) since Zero(F) # (). O

Table 3.1 summarizes and compares the range of step sizes and Lipschitz estimates as
provided by the classical monotone operator theory for the £ norm [72, pp. 16 and 20]

and by Theorems 3.4.1, 3.4.2, and 3.4.3 for general and diagonally-weighted ¢; /¢, norms.
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3.5 Finding zeros of a sum of non-Euclidean mono-
tone operators

In many instances, one may wish to execute the proximal point method, Algorithm 2,
to compute a zero of a continuous monotone mapping N: R® — R". However, the
implementation of the iteration (3.29) may be hindered by the difficulty in evaluating
Jon. To remedy this issue, it is often assumed that N can be expressed as the sum of
two monotone mappings F and G where J,g may be easy to compute and F satisfies
some regularity condition. Alternatively, in some situations, decomposing N = F + G
and finding x € R™ such that (F 4+ G)(z) = 0,, provides additional flexibility in choice of
algorithm and may improve convergence rates.

Motivated by the above, we consider the problem of finding an = € R™ such that
(F+ G)(z) = 0,, (3.31)

where F,G: R®" — R"™ are continuous and monotone w.r.t. a diagonally weighted ¢; or
l+ norm.® In particular, we focus on the forward-backward, Peaceman-Rachford, and
Douglas-Rachford splitting algorithms. For some extensions of the theory to set-valued

mappings, we refer to Section 3.6.1.

3.5.1 Forward-backward splitting

Algorithm 4 (Forward-backward splitting). Assume o > 0. Then in [72, Section 7.1]
it 1s shown that

(F+G)(x) =0, <= x=(JacoSaur)(x).

8The results that follow can also be generalized to arbitrary norms using the Lipschitz estimates
derived for J.F, Ror, and S,F in Section 3.3.2.
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The forward-backward splitting method corresponds to the fixed point iteration
" = J 6 (2® — aF(2)). (3.32)

If both F and G are monotone, define the averaged forward-backward splitting iteration

1 1
gkt = éxk + §Jag(fﬂk — aF(z%)). (3.33)

Theorem 3.5.1 (Convergence guarantees for forward-backward splitting). Let F: R" —
R™ be Lipschitz continuous w.r.t. a diagonally weighted {1 or o, norm ||-||, G: R™ — R"

be continuous and monotone w.r.t. the same norm, and let z° € R™ be arbitrary.

(i) Suppose F is strongly monotone w.r.t. || - || with monotonicity parameter ¢ > 0,
then the iteration (3.32) converges to the unique zero, x*, of F + G for every a €

(0

, m]. Moreover, for every k € Z>, the iteration satisfies

Iz — 2" < (1 = ac)ll2* — 27,

with the convergence rate being optimized at o = 1/ diagL(F).

(ii) IfF is monotone w.r.t. ||-|| and Zero(F+G) # (), then the iteration (3.33) converges

to an element of Zero(F + G) for every a € (0, m].

Proof. Regarding statement (i), Lemmas 3.3.4(ii) and 3.3.7 together imply that Lip(Jago
Sof) < Lip(Jag) Lip(Sar) < 1 —ac < 1 for all @ € ]0,1/ diagli(F)]. Then since Fix(Jf o
Sor) = Zero(F + G), the result is then a consequence of the Banach fixed point theorem.

Statement (ii) follows from Lip(Jog © Sar) < 1 and that the iteration (3.33) is the

Krasnosel’skii-Mann iteration of the nonexpansive mapping J,g © Sof with 6 = 1/2. [
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Remark 3.5.1 (Comparison with convergence criteria). The following comparisons are

i order.

e Compared to the Hilbert case, in the nmon-Euclidean setting, if both F and G are
monotone, then iteration (3.33) must be applied to compute a zero of F+ G. In the
Hilbert case, iteration (3.32) may be used instead since the composition of averaged
operators is averaged. For non-Hilbert norms, the composition of two averaged

operators need not be averaged.

e In monotone operator theory on Hilbert spaces, Lipschitz continuity of F is not
sufficient for the convergence of the iteration (3.32). Instead, a standard sufficient
condition for convergence is cocoercivity of F, see [104] and [4, Theorem 26.14]. In
the case of diagonally-weighted {1/~ norms, Lipschitz continuity is sufficient for
convergence. This fact is due to the nonexpansiveness of Sar for {1 /ls monotone

F and small enough o« > 0 as discussed in Remark 3.5.6.

3.5.2 Peaceman-Rachford and Douglas-Rachford splitting

Algorithm 5 (Peaceman-Rachford and Douglas-Rachford splitting). Let o > 0. Then

in [72, Section 7.8], it is shown that

(F+G)(z) =0, <= (RaroRuc)(2) =2 and x = Juc(2). (3.34)

The Peaceman-Rachford splitting method corresponds to the fixed point iteration

(3.35)

86



Non-Euclidean Monotone Operator Theory and Applications Chapter 3

If both F and G are monotone, the term Rue o Ry in (3.34) is averaged to yield
1 1
(F+G)(z)=0, <= <§|d + §RQF o Rag> (2) =z and x = Jog(2). (3.36)

The fixed point iteration corresponding to (3.36) is called the Douglas-Rachford splitting
method and is given by
l,k-l—l — JaG(zk)a

(3.37)
zk—i—l _ Zk + JaF(2xk+1 . Zk) o :Ek—H.

Theorem 3.5.2 (Convergence guarantees for Peaceman-Rachford and Douglas-Rach-

ford splitting). Let both F: R — R™ and G: R" — R™ be Lipschitz continuous w.r.t. a

diagonally weighted {1 or s, norm || -||, let G be monotone w.r.t. the same norm, and let
% € R™.
(i) Suppose F is strongly monotone w.r.t. || - || with monotonicity parameter ¢ > 0.

Then the sequence of {x}>, generated by the iteration (3.35) converges to the

L }] Moreover, for

unique zero, x*, of F + G for every a € (0, min {diaglL(F)’ diagL(G)

every k € Z>o, the iteration satisfies

1—oac

lo** — 2| < Il — 27,
1+ac
with the convergence rate being optimized at o = min {diaglL(F), diaglL(G) }
(i1) Alternatively suppose F is monotone w.r.t. || - || and Zero(F + G) # (). Then the

sequence of {xy}2, generated by the iteration (3.37) converges to an element of

Zero(F + G) for every a € (O, min {diaglL(F), Tl H .
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Proof. Regarding statement (i), by Lemma 3.3.8(ii), we have that

. . . 1 —ac
Llp(ROtF © RocG) < I—lp(RocF) Llp(RaG) < 1+ ac

for « € (0,min{1/diagli(F),1/diagl(G)}]. Then since Lip(Jag) is nonexpansive, the
Banach fixed point theorem implies the result.
Statement (ii) holds because Lemma 3.3.8(ii) implies Lip(R.r © Rag) < 1. Then the

iteration (3.37) converges because of Lemma 3.2.2. ]

Compared to classical criteria for the convergence of the Douglas-Rachford iteration,
Theorem 3.5.2 requires Lipschitz continuity of F and G in order to utilize the Lipschitz
estimates for the reflected resolvents R,r and R,g. Moreover, the parameter o > 0 must
be chosen small enough in the non-Euclidean setting whereas convergence is guaranteed
for any choice of « in the Hilbert case. This is because the reflected resolvent is only

nonexpansive for a certain range of a when the norm is not a Hilbert one, see Example 3.

3.6 Set-valued inclusions and an application to re-

current neural networks

3.6.1 Set-valued inclusions and non-Euclidean properties of prox-

imal operators

In many instances one may wish to solve an inclusion problem of the form

Find z € R" such that 0, € (F+ G)(x), (3.38)
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where F: R” — R" is a single-valued continuous monotone mapping but G: R” — 28" is
a set-valued mapping. In monotone operator theory on Hilbert spaces, leveraging the fact
that J,¢ is single-valued and nonexpansive for every o > 0 when G is maximally mono-
tone, algorithms such as the forward-backward splitting and Douglas-Rachford splitting
may be used to solve (6.4) under suitable assumptions on F.

In this section we aim to prove similar results in the non-Euclidean case. We will
specialize to the case that G is the subdifferential of a separable, proper lower semicon-
tinuous (l.s.c.), convez function. To start we must recall the proximal operator of a l.s.c.

convex function.

Definition 12 (Proximal operator, [105] and [4, Def. 12.23]). Let g: R® — R be a proper
l.s.c. convex function. The proximal operator of g evaluated at x € R™ is the map

prox,: R" — R" defined by

1
prox,(r) = arge;g}lin §Hx — 2|5+ g(2). (3.39)

Since g: R® — R is proper, ls.c., and convex, we can see that for & > 0 and fixed
z € R", the map z — ||z — z||3 + ag(z) is strongly convex and thus has a unique
minimizer, so for each x € R", proxag(:c) is single-valued. Moreover, we have the following

connection between proximal operators and resolvents of subdifferentials.

Proposition 3.6.1 ([106] and [4, Example 23.3]). Suppose g: R* — R is proper, L.s.c.,

and convex. Then for every a > 0, Jagy(7) = prox,, (7).

In the case of scalar functions, one can exactly capture the set of functions which are

proximal operators of some proper l.s.c. convex functions.

Proposition 3.6.2 ([4, Proposition 24.31]). Let ¢: R — R. Then ¢ is the prozimal

operator of a proper Ls.c. convex function g: R — R, i.e., ¢ = prox, if and only if ¢
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satisfies

OSMSL forall z,y € R,z # y. (3.40)

r—y
A list of examples of scalar functions satisfying (3.40) and their corresponding proper
L.s.c. convex function is provided in [107, Table 1].
To prove non-Euclidean properties of proximal operators, we will leverage a well-

known property, which we highlight in the following proposition.

Proposition 3.6.3 (Proximal operator of separable convex functions, [108, Section 2.1]).
Fori € {1,...,n}, let g;: R = R, be proper, l.s.c., and convex. Define g: R" — R by

g(x) =>"", gi(x;). Then g is proper, Ls.c., and conver and for all o > 0,

prox,,(z) = (prox,,, (v1),...,prox,, (v,)) € R".

If g satisfies g(x) = >, gi(x;) with each g; proper, l.s.c., and convez, we call g separable.

In the following novel proposition, we showcase that when g is separable, prox,, and

2prox,, — Id are nonexpansive w.r.t. non-Euclidean norms.

Proposition 3.6.4 (Nonexpansiveness of proximal operators of separable convex maps).
Foric {l,...,n}, let each g;: R — R be proper, l.s.c., and conver. Define g: R® — R

n

by g(x) = >, gi(w;). For every a > 0 and for any n € RZ,, both Jasy = prox,, and

Raag = 2prox,, — Id are nonezpansive w.r.t. || - ||oo p-1.”

Proof. By Proposition 3.6.3 we have prox,,(r) = (prox,,, (71),...,prox,, (v,)). More-

over, each prox,, is nonexpansive and monotone by Proposition 3.6.2 and thus satisfies

0 < (prox,,, (2:) — prox,,, (vi))(xi — ui) < (z; — y;)?, for all z;,y; € R. (3.41)

9More generally, prox,, and 2prox,, — Id are nonexpansive with respect to any monotonic norm.
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We then conclude

”prOXag (.Z') - prOXag<y)H007[77]_1 = ie?llaxn} ;\proxagi (xl) - prOXagi (yl)’
< i — il = [l — gl

max —|T; —Y;|l = ||T — 00.[n]—1-

~ie{l,n} 1 Y Ylloo [~

Regarding R,s,, we note that (3.41) implies for all z;,y; € R

— (i — yi)® < ((20r0%y, (25) — 23) — (2010%0, (i) — vi)) (@i — yi) < (23 — i)?,

—> |(2prox,g, (z:) — i) — (2proxa,, (vi) — i)l < |zi —vil.

Following the same reasoning as for prox,,, we conclude that 2prox,, —Id is nonexpansive

agr

w.I.t. H . HOO,[?ﬂ_l' ]

We recall from monotone operator theory on Hilbert spaces that if F: R* — R"
is continuous and G: R™ — 28" satisfies Dom(Jog) = R"™ and J,g(x) is single-valued
for all z € R™, a > 0, then the following equivalences hold: (i) 0, € (F + G)(z), (ii)
T = (JagoSar) (), and (iii) z = (RaroRag)(2) and & = Jog(2) [72, pp. 25 and 28]. In other
words, even if G is a set-valued mapping, forward-backward and Peaceman-Rachford
splitting methods may be applied to compute zeros of the inclusion problem (6.4).

When F: R” — R” in (6.4) is Lipschitz continuous and strongly monotone w.r.t.
| - [Joo,;m-1 With monotonicity parameter ¢ > 0 and G = Jg for a separable proper,
l.s.c., convex mapping g: R — R, by Proposition 3.6.4, the composition Prox,, © Sof
is a contraction w.r.t. || - |lsp-1 for small enough o > 0. Therefore, the forward-
backward splitting method, Algorithm 4, may be applied to find a zero of the splitting
problem (6.4). Analogously, for small enough a > 0, R,r o R, is a contraction w.r.t.
| - lloo,iy -+ and Peaceman-Rachford splitting, Algorithm 5, may be applied to find a zero

of the problem (6.4). In the following section, we present an application of the above
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theory to recurrent neural networks.

3.6.2 Iterations for recurrent neural network equilibrium com-

putation

Consider the continuous-time recurrent neural network
&= —x+ ®(Ar 4+ Bu +0b) =: F(z,u), (3.42)

where x € R",u € R™", A € R"™" B € R b € R", and &: R* — R" is a separable
activation function, i.e., it acts entry-wise in the sense that ®(z) = (¢(1),...,é(x,))".
In this section we consider activation functions ¢: R — R satisfying slope bounds of the

form

b= i AOTW L g gy 2D (3.43)

zyeRaty T —Y zyeRaty LT —Y

Most standard activation functions used in machine learning satisfy these bounds.
In [100, Theorem 23], it was shown that a sufficient condition for the strong infinitesimal
contractivity of the map x — F(z,u) is the existence of weights n € RZ, such that
Moo fy-1 (A) < 1; if this condition holds, the recurrent neural network (3.42) is strongly
infinitesimally contracting w.r.t. |- ||sc,(; -1 With rate 1 —max{d;v, d2y}, where we define
V= Hoo -1 (A) < 1.

Suppose that, for fixed u, we are interested in efficiently computing the unique equi-
librium point x} of F(z,u). Note that equilibrium points z satisfy =} = ®(Ax}+ Bu+0b)
which corresponds to an implicit neural network (INN), which have recently gained sig-
nificant attention in the machine learning community [109, 66, 110]. In this regard,
computing equilibrium points of (3.42) corresponds to computing the forward pass of an
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INN.

Since the map x +— F(x,u) is strongly infinitesimally contracting w.r.t. |- ||, -1, the
map = — —F(x, u) is strongly monotone with monotonicity parameter 1 —max{d;, doy}
(see Remark 3.3.1). As a consequence, applying the forward step method, Algorithm 1,

to compute z; yields the iteration

2" = (1 — a)a* + a®(Az* + Bu +b), (3.44)

which is the iteration proposed in [98]. This iteration is guaranteed to converge for every

1
ny min{di-(A);;,d2-(A)s

ae (0 7] with contraction factor 1 — a(1 — max{d7, d>7})

? T—minge g

AAAAA

by Theorem 3.4.1(ii).
However, rather than viewing finding an equilibrium of (3.42) as finding a zero of a
non-Euclidean monotone operator, it is also possible to view it as a monotone inclusion

problem of the form (6.4).

Proposition 3.6.5 ([66, Theorem 1}). Suppose ¢ satisfies the bounds (3.43). Then
finding an equilibrium point x¥, of (3.42) is equivalent to the (set-valued) operator splitting

problem 0,, € (F+ G)(z}), with
F(2) = (I, — A)z — (Bu+0b), G(z) = Jg(2), (3.45)

where we denote g(z) = >_r_, f(z:) and f: R — R is proper, lL.s.c., convez, and satisfies
¢ = prox;.
Proof. By Proposition 3.6.2, since ¢ satisfies the bounds (3.43), there exists a proper,

Ls.c., convex f with ¢ = prox;. The remainder of the proof is equivalent to that in [66,

Thm 1]. O

While Proposition 3.6.5 was leveraged in [66] for monotonicity w.r.t. the {5 norm, we
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will use it for F which is monotone w.r.t. a diagonally-weighted /., norm. '

Checking that F is strongly monotone w.r.t. || - ||o ;-1 is straightforward under the
assumption that v < 1. As a consequence of Propositions, 3.6.4 and 3.6.5, we can consider
different operator splitting algorithms to compute the equilibrium of (3.42). First, the

forward-backward splitting method, Algorithm 4, as applied to this problem is

zht = prox,,((1 — a)z* + a(Ax* + Bu +b)). (3.46)

Since F is Lipschitz continuous, this iteration is guaranteed to converge to the unique
fixed point of (3.42) by Theorem 3.5.1(i). Moreover, the contraction factor for this

L], with contraction factor being minimized

iteration is 1 — a(1 — ) for a € (0, T min; (A)s;

at o = m Note that compared to the iteration (3.44), iteration (3.46) has a
larger allowable range of step sizes and improved contraction factor at the expense of
computing a proximal operator at each iteration.

Alternatively, the fixed point may be computed by means of the Peaceman-Rachford

splitting method, Algorithm 5, which can be written

2* = (I, + a(l, — A)) (2" + a(Bu + b)),
(3.47)
2P = ok 4 2proxag(2201€+1 — 2F) — 2kt

Since F is Lipschitz continuous and R,¢ is nonexpansive for every o > 0, this iteration

converges to the unique fixed point of (3.42) for a in a suitable range by Theorem 3.5.2(i).

1%(1:3 for a € (0, —+—], which comes from the

Moreover, the contraction factor is ; ol T ()

Lipschitz constant of F. In other words, the contraction factor is improved for Peaceman-

Rachford compared to forward-backward splitting and the range of allowable step sizes is

10Unless A = AT, the monotone inclusion problem (3.45) does not arise from a convex minimization
problem.
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identical. For RNNs where (I, + a(l, — A)) may be easily inverted, this splitting method

may be preferred.

3.6.3 Numerical implementations
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Figure 3.2: Residual versus number of iterations for forward-step method (3.44), for-
ward-backward splitting (3.46), and Peaceman-Rachford splitting (3.47) for comput-
ing the equilibrium of the recurrent neural network (3.42). The top two plots cor-
respond to ¢ = LeakyReLU with a = 0.1 and the bottom two plots correspond to
¢ = ReLU. The left two plots correspond to v = 0.9 and the right two plots corre-
spond to v = —1. Curves for the forward-step method and forward-backward splitting
are directly on top of one another in the left two plots. Note the difference in the

number of iterations with respect to the parameter ~.

To assess the efficacy of the iterations in (3.44), (3.46), and (3.47), we generated

A,B,b,u in (3.42) and applied the iterations to compute the equilibrium. We gen-

erate A € R200x200 B ¢ R200x50 4, < R0 ) € R?% with entries normally distributed as

Aij, Bij, bi,u; ~ N(0,1). To ensure that A € R?9*2%0 satisfies the constraint fie -1 (A) <
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v for some n € R%Y, we pick [] = Iz and orthogonally project A onto the convex
polytope {A € R20x200 | (A) < 4} using CVXPY [111]. In experiments, we con-
sider v € {—1,0.9} and consider activation functions ¢(x) = ReLU(z) = max{z,0}
and ¢(z) = LeakyReLU(z) = max{z,ax} with a = 0.1.'' The proper, ls.c., convex f
corresponding to these activation functions are available in [107, Table 1].

For all iterations, we initialize 2% at the origin and for the Peaceman-Rachford iter-
ation, we initialize 2" at the origin. For each iteration we pick the largest theoretically

allowable step size, which in all cases was L P (since min,eqq,. n)(A)i; was negative

T—min,
in all cases). For the case of v = 0.9, we found that the largest theoretically allowable
step size was a ~ 0.182 and for v = —1 the largest step size was a =~ 0.175. The plots
of the residual ||z — ®(Azy + Bu+b)||oo = || F(zk, u)||oo versus the number of iterations
for all different cases is shown in Figure 3.2.12

We see that, when v = 0.9, both forward-step and forward-backward splitting meth-
ods for computing the equilibrium of (3.42) converge at the same rate. This result agrees
with the theory since v > 0, so that max{d;~v, d2y} = 7 for both ReLU and LeakyReLLU
and the estimated contraction factor for both the forward step method and forward-

backward splitting is 1 —a(1 —v) ~ 0.982. For the Peaceman-Rachford splitting method

and v = 0.9, the estimated contraction factor is ;38:3; ~ 0.964, which justifies the

improved rate of convergence. When v = —1, the forward-backward splitting method
converges faster than the forward step method. This result agrees with the theory since
the estimated contraction factor for the forward step method is 1 —a(1—¢(7)) ~ 0.807 in
the case of LeakyReLLU and ~ 0.825 in the case of ReLU while the estimated contraction

factor for forward-backward splitting is 1 — a(1 — ) & 0.649 independent of activation

"Note that the slope bounds from (3.40) are d; = 0,dy = 1 for ReLU and d; = a,dy = 1 for
LeakyReLU with a € [0, 1].

12 A1l iterations and graphics were run and generated in Python. Code to reproduce experiments is
available at https://github.com/davydovalexander/RNN-Equilibrium-NonEucMonotone.
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function. On the other hand, for the Peaceman-Rachford splitting method and v = —1,

1—a(l—y
Tfa(l—

the estimated contraction factor is § ~ 0.481, which justifies the improved rate of

convergernce.

3.6.4 Tightened Lipschitz constants for continuous-time RNNs

We are interested in studying the robustness of the RNN (3.42) to input perturba-

tions. In other words, given a nominal input, u, and its corresponding equilibrium output,

*
u?

¥, we aim to upper-bound the deviation of the output due to a change in the input.
The Lipschitz constant of a neural network is one common metric used to evaluate its
robustness, as discussed in works such as [112, 83, 113]. In the context of implicit neu-
ral networks, Lipschitz constants have been studied in [114, 84, 98], with [84] unrolling
forward-backward splitting iterations to provide /5 Lipschitz estimates. In what follows,

we generalize the procedure in [84] using techniques from non-Euclidean monotone op-

erator theory to provide novel and tighter ¢, Lipschitz estimates.

Theorem 3.6.1 (Lipschitz estimate of equilibrium points of (3.42)). Suppose that A
satisfies fio, -1 (A) =y < 1 for somen € RY, and that ¢ = prox; for some proper, l.s.c.,
convez f: R — R. Define fy: R™ — R" by fn(u) = z¥ where % solves the fized point
problem x}, = ®(Az? + Bu+b)."*> Then for Hmax = MaX;e(1,..n} Mis Nwin = Milie(1 n) i

and Lipo (fn) denoting the minimal {, Lipschitz constant of fy,

Thmax HBHOO

Lip,. (fn) <
( N> Tmin 1 -7

(3.48)

Proof. We consider the forward-backward splitting iteration given input u as zft! =

prox,,((1 — a)zk + a(Azf + Bu+ b)) with initial condition z = 0,, which is guaranteed

13Note that if x% solves the fixed point problem z} = ®(Ax’ + Bu+b), then it is an equilibrium point
of the RNN (3.42).
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1

to converge for a € (0, m] since prox,, is nonexpansive and S,f is a contraction
T kX3

ag

w.r.t. || - ||oo,p -1 for every « in this range where F is defined as in (3.45). We find

k

Jah — 2l gs = [pros,, (1 — @)zt~ + a(Ask™ + Bu + b))

— proxag((l — a) Ly oz(A:r:ff_l + Bv + D))o,

< [1Sagd—ay (@ = 25 loo i1 + @l B(u = v) [l oo, 1 (3.49)

< Lip(Saqa—a)"[l25 = Zolloc,pr—t + all B = 0)[|oc 1 Z Lip(Sa(a-4))
k—1

- OCHB(U_IU)HOO[n] 1ZL|p a(ld— A)) (350)
=0

where (3.49) holds because of nonexpansiveness of prox,, and the triangle inequality

ag
and (3.50) is a consequence of 29 = 20 = 0,,.
Since the forward-backward splitting iteration converges for every « in the desired

range, we can take the limit as k — oo and find that z¥ — 27 and 2% — 27 as k — oc.

Then

2% — 2% oo < | Bt — 0) || o o) 1ZL|p a(ld—4)) (3.51)

_ al| B(u —v) || oo, < 04’|B(U — V)|l s0,im—1 _ | B(u = )|oo,im—
I —Lip(Saa-1)) ~— 1—=(1—a(l—7)) I—7 ’

(3.52)

which implies the result because npk[|2]lco < [[2]loom-1 < Mial|2]l0 for every z € R™. [

Remark 3.6.6. In [98, Corollary 5], the following Lipschitz estimate is given:

. Tmax HBHOO
L < .
IpOO(fN) a TImin 1— max{’y, O}

(3.53)

The Lipschitz estimate in Theorem 3.6.1 is always a tighter bound than the estimate (3.53)
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and allows the choice of negative v to further lower the Lipschitz constant of the RNN.
Indeed, one way to make the neural network more robust to uncertainties in its input

would be to ensure that v is a large negative number.

3.7 Conclusion

In this chapter, we introduce a non-Euclidean version of classical results in monotone
operator theory with a focus on mappings that are monotone with respect to diagonally-
weighted ¢; or /., norms. Our results show that the resolvent and reflected resolvent
maintain many useful properties from the Hilbert case, and we prove that commonly
used algorithms for finding zeros of monotone operators and their sums remain effective
in the non-Euclidean setting. We applied our theory to the problem of equilibrium
computation and Lipschitz constant estimation of recurrent neural networks, yielding
novel iterations and tighter upper bounds on Lipschitz constants via forward-backward
splitting.

Topics of future research include (i) extending results to more general Banach spaces
with a focus on Ly and L., spaces, (ii) studying the convergence of additional operator
splitting methods such as forward-backward-forward [115] and Davis-Yin [116] splittings,
(iii) extending the theory to variable step size methods, and (iv) considering additional
machine learning applications such as /., robustness of deep neural networks as a non-
Euclidean analog of [83] or reinforcement learning and dynamic programming, where
l~ contractive and nonexpansive operators are prevalent; see the recent work [117] for

preliminary ideas in this direction.
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Chapter 4

Robust Implicit Networks via

Non-Euclidean Contractions

This chapter was first published in the Proceedings of the Conference on Advances in

Neural Information Processing Systems [98].!

4.1 Introduction

Implicit neural networks are infinite-depth learning models with layers defined im-
plicitly through a fixed-point equation. Examples of implicit neural networks include
deep equilibrium models [109] and implicit deep learning models [110]. Implicit networks
can be considered as generalizations of feedforward neural networks with input-injected
weight tying, i.e., training parameters are transferable between layers. Indeed, in im-
plicit networks, function evaluation is executed by solving a fixed-point equation and

backpropagation is implemented by computing gradients using implicit differentiation.

1@©2021 Saber Jafarpour, Alexander Davydov, Anton V. Proskurnikov, and Francesco Bullo. Li-
cense: CC-BY 4.0. Reprinted from Saber Jafarpour, Alexander Davydov, Anton V. Proskurnikov, and
Francesco Bullo, Robust Implicit Networks via Non-FEuclidean Contractions, 2021.
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Due to these unique features, implicit models enjoy more flexibility and improved memory
efficiency compared to traditional neural networks. At the same time, implicit networks
can suffer from instability in their training due to the nonlinear nature of their fixed-point
equations and can show brittle input-output behaviors due to their model flexibility.

It is known that implicit neural networks require careful tuning and initialization to
avoid ill-posed training procedures. Indeed, without additional assumptions, their fixed-
point equation may not have a unique solution and the numerical algorithms for finding
their solutions might not converge. Several recent works in the literature have focused on
studying well-posedness and convergence of the fixed-point equations of implicit networks
using frameworks such as monotone operator theory [66], contraction theory [110], and
a mixture of both [114]. Despite several insightful results, important questions about
conditions for well-posedness of implicit networks and efficient algorithms that converge
to their solutions are still open.

One of the key features of implicit neural networks is their flexibility, which might
come at the cost of low input-output robustness. As first noted in [118], the input-
output behavior of deep neural networks can be vulnerable to perturbations; close enough
input data can lead to completely different outputs. This lack of robustness can lead to
unreliable performance of neural networks in safety-critical applications. Among several
notions of robustness, the Lipschitz constant of a neural network is a coarse but rigorous
measure which can be used to estimate input-output sensitivity of the network [118]. For
this reason, there has been a growing interest in estimating the input-output Lipschitz
constant of deep neural networks with respect to the fo-norm [112, 83]. However, it
turns out that in some applications, the input-output Lipschitz constants with respect
to non-Euclidean norms are more informative measures for studying robustness. One
such application appears in the robustness analysis of neural networks with large-scale

inputs under widely-distributed adversarial perturbations (examples of these adversarial
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perturbations can be found in [118]). For these examples, the input-output fs-Lipschitz
constant does not provide complete information about robustness of the network; a neural
network with small input-output ¢s-Lipschitz constant can be very sensitive to widespread
entrywise-small perturbations of the input signal. On the other hand, the input-output
ls-Lipschitz constant provides a different metric which appears to be well-suited for the
analysis of widespread distributed perturbations. Another application is the estimation
of input signal confidence intervals from output deviations, where the input-output .-

Lipschitz constant of the network provides more scalable bounds than its £, counterpart.

Related works

Implicit learning models. Numerous works in learning theory have shown the power
of deep learning models with implicit layers. In these learning models, the notion of
layers are replaced by a composition rule, which can be either a fixed-point iteration
or a solution to a differential equation. Well-known frameworks for deep learning using
implicit infinite-depth layers include deep equilibrium networks [109], implicit deep learn-
ing [110], and Neural ODEs [119]. In [120], a class of implicit recurrent neural networks is
considered and it is demonstrated that, with this architecture, the models do not suffer
from vanishing nor exploding gradients. Implicit layers have also been used to study
convex optimization problems [121] and to design control strategies [122]. Convergence

to global minima of certain classes of implicit networks is studied in [123].

Well-posedness and numerical algorithms for fixed-point equations. There has
been a recent interest in studying well-posedness and numerical stability of implicit-depth
learning models. [110] proposes a sufficient spectral condition for well-posedness and for
convergence of the Picard iterations associated with the fixed-point equation of implicit

networks. In [66, 114], using monotone operator theory, a suitable parametrization of the
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weight matrix is proposed which guarantees the stable convergence of suitable fixed-point
iterations. A recent influential survey on monotone operators is [72]. A recent survey on

fixed point strategies in data science is given by [67].

Robustness of learning models It is known that neural networks can be vulnerable
to adversarial input perturbations [118]. A large body of literature is devoted to im-
prove robustness of neural networks using various defense strategies against adversarial
examples [75, 124]. While these strategies are effective in many scenarios, they do not
provide formal guarantees for robustness [125]. However, there has been a recent interest
in designing classifiers that are provably robust with respect to adversarial perturba-
tions [126, 127]. The input-output Lipschitz constant of a neural network is a rigorous
metric for its worst-case sensitivity with respect to input perturbations. Several recent
works have focused on estimating the Lipschitz constant and enforcing its boundedness.
For example, [112, 128] propose a convex optimization framework using quadratic con-
straints and semidefinite programming to obtain upper bounds on Lipschitz constants of
deep neural networks. In [113], a training algorithm is designed to ensure boundedness
of the Lipschitz constant of the neural network via a semidefinite program. Other meth-
ods for estimating the Lipschitz constant of deep neural networks include [129, 130, 83].
For implicit neural networks, a sensitivity-based robustness analysis is proposed in [110].
Lipschitz constants of deep equilibrium networks have also been studied in [84, 114] using

monotone operator theory.

Contributions

In this chapter, using non-Euclidean contraction theory with respect to the /(.-
norm, we propose our novel framework, Non-Euclidean Monotone Operator Network

(NEMON), to design implicit neural networks and study their well-posedness, stability,
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and robustness. First, we develop elements of a novel non-Euclidean monotone operator
theory akin to the frameworks in [4, 72]. Using the concept of the logarithmic norm
(henceforth log norm), we introduce the essential notion of one-sided Lipschitz constant
of a map. Based upon this notion, we prove a general fixed-point theorem with weaker
requirements than classical results on Picard and Krasnosel’skii-Mann iterations. For
maps with one-sided Lipschitz constant less than unity, we show that an average it-
eration converges for sufficiently small step sizes and optimize its rate of convergence.
For the special case of the weighted f,.,-norm, we show that this average iteration can
be accelerated by choosing a larger step size. Additionally, we study perturbed fixed-
point equations and establish a bound on the distance between perturbed and nominal
equilibrium points as a function of one-sided Lipschitz condition. Second, for implicit
neural networks, we use our new fixed-point theorem to (i) establish /,,-norm condi-
tions for their well-posedness, (ii) design accelerated numerical algorithms for computing
their solutions, and (iii) provide upper bounds on their input-output ¢.-Lipschitz con-
stants. Third, we propose a parametrization for matrices with appropriate bound on
their one-sided Lipschitz constants and use this parametrization with the average iter-
ation to design a training optimization problem. Finally, we perform several numerical
experiments illustrating improved performance of NEMON in image classification on the
MNIST and the CIFAR-10 datasets compared to the state-of-the-art models in [110, 66].
Additionally, by adding the input-output Lipschitz constant as regularizer in the training
problem, we observe improved robustness to some classes of adversarial perturbations.

