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ABSTRACT

This thesis is concerned with the analysis of the optimization problem in a class of
generative models called Generative Adversarial Networks (GANs). GANSs are successful
generative models used to learn to mimic a given sampled distribution, and can be
linked to Optimal Transport (OT) by the loss they rely on. OT is a reliable means to
quantitatively compare two given probability distributions. The overall optimization
problem is challenging as it involves a minimax optimization, in a generally highly non-
convex-concave framework. In order to alleviate the analysis issues raised by this setting,
several means can be employed. This thesis explores some of them in order to study a
simplified OT-based generative model.

After introducing relevant mathematical tools in Chapter 2, we present in Chapter 3 the
general framework of GANs, as well as the different simplifications that can be employed
in order to derive analytical guarantees on the optimization system. Two examples, one
discrete and one continuous, are investigated in order to illustrate how the analytical
framework can be used in very simplified settings.

A particularly useful simplification is to reduce the minimax problem to a minimization
problem only, by considering the maximization problem as being optimally solved at
each time. In OT-based GAN, this typically boils down to analysing a type of distance
between probability distributions, the Wasserstein distance. The minimization problem
corresponds to finding a distribution that minimizes this distance to a given, target
distribution. Chapters 4 and 5 leverage this simplification and study the landscape and
convergence properties of a particular, linear OT-based GAN. In this case, the optimization
problem can be cast as an overparametrized matrix factorization problem, combining a
deep linear neural network with a covariance matrix parametrizations.

The landscape of the resulting loss, based on the so-called Bures-Wasserstein distance
between the covariance matrices, is investigated in Chapter 4. More precisely, the critical
points of the loss are derived, under the appropriate parametrizations. Given a rank
constraint on the model covariance matrix, we make explicit the global minimizer to the
matrix approximation problem. We find that they are are identical to the minimizers
when considering a Euclidean distance between the covariance matrices. The Hessian
of the loss at the critical points is derived and numerically investigated, in order to
understand what differences the Euclidean and the Bures-Wasserstein distances may
introduce in the optimization.

In Chapter 5, we analyze the gradient flow and gradient descent optimization schemes
of this deep linear neural network under the Bures-Wasserstein loss. Convergence to



minimizers of the loss is proven, under additional assumptions on the initialization of
the scheme. The rank constraint on the approximation matrix appears here naturally as
a bottleneck in the network representing the model covariance matrix.

Complementary to the main discussion about GANSs, the thesis also includes a chapter
on the optimization landscape in a supervised learning setting (Chapter 6 on mode
connectivity). Its conclusions may be linked to the GAN discussion in the simplified,
limited setting of a minimization-only optimization scheme.
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1 INTRODUCTION

We provide here an overview of the different topics, motivations, and goals of the thesis.

The main topic of this thesis is the study of Generative Adversarial Networks (GANs) —
an instance of implicit generative modelling — and their related optimization properties.
Given samples from an otherwise unknown data distribution, a GAN'’s goal is to learn
how to generate samples that are indistinguishable from the original distribution. There-
fore, at the heart of such a learning system lies a means of comparing two probability
distributions. A celebrated mathematical tool for doing so is Optimal Transport (OT),
which leverages a ground cost from the sample space onto the corresponding space of
distributions. The presentation of the core concepts and theorems related to OT is given
in Chapter 2. The computation of OT quantities is involved, and often requires adequate
relaxations or simplifications. Moreover, the optimization of a GAN is challenging to
properly analyze, as it typically involves a minimization-maximization problem of a
highly non-convex-non-concave objective.

Chapter 3 provides a general introduction on GANs, and the motivations for different
wide-spread losses. It also summarizes the usual strategies used to alleviate the inherent
optimization challenges mentioned above. The optimal discriminator hypothesis, for
instance, reduces the minimization-maximization system of a GAN to a minimization-
only problem, which is more amenable to analyze. Under this hypothesis, regularity
assumptions on the objective can be spelled out in order to enable the convergence of a
gradient-descent algorithm to converge towards a critical point of the loss. Nonetheless,
a toy example presented later in this chapter illustrates how these conditions can be
violated even in a very simple setting. The study of such an example also aims at gaining
intuition on how to analyze more complex models.

Given the intricacy of a GAN optimization scheme, and the OT computational challenges,
we adopt simplifying assumptions in the following two chapters in order to analyse
an OT-based GAN. First, we focus on the generator network’s analysis, by assuming
the optimal discriminator hypothesis. Second, we consider a linear architecture for the
generator which, together with a suitable latent distribution, reduces the Wasserstein loss
expression to a closed-form computation: the Bures-Wasserstein distance (BW) between
covariance matrices. Together, these assumptions lead to the study of a Bures-Wasserstein
linear GAN. Since it is defined on covariance matrices, the BW loss requires a covariance
(or Burer-Monteiro) parametrization, which is seamlessly encoded by the linear GAN we
consider. This parametrization comes on top of the one defining a deep linear network.
Although dramatically simpler to analyse than a regular GAN, this learning system is



1 Introduction

still worth of study, since it combines a non-Euclidean loss landscape, a rank-constrained
matrix approximation problem, a covariance parametrization, and an overparametrized
optimization scheme. We split its examination in two parts.

In Chapter 4, we study the landscape of the BW loss; namely, we give an expression of
the critical points of the loss (restricted to a fixed-rank set of matrices), and inspect some
of their properties.

Since the differential of the BW loss is not continuous everywhere, we have to also consider
aregularized version of the loss, of which we also derive the critical points of a given rank.
Interestingly, the rank-restricted critical points of the (original) BW loss coincide with the
critical points found when, instead, a loss derived from the Euclidean geometry of the
space of matrices — the Frobenius, or “squared error” loss — is considered. In particular,
the (rank-restricted) minimizers for the two losses are the same. Since the Frobenius loss
is expressed as (the square of) an unitary invariant norm, its rank-constrained minimizers’
expression can be derived by the Eckart-Young-Mirsky theorem. In the case of the BW
loss on the other hand, a direct application of the theorem is not possible. We therefore
investigate in more detail from where this correspondence comes, and find out its origin
in the (Euclidean) ground cost leveraged by the Wasserstein distance. Although the two
landscapes share their critical points, the Hessian of the losses at these loci are different.
We derive the Hessian matrix expression for the BW loss (in all parameter, function, and
covariance spaces), and experimentally evaluate its difference with the Frobenius loss.
The derivations also allows to express the Hessian of any loss relying on the covariance
(or Burer-Monteiro) parametrization.

Once the landscape of the BW loss has been inspected, in Chapter 5, we turn to the
dynamical analysis of the corresponding learning system. More specifically, we consider
first-order optimization algorithms on the parameters of the network (gradient flow and
gradient descent) and derive convergence guarantees towards minimizers of the BW
loss. In order to limit the number of parameters that correspond to a unique matrix (due
to the symmetry of the deep-linear network parametrization), assumptions are made,
depending on the learning algorithm considered.

The deep-linear-network parametrization has many symmetries, and many different
weights correspond to the same matrix. We restrict this by making assumptions, invariant
during training, on the weights. We obtain two different types of results, corresponding
to two different sets of hypothesis. First, for the gradient flow, we require an (arguably
strong) assumption on the weights, which implies that the parametrized covariance
matrix remains strictly positive throughout training. In this setting, we obtain an expo-
nential rate of convergence towards the global minimizer of the original BW loss. Second,
for the gradient descent, we only assume a bounded initialization, but have to consider
in turn the regularized loss to ensure the well-posedness of the optimization problem.
Convergence is shown to a minimizer of the considered loss, which is global over the set
of same-or-less rank matrices. Experimental evaluations back the theoretical exponential



rate of convergence towards the global minimizer, and its accelerated dependency on the
depth of the network.

Due to the different symmetries (of the deep linear network and covariance parametriza-
tions), the actual critical points in the parameter space are infinite. In many other
over-parametrized context, the learning problem has many more than one solution.
Chapter 6 constructively exhibits a path connecting any two parameters achieving a
small loss, in the supervised learning framework. Numerical computations run on a
multitude of networks and different classification tasks show that very often, stochastic
gradient descent finds such low-loss-achieving parameters.
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Notations

The following notations will be used throughout the text.

E,F,G normed (Banach) vector spaces; 8, 10
Z(E,F) setof bounded linear operators between E and F’; 11
dom¢ effective domain of p: E — (—o0, 00]; 8
(E,E*) topologically paired vector spaces; 9
©*  convex conjugate of ¢; 9
Op(z) subdifferential of p at z € E; 10
|A|| operator norm for A: £ — F; 11
E’  topological dual of E; 11
(-,-)p=,p duality pairing between E and E*; 11, 19
¢ (X) real-valued continuous functions on X; 11, 11
class €%, for k € Ny real-valued functions that have a kth derivative; 58
%0(X) continuous function vanishing at infinity on X; 11

A (X) signed measures on X; 12
A4 (X) positive measures on X; 12
P(X) probability measures on X; 19
P5(X) square integrable probability measures on X; 24, 75
LY(u) p-integrable functions, for u € .#(X); 12

= isomorphism equivalence relation; 13
pi: X1 x Xo — X; Cartesian projection; 14
pc: C CR™ — R" orthogonal projection onto C; 75
A* adjoint operator of A € Z(FE, F); 14
Typ push-forward operator of n € .#(X); 14, 32,75
X[P] convex indicator function of the boolean value P; 17
) admissible transport plans between y and v; 18
Upi(c) admissible function variables in L! with cost ¢; 20
) admissible function variables in %, with cost ¢; 18
u¢ c-transform of u; 21
) p-transform of u 22
(u) Lipschitz constant of u; 23, 41
Lip;(X) functions on X with Lipschitz constant upper bounded by 1; 23
) Gaussian distribution with mean m and covariance matrix ¥; 24, 54
) symmetric positive semi-definite matrices of size n; 24, 52
© CRP, ¥ C R? parameter spaces; 27
Z C R% latent space; 27
X C R%  sample space; 27
we P(Z) latent distribution; 28
pog € Z(X) generated distribution with parameter 6 € ©; 32
ve P(X) targetdistribution; 32
0, Dirac distribution at x; 28
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set of positive integers; 40

=NuU{0}

={ieN|a<i<b};104

= [1 : n], set of integers between 1 and n; 40, 55

simplex; 40

indicator for the set or condition P; 41

discrete metric on [n]?; 41

uniform distribution on X, measurable set of finite measure; 42
=(1,...,1)" e R"; 46

Kronecker delta; 46

set of real matrices of size n x m

= M(n,n); 83,74

the set of real n x m matrices of rank (<), for k& € [min (n,m)]; 59
= M((<)k;n,m); 59

= M(min (n,m)); 96

set of symmetric real matrices of size n; 52

set of symmetric (semi-)positive real matrices of size n; 24, 52
set of real orthogonal matrices of size n; 100, 100

— tr(ATB), for (4, B) € M(n, m)?% 87,59

identity matrix of size n

tangent space of a smooth manifold X at xz € X; 62

differential at z € X in the directionv € T, X of f: X — Y; 62
= {x € X | df(z) = 0}, set of critical points of f: X — Y;59
commutation matrix, of size n? x n?; 80

Hadamard product between A € M(n, m) and B € M(n,m); 84, 63
extremal singular values of a matrix 4; 52

extremal eigenvalues of a symmetric matrix A; 85

spectral norm for A € M(n, m); 95

={A€Si+(n) [ Amin(A) > €}






2 MATHEMATICAL FRAMEWORK

In this thesis, we will study some instances from the general problem of generative
modelling, powered by neural network approximations. This field has attracted much of
attention in the last decade, as it combines challenging theoretical aspects with powerful
applications.

Several mathematical tools lie at the heart of the optimization analysis. We summarize
them in this chapter. The general (convex) functional analysis are presented in Section 2.1.
The goal of this section will be to introduce the celebrated Fenchel-Rockafellar duality
theorem (Theorem 2.27), which formalizes the dual formulation of the optimization
problem. Next, a general introduction to optimal transport is given in Section 2.2. The
goal of this section will be to present the primal and dual optimal transport optimization
problems, in the general and in a specific case.

2.1 General analysis framework

7

In this section, we summarize several key mathematical notions on which the thesis
derivations are based. They mostly originate from convex functional analysis on general
Banach spaces. Indeed, it is in this context that the different optimization problems will
be cast and analysed.

The aim of this section is threefold. First, in Section 2.1.1, different notions of convex
analysis are presented. They will be used throughout the text. Second, in Section 2.1.2
are presented the duality mechanics and tools from functional analysis that will be used
in order to cast a given problem in its dual expression. Third, the optimal transport
problem is introduced and formalized in Section 2.2, and the tools from the previous
sections are leveraged to derive the duality between the primal and dual problems.

2.1.1 Convex analysis, framework of the analysis, definitions

In this section, we recall the principal notions from convex analysis that will be useful
for our later discussions and presentations. The interested reader can refer to [Roc70;
RW98; HLO1] for the Euclidean case, and [Roc67; Zal02; KZ05; ABM14] for the normed
vector space case.



2 Mathematical framework

In what follows, (E, || - ||g) is a normed vector space, except otherwise indicated. When
possible, the subscript in the norm notation will be dropped. Some results could be
extended to a more general settings, where E is simply a Hausdorff and locally compact
topological space. Nevertheless, as we will not be interested in non-metric spaces, we
will state the different results in the metric-space case, which implies separability and
local compactness

For instance, E could be the set of real-valued continuous functions on some compact
metric space X C R" with the usual metric topology, endowed with the supremum
norm, i.e. Vo € E, ||¢|| = sup {|p(z)| | v € X}.

We will allow the real functions to take the value oo, assuming the usual algebraic rules

on (—oo, 00]. This leads to the notion of effective domain for an extended function.

Definition 2.1 (Effective domain of a funtion). Let E be a vector space. The effective domain
of a function ¢: F — (—o00, 0] is defined as

domy :={z € E| ¢p(x) < co}.

The effective domain of a function describes the set of feasible solutions for the function.
A subset of functions, named proper, will be of great importance.

Definition 2.2 (Proper function). A proper function is a function ¢: E — (—00, o] that
fulfils dom ¢ # ().

A proper function on F is thus equivalently a real-valued function defined on a non-
empty set C C E that is then extended to oo on £ \ C. This will allow to restrict the
set of feasible solutions for an optimization problem, by simply setting the value of the
functional to co outside the constraint set.

Convex functions play a central role in optimization. We next give the two basic defini-
tions of convexity.

Definition 2.3 (Convex set). A set C' C F is said to be convex if
Y(z,y) € C1,¥A € (0,1), I+ (1-NyeC.
We now recall the definition of a convex function on some (normed) vector space E.

Definition 2.4 (Convex function). A (generally defined) function ¢: £ — (—o0, 0] is
said to be convex if its epigraph epiyp = {(z,t) € E x R | ¢(x) < t} is a convex set
of £ x R.



2.1 General analysis framework

A slightly more general property than continuity is often required in convex optimization;
namely, the lower semicontinuity. It can be defined in the context of any topological space E,
but we will use it only in the case where E is a normed vector space.

Definition 2.5 (Lower semicontinuity). A function ¢: E — (—o0, 00| is said to be lower
semicontinuous (1.s.c.) if, for every t € R, the set p~}((—00,t]) = {x € E | p(x) < t}is
closed.

Remark 2.6. The function defined by Definition 2.5 is also sometimes called closed.

A central notion will be heavily leveraged throughout the chapter. It pairs two topological
vector spaces with a bilinear form, and ensures compatibility between the topology on
the spaces and the duality introduced by the bilinear form.

Definition 2.7 (Topologically paired vector spaces). Let F' and G be two real topological
vector spaces. Given a bilinear form (z,y) € F x G — (z,y) € R, we say that F'and G are
topologically paired if the maps (z — (z,y)) € F’ for y through G and (y — (z,y)) € G’
for x through F set up all possible continuous linear forms on F' and G.

Remark 2.8. In the following, given a locally convex, separable topological space £, we
shall use the notation E* to denote any locally convex, separable topologically vector
space that is paired with E, instead of the usual algebraic dual of E (i.e. the space of all
linear forms on E), which will be denoted E’, see Definition 2.15. The reason for this
choice is to not restrict the following exposition to the pair (E, E’), and have a slightly
more general and comprehensive framework.

More details on topological pairing can be found in, e.g., [Bou87, Chapter IV].

The next definition introduces the convex conjugate for functions defined on a general
topological vector space.

Definition 2.9 (Convex conjugate). Let E and E* be two topologically paired vector
spaces. Denote by (-,-) the duality pairing between E and E*. Given any proper
function ¢: E — (—o00,00] (i.e. ¢ # 00), its convex conjugate (sometimes also called
Legendre transform) ¢* is defined as

# @ (at) = sup{(*,3) — p(z) | = € B},

The convex conjugate is always a proper convex function. Moreover, ¢** = ¢ if and
only if ¢ is a l.s.c. convex function, which is leveraged in several derivations of convex
analysis.