We include all relevant proofs in Section 4.7.3.
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4.2 Fixed-point equations and one-sided Lipschitz
constants

In this section, we show that the notion of one-sided Lipschitz constant can be used

to study solvability of fixed-point equation:
r = F(x), (4.1)

where F: R" — R" is a differentiable map. Let || - || be a norm on R™, then in view of
the Banach fixed-point theorem, a simple sufficient condition for existence of a unique
solution for the fixed-point equation (4.1) is Lip(F) < 1. We note that the sufficient
condition Lip(F) < 1 depends on the specific form of the fixed-point equation (4.1) and
can be relaxed by a suitable rewriting of this fixed-point equation. Given an averaging
parameter « € (0, 1] we define the average map F,: R" — R™ by F, := (1 — a)ld + aF,
where Id is the identity map. Using this notion, an equivalent reformulation of the fixed-

point equation (4.1) is:
r=(1—a)xr+ aF(z) = F,(z). (4.2)

For @« = 1, we have F,(z) = F(z) and equation (4.2) coincides with equation (4.1).
For every a € (0,1), the map F, is different from F but equations (4.1) and (4.2) are
equivalent. Hence, if Lip(F,) < 1, then by the Banach fixed-point theorem, the fixed
point equation (4.2) (and therefore the fixed point equation (4.1)) has a unique solution

x* and the sequence {yx}72, defined by

Yp1 = (1 — Oé)yk + aF(yk)7 for all k£ € ZZO (43)
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converges geometrically to x* with rate Lip(F,). As a result of the parametrization (4.2),
the condition Lip(F) < 1 for existence and uniqueness of the fixed-point can be relaxed

to sufficient conditions
Lip(F,) < 1, (4.4)

parametrized by a € (0,1]. Additionally, if condition (4.4) is satisfied, then algo-
rithm (4.3) computes the fixed point z*. It can be shown that the condition (4.4) becomes
less conservative as o decreases. The next theorem shows that in the limit as a@ — 0T,

condition (4.4) approaches the condition osL(F) < 1.

Theorem 4.2.1 (Fixed points via one-sided Lipschitz conditions). Let F: R™ — R" be
differentiable and Lipschitz with constant ¢ > 0 with respect to a norm || -||. Define the

average map F, = (1 — a)ld + oF and, for ¢ > 0, the function . (0, ( — R

c+e+f)(e+1))

by:

Yeolar) = (1 +ac — a®(0 + 1)2)>1.

1—a(l+1)
Then the following statements are equivalent:

(1) osL(F) < 1—e¢,

(i1) Lip(Fo) = vee(a), for 0 < a < GENED:

Moreover, if the equivalent conditions (i) or (ii) hold, then, for condition number k =

1+Lip(F)
1—osL(F)~

(iii) F has a unique fized point x*;

(i) for0 < a< @, Fo is a contraction mapping with contraction factor v, .(a) < 1;
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(v) the minimum contraction factor v;. =1 — ﬁ + 8% + 0O (%4) and the minimizing

averaging parameter o of F, is

@*:#SL(F)G_\A}FW) :1—02L(F)<%_%+0(%>)'

The average iteration (4.2) is often referred to as the Krasnosel’skii-Mann iteration
or the damped iteration [4]. Compared to [4, Theorem 5.15], Theorem 4.2.1(iv) studies
convergence of the Krasnosel’skii-Mann iteration for arbitrary norms, proposes a weaker
convergence condition of the form osL(F) < 1 (hence, F need not be non-expansive).
However, it ensures convergence for only sufficiently small o > 0 and assumes that F is

differentiable (as will be shown, however, the latter assumption can be relaxed).

4.2.1 Accelerated convergence for weighted /., norms

For diagonally weighted /., norms, one can strengthen Theorem 4.2.1(iv) to prove

the convergence of the average iteration (4.2) on a larger domain of the parameter «.

Theorem 4.2.2 (Accelerated fixed point algorithm for ¢, norms). Let F: R® — R"™ be
differentiable and Lipschitz with respect to the weighted non-Euclidean norm || - ||oo -1 -
Define the average map F, = (1 — a)ld + aF and pick diagl.(F) € [— Lip(F), osL(F)] to
satisfy

diagL(F) < min inf DF;(x). (4.5)

T ie{l,...,n} z€R”
If osL(F) < 1, then F has a unique fived-point x* and

<
~ 1 — diagL(F)
1 —a(l —osL(F)) < 1;

(i) for0 <« Fo is a contraction mapping with the contraction factor

(i) the minimum contraction factor and minimizing averaging parameter of F, are,
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respectively,

: 1 — osL(F) 1 1 —diagL(F) _ 1+ Lip(F)
I_ FOL* — ]_ — = ]- — T 0o — S ?
ip(Far) 1 — diagL(F) Koo Jor r 1 — osL(F) 1 — osL(F)

. 1
¢ T 1 diagL(F)’

Note that diagL(F) is well-defined because of the Lipschitz continuity assumption.

It is instructive to compare the minimum contraction factor in the general Theo-
rem 4.2.1 with the minimum contraction factor for ¢,, norms in Theorem 4.2.2 and how
they depend upon the corresponding condition numbers k and k.. We note that (i) the
relevant condition number diminishes k > Ko, and (ii) the minimum contraction factor
Lip(Fas) =1 — 455 + O(1/k*) improves to Lip(Fax) =1 — t This acceleration justifies

the title of this section.

4.2.2 Perturbed fixed-point problems

In this subsection, we focus on solvability of the perturbed fixed-point equation:
x = F(z,u), (4.6)

where F: R" x R” — R" is differentiable in . We define F,(z) = F(z,u) and F,(u) =
F(x,u). Given a norm || - [[x in R™ and || - || in R", F is Lipschitz in its first argument

with constant Lip,(F) € Ry if

|F(z1,u) — F(zg,u)||x < Lip,(F)||z1 — x2||x for all x;,25 € R" and u € R",
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and it is Lipschitz in its second argument with constant Lip, (F) € Rx¢ if
|F(z,u1) — F(z,u2)||x < Lip,(F)||us — uz|lyy for all z € R™ and uy, us € R,
and it is one-sided Lipschitz in its first argument with constant osL,(F) € R if
w(DF(x,u)) < oslL,(F) forall z;,z5 € R" and u € R".

The following result, which is in the spirit of Lim’s Lemma [131], provides an upper

bound on the distance between fixed-points of the perturbed equation (4.6).

Theorem 4.2.3 (Perturbed fixed-points). Given a norm || - ||x in R™ and a norm || - ||y
i R”, consider a map F: R" xR" — R"™ differentiable in the first argument and Lipschitz

in both arguments. If F is one-sided Lipschitz with constant osL,(F) < 1, then
(i) for every uw € R™, the map F, has a unique fized point x?;

Lip, (F
(ii) for every u,v € R™, ||z — z)||x < #I(@)(F)

[l = wller-

Finally, Theorems 4.2.1, 4.2.2, and 4.2.3 are not directly applicable to activation
function that are not differentiable. In Section 4.7.6, we show that for specific form of
the fixed-point equation (4.1), where F = ® o H and ®: R™ — R™ is a weakly increasing,
non-expansive, diagonal activation function and H: R® x R” — R" is a differentiable

function, all of the conclusions of Theorems 4.2.1, 4.2.2, and 4.2.3 hold by requiring

equation (4.5) to be true almost everywhere.

4.3 Contraction analysis of implicit neural networks

In this section, we use contraction theory to lay the foundation for our Non-Euclidean

Monotone Operator Network (NEMON) model of implicit neural networks. Given A €
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R™" B e R™" C € R and D € R?", we consider the implicit neural network

x = ®(Ax + Bu) := N(z,u), y = Cx + Du, (4.7)

where x € R", u € R", y € R? and ®: R — R" is defined by ®(z) = (¢1(21), .- ., dn(n)).
For every i € {1,...,n}, we assume the activation function ¢;: R — R is weakly increas-
ing, i.e., ¢;(x;) > ¢i(z) for x; > z;, and non-expansive, i.e., |¢;(x;) — ¢i(z)| < |z — 2
for all z; and z;; if ¢; is differentiable, these conditions are equivalent to 0 < ¢l(z;) <1
for all z; € R.

We are able to provide the following estimates on all relevant Lipschitz constants.

Theorem 4.3.1 (Lipschitz and one-sided Lipschitz constants for the implicit neural
network). Consider the implicit neural network in equation (4.7) with weakly increasing
and non-expansive activation functions ®. With respect to ||-||oo -1, 1 € RZy, on R™ and
| |le on the input space R", the map N: R" x R" — R™ is one-sided Lipschitz continuous

in the first variable and Lipschitz continuous in both variables with constants:

05Lg(N) = ReLU(ptoo -1 (A4)) , Lip,(N) = [|Al|cc,i-1 (4.8)

Llpu(N) = ||B||(oo,[77}*1),l/{ s diagL(N) = minie{l,m,n}(Aii)_ s (49)

where (z)- =01ifz2>0 and (2)- =z if 2 <0.

We now use these estimates to establish multiple properties of the implicit neural

network.

Corollary 4.3.1 (Well posedness, input-state Lipschitz constant, and computation).
Consider the model (4.7), with parameters (A, B,C, D) and with weakly increasing and

non-expansive activation functions ®. Define the average map N, := (1 — a)ld +aN and
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consider the norms || - ||, 1 € Ry, on R™, || - ||y on the input space R™ and || - ||y

on the output space RY. Then
(i) if poo,p1(A) < 1, then (4.7) is well posed, i.e., there exists a unique fived point,

(i1) the map N, is a contraction mapping for 0 < a < o* := (1 — Mineqy,.., n}(AZ-Z-)_)_l
1-ReLU(p, [n]fl(A))

with minimum contraction factor Lip(Ny+) =1 — T qr, oy (A

(7i) the Lipschitz constants from input u to fixed point xi and to the output y = Cal +

Du are

. Lip,(N) 1Bl oo,

L .= b = : : , 4.10
Puta I —o0sLy(N) 1 —ReLU(jtoo,y-1(A)) (4.10)
_ IBlleotm-nullClly. oo m-1

u—y * 1-— RGLU(MOO’[n]—l (A))

Lip + 11Dy (4.11)

4.4 Training implicit neural networks

Problem setup Given an input data matrix U = [ug,...,u,] € R™™ and a cor-
responding output data matrix Y = [y1,...,yn] € R”™ we aim to learn matrices
A, B,C, D so that the neural network (4.7) approximates the input-output relationship.
We rewrite the model for matrix inputs as ¥ = CX + DU, where X = ®(AX + BU).
From Corollary 4.3.1(i), if each ¢; is weakly increasing and non-expansive, the fixed point
problem is well-posed when fiq ,-1(A) < 1 for some 7 € RZ;. We consider a training

problem of the form

min L(Y,CX + DU) +P(A, B,C, D)
A,B,C,D,X (4‘12)

X = CI)(AX + BU)> /Loo,[n]_l(A) S Y5
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where L is a loss function, P is a penalty function, and v < 1 is a hyperparameter ensuring
the fixed point problem is well-posed. For n = 1,,, we can remove the constraint ji(A) <
~ in the training optimization problem (4.12) using the following parametrization of

weight matrix A:
A =T — diag(|T|1,,) + 71, (4.13)

In Section 4.7.2, we show that parametrization (4.13) characterizes the set of matrices
in R™" satisfying pi(A) < . Using the parametrization (4.13) in the training problem
not only improves the computational efficiency of the optimization but also allows for
the design of implicit neural networks with additional structure such as convolutions.
Suppose u € R’ is a r-channel input of size s X s and x € R™” is an n-channel hidden
layer. To define our implicit CNN, we select the weight matrix A € R"™* 5% a5 the matrix
form of a 2D convolutional operator. If we consider a circular convolution operator, then
A is a circulant matrix. Using the parametrization (4.13), A is circulant if and only
if T is circulant. Therefore, the training problem for implicit CNNs can be cast as an

unconstrained optimization problem using the above parametrization with a circulant 7'.

Improving robustness via Lipschitz regularization We now focus on learning
robust implicit neural networks with bounded Lipschitz constants via a regularization
strategy. Setting both ||- ||, and ||- ||y as ||- || in the input-output Lipschitz bound (4.11),

we get

Lip, . = IBlleone0 I Cllee) ot D)
uy 11— ReLU(,UJOO’[n]—l (A)) e

) 2
1HB|’(OO,[77]71)7(00) + ||C||(OO),(007[T]}71) + ||D||
2 1 = ReLU(pioo -1 (A)) o

<
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where the inequality provides a convex upper bound for the input-output Lipschitz con-
stant. Therefore, using the hyperparameter A > 0, the regularized optimization problem

is written as

LB =1),(00) + 1€ o) (o011
' LY.CX + DU A(— 00,1 ~1)s(c0 20),(c0,[n D mo)
AA A X DU A T RGPl
X = O(AX + BU),  froep1(A) < 7. (4.14)

Certified adversarial robustness via Lipschitz bounds Given a nominal input
u € R", we consider any perturbed input v within an /,-ball of radius ¢ around u. In

this case, we have

Then we define margin(u) = (y,); — max;.;(y,);, where (y,); is the logit corresponding
to the (correct) label i for the input u. Then provided Le < lmargin(u), NEMON is

certifiably robust to any perturbed input v within an ¢..-ball of radius € centered at w.

Backpropagation of gradients via average iteration From [110] we now show how
the average iteration can be used to perform backpropagation via the implicit function
theorem. For simplicity, we assume that each activation function ¢; is differentiable and
consider mini-batches of size 1, i.e., we have X =2 € R", U =u € R" and Y = y € R4,
Let x* be the unique solution of the fixed-point equation (4.7). Then the chain rule

implies

oL T oL T
oL oL
90 - (VL)' oD (VgL)u'.
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Since £ depends explicitly on ¥, computing V3L is straightforward. Computing V- L is

more complicated since X* is defined only implicitly. However, it be shown that
VoL = (C(I—DPA)'DO) V;L.

Since foofy-1(A) < 1, by Lemma 4.7.2 we get that fio -1 (DPA) < 1. This implies that
the matrix G := (I, — DPA)'D® € R exists and is the solution to the following

fixed-point equation [110, Section 6.2]
G = DY(AG + 1,,). (4.16)

Moreover, jio -1 (DPA) < 1 and Theorem 4.2.2 together imply that the fixed-point

n)~1

equation (4.16) has a unique solution G* and, for every 0 < a < o* := (1—mini(AM)_)_1,

the average iterations
Gri1 = (1 — )Gy + aDP(AGy + 1), for all k € Z>q

are contracting with the minimum contraction factor 1 — (1 — ReLU(fio0 -1 (A))) at

step size a*.

4.5 Theoretical and numerical comparisons

In this section, we provide a comprehensive comparison of our framework with the

state-of-the-art implicit neural networks?.

2All models were trained using Google Colab with a Tesla P100-PCIE-16GB GPU.
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4.5.1 Implicit network models

We start by reviewing the existing models for implicit networks in the literature.

Implicit deep learning model. [110] proposes a class of implicit neural networks
with input-output behavior described by (4.7). It is shown that a sufficient condition for
existence and uniqueness of a solution and convergence of the Picard iterations for the
fixed point equation x = ®(Azx + Bu) is A\p(|A|) < 1, where |A| denotes the entrywise
absolute value of the matrix A and Ay denotes the Perron-Frobenius eigenvalue. For
training, the optimization problem (4.12) is used where the constraint jis p;-1(A) < vy
is replaced by || Al < 7 [110, Equation 6.3].% Tt is easy to see that our well-posedness
condition in Corollary 4.3.1(i) is less conservative than A,¢(|A|) < 1 and its convex

relaxation [|A|lo < 1.

Monotone operator deep equilibrium network (MON). [66] proposes to use
monotone operator theory to guarantee well-posedness of the fixed-point equation as
well as its convergence to the solutions. The input-output behavior of the network is
described by (4.7). For training, the optimization problem (4.12) is used where the
constraint fis, ;-1 (A) < 7 is replaced by I,, — $(A+ A") = (1 —~)I,. In order to ensure
that this constraint is always satisfied in the training procedure, the weight matrix A is
parametrized as A = vI,, — WIW — Z + ZT, for arbitrary W, Z € R™" [66, Appendix

D].* In the context of contraction theory,

Li—YA+AN) = (1—-y), <= m(A) <y,

3The implicit deep learning implementation is available at https://github.com/beeperman/idl.
4The MON implementation is available at https://github.com/locuslab/monotone_op_net.
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which is shown in Section 4.7. Thus, the parametrization A = vI,, - W'™W —Z+ Z" can
be considered as the fo-norm version of the parametrization described by equation (4.13).
In other words, the monotone operator network formulation is a Euclidean transcription

of the framework we propose in this chapter.

4.5.2 MNIST experiments

Accuracy vs epochs on MNIST handwritten digits Test loss vs epochs on MNIST handwritten digits
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Figure 4.1: Performance comparison between the NEMON model with g (A) < 0.95,
the implicit deep learning model with ||Allcc < 0.95, and MON with
I, — 3(A+ AT) = 0.05I, on the MNIST dataset. The curves are generated by
mean accuracy and mean loss over 5 different runs while light envelopes around the
curves correspond to the standard deviation over the runs. Average best accuracy for
the NEMON model is 0.9772, while it is 0.9721 for implicit deep learning model and
0.9762 for the MON model.

In the digit classification dataset MNIST, input data are 28 x 28 pixel images of
handwritten digits between 0-9. There are 60000 training images and 10000 test images.
For training, images are reshaped into 784 dimensional column vectors and entries are
scaled into the range [0,1]. As a loss function, we use the cross-entropy. All models
are of order n = 100, used the ReLLU activation function, and are trained with a batch
size of 300 over 10 epochs with a learning rate of 1.5 x 1072, Curves for accuracy and

loss versus epochs for the three models are shown in Figure 4.1. Regarding training

times, using the average iteration, NEMON took, on average, 12 forward iterations, 13
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backward iterations, and 9.8 seconds to train per epoch. Using the Peaceman-Rachford
iteration, MON took, on average, 17 forward iterations, 16 backward iterations, and 9.5
seconds to train per epoch. Using the Picard iteration, the implicit deep learning model
took, on average, 10 forward iterations, 5 backward iterations, and 5.8 seconds to train
per epoch. We observe that the NEMON model performs better than the implicit deep

learning model and has a comparable performance to MON.

Test error vs Lipschitz constant on MNIST handwritten digits Accuracy vs perturbation on MNIST handwritten digits

184 L0
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Figure 4.2: On the left is a plot of test error versus Lipschitz constant for the implicit
deep learning model with ||Al|c0 < 0.95 and for NEMON with po(A) < 0.95 and
parametrized by the regularization hyperparameter A. We define the test error as
1 minus the accuracy. On the right is a plot of accuracy versus {4, perturbation of
a deterministic adversarial image inversion attack where we additionally include the
MON model with I, — 3(A+ AT) = 0.05I,,.

We also study the robustness of the NEMON model compared to the implicit deep
learning model and the MON model on the MNIST dataset. We train various models
regularized by the input-output Lipschitz constant as in (4.14). Additionally, to verify
robustness of the different models, we consider several adversarial attacks and plot the
accuracy versus perturbation of such an attack. In Figure 4.2, we consider a continuous
image inversion attack [132], where each pixel is perturbed in the direction of pixel value
inversion with amplitude given by the /., perturbation. For more details on this and other

types of adversarial perturbations, we refer to Section 4.8. We observe that for A = 1072,
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the regularized NEMON model achieves a two order of magnitude decrease in its input-
output Lipschitz constant compared to the un-regularized NEMON models. In addition,
we see that the implicit deep learning model and the MON model are more sensitive
to the continuous image inversion attack than NEMON. Moreover, as the regularization

parameter A increases, the NEMON model becomes increasingly robust to this attack.

4.5.3 CIFAR-10 experiments

In the image classification dataset CIFAR-10, input data are 32 x 32 color images
in 10 classes. There are 50000 training images and 10000 test images. We compare
our proposed NEMON model with a convolutional structure to a single convolutional
layer MON model. Each model used 81 channels. We train both models with a batch
size of 256 and a learning rate of 1072 for 40 epochs. For training, using the average
iteration, NEMON took, on average, 10 forward iterations, 10 backward iterations, and
75.0 seconds per epoch to train. Using the Peaceman-Rachford iteration, MON took,
on average, b forward iterations, 5 backward iterations, and 101.8 seconds per epoch to
train.

We focus primarily on the robustness of NEMON and MON with respect to £,-norm
bounded perturbations on CIFAR-10. To this end, we additionally trained two NEMON
models with regularization parameters A € {107%,107°}. In Figure 4.3, on the left is a
plot of the certified robustness of each of the models via their £..-Lipschitz constants. For
MON, we got the £-Lipschitz bound using the method in [84] for the ¢5-Lipschitz bound
and using the upper bound [jully < v/rs?||ulls. On the right is a plot of the accuracy
of different models with respect to the projected gradient descent attack. We observe
that the un-regularized and regularized NEMON models are more robust to f,.-norm

bounded perturbations than is MON.
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Certified robustness vs perturbation on CIFAR-10 images Accuracy vs perturbation on CIFAR-10 images
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Figure 4.3: On the left is a plot of certified robustness via the Lipschitz constants
of MON with the constraint I,, — (4 + A") = I,, and NEMON with the constraint
too(A) < 0. On the right is a plot of accuracy versus ¢, perturbation of the projected
gradient descent attack.

4.6 Conclusion

Using non-Euclidean contraction theory, we propose a framework to study stabil-
ity of fixed-point equations. We apply this framework to analyze well-posedness and
convergence of implicit neural networks and to design an efficient training algorithm to
incorporate robustness guarantees. For future research, we envision that our framework
is applicable to study stability and robustness of implicit learning models with additional

structure such as graph neural networks.

4.7 Proofs and auxiliary results

4.7.1 Graphical comparison between Lipschitz and one-sided

Lipschitz estimates

In the following example, we compare the regions Lip(A) < 1 and osL(A) < 1 for a

matrix A € R?*? with respect to the £,-norm.
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a b

Example 4. Let A = , it is easy to see that condition Lip(A) < 1 for s -norm
b a

can be written as ||All = |a] + |b] < 1. One can also define the average operator A,

using parameter a € (0, 1] as follows:

Aa = (1 — Oé)[Q + aA.

Figure 4.4 compares the regions Lip(A) < 1, Lip(A,) < 1, and osL(A) < 1 based on the
parameters a and b. It can be shown that as o — 0%, the condition Lip(A,) < 1 converges

to osL(A) < 1.

Figure 4.4: The left figure shows the region Lip(A) < 1, the middle figure shows the

region Lip(4,) < 1 for a = %, and the right figure shows osL(A) < 1. Both Lip and

osL are with respect to the /,.-norm

4.7.2 Novel results about non-Euclidean log norms

In this section we provide some results regarding the log norm and matrix norm for

weighted ¢; and /,.-norms.

Lemma 4.7.1 (Non-Euclidean contraction estimates). Let A = [a;;] € R™™ and n €

RTL

>0

120



Robust Implicit Networks via Non-Euclidean Contractions Chapter 4

(i) For every a € R such that |a| < (max; |a;|) 7!,

12, + aAll1 g = 1+ o g (A),

||In + O./A||Oo7[n]—1 =1+ Ofboo, ] 1 (A)

(ii) the minimizer and minimum value of ming>g || I, + 0Al|oo -1 can be computed via

the linear program:

min t
a,t
1+a(aii+ri)§t, ie{l,...,n},
—1+Of(—&ii+7“i)§t, iE{l,...,n},

a > 0.

where i = 37, 2 |ai]-

Proof. Regarding part (i), we compute

n

|+ @Al s = max {1+ aaq| +a > U a3 (4.17)
i€l j=Li#i "
Since |a| < (max; |ay;]) ™!, we know |al|a;| < 1foralli € {1,...,n}. Therefore 1+aa; >

0 and |1 + aay;| = 1 4 aay, for every i € {1,...,n}. In summary, replacing in (4.17),

|+ @Al = max {14aai+a Y Dagl} =1+ apro 1 (A).
) =tz
The proof of the formula relating the weighted ¢;-norm and the weighted ¢; log norm will

follow mutatis mutandis to the above proof for /,.-norm and we omit it in the interest

of brevity.
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Regarding part (ii), using formula (4.17), we get

I 1n + aAllso, 1 = e?llax {11 + aay| + ar;}

= max {1+aa”+ar,,—1—ozaii—kozri}.
ie{l,....,n}

The result then follows. O

The following results are related to [133, Theorem 3.8] and [134, Lemma 3] and,
indirectly, to [7]. In comparison with [133, 134], we prove sharper bounds for a more

general setting.

Lemma 4.7.2 (Log norm inequalities under multiplicative scalings). For each A € R™*",

C € R™™" diagonal positive, and n € RZ,

(Z) dg[l()aﬁ Moo, [77]( C+ [d]A) = max {ﬂoo,[n](_c)aﬂfoo,[n](_c + A)}? and

(it) max puy ) (—C + Ald]) = max {1,y (—C), pir,jy)(—C + A) }.

defo,1]n

Proof. Define the short-hand 7; = a; + >_7_, ;;|ai;|mi/n; and note

Yoo, (—C) = %ax {—¢i}, uoo,[n](—C—i—A):'?llax {—c+r;}, and
1e41,..., n 1€1,..., n

foo i) (—C' + [d]A) = max }{_Ci +d;r; }
Since 0 < d; < 1, we note

r; <0 == di'f’i <0 — —c; + dﬂ“i < —¢,

>0 = dri20 = —¢+dir < -+
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Therefore
—c; +dir;} = —c; +dir;} = —Ci} < oo i (—C),
G e ) = e ) = e S e ()

—ci + dir;} = —¢;+dir} = —C;i + 15} < oo (—C + A).
T e dnd = g gy e dnd = magtea i S e =0+ A)

In summary
ool (—C + [d]A) = —¢i +d;r;
GBS Hoom SO A = i, s,y e+ )

= max max4q max{—c; +d;r;}, max{—c; + d;r; }
defo,1]n {i:ri<0{ v Z}’i:ri>0{ i+ diri}

< max {,uooy[n](—C’), Moo,[n](—C’ + A)}

On the other hand, we note that
e i (414 = €) 2 max (o (0,4 = O i (114 = €}

= maX { fhoo 5] (—C), proo, i) (=C + A) },

thereby proving the equality in statement (i). Next, recall pi ;) (B) = fioo (B ") for all

B and compute

. — o T
2 i) (=C + A[d)) 08X oo ) (—C +[d]A")

= max {fioc ) (= C), ploc.) (=C'+ A7)}
= max { 11,45 (—C), oo (—C + A) }.
This concludes the proof of statement (ii). O

In the same style as [66, Proposition 1] and [114, Theorems 1 and 2], the next lemma
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provides a parametrization of all matrices satisfying a ji, constraint.
Lemma 4.7.3 (Parametrization of matrices with bounded ¢, measure). For any v € R,

(i) given any A € R™™ with pw(A) < v, there exists a T € R™™ such that A =
T — diag(|T'[1,) + vIn,
(ii) given any T € R™", the matriz A = T — diag(|T|1,) + v, € R™™ satisfies

fioo(A) <7,
where we let |T| denote the entry-wise absolute value of T.
Proof. Regarding statement (i), define
tij:a,-j foralli;éje{l,...,n},

n

(aii—l— Z |Clz'j|—’)/), fOI‘iG{l,...,TL}.

=1

iy =

N | —

Because pio(A) < 7, we know a;; + Z;L:l’#i la;j| < v for each i. This implies that
ti; < 0 and therefore t; — |t;;| = ay + Z?:Lj i la;;| —~. It is an easy transcription
now to show that this equality and the off-diagonal equality ¢;; = a,; together imply
A =T — diag(|T|1,,) + v1,.

Regarding statement (ii), note that a;; = t;; for all j # 4, and a; = t;; —Z?Zl |tij| +-
Then, for all 7,

n

ag; + Z |ai;| = (ti — Z i +7) + Z |21
j=1

=L j=Lii
= ti — [tul +v =
Therefore, a;; + Y 7_; ;. |aij| <~ for all i and, in turn, pe(A) < 7. O
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We conclude with a simple graph-theoretical interpretation of the main well-posedness
condition p(A) < 1. Loosely speaking, we call —a;; the self-attenuation of neuron 7 and

Z;‘:Lj i la;;| the strength of its outgoing synapses. Then

poo(A) <1 <= a;+ Z la;;] <1 for all i
=1,

= for each neuron, strength of outgoing synapses < 1+ self-attenuation.

(4.18)

4.7.3 Proofs and additional results on non-differentiable acti-

vation functions

4.7.4 Proofs of Theorems 4.2.1 and 4.2.2

Proof of Theorem 4.2.1. Regarding (ii) = (i), note that, for every x € R" and every

0<a<Lar,

p(DFo(2)) < [[DFo(2))]] < qeea).
As a result, ap(DF(x)) = p(DFo(2)) =14+ a < =1+ a+ y..(a). Thus,

p(DF(x)) <1-— L= veele) for all x € R™.

— Y

«

2c

By choosing @ = @ = oy < ey We 8et
1— (@ 1-(1-a
/L(DF(x))Sl—wzl—le—c, for all x € R™.
« «

Thus, sup,epns p(DF(2)) <1 — ¢. This implies that osL(F) <1 —c.
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Regarding (i) = (ii), using the mean value theorem for vector valued functions, we

compute
IFalo) = Fal)l = | [ DRt + (1= it(e — )| < [TFale e ol

where DF(x,y) = fol DF,(tx + (1 — t)y)dt, for every =,y € R™.
Next, to obtain an upper bound on || DF,(z,)||, we first derive a lower bound on
Hﬁ;l(x,y)H We start by noting that, the product property (1.3f) implies ||Av| >

—u(—A)||v]|, for every v € R™ and every A € R"*". Therefore, for every v € R",
——1 =1
HDFa (m,y)v“ > _:u(_DFa (%,y))”UH (419>

Since DF,(2,y) = I, + a(—1I, + DF(x,y)) and a < e S 717, We can use the

Neumann series to get

DF, (z.y) = Y_(~1)'a'(~1, + DF(x.y))" (4.20)

We first compute an upper bound for u(DF(x)). Since osL(F) < 1 —¢, by the subadditive

property (1.3a) of the log norms, we get

i+ DFGe)) = ([ (- DFCa 1= )

< /OIM(—IRJFDF(mjL (1—t)y))dt < —ec. (4.21)
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Now, we use equation (4.20) to obtain

o0

IDF. @)l = (D (=1)* 0t (=L + DR (2, )" ) o]

=0

> — <,u(—In) + ap(—1I, + DF(x,y))

£ 3 an((~)* (1 + DF (@) ) o]

> (1+ac— Y (a(t+1))ol = (1+ac—

1=2

a?(0+1)?
m) o], (4.22)

where the first inequality holds by (4.19), the second inequality holds by subadditive
property of the log norm (1.3a), and the third inequality holds because, using (4.21)

and (1.3d), we obtain the upper bound:

p((=1)" (Lo + DF(z,9))") < (=L + DF(z,y))' < (1 +0)",  for all i € Zs,.

Note that a € (O’MTC)(ZH))' Equation (4.22) implies that, for each w € R™ and
v = DF,(z,y)w,

DF o (,

12 20E00 P N O

el IDF. (@ )l
As a result, || DF, (2, )| < vee(a) and
IFa(z) = Fa(w)l < veel@)llz —yll,  forall z,y € R™

Regarding parts (iii) and (iv), a straightforward calculation shows that, if 0 < a <

WC)(EH)’ then 1/ (1 + ac — f_zt(f(z)f)) < 1. The result then follows from the Banach
fixed-point theorem. Regarding part (v), we define the function & : |0, m[ — R
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by {(a) =14 ac — (-1 Then it is clear that &(a) = 1/7s.(a). Note that

T—a (1)
de (41
da =(e+t+1)- (1—a+1))2*

?E 2(0+1)2
da?~  (1—a(l+1))3

Since 4 To 4% < (), we conclude that ¢ is a concave function on (0, (chTC)(ZH)) and its max-
imum is achieved at a* for which %(a*) = 0. By a straightforward calculation, we
get

o ="11 !
c V1+1/k
and it is easy to see that the optimal value is as claimed in the theorem statement. [J

Proof of Theorem 4.2.2. We restrict ourselves to the norm ||- ||, ;15 the proof for |- |1
is similar and omitted in the interest of brevity.
Regarding part (i), first we note that diagL(F) < osL(F) < 1, since for every i €

{1...,n} and every x € R"

DFsi(w) < DFsi(w) + Y | DFiy(@)[ 2 = oo )1 (DF(2)) < 0sL(F) < 1. (4.23)
J#u

This implies that > 0 and (1 —osL(F))/(1—diagL(F)) < 1. Moreover, for every

1—dia, L()

r € R",
(1 — )l + aDF () || oo, = [[Tn + a(=1, + DF(x))]] oo,

Next, we study the diagonal entries of —I,, + DF(z). By the definition of diagL(F) and
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by equation (4.23),

— 1+ diagL(F) < =1+ DF;(x) <0 (for every i € {1,...,n} and x)
= |1 —diagL(F)| > | — 1+ DF;;(z)|

= 1 —diagL(F) > max; | — 1 + DF;(2)|
1 1

1 — diagl(F) = max; | — 1+ DF;(z)]

Therefore, o < and we can use Lemma 4.7.1(i) to deduce that

1
max; |—14+DF; (x)]

(1 — )l + CVDF($)HOO,[77]—1 =1+ O‘Mm,[n}—l(_]n + DF(z))
=14 a(=1 + foo -1 (DF(x))) for all x € R"

<14 a(-1+4+o0sL(F)) =1—a(l —osL(F)) < 1.

where the second equality follows from the translation property (1.3e) of log norms, and
the inequality holds because jio ;-1 (DF(7)) < osL(F) for all z, and the last inequality

holds because osL(F) < 1. This means that Lip(F,) < 1, for every 0 < a < 7 and

the result follows from the Banach fixed-point theorem.
Regarding part (ii), we note the contraction factor is a strictly decreasing function
of a. At a = 0 the factor is 1 and at the maximum of value of « that is, at o* = (1 —

diagL(F))~! the contraction factor is still positive since (1 —osL(F))/(1 — diagL(F)) < 1.

Hence the minimum contraction factor is achieved at o*. O

129



Robust Implicit Networks via Non-Euclidean Contractions Chapter 4

4.7.5 Proof of Theorem 4.2.3 and comparison with the litera-

ture

Before we prove Theorem 4.2.3, it is useful to compare it with similar results in the
literature. The result in [131, Lemma 1] is more general than Theorem 4.2.3 by allowing F
to be a multi-valued map defined on a metric space. However, Theorem 4.2.3(ii) uses the
one-side Lipschitz constant and provides a tighter upper bound on the distance between

fixed-points of F compared to its counterpart in [131, Lemma 1].

Proof of Theorem 4.2.3. Let [-,-] be a WP for the norm || - ||x on R™.
Regarding part (i), for every u € R™, we note that by definition of osL,(F), for every

u € R",

[F(z,u) = F(y, u),z = y] < osLu(F)lx - yll%,

This implies that osL(F,) < osL,(F) < 1, for every u € R". Thus, by Theorem 4.2.1(iii),
F. has a unique fixed-point x;.

Regarding part (ii), let [-,-] be a WP for the norm || - [|x on R™ and compute

|y, — x5 = [} — 2, 2} — ] (by compatibility)
= [Fu(zy,) = Fo(23), 2, — 7]
< [Fu(xl) = Fu(z)), xf — 2] + [Fu(z)) — Fo(x)), 22 — 2] (by sub-additivity)
< osLy(F)lz) — 2313 + IFu(z)) — Fo(@))llxllz) — 23lle (by Cauchy-Schwarz)

< osLy (F)ll2}, — @313 + Lipy (F) lu — vllul|2} — 272

This implies that (1 — osL,(F))|l«* — «¥||» < Lip,(F)|lu — v||zs and the result of part (ii)
follows. 0
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4.7.6 Non-differentiable fixed-point problems

In many machine learning applications, the activation functions are continuous but
non-differentiable and thus our results in Sections 4.2 do not directly apply to these
problems. In this subsection, we focus on a specific form of the fixed-point equation (4.1),
where F = ® o H and ®: R" — R” is a diagonal activation function with absolutely
continuous components and H: R™ x R” — R" is a differentiable function. It can be
shown that, for this class of systems, conclusions of Theorems 4.2.1, 4.2.2, and 4.2.3
still hold with respect to weighted /,-norms. Here, we present a result which extends
Theorems 4.2.2 and 4.2.3 for H(x, u) = G(z) 4+ Bu given some B € R™*" and with respect

to the norm || - ||oc.py-1-

Theorem 4.7.1 (Fixed points for non-differentiable activation functions). Consider the
norm || - ||oo,m-1 on R™ for some n € RY; and the norm || - |y on R". Additionally,

consider the following perturbed fixed point problem:

= ®(G(x) + Bu) = ®(z,u),

where ®: R™ — R™ is a diagonal function given by (¢p1(z1), . .., dn(T,)) with non-expansive
and weakly increasing ¢;, G: R" — R" is a continuously differentiable function, and
B € R™". Define the average map ®¢(x,u) := (1 —a)x+®°(x,u) and pick diagl(G)_ €
[— Lip(G), 0sL(G)] such that

diagL(G)_ < min inf DGy(x)_.

i zeR"
Assume that osL(G) < 1. Then,
(i) for every u € R", the map ®¢(-,u) has a unique fived-point x*;
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(i) for every 0 < a < and every u € R", ®S(- u) is a contraction map with

1
1—diagL(G)—

contraction factor 1 — a(1 — ReLU(0sL(G)));

H G
(iii) for every u,v € R", we have ||z, — 2} ||oo, -1 < #&LG)HU —0||y-

Proof of Theorem J.7.1. Regarding part (i), the assumptions on each scalar activation
function imply that (i) ®: R®™ — R" is non-expansive with respect to || - ||, and
(ii) for every p,q € R, there exists 6; € [0, 1] such that ¢;(p) — ¢i(¢) = 0;(p — q) or in
the matrix form ®(p) — ®(q) = O(p — q) where O is a diagonal matrix with diagonal

elements 0; € [0,1] and p,q € R™. As a result, we have

195 (21, 1) — D5 (w2, w)lloc -1 = (1 — @) (21 — w2) + aO(G(21) — G(2)) oo

< Suﬂ? H[n + a(_[n + GDG(y))HOO,[n]—l Hxl - x2H007[77]‘1'
yeR®

where the inequality holds by the mean value theorem. Then, for every a € |0, WL(@DG)],

H[n + Oé(—[n + @DG(’LZ/))HOO7[771—1 =1+ Oéllfoo’[m—l( — [n + @l)G(y))
<1+ Oé( — 1+ /LOO’[m—l(@DGQ/)))
<1+ a( =14 froo -1 (DG(y))+)

<1—-oa(l—-o0sL(G);) <1,

where the first equality holds by Lemma 4.7.1(i), the second inequality holds by subaddi-
tive property of matrix measures (1.3a), and the third inequality holds by Lemma 4.7.2.
Moreover, since 6; € [0,1], we have 0,DG;; > (DGy;)_, for every ¢ € {1,...,n}. This
means that
diagL(©DG) = min ian (0DG(y))s; > min in]Rf (DG;i(y))- = diagL(G) .
1 yeR" 1 yeRn®
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This implies that, for every a € (0, m],

19 (21, w) = G (22, 1) o1 < (1= (1 = ReLU(0sL(G)))) |1 — @aloc -

Since 1 — a(1 — ReLU(0sL(G))) < 1, the map ®S(-,u) is a contraction for every a €

(0 . This concludes the proof of parts (i) and (ii),

é]
» 1—diagL(G)—
Regarding part (iii), from formula (2.15) for the one-sided Lipschitz constant and

formula (3.2) for the relevant WP, we obtain that, for all 1,2, € R™,

[®(G(z1) + Bu) — ®(G(z2) + Bu), x1 — 2] o ;-1

= max n; 2 (1 — 22)i(0s((G(x1) + Bu);) — ¢i((G(x2) + Bu);))

i€loo ([n] = (z1—22))

= max 0in; % (21 — 22)i((G(x1) + Bu); — (G(x2) + Bu);)

i€loo([n] = (z1—12))
= max 91‘771'_2(331 — 12)i(G(z1) — G(22))s,

i€loo([n] = (z1—22))

Next, we recall Lumer’s equality and write it as

osL(G) = sup max 03w — 29)i(G(zy) — G(22))s.

z17w2 1€1oo (N~ (x1—22))

Next, we consider two cases. Suppose that osL(G) < 0. Since 6; € [0, 1] for all i, we

obtain

[[(I)(G(l’l) + BU) — @(G(:Uz) + Bu),ml — xQ]]oo,[n]*l < 0,

since the maximum value is achieved at 6; = 0 for all i. Alternatively, suppose that
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osL(G) > 0. Then

[®(G(z1) + Bu) — ®(G(z2) + Bu), z1 — 2] o ;-1

= max 0:in; (21 — 22)i(G(z1) — G(22));

i€loo([n] = (z1—22))

< max ;2 (21 — 22)i(G(x1) — G(22))s < 0sL(G)]lzr — a2, -1,

i€loo([n)~1(z1—22))

since the maximum value is achieved at §; = 1 for all i. This means that osL(®®) =

ReLU(0sL(G)). Now we compute

123, = 2ol o = [ — 23, 2% — 23] g g

:[[(I)S(LC QDG( *), @ — x]] et

< [[(I)S(SL’Z) - (I)S(SE:), SUZ - ZL’:]] 00,[n]~1 + [[Q)S(x CI)G - ]] ]t

< 0sL(G)4 |2, — @il + 195 (a) — ‘I’f(xfj)lloo,[n]—l [l = 3 llow

< 0sL(G) 4[|} — [|%, -1 + Lipy () [[u — vllul|w} — 2]l oo, -

This implies that (1 — ReLU(0sL(G))) ||z — 23| co,p—1 < Lip, (®€)|Ju — v[jy and the result
follows. 0

4.7.7 Proofs of results in Section 4.3

Proof of Theorem 4.53.1. The assumptions on each scalar activation function imply that
(i) @: R" — R" is non-expansive with respect to || - |ls,p-1, and (ii) for every p,q € R,
there exists 6; € [0,1] such that ¢;(p) — ¢i(q) = 0:(p — q). Regarding the equality
05Ly(N) = ReLU(jtoo, -1 (A)), from formula (2.15) for the one-sided Lipschitz constant
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and formula (3.2) for the relevant WP, we obtain that, for all z1,zs € R",

[@(Az1 + Bu) — ®(Azz + Bu),x1 — w2] -+

= max n; 2 (1 — 22)i(0s((Azy + Bu);) — ¢i((Aza + Bu);))

i€loo([n] = (z1—22))

= max 0in; (21 — 22)i((Azy + Bu); — (Azy + Bu);)
i€loo([n] = (z1—22))

= max Gii_Qx—ajiAa: — Axs);,
el gy P (1 = 2)i( Ay = A)

Next, we recall Lumer’s equality and write it as

foo, -1 (A) = sup max 77[2(561 — 2)i((Az1); — (Aza);).

z17w2 1€1oo (N~ (x1—22))

Next, we consider two cases. Suppose that fi. ;-1(A) < 0. Since 6; € [0, 1] for all i, we
obtain

[[@(A.Tl + BU) - (I)(Axg + Bu),xl - xz]]oo,[n}*l S 0,

since the maximum value is achieved at 6; = 0 for all i. Alternatively, suppose that

,uoo,[n]_l (A) > 0. Then

[®(Axy + Bu) — ®(Azy + Bu),x1 — 952]]00,[77]*1

= max 0,072 (x1 — xo);(Axy — Axs);
et (A D (71— w)i{ ATy — As)

< 22y — 29)i(Azy — A)i < o -1 (A1 — 22|21,
= et a1z (21— 22)i(Az1 — A2)i < prog =2 (A) 21 = 2l
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since the maximum value is achieved at 6; = 1 for all <. This concludes the proof of

formula 0sL,(N) = ftoo -1 (A)4. Next, since ® is non-expansive, we compute

[IN(z1,u) = N(z2, ) || oo,i-1 = [|®(Az1 + Bu) — ®(Azs + Bu)l|o
< [[(Azy 4+ Bu) — (Axg 4+ Bu)||oo -1

< ”A(xl - xZ)HOO,[n]*l < HAHOO,[n]*lel - CU2||OO,[17]*17

proving the formula for Lip,(N) = ||Al/oop-2- The proof of the formula Lip,(N) =

| B[ (00, -1) 4 is essentially identical. Finally, if each ¢; is differentiable then we compute

diagl,(N) = min inf DNy (z,u) = min inf ¢ ((Ax + Bu);) Ay

i€{l,...,n} z€ER™MuER" i€{l,...,n} zeR™MuER”
0, if A; >0
< min = min (Ay)_, (4.24)
i€{1,...,n} ie{1,...,n}

because of the properties of the activation functions. Now suppose that there ex-
ists ¢ € {1,...,n} such that ¢; is not differentiable. Using Theorem 4.7.1(ii) with
G = A, diagL(N) is chosen to be equal to be diagl.(A)_ which in turn is equal to

Mineqy,.. 0y (Ai) - O

Proof of Corollary 4.3.1. The results are immediate consequences of Theorem 4.2.2 (or
more generally Theorem 4.7.1 for non-differentiable activation functions) and of the Lip-

schitz estimates in Theorem 4.3.1. O

4.8 Adversarial attacks on implicit neural networks

In this section, we study the effect of different adversarial attacks on the existing

implicit network models as well as to the NEMON model.
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4.8.1 Attack models

First, we review several attack models that are used in the literature to study the
input-output resilience of neural networks. Each attack consists of a model for generating
suitable perturbations of the test input data. Perturbations with respect to these attacks

were generated using the Foolbox software package®.

Label: 6 : Label: 5 Label: 4

Figure 4.5: Images of MNIST handwritten digits perturbed by the continuous image
inversion attack. For i € {1,...,5}, row i corresponds to an /s, perturbation am-
plitude € = 0.1 x (¢ — 1). In other words, the top row has unperturbed images, the
second row has images that is perturbed by an ¢, amplitude ¢ = 0.1, etc.

Continuous image inversion. The continuous image inversion attack is defined by:

Usadversarial = U + € Sign <%]]-r]]-; - U) . (425)

5The Foolbox implementation is licensed under the MIT License and is available at
https://github.com/bethgelab/foolbox.
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It is clear that this attack is independent of the neural network model. Plots of perturbed
MNIST images under the continuous image inversion attack are shown in Figure 4.6. In
Figure 4.2, the right plot compares the accuracy of the NEMON model, the implicit deep
learning model [110], and the MON model [66] for ¢ € [0.0.5].

Label: 6 Label: 0 Label: 5 Label: 4 Label: 9 Label: 9 Label: 2 Label: 1

Figure 4.6: Images of MNIST handwritten digits as perturbed by uniform additive
{5 noise. For ¢ € {1,...,5}, row i corresponds to an ¢, perturbation amplitude
e = 0.2 x (i —1). In other words, the top row has unperturbed images, the second
row has images that is perturbed by an £, amplitude £ = 0.2, etc.

Uniform additive /. -noise. For this attack, the test images are perturbed by an
additive noise with /., magnitude sampled uniformly from the interval [0,1]. Plots of
perturbed MNIST images under uniform additive /,.-noise are shown in Figure 4.6.
Figure 4.7 shows scatter plots of the accuracy of the NEMON model, the implicit deep

learning model, and the MON model over 1000 sample attacks.
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Fast gradient sign method. Given input data U € R™™ and output labels Y &

R2*™ the fast gradient sign method (FGSM) generates adversarial inputs via the formula

Uadversarial = U +e Sigﬂ <g_§<y7 CX + DU))? (426>

where L is the loss function used to train the network and e provides the ¢, amplitude
of the perturbation. Plots of perturbed MNIST images under the FGSM are shown in
Figure 4.8. Plots of accuracy versus /., perturbation under the FGSM are shown in

Figure 4.9.

Projected gradient descent method. The projected gradient descent method (PGDM)
can be thought of as perturbing the input with several steps of the FGSM. The PGDM
attack can be defined for any norm, but for consistency, we reproduce it only for the
lo-norm. For the input data U € R™™ and outputs Y € R?*™ PGDM defines the finite

sequence of perturbations {&; }22, by

oL
oer1 = Pgrg ((5k + arsign <%(Y, CX + DU + 5k)>>, (4.27)

where M is some prescribed maximum number of steps, « is a stepsize, and P% is the
{5 orthogonal projection operator onto the entrywise /., closed ball with radius €. This
projection operator corresponds to clipping each entry of the matrix so that it is in the

range [—¢,¢|. Then, the perturbed input is simply
Uadversarial =U+ 5M .

Plots of perturbed MNIST images under the PGDM are shown in Figure 4.10. Plots of

accuracy versus (., perturbation under the PGDM are shown in Figure 4.11.

139



Robust Implicit Networks via Non-Euclidean Contractions Chapter 4

4.8.2 Other methods to decrease the /., Lipschitz constant

Recall that the input-output Lipschitz constant of the model (4.7) with both || - ||z

and | - ||y equal to the . -norm is given by

Lip :HWWMﬂmN@WMMWU+WN
vy 1-— RQLU(/LOO’W—l (A)) oo

When input data, U, is perturbed, the perturbation is directly fed into the output Y via
the output equation ¥ = C'X 4+ DU. For this reason, a simple change to attempt to
minimize the effect of input perturbations on the output is to replace the DU term in

the output equation by a static bias, i.e.,
Y =CX +1,,

where b € R?. This simple modification to the model changes the input-output Lipschitz

constant to

Lip, . = IBlleotne0ICllee) oo
u—y 1-— ReLU(/uLOO’[n]fl(A)) ‘

Finally, another degree of freedom is the parameter v < 1 in the constraint fi. j,-1(A) <
~. In all previously shown experiments on MNIST, we selected v = 0.95. From the ex-
pression for the input-output Lipschitz constant of the network (4.11), jiee p-1(A) =
0.95 leads to a small denominator, resulting in a relatively large input-output Lips-
chitz constant. A simple modification to moderate the Lipschitz constant is to impose
Hoo,f—1 (A) < € for some small € > 0. This attempts to maximize the denominator in the
expression for the Lipschitz constant.

For these modifications to the models, plots of accuracy versus /,-perturbation gen-

erated by the FGSM are shown in Figure 4.12. In this figure, we set ¢ = 0.05 for the

NEMON models. For comparison, the well-posedness condition for MON is set to be
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p2(A) < e. We do not modify the condition ||A|l. < 0.95 as imposing the constraint

| Al|s < € is overly restrictive and would result in a significant drop in accuracy.

4.8.3 Robustness of implicit neural networks on the MNIST

dataset

In this section, we compare the performance of the NEMON model with p.,(A) < 0.95
to the implicit deep learning model with [|A]|o < 0.95 and to the monotone operator
equilibrium network (MON) with I, — 1(A + AT) = 0.051, with respect to the attacks
described in the previous subsection on the MNIST dataset.

For the continuous image inversion attack, Figure 4.2 shows the curves for accuracy
versus {,-amplitude of the perturbation. We observe that, compared to the NEMON
model, the implicit deep learning model and the monotone operator equilibrium network
(MON) have larger drops in accuracy for small perturbations. For the NEMON model,
as A increases, the accuracy at zero perturbation decreases. However, as A increases, the
overall robustness of NEMON improves as its accuracy does not decrease substantially
even for large amplitudes of perturbation.

For uniform additive £, -noise, scatter plots with accuracy versus ¢, amplitude of the
perturbation are shown in Figure 4.7. We see that the NEMON model with A = 0, the
implicit deep learning model, and the MON model all perform comparably. The NEMON
models with A = 107! and A = 1072 both see improved robustness as their accuracy
does not drop as noticeably with /., amplitude of the perturbation. Surprisingly, the
NEMON model with A = 107 seems to be less robust than the NEMON model with
A=0.

For the FGSM, Figure 4.9 shows the curves for accuracy versus /., amplitude of

the perturbation. We see that the NEMON models with A = 107° and A\ = 10™* are
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the least robust, followed by the NEMON model with A = 0 and the MON. Only for
A€ {107%5,1072,107!} do we see an improvement in robustness for the NEMON model
at the price of a decrease in nominal accuracy. Note that for the FGSM, each model
experiences different perturbations.

For the PGDM, Figure 4.11 shows the curves for accuracy versus /., amplitude of the
perturbation. We see that the results are comparable with the perturbation generated
by the FGSM, with the exception that the implicit deep learning model now performs
comparably with the monotone operator equilibrium model. Note that for the PGDM,
each model experiences different perturbations.

Finally, we compare the performance of the models with the modification that the
output equation is Y = CX + b1, . Figure 4.12 shows the curves for accuracy versus /.,
amplitude of the FGSM perturbation for the NEMON model with p..(A) < 0.05, the
implicit deep learning model with ||A||o < 0.95, and the monotone operator equilibrium
model with I, — %(A + A") = 0.05I,. For these modifications in the models, we see
improvement in overall accuracy compared to original models of implicit networks (4.7)
shown in Figure 4.9. Additionally, we observe comparable performance in the NEMON
model with A = 0 and the implicit deep learning model, with the MON performing
slightly better than both. For the NEMON model with A = 10™%, the accuracy at zero
perturbation is comparable to the NEMON model with A = 0 and the overall robustness
of the NEMON model to the FGSM attack is significantly improved. However, as A
increases, we see that the nominal accuracy and overall robustness of the NEMON models

deteriorate.

4.8.4 Robustness of implicit neural networks on the CIFAR-10

dataset
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In this section, we compare the performance of the NEMON model with p(A) <0

to MON with I, — 2(A + AT) = I, with respect to the FGSM attack described in the

2
previous subsection on the CIFAR-10 dataset.

For the FGSM attack on the CIFAR-10 dataset, Figure 4.13 shows the accuracy versus
the (., amplitude of the perturbation for the regularized and un-regularized NEMON
model and the MON model. We observe that un-regularized NEMON model is more
accurate than MON for all amplitudes of perturbation. For example, at ¢,-perturbation
equal to 0.1, the accuracy of un-regularized NEMON is 39% whereas the accuracy of
MON at this attack amplitude is 35%. Moreover, the regularized NEMON with the
regularization parameter A = 10~ has a clean performance accuracy of 66% which is
lower than the clean accuracy of both MON and the un-regularized NEMON. However,
the regularized NEMON demonstrates a consistent improvement in accuracy for sizeable
(s -perturbations. For example, at an /,-perturbation equal to 0.15, the accuracy of the

regularized NEMON model is 29% whereas the accuracy of MON at this attack amplitude
is 24%.
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Accuracy vs perturbation on MNIST handwritten digits
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Figure 4.7: Scatter plots of accuracy versus /., perturbation as generated by
uniform additive fo, noise over 1000 trials.
model fioo(A) < 0.95 with A € {1071,10725,1075,0}, the implicit deep learning
model ||Alls < 0.95, and the monotone operator equilibrium network (MON) with

I, — 3(A+AT) = 0.051,.
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Label: 6 Label: 0 Label: 5 Label: 4 Label: 9 Label: 9 Label: 2 Label: 1

te

Figure 4.8: Images of MNIST handwritten digits as perturbed by the FGSM. For
i€{l,...,5}, row i corresponds to an ¢, perturbation amplitude e = 0.1 x (¢ — 1).
In other words, the top row has unperturbed images, the second row has images that
is perturbed by an /o, amplitude ¢ = 0.1, etc.
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Accuracy vs perturbation on MNIST handwritten digits
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Figure 4.9: Plot of accuracy versus f., perturbation as generated by the FGSM
for the NEMON model with ps(A) < 0.95, the implicit deep learning model with
|Alloo < 0.95, and MON with I,, — (A + AT) = 0.051,,.
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Label: 6 Label: 0 Label: 5 Label: 4

te

Figure 4.10: Images of MNIST handwritten digits as perturbed by the PGDM. For
i€{l,...,5}, row i corresponds to an ¢, perturbation amplitude e = 0.1 x (¢ — 1).
In other words, the top row has unperturbed images, the second row has images that
is perturbed by an /o, amplitude ¢ = 0.1, etc.
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Accuracy vs perturbation on MNIST handwritten digits
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Figure 4.11: Plot of accuracy versus /., perturbation as generated by the PGDM
for the NEMON model with ps(A) < 0.95, the implicit deep learning model with

| Al < 0.95, and MON with I, — 2(A+ AT) = 0.051,,.
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Figure 4.12: Plot of accuracy versus fo, perturbation as generated by the FGSM
for the NEMON model with ps(A) < 0.05, the implicit deep learning model with
|Al|s < 0.95, and MON with I, — (A + AT) = 0.05I,. The output equation is

Y =CX +b1,,.
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Accuracy vs perturbation on CIFAR-10 images
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Figure 4.13: Plot of accuracy versus £, perturbation as generated by the FGSM for
the NEMON model with zi0(A) < 0 and MON with I,, — 2(A+ AT) = I,.

149



Chapter 5

Non-Euclidean Contraction Analysis
of Continuous-Time Neural

Networks

An early version of this chapter was first published in the Proceedings of the American
Control Conference, 2022 [135]. The chapter, as it appears, was first published in IEEE

Transactions on Automatic Control [100].!

5.1 Introduction

Motivation from dynamical neuroscience and machine learning. Tremendous
progress made in neuroscience research has produced new understanding of biological
neural processes. Similarly, machine learning has become a key technology in modern so-

ciety, with remarkable progress in numerous computational tasks. Much ongoing research

1@©2025 IEEE. Reprinted, with permission, from Alexander Davydov, Anton V. Proskurnikov, and
Francesco Bullo, Non-FEuclidean Contraction Analysis of Continuous-Time Neural Networks, January

2025.
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focuses on artificial learning systems inspired by neuroscience that (i) generalize better,
(ii) learn from fewer examples, and (iii) are increasingly energy-efficient. We argue that
further progress in these disciplines hinges upon modeling, analysis, and computational
challenges, some of which we highlight in what follows.

In dynamical neuroscience, several continuous-time neural network (NN) models
are widely studied, including membrane potential models such as the Hopfield neural
network [136] and firing-rate models [137]. Clearly, such models are simplifications of
complex neural dynamics. For example, if f(z) is an NN model of a neural circuit, the

true dynamics may be better described by

w(t) = f(z(t) + g(a(t), z(t — 7(1))), (5.1)

where g captures model uncertainty and time-delays. In other words, to account for
uncertainty in the system, the nominal dynamics f(x) must exhibit robust stability with
respect to unmodeled dynamics and delays. Additionally, central pattern generators
(CPGs) are biological neural circuits that generate periodic signals and are the source of
rhythmic motor behaviors such as walking and swimming. To properly model CPGs in
NNs, a computational neuroscientist would need to ensure that, if an NN is interconnected
with a CPG, then all trajectories of the NN converge to a unique stable limit cycle.
Machine learning scientists have widely adopted discrete-time NNs for pattern
recognition and analysis of sequential data and much recent interest [109, 120, 114, 98]
has focused on the closely-related class of implicit NNs. In particular, training implicit

networks corresponds to solving fixed-point problems of the form

r = ®(Axr + Bu+b), (5.2)
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where x is the neural state variable, ® is an activation function, A and B are synaptic
weights, u is the input stimulus, and b is a bias term. Note that (i) the fixed point in
equation (5.2) is the equilibrium point of the continuous-time NN & = —z+ ®(Az+ Bu+
b), (ii) the training problem requires the efficient computation of gradients of a given loss
function with respect to model parameters; in turn, this computation can be cast again
as a fixed-point problem. In other words, in the design of implicit NNs, it is essential to
pick model weights in such a way that fixed-point equations have unique solutions for all
possible inputs and activation functions, and fixed-points and corresponding gradients
can be computed efficiently.

Finally, an additional challenge facing machine learning scientists is robustness to
adversarial perturbations. Indeed, it is well-known [118] that artificial deep NNs are
sensitive to adversarial perturbations: small input changes may lead to large output
changes and loss in pattern recognition accuracy. One proposed remedy is to characterize
the Lipschitz constants of these networks and use them as regularizers in the training
process. This remedy leads to certifiable robustness bounds with respect to adversarial
perturbations [130, 128]. In short, the input/output Lipschitz constants of NNs need to
be tightly estimated, e.g., in the context of the fixed-point equation (5.2).

A contraction theory for neural networks. Motivated by the challenges arising
in neuroscience and machine learning, this chapter aims to perform a robust stability
analysis of continuous-time NNs and develop optimization methods for discrete-time NN
models. Serendipitously, both these objectives can be simultaneously achieved through
a contraction analysis for the NN dynamics.

For concreteness’ sake, we briefly review how the aforementioned challenges are ad-
dressed by a contraction analysis. Infinitesimally contracting dynamics enjoy highly
ordered transient and asymptotic behaviors: (i) initial conditions are forgotten and a

certain distance between trajectories is monotonically vanishing [23], (ii) time-invariant
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systems admit a unique globally exponentially stable equilibrium with two natural Lya-
punov functions (distance from the equilibrium and norm of the vector field) [23], (iii)
periodic systems admit a unique globally exponentially stable periodic solution or, for sys-
tems with periodic inputs, each solution entrains to the periodic input [6], (iv) contracting
vector fields enjoy highly robust behavior, e.g., see [138, 5], including (a) input-to-state
stability, (b) finite input-state gain, (c) contraction margin with respect to unmodeled dy-
namics, and (d) input-to-state stability under delayed dynamics. Hence, the contraction
rate is a natural measure/indicator of robust stability.

Regarding computational efficiency, our recent work [97, 98] shows how to design
efficient fixed-point computation schemes for contracting systems (with respect to arbi-
trary and non-Euclidean /¢, /¢, norms) in the style of monotone operator theory [74].
Specifically, for contracting dynamics with respect to a diagonally-weighted ¢; /¢, norm,
optimal step-sizes and convergence factors are given in [98, Theorem 2]. These results
are directly applicable to the computation of fixed-points in implicit neural networks, as
in equation (5.2). These step-sizes, however, depend on the contraction rate. Therefore,
optimizing the contraction rate of the dynamics directly improves the convergence factor
of the corresponding discrete algorithm.

Literature review. The dynamical properties of continuous-time NN models have
been studied for several decades. Shortly after Hopfield’s original work [136], control-
theoretic ideas were proposed in [139]. Later, [140, 141, 142] obtained various version of
the following result: Lyapunov diagonal stability of the synaptic matrix is sufficient, and
in some cases necessary, for the existence, uniqueness, and global asymptotic stability of
the equilibrium. More recently, [143] studies linear-threshold rate neural dynamics, where
activation functions are piecewise-affine; it is shown that the dynamics have a unique
equilibrium if and only if the synaptic matrix is a P-matrix, a weaker condition than

Lyapunov diagonal stability. Since checking this condition is NP-hard, more conservative
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conditions are provided as well. Beyond Lyapunov diagonal stability and P-matrices,
[133] is the earliest reference on the application of logarithmic norms and contraction-
theoretic principles to Hopfield neural networks and provides results on ¢, logarithmic
norms of the Jacobian for networks with smooth activation functions. Alternatively,
[144] proposes a quasi-dominance condition on the synaptic matrix (in lieu of Lyapunov
diagonal stability). Finally, similar to non-Euclidean contraction, [7] proposes the notion
of the nonlinear measure of a map to study global asymptotic stability; this notion is
closely related to the ¢; one-sided Lipschitz constant of the Hopfield neural network vector
field. A comprehensive survey on stability criteria for continuous-time NNs is available
in [145].

The importance of non-Euclidean log norms in contraction theory is highlighted,
for example, in [6, 14]. In the spirit of these works, the non-Euclidean contractivity of
monotone Hopfield neural networks is studied in [146]; see also [147] for the non-Euclidean
contractivity of Hopfield neural networks undergoing Hebbian learning.

Finally, Euclidean contractivity of continuous-time NNs has been studied, e.g., see
the early reference [133], the related discussion in [114], and the recent work [148].

Contributions. This chapter contributes fundamental control-theoretic understand-
ing to the study of artificial neural networks in machine learning and neuronal circuits in
neuroscience, thereby building a hopefully useful bridge among these three disciplines.

Specifically, the chapter develops a comprehensive contraction theory for classes of
continuous-time NN models. In order to develop this theory, we make several technical
contributions on non-Euclidean logarithmic norms and nonsmooth contraction theory.
To be specific, first, we obtain novel logarithmic norm results including (i) the quasicon-
vexity of the /1 and /¢, logarithmic norms with respect to diagonal weights and provide
novel optimization techniques to compute optimal weights which yield larger contraction

rates, (ii) logarithmic norm properties of principal submatrices of a matrix with respect
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to monotonic norms, and (iii) explicit formulas for the ¢; and /., logarithmic norms un-
der multiplicatively-weighted uncertainty, resulting in a maximization of the logarithmic
norm over a matrix polytope. The matrix polytopes described in (iii) are of special in-
terest since the Jacobian matrix of the Hopfield or firing-rate neural network vector field
always lies inside this polytope. The formulas in (iii) generalize previous results [133,
Theorem 3.8], [134, Lemma 3] and [98, Lemma 8§].

Motivated by our non-Euclidean logarithmic norm results, we define M-Hurwitz ma-
trices, i.e., matrices whose Metzler majorant is Hurwitz. We compare M-Hurwitz ma-
trices with other classes of matrices including quasidominant, totally Hurwitz, and Lya-
punov diagonally stable matrices.

Second, we provide a nonsmooth extension to contraction theory. We show that, for
locally Lipschitz vector fields, the one-sided Lipschitz constant is equal to the essential
supremum of the logarithmic norm of the Jacobian. This equality allows us to use our
novel logarithmic norm results and apply them to NNs that have nonsmooth activation
functions.

Finally, we apply our theoretical developments as we establish conditions for the
non-Euclidean contractivity of multiple classes of recurrent neural circuits and nonlinear
dynamical models, including Hopfield, firing rate, Persidskii, Lur’e, and others. We

consider locally Lipschitz activation functions that satisfy an inequality of the form d; <

P(z) — 9(y)
r—=y

Indeed, the importance of nonmonotonic activation functions is discussed in [149]. This

< dy, for all z # y € R, where d; may be negative and dy may be infinite.

class of activation functions is more general than all of the continuous activation functions
mentioned in [145, Section II.B]. Thus, our non-Euclidean contraction framework allows
for a more systematic framework for the analysis of these classes of NNs with fewer
restrictions on the activation functions. For each model, we propose a linear program to

characterize the optimal contraction rate and corresponding weighted non-Euclidean ¢,
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or /o, norm. In some special cases, we show that the linear program reduces to checking
an M-Hurwitz condition. Our results simplify the computation of a common Lyapunov
function over a polytope with 2" vertices to a simple condition involving just 2 of its
vertices or, in some cases, all the way to a closed form expression.

For each model, we demonstrate that the dynamics enjoy strong, absolute and to-
tal contractivity properties. In the spirit of absolute and connective stability, absolute
contractivity means that the dynamics are contracting independently of the choice of
activation function and connective stability means that the dynamics remain contract-
ing whenever edges between neurons are removed. Total contractivity means that if the
synaptic matrix is replaced by any principal submatrix, the resulting dynamics remain
contracting. The process of replacing the nominal NN with a subsystem NN is referred
to as “pruning” both in neuroscience and in machine learning.

A preliminary version of this work appeared in [135]. Compared to [135], this version
(i) includes proofs of all technical results, (ii) provides closed-form worst-case log norms
over a larger class of matrix polytopes in Lemma 5.4.3, (iii) studies a more general class of
locally Lipschitz activation functions in Section 5.6, allowing for both nonmonotonic acti-
vation functions as well as activations that have unbounded derivative, (iv) has a complete
characterization of contractivity of Hopfield and firing-rate neural networks with respect
to both ¢; and ¢, norms, (v) provides a novel sufficient (and nearly necessary) condi-
tion for the non-Euclidean contractivity of a Lur’e model with multiple nonlinearities
in Theorem 5.6.11, and (vi) includes additional comparisons to Euclidean contractivity
conditions in Remark 5.6.1 and to Lyapunov diagonal stability in Section 5.2.

Notation unique to this chapter. For two matrices A, B, we let A;; be the entry
in the i-th row and j-th column of A, A o B be entrywise multiplication and |A| be
the entrywise absolute value. Vector (and matrix) inequalities of the form z < y are

entrywise. The Metzler majorant of a square matrix A is [Aly, € R™™ is defined by
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As, ifi=y
([AMar)ij = :
|Agj|, ifiF#y

5.2 Preview of main contractivity results and advan-
tages of a non-Euclidean analysis

To motivate the mathematical tools and analysis in Sections 5.4-5.6, we will show-
case the main contractivity results for Hopfield and firing-rate neural networks under
simplifying assumptions to provide a baseline for comparison to other standard stability
conditions for these classes of neural networks.

The continuous-time Hopfield and firing-rate neural networks are the following two

dynamical systems:

t=—-Co+ A®(z) +u =: fu(x), (5.3)

&t =—Cz+ P(Azr +u) =: frr(z), (5.4)

where x € R" is the state of the neural network (either a vector of membrane poten-
tials or firing rates), C' € R"*" is a positive semidefinite diagonal matrix of dissipation
rates, A € R™" is the synaptic matrix , u € R" is a constant external stimulus, and
®: R™ — R" is an activation function which satisfies ®(z) = (¢1(z1), ..., ¢n(z,)). In the
machine learning literature, such continuous-time NNs have been given the name neural
ODEs [119].