2 Mathematical framework

Proposition 2.10 (Fenchel-Moreau [Zal02, Theorem 2.3.3]). Let p: E — (—o0, 00| bea
L.s.c. proper convex function. Then, ¢** = .

A last notion, central in convex optimization, will be used in Chapter 3: the subdifferen-
tial.

Definition 2.11 (Subdifferential). Let (E, E*) be two topologically paired vector spaces.
Given a function ¢: E — R, its subdifferential at € E is

_ e B* |Vx e E, p(z) 2 (&) + (x5, 2 — T if z € dom o,
a¢<x>={é | (2) > (@) + )} i

Notably, from Proposition 2.10, one can easily derive the next proposition.

Proposition 2.12 Let (E, E*) be two topologically paired vector spaces, and let p: E —
(—o0, 0] be a l.s.c. convex function. Then, for all (z,z*) € E x E*, there is the following
equivalence

TFedp(z) <= T (T¥) <= (T%,7)=p)+e"(T").

Now, we have the core convex analysis definitions and properties that will be required
throughout the thesis. In the next section, an overview of the functional analysis tools
will be introduce.

2.1.2 Functional analysis

The aim of this section is to present the Fenchel-Rockafellar duality theorem (Theo-
rem 2.27), which bridges the optimization between two dually connected problems. First,
the Riesz-Markov-Kakutani representation theorem (Theorem 2.21) is required, in order
to dually represent bounded linear functionals on (the closure of) compactly supported
continuous functions.

With the additional assumption that the topological normed vector space E is complete
(with respect to the strong topology induced by its norm), (E, || - ||) becomes a Banach
space, which definition is recalled next.

Definition 2.13 (Banach space). A normed vector space (E, || - ||) is said to be Banach if it
is complete, for the metric defined by the norm.

10



2.1 General analysis framework

All of our analysis will take place on Banach spaces. For instance, the space of (bounded)
real-valued continuous functions on a finite-dimensional, compact vector space X C R",
denoted by ¢(X), endowed with the supremum norm ||¢||s := sup {|¢(x)| | z € X} is
a well-known Banach space. Notice that this norm is relevant for continuous functions
only if X is compact.

In the following chapters, we will deal with vector spaces that are not compact (for
instance R™). In order to accommodate it, we need to restrict the set of functions that are
considered; namely, we will deal with continuous functions that vanish at infinity.

Let X be separable, locally compact space. Denote by ¢'(X) the set of real-valued
continuous functions on X, endowed with the supremum norm. Denote further by
%¢0(X) real-valued continuous functions on X vanishing at infinity. More specifically,

Go(X) ={f €%(X)|Ve>0,3K C X, K compact, || f|x\xl <e}. (2.1)

Note the following inclusion %, (X) C €' (X), with equality if and only if X is compact.

As we will see shortly, the set of bounded linear functionals on ¢(X ) is isomorphic to the
set of signed measures on X. This is the key correspondence that is leveraged in the next
section, and the rest of the present section is devoted to it.

Definition 2.14 (Bounded linear operator). A linear operator A: E — F between two
Banach spaces (E, || - ||g) and (F, || - || ») is said to be bounded if its operator norm is finite,
ie., if

[A]l = sup {[|Az[[F | z € B, [lz]|z <1} < oco. (22)

Notation The set of all bounded linear operators between E and F'is denoted by . (E, F').

Recall that a linear operator A: E' — F'is continuous if and only if it is bounded. We
will therefore employ the terms bounded and continuous interchangeably for linear
operators.

Definition 2.15 (Topological dual). Given a Banach space (E, || - ||), its topological dual E’
is the set of all bounded linear functionals defined on F; i.e.,

E'= Z(E,R) = {2': E — R |2’ is linear and bounded}.
Remark 2.16. We adopt the notation E’ instead of the arguably more widespread E* for

the topological dual in order to distinguish it later on from a generic vector space that is
topologically paired with E.

The duality pairing between E and E’ is denoted by (-, - ) g« g; i.e., forall 2/ € E’, we can
equivalently write the action of 2’ on x € E as 2/(z) or («/, x) prx . The subscript E/ x E
will be dropped when there is no confusion on the current spaces that are considered.

11



2 Mathematical framework

Remark 2.17. The spaces E and E’ in Definition 2.15 are topologically paired vector spaces,
in the sense of Definition 2.7.

This notion of duality is key in the expression of different optimization problems, as the
topological dual can be identified with a space in which the optimization is more feasible
as the first one, as will be stated by Theorem 2.21.

The set of finite signed measures on X is central for the following presentation, as it will
be isomorphic to 4, (X)’ (the set of bounded linear operators on 6, (X)). We introduce
here succinctly, by defining the finite signed measures on a set X. More details on
measure theory for our purpose can be found in e.g. [Rud13].

Definition 2.18 (Signed (positive) measure). Let Abe a o-algebra on aset X. Then, a signed
(resp. positive) measure . is a function on A whose range is in [—o00, 00| (resp. [0, co]) such
that, for every countable disjoint union (or partition) of A € A (i.e. with A = J;cy A
andi # j = A;NA; =0), we have

Slu(A)l < oo and  p(A) =3 p(4).

1€EN 1€EN

The set of signed (resp. positive) measures on X is denoted by .# (X)) (resp. .#(X)).
For u € .#(X), the set of u-integrable functions is denoted by L' (p).

Definition 2.19 (Total variation). The total variation of a signed measure ;. in a measurable
space (X, A) is the positive measure || defined as

VA€ A, |u[(A) =sup {ZW(AZ)| ‘ {A;}ien is a partition of A}

1€eN

By [Rud13, Theorem 6.4], if . is a signed measure on X, then |¢|(X) < co. Therefore,
any signed measure is finite.

Remark 2.20. The presentation in [Rud13] considers complex functions, whereas we are
confined to the real case. Therefore, the (more general) complex measures are here
replaced with signed measures, sometimes also called real measures.

The next theorem finally states, for X a locally compact separable vector space, the
duality between the set of continuous functions on X vanishing at infinity ¢, (X) (2.1)
and .#(X), the set of signed measures on X (Definition 2.18). This is a restriction
of [Rud13, Theorem 6.19] to the real case.

12



2.1 General analysis framework

Theorem 2.21 (Riesz-Markov-Kakutani representation theorem for signed measures).
Let X be a locally compact separable space. Endow ¢,(X) (2.1) with the supremum norm, so
that (¢o(X), || - ||) is a Banach space. Then, every element its topological dual €o(X )" is uniquely
represented as an element of 4 (X); i.e., for any F € €o(X)’, there exits a unique p € A (X)
such that

Vi€ G(X), F(f)=(uf) = /X fdp.

Moreover, 6y(X)" is isomorphic to .4 (X ), endowed with the norm ||u|| := |p|(X), with |u| the
positive total variation measure defined by Definition 2.19. We write it ¢o(X)" = .4 (X); this
means notably that ¢o(X ) and .# (X)) are topologically paired in the sense of Definition 2.7.

Remark 2.22. In the case where X is also compact, (X ) = %(X), and the statement of
Theorem 2.21 can be adapted accordingly.

Remark 2.23. Theorem 2.21 implies that (X ) and .# (X) are topologically paired topo-
logical vector spaces. This will allow us to translate an optimization problem on .Z (X)
to a problem on the set %(X) — or even ¢'(X) when X is compact.

In the next example, we start to introduce the central spaces that will be relevant for the
thesis analysis. This example will be run through the whole section, and will serve as
basis for the next one.

Example 2.1 Let X; and X3 be two locally compact separable spaces. Let E' = 6, (X1) x
¢0(X2) and F' = 6p(X1 x X2), both endowed with the supremum norm. Note that,
for (u,v) € E, ||(u,v)]|co = max {sup {|u(z1)| | 1 € X1},sup {|v(z2)| | x2 € Xo}}.

Then, by Theorem 2.21, we can identify their dual spaces as E' = .#(X1) x 4 (X2)
and F' = # (X, x X2). Notice that, for all (u,v) € E and all (o, 8) € F/,

((a, B), (U, 0)) Brx B = (0, U) g (x1)x60(X1) (B85 V) (X2) x G0 (X2) = /uda+/vd5-
O

Remark 2.24. When, for some (m,n) € N2, X; C R™ and X, C R", the topological
assumptions on X; and X, in Example 2.1 are satisfied. This will typically be the
framework of the thesis.

With Theorem 2.21, we can identify 6, (X) = .#(X) for X alocally compact separable
space. A last key theorem will conclude this section, namely the Fenchel-Rockafellar du-
ality theorem. It will make a correspondence between the primal and dual optimization
problems.

In order to present it, the notion of adjoint operator is next introduced.

13



2 Mathematical framework

Definition 2.25 (Adjoint operator). Given two Banach spaces E and F,if A € Z(E, F),
its adjoint operator is A* € £ (F’, E') such that

Ve e B,VY € F, (y, Av)pxr = (A, 2)pxE
We now define the push-forward operation by an operator 7': X; — X». In the next
example, we see that the adjoint of the pull-back operation is the push-forward operator,

which is defined below.

Recall that a Borel set (X, B) is a measurable space and B is the Borel o-algebra on a
topological space X; i.e., the o-algebra generated by the open sets of X.

Definition 2.26 (Push-foward operation). Let (X1,B8;1) and (X3, B2) be two Borel sets.
Let T: X; — X5 be a Borel map, and let « be a Borel measure on X;. Then, the push-
forward of ;1 by T, denoted by T 1, is the Borel measure on X5 such that

VB € By, Tyu(B) = (I (B). (2.3)

Equivalently,

Vg: Xo — R, g Borel function, /ng#,u = /g oTdpu.

Example 2.2 (Example 2.1 continued). Let (E, || - ||g) and (F, || - ||») be the Banach spaces
defined in Example 2.1.

Let A € Z(E, F) be the linear operator defined as

A: E — F,
(u,v) —— wopj—+vops, (24)
where, for i € {1,2},
Pi: X1 X X2 — Xi7 (2 5)

(€E1,1?2) = T,

is the projection onto X;. Notice that A is continuous by continuity of the projection
applications.

Then, the adjoint of A is

A F — E,

2.6
v — (P1y7,P247)- (2.6)

14



2.1 General analysis framework

Indeed, for all (u,v) € E and all y € F”, letting A*y = («, ) € E’, we have

<77 A(u7 v)>F’><F = <A*77 (uv U)>E’><E

<:>/uop1d7+/vop2d7:/uda—i—/vdﬁ

@ = p1uYy
S .
B = P24

This is no surprise, as the adjoint of the push-forward operator is the pull-back. The case

we have at hand is simply the product space variant of this fact. O

We have presented the analysis tools that will be essential to our discussion. In the next
section, the notion of convex duality will be detailed.

2.1.3 Optimization problem

We are now ready to present the general convex optimization framework that we will
consider, and the duality herein.

Given
i) two Banach spaces £ and F,
i) two proper, lower semicontinuous convex functions ¢: E — (—o0,00] and ¢: F' —
(—o00, 0], and

iii) a bounded linear operator A € Z(E, F),

we are interested in the minimization problem
minimize {¢(x) + ¢ (Az) | z € E}.

Notation Throughout the text, the following convention will be followed. The operator
“minimize” will refer to the minimization problem, whereas the term “inf” will refer to
the value of the solution. If the bound is attained, we will also write “min”. Similarly,

/A7

the terms “maximize”, “sup” and “max” will be used for maximization problems.

Since 1 is proper, lL.s.c. and convex, by Fenchel-Moreau theorem (Proposition 2.10),

15



2 Mathematical framework

Y = ¢**. Therefore, one always has

inf () + Y(Az) = inf p(x) +¥*(Ar)

=inf ¢(z)+ sup (v, Az) —¢*(v/)

xeF y' eF’
=inf sup {(A*Y, z)+ () —¢¥*(v)}
zeEy el
> sup inf {(A%y z)+ o(x)} — () (2.7)
y'eF' xeFE
= sup —¢"(=A"y) — " (),
y'€F"

where inequality (2.7) (called weak duality) is simply due to the inequality
sup inf f(z,y) <inf sup f(z,y),
y * Ty

true for all f: X x Y — R, and the last equality holds by definition of ¢*. Strong
duality is obtained when one has equality in (2.7). It is the case under additional (mild)
assumptions on the problem, e.g. when X and Y are compact convex sets, and f is
convex-concave. This is a special instance of a minimax theorem, of which a collection
can be found in e.g. [SIm95].

We now state the main theorem of the section. It gives notably sufficient conditions for
which we have equality in Equation (2.7), i.e., it allows to swap the “inf sup” problem to
a “sup inf” in saddle optimization problem.

Theorem 2.27 (Fenchel-Rockafellar, [Roc67, Theorems 1 and 3]). Let p: E — (—00, o0]
and . F' — (—o0, 00| be two L.s.c, proper convex functions on two Banach spaces E and F, and
let A e L(E,F) bea continuous (bounded) linear operator from E to F'. Assume that there
exists xo € E such that  is finite at xo and 1) is finite and continuous at Axo. Then,

inf {@(z) + (Az) | x € E} = max {—¢"(=A"y) —¢*(y) | ' € F'}
< min {p*(=A"Y) + ") | v € F'} = sup {—p(z) —¢(Az) | z € E}

Remark 2.28. The statement in [Roc67] is more general, in the sense that it considers two
pairs of topologically paired vector spaces (£, E*) and (F, F*) as defined by Definition 2.7,
instead of the topological dual of Banach spaces E and F' as we do: in our case, the
duality is given by the algebraic dual space of a Banach space.

Note that the maximum is attained for the dual problem as part of the theorem statement.
A simple proof of this theorem (in the case where £ = F, A = id) can be found in [Vil03,
Theorem 1.9; Brell, Theorem 1.12]. The general case proof can be found in [Roc67].

As per Theorem 2.21, the duality pairing at our disposition identifies, for X a locally
compact separable space, the dual of €, (X) with .Z(X).
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2.1 General analysis framework

For P: E — {0, 1} aboolean function on E such that P~!({1}) is a convex set, we denote
by

x[P()] = {2@ flsi(x) = (28)

the characteristic function of the condition. Notice that it is a convex function.

Continuing the running example study, we will therefore be able to apply this theorem
WithE = Cgo(Xl) Xcgo(Xg), F = %O(Xl XXQ), A= (op1+op2), @Q: (u, Q}) — —<,U,, u>—<u, ’U),
and ¢: w — x[w < ca.e]

Example 2.3 (Example 2.2 continued). Let X; and X5 be defined as in Example 2.1. Let
and v be two probability measures on X; and X, and let ¢: X; x Xy — [0,00) be a
proper, lower semicontinuous function. For any w € %5(X; x X32), we will write “w < ¢
a.e.” as a shorthand for the condition “for u-almost all z; € X; and v-almost all 25 € X5,
w(z1, v2) < c(x1,x2)”.

With the same spaces as in Example 2.2, i.e. E = 6y(X1) x 6y(X2), B’ =2 #(X;) x
M(X3), F =%p(X1 x X3),and F' = #(X; x X3), define the convex functions ¢ and v
as

p:  o(X1) x 6o(X2) —> (—00,00], (2.9)
('LL, U) — - <M>u> - <V7U>7
(U %O(Xl X X2) —>(—OO, OO], (210)
{0 ifw<cae.
w +—xw<cae] =
oo else

Then, by Definition 2.9,

o M X)) X M(X2) — (—00,00],
(@, ) +— sup{{a, u) + (B,v) — ¢(u,v) | (u,v) € Go(X1) X Co(X2)}
= SlEp{<a + p,u) + (]ﬁ +v,0) | (u,v) € € (X1) X o(Xa)}
:Xa:_ﬂaﬁ:_y7

QJZ)*I %(Xl X XQ)
Y

(—O0,00],

sup {{y,w) — x[w < ca.e] | w € (X1 x X2)}
=sup {{(7,w) | w € 6y(X1 x X2), w < ca.e.}

| Jedy ifye # (X1 x Xo)and ¢ € L(v),

o0 else

Ll

The last equality is justified by the fact that, for v € .Z(X; x X3) and ¢ € Li(v), for
any € > 0, one can find w. € €,(X; x X3) and w, < ca.e, such that (y,w.) > [cdy—¢
since |y[(X1 x X2) < 0.
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Recall that the operator A € .Z(E, F') (2.4) and its adjoint A* (2.6) are defined as

A: (go(Xl) X %O(XQ) — %O(Xl X XQ),
(u,v) — wopi+wvopy,
A*: .//(Xl X XQ) — .//(Xl) X /Z(XQ),
v — (P17 P2g7)-
Define the two (convex) sets
D(p,v) o= {y € M (X1 % Xa) | DLy = 1, P2y = v}, (2.11)
Ug, (c) == {(u,v) € €p(X1) x 60(X2) | uopr +vops < cae.}. (2.12)

Then, one computes, for all v € .Z (X x X3) and all (u,v) € €5(X1) x €o(X2),

O (—A*Y) + " (v) = x[-P1gy = —p, —p2yy = —v] + /cdv
+ X[y € Ay (X1 x Xo)] + x[c € L1 (7)]

= /cd’y +x[y € T(p, )], (2.13)

and

—p(u,v) — Y(A(u,0)) = (1, u) + (,0) — x[uopr +vops < cael
— () + (v, 0) = X[(u,0) € Uy (©)]

With a slight abuse of notation, we write in (2.13) the quantity [ cdyevenwhenc ¢ L!(y),
in which case the integral conventionally evaluates to co.