For exposition’s sake, we make the following standing assumptions throughout the

remainder of this section:
Assumption 1. (i) C =1,
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(ii) the matriz [ Almg is irreducible, and

(iii) each ¢; is continuously differentiable and satisfies

0<¢i(x) <1 forallz € R.
Under these assumptions, we can state our main results compactly:

Proposition 5.2.1. Consider the Hopfield and firing-rate neural networks (5.3) and (5.4)
satisfying Assumption 1, suppose a[Almz) < 1, and define ¢ = 1 — max{a([ A|mar, 0)}-
Then

(i) the Hopfield neural network is contracting with rate ¢ > 0, i.e., any two trajectories

21(-),22() of (5.3) satisfy
l21(t) = 22(t) [l < € “|21(0) — 22(0) 1,6,
for allt > 0, where n € R, is the dominant left eigenvector of the Metzler matrix

’VA—I Mzr -

(i) the firing-rate neural network is contracting with rate ¢ > 0, i.e., any two trajecto-

ries x1(+), x2(+) of (5.4) satisfy

lz1(t) = 22(t) oo g1 < € |21(0) = 22(0)|oc -1,

for allt > 0 where £ € RY, is the dominant right eigenvector of the Metzler matriz

[A—I Mzr -

In particular, under Assumption 1 and «([A]mz) < 1 (or equivalently a([—1I, +
Alya) < 0), for each u € R", both the Hopfield and firing-rate neural networks have
unique globally exponentially stable equilibria and thus the condition a([—1, + Alyr) <
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0 provides a novel sufficient condition for the existence of a unique globally exponential
stable equilibrium along with many additional robustness properties offered by contract-
ing systems such as robustness to uncertainties and entrainment to periodic inputs.
Although in this chapter we primarily study the continuous-time NNs (5.3) and (5.4),
we remark that many results apply to classes of discrete-time NNs as well. Specifically,
given a continuous-time NN, & = fyn(z), which is contracting, the forward Euler dis-

cretization of the continuous-time NN with stepsize h > 0 yields a residual neural network

Trp1 = T + hfan(xr), (5.5)

which is contracting in the sense of the Banach fixed point theorem for sufficiently small
h (see, e.g., [97, Theorem 8|). For recent results on contraction for a different class of
discrete-time NNs, we refer to [150].

The condition a([—1, + Alyn) < 0 is different from the well-known result that

Lyapunov diagonal stability (LDS) of —1,+A, i.e., existence of a vector n € RZ, satisfying

(=1, + A) + (=1, + A)"[n] <0, (5.6)

implies the existence of a unique globally asymptotically stable equilibrium point for the
Hopfield neural network [142]. Moreover, the condition a([—1, + A|mz) < 0 is stronger
than LDS of —I,,+ A, which we prove in Lemma 5.3.2, yet it implies the stronger property
of contractivity.

Beyond LDS, an alternative way to establish the stability of the neural networks (5.3)
and (5.4) is via absolute stability analysis of Lur’e systems and methods via quadratic
Lyapunov functions. These methods are typically based upon linear matrix inequalities

(LMIs), see, e.g., [37, 151] and the discussion in [145, Section I.V.]. Compared to these
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classical approaches, establishing contractivity with respect to diagonally-weighted ¢; or
{, norms provides both computational and practical advantages, which we highlight in
the following paragraphs.

Computational benefits. In the non-Euclidean contraction analysis of many classes
of neural networks, contractivity is checked either via linear programming or, in some
simpler instances, the stability of appropriate Metzler matrices. As argued in [152],
from a computational point of view, both of these tests are more scalable than LMIs are.
Indeed, there exist efficient algorithms for computing Perron eigenvalues and eigenvectors
for irreducible Metzler matrices [153].

Practical benefits. Compared to stability with respect to a quadratic Lyapunov
function, there are also practical advantages to establishing contractivity with respect to
diagonally-weighted ¢; and ¢, norms. These benefits include (i) the ¢; norm (respectively,
the {,, norm) is well suited for systems with conserved quantities (respectively, systems
with translation invariance), e.g., see the theory of weakly contracting and monotone
systems in [154, Chapter 4], (ii) in machine learning, analysis of the adversarial robust-
ness of a NN often needs to be performed in a non-Euclidean norm, because NNs are
known to be vulnerable to small disturbances as measured in the ¢, norm [75], and (iii)
contractivity with respect to non-Euclidean norms ensures robustness with respect to
edge removals and structural perturbations, e.g., see the notion of connective stability
in [155].

To elaborate on point (iii) in the previous paragraph, in continuous-time NNs such as
the Hopfield and firing rate neural networks (5.3)-(5.4), the synaptic matrix A defines a
graph structure whereby there is an outgoing synapse from neuron j to neuron ¢ provided
that A;; # 0. As we will show in Corollary 5.4.6, if the neural network is contracting with

respect to a diagonally-weighted ¢, or £, norm, it is connectively contracting. Specifically,
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the removal of any edge? or neuron from the graph?® yields a new neural network that
remains contracting with a rate greater than or equal to the rate of contraction of the
original neural network. Note that this property is not enjoyed by stability conditions

requiring a matrix to be LDS. Indeed, for the Hopfield neural network (5.3), consider

-1 =15 0 -1 0 O

Note that A satisfies (5.6) with n = 1,, so —I,, + A is LDS and thus the Hopfield neural
network is stable. However, zeroing out As, yields A which verifies a(—1I, + A) > 0, so
the resulting NN is not absolutely stable.

In the following sections, we introduce additional mathematical tools to prove Propo-
sition 5.2.1 under assumptions weaker than those listed in Assumption 1. Specifically, we
(i) relax item (i) to C' which is diagonal and positive semidefinite, (ii) relax item (ii) to
also study [A]mz which may be reducible, and (iii) relax item (iii) to study nonsmooth
activation functions which may be nonmonotonic and may have unbounded slope. See
Theorems 5.6.1, 5.6.3, and 5.6.5 for these results. Beyond the proof of a more general ver-
sion of Proposition 5.2.1, we also establish /., contractivity of the Hopfield neural network
in Theorem 5.6.2, the ¢; contractivity of the firing-rate neural network in Theorem 5.6.4,
and study the contractivity of other classes of neural networks in Section 5.6.4. In the
interest of readability, we postpone proofs of most technical results to Appendix 5.8 and

include proofs regarding contractivity of classes of NNs in the main body of the text.

2Removing an edge corresponds to zeroing a non-diagonal entry of A.
3Removing the i-th neuron corresponds to removing the i-th row and column of A.
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5.3 Review of relevant matrix analysis

5.3.1 Useful log norms characterizations for diagonally-weighted

norms

For diagonally weighted /1, (s, and ¢, norms with n € RZ,,

A) = Aii + —| Ay

p(4) = max i ]
=min{b € R | [A] .1 < bn},

_ ) " Mg

Mo@[ﬁ]_l (A) . max A“ + ZJ:I,];E% ’rh ‘A2j|
=min{b € R | [A]mzn < b1},

pa /2 (A) = min{b € R | [)] A + A" [n] < 2b[n]}.

The following result is due to [156] and [61, Lemma 3].

Lemma 5.3.1 (Optimal diagonally-weighted log norms for Metzler matrices). Given a

Metzler matriz M € R™", p € [1,00], and § > 0, define nu s € RZ, by

1/p 1/p
w Wn,
NMps = 11/ ERRERY 5 (57)
v, q o q

where q € [1,00] is defined by 1/p+1/q = 1 (with the convention 1/oo = 0) and where

v and w € RY, are the right and left dominant eigenvectors of the irreducible Metzler
matriz M + 61,1, (whose existence is guaranteed by the Perron-Frobenius Theorem,).

Then for each £ > 0 there exists 6 > 0 such that
(1) (M) < pp s, 51 (M) < (M) + ¢,

(ii) if M is irreducible, then a(M) = pip 1y, o) (M).
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Lemma 5.3.1 also ensures that for Metzler matrices M € R™", inf,ern 1,1 (M) =

a(M) for every p € [1, 00].

5.3.2 Classes of matrices
We say a matrix A € R™™" i

(i) Hurwitz stable, denoted by A € H, if a(A) < 0,

(i) totally Hurwitz, denoted by A € TH, if all principal submatrices of A are Hurwitz

stable,

(ili) Lyapunov diagonally stable (LDS), denoted by A € LDS, if there exists a n € RZ,

such that fiy,1/2(A) < 0, and

(iv) M-Hurwitz stable, denoted by A € MH,, if a([Alma) < 0.

A matrix A € R™" is quasidominant [157] if there exists a vector n € R such that

n; Ay > Zj:17j¢i njlAi;], forallie {l,...,n}.

This is equivalent to [—A|yan < 0, which, in turn, is equivalent (see, for example, [158,
Theorem 15.17]) to the inequality a([—A|mz) <0, ie., —A € MH.
The following results are essentially known in the literature, but not collected in a

unified manner.

Lemma 5.3.2 (Inclusions for classes of matrices). (A € MH) implies (A € LDS),
(A € LDS) implies (A € TH), and (A € TH) implies (A € H).

U TH LDS [ MH ]
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We show that the counter-implications in Lemma 5.3.2 do not hold.

-1 -1
Example 5. (i) (A € LDS =5 A € MH) The matriz A = satisfies
2 -1

pa(A) = —0.5, so A € LDS. However, a[Alym) = V2 —1>0, so A ¢ MH.

(i) (Ae TH =5 Ae LDS) is proved in [159, Remark 4].

1 1
(i) (A e H =5 A e TH) The matric A = satisfies a(A) = —1, so
—4 =3

A € H. However, A ¢ TH since it has a positive diagonal entry.

In the context of Proposition 5.2.1, the condition a([—1,, + Alwmw) < 0, is equivalent
to asking —I,, + A € MH, which, in light of Lemma 5.3.2, implies —I,, + A € LDS,
which was the previously known sufficient condition for asymptotic stability of a unique

fixed point of the Hopfield NN.

5.4 Novel log norm results

5.4.1 Optimizing non-Euclidean log norms

First, we provide novel results on optimizing diagonal weights for ¢; and /., log norms

and provide computational methods to compute these weights.

Theorem 5.4.1 (Quasiconvexity of pu with respect to diagonal weights). For fized A €

R™™  consider the maps from RZ, to R defined by

1= ) (A), 1N = Moo, (A). (5.8)

Then
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(i) The maps in (5.8) are continuous, quasiconvex, and their sublevel sets are polytopes.

(ii) Minimizing the maps in (5.8) may be executed via the minimization problems

inf b
beR,NERT (59)
st [Alypn < b,
for pi1 [ (A) and
inf b
bER,neRgo (51())

s.1. (A—‘ MzrT] S bna

for fog (A).

Remark 5.4.1. If [A]mg is irreducible, by Lemma 5.3.1 the optimization problems
in (5.9) and (5.10) attain their minima so that the inf may be replaced by min. Then
the problems may be solved by a bisection on b € [—||A||, [|A||]], where each step of the
algorithm is a linear program (LP) in n.

Moreover, the minima in (5.9) and (5.10) exist for many types of reducible matrices,
e.g. when [Alma is a block-diagonal matriz whose diagonal blocks are irreducible.

In the event that the minimum does not exist, let b* be the infimum value of either
(5.9) or (5.10). Then for any € > 0, one can still apply the bisection algorithm to find a

choice of n such that pp(A) < 0" 4 €, where py(-) denotes either piy [ (+) 01 fhoofy-1(+).

Remark 5.4.2. Notice that the sets of feasible vectors n in (5.9) and (5.10) are polyhedral
cones, that is, if n is feasible, then 0n is also feasible for all @ > 0. Hence, the constraint
n € R, can be replaced by an equivalent constraint n € [e,00)", where e > 0 is an
arbitrary constant. This can be useful, because LP solvers usually handle problems with

non-strict inequalities.
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Next, we provide closed-form expressions for ¢; and /., log norms over a certain
polytopes of matrices. Polytopes of interest are defined by a nominal matrix multiplied
by a diagonally-weighted uncertainty and shifted by an additive diagonal matrix. Such
matrix polytopes arise in tests verifying the contractivity of Hopfield and firing-rate NNs

and will play a critical role in our analysis.

This insert corresponds to Lemma 5.4.3. For A € R™" ¢ € R*. d; < dy € R, d =

max{|d:|, [do[}, and 1 € R,

der[gfé;]"uoo’[n]([c] + [d]A> - max {HOO’[”]([C] + dlA)v /’6007[77]<[c:| + dQA)}> (5.11)
Jmax i) ((e] + Ald]) = max () (d + i), p g (d] + d2A)}, (5.12)
(e oo ) (€] + Ald]) = max {jtoo 5 ([c] + dA — (d = d1) (L 0 A), (5.13)

fiooin ([] + dA — (d — dy)(I 0 A)) },

J2nax i fr)([d] + [d)4) = max {pn g ([e] +dA = (d = di)(Tn © 4)), (5.14)

g ([¢] + dA — (d — dy) (I, A)}.

Lemma 5.4.3 (Max value of ¢;/{,, log norms under multiplicative scalings). Any A €
R ¢ e R, dy < dy € R, and n € R satisfy formulas (5.11)-(5.14) where d =

max{]dﬂ,\dg\}.

Recall that the log norm is a convex function and that the maximum value of a convex
function over a polytope is achieved at one of the vertices of the polytope. In the special

case in Lemma 5.4.3, formulas (5.11)-(5.14) ensure that one needs to check only 2 vertices
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of the polytope, rather than 2".
Finally, we show how the optimal diagonal weights that minimize the maximum value

of the log norm of a matrix polytope as in Lemma 5.4.3 can be easily computed.

Corollary 5.4.4. Let A, c,dy, and dy be as in Lemma 5.4.3. Then for uu,(-) denoting

either puy n) () o7 foo, -1 (-) the minimax problems

inf  max_ pp([c] + [d]A),

WER;O dE[dl,dg]"

inf  max_ pp([c] + Ald]),

UER’;O deldy,d2]™
may each be solved by a bisection algorithm, each step of which is an LP.

Proof. The proof is an immediate consequence of the formulas (5.11)-(5.14) as well as the
fact that a max of quasiconvex functions is quasiconvex. Therefore, a bisection algorithm

similar to the one in Theorem 5.4.1(ii) may be used to compute the optimal 7. O

5.4.2 Monotonicity of diagonally-weighted log norms

Theorem 5.4.2 (Monotonicity of a and p). For any A € R™*"
(Z) a(A> < O‘(IVA—IMzr);

(ii) for all p € [1,00] and n € RZ, we have piym(A) < pip ) ([AlMa), with equality

holding for p € {1,00}.

(111) For p € {1,00},
it f1p1(4) = ([ Ay) = ().

nERL

Theorem 5.4.2(iii) demonstrates that using diagonally-weighted ¢; and /., log norms,

the best bound one can achieve on «(A) is a([A]mz), which may be conservative. In
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the following example, we show that the 5 norm does not have the same conservatism.
Despite the conservatism, Theorem 5.4.1 demonstrates that optimizing diagonal weights
is computationally efficient, being an LP at every step of the bisection, while optimizing
weights for the /5 norm is a semidefinite program at every step, which is more computa-

tionally challenging than an LP of similar dimension.

1 1
Example 6. The matriz A, = has eigenvalues {141, 1—1} whereas [ Ay |ma has

-1 1
eigenvalues {2,0}. Therefore, a(A,) =1 < 2 = a([Ama). Additionally, (A.+A])/2 =

I, = ,UZ(A*) =1 and M?([A*—IMzr) =2.

5.4.3 Log norms of principal submatrices

Given a matrix A € R” and a non-empty index set Z C {1,...,n}, let Az € RZ*xZ
denote the principal submatriz obtained by removing the rows and columns of A which
are not in Z. Next, given a non-empty Z C {1,...,n}, define the zero-padding map
pad;: Rl — R” as follows: pad;(y) is obtained by inserting zeros among the entries of
y corresponding to the indices in {1,...,n}\Z. For example, with n = 3 and Z = {1, 3},
we define pad; 3, (y1,92) = (1,0, y2). Then it is easy to see that given a norm || || on R"

and non-empty Z C {1,...,n}, the map ||-|z: R — Rs defined by |y||z = || pad(y)]|

is a norm on RZ,
Lemma 5.4.5 (Norm and log norm of principal submatrices). Assume ||-|| is monotonic,
let 1 and pz denote the log norms associated to || - || and || - ||z respectively. Any matriz

A € R™™ satisfies
(1) [Azllz < [|A]l,

(ii) pz(Az) < pu(A),
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(111) if w(A) <0, then A € TH.
Corollary 5.4.6. Suppose A € MH C R™"™. Then
(i) Az € MH C REXIZ for every non-empty T C {1,...,n} and

(1)) A—Aje;; € MH foralli,j e {1,...,n},i+# j, where €; is a matriz with all zeros

and unity in its 1j-th entry.

In the context of Proposition 5.2.1, since our sufficient condition for the contractivity
of the Hopfield and firing-rate NNs is —I,, + A € M®H, Corollary 5.4.6 implies that
this sufficient condition implies total and structural contractivity, i.e., the removal of
any neuron or edge from the neural network yields a new neural network that remains

contracting.

5.5 Nonsmooth contraction theory

In this section we consider locally Lipschitz f and show that in this case, the definition
of osLi does not depend on the weak pairing and instead depends only on the norm through

the log norm.

Theorem 5.5.1 (osL simplification for locally Lipschitz f). For f: U — R" locally
Lipschitz on an open convex set, U C R™. Then for every c € R the following statements

are equivalent:

(i) osL(f) <c¢,
(1) w(Df(z)) < c for almost every x € U.

Specifically, osL(f) = esssup, ¢y p(Df (x)), where esssup denotes the essential supremum.
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Recall that Df(z) exists for almost every = € U by Rademacher’s theorem and thus
the essential supremum ignores the Lebesgue measure zero set where Df doesn’t exist.

Theorem 5.5.1 demonstrates that locally Lipschitz f enjoy a similar simplification in
the osL definition as do continuously differentiable functions.

In neural network models, nonsmooth activation functions such as ReLU, LeakyReLU,
and nonsmooth saturation functions are prevalent; Theorem 5.5.1 allows us to use stan-
dard log norm results to analyze these models. In other words, for a given continuous-time
neural network dynamics & = fyn(x), with locally Lipschitz fxn, to establish contractiv-

ity, it suffices to verify that p(Dfxn(z)) < —c for almost every z.

5.6 Contracting neural network dynamics

In this section, we prove Proposition 5.2.1 in greater generality. Specifically, we
establish tight estimates for the one-sided Lipschitz constant for both the Hopfield and
firing-rate NNs with respect to both diagonally-weighted ¢; and /., norms. In instances
where the one-sided Lipschitz constant is negative, we conclude that the neural network
is strongly infinitesimally contracting. Beyond the Hopfield and firing-rate NNs, we also

study the non-Euclidean contractivity of other classes of NNs.

5.6.1 Omne-sided Lipschitz characterization of Hopfield NNs

Recall the Hopfield NN dynamics, first introduced in [136]:
&t =—Cx+ Ad(x) + u =: fu(x), (5.15)

where C' € R™*™ is a positive semi-definite diagonal matrix, A € R"*" is arbitrary, u € R"

is a constant input, and ®: R” — R" is an activation function. We make the following
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assumption on our activation functions:

Assumption 2 (Activation functions). Activation functions are locally Lipschitz and

diagonal, i.e., ®(x) = ($1(x1), ..., ¢n(z,)) where each ¢;: R — R satisfies

Cbz(ﬂf) — ¢i(y) >

dy == i%f7é —00,
z,yeR,x£y r—1Y
N (5.16)
dy= sup 2B =9
z,yER,xF#y r—Yy

When ¢; satisfies (5.16) with finite do, we write ¢; € slope[dy, ds]. If dy = oo, we write

¢; € slope[dy, 00].

Assumption 2 with finite dy implies that activation functions are (globally) Lipschitz
and that ¢(z) € [dy,ds] for almost every x € R. Many common activation functions
satisfy these assumptions including ReLLU, tanh and sigmoids. If, instead, dy = 0o, we can
consider locally Lipschitz activation functions with unbounded slope including rectified
polynomials ¢(z) = max{z,0}" for r € Z>( which have been studied in [160]. Note that
compared to Assumption 1, our activation functions do not need to be differentiable and
are permitted more arbitrary bounds on their slopes.

The following theorem is the counterpart to Proposition 5.2.1(i) under more general

assumptions.

Theorem 5.6.1 (¢; one-sided Lipschitzness of Hopfield neural network). Consider the
Hopfield neural network (5.15) with each ¢; € slopeldy,ds]. Then

(i) for arbitrary n € R%, 0sLy ;) (fu) = max {1 ;) (—C + d1A), p1 (5 (—C + d2A) }.
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(ii) the vector n minimizing osLlj[,,](fH) 15 the solution to
inf b
bER,nER™
st (=C+ [diAlf)n < bn,

(_C + [d2A—|1—\r/Izr)n S b777

and if the infimum value is attained at parameter values b*,n*, then osLy p(fu) =

b*.
Further, suppose [ Al is irreducible. Then

1i) if C = cl, and dy > 0, then, with wa € RZ, being the left dominant eigenvector of
>0

[ AlMar,

nglg 0sLy [ (fu) = 0Ly ju, (fu) = —c + max{dio([ Alwma), doc([ Al var) }- (5.17)
>0
(w) if di = 0 and C > 0, then, with w, € R, being the left dominant eigenvector of
—C + dy [ Al vrs

nglggo 8Ly ) (fu) = 0Ly fu,)(fu) = max {a(—C), a(—C + d2[ Almtar) }- (5.18)

In particular, Theorem 5.6.1 provides ezxact values for the minimal one-sided Lipschitz
constant of the Hopfield neural network with respect to diagonally-weighted ¢; norms.

As a consequence of this theorem, suppose the inf in statement (ii) is attained and

let b*,n* be the optimal parameters for the LP. If b* < 0, then the Hopfield neural

network (5.15) is strongly infinitesimally contracting with rate |0*| with respect to ||-{|1,p+-

Note, in particular, that if d; = 0,dy = 1, C' = I,,, and a([A]mu) < 1, statement (iii) is

equivalent to the statement in Proposition 5.2.1(i).
172



Non-Euclidean Contraction Analysis of Continuous-Time Neural Networks Chapter 5

Proof of Theorem 5.6.1. Regarding statement (i), for any n € RZ

>0
osLyp(fu) = sup  pyp(Dfu(z)) = sup oy (—C + A DP(z))
IER"\QJCH ZEER"\QJCH

= max_ iy (—C+ A[d])

de(dy,d2]™

= max {11, (—C + d1A), pir ) (=C + d2 A) },

where the second-to-last equality holds by Assumption 2 and the last equality holds by
Lemma 5.4.3.
Statement (ii) holds by Corollary 5.4.4. Regarding statement (iii), if C' = ¢I,, and

d; > 0, then

OSLLM(fH) = —c + max {Ml,[n]<d1A); 1] (dgA)}

= —c+ max {di 1) (A), dopir ) (A) }.

Additionally, recall that n = w4 is the optimal weight from Lemma 5.3.1 for the irre-
ducible Metzler matrix [A]y, with respect to p = 1. Therefore,

inf osLy ;) (fu) = 0sLy pu, (fu) = —¢ + max{dy i1 ju ] (A), dopir fu, (A) }

neERY,

= —c + max{dia([ A ma), d2o([AlMar) }

Regarding statement (iv), if d; = 0 and C > 0, we compute

osLy [ (fu) = max {,ul,[n](—C), po ) (—C + dgA)} = max {a(—C’), i (=C + dgA)},

which holds because fi1 ;) (—C) = max;c(1,.. »y —Cii = a(—C) for every n € RZ;. Addi-

tionally, we have that n = w, is the optimal weight for the irreducible Metzler matrix
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—C + dy[ Alys by Lemma 5.3.1. Thus,

inf osLy ) (fa) = 0sLi juw,)(fr) = max{a(—=C),a(—=C + da[ Alma) },

neRY,
which proves the result. O

Remark 5.6.1 (Comparison to [148, Theorem 1], [154, Exercise 2.22]). For A € R™*",

define its nonnegative Metzler majorant [Al},. by

(AT, = max{A;,0}, ifi=j, |

| Aijl, ifi# ]

In [148, Theorem 1], for dy = 0 and C' = I,, it is shown that if a(—1I,+d2[ Al3;,.) < 0, then
the Hopfield neural network (5.15) is contracting with respect to a diagonally-weighted (o
norm which is given in Lemma 5.3.1. Compared to the condition a(—1I, + [Al{L,) <0,
the condition in Theorem 5.6.1(iv) replaces [Alyy,, with [Alma and thus guarantees that
a larger class of synaptic matrices still guarantee contractivity of the Hopfield neural

network.

Additionally, beyond Proposition 5.2.1(i), we characterize the ¢, one-sided Lipschitz

constant of the Hopfield NN in the following theorem.

Theorem 5.6.2 ({,, one-sided Lipschitzness of Hopfield neural network). Consider the
Hopfield neural network (5.15) with each ¢; € slope[d, ds]. Let d = max{|d,|,ds|}. Then

(i) for arbitrary n € R%, 08Log (-1 (fu) = max{pee -1 (—C +dA — (d — di)(I, 0 4)),
oo, =1 (—C + dA = (d — d2) (I, 0 A))}.
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(ii) the vector n minimizing osLeg -1 (fu) is the solution to

inf b

bER,nER’;O
s.t. (—=C + [dA — (d — dy)(I, © A)]nize)n < b1,

(—=C + [dA = (d — dy) (I, © A) Tniar)) < b,

and if the infimum value is attained at parameter values b*,n*, then

OSLoo,[n*]—l(fH) =b*.

Proof. Regarding statement (i), in analogy to the proof of Theorem 5.6.1(i), we have

OSLOO’[,?]fl(fH) = max /LOO’MA(—C + A[d])

de [dl 7Clz]"

= maX{,UJOO’[n]—l(—O + dA — (8 - dl)(ln o A)), [/Joo,[n]A(—C + dA — (3 - dg)(ln o A))},

where the final equality is by Lemma 5.4.3. Statement (ii) is then a consequence of

Corollary 5.4.4. ]

5.6.2 One-sided Lipschitz characterization of firing-rate NNs

Recall the firing-rate NN dynamics:
&t =—Cz+ P(Ax +u) =: frr(x). (5.19)

The interpretation for this name is that if ®(z) is nonnegative for all x € R" (as is ReL.U),
then the positive orthant is forward-invariant and x is interpreted as a vector of firing-
rates, while in the Hopfield neural network, x can be negative and is thus interpreted as
a vector of membrane potentials.

The following two theorems are generalizations of Proposition 5.2.1(ii) under more
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general assumptions. Specifically, Theorem 5.6.3 characterizes one-sided Lipschitzness of
the firing-rate NN with respect to diagonally, weighted /., norms, while Theorem 5.6.4

does the same with respect to diagonally-weighted ¢; norms.

Theorem 5.6.3 ({,, one-sided Lipschitzness of firing-rate neural network). Consider the

firing-rate neural network (5.19) with each ¢; € slopeldy, ds] and invertible A. Then

(i) for arbitrary n € RZ, 0sLeg -1(frr) = max{jise -1 (—C + d1A), fhoo -1 (—C +
dyA)}.

(i) The choice of n minimizing 0sLeg -1 (frr) 45 the solution to

inf b

beR,NERT
st. (—=C+ [diA]a)n < bn,
(=C + [da Alyia ) < b,
and if the infimum value is attained at parameter values b*,n*, then
08Liog -1 (frr) = b*.
Further, suppose that [ Almg is irreducible. Then

(i1i) if C' = cl,, and dy > 0, then, with vy € RY, being the right dominant eigenvector

Of [A—| Mazr

inf 08Log [y (fFR) = 08Loo 41 (frr) = —¢ + max{d ([ Alriz), doa([Almze) b (5.20)

(w) if dy =0 and C > 0, then, with v, € RY, being the right dominant eigenvector of
_C + d2 [A—‘ Mazr

inf 0SLoo ] (frr) = 08Log o)1 (frr) = max {a(—C),a(=C + do[Alna) }. - (5.21)

neR’;O
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Proof. Regarding statement (i), for any n € RZ, we compute
0SLoo -1 (fFrR) = SUD  foo, 1 (Dfrr(7)) = sUp  fioo,py 1 (—C + DP(Ax + u)A)

xER"\QfFR xER"\QfFR

= max_ feo -1 (—C + [d]A)

de(dy,d2]™

= max {/vboo,[n]*1 <_C + d1A>7 Hoo,[n]—1 <_C + d2A>}7

where the second-to-last equality holds by Assumption 2 and because A is invertible.
The last equality holds by Lemma 5.4.3.
Statement (ii) is a consequence of Corollary 5.4.4. Regarding statement (iii), if C' =

cl,, and d; > 0, then

OSLOQ[n}—l (fFR) = —C + max {,uoo,[n]—l (dlA), Hoo,[n] -1 (dgA)}

= —c + max {dl,uoo{n]fl (A), dafto -1 (A)}

Additionally, recall that n = v, is the optimal weight from Lemma 5.3.1 for the irreducible

Metzler matrix [A]w, with respect to p = co. Therefore,

inf OSLoo,[n}—l (fFR) = OSLoo,[vA}—l (fFR) = —Cc+ max{dlluoo,m]_l (A), dguooy[wd—l (A)}

neERY,

= —c+ max{di ([ Al ma), d2o([ Alnar) }-

Regarding statement (iv), if d; = 0 and C > 0, we compute

0SLeo -1 (frr) = max { fioo -1 (—C), poo -1 (—C + da A) }

= max {a(—C), pteo -1 (—C + d2A) },

which holds because jio 1 (—C) = maxieq,..ny —Cii = a(—C) for every € RZ,.

.....



Non-Euclidean Contraction Analysis of Continuous-Time Neural Networks Chapter 5

Additionally, we have that n = wv, is the optimal weight for the irreducible Metzler

matrix —C' + dy[ A]mz by Lemma 5.3.1. Thus,

inf 0sLog -1 (frr) = 08Loo fu.1-1 (frr) = max{a(—C), a(=C + da[ Alviar) }

neERY,
which proves the result. O

Theorem 5.6.4 (¢; one-sided Lipschitzness of firing-rate neural network). Consider the
firing-rate neural network (5.19) with each ¢; € slopeldy,ds], and invertible A. Let
d = max{|di|,|ds|}. Then

(i) for arbitrary n € R, osLy p(frr) = max{u j;(—C + dA — (d — di)(I,, o A)),
p ) (—C + dA — (d — dy) (I, 0 A))}.

(ii) the vector n minimizing osLy ) (fer) is the solution to

inf b

beR,NERY
s.t. (—=C + [dA — (d — d1) (I, 0 A)]nim) ' 1 < b,

(_O + IVEA - (C_l - d2)([n o A)—IMzr)TT/ S b?’],

and if the infimum value is attained at parameter values b*,n*, then

OSLl,[n*] (fFR) = b*.

Proof. Regarding statement (i), in analogy to the proof of Theorem 5.6.3(i), we have

oLy (frr) = | max g py)(=C + [dlA) = max{p ) (~C + dA = (d — dy)(I, 0 A)),

pin, ) (—C + dA — (d — dy) (I, 0 A))},

where the final equality is by Lemma 5.4.3. Statement (ii) is then a consequence of
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Corollary 5.4.4. O]

Remark 5.6.2. For invertible A € R"*", Theorems 5.6.3(i) and 5.6.4(1) provide an
exact value for the minimal one-sided Lipschitz constant of the firing rate model with
respect to a given norm. If A is not invertible, then the closure of the image of the map
x +— DO(Ax + u) may not contain all the vertices of the set [dy, ds]™. For non-invertible
A and arbitrary n € RY,, the values presented in these theorems are instead upper bounds

on the minimal one-sided Lipschitz constant.

In Figure 5.1, we plot the phase portrait of a 2-dimensional firing-rate neural net-
work, (5.19), along with level sets of the corresponding Lyapunov function. We highlight
the utility of optimizing the weight of the /., norm. Namely, although the firing-rate
neural network example is not contracting with respect to the ¢, norm, it is contracting
with respect to a weighted /,, norm, where the optimal diagonal weight is [7*]~!, where

n* is the right dominant eigenvector of [ A]yi-

5.6.3 Contractivity of Hopfield and firing-rate neural networks

with unbounded slope

In the spirit of the classic work [142] which studies Hopfield neural networks which
have monotone activation functions with unbounded slope, we present the following result

on the contractivity of Hopfield and firing-rate neural networks when ¢; € slope|d;, 0o].

Theorem 5.6.5 (Contractivity under unbounded slope). Consider the Hopfield neural
network (5.15) and firing-rate neural network (5.19) with ¢; € slopeld;, 00| and irre-
ducible [ Alnze with dominant left and right eigenvectors wa,va, respectively and suppose

that

(A1) A€ M,
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Figure 5.1: The phase portrait for a 2-dimensional firing-rate neural network (5.19)
with C = I, ® = tanh, A = [:8:}1 _0?13]’ u = (0,—1). The blue curves denote tra-
jectories from varying initial conditions and the purple cross denotes the equilibrium
point, z*. Following Theorem 5.6.2(iv), the right dominant eigenvector of [A]nzr,
n ~ (1.57,1), yields a contraction rate of 1 — a([A]mz) ~ 0.272 with respect to
|+ lloc,jy-1- Note that the neural network is not contracting with respect to || - [|cc-
Level sets of the Lyapunov function V(z) = ||z — 2*(|oc, ;-1 are shown in red. We re-
mark that this neural network is connectively contracting as described in Section 5.2.

(A2) Ae R™™, C =0, and d; € R satisfy

—a(—=C) + max{dy, 0}a([AlMa) > —(|d1| — d1) min Aj.

1€{1,...,n}

Then

(i) The Hopfield neural network (5.15) is strongly infinitesimally contracting with re-

spect to || - |1, with rate

—a(—C) 4+ max{dy, 0}a([Almz) + (|di| — d1) min }Aii >0

ie{l,...,n
and

(ii) The firing-rate neural network (5.19) is strongly infinitesimally contracting with
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respect 10 || - ||oo,[wa)-1 with rate

—a(—C) 4+ max{dy, 0}a([Almz) + (|di]| — dy) Z'Eminn} A;; > 0.

Proof. Regarding statement (i), we adopt the shorthand r; := A+ . [Ajil(wa);/(wa)i.
Then we observe that A € MH implies that for every i € {1,...,n}, 7 < ([ A]|Mar)

with a([A]mz) < 0. Then, for every z € R™\ Qy,,

p1,wa)(Dfua(2)) = pa ) (=C + ADD(z))

e{1,..., i (wA)z
= max —¢; + Aud;(x;) + ¢ ()] Z | Ajil G
ie{l,....,n} (wA

J#i
= max —¢ + | (z;)|ri — (|0)(z)| — &5(w:)) Ais

i€{1,...,n}

*

< gnax }—cl + max{dy, 0}r; — (|d1| — dq)Asu
i€{l,...,n

< a(—=C) + max{dy, 0}a([Almz) — (|di| — dl)ie?ﬁn Ay

*
where inequality < holds because r; < 0 and A;; < 0 for all 7. Since this inequality holds

for all x € R™ \ Qy,, we conclude that osLuwA](fH) < a(=C) + max{dy, 0}a([Alna) —

-----

tially identical and thus omitted. 0
Remark 5.6.3. Note that in Theorem 5.6.5,

(i) if di > 0, then condition (A1) immediately implies condition (A2). Hence, A €
MH is a sufficient condition for the strong infinitesimal contractivity of (5.15)

and (5.19) with unbounded-slope monotonic activation functions.
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(1) alternatively if a([Almz) = 0 and C = 0, then the condition —a(—C) > —(|d;| —
dy) MiNeq1,.. 0y Aii 15 a sufficient condition for the strong infinitesimal contractivity

of (5.15) and (5.19). Note that in this case, we only need [ Alma to be marginally

stable.

5.6.4 Contractivity of other continuous-time neural networks

We apply Theorem 5.6.1 and the log norm results in Section 5.4 to the following
related neural circuit models, all of which are studied in the classic book [161]. In the

following theorems, we assume all Metzler matrices are irreducible.

Theorem 5.6.6 (Contractivity of special Hopfield models). (i) If A € MH, and d, >
0, the Persidskii-type* model
T = Ad(x)

with each ¢; € slopeldy,ds] is strongly infinitesimally contracting with respect to

norm || - ||1,w, with rate dy|o([A]nr)|-

(ii) If —C + dyA € MH, the Hopfield neural network (5.15) with d; = 0 and positive
diagonal C'is strongly infinitesimally contracting with respect to || - ||1,p,] with rate

—max {a(—C),(—=C + do[Alya) } > 0.

Proof. Regarding statement (i), let fp(z) := A®(z). By Theorem 5.6.1(iii) with ¢ = 0,
0Ly fu,) (fr) = max{dia([Almn), doa([ Al ) }. However, since A € MM, a([A]ya) <
0, s0 0Ly [, (fp) = dia([Alwa). Thus, the Persidskii-type model is strongly infinitesi-
mally contracting with respect to norm || - ||1 ) With rate di|a([Alyr)]|.

Regarding statement (ii), by Theorem 5.6.1(iv),

08L1 w.)(fu) = max {a(—C),(—C + da[Alyiar) } -

4See [161, Definition 3.2.1]
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In particular, since —C' 4+ dyA € MH, a(—C + dy| Alma) < 0 and since C' is positive
diagonal, we have osLy ,,](fu) < 0 so that the Hopfield neural network is strongly

infinitesimally contracting with respect to || - ||1,fw,] With rate —max {a(—C),a(-C +

dg [A—IMzr)} > 0. [l

Theorem 5.6.7. From [161, Theorem 3.2.4], consider
&= Ax — CP(x),

with diagonal C' > 0 and each ¢; € slope[dy, ds]. If A — diC € MH with corresponding
dominant left eigenvector wy., then this model is strongly infinitesimally contracting with

respect to || - |1, pw..] with rate —a([Alnz — diC) > 0.

Proof. We compute the one-sided Lipschitz constant of f(z) := Az — C®(z) with respect

to norm || - {| pu,.)-

:EG]R"\Qf

ZER"\Qf

* o
de[dsz}n Ho[ **}( [d]) Ha,f **]( 1C)

2 g ([A = diCain) 2 a([Alpin — diO).

where the equality X is due to Assumption 2, equality 2 is because C = 0, equality *
is by Theorem 5.4.2(ii), and 2 i by Lemma 5.3.1. Moreover, since A — d;C € MH,
a([Alma —diC) < 0so f is strongly infinitesimally contracting with respect to || - |1 ju..]
with rate —a([ Ay — d1C) > 0. O
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Theorem 5.6.8. From [161, Theorem 3.2.10], consider
i = ijl Aijbij ()
for each i € {1,...,n} and with each ¢;; € slope|dy,ds]. If d; > 0 and
B = dQA - (d2 - dl)(In o A) S MH,

with corresponding dominant left and right eigenvectors wg,vg, respectively, then this
model is strongly infinitesimally contracting with rate —a([Blya) > 0 with respect to

both || - ||1,jwy and || - Hoo,[vB]_l'

Proof. First note that the assumption B € M®H implies that A;; < 0 for every ¢ €
{1,...,n} since the diagonal elements of B are d;A;; and a necessary condition for B €
MH is By < 0 since MH C TH. Let f denote the vector field given by f;(x) =
> i1 Aijoij(x;). We compute (Df(v))i; = %Z}Ll Aijdij(x5) = Aijdy;(x;) for almost
every x € R™. In other words, Df(z) = A o D®(z), for almost every z € R", where
(D®(x))i; = ¢y;(x;). We now proceed to elementwise upper bound [Df (z)]m.. Observe

that for every i # 7 € {1,...,n},

([ Df (@) Tvar)ij = [Aijdi; ()| < dal Agjl = (1B ntar )iy

([Df () v )i = Auidiy (i) < diAii = ([ Bl iy

where the second inequality holds because A;; < 0 for every i € {1,...,n}. Now observe

that for any matrix A € R™" if [A]yn < A’ elementwise, then both ju ,;(A) < i (A7)
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and floo 1 (A) < floo,y-1(A’) hold for any 7 € R%;. Then we can observe that

OSLl,[wB](f) = Sup Nl,[wB](Df(x))
IGR"\QJC

= sup i fup] ([ D () |ntzr) < SUP 1) ([ B ntar)
.’I?GR”\QJI wER"\Qf

= M17[w3}([B]Mzr) = Of([B—IMzr)a

where the final equality holds by Lemma 5.3.1. An analogous computation shows that
05Log jup)-1(f) < a([Blma). As a consequence, since B € M®H, this model is strongly
infinitesimally contracting with respect to both || - [|1jw, and || - [Jeowy-1 With rate

—a([Blya) > 0. U

The next two theorems serve as non-Euclidean versions of early results on contractiv-

ity of Lur’e systems (in application to the entrainment problem) established first in [162].

Theorem 5.6.9 (Contractivity of Lur’e system). From [161, Theorem 3.2.7], consider

the Lur’e system

where A € R™"™ v, w € R™ and ¢ € slopeldy, dy]. Consider the following two infimization

problems:

inf b

bER,nERgo

S't' "A _'_ dlva—l IT/IZr ?7 S b777 (522)

[A+ dyvw Ty < b,
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and
inf c
ceR,EERY
s.t. [A + dﬂ)wT—I Mzrg < Cf, (523)

I_A + dQUUJT—I Mzr§ S Cg.

Let b*, ¢* be infimum values for (5.22), (5.23), respectively. Then

(1) if b* <0, then for every € € |0, |b*|[, there exists n € RZ, such that the closed-loop
dynamics are strongly infinitesimally contracting with rate |b*| —e > 0 with respect

to H ) Hl,[n]'

(1t) if ¢* <0, then for every e € 10, |c*|[, there exists £ € RZ such that the closed-loop
dynamics are strongly infinitesimally contracting with rate |c*| — e > 0 with respect

to || . Hoo,[g]—l-

Proof. Let f(x) := Az + vé(w'z). Regarding statement (i), computing the one-sided

Lipschitz constant of fi, with respect to || - ||1,, for arbitrary n € RZ yields

osLy(fu) = sup  py(Dfn(x))
IGR"\QfL

= sup A+ g (w p)w’)
wGRn\QfL

* T
= A+d
A d o)

L max{ (A + divw "), gy (A + dovw ™)},

where £ holds by Assumption 2 on ¢ and 2 holds because the maximum of a convex

function (x in this case) over a compact interval occurs at one of the endpoints of the
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interval. As a consequence, osLy ;;(fr,) < 0 if and only if

inf max{ju (A + diow"), pr (A + dyvw’)} < 0.

neRgO

Therefore, if b* < 0 for problem (5.22), then, by a continuity argument, for every e €
10, [6*][, there exists n € RZ such that p1 ;) (A+diow’) < b*+e and p ) (A+dovw ") <
b* + €. Therefore, if b* < 0, then we conclude that the Lur’e system is strongly infinites-
imally contracting with respect to | - [|1,;; with rate |0*| — . The proof of statement (ii)

is essentially identical, replacing || - |15 with || - [[o,ig-1- ]

Theorem 5.6.10 (Multivariable Lur’e system). Consider the multivariable Lur’e system

& = Az + BP(y), (5.24)

y = Cu,

where A € RV B € R™™ C € R™" ¢; € slope|dy,dy] with dy > 0 for all i €
{1,...,m}. Define (-)+ and (-)- by (x)+ = max{z,0} and (z)- = min{z,0}. Define
F e R™™ componentwise by

m

Fy; = Ay + dy Z(Bijcji>+ +d,y Z(Bijcji)—a
=1 j=1
Fyj = |Ayj| + max {d2 > (BiCij)+ +d1 > _(BixCij)-,
k=1 k=1
—d1 Y (BiCij)+ — da Z(Bz-kcm} :
k=1 k=1

for v # 3. Then, if F € MH with corresponding dominant left and right eigenvec-
tors wrg, v, the closed-loop dynamics are strongly infinitesimally contracting with rate

—a([Fmzr) > 0 with respect to both || - ||1,jwe) and || - || jup]-1-
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Proof. Let fuL(xz) = Ax+ B®(Cxz) and note Dfyy,(z) = A+ B[d]C for some d € [dy, da]™.
Also note (B[d]C);; = > ;- BirdiCy;. The proof follows from noting that the matrix F
is an entry-wise upper bound on [Dfyr(z)]mar, for all x, in analogy with the proof of

Theorem 5.6.8. O

Finally, we present a sharper condition for the non-Euclidean contractivity of the mul-
tivariable Lur’e system with d; that can be negative. Forn € R?, d = max{|d,|, |da|}, M :=
|A| + d|B||C|, and g = ||Al|ce,y-1 + d|| BC||so, -1, consider the following mixed-integer
linear program (MILP):

yER,ZGRnXn,de%%]m,vve{o,unxn ’

subject to
Z < A+ BldC +2Mo (W — (I, o W), (5.25)
7 < —A— B[d]C +2M o (1,1 — (W — (I, o W))),

y < (A+ B[d] M+ZZ””+29WM, vie{l,...,n},
J#i

Trace(W) =n — 1.

Theorem 5.6.11 (One-sided Lipschitzness of multi-variable Lur’e system). Consider
the multi-variable Lur’e system (5.24), let fun(x) = Ax + B®(Cx) be the closed-loop
dynamics with each ¢; € slope[dy, ds] and let y* be the optimal value for the MILP (5.25).

Then the following statements hold

(i) 08Loo 1 (fur) < y*.

(i) If C is full row rank, then osLeg -1 (fur) = y*.
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Proof. Note that

OSLOOv[’Ikl (fML) < maXde(dy,da]™ Hoo,[n)—1 (A + B[d]C),

with equality holding if C' is full row rank. Therefore, all that remains is to show that
MAaXge[dy,do]m foo, -1 (A + B[d]C') = y*. The proof of this result is a consequence of the

formula for pio -1, using a so-called “big-M” formulation (see, e.g., [163, Section I11.C.])

(]

with Z;; < [(A + B[d]C);;| for i # j and y < maxieqr,. 0y (A + B[d]C)y + Z#i Z;. O

The challenge of additionally optimizing n € RZ; so that 0sL ;-1 (fumr,) is minimized

remains an open problem.

5.7 Discussion

In this chapter, we present novel non-Euclidean log norm results and a non-smooth
contraction theory simplification and we apply these results to study the contractivity of
continuous-time NN models, primarily focusing on the Hopfield and firing-rate models.
We provide efficient algorithms for computing optimal non-Euclidean contraction rates
and corresponding norms. Our approach is robust with respect to activation function and
additional unmodeled dynamics and, more generally, establishes the strong contractivity
property which, in turn, implies strong robustness properties.

As a first direction of future research, we plan to investigate the multistability of
continuous-time neural networks via generalizations of contraction theory. Contraction
theory ensures the uniqueness of a globally exponentially stable equilibrium, but several
classes of neural networks exhibit multiple equilibria [164]. As a second direction, we plan
to investigate the role of non-Euclidean contractivity in neural networks for controller
design and system identification in the spirit of the works [165, 166, 167]. As a third
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line of research, we aim to implement non-Euclidean contracting neural networks in
machine learning problems akin to methods from [148]. More broadly, we believe that
our non-Euclidean contraction framework for continuous-time NNs serves as a first step
to analyzing robustness and convergence properties of other classes of neural circuits and

other machine learning architectures.

5.8 Proofs

5.8.1 Proof of Theorem 5.4.1

Proof. Regarding statement (i), we provide the proof for p = 1 since p = oo is essentially
identical. Continuity is a straightforward consequence of the formula for ji; ;). Regarding
quasiconvexity, we will show that sublevel sets of the map 7 — ju; ;;(A) are convex. For

fixed b € R, the set {n € RZ | ju1,57(A) < b} is characterized by 7 satisfying

n; Agi + ijl’#i n;|Aj| < mb, forallie{l,...,n}.

Since each of these inequalities is linear in 7, for fixed b, the above set is a poly-
tope, proving quasiconvexity. Statement (ii) follows from the definitions of sy ;(A)

and fise -1 (A). O

5.8.2 Proof of Lemma 5.4.3

To prove Lemma 5.4.3, we first need a technical result.

Lemma 5.8.1. For any v € R, A € R™*", the following holds:

[YAMz = [I7[A = (7] = 7) (T © A) | Mar-
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Proof. The proof follows by checking that the corresponding entries of each matrix are

equal. O

Proof of Lemma 5.4.5. First we show (5.11). We use the short-hand

= Ay + Z | Aijlni/n;
J#

and D := {d;,dy}. Then
max oo y(Ie + [d]4)

de [dl ,dg]"

= Imax max ¢; + dzAn + Z |dzAzg|

i
deldy,do]™ ie{1,...,n} iz n;

= max max ¢ +d;A; + Z |dz‘Az‘y"E
i€{1,...,n} de€ldy,do]™ Iy U

x “max  max{c¢; +vA; + || Z |Aij]@ | v € D},
ie{l,...,n} poy §
where the equality X holds because the function d; — ¢; + d; Ay + Zj i |d; Aijmi/n; is
convex. Since the maximum value of a convex function over an interval d; € [dy,dy]
occurs at one of the endpoints, the equality X is justified.

Additionally note that for any v € R,

i
YAi + D | |Az‘j|; = [ylri = (Iv] = 7) A

i J
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Therefore,
max fi + [d]A
de[dfdﬂ” 007[77]([0] [} )

= max max{¢+ |[y|r; — (|7 —7)Au | v € D}

i€{l,...,n}

= max{/ioo, [y ([c] + [V]A = (7] =) (n 0 A)) | v € D},
2 max{ftoc ([l + [171A = (7] = ) (In © A)laar) | 7 € D},
* max{,uooy[n]([c] + [’VA—I Mzr) | Y€ D}

2 max{,uoo,[n]([c] + dlA), HJoo,[n]([C] + dzA)}a

where equahtles hold by Theorem 5.4.2(ii) and the equahty = holds by Lemma 5.8.1.

Thus, formula (5.11) is proved.
Regarding formula (5.13), we compute
. Ald
Jnax ) ([c] + Ald])

= Jax - max cl—l—dAm—l—ZkZ AU]UZ

deldy,da]™ ie{1,...,
J#i

< max max ¢+ d;A; + dz | Aij ’ -
i€{l,...,n} d€[d1,d2]™ i

* . ?llax }max{cz + vA; + dz |Aw|77Z | v € D},
e J#i i

where the equality X holds because the function di = diAy+d> i |A;j|mi/n; is convex.
Since the maximum value of a convex function over an interval d; € [dy, ds] occurs at one

of the endpoints, the equality X holds.
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Additionally, note that for any v € R,

j#i J

Therefore,

Jnax oo fr)([c] + Ald])

< r{nax }max{ci +dr; — (E —v)Ai | v €D}
€41 n

.....

= max{pio ([ + dA — (@~ 7)(I 0 A)) | 7 € D).

To see that this inequality is tight, suppose vy € D satisfies |y| = d. Then let:

k € argmaxc; + di1 Ay + Z |7Aij|&=
n;

i€{l,...,n} i J
m € argmax ¢; + doAy; + Z |’7Aij‘ﬂ-
ie{l,...,n} i i

Let e and e, be unit vectors with 1 in their k-th and m-th entry, respectively, and define

dy =71, — (v —di)ex, dm =71, — (7 — d2)em.

Then by construction,

Yoo, (€] + Aldr]) = ci + di Agr + Z hAkj,"_’f

i#k !
= ¢+ (dy — d) Agg + d Ay, —1—32 |Akj|n_k'
i

(5.26)
= C +ET]€ — (C_Z — dl)Akk

= pooo) ([c] + dA = (d — d1) (I 0 A)).
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Analogously, we have that fie ) ([c] + Aldm]) = toop([c] + dA — (d — d2)(1,, 0 A)).

Additionally, we see

jnax oo fr)([c] + Ald])

> max{ fioo, iy ([¢] + Aldi]), proo i ([c] + Aldim]) }

(5.26

2 max{jtoo ) ([c] + dA — (d = dy) (I 0 A)),

oo fn)(e] + dA = (d — da) (I 0 A))}.
The proofs for (5.12) and (5.14) are straightforward applications of the fact that
11,5 (B) = ftoo -1 (BT) and by applying (5.11) and (5.13), respectively. O

Corollary 5.8.2 (Some simplifications). Using the same notation as in Lemma 5.4.3,

suppose

(i) d = dy (note that this implies dy > 0). Then

max oo ) ([e] + Ald)) = max{po ([c] + do ),

de [dl ,dg]n

oo, ([c] + d2A — (d2 — di) (I, 0 A))}-
(i) d = —d, (note that this implies d, < 0). Then

s pocn)(le] + Ald]) = maxtproo o ([] + 1 A),

fioo ) (€] + drA = (dy — dy)(I, 0 A))}.
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5.8.3 Proof of Theorem 5.4.2

Proof. From [168, Theorem 8.1.18], for all A € R"™*" we have

p(4) < p(|A)), (5.27)

where p denotes the spectral radius of a matrix. Regarding statement (i), pick v >
max; |A;| and define A = A+~I, so that |A| = [ Az +71.. We note that a(A) < p(A)

(which is true for any matrix) and, from inequality (5.27), we know

a(A) +v = a(A) < p(A) < p(|A]) = a(|A])
(5.28)

= O‘([A—IMzr + W/In) = &([A—I Mzr> +7.

Here p(]A|) = a(]A]) follows from the Perron-Frobenius Theorem for non-negative ma-
trices. This proves statement (i).
Regarding statement (ii), note that the norm || - ||, ; is monotonic, it is easy to

see that, for all matrices B, we have ||B|,p < |||Bl|lp,pm- For small A > 0, we note

I, + hA| = I,, + h[ Al so that

1+ hAllp i < WHn + hAllpm = [0 + B[ Alvar |lp, -

Therefore, for small enough h > 0,

| 1n 4+ WA — 1 < 121+ h[ Al |lp, i — 1
h - h '

Thus, statement (ii) follows from the definition of the log norm in the limit as h — 07.

For p € {1, 00}, statement (ii) holds by the formulas for sy ; and fieo -
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Finally, regarding statement (iii), for p € {1, 00}, by statement (ii) we have

inf [an(A): inf Mp,[n](I_A-IMzr)-

neRY, neRY,

Moreover, since [ Ay, is Metzler, by Lemma 5.3.1, infyern | .1 ([ Alyar) = ([ Alngar)-
[l

5.8.4 Proofs of Lemma 5.4.5 and Corollary 5.4.6

Proof of Lemma 5.4.5. Regarding statement (i), let Dz denote the diagonal matrix with
entries (D7) = 1ifi € Z and (D7); =01if 1 & Z.

With this notation, we are ready to compute

[Azllz = max  [[Azyllz (5.29)
yeRIL lyllz=1
= max | padz(Azy)] (5.30)
yeR‘Ilvlly”IZI
= max  [(DzADy) padg(y)| (5:31)
y€RI | padz (y)[|=1
< max [[(DfADz)x|| (5.32)
z€R™ ||z||=1
= |DzADz|| < || Dz[|[|AI[IDz]| = [IA]l- (5.33)
The last equality holds because the monotonicity of ||-|| implies || Dz|| = 1. This concludes

the proof of (i).
Statement (ii) follows from the definition of log norm and applying statement (i) to

the matrix I7) + hAz as a principal submatrix of I, + hA:

= < _
pdr) o= i PSSR < g 1

1(A).
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Finally, statement (iii) is an immediate consequence of (ii). O

Proof of Corollary 5.4.6. Regarding item (i), since A € MH, a([Alyn) < 0. By
Lemma 5.3.1 and Theorem 5.4.2(ii), for sufficiently small € > 0, there exists n € RZ,
such that pa(1,[n]) = praj,. (1, [0]) < a([A]ma) + € < 0. Then by Lemma 5.4.5(ii),
for non-empty Z C {1,...,n}, pripm(Az) < pa(l,[n]) < 0. Moreover, by Theo-
rem 5.4.2(ii), o([Az]va) < pzam([Az]va) = pzam(Az) < 0. We conclude that
Ar € MH. Regarding item (ii), note that A — A;;e;; is the matrix A with its ij-
th entry zeroed out. Then since A € MH, for sufficiently small ¢ > 0, there exists
n € RZ, such that pyp;(A) < 0. The result is then a consequence of the fact that
a([A = Ajjei I ma) < p (A — Agjei;) < pap(A) < 0. O

5.8.5 Proof of Theorem 5.5.1

To prove Theorem 5.5.1, we first recall Clarke’s generalized Jacobian from nonsmooth

analysis.

Definition 13 ([169, Definition 2.6.1]). Let f: U — R™ be locally Lipschitz on an open
set U C R" and let Qy C U be the set of points where f is not differentiable. Then

Clarke’s generalized Jacobian at x is
Of (x) = conv{lim Df(x;) | z; = = and x; ¢ Qs}. (5.34)
1— 00

The mean-value theorem has the following generalization for locally Lipschitz func-

tions. For any two points x,y € R", denote [z,y] := {tz + (1 —t)y | t € [0,1]}.

Lemma 5.8.3. For f: U — R™ locally Lipschitz on an open convex set U C R", let
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[z,y] C U. Then there exists matriz A € R™ ™ such that

flx)— fly) = A(x —y) and A € conv U Of (u). (5.35)

u€lz,y]

Proof. Since [x,y] is a compact subset of R™, it can be easily seen that there exists a
convex open set Uy such that [x,y] C Uy C Uy C U (where Uy is the closure of Uy). The

statement now follows from [169, Proposition 2.6.5]. O

Proof of Theorem 5.5.1. Regarding (ii) = (i), Let ,y € U. Since U is convex, [z, y] C
U. Then by Lemma 5.8.3, there exists A satisfying the conditions (5.35). Condition (ii)
in implies that p(-) does not exceed ¢ on each set df(u) by continuity and convexity of

u, entailing that p(A) < c. Therefore,

[f(2) = f(y), 2 =yl = [Alx = y), 2 = y] < p(A)llz = yl* < ez -y,

where we have used Lumer’s equality, Lemma 2.2.2. Regarding (i) = (ii), let x € U

such that Df(z) exists and let v € R" and h > 0. Then by assumption,
[f(x+ho) = f@), o] < elhol® = h[f@+ o)~ fa),o] < R[]

which holds by the weak homogeneity of the weak pairing. Dividing by h? > 0 and taking

the limit as h — 0" implies

Y LCESDERC

h—0t h
= [Df(z)v,v] < cfv]?

— u(Df(x)) <
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where the final implication holds by taking the supremum over all v € R"™ with |[v|| = 1

together with Lumer’s equality, Lemma 2.2.2. Therefore, statement (ii) holds. ]
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Chapter 6

Time-Varying Convex Optimization:
A Contraction and Equilibrium

Tracking Approach

This chapter is accepted and scheduled to appear in the November 2025 edition of the

IEEE Transactions on Automatic Control [170].!

6.1 Introduction

Problem description and motivation: Mathematical optimization is a fundamental
tool in science and engineering research and has pervaded countless application areas.
The classical perspective on mathematical optimization is numerical and is motivated
through implementation of iterative algorithms on digital devices. An alternative per-

spective is to view optimization algorithms as dynamical systems and to understand the

1@©2025 IEEE. Reprinted, with permission, from Alexander Davydov, Veronica Centorrino, Anand
Gokhale, Giovanni Russo, and Francesco Bullo, Time- Varying Convexr Optimization: A Contraction and
Equilibrium Tracking Approach, November 2025.
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performance of these algorithms via their dynamical systems properties, e.g., stability
and robustness.

Studying optimization algorithms as continuous-time dynamical systems has been
an active area of research since the seminal work of Arrow, Hurwicz, and Uzawa [171].
Notable examples include Hopfield and Tank in dynamical neuroscience [172], Kennedy
and Chua in analog circuit design [173], and Brockett in systems and control [174].
Recently, the interest in continuous-time dynamics for optimization and computation has
been renewed due to the advent of (i) online and dynamic feedback optimization [175],
(ii) reservoir computing [176], and (iii) neuromorphic computing [177].

Motivated by these recent developments, we are interested in time-varying convex
optimization problems and continuous-time dynamical systems that track their optimal
solutions. In many applications of interest, the optimization algorithm must be run in
real-time on problems that are time-varying. Such examples include tracking a moving
target, estimating the path of a stochastic process, and online learning. In such ap-
plication areas, we would like our dynamical system to converge to the unique optimal
solution when the problem is time-invariant and converge to an explicitly-computable
neighborhood of the optimal solution trajectory when the problem is time-varying.

Beyond tracking optimal trajectories, a key desirable feature of optimization algo-
rithms is robustness in the face of uncertainty. In many real-world scenarios, we are not
provided the exact value of our cost function but instead noisy estimates and possibly
even a time-delayed version of it. Thus, for practical usage of the optimization algorithm,
it is essential to ensure that the algorithm has these robustness features built-in.

Remarkably, all of these desirable properties, namely tracking for time-varying sys-
tems, convergence for time-invariant systems, and robustness to noise and time-delays
can be established by ensuring that the dynamical system is strongly infinitesimally con-

tracting [23]. To be specific, (i) the effect of the initial condition is exponentially forgotten
201



Time-Varying Convex Optimization: A Contraction and Equilibrium Tracking Approach Chapter 6

and the distance between any two trajectories decays exponentially quickly [23], (ii) if a
contracting system is time-invariant, it has a unique globally exponentially stable equi-
librium point [23], (iii) contracting systems are incrementally input-to-state stable and
thus robust to disturbances [178] and delays [179].

Literature review: A recent survey on studying optimization algorithms from a feed-
back control perspective is available in [180]. Asymptotic and exponential stability of
dynamical systems solving convex optimization problems is a classical problem and has
been studied in papers including [181, 182, 183, 184, 185] among many others. Com-
pared to papers studying asymptotic and exponential stability, there are far fewer works
studying the contractivity of dynamical systems solving optimization problems. A few
exceptions include [186, 187] which analyze primal-dual dynamics and [188, 27] which
study gradient flows on Riemannian manifolds.

In the context of time-varying convex optimization, algorithms to track the optimal
solution are designed based on Newton’s method in (i) discrete-time in [189, 190] and
in (ii) continuous-time in [191]. See both [192] and [193] and the references therein for
reviews of these results and theoretical extensions. These results have been leveraged
to study the feedback interconnection of a LTI system and a dynamical system solving
an optimization problem in [194]. From a contraction theory perspective, both [186]
and [187] provide tracking error bounds for continuous-time time-varying primal-dual
dynamics.

Contributions: This chapter makes four main contributions. First, we prove a general
theorem regarding parameter-dependent strongly infinitesimally contracting dynamics.
Specifically, in Theorem 6.2.1, we prove that both the tracking error, defined as the error
between any solution trajectory and the equilibrium trajectory (defined instantaneously
in time), and the norm of the vector field are uniformly upper bounded. Moreover, we

prove that the tracking error is asymptotically proportional to the rate of change of the
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parameter with proportionality constant upper bounded by £ /c? where £ is the Lipschitz
constant in which the parameter appears and c is the contraction rate of the dynamics.
A related result was proved in [186, Lemma 2], but the tracking error bound depends
on the knowledge of the rate of change of the equilibrium trajectory, which is unknown,
in general. In contrast, Theorem 6.2.1 provides an additional bound on the norm of the
vector field and a tracking error bound which depends purely on the rate of change of
the parameter, which may be more directly applicable.

Second, in Theorem 6.2.2, we propose an alternative dynamical system which aug-
ments the contracting dynamics in Theorem 6.2.1 with a feedforward term. This aug-
mentation 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. A re-
lated, continuous-time, treatment is proposed in [191], (see also the early reference [195])
where the authors study a continuous-time Newton method and show how to add a feed-
forward term to ensure zero tracking error in the Euclidean norm. In discrete-time, the
authors of [189, 190] use predictor-corrector methods based on Newton’s method with or
without projections. Compared to these references, Theorem 6.2.2 is applicable to any
contracting dynamics with respect to any norm and need not be limited to the solution
of a time-varying optimization problem.

Third, we consider natural transcriptions into contracting dynamics for three canon-
ical strongly convex optimization problems (namely, (i) monotone inclusions, (ii) linear
equality-constrained problems, and (iii) composite minimization), and we make specific

contributions for each transcription.

(i) For monotone inclusion problems, we consider the forward-backward splitting dy-
namics which were first studied in [196]. These dynamics are a generalization of the

projected dynamics studied in [197] and the proximal gradient dynamics studied
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(iii)

in [198]. In Theorem 6.3.1, we show that the forward-backward splitting dynam-
ics are contracting, a stronger property than exponential stability as was shown
in [197, Theorem 4] and [198, Theorem 2] and show improved rates of exponential

convergence in some special cases.

For linear-equality constrained problems, we study the primal-dual dynamics and
prove their strong infinitesimal contractivity in Theorem 6.3.2. Compared to [186],
we provide an explicit estimate on the rate of contraction and we show improved

rates compared to both [183, 187].

For composite minimization, we adopt the proximal augmented Lagrangian ap-
proach from [185], first introduced in [199], and show that the primal-dual dynam-
ics on the proximal augmented Lagrangian are contracting in Theorem 6.3.3. This
result improves on the exponential convergence result from [185, Theorem 3| by
allowing for a larger range of parameters. A related result is [183, Theorem 2],
which focuses specifically on inequality-constrained minimization problems. Theo-
rem 6.3.3 is a generalization of [183, Theorem 2] to more general composite min-
imization problems and provides a nonlinear program to estimate the contraction
rate. Moreover, to approximate the optimal value of the nonlinear program, we

provide a strategy based on a bisection algorithm.

Finally, we apply our general result on tracking error bounds for contracting dynamics

from Theorems 6.2.1 and 6.2.2 to each of the aforementioned optimization problems

to provide tracking error estimates in time-varying convex optimization problems. To

validate our theory, we present numerical and hardware experiments. In Sections 6.4.1

and 6.4.2 we showcase tracking error bounds for time-varying equality and inequality-

constrained minimization problems, respectively. In Section 6.4.3, inspired by [200], we

present a modern application to online control barrier functions, [201], where we show
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how we can leverage our tracking error results for contracting dynamics to ensure safety in
a multi-robot collision avoidance scenario without needing to solve a quadratic program

at every instance in time.

6.2 Equilibrium tracking for parameter-varying con-
tracting dynamical systems

We begin by considering a dynamical system which is a function of a time-varying

parameter, . Namely, for a vector field F': R” x R? — R", consider the system
@(t) = F(x(t),0(t)), x(0) =z € R, (6.1)

where for all t > 0, x(t) and 0(¢) take value in X C R" and © C RY, respectively.

We make the following assumptions. There exists a norm || - ||x on X and

(A1) there exists ¢ > 0 such that for all §, the map x — F(z,0) is strongly infinitesimally
contracting with respect to || - || x with rate ¢, i.e., osL, (F) < —c,
(A2) there exists a norm || - || on ©, and ¢y > 0 such that for all z, the map 0 — F(x,0)

is Lipschitz from (O, | - |le) to (X, || - ||x) with constant fy.

Assumption (A1) implies that, for each 6§ € O, there exists a unique zj € X satis-
tying F(z},0) = 0,. Then, we can define the map z*: © — X given by 2*(6) = x}.
Lemma 6.6.1 in Appendix 6.6 shows that 2*(-) is Lipschitz from (0, || - ||e) to (X, || - ||x)
with constant fy/c. With this set up in mind, in the following we define the time-varying

equilibrium curve which is key in our equilibrium tracking results.

Definition 10 (Time-varying equilibrium curve). Consider a continuously differentiable

curve 0: Rsg — © and the system (6.1) satisfying Assumptions (Al) and (A2). The
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time-varying equilibrium curve is the map t — x*(6(t)).

Since z*(+) is Lipschitz, the curve 2*(0(-)) is locally Lipschitz (see Lemma 6.6.2 in
Appendix 6.6 for details). Additionally, this curve satisfies F'(z*(6(t)), 6(t)) = 0,, for all
t > 0. In the following theorem, we provide tracking error bounds between any trajectory

of (6.1) and the time-varying equilibrium curve.