We claim now that there exists zy € F such that ¢ is finite at z¢ and % is finite and
continuous at Axg.

Indeed, ¢ (2.9) is always finite. In the case of ¢ (2.10), it is finite and continuous
on intdomvy = {w € (X1 x X2) | w < ¢}. Since ¢ > 0, 1 will be necessarily contin-
uous and finite on {w € (X1 x X2) | w < 0} for any c. By taking xp = (ug,vo) €
%0(X1, (—00,0)) x 60(X2, (—00,0)) a couple of negative continuous functions that vanish
at infinity, zo € E and wg = Axy = up o p1 + vp o p2 < 0 < ¢, so that ¢ is finite and
continuous at wg.

Therefore, we can invoke Theorem 2.27 and obtain

min { [eariver, u>} —sup {( ) + (10) | (00) €Un (O}, (214)

This duality will be central in the derivation of the next section.
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2.2 Optimal transport primer

Remark 2.29. In light of the various definitions, it is the left-hand side of (2.14) that
should be named the dual problem, and the right-hand size the primal one. Nonetheless,
the opposite nomenclature is often found in the literature. We shall therefore refer to
the left-hand side of (2.14) as the primal problem, and to the right-hand side as the dual
problem.

O

We have now the core mathematical tools required to present the optimal transport
derivations.

2.2 Optimal transport primer

In this section, we expose the different key concepts of optimal transport that will be
relevant throughout the thesis. Optimal transport has a long history, that is usually
traced back to Gaspard Monge’s formulation [Mon81]. Many recent works have exposed
and explored optimal transport theory, see e.g. [Vil03; AGS05; Vil09; San15]. We will
provide here a condensed, contemporary formulation of the problem, through the lens
of convex analysis and duality concepts introduced in Section 2.1.

2.2.1 General setting

In its general and historical form, optimal transport aims at finding a way to “move”
(or transport) a given source to a target distribution, with minimal cumulated cost. The
(ground) cost at play is defined on the product space where the distributions are defined,
and optimal transport leverages it to quantitatively compare the distributions themselves.
The presentation that follows is stated in modern probabilistic parlance. It focuses on
the main features of optimal transport that will be leveraged in the following chapters.

Let (X, || - ||) be any complete, separable metric space. Such a space is sometimes called a
Polish space.

Recall that, given a Polish space X, .# (X) (resp. .#+ (X)) denotes the set of finite signed
(resp. positive) measures on X, as defined by Definition 2.18.

Denote by (-, -) the duality pairing between %y(X) and .Z(X), as per Theorem 2.21:
V() € M) x G(X), () = [ F

For X a Polish space, denote Z(X) = {u € A4, (X) | n(X) = 1} the set of probability
measures on X.
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2 Mathematical framework

The transport has to be performed between two sets. Let therefore X; and X be two
Polish spaces. Let 4 € Z(X;) and v € & (X3) be two probability measures on these
spaces. The distributions x and v are respectively considered the source and the target
distributions.

Further, let c: X7 x Xo — [0, 00) be a proper, lower semicontinuous cost function. The
optimal transport problem aims at solving the following constrained minimization prob-
lem

minimize {/cd’y ‘ v e T (u, l/)}, (2.15)

where I'(1, v) is the set of feasible plans (or couplings) between p and v, i.e.

I(p,v) ={y € #L(X1 x X3) | for all measurable sets A C X; and B C X»,
(A x X1) = u(A) and 7(X; x B) = v(B)},
={vy € A1 (X1 x X2) | P1y7 = s P2yy =V}

Recall that, for i € {1,2}, p; is the projection onto X; (Equation (2.5)), and -4 is the
push-forward operation (Definition 2.26).

The set I'(i, v) being compact, one can show that (2.15) always admits a minimizer
(which was also a result of Theorem 2.27).

Define, for v € 2(X1 x Xs) and for (u,v) € L' (1) x L' (v), the functionals I and J as

I(v) = /cd’y, (2.16)
J(u,v) = /udu+/vdu. (2.17)

They evaluate a transport plan (/) or a pair of dual variables (J).

Denote further the set of feasible dual variables

Ui () ={(u,v) € L () x LY () | u(z1) + v(z2) < (21, 29) (2.18)
for p-almost all z; € X; and v-almost all 3 € Xo}.

Lemma 2.30 (Weak duality, [ Vil03, Proposition 1.5]). One always has

sup {1 (u,v) | (u,0) € Uga ()} < inf {1(7) | 7 € D(u, )}, (219)
Proof. Indeed, let (u,v) € Uy (c) and v € T'(u, v). Then,

J(u,v):/udu+/vduz/(uop1—|—Uop2)dfy.
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Since (u,v) € Up(c) and v € I'(u,v), uop1 +vopy < ¢ ~v-a.e., then

J(u,v) < /cdy = I(v).

This is true for all (u,v) € U1 (c) and all v € I'(p, v). Taking the supremum over Uy 1 (c)
on the left-hand side and the infimum over I'(x1, ) on the right-hand side yields the
desired inequality (2.19). O

Now, we connect the analysis to the running example in Sections 2.1.2 and 2.1.3 that
shows how the inequality becomes an equality, and how the class of functions can be
reduced. Therefore, as in Example 2.3, let

Ug, (c) = {(u,v) € 60(X1) X €0(X2) | uops +vops < cl. (2.20)
Example 2.3 shows that
min {1(7) | 7 € D( 1)} = sup {J(u,0) | (u,v) € Usgy(c)} (221)

Remark 2.31. Under the condition that c is real-valued and pointwise upper-bounded by
integrable functions, [ Vil09, Theorem 5.10.(iii) | asserts that the right-hand size of (2.21)
also attains its bound.

Since Uy, (¢) C Uy,1(c), one always has
sup {J(u,v) | (u,v) € Ug,(c)} < sup{J(u,v) | (u,v) € Up1(c)}.

Therefore, by (2.21) and (2.19), one has
sup {J(u,v) | (u,v) € Ug ()} = sup{J(u,v) | (u,v) € Up1(c)}, (2.22)
and one can interchangeably consider the sets Uy, (c) or Uy 1(c). We shall loosely use the

notation U(c) to refer to one or the other set, when no distinction has to be made.

c-transform

As a last remark for the general case, we recall (see e.g. [Vil09]) that the problem

maximize{/udu—F /Udl/ | (u,v) € L{(c)}

is equivalently solved with the c-transform of the variable u, either in 45(X1) or in L!(p),
defined as

u¢: Xo — R,
xe +—— uf(x2) = inf {c(x1,x2) —u(x1) | 21 € X1},
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in the sense that
sup {J(u,v) | (u,v) € U(c)} = sup {/udu + /ucdy |ue %O(Xl)} (2.23a)
:sup{/ud,qu/ucdy‘uELl(,u)}. (2.23b)
In addition, the supremum is attained on the left-hand side if and only if it is attained on

the right-hand side.

This is useful in order to reduce the number of variables to one, instead of two functions.
It simplifies the problem when the c-transform of u has a straightforward expression.

When X; = Xy = X and, V(z,2') € X?, ¢(z,2') = ||z — 2/||P for some norm || - ||: X —

[0, 00) and some p € [1, 00), we shall denote, for any u: X — R, the p-transform of u as

u?: X — R,

¥ s inf{||2 — 2|’ — u(z) | € X}. (2.24)

This concludes the general case presentation. Some special cases are worthy of a more
detailed attention.

2.2.2 Special cases

In this section, we present some specializations of the general problem (2.21).

X1 or X5 is compact

When, for some i € {1,2}, the set X; is compact, then ¢y(X;) = € (X;). This has the
following practical application. Say X; is compact. The supremum in (2.23a) is then
taken over all u € ¢ (X;). One can use a neural network to parametrize functions
approximating such a continuous function.

X1:X2andc:dp

The case where X; = X3 = X and c is the p-power, for p € [1, 00) of any distance d on X
—ie. V(z,2') € X?, ¢(z,2') = d(x,2')P — is of particular interest. It is the topic of, e.g.,
[Vil09, Chapter 6], from which we pick the most salient features.

Let
2y%) = {ne 200 [ dto.af aute) < o}
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2.2 Optimal transport primer
be the space of probability distributions with finite p-moment for some, hence any,
xg € X.

Let (p,v) € Z,(X )% be two probability distributions with finite p-moment. Under this
setting, (2.15) takes the form

minimize { / d(z,2' )P dy(z,2') | v € T(u, y)}. (2.25)
By setting
Wy (p,v) = [inf {/d(m,x’)p dy(z, ") ‘ v € T (u, V)H 1/P, (2.26)

it defines a distance (called p-Wasserstein distance) on &,(X ). What's more, it metrizes
the weak convergence in #,(X) [Vil09, Theorem 6.9].

In the particular case where d is distance derived from the norm || - || on X (i.e. V(z,2’) €
X2, c(x,2') = ||z — 2'||P), we will denote the set of admissible function variables ;1 (p)
and Uy, (p).

The next two special cases will be an Euclidean specialization of this settings, with X; =
Xy =R"= X, V(z,2") € X?, d(z,2') = ||z — 2’| and p = 1 and p = 2, respectively.

X1 =X2=R"and ¢(z,2’) = ||z — 2’|

In the case where X; = X5 = R® = X and V(z,2') € X2, ¢(z,2') = ||z — 2/||, the
Wasserstein distance enjoys a useful characterization. Indeed, in this case, u is c-concave
(i.e. there exists a function v such that u = v(!) as defined by (2.24)) if and only if Lip(u) <
1, where, for u: X — (—o0, 00],

Lip(u) = sup {MSE,)_U(@ (z,2) € X%, o # x} € [0, o). (2.27)

|2" — ||
In addition, if Lip(u) < 1, then ul) = —y [PC18, Proposition 6.1].

Define
Lip;(R") := {u € €(R") | Lip(u) < 1}. (2.28)

The set of function variables can then be reduced to %,(R"™) N Lip; (R™), so that
Wi (u,v) = sup {{p,u) — (v,u) | u € €o(R™) N Lip; (R")}. (2.29)

Equation (2.29) is called the Kantorovich-Rubinstein formula.
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X1 =X2=R"and ¢c(z,z’) = ||z — 2/|?

As presented above, with (X, || - ||) a metric space, the 2-Wasserstein distance is a distance
on the space of quadratically integrable probability measures %% (X) := {u € Z(X) |
[ llz||? du(x) < oc}, or equivalently, the set of probability measures on X with finite
variance. The distance W, is sometimes also called the Fréchet distance between two
distributions.

It enjoys particular geometrical properties. Notably, it solves a dynamical displace-
ment problem between two distributions, under a continuity equation constraint [ Vil03,
Thereom 8.1]. This is known as the Benamou-Brenier formulation.

For n € N, let S;(n) be the set of symmetric positive semi-definite (or covariance)
matrices of size n x n. For i € {1,2}, let (m;,%;) € R" x S;(n) be mean vectors and
covariance matrices. In the case where y = .4 (m,%;) and v = A4 (may, ¥2) are two
Gaussian distributions, the 2-Wasserstein distance between 1 and v has the following
closed-form expression [ DL82].

Proposition 2.32 Fori € {1,2}, let (m;,%;) € R" x Sy(n). If p = A (m, %) and v =
JV(mQ, 22), then

1/2
W2(u,v) = |lmy — ma)? + tr (21 D ) [21/2222}/2] ) . (2.30)

The trace term in (2.30) is called the (squared) Bures-Wasserstein distance between the
covariance matrices ¥1 and Xs.

Definition 2.33 (Bures-Wasserstein distance on S (n)). Let X1 € S;(n) and 39 € Sy (n)
be two symmetric positive semi-definite matrices. The Bures-Wasserstein distance be-
tween X1 and X is

1/2
B(1,%,) = tr <21 D ) [2}/22221/2} ) . (2.31)

Itis indeed a distance on S (n). We refer to [BJL19] for more details on this metric. It
will be central in Chapters 5 and 4.

Lastly, as we have seen previously, the squared 2-Wasserstein distance between two
distributions 1 € Z5(R") and v € Z(R") has the following expression:

W3 (1, v) = sup { (i, u) + (v, 0) | (u,v) € U, (2)}
= sup {(,u,u> + <1/,u(2)) | u e %O(Xl)}

:sup{/ud,u—i-/vdu | (u,v) euL1<2)}

= sup {/udu + /u(g) dv |u € Ll(,u)} (2.32)
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2.2 Optimal transport primer

Uy (2) = { (1, 0) € Go(R™) x Go(R") | V(w,2') € (R")?, u(w) +o(@') < |Jo - o/|2},
U1 (2) = {(u,v) € L' (p) x LY(v) | for p-almost all z and v-almost all =/,
u(z) +v(2) < Jlz —/|*},

and u(?) is defined by (2.24). Therefore, the dual variables u and v are required to be
either in Uy, (2) or Uy 1(2). This will be specifically useful when finding a lower-bound
for Wa(pu, v), as done in Lemma 5.9.
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3 OPTIMIZATION OF GENERAL GENERATIVE ADVERSARIAL
NETWORKS

In this chapter we introduce the general Generative Adversarial Network (GAN) frame-
work and highlight the key challenges that this learning scheme entails. We first give a
review of the different GAN formulations as they appeared in the literature and give
insight on which problems they aimed to solve. This includes two main origins for the
GAN formulation, a probabilistic one (Section 3.1.1) and an optimal transportation one
(Section 3.1.2). Then, the general optimization scheme used in order to train such a
GAN is introduced in Section 3.2, before presenting a simplified analysis framework and
the optimal discriminator hypothesis in Section 3.3. We finish this chapter by studying
a simple example in Section 3.4 to illustrate the key optimization challenges faced by
GAN:Ss. This will allow to portray the analytical tools exposed throughout this chapter.

3.1 Introduction to the GAN framework

Generally speaking, GANs [ GPM+14] are neural networks aiming at producing samples
as if they were drawn from a target distribution. They are optimized in an adversarial
fashion, were a discriminator and a generator networks work jointly in achieving learning.
Due to this joint optimization, the stability and convergence properties of such learning
systems is more delicate to analyze compared to a minimization problem only, as usually
found in supervised learning for instance. We will present the general GAN optimization
paradigm and its difficulties.

In this section, ® C R? and ¥ C R? are the parameter spaces of the generator and the
discriminator, Z C R% is a latent space, and X C R% is the sample space. The generator
g is a parametric function with parameter § € © which takes points z in the latent space
to points z = gy(z) in the sample space:

g: Zx0 — X,

(2,0) — 9(:0) = gol2). (3.1)

Further, the discriminator f is also a parametric function with parameter 1) € ¥, which
takes points x in the sample space and map them to real numbers:

fi XxU — R,

(@) — fx;9) = fy(@). (3.2)
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3 Optimization of general Generative Adversarial Networks

Assume a target distribution v € & (X) is given. A GAN has to learn how to generate
samples as if they were drawn from v.

Given N € N target samples {; };c[y], one can write

o1
b= Z} Oz, (3.3)

€[N

the discrete, target distribution formed by the target samples, where ¢, € &(X) is the
Dirac measure at v € X.

With w € #(Z) a probability distribution on the latent space, given a parameter 6 € ©,
the generator defines a distribution 14 that can be written with the push-forward operator
as

1o = (go) pw. (3.4)

It simply means that, to sample from 19, one samples w and applies gy to the resulting
latent samples in Z in order to produce samples in X.

Even when w has a density (i.e. is absolutely continuous with respect to the Lebesgue
measure), the push-forward measure 1y might not be continuous. For instance, if the di-
mension of X is higher than its of Z, the manifold of generated images will have Lebesgue
measure 0 in X. This has been linked to instabilities in the training of GANs [AB17],
as in this case, a given statistical divergence between the two distributions usually has
singularities.

In practice, one samples a minibatch from w and evaluates the generator at the latent
codes, so that the effective dataset on which the discriminator is trained consists of a
mix of samples from the target distribution and samples from the generator. This will be
particularly relevant in Section 3.1.1. When distinction has to be made between w and its
sampled version, we shall write & for the sampled distribution, and likewise /iy for the
distribution sampled from .

Some works, such as [FG15] for the rate of convergence of a Wasserstein estimator,
or [FZF+20] for the effect of a minibatch approach in estimating the Wasserstein distance,
study the approximation error suffered by sampling a population in order to compute
a Wasserstein-based quantity. Nonetheless, the general effect of using minibatch to
approximate objectives as expected values will not be part of our concerns. Therefore, we
will not usually make a distinction between v and 7, assuming that we always sample the
target distribution, nor between 1y and fi9. Either way, w, 19, and v might be continuous
or discrete, depending on the context.