Theorem 6.2.1 (Equilibrium tracking for contracting dynamics). Let 6: Rsg — O be
continuously differentiable and consider the dynamics (6.1) satisfying Assumptions (A1)
and (A2). Let 2*(0(-)) be the time-varying equilibrium curve of (6.1). Then, for any

initial conditions x(0) € R", 8(0) € R? and for all t > 0:

(i) the tracking error ||x(t) — x*(6(t))||x satisfies
t .
lz(t)=a*(OE)lx < e [l2(0)=2"(9(0))llx + / e~ 0(7) llodr;
0
(i) the residual |[F(z(t),0(t))|x satisfies

t

1F(z(t), 0(t)lx< e[| F((0), 0(0))[|x + «%/O e~ UD6(7) llodr;
(#i) the following asymptotic bounds hold:

. . 0y .
lim sup [|2:(t)—2*(0(¢)) || x < c—ihrtnsup 10(t)]le,

t—o00

: Ly . -
lim sup [| F'(x(t), 0(t)) ]| x < fhﬂnsup 16()lle-
— 00

t—o00

Proof. To prove item (i), consider the auxiliary dynamics

(t) = F(z(t),0(t) + v(t) :=T(x(t),0(t),v(t)), (6.2)
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where T: R" x R? x R® — R" and v: R5y — X. Note that by Assumption (A1), for
fixed 6§ and v, the map x — T'(z,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 ¢, = 1. Consider the inputs vy(t) = 0,, and vo(t) = @*(0(t)) and note that
*(0(t)) = F(x*(6(t)),0(t)) + *(0(t)) so that the curve z*(A(-)) is a solution to the
dynamical system (6.2) with input vs(¢) and initial condition 2*(0(0)). Additionally, for
any initial condition x(0) € X, the solution z(t) to the dynamics (6.1) is a solution to
the system (6.2) with input v;(¢). By an application of the incremental ISS theorem for
contracting dynamical systems, Theorem 2.5.1, to the trajectories z(-),z*(0(-)) arising

from inputs vy(-), v2(-), we have the bound for a.e. ¢

D ()= (0(0)lx < —cllz(t)—2"(0() L+ (6(0)] ¢

< —clle(t)=* @) I+ L 10,

where the last inequality follows from Lemma 6.6.2. Item (i) is then a consequence of the
Gronwall inequality for Dini derivatives, e.g. [5, Lemma 11]. To prove item (ii), consider
a trajectory z(t) of (6.1) and let V(t) = ||F(x(t),0(t))||x. Then, omitting dependencies

of x and # on time, we compute

« F(z,0) + hiF(z,0)||x — || F(x,0
vy P01 Pl Ol = [ Pla0)L
h—0+ h
(D) _ .
h—0t h,
(A2) L+ hDyF(z,0)||lx — 1 .
< P, 0)]lx tim | @0l =1 | idie
h—0t h

(A .
< pa (Do F (2, )V (L) + Lol[flle < —cV(t) + Lol|]o,

where (x) holds by a Taylor expansion of F' in ¢, inequality (A) is a consequence
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of LF(z,0) = D,F(x,0)i + DyF(z,0)0 and the triangle inequality, inequalities (A2)
and (A1) are a consequence of Assumptions (A2) and (A1), respectively. Item (ii) then

follows by the Gronwall inequality. Item (iii) is a consequence of items (i) and (ii). O

Theorem 6.2.1 is a general result that establishes that one does not need to know
#*(0(t)) in order to get an estimate on the tracking error. Indeed, by using Lemma 6.6.1,
we know that the map 2* has Lipschitz bound ¢y/c and this is one of the key steps in
establishing the asymptotic bound (iii). This bound gives designers insight on how they
may speed up their dynamics to provide lower values of tracking error.

Additionally, if we have knowledge of 6, we can augment the contracting dynam-
ics (6.1) with a feedforward term that ensures an exponential decay to zero tracking error.
To do so, consider a parameter-dependent vector field F': R x R? — R™ continuously
differentiable in both arguments and satisfying Assumption (A1). Let 6: R5y — © C R?
be continuously differentiable. We introduce the time-varying contracting dynamics with

feedforward prediction:

-1

i(t) = F(x(t),0(t) — (DoF(x(1),0(t))) " DyF (x(1), 6(t))6(2). (63)

Assumption (A1) implies the inequality pu(D,F(z,0)) < —c, for all z,0. From (1.3d),
we know that the eigenvalues of D, F'(x,0) are in the open left half plane, which implies
invertibility of D, F'(x,0) and ensures that the dynamics (6.3) are well-posed.

In the following result, we show that considering the dynamics (6.3) we obtain expo-

nential decay to zero tracking error.

Theorem 6.2.2 (Exact tracking with feedforward prediction). Let F': R xR? — R" be a
parameter-dependent vector field, and let 0: Rsq — © C RY be continuously differentiable.

Assume F'is continuously differentiable in both arguments and satisfies Assumption (Al).
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Consider the dynamics (6.3). Then for all t > 0,

(i) the residual |F(x(t),0(t))||x satisfies

1F (2 (t), 0(2)) [l < ™| F(2(0), 0(0))]|x;

(i) the tracking error ||x(t) — x*(0(t))||x satisfies

—_

l(t) = & (O x < e[| F((0),0(0)) lx;

Additionally, if F is Lipschitz in its first argument with constant £, uniformly in

0, then

* Eﬁ —Ci *
l(t) — &*(0(E)|x < —-e2(0) — 2*(8(0))|x-
Proof. To prove item (i), consider a trajectory z(t) of (6.3), and let V(t) = || F'(x(¢), 0(¢))|| »-
Then, omitting dependencies of x and # on time, we compute

) |F(2,0) + hGF(z,0)]lx — |1F(z,0)]lx
m

DV (t) = li
h—0t h
(6:3) lim ||F(I79) —i—thF(l‘,Q)F(I,Q)H;{ — ”F(x?Q)HX
h—07t h
|1, + hD,F(x,0)||x — 1

< 1P, 0) 1 lim. < px(DoF (2, 0)V () < —cV (1),

h

where (x) is by a Taylor expansion of F' in ¢t and the next equality holds since (6.3)
implies that £F(z,0) = D,F(z,0)i + DyF(z, 0)0 = D,F(x,0)F(z,6). The Gronwall
inequality for Dini derivatives implies item (i). Item (ii) is a consequence of the fact that
|F(z,0)— F(z*(0),0)||lx > c||lx —2*(0)||x since F(z*(0),60) = 0,, and for fixed 6, the map
x +— F(x,0) is invertible and the inverse map is Lipschitz on (X, | - ||+) with constant

1/c [2, Lemma 3.5]. O
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Note that compared to Theorem 6.2.1, Theorem 6.2.2 does not require Assump-
tion (A2) but does additionally require differentiability of F'. By assuming knowledge
of 0, we can leverage this information to exponentially achieve zero tracking error for
arbitrary contracting dynamics, F'. Comparatively, in Theorem 6.2.1, we do not assume

knowledge of 6 and cannot expect to achieve zero tracking error as a result.

6.3 Contracting dynamics for canonical convex opti-
mization problems

In this section, we provide a transcription from three canonical optimization prob-
lems to continuous-time dynamical systems which are strongly infinitesimally contracting.
This transcription allows us to apply Theorems 6.2.1 and 6.2.2 to time-varying instances
of these problems. Specifically, we analyze (i) monotone inclusions, (ii) linear equality

constrained problems, and (iii) composite minimization problems.

6.3.1 Monotone inclusions

We consider the following general problem which has found many applications in

convex optimization, see [74].

Problem 1. Let F: R* — R" be monotone and g: R* — R be convex. We are

interested in solving the monotone inclusion problem

Find x* € R" s.t. 0, € (F+ 0g)(z*). (6.4)

We make the following assumptions on F and g¢:
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Assumption 3. F: R” — R"” is strongly monotone with parameter m and Lipschitz on

(R™, || - ||2) with constant £. The map g: R™ — R is CCP. A

Under Assumption 3, the monotone inclusion problem (6.4) has a unique solution due
to strong monotonicity of F.

Monotone inclusion problems of the form (6.4) are prevalent in convex optimization
and data science and we present two canonical problems which can be stated in terms of

the monotone inclusion (6.4).

Example 7 (Convex minimization). First, consider the convex optimization problem

min f(x) + g(x), (6.5)

FASING

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 (6.5) also solves the inclusion

problem (6.4) with F =V f.

Example 8 (Variational inequalities). Second, consider the variational inequality defined
by the continuous monotone mapping F: R™ — R"™ and nonempty, convex, and closed set

C which is the problem

Find v* € C s.t.  F(z*)"(z —2*) >0, VazeCl. (6.6)

We denote problem (6.6) by VI(F,C). It is known that z* € C solves VI(F,C) if and only
if for all v > 0, x* is a fixved point of the map Peo(ld—~F), i.e., x* = Pe(a* —yF(x*)). In
turn, this fixed-point condition is equivalent to asking x* to solve the monotone inclusion
problem (6.4) with g = ic, see, e.g., [12, pp. 37]. Variational inequalities of the form (6.6)

have found applications in computing Nash and Wardrop equilibria in games [202].
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To solve the monotone inclusion problem (6.4), we consider the following dynamics
from [196], called the continuous-time forward-backward splitting dynamics with param-
eter v > O:

& = —x + prox, (z — yF(z)) = Fig(z). (6.7)

The name forward-backward splitting dynamics comes from the classical forward-backward

splitting algorithm from monotone operator theory, see, e.g., [4, Section 26.5].

Remark 6.3.1. When g = ¢ for some conver and closed set C, then for any v > 0,
prox.,, = P¢, we are solving VI(F,C) (6.6) and the dynamics (6.7) are the projected
dynamics

&= —x+ Pe(z — yF(x)),

which were studied in [197]. Alternatively, when F = NV f for some continuously differ-
entiable conver function f, we are solving the convex optimization problem (6.5) and the

dynamics (6.7) correspond to the proximal gradient dynamics

& = —x + prox, (v — YV f(z)), (6.8)

which were studied in [198]. A

First, we establish that equilibrium points of the dynamics (6.7) correspond to solu-

tions of the inclusion problem (6.4).

Proposition 6.3.2 (Equilibria of (6.7)). Suppose Assumption 3 holds. Then for any v >

0, 0, € (F+9g)(x*) if and only if z*€ R™ is an equilibrium point of the dynamics (6.7).

Proof. Note that equilibria of (6.7), * € R", satisfy the fixed point equation

r* = prox,,(z* — yF(z")). (6.9)
212



Time-Varying Convex Optimization: A Contraction and Equilibrium Tracking Approach Chapter 6

Moreover, it is known that fixed points of the form (6.9) also solve the monotone inclusion
0, € (F+0g)(z*), see, e.g., [4, Proposition 26.1(iv)(a)], noting that prox_, is the resolvent

of g with parameter 7. [

Remark 6.3.3. Proposition 6.53.2 continues to hold under the assumption of monotone

F [4, Propositon 26.1(iv)(a)]. A

Next, we establish that the dynamics (6.7) are contracting under assumptions on the

parameter -y.
Theorem 6.3.1 (Contractivity of (6.7)). Suppose Assumption 3 holds. Then

(1) for everyy € (0,2m/¢?), the dynamics (6.7) are strongly infinitesimally contracting

with respect to || -||2 with rate 1 — /1 — 2ym + v22. Moreover, the contraction rate

is optimized at v* = m/(>.
Additionally,

(i) if F = V[ for some strongly convex f: R" — R, for every v € (0,2/(), the
dynamics (6.7) are strongly infinitesimally contracting with respect to || - ||2 with

rate 1 — max{|l — ym/|, |1 — ~¢|}. Moreover, the contraction rate is optimized at

v =2/(m+{);

(iii) if F(x) = Ax+b for allz € R", with A = A" = 0, then for everyy € (1/Amin(A), +00),
the dynamics (6.7) are strongly infinitesimally contracting with respect to the norm

|| - l(va=r,) with rate 1.

Proof. Regarding item (i) note that since g: R* — R is CCP, for every v > 0, prox,, is

a nonexpansive map with respect to the || - || norm [4, Proposition 12.28]. Moreover, for

every v > (0 the map Id —«F has Lipschitz constant upper bounded by \/ 1 —2ym + 202
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with respect to the || - | norm [72, pp. 16]. Since the Lipschitz constant of the
composition of the two maps is upper bounded by the product of the Lipschitz con-

stants, in light of Lemma 6.6.3 in Appendix 6.6, we conclude that for v € (0,2m/(?),

osL(Flip) < =1+ Lip(prox, o (Id — 4F)) < =1+ /1 — 2ym + ¥2(> < 0. Moreover, mini-
mizing osL(FJg) corresponds to minimizing 1 —2ym+~%¢? as a function of v € (0, 2m/¢?)
. This minimization occurs at v* = m/¢? and yields a one-sided Lipschitz estimate of
osL(Fip) < —1++/1 —m2/2 < 0.

Item (ii) follows the same argument as in item (i) where instead one shows that for
all v > 0, Lip(ld — 7V f) < max{|l —ym|, |1 — v¢|} as in, e.g., [72, pp. 15]. Then for all
v € (0,2/0), osL(Fig) < —1+max{|1 —~ym]|, |1 —+¢|} < 0. Moreover, the optimal choice
of 7 is v* = 2/(m+ ¢) and the corresponding bound on osL(Fg) is —1 + (k —1)/(k + 1),
where k1= {/m > 1 [72, pp. 15].

Regarding item (iii), we compute the Jacobian of Flg for all x € R™ for which it
exists, i.e., DFgg(x) = —I, + Dprox, (I, — v(Az + b))({, — vA). Note that for all
2 € R™ for which the Jacobian exists, there exists G = GT € R™™ with 0 < G < I,
satisfying Dprox, (I, —y(Ar+b)) = G, see Lemma 6.6.4 in Appendix 6.6. Additionally,
we recall that, for any matrix A, the log-norm translation property holds. That is,
w(A+cl,) = u(A) + ¢, for all ¢ € R. Then for any norm,

D (D (1) < 1+ s p(G{T, — 7)), (6.10)

0XG=In

where the sup is over all x for which DF]g(z) exists. Moreover, for v > 1/Anin(A),
~vA — I, is positive definite and G(I,, — vA) = (—G)(yA — I,,) is the product of two
symmetric matrices. An application of Sylvester’s law of inertia implies that G(I,, —vA)
has all real eigenvalues and that it has the same number of positive, zero, and negative

eigenvalues as —G does, i.e., all eigenvalues are nonpositive. Then from [203, Lemma 2],
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with the choice of norm || - ||(ya-1,), we find

tA-1,)(G(In —VA)) = pya-1,) ((=G) (VA — 1,))

= max{Re()\) | A is an eigenvalue of G(I,, — vA)} <0,

where in the last equality we used the definition of /5 log-norm. Since this equality holds

for all symmetric G satisfying 0 < G < I,,, by applying inequality (6.10) we have

SURP fva—1,)(DFpg(7)) < —1.
we n

This inequality proves the result. [

Remark 6.3.4. The rates of contraction in Theorem 6.3.1(i) and (ii) are essentially
consequences of the standard contraction rates of the forward-backward splitting algorithm
in monotone operator theory, see [72, pp. 25] and [4, Proposition 26.16]. In contrast,
Theorem 6.3.1(ii1) provides an improved and sharp rate of contraction in the case of
affine F for an increased range of v. Note that this rate cannot be improved. To see this
fact, consider g = vy so that the dynamics are © = —x + b, which are contracting with
rate equal to 1. It is an open question whether the contraction rates in Theorem 6.3.1(1)

and (ii) can be improved to 1 with different choice of v and norm. A

Parameter-varying case Consider the parameter-varying inclusion problem

For 6 € ©, find 2*(0) € R" s.t. 0,, € (Fg + 0gy)(x*(6)), (6.11)

where for each 6 € ©, the map Fy: R™ — R"™ is Lipschitz and strongly monotone and the

map gg: R” — R is CCP. Then, for suitable v > 0, the corresponding parameter-varying
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forward-backward splitting dynamics are given by

&= —x + prox., (v —YFy(x)) =: Fpg(z,0). (6.12)

For each 6 € ©, these dynamics are strongly contracting in view of Theorem 6.3.1 and
thus the problem (6.11) has a unique solution z*(#). Moreover, when 0: R>y — © is a
continuously differentiable curve, under a Lipschitz condition on the map 6 — Flg(z,0),
Theorem 6.2.1 ensures that trajectories of (6.12) track x*(6(t)) with a tracking error
proportional to ||f(t)||e after a transient. Such a Lipschitz condition holds if, e.g., the
maps ¢ — prox,, (r) and 0 — F(x,0) are Lipschitz uniformly in 2%, If, additionally,
Flg is differentiable in both arguments, one can design a feedforward term to attain zero
tracking error leveraging Theorem 6.2.2. In Section 6.4.3, we consider an application

that takes this approach.

6.3.2 Linear equality constrained optimization

We study another canonical problem in convex optimization.

Problem 2. Let f: R" — R be convexr, A € R™" and b € R™. Consider the

equality-constrained problem

min  f(),
veR” (6.13)
s.t. Ax =0b.

We make the following assumptions on f and A:

Assumption 4. f: R" — R s continuously differentiable, strongly convex and strongly

smooth with parameters p and €, respectively. The matrix A € R™*™ is full row-rank and

2To determine whether the map 6 prox, .. (r) is Lipschitz, one can employ sensitivity analysis of
parametric programs. We refer the interested reader to [204] for sufficient conditions.
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satisfies aminlym = AAT < Gmaxm fOT Gmin, Gmax € Ro. A

Note that Problem 2 is a special case of Problem 1 with F = Vf and g = ¢ where
C ={z € R" | Az = b}. In this case we have that prox,, = P¢ and P¢(z) = z — AT(Az —
b) = (I, — ATA)z + ATh, where AT denotes the pseudoinverse of A. In the context of the

forward-backward splitting dynamics (6.7), the dynamics read

i =—x+ (I, — ATA)(z — vV f(x)) + A'b. (6.14)

In light of Theorem 6.3.1(ii), for v € (0,2/¢), the dynamics (6.14) are strongly infinitesi-
mally contracting with respect to [ - || with rate 1 — max{|1 — vp|, |1 — v¢|}.

The downside to using the dynamics (6.14) is the cost of computing AT. To rem-
edy 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.

The Lagrangian associated to the problem (6.13) is the map L: R™ x R™ — R given
by L(z,\) = f(z) + AT (Az — b). Computing the gradient descent of L in z and gradient
ascent of L in A, the continuous-time primal-dual dynamics (also called Arrow-Hurwicz-

Uzawa flow [171]) are
&= -V, L(x,\) = -Vf(z)— AT,
' (6.15)
A=V, L(x,\) = Az —b.

Theorem 6.3.2 (Contractivity of primal-dual dynamics). Suppose Assumption 4 holds.

Then the continuous-time primal-dual dynamics (6.15) are strongly infinitesimally con-
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tracting with respect to || - ||p with rate ¢ > 0 where
I, aAT 1 1
P - 0, azémin{z, P } and (6.16)
aA I, O
1 1 min min
Cc = éozamin = Z min {ag s Zmaxp}. (617)

Proof. Since f is continuously differentiable, convex, and strongly smooth, it is almost

everywhere twice differentiable so the Jacobian of the dynamics (6.15) exists almost

—V2f(x) —AT
everywhere and is given by Jpp(z) = , where z = (x,\) € R""™,
A 0

To prove strong infinitesimal contraction it suffices to show that for all z for which
Jpp(z) exists, the bound up(Jpp(z)) < —c holds for P, ¢ given in (6.16) and (6.17),
respectively. The assumption of strong convexity and strong smoothness of f further

imply that pl,, < V2f(z) < (I, for all z for which the Hessian exists. Moreover, it holds:

-B AT

<
wpertieo) < el L o ]

where the sup is over all points for which Jpp(2) exists. The result is then a consequence

of Lemma 6.7.1 in Appendix 6.7. O]

Remark 6.3.5. Our method of proof in Lemma 6.7.1 follows the same method as was

presented in [183, Lemma 2], but uses a sharper upper bounding to yield a sharper contrac-

1 min min . 1 . min min .
tion rate on min {ag , a p} compared to the estimate 3 min {aé ) ¢ p} in [183,
max max

Lemma 2]. The sharper upper bounding is a consequence of an appropriate matric fac-

torization and a less conservative bounding of the square of a difference of matrices.

A
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Parameter-varying case Consider the parameter-dependent equality-constrained min-

1mazation problem:

min  fp(z),
e (6.18)
s.t. Az = by,

where for each 6§ € ©, by € R™ and the map fy is continuously differentiable, strongly
convex, and strongly smooth with parameters p and ¢, respectively. We also assume that
A is full row rank.
The parameter-varying primal-dual dynamics are
&= =Vfo(zr) = AT
‘ (6.19)
A= Ax — by,
and by Theorem 6.3.2, for fixed 6, (6.19) is guaranteed to converge to the unique primal-
dual pair solving (6.18). Moreover, when 6: Rsy — © is a differentiable curve, under
the assumptions that 6 — V fp(z) and 6 — by are Lipschitz, the dynamics (6.19) are
guaranteed to track z*(6(t)), \*((t)) with a tracking error proportional to ||8(t)|| after
a transient. Further, if V,f is differentiable both in z and 6 and by is differentiable in
0, then we can design a feedforward term involving 0 leveraging Theorem 6.2.2 to attain
zero tracking error.
It is important to note that we have not let A depend on the parameter 6 since
the norm with respect to which the dynamics (6.15) are contracting depends on A. If
A depends on 6@, then the norm with respect to which the dynamics are contracting is

also parameter-dependent and the results from Theorems 6.2.1 and 6.2.2 do not directly

apply.
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6.3.3 Composite minimization

Finally, we study a composite minimization problem.

Problem 3. Let f: R* = R and g: R™ — R be convex, and A € R™*". We consider
the problem
min f(x) + g(Az). (6.20)

z€R™

We make the following assumptions on f, g, and A:

Assumption 5. f: R™ — R is continuously differentiable, strongly convex with param-
eter p, and strongly smooth with parameter £. The map g: R™ — R is CCP. Finally,

A € R™™ satisfies aminlm = AAT = amaxIm fOT Gmin, Gmax € Rso. A

While the optimization problem (6.20) may appear to be a special case of (6.5), it
may be computationally challenging to compute the proximal operator of go A even if the
proximal operator of g may have a closed-form expression. Thus, we treat this problem
separately.

The optimization problem (6.20) is equivalent to

min x) + ,
peimin, f(2) +9(y) 621)
st. Az —y=0,.

We leverage the proximal augmented Lagrangian approach proposed in [185]. For

v > 0, define the augmented Lagrangian associated to (6.21) L,: R® x R™ x R™ — R by
1
Ly(z,y,A) = f(2) + g(y) + AT (Az —y) + o147 = yll3, (6.22)

and, by a slight abuse of notation, the proximal augmented Lagrangian L. : R" xR™ — R
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by
Ly (@, 3) = f(2) + Mag(Az +X) = ZIAIB: (6.23)

The proximal augmented Lagrangian equals the augmented Lagrangian where the mini-
mization over y has already been performed and the optimal value for y has been substi-
tuted; see details in [185, Theorem 1]. Moreover, minimizing (6.20) corresponds to finding
saddle points of (6.23). To this end, the proximal augmented Lagrangian primal-dual

dynamics are

&= —V,L,(x,\) = =V f(x)—ATVM,,(Az + Y)\),
(6.24)

A= VoL, (2, )) = 7(—=A+ VM, (Az + 7).

Before providing contraction estimates, we showcase the specific form of the dy-
namics (6.24) in the case of inequality-constrained minimization problems of the form
min{f(z) | Az < b}. In this case, g = ¢, where C = {z € R™ | z < b}. Then
prox.,(z) = Pc(z) = min{z,b} and the corresponding gradient of the Moreau envelope
is VM,4(2) = %ReLU(z — b), where the min and ReLU are applied entrywise. Finally,

the dynamics (6.24) take the form

t=-Vf(x)— %AT ReLU(Az 4+~ —b),

A= —yA+ ReLU(Az + v\ — b), (6.25)

which we refer to as the prozimal inequality-constrained primal-dual dynamics.
Next, we turn to contraction analysis of the dynamics (6.24). To provide estimates
on the contraction rate and the norm with respect to which the dynamics (6.24) are

strongly infinitesimally contracting, we need to introduce a useful nonlinear program.
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For € € (0,1/1/Gmax), consider the nonlinear program

max c (6.26a)
c>0,a>0,%2>0
1
s.t. a< min{ — £, a:lax}, (6.26Db)
2
>3, (6.26¢)
3 1
< (2 - ) aay, 2
¢ < (4 2%)ocamm, (6.26d)
h(c,a, ) > 0, (6.26¢)

with h: RZO X RZD X RZD — R given by

2 max max max
h(c, o, ) = 2p — ReLU (204 — —)amax —2c — a%a— <72a— + (0 + a + 2¢)?
Y Y

Amin Qmin

+ 27amax (g + amax + 20)) .
Gmin Y

We prove in Lemma 6.7.4 in Appendix 6.7 that there exist finite values ¢ > 0, > 0, ¢ >

0 that solve the problem (6.26).

Theorem 6.3.3 (Contractivity of the dynamics (6.24)). Suppose Assumption 5 holds and

let v > 0 be arbitrary. Then the primal-dual dynamics (6.24) are strongly infinitesimally

contracting with respect to || - || p with rate ¢ > 0 where
I, a*AT
p= , (6.27)
oA I,

and o > 0,¢* > 0 are the arguments solving problem (6.26).

Proof. Let z = (x,\) € R*™™ and let F: R"* — R"™™ corresponds to the vector

field (6.24) for 2 = F(2). Let y := Az + v\ and define G(y) := yV?M,,(y) where it
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exists. The Jacobian of F is then

—V2f(z) —1ATG(A -ATG
DF(z) = flz) = A G(y) (v) |

G(y)A —(Im — G(y))
which exists for a.e. z. We then aim to show that up(DF(z)) < —c for all z for which

DF(z) exists. First we note that in light of Lemma 6.6.4 in Appendix 6.6,

(DF(2)) —B—%ATGA —-ATG

sup pip z2))< maxpup )

? p?ijBjjIZnIn GA V(G_Im)

where the sup is over all z for which DF(z) exists. The result is then a consequence of

Lemma 6.7.3 in Appendix 6.7. O

Remark 6.3.6. To the best of our knowledge, the solution to the nonlinear program (6.26)
provides the most general test for the contractivity of the dynamics (6.24). The original
work [185, Theorem 3], proves exponential convergence provided that v > ¢ — p. Instead
we prove contraction, a stronger property, for all v > 0. We compare contraction and

convergence rate estimates in Figure 6.7 in Appendiz 6.7. A

Note that any triple (c, a, ) € R% satisfying the constraints (6.26b)-(6.26e) provides

a suboptimal contraction estimate, i.e., the dynamics (6.24) are strongly infinitesimally

contracting with rate ¢ (weakly contracting if ¢ = 0) with respect to norm || - || p, where
I, «aAT

P = . In what follows, we present computational considerations for estimat-
aA I,

ing the optimal parameters ¢*, o* in the nonlinear program (6.26). Let > > 2/3 be fixed

(e.g., at a value of 1). Then we have the following bounds on ¢ which we will bisect on:

C C = min — — 7 ) QminO®max (>
= & = bmax P, 4 93¢
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where apa, = min { \/aiﬂﬁ —&, 7 } For any value of ¢ € [0, ¢Z,.], we check whether the

following linear program (LP) is feasible:

Find a (6.28a)
s.t. 0 <o < amax, (6.28Db)
3 1
< (2 - aay, 2
c< <4 2%>aamm, (6.28c¢)
h(c, o, 5¢) > 0. (6.28d)

Although h(c, a, 5¢) is not linear in «, the problem can be transformed into an equiv-
alent LP since ReLU is piecewise linear. The LP is feasible for ¢ = 0 (with a = 0). If

the LP is feasible for ¢ = ¢, then ¢”__ is the optimal contraction rate for this choice

max’ max

v 4
max

of s2. More typically, the LP will not be feasible for ¢, at which point we bisect on c,
checking for feasible v for (6.28) at the prescribed value of ¢ until we find a J-optimal
value of ¢ with corresponding « that is feasible.

Optimizing further over » can be done numerically either using nonlinear program-

ming solvers or by using a grid search over s and then the bisecting on c.

Figure 6.1: Plots of trajectories of the dynamics (6.32) solving the equality-constrained
minimization problem (6.31). The left figure shows the trajectories of the primal
variables x(t) as solid curves and the trajectories of the instantaneously optimal primal
variables z*(0(t)) as dashed curves. The right figure shows the trajectory of the dual
variable A(¢) as a solid curve and the instantaneously optimal dual variable A*(0(t))
as a dashed curve.
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Figure 6.2: Plot of the error ||z(t) — 2*(6(t))||p along with the upper bound wf/c?
where z(t) = (x(t),\(t)) and z*(0(t)) = (z*(0(t)), \*(0(t))). We also denote 3 time—
constants by ts, where one time-constant is 1/¢ = 2 units of time.

Parameter-varying case Consider the parameter-dependent composite minimization

problem

min fo(z) + go(Az), (6.29)

z€R"
where for each 6 € ©, the function fy is continuously differentiable, strongly convex, and
strongly smooth, the map gy is CCP, and that A is full row rank. Then the proximal
augmented Lagrangian primal-dual dynamics are

i =—Vfo(x) — ATV M,y (Az +YN),
(6.30)

A =(=A+ VM, (Az 4 yN)).

For each # € O, the minimization problem (6.29) has a unique minimizer z*(f) and
Lagrange multiplier A*(#) and the dynamics (6.30) converge to them. Let Fpayp,: R™™™ x
© — R™™ denote the vector field for the dynamics (6.30). When 0: Rsy — © is
a differentiable, time-varying parameter, under the assumption that 6 — Fpap(z,0) is
Lipschitz uniformly in z, the dynamics (6.30) are guaranteed to track z*(0(t)), \*(0(t))
with a tracking error proportional to ||@(t)|| after a transient. The assumption that

Fpar is Lipschitz in 0 is satisfied if, e.g., 0 = Vfy(x) and 6 ~ prox,, (x) are Lipschitz
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Figure 6.3: Plots of trajectories of the dynamics (6.34) solving the inequality-con-
strained minimization problem (6.33). The left figure shows the trajectories of the 2
primal variables z(t) as solid curves and the trajectories of the instantaneously opti-
mal primal variables z*(0(t)) as dashed curves. The right figure shows the trajectory
of the dual variable A\(¢) as a solid curve and the instantaneously optimal dual variable
A*(0(t)) as a dashed curve.

uniformly in x. Finally, if Fpar, is differentiable in both of its arguments, then we can
leverage Theorem 6.2.2 to design a feedforward term involving @ to attain zero tracking
error.

As in the case of linear equality constrained minimization, we have not let the matrix
A depend on the parameter §. For the same reason as before, the norm with respect to

which the dynamics (6.24) are contracting depends on A.

6.4 Numerical and hardware experiments

In this section, we present experiments to showcase the performance of the proposed

3 We present an application of Theorem 6.2.1 to a problem with equality

dynamics.
constraints, which corresponds to Problem 2 and a case with inequality constraints,
which corresponds to Problem 3. Additionally, we consider an application to control

barrier function-based design, [201], for collision avoidance in a multi-robot scenario by

leveraging the contraction analysis of the proximal gradient dynamics from Problem 1.

3Code for our experiments is available at https://github.com/davydovalexander/
time-varying-convex.
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Figure 6.4: Plot of the error ||z(t) — 2*(6(t))||p along with the upper bound wf/c?
where z(t) = (z(t), A(t)) and 2*(0(t)) = (x*(0(t)), A\*(0(t))). We also denote 3 time—
constants by tss, where one time-constant is 1/¢ ~ 1.78 units of time.

6.4.1 Numerical experiment: Equality constraints

Consider the following time-varying quadratic optimization problem with equality

constraints

L1 2
min S|z —r(t)l,

(6.31)
s.t. @ + 229 + x3 = sin(wt),
where w = 0.2 and r(t) = (sin(wt), cos(wt),1). We can see that (6.31) is an instance
of (6.18) with n = 3 primal variables and m = 1 equality constraints by letting 6(t) =
(cos(wt),sin(wt)) € O := {z € R? | ||2]|s < 1} C R2. Letting || - |le = || - ||2, the Lipschitz
1

assumptions are verified for fy)(x) = 3|lz—7(t)||3 and by = sin(wt). The corresponding

primal-dual dynamics for problem (6.31) read

Iy = —x1 +sin(wt) — A,
Ty = —xg + cos(wt) — 2,

(6.32)
.i‘g = —T3 + 1-— )\,

}\ =T + 21‘2 + T3 — sin(wt),
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i.e., the dynamics are that of a linear system.

We simulate the dynamics (6.32) over the time interval ¢ € [0,45] 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 dynamics along with the instantaneously optimal values
x*(0(t)), A*(0(t)) in Figure 6.1.

We empirically observe how the trajectories of the dynamics track the instantaneously
optimal values z*(0(¢)), \*(0(t)) after a small transient. We then verify that the bound
from Theorem 6.2.1 provides valid upper bounds for the tracking error. Finding the
norm with respect to which the stable linear system (6.32) is contracting with largest rate
corresponds to a bisection algorithm and is detailed in [2, Section 2.5.2]. After executing
the bisection algorithm, we find that the primal-dual dynamics for (6.31) are strongly
infinitesimally contracting with respect to || - ||p with rate ¢ = 0.5 for suitably chosen
P = P" = 0. Then the corresponding Lipschitz constant for the vector field is computed
from (O, | - ||2) to (R, ]| - ||p), and is approximately ¢ ~ 0.902. From Theorem 6.2.1, we
know that the asymptotic tracking error as measured in the || - || p norm is upper bounded
by Sw ~ 0.722 since 16(t)||2 = w for all t > 0. In Figure 6.2 we plot ||z(t) — 2*(8(t))|| p,
where z is the stacked vector of x and A, as well as the upper bound C%w to demonstrate

the validity of our bound.

Remark 6.4.1. Note that in this example we have leveraged the fact that the dynam-
ics (6.32) are linear to get improved rates of contraction. If we had instead simply used
the bound on the contraction rate from Theorem 6.3.2, we would instead have ¢ = i,
which would yield looser bounds on the asymptotic error (measured in a different norm,

however). A
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6.4.2 Numerical experiment: Inequality constraints

Consider the following time-varying quadratic optimization problem with inequality
constraints |
min e+ (0],

z€eR?