With this broad setup in mind, we now present the two motivations at the core of many
GAN systems: a probabilistic (Section 3.1.1) and an optimal transport (Section 3.1.2)
one. They share the objective to compare probabilistic distributions on a given sample
space, but differ in the way they tackle this issue and in their interpretations. We begin
by presenting the (historically first) probabilistic motivation for GANs.

28



3.1 Introduction to the GAN framework

3.1.1 Probabilistic motivation

Originally, the discriminator and the generator would optimize an objective which
stemmed from a probabilistic perspective as a cross-entropy loss between generated
(or “fake”) and target (or “real”) samples. Indeed, the original GAN loss is derived from
a binary classification problem: the discriminator is then typically trained to encode the
probability of a given sample to be real.

Let § € © be a generator parameter, and let D(¢)) = {z;}c[n] be a collection of sam-
ples in X, some coming from a target dataset and some generated by a generator with
parameter 6.

Let Dy = {« € D | zisatarget} be the target samples and let Dy(f) = {z € D |
x is generated by 0} be the generated samples, so that D(6) = Dy U Dy(#). The depen-
dency of D or D, on ¢ will be implicit when possible to lighten the notation.

LetI; ;== {i € [N] | z; € Dy} and I, := {i € [N] | x; € Dg(0)} be the index sets associated
with the real and generated samples, and let N; := |D;| and N, := |Dg| be the respective
number of target and generated samples.

Let g be a generator defined as in (3.1). There exist by definition N, fixed latent
codes {z; € Z | j € [Ng]} and a parameter § € O such that

Dg(0) = {90(2) | j € [Ngl}-

1
Let then @ := N Z d.; be the fixed latent distribution and let
& j €[Ng]

) 1

fig = Y Sauzy) (3.5)

g .
JE[Ng]

be the distribution of Dy(0). Note that we still have iy = (gy) 4w, as presented in Sec-
tion 3.1.

Leto =N, 'S, 1, 0z; be the uniform distribution on the target samples in D.

A discriminator f defined as in (3.2) can parametrize the probability that a point z € X

is from the target distribution. Usually, we do not want to constrain the values of
f and thus, to obtain valid probabilities bound between 0 and 1, we use a sigmoid

function: 0: R — (0,1); t — o(t) :== (1 + e_t)_l, so that we can set, for z € D,
Pz € Dy | 9) = o(fy(2)).

The likelihood to observe an independent and identically distributed (i.i.d.) dataset D
composed of IV; target and NN, generated samples under this model is then

P(D | ¢) = [[ o(ful@) [] (1 = o(fu(x:))) (3.6)

i€l 1€lg
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3 Optimization of general Generative Adversarial Networks

Hence, given (0, 1) € © x ¥, the log-likelihood of the dataset D(#) under the model f,;
is
LL(0,¢) = log P(D(0) [¢)
= logo(fy(z:)) + ) log(l —o(fy(z:))

i€l iEIg

= N [ ogo(fu@) dife) + Ny [ 1og(1 = o(u(a)) dtfe)
= N, [ 1ogofu(e)) do(e) + Ny [ log(1 = o(fulga=)) di(2)
=N [ 1og(1 + exp(~fy(a))) do(a) ~ Ny [ Tog(1+ expl i (ga(=)) ().

Usually, N, is taken to equal Vi, so that the problem is balanced.

Hence, maximizing the log-likelihood LL(6, ) of the i.i.d. dataset D given # € © is
written

ML(#) = maximize {LL(0,) | ¢ € ¥}

= maximize { — /log(l + exp(—fy(z))) di(z) (3.7)

— /log(l + exp(fu(go(2)))) di(z) | ¢ € \Il}

This problem on ¢ € ¥ (sometimes called the inner problem), is what the discriminator is
dedicated to solve. Then, the generator parameters 6 € © are optimized so as to minimize
ML(#) (then called the outer problem):

minimize {ML(0) | 0 € ©}. (3.8)

This update rule can be shown to be theoretically equivalent to minimizing a Jensen-
Shannon (JS) divergence between the generated and the target distributions, under the
assumption that the discriminator solves the problem (3.7) perfectly [GPM+14]. This
is what is called the perfect (or optimal) discriminator hypothesis, and will be the main
topic of Section 3.3.

In the seminal work on GANs [GPM+14], the generator and discriminator networks
optimize two different losses. Rather than minimizing E..[—log(1 + exp(fy+(g90(2))))]
in (3.7), where ¢* € argmax {LL(0,v) | ¢ € U}, the generator is trained to maximize
E.o[—1log(1+exp(— fy+(g9(2))))]. This technique of training was introduced to prevent
the generator loss from saturating, as it was observed that exp(fy«(go(2))) vanishes
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3.1 Introduction to the GAN framework

early in training (when the discriminator can be almost certain of which samples are
generated). This will be referred to as the “non-saturating GAN”, since it prevents the
generator loss (and hence the gradients for g) from vanishing early in training.

The non-saturating loss is the standard update scheme when training GANs. The associ-
ated divergence actually minimized (under the optimality assumption) was expressed
a few years later: under the same assumption of a perfect (optimal) discriminator, the
non-saturating GAN loss amounts for the generator to minimizing a divergence mixing a
JS and an inverted KL divergence between the two distributions [ AB17, Theorem 2.5].

Note that, more generally, f-divergences can be considered when training
GANs [NCT16], still under the perfect discriminator hypothesis. The properties of
the divergences are more or less adapted to comparing the generated to the target distri-
bution. For instance, the Jensen-Shannon divergence quickly saturates when the support
of the distributions disagree, whereas the KL divergence is theoretically infinite when
the supports of the distributions mismatch [AB17] — which is especially the case at
the beginning of the training. The mechanics of the f-divergences offer a wide range of
losses to pick from when training a GAN.

Other architectures or losses have been considered in order to train GANs. One worthy
of mention is the conditional GAN (c-GAN) [MO14], where both the generator and the
discriminator take an additional input (i.e. the class of the sample generated), and the
generator also generates this input in addition to the sample. This type of GAN is not
unsupervised anymore, as it requires access to labels for the samples. Nonetheless, it
allows to condition the generation of the samples on a specific class or type of output
one would like to obtain.

3.1.2 Optimal Transport motivation

As point out pointed out in [AB17], when the two distributions we are comparing either
are discontinuous, or do not share their support, then the Jensen-Shannon divergence
computed between the two maxes out. This leads to a theoretical issue in the training of
GANss, as, in this case, a perfect discriminator (i.e. perfectly separating the generated
and the target samples) will exist and have vanishing gradients on the samples.

To alleviate these issues, other means of comparing the generated distribution to the
target one have been considered in order to train a GAN. One of them, stemming from
optimal transport theory, will be the main topic of this section. The Wasserstein distance,
as defined in Section 2.2.2, has been investigated as a means to compare the generated
distribution pg to the target distribution v [ACB17; GAA+17; HRU+17; RST18].

This distance is in general costly to compute directly, but its dual expression can be
leveraged to approximate it with a discriminator network. For instance, as seen in
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3 Optimization of general Generative Adversarial Networks

Section 2.2.2, when X = R", the dual expression of the 1-Wasserstein distance between
two probability measures i € Z(X) and v € Z(X) is

wmmmzwm{/fau—w|feﬁmmmmexﬁ7 (39)

where %, (X) are the continuous functions on X vanishing at infinity (Equation (2.1))
and Lip; (X) = {f € €(X) | Lip(f) < 1} (Equation (2.28)).

In the case where X is compact (e.g. X = [0,1)"*** is the space of images of dimen-
sions h X w x ¢), then 6,(X) = € (X) and therefore f can be represented by a neural
network. The Lipschitz constraint has to be enforced explicitly. The correct and efficient
way to do it is still an open question [SV18; LRC19; FRH+19; QMW20; KKM+21].

Assume now that X is compact. Letw € &?(Z) be a latent distribution, andletg: Zx0 —
X and f: X x ¥ — R be a generator and a discriminator networks, as introduced by
Equations (3.1) and (3.2).

Denote 19 = (go) 4w the (continuous) generated distribution with parameter § € ©

and v = % >_ic[n] Oz, the (discrete) target distribution. Define further, for (6,1) €
O xVY,

zm&w:/ﬂ@mmm—/mww@- (3.10)

Denote Wy, := {1 € R?|Lip(fy) < 1}. Then, due to the universal approximation
theorem|[Fun89], there exists an architecture for the discriminator so that we have,
ford c O,

sup {'CW1 (071/}) | 1/’ € \IjLipl} ~ Wl(u97y)7

in some sense. We keep the statement loose as we will not be concerned with the
approximation error of the resulting system. It can be noted that, although originally
motivated by the computation of a Wasserstein distance between the two distributions,
the ability of a Wasserstein GAN to approximate the actual distance does not seem to
corroborate with the generation quality of the model [MMG19; SEK+21].

The constraint ¢ € Wy, is difficult to enforce for neural networks. Several approaches ex-
ists as to successfully do it, from the weight clipping in [ ACB17] to spectral normalization
in [MKK+18].

A popular approach consists in regularizing the norm of the gradient of the network, as
a function of the sample input. Indeed, for any differentiable functions f: X — R, the
Lipschitz constraint is equivalent to

Lip(f) <1 <= Vz € dom(f), [Vf(z)[2 < 1.

Remark 3.1. One can assume that f is only continuous with a finite number of non-
differentiable points since, from the Rademacher’s theorem, a Lipschitz function on an
open of R" is almost everywhere differentiable.
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3.1 Introduction to the GAN framework

Therefore, regularizing the gradient’s norm will constrain the Lipschitz constant of
the function. This paradigm was first motivated in [GAA+17] and has known many
variations since, especially on the way to sample the inputs in X on which the gradient
has to be constrained.

Wasserstein GANs have received a great amount of attention in the hope and promise
of actually computing a distance between 1y and v, that will then serve as a loss for
the generator. Nonetheless, some caution should be observed when considering this
interpretation, as expressed in subsequent works.

In [SEK+21], the authors show experimental evidence that the 1-Wasserstein distance
with pixelwise Euclidean ground cost does not correlate with our perception of distance
between natural images. Notably, a batch of centroid images (in the case of a face dataset,
CelebA) has a lower mean distance to real images (target) than a batch of real face
images to other real faces, which mean that a perfect generator would suffer from a
higher 1-Wasserstein distance relative to a generator that produces only centroids of
the dataset. The authors” hypothesis for this undesired phenomenon is the use of the
pixelwise Euclidean distance as the ground cost for the Wasserstein distance.

Possible remedies to this would be to use a Wasserstein ground metric as envisaged
in [DLL+19b], more robust to perceptual modifications on the image, use a (pretrained)
feature extraction to compute the ground cost, or try to learn the distance between
images, based on an adversarial cost as in [SZR+18]. In their work, the authors achieve
adversarially optimizing a network to learn a cost between images. The learned network
effectively extracts features from the images into a lower-dimension space, and perform
a cost between features there. All of these methods aim at using a more sensible ground
cost than an Euclidean distance in the space of images, as it is obvious that images cannot
properly be compared by a pixel-wise comparison.

3.1.3 General optimization framework for GANs

We now abstract the optimization problem and consider a general discriminator and
generator losses, to focus on the optimization procedure itself. This will allow us to
understand why, in general, the optimization problem of a GAN is involved to analyse.

As before, let © and ¥ denote the parameters spaces of respectively the generator and the
discriminator networks, such that ©® C R? and ¥ C R?. Let L,: © x ¥ — Rand L4: © x
U — R be objective functions for respectively the generator and the discriminator,
considered as functions on the trainable parameters. Training a GAN therefore means
generally finding parameters 6* and v* that is a Nash equilibrium — i.e., a solution where
no party can improve their outcome without deteriorating the other’s — for the system,

maximize {L£q(6,v) | ¢ € ¥} (3.11a)
minimize {L4(0,7) | 0 € ©} (3.11b)
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3 Optimization of general Generative Adversarial Networks

In the case where L4 = L,, one denotes simply £ = L4 = L, and System (3.11) can be
written

minimize {maximize {L£O,0) |[veT}|be @} (3.12)

This double optimization procedure is one of the reasons why a GAN is difficult to train,
even in the simplest setting [MNG17; MGN18].

Two main approaches can be considered when analysing (3.12). First, the inner problem
sup{L(0,7) | v € ¥} can be assumed to be solved exactly at every step. This is known as
the optimal (or perfect) discriminator hypothesis. It leads to a greatly simplified expression,
and will be presented more in depth in Section 3.3. Second, the nested optimization
in (3.12) can be studied directly in some simple cases, leading to a dynamical analysis of
the system. This will be presented next, in Section 3.2.

3.2 Optimization procedure

The optimization problem solved by a GAN is by nature difficult. It relies on a minimax
expression, which 7) is ensured to have a unique solution only if the objective function
is convex-concave — which is not the case for a typical GAN — and ii) requires to
leverage two networks and gradient descent-ascent schemes. Several approaches have
been followed in order to study such optimization configurations. One of the first
simplification possible is to make the objective function convex-concave, and even bilinear
in the parameters (e.g. £(6,%) = (0,%)). In this setting, the Jacobian of the problem
can be easily computed, and classical analysis results can help classifying the stationary
points into stable or unstable points [MNG17; MGN18]. Further, the optimization scheme
can be adapted in order to yield the desired convergence properties. This is typically done
by the addition of a regularizer to the original objective, as advised by [MGN18; CMF20],
or by considering a different algorithm altogether to perform the parameter update.
Even though the main algorithm to solve this problem is gradient descent-ascent (GDA),
other techniques have been considered, such as optimistic mirror descent [ DIS+18],
variance reduction mechanism [ YKH20], or with a proximal-GDA algorithm [CZX+20]
for instance.

Lastly, the inner loop can be assumed to be solved perfectly at each iteration, leading
to an overall minimisation problem. This will be one of the main feature in Chapter 5.
Although this method has flaws (as experimental results tend to show that the inner
problem is far from being solved by a GAN), this approach has the merit to considerably
simplify the expression of the optimization and thus allows to conclude on specific
convergence properties.

More recently, the random feature model in the context of WGAN was investigated
in order to show convergence of the WGAN optimization procedure in the case of a
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3.2 Optimization procedure

very large two-layer neural networks GAN: in [NYK+21], the authors study a WGAN
with two-layer random feature model for both the generator and the discriminator. The
number of weights in the generator if either infinite or finite, the number of weights
for the discriminator is finite. Under mild assumption on the activation functions (i.e.
sigmoidal) and the initialization of the discriminator, they find that there are no spurious
critical points for the generator within a ball which can be made arbitrarily large as the
number of parameters for the generator N, grows to infinity. The regularization on
the loss is the square norm of the discriminator parameters, and ad hoc learning rates
make the stochastic gradient ascent-descent update on the mixed loss equivalent to a
stochastic descent on the loss for the generator only. The property on the spurious critical
points is then proven for the loss on the generator only. Classical tools used are universal
approximation of functions (infinite and finite cases) and random feature learning.

Local convergence to equilibrium can be shown under some assumptions for the loss
function £ and the behaviour of the optimal parameter solutions #* and ¢*. In [NK17],
the authors study gradient flow evolution of the parameters under a general loss

(0, 4) ER? X RY,  L(0,9) = / U= F(g(z: 0):)) du(z) + / f(z) dv(z),  (3.13)

where /: R — R can take different values in order to represent different types of
GAN:Ss. For instance, taking ¢(t) = —log(1 + exp(—t)) recovers the original (negative
log-likelihood) GAN formulation as written in (3.7):

Lop(6,4) = — / log(1 + exp(—fp (x))) du(z) — / log(1 + exp(f(90(2)))) dw(z), (3.14)

whereas taking /(t) = —t recovers the unconstrained WGAN formulation — constrained
by setting ¥ = Wr;, = {¢ € R? | Lip(fy) < 1}, distinction not considered by the
authors. Under the assumption that ¢ is concave, local convergence to equilibrium points
is shown under gradient descent-ascent update rule. Furthermore, the work [NK17]
adds a regularizer on the objective, very similar to [MNG17], in order to help convergence
of the optimization scheme.

Different optimizers can be considered in order to solve (3.11). For instance, extra-
gradient computes an extra step to evaluate the gradient at a better location. Another
example is the lookahead scheme, which computes a backward step at a constant inter-
val [ZLB+19; HK22]

Regularizer in [RLN+17] is defined on the sample space (similar to the gradient penalty
in [GAA+17]). Regularizer in [MNG17] is a gradient on the parameter space.