(6.33)
s, —x1 + 29 < cos(wt),

where w = 0.2 and r(t) = (sin(wt), cos(wt)). We see that (6.33) is an instance of (6.29)
with g: R x © — R given by g(z,0) = i¢,(z) where Cy = {z € R | z < 0, }, the time-varying
parameter is 0(t) = (cos(wt),sin(wt)) € © := {z € R? | ||z]|s < 1}, and A = [-1,1]. Fol-
lowing the expressions (6.25), the correspoding proximal inequality-constrained primal-

dual dynamics read

1
i1 = —x1 — sin(wt) + — ReLU(—xz1 + 22 + YA — cos(wt)),

gl
1
Ty = —x9 — cos(wt) — — ReLU(—x1 + 22 + YA — cos(wt)),
Y
A = =9\ + ReLU(—2; 4 x5 + 7\ — cos(wt)). (6.34)

We simulate the dynamics (6.34) with 7 = 10 over the time interval ¢ € [0, 45]
with a forward Euler discretization with stepsize At = 0.01 and z(0) = 05, A(0) = 0.
We plot the trajectories of the dynamics along with the instantaneously optimal values
x*(0(t)), \*(6(t)) in Figure 6.3.

We empirically observe how the trajectories of the dynamics track the instantaneously
optimal values 2*(0(t)), \*(0(t)) after a small transient. We then verify that the bound
from Theorem 6.2.1 provides a valid upper bound for the tracking error. Note that the

vector field for the dynamics (6.34) is almost everywhere differentiable and its Jacobian
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has the structure

~1-1y iy J
DFpar(2) = Lyooa=ty g |, (6.35)
—J J -y +vJ

where J denotes the derivative of the ReLU evaluated at —z1 + 9 + YA — cos(wt) and
always takes value in {0,1} when it is defined. In other words, the Jacobian always
takes one of two values. Finding the norm which maximizes the contraction rate of the

dynamics (6.34) corresponds to the minimization problem

min c,
cER,PcR3%3
st. PD;+D]P=2P, ic{l,2}, (6.36)
P=P" >0,

where D; corresponds to the Jacobian (6.35) with J = 1 and D, corresponds to the
Jacobian (6.35) with J = 0. The problem (6.36) can be solved using a bisection algorithm
on ¢ as discussed in [2, Section 2.5.2]. After running the bisection algorithm, we find
that the dynamics (6.34) are strongly infinitesimally contracting with respect to || - ||p
with rate ¢ = 0.5625 for suitably chosen P = PT = 0. Then the corresponding Lipschitz
constant for the vector field is computed from (0, ||-||2) to (R3, ||||») and is approximately
¢ ~ 1.235. From Theorem 6.2.1, we know that the asymptotic tracking error as measured
in the || - || p norm is upper bounded by 4w & 0.781 since 16(t)||2 = w for all t > 0. In
Figure 6.4 we plot ||2(t) — 2*(6(t))| » as well as the upper bound 5w to demonstrate the

validity of our bound.

Remark 6.4.2. As in the previous example, we leverage the specific structure of the

dynamics (6.34) to yield sharper bounds on the contraction rate c instead of using the
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nonlinear program (6.26). A

6.4.3 Hardware experiment: Collision avoidance with online

control barrier functions

Figure 6.5: Overhead trajectories from the Robotarium experiments shown as photo-
composites. The robots’ positions are shown at: the start of the maneuver (denoted by
circles), the midpoint, and the end of the maneuver (denoted by stars). (Left) Robots
executing the dynamics (6.41) and (Right) robots executing the dynamics with feedfor-
ward prediction (6.42). Videos are available at https://bit.ly/TimeVaryingConvex.

We evaluate our equilibrium tracking framework in the context of control-barrier
function (CBF)-based control synthesis [201]. To showcase our framework, we first recall

the definition of a CBF.

Suppose we are given a nonlinear control-affine system

&= F(z) + G(x)u, (6.37)

where F: R" — R and G: R" — R™™ are locally Lipschitz, and u € R™. We let
h: R™ — R be sufficiently smooth and C := {x € R" | h(z) > 0} denote the safe set for

the system (6.37).

Definition 11 (Control Barrier Function [201, Definition 3]). The function h is a control

barrier function (CBF) for C if there exists a locally Lipschitz and strictly increasing
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Figure 6.6: The evolution of min; j hij(x(t)) and ||u(t)|| for the experiments in Fig-
ure 6.5. We plot © = 0.12 [m/s] as a dashed line.

function a: R — R with «(0) = 0 such that for all x € C, there exists u € R™ with
Vh(z)"F(z) + Vh(z) G(z)u + a(h(z)) > 0. (6.38)

It is then known that a continuous feedback controller w: R®™ — R™ which satis-
fies (6.38) for all z € D D C, for an open set D, renders C forward-invariant under the
dynamics (6.37) [205].

If C =¥ ,C; and C; := {x € R" | hy(z) > 0}, a common approach to synthesize
controllers which yield C forward-invariant is to solve a parametric quadratic program

) 1
argmin - = ||t — Unom (2)|[3,
weR™ 2

st ai(x) u <b(x), ie{l,... k} (6.39)

[ulle <7,

where a;(z) = —G(z)"Vh;i(z) and b;(x) = Vhi(z) " F(z) + a(hi(z)) for all i € {1,... k},

Upom : R™ — R™ is a nominal feedback controller, and ||u||o < @, where @ > 0, captures
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actuator constraints.

The complexity of the above approach arises in the computational burden of solv-
ing (6.39) at each xz(¢). To ameliorate this burden, we propose leveraging the equilibrium
tracking approach, as was done in [200]. First, we relax the k inequality constraints with

log-barrier penalties:

argmin —||u — upom (T log( —a;(x) u ,
rguin 310~ o (o) - Z B(0(x) — ai(o) W)
st ulle <7, (6.40)

where n: R — Ry is a smooth function with lim; ., n(t) = 0 which relaxes the log
barriers over time. Note that we do not add additional log barrier terms for the actuator
constraint since doing so would add 2m additional terms to the objective and would
result in overly conservative controls initially.

Let f: R™ x R™ x R — R denote the objective function of (6.40), that is, f(u,x,n) =
llu— unom (@) |3 — 1 S log(bi(z) — a;(x) Tu). Note that both z and 7 are time-varying
parameters in this optimization problem. For U = {u € R™ | ||ullo < u}, we leverage

the proximal gradient dynamics (6.8) to track the solution w*(x(t),n(t)) of (6.40):

(1) = —ult) + Pe(ult) — 1V f (ult), 2(0).0(1)). (6.41)

To ensure contraction of the dynamics (6.41), we need to make two technical assumptions.
First, we assume that there exist d,7. > 0 such that for all v < ~,, the set {(u,z) € R" x
R™ | a;(x)"u < b;(z) — 6, for all i} is forward-invariant for the coupled dynamics (6.37)

and (6.41).* Secondly, we assume that each a; is bounded on this set. Under these

4This first assumption is reminiscient of a strengthened version of the CBF condition (6.38) as studied,
for example, in [205].
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technical assumptions, on this forward-invariant set, f(-,z,n) is strongly convex and
strongly smooth. Then, in light of Theorems 6.2.1 and 6.3.1, we can find suitable vy &
10,7, such that the dynamics (6.41) are contracting with respect to || - || and will track
the optimal w*(z(t),n(t)) solving (6.40) with some error depending on &(t) and 7(t).
This is the approach that is taken in [200], albeit with the primal dual flow on the
proximal augmented Lagrangian instead of the proximal gradient flow. In contrast, we
will leverage Theorem 6.2.2 to minimize tracking error. To apply Theorem 6.2.2, we
first replace Py, with a smooth approximation, >: R™ — R™ satisfying ¥(z) € U and
0 < D¥(z) = I, for all z. Then we consider the dynamics with feedforward prediction,

omitting the dependencies on time

OV f
00

i = —u - S() + (L — DE) (L — V2 (.0) v D8 S (. 0), (6.42)

where we have used the shorthands y = v — vV, f(u,0) and 0 = (z,n). We can show
that all trajectories of (6.42) converge exponentially quickly to a small tube centered
at the time-varying equilibrium trajectory of (6.41). To see this rigorously, suppose
|2(2) — Py(z)||2 < € for all z. Intuitively, for any € > 0, such a ¥ exists by “smoothing”
Py, at the points of nonsmoothness. Then, letting 0 = (x,7), at fixed €, we can consider

the following two systems:

?:Ll = —u; + Pu(ul — ”quf(ul, 9)) (643)

?lQ = —Ug9 + Pu(Ug — nyuf(ug, 0)) + d(UQ, 9), (644)

where d(ug,6) = X(y) — Py(y) and y = us — vV, f(uz,0). In other words, the smoothed

dynamics (6.44) are a perturbed version of the nominal, nonsmooth, dynamics (6.43). We
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know that both of these dynamics are contracting in view of Theorem 2 and, therefore,
admit unique equilibria at each 6. Let uj(0), u3(0) denote these parametrized equilibria.

From [5, Theorem 38(ii)], if ¢ — ¢ > 0, we know that the following bound holds:
d(us, 0
i (0) — wg@))p < 102 £ (6.45)

c—¢€ T c—¢

In other words, as ¢ — 0, then ||uj(0) — u3(0)|]2 — 0.

Extending to the case of time-varying 6, we have that, for all ¢, ||uy(0(t))—u3(6(2))|2 <
—=. Namely, the time-varying equilibrium trajectory of (6.44) lies in a small tube around
the time-varying equilibrium trajectory of (6.43). Then since (6.44) has smooth dynam-
ics, we may add a feedforward term to (6.44) so that all trajectories converge to u3(6(t))
exponentially fast. And since uj(6(t)) lies inside an arbitrarily small tube around uj(6(¢)),
we can achieve arbitrarily close tracking depending on how we tune €. Recall that &
follows the dynamics (6.37) and that since 7 is a design choice, 7 is known as well, which
makes these dynamics well-posed.

We now provide a concrete example. Consider a team of n single-integrator robots,
#; = u;, in R? attempting to avoid collisions with one another while driving from an initial
position to a final one. Let 2 = (z1,...,2,) € R* and u = (uy, ..., u,) € R*" denote the
concatenation of their states and controls, respectively. There are n(n—1)/2 CBFs, given
by hij(x) = ||w;—x;]|3—d? for alli, j € {1,...,n},i # j and d > 0 is some safety distance
between agents. The constraints induced by these CBFs are —Vh;;(z) v < a(hi;(x)).

We implement our proposed controllers in the Robotarium [206], a remotely accessible
multi-robot testbed at the Georgia Institute of Technology. We consider n = 4 robots and
evolve the dynamics (6.41) and (6.42) as the controllers for the robots. We choose n(t) =
e 03 v = 0.5,a(r) = 3r,d = 0.182 [m], and as nominal control, we take Uyom;(T;) =

Tdes,i — Ti, Where ZTgesi € R? denotes the desired final position for robot i. To comply with
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actuation limits in the Robotarium, we take @ = 0.12 [m/s]. For the dynamics (6.42),
we take X(z) = wtanh(z/u) as a smooth approximation for P;. The results of the
experiment are shown in Figure 6.5 and the evolution of min, ; h;;(z) and |lul|- are
shown in Figure 6.6.

We can see that both control strategies result in safe execution where each h;; is
nonnegative for all ¢ and yield controls that obey the actuation constraint ||u(t)|l. < @
for all £. Note that without the feedforward term, the robots overshoot their target
destination before eventually converging to the final location while this does not happen
when there is a feedforward correction, see Figure 6.6. This overshoot is due to the lack
of knowledge that the log barrier penalty coefficient 7(t) is decaying to zero. In contrast,
the feedforward term allows the robots to account for its exponential decay to zero and

thus they avoid overshooting their goal.

6.5 Discussion

In this article, we take a contraction theory approach to the problem of tracking
optimal trajectories in time-varying convex optimization problems. We prove in Theo-
rem 6.2.1 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. We additionally prove in Theorem 6.2.2 that any strongly in-
finitesimally contracting system can be augmented with a feedforward term to ensure
that the tracking error converges to zero exponentially quickly. To apply these theorems,
we establish the strong infinitesimal contractivity of three dynamical systems solving op-
timization problems and apply Theorem 6.2.1 to provide explicit tracking error bounds.
We validate these bounds in two numerical examples and present a novel application to

CBF-based control.
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We believe that this work motivates future research in establishing the strong in-
finitesimal contractivity of dynamical systems solving optimization problems or perform-
ing more general computation due to the desirable consequences of contractivity. As
future research, we plan to investigate (i) discretization of parameter-varying contract-
ing dynamics and establish similar tracking error bounds for discrete-time contracting
systems [207], (ii) contractivity properties of continuous-time stochastic optimization al-
gorithms based on stochastic differential equations [208], and (iii) time-varying nonconvex
optimization problems with isolated local minima [209], possibly using the theory of k-
contraction [33]. Finally, we believe that a comprehensive comparison to methods based
upon incremental quadratic constraints [210] and dissipative systems theory [211] could

provide novel design insights.

6.6 Proofs and additional results

We begin with a result on parametrized contractions.

Lemma 6.6.1 (Parametrized contractions). Consider the system (6.1) satisfying As-
sumptions (A1) and (A2). Let *: © — X denote the map given by x*(0) = xj. Then

x*(+) is Lipschitz from (©,] - |le) to (X, ] - ||x) with constant {y/c.

Proof. Consider the dynamics & = F(z,0) satisfying Assumptions (A1) and (A2), where
f is constant. Given two constant inputs 6; and 6., the two equilibrium solutions are
x*(61) and 2*(0,). The assumptions of [2, Theorem 3.16] are satisfied with ¢ = — osL,(F)

and ¢y = Lipy(F), and the differential inequality [2, Equation 3.39] implies

0 < —cf|z"(61) — 27 (62) ]| x + Lol|61 — b2 ]e-

This concludes the proof. O
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Next, we study the Lipschitzness of parametrized time-varying equilibrium trajecto-

ries and obtain a bound on their time derivatives.

Lemma 6.6.2 (Lipschitzness of parametrized curves). Consider X C R" and © C
RY with associated norms || - ||x: R" — Rsg and || - |lo: RT — Rsq, respectively. Let
G: © — X be Lipschitz from (O, - ||le) to (X,|| - ||x) with constant Lip(G) > 0. Then

for every a,b € R with a < b and every continuously differentiable 0: (a,b) — ©,

(i) the curve x: (a,b) — X given by x(t) = G(0(t)) is locally Lipschitz;

(ii) ||(t)||x < Lip(G)||6(t)|le, for a.e. t € (a,b).

Proof. Ttem (i) is a consequence of the fact that continuously differentiable mappings are
locally Lipschitz and that a composition of Lipschitz mappings is Lipschitz.
To prove item (ii) we first note that item (i) implies that @(t) exists almost everywhere

by Rademacher’s theorem. Next, for all ¢t € (a,b) for which @(t) exists, we have

t+h
H = lim—l2(t + B)—a(t)

Jo0) = J === = Jim
O(t + h)—0(t)

h—0+

< tim “PC )||6(t+h) 0(t)lo=Lip(G)|| lim | =Lir@Il0®)le.

T h—0t h—0+ h
where we have used the continuity of the norms || - ||x and || - ||e and the Lipschitzness
of the map G. O
Lemma 6.6.3. Let T: R™ — R"™ be Lipschitz with respect to a norm || - || with constant

Lip(T). Then the vector field F': R™ — R™ defined by the dynamics

&= —x+T(z) = F(z) (6.46)

satisfies osL(F) < —1+Lip(T). Moreover, if Lip(T) < 1, then T has a unique fized point,

x*, which is the unique equilibrium point of the contracting dynamics (6.46).
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Proof. We have osL(F") := osL(—Id + T) = —1 + osL(T) < —1 + Lip(T), where we used
the translation property of osL and the upper bound osL(T) < Lip(T) [2, Section 3.2.3].
If Lip(T) < 1, the Banach contraction theorem implies the existence of a unique fixed
point and equilibrium points of (6.46) are exactly fixed points of T. Moreover, the

dynamics (6.46) are contracting since osL(F) < 0. O

Lemma 6.6.4 (Symmetry and bounds on Jacobians). Let the map g: R* — R be CCP.
Then for every v > 0, Dprox, (x) and V2M,,(x) exist for a.e. x € R™, are symmetric,
and satisfy

0 < Dprox.,(z) X I,, 0= V*My(z) =< —1,. (6.47)

1
v
Proof. First note that Dprox.,(z) and VZM,4(z) exist for a.e. z € R" by Rademacher’s
theorem since prox., and VM, are both Lipschitz. Furthermore, V2M,4(x) is symmetric
for a.e. z by symmetry of second derivatives. Analogously, Dprox. (z) = I,, — YV2M,,(z)
by (1.8) so we conclude symmetry of Dprox. () as well. The bounds (6.47) are a conse-

quence of the fact that prox_, and Id — prox_, are both firmly nonexpansive [4, Proposi-

tion 12.28]. 0

6.7 Logarithmic norm of Hurwitz saddle matrices

In this section, we provide bounds on log norms for the saddle matrices arising from

the Jacobians of the dynamics (6.15) and (6.24).

Lemma 6.7.1 (Logarithmic norm of Hurwitz saddle matrices). Given B = BT € R

and A € R™ "™ with m < n, we consider the saddle matrix

—B —AT
B= € Rmtmx(mtn) (6.48)
A 0
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Then, for each matriz pair (B, A) satisfying pl, = B =< 1, and awinlm = AAT = amaxdm,

for p, 4, amin, Amax € Rsg, the following contractivity LMI holds:

B'P+PB=<—-2cP <<= yug(P)<—c (6.49)
where
I, aAT 1 1
P 0, azémin{z, i } and (6.50)
OZA Im (max
1 1 min min
Cc = §aamin = Z min { ag s Zmaxp}. (651)

Proof. We start by verifying that P > 0. Using the Schur complement of the (2, 2) entry,

we need to verify that

I, —0?ATA =0 <= 1 —Plmax >0 <= 0% < 1/Gmax.

2

The inequality a? < 1/an. follows from the tighter inequality (2c)? < ﬁ which is

proved as follows:

f1op 3 ylop p }
z < z . bt -
mln{€7 amax} - mm{ﬁ’ amax} max{g, (max

Next, we aim to show that Q := —BTP — PB — 2cP = 0. After some bookkeeping, we

—_

p 1

amax amax

|

compute

0 2B—2aAT"A—2cl, aBAT—2caAT
A+aAB—A—2caA 20AAT—2cl,,
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The (2,2) block satisfies the lower bound

20AAT —2¢I, = 2(%&AAT—c]m) +aAAT

- 2(%Ozam-m—c)lm + aAAT=aAAT = 0.

Given this lower bound, we can factorize the resulting matrix as follows:

. I, 0| |2B=2(aATA +cl,) aB—2cal,| |I, 0
Q=-B"P—PB—2P
0 A aB—2cal, al, 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(0AT A+ cI,) — a(B — 2¢I,,)” & 0
<= 2B — aB? +4acB = 2(aAT A+ cl,) + 4ac’l,

<= 2B —aB?® = 2(aA" A +cl,) and 4acB = dac’l,.

To prove 2B — aB? = 2(a A" A + cl,,), we upper bound the right hand side as follows:

. (6.50)
2(0514 A+ Cjn) = a(2amax + CLmin)In

pl,.

1
O‘S _p/amax
2 1
= P

DN o

(2amax + amin)[n j

- 2 Umax

1

Next, since a < 55, we know —al > —%. We then upper bound the left hand side as

follows:

2B—aB*»=2B—alB = (2—1)B = 3pl,.
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Finally, the inequality 4acB = 4ac?1, follows from noting ¢ < %Z:ﬁ p < p. [

The following lemma is presented in [183, Lemma 6]. We include it here for com-

pleteness.

Lemma 6.7.2. Let X = X T € R™™ satisfy 0 <= X =< Tmaxm fOr S0Me Tyax > 0, 7 > 0,

and o < . Then for all d € [0,1]™, the following inequality holds
a(diag(d)X + Xdiag(d)) + 2v(I, — diag(d)) = gaX. (6.52)
Proof. See [183, Lemma 6]. O

The following lemma is a generalization of [183, Lemma 4], where we let the matrix
G be dense. The proof method is improved by introducing an auxiliary variable s¢ which

we optimize for in (6.26) whereas in the proof of [183, Lemma 4], 3¢ = 1 is chosen.
Lemma 6.7.3 (Generalized saddle matrices). Given A € R™" B = BT € R™", and

G =GT e R™™ withm <n, and v > 0, we consider the saddle matrix

~B-1ATGA  -ATG
GA (I, — G)

B= e Rm+n)x(min) (6.53)

Then, for each matriz triplet (B, A, G) satisfying pl, = B =< (I,, aminl, < AAT =<

maxdm, and 0 =X G =< I, for p, {, G, Gmax € Rsq, the following contractivity LMI

holds:
B'P+4+ PB =< —-2¢*P <= pup(P) < —c, (6.54)
where
I, o*AT
P= >~ 0, (6.55)
oA I,
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and ¢* and o* are the optimal parameters for the problem (6.26).

Proof. Define the matrix Q € Rm+n)x(m+n) Ly

QO=-BTP—PB—2¢P = Qu Qu , (6.56)
1y Qn

where Q11 € R™", Q12 € R™™, and Q2 € R™*™. We aim to show that () > 0 for ¢*

and o* optimal parameters for the problem (6.26). We have

2
On = 2B + (- - 2a*> ATGA — 261,
f)/
Qs = &y AT(L—G)+a* BAT+ L ATGAAT 2650 AT,
7

Qo = o (AATG + GAAT) + 2y(1,,, — G) — 2¢*1,,,.

To show that @ > 0 we use the Schur Complement, which requires to prove that Q2 > 0
and Q11 — Q12Q5; QT, = 0. We do this in three steps.

First, we find a lower bound for ),. Since GG is symmetric and satisfies 0 < G <X I,,,,
there exists an orthogonal matrix U € R™*™ and d € [0, 1]™ such that G = Udiag(d)U .
Substituting this into Q2 and multiplying on the left and on the right by U and UT,

respectively, we get

UTQqyU = a*(UT AATUdiag(d) + diag(d)UTAATU) 4 2v(1I,, — diag(d)) — 2¢*I,,,
(6.57)

where we have used the fact that U € R™*™ orthogonal, i.e., UUT = UTU = I,,. More-
over, the orthogonality of U implies that U~! = UT. Thus the eigenvalues of UTAATU

and AAT are equal, and therefore, aminly, =< UTAATU = amaxln. Next, applying
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Lemma 6.7.2 to (6.57), with X := UTAATU, and, multiplying this on the left and

on the right by U and UT, respectively, we get the following lower bound
3 * T *
Qa2 = 3¢ AAT = 2c7 Iy, (6.58)

where the inequality holds because a* < —— — constraint (6.26b). Finally, we note that

max

Q22 > 0 for o and ¢* optimal parameters for the problem (6.26)
Next, we need to prove that Q11 — Q12Q% @1, = 0 for ¢* and o* optimal parameters

for the problem (6.26). To this purpose, first note that for every > 2%max L

3 amin a*

1
Q22 = EAAT. (6.59)

Next, we upper bound Q12Q5, QJ,. To simplify notation, define R, = B + %ATGA —
2¢* 1, € R Ry = yAT(I,, — G) € R™™_ and note that Q1 = o*(R1 AT + R,) € R™™,

We compute

00052 KQu(AAT) 1Qu
< (") k(RiAT(AAT) PART+ Ry AT(AATIR]
+ Ro(AATYTTART + Ry(AAT)'R))
< (a")’K(Ri R} + 2| RiAT(AAT) 'Ry | I,

+ | R2(AAT) T Ry || 1), (6.60)

where the final inequality holds because AT(AAT)™1A < I,,. Note that

R]_R:lr j 62[71_'_(26—’_ Gmax —'—2C*> (_amax+2c*> [n::hl (C*)In7
v g
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where we have introduced the function hy: R — Rsq defined by hy(c*) = 2+ 26(““% +
2¢%) + (%= + 2¢%)%. Moreover,

— amax
IR (AAT) Ry || <o

—, and
20 By AT(AAT) T RT|| < 272 (04 282 00) — ho(c”),

where, we have introduced the function hy: Rsg — Rs( defined by ho(c*) := 2~y%max (¢ +

Gmin

4max + 2¢*). Substituting the previous bounds on the LMI (6.60) we get

amax
QuQz QT 2 ()2 (In(¢") + ha(e) + 222 1,

Qmin

Next, we compute

Qu =28+ (% - 2a*>ATGA —2¢*1,

2
- <2p — ReLU <2a* — —)amax — 20*) I,.
Y

Finally, we have

2
QH—QHQQ_;QL -1, <2p — ReLLU (2(1* — —)amax — 2c*

= (@ (a(e") + ha(e) + 7)) = 0,

Qmin

where the last inequality follows from constraint (6.26e). This concludes the proof. [

Lemma 6.7.4. Consider the nonlinear program (6.26). Then optimal parameters c*, o*, »*

exist, are finite, and are strictly positive.
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Proof. We have the obvious bounds on ¢, «, s:

. 3
0 < ¢ < cpax := min {p, Zaminamax}a

1
Ogagamax::min{ —€ 7 },

Y
V amax amax

< s.

[GVRIN

We can see that at fixed ¢, s¢, the function h is continuous and decreasing in a and
that for fixed a, s, the function h is continuous and decreasing in c¢. Let s > 2/3 be
arbitrary. Pick ¢ € ]0, p[ and note that h(¢,0,s) = 2p — 2¢ > 0. By continuity of h
in «, there exists sufficiently small @ > 0 such that h(¢, «, ) > 0. Then pick 0 < ¢ <
min{¢, (3 — 5-)aayy }. By definition, ¢ < (3 — 5&)aam, and h(c, o, ) > h(é, a, ) > 0
since h is decreasing in ¢ for fixed a, 2. In other words, for every s > 2/3, there exist
parameter values (c,q, s) that are all positive and feasible (at » = 2/3, the optimal
value of ¢ is 0). Since ¢ and « are bounded above, we know that optimal values must be

finite. We now show that the optimal value of s is also bounded above.

For s > 2/3, define the set

3 1
S, ::{(c, a) € Rsg X Ryp | @ < amax, ¢ < <Z_l — 2—)ozamin, h(c, o, ) > 0}.
= = P

Because h is continuous, we can see that for every » > 2/3, S, is a closed set. Moreover,

we can also see that

S% g [07 Cmax} X [07 amax}:

so S,, is a closed subset of a compact set, so it is also compact. Then for every » > 2/3
and (c,«) € S,,, the mapping (¢, @) — ¢ is continuous on the compact set S,, and thus

attains its maximal value at parameter values c,,, ., both of which are positive for every
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» > 2/3 by the above reasoning. Consider specifically ¢;, «; > 0 which are the parameter
values which maximize the map over the compact set S;. It is now straightforward to
argue that there exists M > 0 sufficiently large such that for all d > M, ¢4 < ¢; and
thus implies that the optimal value for s lies in the bounded interval [2/3, M]. To see
this intuitively, if M is sufficiently large, h(cpr, apr, M) > 0 can be made to imply that
ag < %c—l for every d > M (by picking M large enough and since h is decreasing in )

Gmin

and thus ¢ < (% — ;—d)ozdamin < %adamin < c.

Then define the set

S ;:{(0’047 %) c RZO X RZO X RZO ’ @ < Qpax,

3 1
CS <_ - _>aaminah(caa7%) Z Oa2/3 S %S M}

We can easily see that S is closed and is also compact since
S C 0, Cmax] X [0, amax] X [2/3, M].

Moreover, for every (¢, a, ) € S the mapping (¢, «, ) — ¢ is continuous on the compact
set S and attains its maximal value at parameter values ¢*, a*, »* all of which are positive

and finite. This concludes the proof. m

Finally, we empirically compare our estimate of the contraction rate for the dynam-
ics (6.24) as a function of 7 to existing convergence rates in the literature. We compare
against [212, Prop. 3] and [183, Theorem 2]. We elect to compare against [212] rather
than [185] since the estimate in [212] depends only on amin, @max while the estimate
from [185, Theorem 3] depends on A. We note that both [212] and [183] establish expo-
nential convergence rather than contractivity, but the proof methods could be extended

to establish contraction. In Figure 6.7, we plot these convergence estimates.
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Figure 6.7: Estimates of contraction or exponential convergence rate of the dynam-
ics (6.24) with (p, ¢, Gmin, Gmax) = (1.03,27.81,0.1,1) as a function of . We compare
the contraction estimates from (6.26) to the exponential convergence rates from [212,
Prop. 3] and [183, Theorem 2].

We note that the estimate from [212, Prop. 3| is only valid for v > ¢ — p and this is
denoted by the circle in the plot. For v < ¢ — p, our contraction estimate is orders of
magnitude better than the estimate in [183]. For 7 > £—p, the estimate in [212] is better.
In other words, our estimate appears to be the sharpest-known contraction rate which

is valid for all v > 0. Our estimates may be well-suited for poorly conditioned problems

where p < ¢ which would require very large « for the analysis in [212] to apply.
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Chapter 7

Exponential Stability of Parametric
Optimization-Based Controllers via

Lur’e Contractivity

This chapter was first published in the IEEE Control Systems Letters [213].!

7.1 Introduction

Controllers solving optimization problems are ubiquitous in systems and control. One
large class of optimization-based controllers are based upon (i) solving an optimal con-
trol problem offline, such as LQR, LQG, or Hamilton-Jacobi PDE and (ii) closing the
loop with the resulting controller. Recent interest has focused on a different class of
optimization-based controllers, that solve optimization problems at every time-step of
the dynamic evolution of the plant. Namely, such controllers are solutions to paramet-

ric optimization problems, i.e., programs that are functions of the state of the system.

1@©2024 IEEE. Reprinted, with permission, from Alexander Davydov and Francesco Bullo, Ezponen-
tial Stability of Parametric Optimization-Based Controllers via Lur’e Contractivity, 2024.
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Examples of these controllers include model-predictive control [214], online feedback op-
timization [175], and control barrier (or Lyapunov) function-based control [201]. While
stability and robustness properties of the first class of optimization-based controllers are
well understood, fewer studies have focused on stability and robustness properties of
parametric optimization-based controllers.

Literature Review: Parametric optimization is a rich subdiscipline of optimization
which studies solutions of optimization problems as a function of a parameter; see the
textbook [215]. Parametric optimization is ubiquitous in systems and control, especially
in model predictive control [214] and CBF-based control [201]. Closed-form solutions for
certain classes of parametric programs were studied in [214, Chapter 5|. However, closed-
form solutions are not always attainable. Regularity of solutions to parametric programs,
namely establishing smoothness properties of their solutions, is a classical problem and
has even pervaded systems and control [216, 217]. Compared to regularity results, there
are fewer results on the stability of control systems with parametric optimization-based
controllers.

One class of systems for which there have been results on stability and safety of
systems driven by parametric optimization-based controllers are those coming from CBFs
and control Lyapunov functions (CLFs) [201]. In these works, CLF and CBF constraints
are jointly enforced in a state-dependent quadratic program (QP). To guarantee feasibility
of the QP when the CLF and CBF inequalities cannot be jointly satisfied, the stability
is commonly relaxed by introducing a slack variable. This relaxation results in a lack of
stability guarantee even for arbitrarily large penalties on the slack variable [218]. Recent
work, [219], studied a variant of the CLF-CBF QP controller and demonstrates how to
estimate the basin of attraction of the origin.

Contributions: We consider LTI systems equipped with parametric projection-based

controllers. As our main contribution, assuming linearity of the nominal controller and
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various well-posedness conditions, we obtain LMI-based sufficient conditions for exponen-
tial stability and the existence of a global Lyapunov function. Our proposed sufficient
conditions generalize those presented in [220] which focus only on special classes of para-
metric QPs, whereas our controllers can incorporate more general convex constraints.
Our results can also be seen as using similar ideas to those in [210] regarding sector
bounds for projection operators.

Our analysis is based upon the virtual system methods in contraction theory and
contractivity of Lur’e systems. For context, contraction theory is a computationally-
friendly notion of robust nonlinear stability [154] and the virtual system method, first
proposed in [24], is an analysis approach to establish exponential convergence for systems
satisfying certain weak contractivity properties. As a tutorial contribution, we provide
a novel review of the virtual system method in Section 7.2.1. Specifically, we show
that LTI systems with parametric projection-based controllers are in Lur’e form with
state-dependent nonlinearity and that an appropriate virtual system can be designed in
standard Lur’e form.

As our second main contribution, we establish in Theorem 7.3.1 a novel necessary and
sufficient condition for absolute contractivity of Lur’e systems with cocoercive nonlineari-
ties. In contrast, in [221] and [222, Proposition 4], monotone and Lipschitz nonlinearities
are considered yet only sufficient conditions are provided. By focusing on cocoercive
nonlinearities, we propose a relaxed LMI condition that is necessary and sufficient. See
the related discussion in [37, Theorem 4.2] for other sufficient conditions.

As our third main contribution, we study the special LTI case of single integrators.
We establish that all trajectories of the closed-loop system converge to the set of equi-
libria and that all trajectories converging to the origin do so exponentially fast with
a known rate. While there are related results in the CBF/CLF literature [223, 224],

this convergence result for the general class of parametric projection-based controllers is
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novel, to the best of our knowledge.

Finally, we study two applications, namely state-dependent saturated control systems
and CBF-based control. For state-dependent saturated control systems, the maximal
control effort depends on the state of the system and we demonstrate that our sufficient
condition can be readily applied to yield a condition for global exponential stability. In
CBF-based control, we consider a single integrator avoiding an obstacle and demonstrate
that the results hold and provide evidence that the estimated exponential rate of conver-
gence is tight. Specifically, we numerically observe that, in the case of single integrator
dynamics, one does not need to enforce any CLF decrease condition to guarantee stability

to the origin.

7.2 Prerequisite material

7.2.1 Virtual system method for convergence analysis

The wvirtual system analysis approach is a method to study the asymptotic behavior
of a dynamical system that may not enjoy contracting properties. The virtual system
approach was first proposed in [24], but we follow the systematic procedure advocated
for in [154, Section 5.7]. For completeness sake, we describe this procedure below.

The virtual system analysis approach is as follows. We are given a dynamical system
= f(x), xz(0)=x0€R" (7.1)

and we let ¢y, (t) denote a solution from initial condition #(0) = xy. The analysis

proceeds in three steps:
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(i) design a time-varying dynamical system, called the wvirtual system, of the form

y = fvirtual(y7 ¢x0 (t>)7 (IS Rd (72)

satisfying a strong infinitesimal contractivity property with respect to an appropri-
ate norm, e.g., the existence of a positive definite matrix P € R%¢ and a scalar

¢ > 0 such that for all y;,v, € R?% 2z € R™:

(fvirtual(yla Z) - fvirtual(y27 Z))Tp(yl - 92) S _CHyl - y?”?%

(The vector field is called virtual since it is different from the nominal vector field,

f, and does not correspond to any physically meaningful variation of f.)