3.2.1 Optimization algorithms

Gradient Descent-Ascent Given {nék) }ren, and {nék) }ren, two sequences of positive
learning rates, and the initializations 00 ¢ © and ¥ € ¥, the most common gradient
descent-ascent rules for (3.11) are
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3 Optimization of general Generative Adversarial Networks

0 = py (v + 7V, Lo, v )
Vk € No, (SimGDA)
o+ — pg (9<k> — VL (8%, ¥ ))
for the simultaneous gradient descent-ascent and
) = py (08 40V La(w®), )
Vk € Np, (AItGDA)
o+ — b (9<k> — MV, ﬁg(e(k)7w(k+1)))

for the alternating gradient descent-ascent, where for some set S C R", pg: R" — S'is
some projection operator. The projection steps are usually unnecessary since, in most
implementations, © = R?” and ¥ = RY.

Note that, if pg = idrr and py = idre, and further Vk € Ny, n((ik) = nék) = n(k), Up-
date (SimGDA) can be condensed into a single operation on the concatenated parame-
ters (6,1). In this case, at each step k € Ny, the overall rule can be written with an update
operator F, ) defined as

Fn(k>:®><\ll—>@><\ll
g 0 (k) —Veﬁg(al/}))
(w) *_’ <w> o (Vw£d<9,w> ’

(0(k+1)7 ¢(k+1)) = Fn(k) (H(k)v w(k))a

so that, for all k € Ny,

and the optimization can be studied with the tools of fixed-point operators [MNG17;
MGN18].

For Update (AItGDA), the operator is the combination of the two updates, i.e. F{;, ;.
Fg,ng o Fdﬂ]d/ with ded = idgxw —H?d(o, Vwﬁd) and Fgﬂ]g = idoxw +77g(—V9,Cg, 0), which
can be used to analyse the alternating update scheme, as done in [MGN18].

3.2.2 Dynamical analysis
The nested problem (3.12) can be analyzed through the lens of dynamical system analy-
sis.

For instance, the work of [ NK17] studies the continuous time setting. In this case, the
system is given by ' '

(01), ¥(t)) = v(0(t), (1)), (3.15)
where v: © x ¥ — © x ¥ is the vector field v = (=VyL,, Vi Ly).

The authors show that, under some realisation condition and the condition that ¢ in
Equation (3.13) is strictly concave (ruling out unregularized WGAN), the continuous
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3.3 Optimal discriminator hypothesis

system (3.15) is locally exponentially fast convergent to local minima. The regularization
they suggest guarantees any GAN with a concave ¢ to have exponential stability around
the equilibrium and relies on computing the gradient of the loss with respect to the
generator parameters 6.

The works of [MNG17; MGN18] focus on the discrete time setting and come up with
different regularizers to help convergence.

In [MNG17], the authors develop the “consensus optimization” regularization, based
on the squared norm of the vector field v in (3.15), i.e. R(0,¢) = 3[v(6,%)||>. With
A € (0, 00) a regularization strength, the flow (3.15) is then performed on the modified
vector field w(6, ) = v(0,v¢) — AVR(0, ). This flow update can be discretized with a
step size ) € (0, 00), and the authors show that, for n small enough, the iterates on w

converge to a local Nash-equilibrium of the problem, at least linearly.

In [MGN18], the regularisation is based on the gradient of the squared norm of the
discriminator with respect to the input parameter [||f(x;%)|?> da(z), sampled either
from the generated (o = ) or the target (o = v) distribution. Using this regularization,
and under regularity assumptions on the generated samples, the authors then show at
least linear local convergence of Updates (SimGDA) and (AItGDA) to optimal values.

This approach of regularization is fruitful in helping GANs to converge, and is widely
used by practitioners, as in [KLA18] for instance. A study of different regularizers can
be found in [KLZ+19]. Nonetheless, the exact analysis of a dynamical system such as in
System (3.11) is highly intricate. Therefore, a strong hypothesis is often made to be able
to derive theoretical results on GANs; namely, the optimal discriminator hypothesis, as
discussed next.

3.3 Optimal discriminator hypothesis

One of the techniques for studying GANSs is to assume that the inner problem (max-
imisation problem) is solved perfectly at each time. This is referred to as the perfect
(or optimal) discriminator hypothesis. This also implicitly assumes that the discriminator
representation capacity is large enough to represent any continuous function f: X — R,
or at least, any optimizer of the inner problem.

This hypothesis amounts to solving, for a given 6 € ©,

Y*(0) € argmax {Lq(0,v) | ¥ € ¥} (3.16)

in closed-form (the maximum exists when ¢ — L4(0, 1) is concave for all § € © and ¥
is closed). Then, there only remains a minimisation problem in § € ©:

minimize { L, (6,4 (0)) | 0 € O}. (3.17)
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3 Optimization of general Generative Adversarial Networks

Doing this allows to express the loss as a statistical divergence, or even sometimes
a distance, between the two distributions that are being compared, i.e., yy and v in
Equations (3.4) and (3.3).

For instance, in [GPM+14], the authors show that, under the optimal discriminator
hypothesis, the overall optimization scheme using L4 = L; = L is equivalent, for
the generator, to minimizing the Jensen-Shannon divergence between 1y and v in the
formulation of the cross-entropy GAN loss (3.14). Different examples of the actual
divergence minimized by a GAN under the perfect discriminator hypothesis are given
in [CMF20, Appendix B].

Assuming a perfect discriminator goes on par with an additional level of abstraction:
consider the loss of the generator as a loss on the probability measures parametrized by
the generator. In this case, the loss £, can be defined on © only, as it does not depend on
the discriminator parameters anymore.

Furthermore, given a generator g: Z x © — X, its loss L, can be abstractly defined
on #(X), as g parametrizes a family of distributions as follows. Given a generator
g as in (3.1) and a latent measure w € Z(Z), the family of generated distribution
parametrized by 6 € O is given by

{ro = goyw | 0 € ©F}. (3.18)

Then, given a convex cost on measures .J: .#(X) — (—o0, 00, learning the generator of
a GAN under the perfect discriminator hypothesis boils down to finding the minimizer

0* € argmin {J(uy) | 6 € O}. (3.19)

This has been, from the first paper on GAN [GPM+14] on, a means to study the con-
vergence properties of the otherwise involved optimization problem. In [CMF20], the
authors embrace the definition of the function on .# (X) in order to leverage dual con-
vexity results. We follow their presentation in the following.

Assume that X is a compact set. In order to restrict the domain of J to probability
measures, set J(pu) = oo for p € A (X)\ Z(X). Since J is convex, it is equal to its
biconjugate J** and, since X is assumed compact, ¢ (X)" = .#(X) as per Theorem 2.21,
so that

Vi€ P(X), J) = T () = s {( ) — T () | ¢ €G(X)}. (320)

This expression gives way to evaluating J via ¢ € ¢ (X) a continuous function, and J*
the convex conjugate of J (see Definition 2.9).

From this, the general minimax optimization scheme for a GAN can be understood as
the following nested problem

inf {J(pg) | 0 € O} = inf {sup {(ug, p) — J*(p) | p € €(X)} | 0 € O} (3.21)
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3.3 Optimal discriminator hypothesis

Under the optimal discriminator hypothesis, the supremum in Equation (3.20) is assumed
to be achieved, and the optimal discriminator ®,, € €(X) is the function that achieves
the supremum, so that J(u) = (u, ®,) — J*(®,). This is equivalent to ®, € 9J ()
and ¢ € 9J*(®,), as stated by Proposition 2.12. In this context, the dual variable
¢ € €(X) is the discriminator, and the loss dual J* is the discriminator loss. One can
then reason on the optimal discriminator ®,,, and assume that the inner problem is well-
enough solved in order to validate this hypothesis. This is presented in the following
part.

GAN regularity conditions

In [CMF20], some conditions on the discriminator and the generator of a GAN are
stated in order for the optimization problem Equation (3.21) to be L-Lipschitz [CMF20,
Theorem 1], and hence ensure convergence of the gradient descent algorithm on the
generator loss to a stationary point. The conditions on the discriminator are stated for
the optimal discriminator ®,, achieving the supremum in Equation (3.21). With the
notations previously introduced, we report here these regularity conditions.

Recall that, for L € (0, 00), we say that a function f is L-Lipschitz if Lip(f) < L, where
Lip(f) is defined by Equation (2.27).

Regularity Conditions (RC, [CMF20, Theorem 1]).
(D1) (Lipschitz continuity) x — ®,,(z) is a-Lipschitz.
(D2) (Lipschitz smoothness I) x — V@, (x) is f1-Lipschitz.

(D3) (Lipschitz smoothness II) pn — V;®,(x) is Po-Lipschitz with respect to the 1-
Wasserstein distance, i.e.
3By € [0,00),Vz € X, V() € M(X)P, |Vilu(z)—Velu(a)|z <
B2Wl (M?:U’/)'

(G1) (Lipschitz parametrization) 6 — gg(z) is A-Lipschitz in expectation, i.e.
A € [0,00), ¥(0,0") € ©2, [llgo(2) — gor(2) 2 dw(2) < A[l6 — 6|2

(G2) (Lipschitz-smooth parametrization) 6 — O0pgp(z) is B-Lipschitz in expectation, i.e.
dB € [0, OO), V(G,H') € @2, f ||aggg(2) — 89/99/(2)H2 dw(z) < BHG — 9’”2.

Notice how Conditions (G1) and (G2) do not depend on the loss considered, but rather
on the architecture of the generator network alone, whereas Conditions (D1) to (D3)
are dependent on the actual functional used through the expression of the optimal
discriminator ®, achieving the supremum in Equation (3.20).

The authors show that, under those conditions, the mapping 6 — J(up) is L-smooth,
with L = aB + A%(B1 + f2). In this case, the overall minimisation problem (3.21)
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3 Optimization of general Generative Adversarial Networks

admits a stationary point, to which gradient descent with an adequate learning rate can
converge.

They also study different types of GANSs, and check whether they satisfy Conditions (D1)
to (D3) or not, summarizing their findings in [CMF20, Table 2]. A question mark
is left in the case of WGANSs for Condition (D3). They also leave aside the study of
Conditions (G1) and (G2).

In the next section, we take a closer look at Condition (D3) in a specific WGAN set-
ting, and show that it is violated when a particular loss is considered, and show that
Conditions (G1) and (G2) are satisfied for a shallow linear network.

3.4 Examples

We provide in this section an in-depth study of a specific example where 1-Wasserstein
distance enjoys a simple expression on the one hand, and the study of a shallow linear
generator on the other hand.

3.4.1 Discrete-GAN with discrete metric

The objective of this section is to complete [ CMF20, Table 2], where Condition (D3) is
unknown to be true for a Wasserstein GAN. In the discrete setting, and with the discrete
ground metric, we are able to answer the question by the negative.

Notation In order to lighten the subscript notations, we shall indistinctly treat vectors
(resp. matrices) as functions on the discrete set [n] := {1,...,n} (resp. [n]?).

Assume the sample space X to be discrete, so that X = [n] for some n € N. The set of
distributions #(X) is then the simplex A,y := {u € [0,00)" | 3¢}y p(i) = 1}.

Letd: X x X — [0, 00] be any ground metric on X, so that (X, d) is a metric space. This
metric will define a graph structure on X.

Indeed, given (X, d), a weight function w can be defined on X 2 as

w: XxX — [0,00),
S N=2 p e
(i,§) +— w(i,j):{d(z’]) if d(i,j) € (0,00) (3.22)

0 else

This can be interpreted as a weighted graph G' = (X, E, w) with vertices X and where
the set of edges F is simply E = {(i,j) € X? | w(i,j) > 0}.
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This setting has already been considered in previous works. For instance, the optimization
problem of minimizing the Wasserstein distance to independence models with discrete
sample space has been studied in [CJM+20]. The optimization problem of minimizing
optimal transport distance to a variety has been studied by [CJM+19].

Given a discrete metric space (X, d) and its corresponding weight function w (3.22), the
discrete gradient of a function ®: X — R is defined as

Vd: XxX — R,
(1,5) = V&(i,5) = Vw(i, j)(2(i) — (5))

This definition leverages the ground metric d through w so that the closer nodes are, the
more they influence each other.

(3.23)

We denote by V®(i) = V&(i, -) the gradient at a particular node i € X corresponding to
all contributions leaving i, i.e. V®(i) = (V&(i, ))}_;.

Further, the discrete Lipschitz constant of ®: X — R is defined as

Lip(®) := sup w(i,j)|®(i) —(j)| = sup [VE(i,j)| = [[VPo. (3.24)
(i,5)€X?, (i,j)eX?
i#£]
Analogously to (2.28), we denote Lip;(X) = {®: X — R | Lip(®) < 1}.
From now on, consider the discrete metric

5 X — {0,1},

o D . 3.25
(i,4) — 0(i,j) := 1[i # j]. (3:29)

Let v € A,,_ be a target measure. Let the convex functional in (3.19) be
J: An,1 — R, (326)

B W&l(,u,u),

where Wj | is the 1-Wasserstein distance with the discrete metric 6 (3.9): for u € A,
and v € A,,_1 two distributions on X, one has

Wi (u,v) = Sup{/ud(u— v)|ue Lipl(X)}

=sup{ Y u(i)(u(i) — v(i)) | u e Lip,(X) ;. (3.27)

i€[n]

We now leverage the simple expression of the 1-Wasserstein distance on A,,_; in the case
the ground metric is 6.

Lemma 3.2 Lel,L wE Ap_1andv € A,_1 be two distributions. The 1-Wasserstein distance with
ground metric 0 (3.25) between pand v is Wy 1 (i, v) = sl — vl
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3 Optimization of general Generative Adversarial Networks

Proof. For (u,v) € (A,_1)?, consider the dual expression of the 1-Wasserstein dis-
tance (3.27):

Wi 1 (1,v) = sup { S (i) (u(i) - v(i)) | u € Lip1<X>}. (3.28)

i€[n]

Under the discrete metric 6, Lip; (X) = {u € R" | ¥(i,5) € [n)?, |u(i) — u(j)] < 1}. In
order to attain the maximum in (3.28), one has to set u(i) = 3 when u(i) — v(i) > 0 and
u(i) = —% when p(i) — v(i) < 0, resulting in Wy  (u,v) = %H,u — v||; as claimed. O

The functional J (3.26) is therefore equivalently written, for v € A,,_; a target distribu-
tion, as

1
V€ Ap—1,  J(p) = iHM — vl
In this setting, Condition (D3) is not satisfied. We will show it by providing a counter-
example.

Letn = 3, © = [0, 1], and let h be a one dimensional model in the simplex A, defined

as
h: [0,1] — AQ,

92
o —s (29(1 9)) . (3.29)
(1-06)?

Denote M = img (h) the manifold of the model h (3.29) (see Figure 3.2).

Let Z = [0, 1], and letw = % (Z) be the uniform distribution on Z. A parametric generator
associated to h (i.e. such that, for all 6 € [0, 1], h(6) = (gp) 4w) is

g: Zx© — {1,2,3},

1 ifze[0,6°)
(2,0) — g(z,0)=go(z) =<2 ifz€[0?0(2-0)). (3.30)
3 else.

It corresponds to the inverse cumulative distribution function of the random variable X ~
h(#). The function g (3.30) is discontinuous (to the left) in both of its argument, at the
points (6, z) for which z € {6%,60(2 — 6)}.

The functional .J (3.26) can be considered as a function J: R? — R. With the usual
topology, its gradient is discontinuous at the measures . for which there exists some
i € [3] such that (i) = v(i).
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0.4 0.6
0

Figure 3.1: Output of g (3.30) on its domain Z x © = [0, 1] x [0, 1].

We appeal to its subdifferential instead: since J is convex in y, its subdifferential 9. —
as defined by Definition 2.11 — exists and is equal to, for u € As,

@,,(i) = §sen (u(i) — v(i) if u(@) # v() } (3.31)

8uJ(N) = {(I)lt cR3: Vi e [3]7 {(I) (Z) c [_l l] else
1 272

One checks that this also corresponds to the set of optimal discriminators {«* € Lip; (X) |
J(p) = 2 ez v (0)(p(i) — v(i))} (inaccordance with [CBG19, Theorem 2]).

Given one p1 € Ay, an optimal discriminator at 4 is therefore ®, € 9,J(i) (3.31).
Since ®,, € Lip,(X), Condition (D1) is satisfied with o = 1.

ls

D=

)

D=

By the definition of the discrete gradient (3.23), and since for all i € [3], ¢, () € [
one has

V(k,1) € 3%, V®,(k,1) € [~1,1]
— V(i,§) €3], V() = VOL()ll2 < 2V3.

Therefore, the function i — V(i) is 2v/3-Lipschitz, and Condition (D2) is satisfied
with /81 = 2\/3

The next lemma states that J does not satisfy Condition (D3), expressed in the discrete
setting.

43



3 Optimization of general Generative Adversarial Networks

Lemma 3.3 Condition (D3) is not satisfied for the functional J: Ay > p — J(p) =
WS,l(Ma v) = %HM — vl

Proof. Recall that Condition (D3) is

38 € [0,00), Vo € X, ¥, 1) € A(X), [[Va®() — Valbp (2)]l2 < BV (1 ).
(3.32)
The proof consists in building a counter-example to (3.32); that is to say, for any v € Ay,
and for any f3; € [0,00), find (1", ~) € M? and a point i € X such that, |[V®,,+ (i) —
Vo, (i)|| > faWs,(u", n~). This amounts to finding (1, u*) such that Wy, (1, u™)
is arbitrarily small and upper bounded by ||[V®,,+ (i) — V&, (4)]|.

The discontinuity of p +— ®,,(i) for some i € X will be key in finding such distributions.
Intuitively, for suitable (u*, ™) as close to each other as liked (in the sense of Wj ;),
[V®,+ (i) = V&, (i)|| will stay constant. We construct such (u*, ™) as presented next.

Let v € Ay, and let ¢ € (0,00). Consider (u*, =) € M? such that u*(1) —v(1) = ¢,
p= (1) —v(1) = —, p*(2) — v(2) < 0, u™(3) — v(3) > 0 (see Figure 3.2).

Then, the optimal discriminators ®, = ®,+ and ®_ = ®,- are, by Equation (3.31),

1 1
1 1
q)+ = 5 1 and d_ = 5 —1 .
-1 -1

0 1 o0 0 0 -1
Hence V&, = | -1 0 —1]and V®_ = [0 0 -1, so that the left hand side
0 1 0 11 0
of (3.32) becomes, at the pointi =1,
VO, (1) = Vo () =0 1 1) = V2. (333)

This remains true for any ¢ € (0, 00).

It was shown by [CJM+19] that the optimal 11* € M minimizing the Wasserstein distance
to v, WM, v) :=inf {W(u,v) | p € M}, lies at the intersection of two cells in Figure 3.2.
These cells split A in regions where the optimal discriminator ®,, is constant.

Denoting 6* € © = [0, 1] the optimal parameter such that 4(6*) = u*, one can construct
two sequences 1 and 1~ with values in Ay such that

(uF)p=h(O" + k),
(u7 )= (0" = k),

and the requirements expressed earlier hold for those sequences.

VkeN,{
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(0,0,1)

(1,0,0) (0,1,0)

Figure 3.2: The model M = imgh, as defined in Equation (3.29), on A,. The target
is v € Aj. The lines intersecting at v depict the distributions x such that
u(i) = v(i) for some i € [3]. The two distributions " and p~ are the ones
defined in the proof of Lemma 3.3.

By the continuity of i, we have (u*), —— p* and (p~), — p*, so that
k—o0 k—o0

Ws 1 ((:U“+)k’ (/f)k) —0

k—o00

for any ground metric that is a distance on X, whereas the norm of the gradient at¢ = 1
stays constant, as per Equation (3.33)

Vk €N, [V® () (1) = VO(,-) (1)]l2 = V2,

which violates the condition (3.32). O

Notice that, due to the discrete nature of g (3.30), Condition (G1) is readily satisfied.
The discontinuity of g would require a more detailed definition of the operator dygy that
appears in Condition (G2).

Instead, we show in the next section an instance where the generator satisfies Condi-
tions (G1) and (G2) in the continuous setting.

3.4.2 Shallow linear generator

In this last section, we study the smoothness assumptions on the generator (Condi-
tions (G1) and (G2)) for a shallow linear generator architecture.

Notation (Einstein summation convention). Since the generatorisamap g: Z x 0 — X, its
derivative with respect to the parameters is a tensor. We will adopt the Einstein notation
convention in order to compute the tensor expressions. We will use the convention of
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3 Optimization of general Generative Adversarial Networks

writing all indices as subscripts. A summation is implicitly performed for every index
that is repeated once. For instance, the matrix-matrix product between two matrices A
and B with compatible sizes produces a matrix C' so that C;; = A;, By;, where the sizes
are derived from context and a sum over the index k is performed.

Let X be a sample space, such that X C R%, and let Z be the latent space, such that Z C
R% . We will consider the case of a shallow linear generator; i.e., © = M(dy, d,) X R,
and, for§ = (W,b) € ©, g9p: Z — X; 2+ go(z) = Wz +0.

Assuming w € £ (X) has finite first moment (i.e. [||z]|2 dw(z) < 00), Conditions (G1)
and (G2) are satisfied for a shallow linear generator gg(z) = Wz + b. Indeed, in this case,

for any (6,0") = (W,b), (W', V') € ©?, one has

Vz € Z, lgo(z) — gor(2)la = Wz +b— W'z = b3
< (W = W)zllz + [lb — ¥l

Therefore, denoting a = [|z]|2 dw(z) < oo,
/M@ — g (D)2 dw(2) < HW—Wﬂh/bhm@%ﬂw—Ub
< allW = W|la + b~ V2,

so that Condition (G1) is satisfied.

Further, with 1,, := (1,..., )T € R", the differential of g9 at = € Z with respect to
0 € ©is Oygy(z) = Bg"w ,899(2 } = {‘9%9‘}/2 ,1,}. This is a three-dimensional tensor.

Let x = Wz + b and denote 6” = 1[i = j] the Kronecker delta. Then, using Einstein
summation convention, one has

Oy 0
oWy = 78qu (Whpizi + bp)
= OpqOriZi
= Opq=r)
Oz
Tl)q _— 5pq-

Therefore, 0y, go, (2) = 09,90, (%) and Condition (G2) is trivially satisfied.
Understanding how Conditions (G1) and (G2) are satisfied in the case of a more complex

generator architecture (e.g. deep linear, shallow non-linear) is an obvious goal for future
endeavors.
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3.5 Conclusion

Throughout the chapter, we have introduced the general GAN optimization framework
and showed why it is challenging to study it. Two approaches are used to simplify it,
namely the optimal discriminator hypothesis and the simplification of the networks
themselves. The next chapter, Chapter 5, will rely on those assumptions in order to
derive convergence guarantees of a gradient flow and gradient descent schemes.

Although some analysis was possible in the discrete case on the one hand (Section 3.4.1)
and for a shallow linear generator on the other hand (Section 3.4.2), a general GAN is
more challenging to analyse. Obtaining mathematical proofs of convergence for a more
complex GAN is intricate, and a general theory for its minimax optimization scheme
remains unknown.

Crucially, the problem becomes non convex-concave as soon as the architecture of the
generator becomes deep, with several layers of neurons. This non-convex-concavity
introduces the most challenging aspect of the general optimization scheme.

As we will investigate in the next two chapters, the assumption introduced in Section 3.3
will be useful in order to reduce the problem complexity and allow the analysis in the
specific of a Gaussian distribution generation problem.
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4 BURES-WASSERSTEIN LOSS LANDSCAPE

Some of this chapter is based on the work published as [BPA+23]. PB’s main contributions are
the study of the properties of the Bures-Wasserstein loss differential, the expression of the critical
points, the investigation with the connection to the Eckart-Young-Mirsky theorem, the statement
of correspondence between the different parametrized spaces, and the expression and empirical
evaluation of the Hessians.

As we have seen in the previous chapter, a generic GAN optimization is challenging
as it involves two competing objectives, and the resulting minimization-maximization
problem is generally not convex-concave.

The next two chapters are devoted to the analysis of a simple GAN setting under the
optimal discriminator hypothesis, which effectively removes one layer of optimization
and reduces the overall problem to a simpler minimization problem.

In this chapter, we introduce the Bures-Wasserstein deep linear network learning problem
(Section 4.2) and analyse the optimization landscape of the corresponding learning
problem. Namely, we derive the expression of the critical points for the Bures-Wasserstein
loss under the covariance matrix (or Burer-Monteiro) parametrization, and inspect some
of their properties. Such an analysis is required in order to conclude on the overall
convergence to the global minimizer of the loss by gradient descent algorithms, which
will be performed in Chapter 5.

The problem at hand is challenging from different points of view. First, the Bures-
Wasserstein loss is not everywhere differentiable, leading to the introduction and analysis
of its regularization. Second, the chaining of different parametrizations inflates the
number of possible degeneracies and makes the correspondence between the different
spaces non-trivial. We will cover this point between the covariance and the function
space. Last, the critical parameters are not all minimizers, but we will show that the
loss on the function space satisfies the so-called strict-saddle-points property, which states
that its critical points are either global minimizers or strict saddle points. This allows to
conclude on the nature of the critical parameters that correspond to a critical function,
as stated in Proposition 4.12.

We will derive a general expression for the first and second-order derivative informations,
under both a deep linear network and a Burer-Monteiro (covariance) parametrizations.

The chapter is organised as follows. We introduce the learning problem in Section 4.2. In
Section 4.3, we provide the expression of the critical points for both the original and the
regularized Bures-Wasserstein loss. In Section 4.5, we draw the link between the resulting
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critical points obtained and the celebrated Eckart-Young-Mirsky theorem, stated in the
case of a squared-norm type of loss. In Section 4.6, we give the expression and numerical
evaluations of the Hessian of the Frobenius and the Bures-Wasserstein losses, in the
parameter space. This gives insight on the different behavior running a gradient-descent
type of algorithm to minimize such a loss.

4.1 Motivation

In this chapter, we investigate generative deep linear networks and their optimization
using the Bures-Wasserstein distance. More precisely, we consider the problem of learn-
ing a target Gaussian distribution using a deep linear neural network. The family of
distributions generated by our model is again a family of Gaussian distributions. The
optimization is driven by the minimization of the Bures-Wasserstein distance between
the target and generated distributions, or, more exactly, their covariances.

This problem is relevant in two ways. First, it pertains to the optimization of deep linear
networks for a type of loss that is qualitatively different from the well-studied and very
particular squared error loss. Second, it can be regarded as a simplified yet instructive
instance of the parameter optimization problem in generative networks, specifically
Wasserstein generative adversarial networks, which are currently not as well understood
as discriminative models.

The optimization landscapes and the properties of parameter optimization procedures
for neural networks are among the most puzzling and actively studied topics in the-
oretical deep learning [see, e.g. MMN18; LZB22]. Deep linear networks, i.e. neural
networks having the identity as activation function, serve as simplified models for such
investigations [ BH89; Kaw16; TKB20; KMM+22; BRT+21]. The study of linear networks
has guided the development of several useful notions and intuitions in the theoreti-
cal analysis of neural networks, from the absence of bad local minima to the role of
parametrization and overparametrization in gradient optimization [ACH18; ACG+19;
ACH+19].

Many previous works have focused on discriminative or autoregressive settings and have
emphasized the squared Frobenius error loss. Although this loss is indeed a popular
choice in regression tasks, it interacts in a very special way with the particular geometry
of linear networks [TKB20]. The behavior of linear networks optimized with different
losses has also been considered in several works [LB18; LK17; TKB20] but is less well
understood.

Notably, [DSF+21] observed experimentally that the Bures-Wasserstein metric reduces
the infamous problem of mode collapse in GANSs. In particular, the authors reported
improvements in mode coverage and generation quality by adding the Bures metric
to the objective function of a GAN. Our work casts light on the theoretical properties

50



4.1 Motivation

of Bures-Wasserstein metric as a loss function to train deep linear generative neural
networks, by studying a specific 2-Wasserstein GAN model.

We report next the most relevant previous works on the topics of optimization of deep
linear networks and the Bures-Wasserstein distance considered as a training loss.

Overview of previous optimization landscape results First, we give a quick
overview of the literature on the topic, which mostly focuses on the squared (Frobenius)
error loss.

Indeed, the optimization landscape of linear networks has been studied in numerous
works for the squared error loss. The pioneering work of [BH89] focused on the two-
layer case, and showed that there is a single minimum (up to a trivial parametrization
symmetry) and all other critical points are saddle points. [Kaw16] obtained correspond-
ing results for deep linear networks and showed the existence of bad saddles (with no
negative Hessian eigenvalues) in parameter space for networks with more than three
layers. [LK17] showed that if the loss is such that any local minimizer in parameter
space can be perturbed to an equally good minimizer with full-rank factor matrices, then
all local minimizers in parameter space are local minimizers in function space. [YSJ18]
found sets of parameters in which any critical point is a global minimizer, and any out-
side critical point is a saddle point. We also mention other works that study critical
points for different types of neural network architectures, such as deep linear residual
networks [HM17] and deep linear convolutional networks [KMM+22; KMS+23].

There are also several results for different losses. [LB18] showed that for deep linear nets
with no bottlenecks all local minima are global for arbitrary convex differentiable losses.
[TKB20] found that for linear networks with arbitrarily rank-constrained function space,
the squared error loss is special in the sense that it ensures the non-existence of non-
global local minima. However, for arbitrary convex losses, non-global local minimizers,
when they exist, are always pure, meaning that they correspond to local minimizers in
function space.

We also mention that [FFG+20] characterized the optimal solution of a 2-Wasserstein
GAN with a rank-k linear generator as the k-PCA solution. We will obtain an analogous
result in our particular parametrization, albeit with an additional exhaustive description
of the critical points.

Low rank matrix approximation The function (or representation) space of a linear
network corresponds to n X m matrices, for some (n,m) € N?, of rank at most d, the
smallest width of the network. Hence, the optimization of a linear network in its func-
tion space is closely related to the problem of approximating a given data matrix by a
low-rank matrix. When the approximation error is measured in Frobenius norm, [EY36]
characterized the optimal bounded-rank approximation of a given matrix in terms of its
singular value decomposition. [Mir60] obtained the same characterization for the more
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general case of unitary invariant matrix norms, which include the Euclidean operator
norm and the Schatten-p norms. There are further generalizations to certain weighted
norms [RZ79; DL17]. However, for general norms the problem is known to be diffi-
cult [SWZ17; GV18; GS19]. We extend the result to the Bures-Wasserstein loss, and
explain why the connection holds even though the Bures-Wasserstein distance cannot be
expressed as the norm of some matrix.

Bures-Wasserstein distance The Bures-Wasserstein distance was introduced
by [Bur69] to study Hermitian operators in quantum information, particularly den-
sity matrices. It induces a metric on the space of positive semi-definite matrices, and
corresponds to the 2-Wasserstein distance between two centered Gaussian distribu-
tions [BJL19]. Wasserstein distances have several useful properties, e.g. they remain well
defined between disjointly supported measures and have duality formulations [ Vil03]
that allow for practical implementations. As described in Chapter 3, this makes them
good candidates and indeed popular choices for learning generative models, with a well-
known case being the Wasserstein Generative Adversarial Networks (WGANs) [ACB17].
While the 1-Wasserstein distance has been most commonly used in this context, the Bures-
Wasserstein distance has also attracted interest, e.g. in the works of [MC18; CMR+20;
MGM21], and has also appeared in the context of linear quadratic Wasserstein generative
adversarial networks [ FFG+20].

A 2-Wasserstein GAN is a minimum 2-Wasserstein distance estimator expressed in
Kantorovich duality (see details in Section 2.2.2). This model can serve as a platform
to develop the theory particularly when the inner problem can be solved in closed-
form. Such a formula is available when comparing pairs of Gaussian distributions, in
particular centered Gaussians, which corresponds precisely to the Bures-Wasserstein
distance between the corresponding covariance matrices. Strikingly, even in this simple
case, the properties of the corresponding optimization problem are not well understood;
we aim to address this in the present work. In this chapter, we first focus on the landscape
associated to this loss, to then analyse the optimization and convergence properties of
the corresponding learning algorithm in Chapter 5.

Notation For (n,m) € N?, we will denote M(n,m) the set of real matrices of n rows
and m columns, and write M(n) = M(n,n). We denote further S(n) the set of real
symmetric matrices of size n, and S; 4 (n) (resp. S4(n)) the set of real symmetric positive
(semi-)definite matrices of size n. We may denote A € S (n) <= A > 0 (resp. A €
Si(n) <= A= 0). ThesetS(n)will also be referred to as the covariance space. For A €
S (n), denote A'/? the (principal) square root of 4, i.e. such that AY/? € S, (n) and A =
A2 A1/2 Moreover, forany A € S(n), its extremal eigenvalues are denoted ) {min,max} (4).
For any matrix X € M(n,m), we write its singular (or spectral) norm as || X||, and its
extremal singular values as o {yin max} (X). Hence, || X|| = omax(X) = Ai{ﬁx(x XT).
For two matrices (X,Y) € M(n,m)?, the Frobenius scalar product is denoted (X,Y) :=
tr(XY T), and its associated norm s || X||r = Vtr XX . For two matrices (A4, B) € S(n)?,
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4.2 Wasserstein generative linear networks

denote A - B < A—-B > 0 (resp. A= B < A— B > 0). For any discrete
set J C [n], we write |J| its cardinality.

The next section introduces the learning problem of a linear Wasserstein GAN.

4.2 Wasserstein generative linear networks

In this section, we introduce the Bures-Wasserstein loss and some of its properties. We
will also give its connection to a Gaussian linear GAN problem. Then, we explicitly give
the different parametrizations that will be used in the learning problem. On top of the
deep linear network parametrization y already given in (4.3), the so-called Burer-Monteiro
parametrization will be introduced, in order to parametrize a covariance matrix (hence
its alternative name, covariance parametrization). The presentation of the 2-Wasserstein
distance has already been carried out in Section 2.2.2.