(ii) select two specific solutions of the virtual system and state their incremental sta-
bility property:

1) = v2(O)]lp < e [ly2(0) — 52(0) [ p; (7.3)

(iii) infer properties of the trajectory, ¢, (t), of the nominal system.

For example, if d = n and f(x) = fyirua(z, ), then one can see that ¢, (t) is a
solution for both systems and is often selected as one of the two specific solutions in
step (ii). Additionally, if fyirtual(On,2) = 0, for all z € R, then 0,, is an equilibrium
point for the virtual system and can be selected as one of the specific solutions. We refer

to [24] for example applications leveraging the virtual system method.
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7.3 Absolute contractivity of Lur’e systems

Consider the Lur’e system
&= Ax + By(t, Kx), (7.4)

where ¢: R>¢ x R™ — R™ is continuous in its first argument and cocoercive second ar-
gument. Specifically, ¢ cocoercive in its second argument means there exists a constant

p > 0 such that for all y;,y, € R™, ¢t > 0,

(et ) = ot y2)) (1 = y2) = pllp(t, y1) — (L 1o)ll5. (7.5)

Notably, cocoercivity, (7.5), implies that ¢ is monotone and Lipschitz continuous with
constant p~! in its second argument. Many standard nonlinearities satisfy cocoercivity

including projections onto convex sets and nonlinearities of the form

(p(t, y) = (Sol(t7 y1>7 ce 790m<t7 ym))

where each ¢; is slope-restricted between 0 and p~! in its second argument.
Akin to the classical problem of absolute stability, absolute contractivity is the prop-
erty that the system (7.4) is strongly infinitesimally contracting for any nonlinearity ¢

obeying the constraint (7.5).

Theorem 7.3.1 (Necessary and sufficient condition for absolute contractivity). Consider
the Lur’e system (7.4) and let P € R™™ be positive definite and let K be full row-rank.

The system (7.4) is strongly infinitesimally contracting with respect to || - ||p with rate
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n > 0 for any ¢ satisfying (7.5) if and only if there exists A > 0 such that

A'P+PA+2nP PB+MKT
=< 0. (7.6)

BTP+)\K Y
Proof. Employing the shorthand Az = x1 — 29, Ay = y1 — yo = KAz, Auy = ¢(t,y1) —

©(t,y2), the contractivity condition for the system (7.4) is equivalently rewritten as

Az"(PA+ ATP 4 2nP)Az + 2Axz" PBAw, < 0. (7.7)

Moreover, by the full row-rankedness of K, the cocoercivity condition (7.5) is equivalent

to

Au/ (pAu; — KAz) <0. (7.8)

Asking when the inequality (7.8) implies (7.7) is equivalent to the inequality (7.6) in light

of the necessity and sufficiency of the S-procedure [225]. O

Note that the condition in [221, Theorem 2] corresponds to the inequality (7.6) with
A = 1. Moreover the matrix in (7.6) has AT P + PA + 2nP in its (1,1) block compared
to ATP + PA+ nl, in [221]. This modification ensures that the integral contraction
inequality holds rather than a related inequality with —Z|z; — 2[5 on the right-hand
side. Thus, by restricting our focus to cocoercive nonlinearities, we are able to find the

sharpest condition for absolute contractivity.
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7.4 Parametric projection-based controllers

We are interested in studying a continuous-time L'TT system being driven by an para-
metric optimization-based controller. We say that the optimization problem is paramet-
ric since it is a function of the state. Specifically, we look at parametric projection-
based controllers. More concretely, for A € R B € R™™ y*: R" — R™ k: R" —

R™ g: R® x R™ — RP, the LTI system and controller are:

& = Az + Bu*(x),

) 1
u*(z) :==argmin  —|ju — k()3 (7.9)
ueR™ 2
s.t. g(z,u) < 0,.

In the context of the parametric optimization problem in (7.9), k denotes a nominal
feedback controller and g captures constraints on the controller as a function of the
state. Such controllers commonly arise in CLF and CBF theory, where the parametric
optimization problem in (7.9) is used to enforce that u* either causes the closed-loop
system to decrease a specified Lyapunov function or keep a certain set forward-invariant,
respectively [201].

The question we aim to answer in this chapter is the following: What are condi-
tions on the LTI system and the parametric optimization problem to ensure
exponential stability of (7.9)7 Our main method for establishing sufficient conditions

for exponential stability will be via the virtual system method in Section 7.2.1.

7.4.1 Well-posedness and regularity of solutions

In order to study the dynamical system (7.9), we need to ensure that it is well-posed.

Several works in the literature have studied sufficient conditions for regularity of u*,
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e.g., continuity, Lipschitzness, or differentiability [204, 216, 217]. In this work, we utilize
the following proposition from [217] which provides a sufficient condition for u* to be

continuous.

Proposition 7.4.1 ([217, Proposition 4]). Consider the map u*: R* — R™ defined via

the solution to the parametric optimization problem

u*(x) :=argmin f(z,u)
ueR™ (7.10)

s.t. g(x,u) < 0,.

where f: R" X R™ — R and g: R x R™ — RP are each twice continuously differentiable
on R™ x R™. Further assume that for some xo € R", f(xo,-) is strongly conver® and
g(xo, ) is convex and that there exists i € R™ such that g(xo,u) < 0,°. Then there exists

a neighborhood of xo such that u* is continuous at every point in the neighborhood.

By existence theorems, we know that for the system & = Ax + Bu*(x), for each ini-
tial condition xq satisfying the assumptions of Proposition 7.4.1, there exists a positive
constant Tax(xo) and a continuously differentiable curve ¢, : [0, Tmax (o)) — R™ satis-
fying d(g%(t) = Ay, (t) + Bu(¢4,(t)) for all t € [0, Tax(20)). We say that the solution
¢z, is forward-complete if Tyax(20) = +00. While Proposition 7.4.1 ensures existence of

solutions, we refer to [217] for discussions on conditions for uniqueness of solutions.

2A map f: R™ — R is strongly convex if there exists v > 0 such that V2 f(z) = vI, for all .
3For two vectors, v,w € R", v < w if v; < w; for all i € {1,...,n}.
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7.4.2 Stability analysis for LTI systems

Consider the dynamical system and its corresponding controller defined via a para-

metric optimization problem (7.9) and define the following sets

I'(z) ={ueR"|g(x,u) <0,} and (7.11)

K:={xeR"|3Jast. g(z,u) < 0,}, (7.12)

where I'(x) represents the feasible control actions at the state x and K denotes the points
in state space where the feasible set, I'(x), has an interior.

We make the following assumptions on our problem:

(A1) (Regularity of g) The map ¢g: R" x R™ — RP is twice continuously differentiable

on R” x R™ and g(z, ) is convex for all x € R",

(A2) (Existence of equilibrium and feasibility of zero control) 0,, € K and 0,, €

[(x) for all z € K,

(A3) (Linearity of nominal controller) the map k: R® — R™ is linear, i.e., k(z) =

Kx for some K € R™*",
(A4) (Dynamical feasibility) for every =y € K, ¢,,(t) € K for all t € [0, Tiax(20)).

We make comments about some of these assumptions. Assumption (A2) ensures that
0,, is an equilibrium point and that u = 0,, is a feasible control action. Assumption (A4)
ensures that the controller u* does not drive the system outside the set of points where
the feasible set of (7.9) has an interior. Outside of this set, the controller may fail
to be continuous and solutions of (7.9) may fail to exist. One simple way to verify

Assumption (A4) is to ensure that I = R™. Note further that u*(x) can compactly
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be written u*(z) = Pr()(Kx), where given a nonempty, closed, convex set 2 C R™,
Pa(z) := argmin, g ||z — v]|2.
We are now ready to state our first main theorem establishing the exponential stability

of the system (7.9).

Theorem 7.4.1 (Exponential stability for LTI systems with parametric projection-based
controllers). Consider the dynamics (7.9) satisfying Assumptions (Al)-(A4). Further

suppose that there exist P = P = 0, n > 0, and X\ > 0 satisfying the inequality

ATP+ PA+2nP PB+)KT

<0. (7.13)
B'P +)\K -2\,
Then from any xq € KC,
(1) solutions to (7.9), ¢u,, are forward-complete,
(ii) the origin is globally exponentially stable with bound
Iéao ()l1p < ™ [|zo]lp, (7.14)

(iii) the mapping V: K — Rsq given by V(x) = x" Pz is a global Lyapunov function for
the dynamics (7.9).

Proof. We apply the virtual system method. Let xy € K be arbitrary and consider the
virtual system

y=Ay+ B PF(quO(t))(Ky)- (7.15)

Note that for all ¢ € [0, Timax(70)), Prs,, () obeys the inequality (7.5) with p =1 due to
cocoercivity of projections, see, e.g., [72, Eq. (2)]. Therefore the virtual system is a Lur’e

system of the form (7.4). Theorem 7.3.1 implies that this virtual system is contracting
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with respect to || - ||p with rate n > 0. In other words, any two trajectories y;(+), y2(+) for
the virtual system satisfy for all ¢ € [0, Tyax(20)),

ly2 () = 2l P < e [|y1(0) — y2(0) [ p- (7.16)

First note that ¢,, is a valid trajectory for the virtual system so we set y1(t) = ¢y (t).
Additionally note that y»(t) = 0, is a valid trajectory for the virtual system since 0,, €
['(z) for all x € K. Substituting these two trajectories implies (7.14) for ¢ € [0, Tmax(%0))-
We now establish that 7.« (29) = +00. To this end, note that the bound (7.14) implies
that the trajectory ¢,, remains in the compact set {z € R" | ||z||p < ||zo||p} for t €
[0, Tmax(0)) for which it is defined. Since this set is compact, the trajectory cannot
escape in a finite amount of time, meaning that the trajectory is forward complete. This
reasoning proves statements (i) and (ii). Statement (iii) is a consequence of (ii). To
prove statement (iii) note that V(x) = ||z]|%, let 2o € K and for h > 0 note that the

inequality (7.14) implies

16z (W[ < e [laoll3-

Now subtract ||zo||% from both sides, divide by A > 0 and take the limit as h — 0" to

conclude
—2nh __ 1

Nz (W% — llzol® 5 1. ©
1 < 1
i, h < llwollp Yim, —

We see that the left-hand side of the above inequality is the definition of the Lie deriva-
tive of V along trajectories of (7.9) with zy € K. Moreover, the right-hand side evaluates
to —2n||zo||%. In other words, V(z¢) < —2nV (zq) for all 2o € K, which implies state-

ment (iii). O

The key insight in Theorem 7.4.1 is that LTI systems with parametric projection

controllers are a type of state-dependent Lur’e system & = Ax+ B Pr(,) (K x) and that the
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virtual system method transforms them into standard time-varying ones with cocoercive
nonlinearities, where Theorem 7.3.1 applies. Specifically, this analysis method allows us
to treat general convex constraints in a unifying manner. We remark that one could also
use classical results such as the circle criterion to establish stability of (7.9) but we elect
to use the virtual system method to highlight its utility.

In the case that Assumptions (Al)-(A4) hold, K = 0, and the inequality (7.13)
holds, the dynamics simply become & = Az since 0,, € I'(z) for all z € K. In other
words, K = 0 always ensures global exponential stability under the stated assumptions
since (7.13) implies that A is Hurwitz. Theorem 7.4.1 provides a novel sufficient condition
for the system (7.9) to be exponential stable with K # 0 which has been designed to
make A + BK stable, e.g., using LQR.

7.4.3 Stability analysis for single-integrators

A special class of LTI systems for which we can ensure different results is the single
integrator & = u*(x), namely the system (7.9) with A = 0, B = I,,. For this system, (7.13)

will never hold with n > 0 since A is not Hurwitz.

Theorem 7.4.2 (Exponential stability for single integrators with parametric projec-
tion-based controllers). Consider the dynamics (7.9) with A =0 and B = I,, and suppose
Assumptions (A1)-(A4) hold. Further suppose K = K" < —nl,,n > 0. Then from any

Xo € ’C,
(1) solutions to (7.9), ¢u,, are forward-complete and
(ii) solutions asymptotically converge to the set Xoy := {x € R" | Pryy(Kx) = 0,}.

Moreover, under the additional assumption that 0,, € int(I'(0,)), the following statement

holds:
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(73) if puy(t) — 0, as t — oo, then there exists M(xo) > 0 such that
162 ()12 < M (o)™ [|o]|2- (7.17)
Proof. Consider as a Lyapunov function candidate V' (z) = —%xTK x. The Lie derivative

of V' along trajectories of the dynamical system (7.9) is

V(r) = —2" K Prey(Kz) = —(Kz = 0,)" (Prg)(Kz) — Pry:(0))

< —|| Pre) (Kz) — Pr)(0,)[3 <0,

where we have used that 0, € I'(z) for all « and cocoercivity of Pr(,), see, e.g., [72,
Eq. (2)]. Since V(z) < 0, we preclude finite escape time and thus conclude statement (i).
To establish asymptotic convergence to X,, we invoke LaSalle’s invariance principle and
see that trajectories converge to the largest forward-invariant set in {z € R™ | V(z) = 0}.
However, since V(z) < —|| Py (K)||3, V(z) = 0 if and only if Pryy(Kz) = 0, ie.,
x € Xo. This argument establishes statement (ii). To establish statement (iii), note that
0, € int(I'(0,)) implies, by continuity of g, that there exist an open neighborhood, O,
containing the origin such that g(x, Kz) <« 0, for all z € O,. In other words, inside this
neighborhood, u*(z) = Kz. Thus, the dynamics (7.9) are locally exponentially stable
inside this neighborhood. Since the trajectory is asymptotically converging to the origin

and locally exponentially stable inside O,, we conclude (7.17). [

To prove Theorem 7.4.2, one could alternatively use the virtual system method to
establish that ||¢.,(¢)||-x < ||zo||-x and then invoke LaSalle’s invariance principle. We

opt to give a more direct Lyapunov proof for simplicity.
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Convergence rate for saturated control system
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Figure 7.1: The evolution of ||¢4,(t)|| p for 10 different x¢ and P is chosen to maximize
n in (7.13). We also plot e ||z p, where ||zo||p denotes the largest value of ||zg| p
over all randomly generated initial conditions.
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Figure 7.2: The left figure shows plots of trajectories of (7.21). We can see that most
trajectories, indicated by shades of blue, converge to the origin, while one converges
to a point on the boundary of the safe set, shown in orange. The center figure plots
the convergence rate of trajectories that converge to the origin. It also plots e~ and
1000~ and demonstrates that the exponential convergence rate in (7.22) cannot be
improved in this instance and that 1000 > M (zg)||zo||2 for these initial conditions.

The right figure plots the evolution of the CBF, h, along trajectories.

7.5 Applications

7.5.1 State-dependent saturation control

For v € RY), define the saturation function sat,: R" — R" by
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where the max and min are applied entrywise. An alternative characterization of the

saturation function is via the minimization problem

sat,(x) = argmin{||u — z||3 | —v < u < v}.
ueR”

We consider the state-dependent saturated control system
& = Az + Bsat,,)(Kz), (7.18)

where v: R" — RY is a twice continuously differentiable map dictating actuation con-
straints as a function of the state.

When v is constant, one can use results from saturated control systems to assess the
stability of (7.18). As v is state-dependent, one cannot apply these techniques here.
It is straightforward to see that the system (7.18) is of the form (7.9) with g(z,u) =
(u—v(x),—u —v(x)). Moreover, it is routine to establish that Assumptions (A1)-(A4)
hold. Therefore, Theorem 7.4.1 may be applied to provide a sufficient condition for the

global exponential stability of the system (7.18).

Example 9. We consider the system (7.18), where n = 3,m = 2, A = —I3+ N,
B=[3991", and N € R¥® is a random matriz with entries drawn from the standard
normal distribution. We assume that K € R**3 is selected so that u = Kx minimizes
the objective [~ (x(t) 2(t) +u(t) "u(t))dt for & = Az + Bu. We let v(z) = e ll#lz/2q,
where 1,, is the all-ones vector. We find n > 0, > 0, P € R3*3 satisfying (7.13) such
that n is mazimized and plot values of ||¢y, (t)||p for 10 different samples of x¢ from the
multivariate normal distribution N (03,413) in Figure 7.1.

We see that all trajectories converge exponentially to the origin and that the estimated

exponential convergence rate from Theorem 7.4.1 is n = 0.0525. Empirically, we see that
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when trajectories are far from 03, this rate is tight since v(x) = 0,, for x far from 03 and

that the rate is very loose when trajectories are close to 03 since v(x) ~ 1,, for x ~ 0.

Although we have focused on state-dependent saturation control in this section, we
would like to note that many structured parametric optimization problems with con-
vex constraints may be handled. Specifically, our methods are not simply restricted to

saturations and can be applied to richer classes of examples in a methodological manner.

7.5.2 Stability with control barrier functions

Consider the nonlinear control-affine system

&= F(z) + G(x)u, (7.19)

where F': R" — R", G: R" — R™™ are locally Lipschitz.
Let C € R™ and h: R™ — R be a sufficiently smooth function such that C = {z €

R™ | h(z) > 0}. The set C is referred to as the “safe set”.

Definition 14 (Control Barrier Function [201, Definition 3]). The function h is a control
barrier function (CBF) for C if there exists a locally Lipschitz and strictly increasing

function ac: R — R with «(0) = 0 such that for all x € C, there exists u € R™ with

Vh(z)" F(z) + Vh(z)"G(x)u + a(h(z)) > 0. (7.20)

A continuous controller u: R" — R™ which strictly satisfies (7.20) for all z € C
renders C forward-invariant under the dynamics (7.19) [205, Theorem 4].
A common way to synthesize controllers that render C forward invariant is via a

parametric QP [201]. To this end, we consider a single-integrator being driven by the
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CBF constraint (7.20) and actuator constraints:
T =u*(x),
* : 1 2
u*(z) :=argmin §||u—Kx||2
ek (7.21)

s.t. —Vh(z) u < a(h(z)),

where w > 0. While safety of these systems was previously studied in, e.g., [201], we aim
to also study their stability properties. To study convergence of (7.21), we can check for

conditions under which the hypotheses of Theorem 7.4.2 hold.

Corollary 7.5.1 (Exponential stability for single integrators with CBF-based controllers).
Consider the dynamics (7.21) and suppose (i) h is a CBF for C, (ii)) K = K" < —nl,,
(iii) 0,, € int(C), and (iv) h and o are thrice and twice continuously differentiable, re-

spectively. Then from any xo € int(C),
(i) solutions to (7.21), ¢.,, are forward-complete,
(ii) solutions remain in C for all t > 0,

(iii) solutions converge to the set of equilibria and

(1v) if ¢po(t) — 0, ast — oo, then there exists M(xo) > 0 such that

1bag (t)ll2 < M (20)e™||zo]|2. (7.22)

Proof. We simply need to verify the assumptions of Theorem 7.4.2, namely Assump-
tions (A1)-(A4), and that 0, € int(I'(0,)). We can see Assumption (Al) holds by

smoothness of h and or. We can see that Assumption (A2) holds since 0,, € int(C) and
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that 0,, € I'(x) for x € KC by the assumption that & is a CBF for C and that a(h(z)) > 0
for z € int(C). Assumption (A3) is clear and Assumption (A4) is guaranteed since the
feasible set of (7.21) has an interior for all z € int(C) since a(h(x)) > 0 for z € int(C).
Finally, we can see that 0,, € int(I'(0,,)) since 0,, € int(C). Since these assumptions hold,

the consequences of Theorem 7.4.2 apply. O]

In general, we cannot conclude uniqueness of equilibria. As we will see in the following
example, the dynamics may have multiple equilibria, even in the case of simple CBFs.

These results agree with the theory presented in [223, 224].

Example 10. Consider a single integrator in R? avoiding a disk-shaped obstacle centered
at (0,4) with radius 2. The corresponding CBF is h(x1,2s) = 2% + (zo — 4)* — 4 with
a(r) =r. We take K = [ "% ] and i = 1. We plot numerical simulations of (7.21)
with these parameters along with the corresponding convergence rate and value of CBF
along trajectories in Figure 7.2.

We observe that trajectories converge to the set of equilibria and the majority of them
converge to the origin with exponential convergence rate predicted in (7.22). While the
equilibrium point on the boundary of the safe set is unavoidable in this example, we can
numerically observe that there are no equilibria inside int(C) other than the origin. This
result is in contrast with the CLF-CBF' controllers studied in [223, 224], where there
may exist additional equilibria in int(C). This numerical example provides evidence that,
for exponential stability of the origin, one does not need to rely upon any CLF decrease

condition, except on a measure zero set.

267



Exponential Stability of Parametric Optimization-Based Controllers via Lur'e Contractivity
Chapter 7

7.6 Discussion and future work

In this chapter we study LTI systems with controllers solving a special class of para-
metric programs, namely parametric projections. Using the virtual system method and a
novel contractivity result for Lur’e systems, we provide sufficient conditions for the expo-
nential stability of these systems. Separately, for single integrators, we prove convergence
to the set of equilibria and an exponential convergence rate for trajectories converging to
the origin. As applications, we consider state-dependent saturated control systems and
CBF-based control.

We believe that there are many avenues for future research. First, it would be useful
to explore relaxing Assumptions (A1)-(A4) to allow for a larger class of LTI systems,
possibly using the tools in [226]. Second, it would be useful to characterize the set of
trajectories converging to the origin in Theorem 7.4.2. Finally, it is important to study

systems whose controllers only approximately solve the parametric program.

7.6.1 Results in set-valued analysis

Standard notions from set-valued analysis are available in [227, Section 2.1.3] (i.e.,

domain, continuity, limits).

Proposition 7.6.1 ([227, Lemma 2.8.2]). Let K : R? == R" be a closed-valued and
convex-valued point-to-set map. Let © € Dom(K) be given. The (single-valued) map
O(x,y) = Pr)(y) is continuous at (z,y) for all y € R™ if and only if

lim K(x) = K(z). (7.23)

T—T

Proposition 7.6.2 ([227, Exercise 2.9.34]). Let g: R xR™ — R be continuous. Let j €
R™, such that g(-,y) is a convex function and there exists & € R™ such that g(z,y) < 0.
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Then the set-valued map K : R™ = R™ defined by

K(y) = {r e R" [ g(z,y) <0}, (7.24)

18 continuous at i.
Proposition 7.6.3 ([227, Proposition 2.1.17(c)]). Suppose K : R =% R™ is a closed-
valued point-to-set map. If K is continuous at x, then

lim K (y) = K(x). (7.25)

Yy—x

Corollary 7.6.4. Let g: R" x R™ — RP be continuous. Let & € R"™, such that g(z,-) is
a conver function and there exists y € R™ such that g(z,y) < 0,. Define the set-valued

map K : R™ = R" given by

K(y) :={z e R" [ g(z,y) < 0,}. (7.26)

Then the map ®(x,y) := P (y) is continuous at (Z,y) for all y € R™.

Proof. We simply need to extend Proposition 7.6.2 to the case that g is vector-valued.
For i € {1,...,p}, define the set-valued maps K;(y) := {z € R" | g;(x,y) < 0} and note
that K(y) = (-, Ki(y). We simply need to show upper and lower semicontinuity of K
to conclude continuity. Regarding lower-semicontinuity, let Z € Dom(K’) be such that
there exists § with ¢(Z,y) < 0, and let & C R™ be open and satisfy K(z) NU # (. By
continuity of each of the K; at T (due to Proposition 7.6.2), there exists an open set N
containing T such that for each z* € Nj, K;(z') NU # () for all s € {1,...,p}. Since a
finite intersection of open sets is open, let N := (_,; ;. Then it is routine to check that

for each z € N, K(x) NU # (). This establishes lower semicontinuity.
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To establish upper semicontinuity, let z satisfy the stated assumptions and let V
be an open set with K (z) C V. By continuity of each of the K; at Z, there exists an
open neighborhood N; of T such that for each z* € N, K;(x) C V. Once again taking
N =(_, NV ensures that for all z € N/, we have that K(z) C V. This establishes upper
semicontinuity and thus continuity of K at z.

The result is then a consequence of the three propositions above. O

7.6.2 A continuity result from fixed point theory

To establish continuity and Lipschitzness of solutions to parametric optimization
problems, it is oftentimes useful to first express them as fixed point problems. From
there, we can leverage results from a parametrized version of the Banach fixed point

theorem. We reproduce this result in the following proposition.

Proposition 7.6.5 ([228, Section [.6.A. Item (A.4) and Section I1.3. Theorem 3.2]). Let
(X,d) be a complete metric space, (A, o) be a metric space, and f: X x A — X satisfy

the following properties:

(i) There ezists ¢ < 1 such that for each a € A, the map f(-,a) is contractive with

constant £, i.e., for all x1,x9 € X,

d(f(z1,a), f(xe,a)) < ld(xq,x2). (7.27)

(ii) For each x € X, the map a — f(x,a) is continuous.

Then for each a € A, there exists a unique x*(a) satisfying the fived point equation
x*(a) = f(z*(a),a) and the mapping a — x*(a) is continuous.
Moreover, if there exists L > 0 such that for each x € R"™, the map a — f(z,a)

is Lipschitz with constant L, then the mapping a — x*(a) is Lipschitz with estimate
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L/(1-0).

7.6.3 Well-posedness of virtual system

Before establishing well-posedness of the virtual system, we require a continuity result

for parametric projections.

Lemma 7.6.6. Let g: R” x R™ — RP be continuous. Let T € R", such that g(Z,-) is a
convex function and there ezists u € R™ such that g(Z,u) < 0,. Define the set-valued
map I'(x) := {u € R" | g(z,u) < 0,}. Then the map ®(x,u) := Pry(u) is continuous at

(Z,u) for all u € R™.

Proof. The proof is a consequence of Exercise 2.9.34, Proposition 2.1.17(c), and Lemma 2.8.2

in [227]. O

Given xy € KC, we're interested in the properties of the map w: R™ x [0, Typax(20)) —

R™ given by
u(z,t) :==argmin f(z,u)
ueR™ (7.28)
st g(on(H)u) <0,

This is exactly the map that appears in the virtual system analysis, i.e., for f(z,u) =

$|lu — z||3, the virtual system in the proof of Theorem 7.4.1 is §y = Ay + Bu(Ky,t).

Lemma 7.6.7. Suppose that for all z € R", f(z,-) is strongly conver and g(z,-) is
convex. Consider the ODE & = Az + Bu*(x), where u*(z) is the solution to (7.10). For
9 € K, let ¢y, denote a solution of the ODE from initial condition xo on the interval
[0, Timax(%0)).  Assume that for all t € [0, Tmax(x0)) that ¢, (t) € K and that V,f is
Lipschitz in both of its arguments. Then the map u in (7.28) is Lipschitz in its first

argument and continuous in its second.

271



Exponential Stability of Parametric Optimization-Based Controllers via Lur'e Contractivity
Chapter 7

Proof. We first make an important observation. The value of @ at the point (z,t) solves

the fixed point equation

U(2,t) = Prg, @) (@(2,1) = 7Vuf(2,1(2,1))), (7.29)

where v > 0 is a constant to be tuned to make the map contractive. Let f: R™ X
R™ % [0, Tmax(20)) — R™ denote this fixed-point map, ie., f(u,z,t) := Pre, @)(u—
YVuf(z,u)). Under the assumption that V,f is Lipschitz, from standard results on
projected gradient algorithms, e.g., [72, pp. 31], we know that for fixed z,¢, the map
u +— f(u,z,t) is a contraction for 0 < v < 2/L, where L is the Lipschitz constant of
V.uf(z,). Henceforth, we let v be in this range. To establish Lipschitzness in z, we
note that at fixed w,t, the mapping 2z — f(u,z,t) is Lipschitz under the assumption
that the mapping V,, f(-, ) is Lipschitz. Thus, at fixed ¢, we can apply Proposition 7.6.5
to conclude that the mapping z — u(z,t) is Lipschitz and thus continuous in its first
argument.

To establish continuity in ¢, we first study the point-to-set mapping ¢ = T'(¢,,(¢)).
By assumption that for all ¢, we have that ¢,,(t) € K, we conclude by Corollary 7.6.6
that the mapping ®: R™ X [0, Tiax(20)) — R™ given by ®(u,t) := Pry, ) (u) is con-
tinuous on its domain. Since f(u,z,t) = ®(u — 7V, f(z,u),t), we have that f(u, z,-) is
continuous as well. And since for all 2, ¢, we know that u +— f(u, z,t) is a contraction, by

Proposition 7.6.5, we know that for all z € R™, the map ¢ — u(z,t) is continuous. O
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Conclusions and Future Work

There is no beginning, no middle,
no end, no suspense, no moral, no
causes, no effects. What we love in
our books are the depths of many
marvelous moments seen all at one

time.

Kurt Vonnegut Jr.,

Slaughterhouse-Five

8.1 Summary

In this thesis, we have studied contraction theory and presented some application in
neural networks, optimization, and control. Specifically, we focused on the special case
when dynamical systems are contracting with respect to a metric induced by a norm
and presented a comprehensive theory including necessary and sufficient conditions for

contraction.
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To be specific, in Chapter 2 we introduced weak pairings as a novel tool for contraction
analysis and have demonstrated how we can use them to easily establish incremental input
to state stability of contracting dynamics and a small-gain type sufficient condition for
the interconnection of contracting dynamics to remain contracting.

In Chapter 3, we introduced a non-Euclidean monotone operator theory akin to the
standard theory on Hilbert spaces. By adopting the language of weak pairings, we retain
many of the desirable consequences of monotone operators and are able to design novel
fixed point algorithms for computing zeros of them.

In Chapter 4, we leverage the non-Euclidean contraction theory framework to design a
novel implicit neural network architecture and establish its well-posedness and robustness
to /o, norm-bounded adversarial attacks.

In Chapter 5 we study the contraction of a large class of continuous-time neural net-
works with respect to diagonally-weighted ¢; and /., norms. In many cases, contraction
is guaranteed by checking that a certain Metzler matrix is Hurwitz or by solving a linear
program. We highlight key advantages of a non-Euclidean contraction analysis compared
to a Euclidean one.

In Chapter 6, we study time-varying convex optimization problems from a contraction
theory. First, we establish that many canonical dynamical systems for solving convex
optimization problems are in fact contracting with respect to a suitably-defined Euclidean
norm. Second, we establish that time-varying contracting dynamics enjoy an equilibrium
tracking property whereby the tracking error between any trajectory and the time-varying
equilibrium curve is upper bounded. Third, we design a feedforward prediction term
for time-varying contracting dynamics that ensures exponential exact tracking of the
time-varying equilibrium curve. We apply these results in both numerical and hardware
experiments.

Finally, in Chapter 7, we study the stability of an interconnection of a linear control
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system with a controller which is the solution of a parametric optimization problem. By
leveraging the virtual system method of analysis, we present a novel sufficient condition

for closed-loop stability based upon the satisfaction of a particular LMI.

8.2 Future work

This thesis opens several avenues for future work. I will highlight possible extensions
along with some related literature. Other open problems are presented in our opinion

paper [229].

8.2.1 Neural networks

In the direction of neural networks, there has been increased interest in using con-
traction theory for establishing their stability or robustness. In our own work, we have
published [203] which establishes sharp conditions for the Euclidean contraction of Hop-
field and firing rate neural networks when their synaptic matrices are symmetric. These
results were then used in [230] to study locally competitive networks as firing rate neu-
ral networks. Tangentially related, we also studied a generalization of Hopfield neural
networks to those that can retrieve more than one memory in [231] although there was
no contraction analysis in this work. Possible extensions of these results include (i)
sharp conditions for the contractivity of neural networks under synaptic matrices which
are Lyapunov diagonally stable, (ii) contraction analysis of more general classes of neural
networks inspired by machine learning including LSTMs and simple models of transform-
ers, and (iii) extensions to higher-fidelity biologically inspired neural networks including
spiking models and contraction to limit cycles.

On the side of machine learning, in this thesis, we presented robustness of implicit

neural networks using Lipschitz bounds. In follow-up work, we additionally studied ro-
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bustness using interval reachability [232, 233, 234]. Methods based upon interval reacha-
bility appear to yield sharper robustness bounds at the expense of more costly training.
Beyond these two metrics for robustness, we can consider alternative approaches includ-
ing the convex outer adversarial polytope from [127] or alternative training approaches
such as that taken in [235]. Finally, let us comment that /., norm-bounded adversaries
are not the only interesting type of adversarial robustness. In many cases, it is unclear
what the correct notion of robustness should be. This is increasingly the case in the age
of large language models (LLMs) when “robustness” means that the LLM should not

reply to any message that can yield a “dangerous” output.

8.2.2 Optimization and control

In the direction of optimization, we have extended results from [170]. In [236], we
revisited the linear equality-constrained minimization problem without the assumption
of full row-rankedness and showed semicontraction of the dynamics, i.e., contraction in
an invariant subspace and showed the sharpest-known convergence rate for these dynam-
ics. In [237], we studied the proximal gradient dynamics and showed monotonicity of
the objective function without convexity and smoothness and demonstrated exponential
convergence under a modified PL condition. In [238], we studied dynamical systems
for convex but not strongly convex optimization. Under the assumption of local strong
contractivity but global nonexpansiveness of the dynamics, we establish a type of semi-
global exponential stability referred to as linear-exponential convergence and provide an
explicit estimate for the convergence rate. I believe that a sharp local analysis for dynam-
ical systems corresponding to minimization of certain nonconvex optimization problems
remains missing. I also believe that an analysis of stochastic optimization problems and

convergence in the space of measures akin to the early results of [239] could be of interest.
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Finally, in the direction of contraction for control, let me mention the work [240]
on learning contracting dynamics from data. The trajectories of these contracting dy-
namics can be used as dynamical systems-based motion planners in robotics. In this
direction, the pioneering work [62] established control contraction metrics and necessary
and sufficient conditions for the existence of a controller for which the closed-loop dy-
namics are contracting. The conditions typically reduce to PDEs and are intractable
for moderately-sized control systems. Therefore, follow-up work has studied methods for
learning controllers that promote closed-loop contraction, see, e.g., [241]. While these
controllers can work well in practice, theoretical guarantees are largely lacking. I be-
lieve that novel methods for certifying closed-loop contraction will be critical in learning

controllers from data.
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