We first introduce the general framework of overparametrized linear neural networks.

4.2.1 Overparametrized linear networks

In the following, we consider a bias-free linear network with dy € N inputs and NV € N
layers of widths (di,...,dy) € N N This is a model of linear functions of the form

d d
R%  — RN,

r +— WN”-WL@, (4.1)

parametrized by the weight matrices W; € M(d;,d;_1), forall j € [N], where M(d;,d;_1)
denotes the set of all real matrices with d; rows and d;_; columns. We will denote the
tuple of weight matrices by § = (W7, ..., Wy) and the space of all such tuples by

N
0 = X M(d;,d;1). (42)
j=1

This is the parameter space of our model. To slightly lighten the notation, we will also de-
note the input and output dimensions by m = dy and n = dy, respectively. Given 0 € O,
we may write Wy := Wy - - - W, for the corresponding end-to-end matrix. Its dependency
on 6 is then made explicit. Forany 1 <7 < j < N, we will also write W.; := W; --- W; for
the matrix product of layer i up to j. We note that the represented function (z, 0) — Wyx
is linear in the network input z, but the parametrization is not linear in the parameters 6.
We denote the network’s parametrization map by

w: e — M(dN,do),

4.3
9=(W1,...,WN) — WN:1:WN-~-W1. ( )
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4 Bures-Wasserstein loss landscape

The function space of the network is the set of linear functions it can represent. This
corresponds to the set of possible end-to-end matrices, which are the n x m matrices
of rank at most d := min {dy, ...,dx}. When d = min {do, dy}, the function space is a
vector space. Otherwise, when there is a bottleneck (i.e. when d < min {dy, dn}), it is
a non-convex subset of M(dy, dy) determined by polynomial constraints, namely the
vanishing of the (d + 1) x (d + 1) determinants minors.

4.2.2 Linear Wasserstein GAN

In this subsection, we draw the connection between the introduced distance and the
linear Wasserstein GANSs for generating a Gaussian distribution. For simplicity, we
present the problem without regularization, i.e. 7 = 0 in (4.7).

As per Equation (2.30), the squared distance on S, (n) defined in (4.5) corresponds
to the squared 2-Wasserstein distance between two zero-centered Gaussians. It can be
used as a loss for training models of Gaussian distributions, in particular generative
linear networks. Recall that a zero-centered Gaussian distribution is completely specified
by its covariance matrix. Given a bias-free linear network (4.1) and a latent Gaussian
distribution .47(0, I,,) (with m = dp € N the latent space dimension), a linear network
generator with parameter # € © computes a push-forward of the latent distribution,
which is again a Gaussian distribution. If Z ~ .47(0,1,,) and X = Wy Z, then

X ~ N (0, WoW, ) =: vp.

We will denote the map that takes the end-to-end matrix Wy to the covariance ma-
trix WpW, by
m: M(n,m) — Si(n),

W — WWT. (4.4)

This parametrization is known in the literature as the Burer-Monteiro parametriza-

tion [BM05; LLZ21; LKB22].

Given a target distribution vy = .47(0, X) (or simply a covariance matrix ¥, which may
be a sample covariance matrix), one can select the best § by minimizing B(W, W, , %) =
W22(V9, vp). This falls under the framework exposed in Section 3.1.2, with the loss being
the 2-Wasserstein distance between the two distributions.

4.2.3 The Bures-Wasserstein loss

The Bures-Wasserstein (BW) distance is defined over S (n)?. We recall its definition and
some key properties of its gradient.
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4.2 Wasserstein generative linear networks

Definition 4.1 (Bures-Wasserstein distance, Definition 2.33). Given two symmetric posi-
tive semi-definite matrices ($o, ¥) € S, (n)?, the squared Bures-Wasserstein distance
between Yy and ¥ is defined as

BY(%, %) = tr (2 + ¥ -2 [23/2225/2} 1/2), (4.5)

and the mapping ¥ — B*(3, X)) is referred to as the squared Bures-Wasserstein distance
to X, or, since ¥ will be fixed, simply the Bures-Wasserstein loss.

In the remaining, we will focus on the case where the target X is definite.

So, let ¥y € S;4(n) be fixed. [KSS21, Lemma A.3] shows that the matrix square root
is differentiable on the set of positive definite matrices S;(n). Therefore, one can
differentiate the squared Bures-Wasserstein distance to £y at X € S; 4 (n).

However, the squared Bures-Wasserstein distance to Xy is not differentiable at all n x n
matrices. Indeed, given some ¥ € S, (n), if we let ’QT'" be a spectral decomposition

of 2(1)/ 222(1)/ ?, Equation (4.5) can then be written as
B(S,Z0) = [ Y2F + 15 %1F — 200 @'/2, (46)
Due to the square root on @, the map ¥ — B%(X, %) is not differentiable when the

number of positive eigenvalues of ) —i.e., the rank of 2(1)/ 2223/ - changes.

More specifically, while one can compute, for each k € [n], the gradient of the map-
ping ¥ — B2(X, Xp) over the set of matrices of rank , its norm blows up if the matrix
changes rank. We provide the gradient of the BW loss restricted to the set of fixed-rank
matrices in Lemma 4.15 and refer the interested reader to [BJL19] for further details on
the Bures-Wasserstein distance.

4.2.4 Regularized distance

As noted previously, given ¥y € Sii(n), the Bures-Wasserstein loss L: ¥ —
B2(%, %) (4.5) is not differentiable on S (n).

One way to circumvent this difficulty is to regularize by adding a small perturbation 71,
for 7 € (0, 00). This ensures that ¥, := ¥ + 71, is non-singular, which in turn makes the
BW loss differentiable at X,. This leads to the loss

1/2
VS € Si(n), B(S,%) = tr (2 43— 2[23/2(2 + Tln)zgﬂ / ) +rn. (A7)

We can upper-bound the deviation from the original loss, showing a pointwise conver-
gence of 32 to 32 as 7 vanishes, as per the following lemma.
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4 Bures-Wasserstein loss landscape

Lemma 4.2 Let X € Sy (n) and let 7 € (0,00). Assume that rank (Xo) = n. Then, with 32
given by (4.5) and B2 given by (4.7), we have

1/2
[B2(S, 5) — B(5, 50)| < nv/7 <ﬁ+ 2?““(8)’) , (48)
min\ 4

With A fmin,max} (2(1)/ 2) the extremal eigenvalues of Zé/ 2,

We observe that the upper bound (4.8) is tight in 7 in the sense that it goes to zero as 7
goes to zero.

Proof. For ¥ € Sy(n) and 7 € (0,00), let ¥, = ¥ + 71,. In view of Equations (4.5)
and (4.7), the difference between the perturbative and the original loss at X is given by

‘B’%(Ea 20) - 82(27 Z0)’ = }‘82(277 EO) - ‘82(27 E0)}

n—2tr ((25/22725/2>1/2 _ (25/222}/2) 1/2>
tr ((2(1)/2272(1)/2>1/2 . (zé/2225/2)1/2> ‘ (4.9)

Let A := 2(1)/222(1)/2 and A, = Zé/QZTE(l)/Q = A+ 739. We aim to bound

‘tr (14$/2 ——141/2)‘ ::‘tr ((f1—%'7§]0)1/2 —-141/2)‘.

<™ +2

We bound the absolute value of the trace of a matrix X € M(n, m) by its spectral norm
(as |tr (X)| < n||X]), which can be bounded in turn.

First, assume that ¥ (hence A) is full rank, so that A = Ayin(A4)I, > 0. We then use the
perturbation inequality from [Sch92, Lemma 2.2] and find that

1

A—I—Tz 1/2_A1/2 < 7'21/2 ]
I( 0) I \/)\min(A+TEo)+\/)\min(A)|| o |
Since
)\min(A + TEO) = )\min(A) + )\min(TZO)a
)\min(A) 2 )\min(z))\min(20>7
and  VY(a,b) €[0,00)% Va+Vb=Va+b,
one has
1/2 1/2
H(A+TEO)1/2_A1/2H < 7-||EO ” \/;)\max(z(] )

Amin(CF VT + () Amin(S?)
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4.2 Wasserstein generative linear networks

so that
1/2
tr ((A + 7_20)1/2 o A1/2>‘ < 'I’L\/’]»')\maX(Zf/2) )
Amin(zo )
Plugging it into (4.9) yields the bound
2 A ma (542
L(E,) - L(D)| < ny/7 (ﬁ + ”ﬂ) . (4.10)
)\min(zo )
Second, in the case where X has a rank deficiency, the bound found in (4.10) still holds,
as it does not depend on X. This completes the proof. O

4.2.5 Loss in covariance, function, and parameter spaces

The two parametrizations i (4.3) and 7 (4.4) introduced in the previous sections lead
to consider the loss (4.5) on three different spaces; namely, the covariance, function, or
parameter space.

e Firstly, given a target covariance matrix ¥y € S (n), we define the loss over covariance
matrices as

L: Si(n) — R,

1/2
Y o— LX) =B*%, %) = tr <E + 30— 2 [2(1]/222(1)/2} / > (4.11a)

This loss is convex on S (n).

e Secondly, given 7: M(n,m) — Sy (n) (4.4), we define the loss in the function space,
i.e. over end-to-end matrices W € M(n, m), as L': W ~— L o 7(W). This is explicitly
given by

L': M(n,m) — R,
1/2
W o LNW)=tr <WWT + 30 - 2[5y P ww ey

(4.11b)
This loss is not convex, which can be seen even in the scalar case.

e Lastly, for a tuple of weight matrices § = (W1,..., Wy), we compose L' (4.11b) with
the deep linear network parametrization map p: © — M(n, m) (4.3) to define the loss
in the parameter space as

V. 6 — R,

6 — Llowu(d)=Lomwou®). (4.11c)

Observe that this is, again, a non-convex loss.
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4 Bures-Wasserstein loss landscape

Thus, for @ € ©, LY (0) = LY (u(9)) = L(x(u(0)) = B2(m o u(f), o). While a typical
gradient update lies on the parameter space O, viewing the problem in the covariance
space is useful since then the objective function is convex, even if it may be subject

to non-convex constraints. One of our goals is to translate properties between L, L,
and LV.

Smooth perturbative loss As mentioned before, the Bures-Wasserstein loss is non-
smooth at covariance matrices with vanishing eigenvalues. As a result, the usual analysis
tools to prove uniqueness and convergence of the gradient flow do not apply here. To
tackle this issue, (4.7) introduces a smooth perturbative version of the loss. We give here
the explicit expression of this regularized loss on the different spaces.

Given a regularization strength 7 € (0, c0), consider the perturbation map
¢r: Si(n) — Siq(n),
Y — X+ 7L,. (4.12)
Then, the perturbative loss in the covariance space is defined as

L;: Si(n) — R,

S s Lop.(%), (4.13a)
and similarly, the perturbative loss in the function space is
LY. M(n,m) — R,
W +—— L.onm(W).
More explicitly, we have for W € M(n,m),
LYW) = tr (WWT 47, + S — 2P WW T + 71,8y 2)1/2). (4.13b)

This function is differentiable and allows us to apply usual convergence arguments for
the gradient flow. Likewise,

LY. © — R,
0 — L.omopu(d) (4.13¢c)
is well-defined and of class 42 on ©. Moreover, by composition, it is analytic on ©.

With this, the different domains and parametrizations for a 2-Wasserstein deep linear
GAN are fully introduced. We are now ready to provide the expression of the critical
points of the Bures-Wasserstein loss.
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4.3 Expression of the critical points

4.3 Expression of the critical points

In this section, we characterize the critical points of the Bures-Wasserstein loss restricted
to matrices of a given rank. The proofs of results in this section are given in Section 4.4.

Let (n,m) € N2. For k € [min (n,m)], we denote M (k) the manifold of rank-k matrices
of size n x m:

M(k) = M(k;n,m) :={W € M(n,m) | rank W = k}. (4.14)

Similarly, we denote M (< k) = M(< k;n,m) the set of n x m matrices of rank at most k.
It is not a smooth (sub)manifold.

The manifold M (k) is an embedded submanifold of the linear space (M(n,m), (-, )r),
with codimension (n — k)(m — k) [HS95, Proposition 4.5; Bou23, §2.6]. Given a func-
tion f: M(n,m) — R, its restriction on M(k) is denoted by f|rq): M(k) > W = f(W).
A function f may not be differentiable everywhere on R™*™ but still have a restriction
on M (k) that is differentiable.

Definition 4.3 Let M C M(n, m) be a smooth manifold. Let f: M(n,m) — R be any
function such that its restriction on M is differentiable. A point W € M is said to be a
critical point of f|a if the differential of f|rq at W is the zero function, i.e. df| (W) = 0.

The set of all critical points of f|x4 is denoted by Crit(f|a).

Remark 4.4. Definition 4.3 can be equivalently stated with the gradient of f at W € M
in lieu of the differential of f at W. We will use either of those notions in the deriva-
tions, using the fact that the gradient of f|y at W € M, denoted V f|y(WW), is the
unique vector on the tangent space Ty M such that, for all X € Ty M, df|m(W)[X] =

(Vfm(W), X).

4.3.1 Critical points of L* over M(k)

As noted above, the loss L (4.11a), along with its different parametrizations, is not
differentiable over all S (n). More specifically, it is not differentiable whenever the
matrix changes rank.

For n € N and k € [n], we denote J;, C [n] any subset of k elements from [n], i.e.,
with k = |jk|

Given a matrix A € M(n,n) and a set J; C [n], we denote by Ay, € M(n, k) the sub-
matrix of A consisting of the columns with index in Jj. If the matrix A is diagonal, we
let A7, € M(k) be the diagonal sub-matrix which extracts the rows and columns with
index in Jj.
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4 Bures-Wasserstein loss landscape

The following result characterizes the critical points of the loss L! (4.11b) in function
space. It can be regarded as a type of Eckart-Young-Mirsky result for the case of the
Bures-Wasserstein loss, to which the connection will be made clearer in Section 4.5.

Theorem 4.5 (Critical points of L'). Assume Xy € S, (n) has n distinct, positive
eigenvalues. Let QAQT be a spectral decomposition of ¥ (so Q € Q(n)), with eigen-
values ordered decreasingly. Let k € [min{n,m}]. A matrix W* € M(k) is a critical
point of L' pqy if and only if W* = ij/_kb/kQVT for some Ji, C [n] with |Ji| =
and V. € M(m, k) with VIV = 1. Moreover the minimum over M(< k) is attained precisely
when J, = [k|. In particular, inf {L'(W) | W € M(k)} = min {L'(W) | W € M(k)}
and min { LY (W) | W € M(k)} = min {L*(W) | W € M(< k)}.

Remark 4.6. Notice that the number of critical points is in reality infinite, and the (})
critical points choices are only up to right multiplication by an arbitrary orthonormal
matrix (the trivial symmetry of W — WW ).

The proof relies on evaluating the zeros of the gradient VL!| M(k) (see Lemma 4.15).
Then evaluating the loss at these critical points allows us to identify which of them attain
the minimum.

Remark 4.7. Interestingly, the critical points and the minimizer of L' characterized in
the above result agree with those of the squared error loss [EY36; Mir60]. Nonetheless,
we observe that (4.5) is only defined for positive semi-definite matrices. Hence the
notion of unitary invariance considered by [Mir60] only makes sense for left and right
multiplication by the same matrix. Moreover, B (4.5) is not a norm in the sense that there
is no function B: S;(n) — Rsuch that B(X,Xy) = B(X — Xy), and hence it does not fall
into the framework of [Mir60]. We offer more details about this in Section 4.5.

Remark 4.8. Under the Burer-Monteiro parametrization 7 (4.29), a point in the function
space W € M(n, m), modulo the right multiplication by an orthogonal matrix, is a critical
point for L' if and only if the associated covariance matrix 7(W) = WW T is a critical
point for L.

4.3.2 Critical points of the perturbative loss

For the critical points of the perturbative loss L (4.13b), we obtain the following re-
sults.

Theorem 4.9 (Critical points of Ll). Assume Yo has n distinct, positive eigenvalues.

Let QAQT  be a spectral decomposition of X, with eigenvalues ordered decreasingly. A
point W* € M(k) is a critical point of LY | pmqky if and only if W* = Qg, (A g, — )2V for
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some Jy, C [n] with | Jy,| = k and V € M(n, k) with V'V = Iy. Moreover, the value at such a
point is Ly (W*) = 3o 7 (/Aj — v/T)?. The minimum over M(< k) is therefore attained pre-
cisely when Jy, = [k]. In particular, inf { LL(W) | W € M(k)} = min {LX(W): W € M(k)}
and min {LL(W) | W € M(k)} = min {LL(W) | W € M(L k)}.

Remark 4.10. The above characterization of the critical points imposes an upper bound
on 7 if we require to have all (}) different critical points for L, when Xy € S;,(n).
Indeed, for a given ¥* to be a critical point of L., according to Theorem 4.9, one must
have A7, — 71 = 0 for all J;, C [n] with |Ji| = k. Therefore, it imposes that 7 € [0, \,),
where A, = min{}\; | j € [n]}.

In order to link the critical points in the parameter space © to the critical points in the
function space M(n, m), we appeal to the correspondence drawn by [ TKB20, Propositions
6 and 7]. For the Bures-Wasserstein loss, this allows to conclude the following.

Proposition 4.11 (Critical points in parameter space are critical points in function space).
Assume a full-rank target Yo with spectral decomposition g = QAQT and distinct eigen-
values \y > --- > X\, > 0 ordered decreasingly. Let 7 € (0,)\,]. If 0* € Crit(LY),
then W* = u(6*) is a critical point of the loss Ly|aq), where k = rank W*. More-
over, when k = d = miniem{di}, 0 is a local minimizer of the loss Liv if and only
if W* = pu(0%) is a local minimizer, and therefore the global minimizer, of L}|pqa)- In this
case, o = W*W*T + 71, is the T-best d-rank approximation of the target in the covariance

space, in the sense that ¥ = Q <A[d] 7_) Qr.

Proposition 4.11 ensures that, under the assumption that the solution of the gradient
flow is a (local) minimizer in the parameter space and has the highest possible rank d
for the given network architecture, the solution in the covariance space is the best d-rank
approximation of the target in the sense of the 7-smoothed Bures-Wasserstein distance.
The fact that any local minimizer of L1 | M(d) is indeed a global minimizer is not immediate
(since neither the loss L. nor the set M(d) are convex), but can be shown as we do in
Lemma 4.22.

From the fact that L! satisfies the strict saddle point property Lemma 4.22, we further
cast [BRT+21, Proposition 6.9] in our setting.

Proposition 4.12 Let W/ = (Wh,...,Wn) be a critical point of LLN> such that W = Wy
has rank(W) = k. If W is not a global optimum of L on My, then W is a strict saddle point
of LY.

The proof of Proposition 4.12 is given in Section 4.4.2.
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4 Bures-Wasserstein loss landscape
4.4 Proofs of section 4.3

In this section, we provide the proofs of the statements about the critical points of the
loss functions in function space, L'| v and L[ vq(). We characterize the critical points
and show that all saddles are strict.

4.4.1 Critical points of L*| v

First, the loss L! is expressed on the manifolds M (k) (Lemma 4.14), where it is differen-
tiable (Lemma 4.15). Then, necessary conditions (Lemma 4.17) on the critical points can
be expressed, leading to the first part of Theorem 4.5. The second part of Theorem 4.5 is
then proven by evaluating the loss at the critical points found, and ranking them.

Recall Definition 4.3 of the critical points of a function restricted to a manifold. Computing
the differential of the restriction L'| () will allow to characterize the different critical
points.

Definition 4.13 (Gradient). Given an embedded manifold M and a function f with a
differentiable restriction f|4, the gradient of f|r( at x € M is the (unique) element of
the tangent space T, M such that, for all v € T, M, df|m(x)[v] = (V flm(z),v).

We begin by expressing the loss L'| v,y with the Singular Value Decomposition (SVD)
of £/ 2 W

Lemma 4.14 Let USV | = St/2W be a thin SVD of S./*W, so that U € M(n, k), V €
M(m, k), UTU = VTV =1, S = Diag(s1,...,s,) € M(k), where k = rank S5/ *W =
rank W. The loss L' from (4.11b) on M(k) can be expressed as
LM pay (W) = IWE + 1261 — 2tx'S. (4.15)
T wl/200, , 1/2 1/2 /2700 | 1/2 . T
Proof. fUSV ' = X,/"W is a thin SVD of ¥ "W, then (X, "W (X,"W) ) =USU".
Therefore, the expression of the loss L! given by (4.11b) can be written as
LY piyW) =t WWT 4 tr 5 — 260 USUT = W3 + ||Sg/ |2 — 2tr S,

as claimed. 0

With this description at hand, we now give the gradient of L'| ().
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Lemma 4.15 (Gradient of L'| ). Let (n,m) € N?, and let k € [min{n,m}]. The
loss L*| nq(x) (as given by (4.15)) is twice continuously differentiable on M (k). With W € M (k)

and USV' T = Eé/QW a thin SVD of Eé/QW, its gradient is

VLY iy (W) = 2W —25° UV T (4.16)

In order to prove Lemma 4.15, we need the differential expression for the singular values
appearing in the SVD of a matrix.

Lemma 4.16 (Differential of the SVD). Let k € [min{n,m}|and let X € M(k) be a matrix
with rank X = k. Let USV'T = X be a thin SVD of X, with U € M(n, k), S € M(k), V €
M(m, k), S diagonal and U'U =VTV =14 Then, the differential d.S is

dS =1, 0 (UTdXV),

where A ® B denotes the Hadamard product between A and B.

Proof. Let USV" = X be a decomposition as given in the lemma statement. The differ-
ential rules ensure that

dX =dUSvT +UdsSvVT +Usdv’.
This implies that

UMdXV =U"dusSvV'v+UuTudsSvV'v+UuTusav'v
=UTdUS +dS +SdvV'V
— dS=U"TdXV —-U"TdUS — SdV V.

Since UTU = Iy, (dU)'U + UT(AU) = 0,and A := UTdU = —(dU)'U = —A".
Likewise, B := VT dV is also antisymmetric. The matrices A and B being antisymmetric,
their diagonals are null; hence so are the diagonals of AS and SB,i.e. I; ® (AS) =1; ®
(SB) = 0. Since S is constrained to be diagonal, d.S must also be diagonal, i.e. I; ©dS = dS.
Therefore,

dS =1, (U dXV)

as was claimed. O

Now that the differential of the singular values is available, we are ready to prove
Lemma 4.15.
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4 Bures-Wasserstein loss landscape

Proof of Lemma 4.15. For W € M(k),let USVT = E(l)/QW be a thin SVD of E(l)/QW =: X.
Lemma 4.14 ensures that

LY iy (W) = [WIE + 125212 - 2tr S. (4.17)

According to Lemma 4.16, the matrix S is differentiable and has differential dS = I; ®
(UT dXV). Therefore, the loss L'| M(k) is differentiable. With the fact that dtr S =
trdS [see, e.g. MN19, Chap. 8, Eq. 18], we can compute

dtrS=trdS=tr(I; © (U dXV)) =tr (U dXV)

= (VT,dX) = VT, s/2aw) = (= PuvT,aw).

Moreover, d||W |3 = 2(W,dW), and so

AL jyy (W) = d| W2 — 2dtr S = 2(W — UV T dw),
and

VL piy (W) = 2(W = 5/2UvVT).

Since the matrices U and V are continuously differentiable on M(k), VL!| M) (W) =

2(W — E(l)/ UvTyis again continuously differentiable, and L'| v is twice continuously
differentiable. ]

We are now ready to give the proof of Theorem 4.5. We divide the proof into necessary
and sufficient conditions for a point to be a critical point of L' | v()-

Lemma 4.17 (Necessary condition on the critical points of L'|yx)). Assume 3o has n
distinct eigenvalues. Let W* € M(k) be a critical point of L'| yq(xy. Then, with U*s T —

EémW* a thin SVD of Eé/QW*, and QAQT = X a spectral decomposition of ¥ (i.e. with
Q € O(n)), there exists Jy,  [n], such that S* = Az, and U* = Q7.

Proof. Let W* be as in the lemma statement. Since W* € M k), and U*S*V* = Zé/ Py
is a thin SVD of Z(l)/QW*, this means that S* € M(k). Then,

VLI(W*) =0 = w* =220 VT by (4.16)
— W = s UtV
= U*S'V* T =5Ur v’
— s* = U*TxU*, U =1, VTV = 1

Therefore, U* " XoU* must be diagonal; and since U* is semi-orthogonal, this is the case
if and only if the vectors in U* are eigenvectors for ¥, by uniqueness of the spectral
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decomposition of 3. Therefore, there exist ji, ...

that U* = (w;, -+ wj,) = Qyg,, in which case

Ay
S* =Qg 'S0, =

4.4 Proofs of section 4.3

, jr. indices between 1 and n such

Now we are ready to prove the first part of Theorem 4.5.

Proof of Theorem 4.5, first part. Consider the expression for the gradient of L'| (4 given
in (4.16). The necessary condition follows from Lemma 4.17, since

VL (W) =0 = 5°W* = Q7 A5 V7

— W*=3%

—1/2 "y
0 / Q7 Az VT

=QAY20TQ A VT
= QA PAL VT

= QAY?Py VT

=Pz A7V

= Qg AV,

which corresponds to the necessary condition in Theorem 4.5.

The sufficient condition can be verified as follows. With W* = jkA}/kQVT, one
has Eé/QW* = QAl/QQTQJk]\}/}fVT = Q7. A7 VT, and, as this is a correct thin SVD

of Z(l)/QW*, Lemma 4.15 gives

VL ey (W) = 2(W* — 505,V T).

Further,

1/2 11/2 11/2
5%, = QAV2QT Qg = QAY2P;, = QP AY? = 07 A7,

Hence

* E ~1/2 ~1/2
VL gy (W) = 2W* = 50205 VT) = 2005, A°VT — Q7 A2V =0,

and the sufficient condition is verified.

Now, the loss can be evaluated at the critical points in order to identify its minimizers.
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4 Bures-Wasserstein loss landscape

Corollary 4.18 (Value of L' at the critical points). The value of the loss L' at a critical
point W* = Q7 KJ2VT € M(k)is L'(W*) = tr A —tr Az, = Y0z A

Proof. Let k € [min {n,m}], and let W* be a critical point of L'| (. From Theorem 4.5,
with ¥y = QAQT a spectral decomposition of ¥, there exists a set J;, and a semi-

orthogonal matrix V' € M(n, k) such that W* = Q 7, ]\lj/fVT. One can then compute the
value of the loss at W*:

LYW = e W W 4 tr S — 2t ([(Zéﬂw*) (Zéﬂw*)T] 1/2)

A 12 6T )2
= Q5 A5 0, + tr A 2tr (Q5,4%,97, )
=trAy +trA—2trAyg
=trA—trAg.

We now have all ingredients needed to prove the second part of Theorem 4.5.

Proof of Theorem 4.5, second part. The first part of the statement is readily implied by Corol-
lary 4.18, as the eigenvalues are in decreasing order. The second part is implied by the fact
that the minimum L'| () is indeed achieved for any k € [n] (by selecting the k largest
eigenvalues of ¥y) and the optimal value of the loss L; is smaller when considering more
eigenvalues, i.e. min p) L' < min pq<p) L. O

Next we show that only one point per set M (k) is a minimizer of the loss L'| () and
all other points are (strict) saddle points. We recall the definition of a strict saddle point:
a point where there exists a descent direction.

Definition 4.19 (Strict saddle point). A critical point x of a function f is said to be a strict
saddle point if the Hessian of f at x has a strict negative eigenvalue. If all critical points
of f are either a strict saddle point or a global minimizer, the we say that f satisfies the
strict saddle point property.

If the gradient flow can be expressed on a manifold, with a Riemannian gradient cor-
responding to a given metric, there is an equivalent definition of those saddle points,
which will be handy to use. We refer to [BRT+21, §6.1] for the details.

Proposition 4.20 The loss L*| vy, satisfies the strict saddle point property.
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Proof. Let ¥g = QAQ" be the spectral decomposition of ¥y with decreasing eigenvalues.
For k € N, according to Theorem 4.5, W* is a critical point of L'| () if and only if there

exists Ji C [n], such that W* = ijA;/kQVT, with any V' € M(m, k) so that V'V = Ij.
If 7, = [k], W* is a global minimum of L'| (), as shown in Corollary 4.18, and the
proposition holds.

Assume Jj, # [k], then there exists jo € Jj such that \j; < A, and there exists j1 ¢ Ji
but ji € [k] such that \j, > Xj,. We will show that W* is a strict saddle point of L'| vz

The critical point W* can equivalently be expressed as
wr =312 5" Nwo], (4.18)
JE€Tk

where wj, v; are corresponding orthonormal vectors in 2 and V, and A; are eigenvalues
in A.

Fort € (—1,1), we define
wjo (1) = twj, + V1 — t2wj,
and the curve v: (—1,1) — M(k). We look at the perturbed matrix

18 =55 (gwin W+ S Ay )

J€I\{Jjo}

Note that 4(0) = W. Recall L'(W) = tr (WWT + Sy — 2S5 “WWT5¢*)2).
By [BRT+21, §6.1], it is enough to show that

2
%Ll('y(t)))tzo <o.

We check it term by term,

i (von(0)T) = o (5 i)l + 3 Ager]):

J€I\{jo}
Tw—1/2
(Nowio (vfy + > Nwjof) g />
jEJ\{jo}
=tr ( ()\ S Wio (F)wiy (t Z )\Qu)] )
JEJ\{JO}
Z )‘ Wi Wjo( wio (t Z )‘2‘*’1 )
1<j<n jeI\{jo}
)\30 2 42
= (1 -1 + >N,
i J€I\{jo}
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4 Bures-Wasserstein loss landscape

and

tr (55T 0y%) )
= tr ((()‘Jowjo( )Ugo + Z Ajw;v; )(’\Jo%o( )vj() + Z Ajw;v; ) )1/2)

JGJ\{Jo} jeI\{jo}
1/2
= ((/\ wjo (£)wjo ( Z )\] J j )
jeI\{jo}
:tr((tQ/\Q wiwi, + (1 =N wjwn + > Muwjw, )1/2>
jeI\{jo}
=t + V1=l + D0 Al
jeI\{jo}
Thus, since \j, > Aj,,
d? 2\~
SFLN)] = 20305 = x0) = gl <0
This completes the proof. O

4.4.2 Critical points of the perturbative loss LL| 4,

In this section, we provide the derivations for Section 4.3.2. The structure of reasoning is
similar to the one found in the proof of Theorem 4.5: first the gradient of L! is computed,
then the critical points are characterized and ordered.

Lemma 4.21 (Gradient of L). Theloss L. has the following gradient

—-1/2

VIV € M(n,m), VLLW)=2(W =52 [S2WWT +71,)50%] " 2)/?W). (4.19)

Proof. This results comes from the chain rule for the loss LL(W) = Loy or(W). With S =
(W) = WWT and &, = ¢,(¥) = X + 71,, and since dr(W)[Z] = WZT + ZW T
and d¢,(X) = id, one has

AL (W)[Z] = d(L o g, o m)(W)[Z]

—dL(E,) | der () [an(W)12]
=dL(E)WZT + 2w
(VL (W), Z) = (VL(S,),WZ  +ZW ")

—  VLW) = (VL(S,) + VL(E) )W

—-1/2

=2W — S mt e wl?) sl P,

68



4.4 Proofs of section 4.3

With the expression of the gradient of L! available, Theorem 4.9 can be proven.

Proof of Theorem 4.9. The eigenvectors of WW T + 1 are the same as the one of WW T, and
their corresponding eigenvalues are shifted by 7. Therefore, the expression of the critical
points in the original loss can be adapted, so that the modified critical points have the
same left singular vectors and shifted singular values. This leads to having W* =
Q, (/—\ I )I/QVT _ (Q 0 ) (Ajk —TIk)l/Q (V v )T
BT T Tk I Ji Tnxn—k Ontsmi)

with V = (V| V1) € R™™, such such that V'V = VV' = I,,. In the following,
we will make sure that VLL(W*) = 0.

Indeed, assume without loss of generality that @ = (Qg, Qgc) (and A =

<A\7Ic A >)’ where J;¢ := [n] \ Ji for Ji C [n]. Then,
Tk

I/V*I/V*—r = ij(]\jk — TIk)Q}k

Ca(faT
On—kxn—k

S5 = WWHT 4L, = WWHT 40T

TIn—kz ’

s/ 2ernl/? = aal2aTo (Afk L > QTQAY20T
n—k

and

—1/2_1/9 Orxk
I, — S 2ml2aenl/H T Enl/2 _ Qr.
0 ( 0 70 ) 0 In—k_T_1/2A%€%
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4 Bures-Wasserstein loss landscape

Since Q' Q7 =17 = ( ) , with A € M(k), the gradient evaluates to

0n—kxk

" 1/2 /a1/2 @ wl/2, " 1/2 172 - 1/2
VL (W*) =2(I, — Z0/ (Eo/ ZTEO/ ) 20/ )7, (Ag, — 71k) / VHT

Ok xk A - 1/2¢,T
= 2Q) - Ar —71
( In—k _ 7_1/2[\\17/]626) <Onk><k> ( Tk T k) VH

=0.
For such a critical point W* = Q7 (A7, — TIk)l/ VT, with regularized covariance ¥} =
W*W*T + 71,,, the value of the loss is

1/2
LLW™) = tr 5% 4 tr 5 — 2t (525wl

IZ)\j—i-T(n—k‘)—i-Z/\j—l— Z )\j—Q(Z)\j—F Z \/7'7)\3)

JE€ETk JETx JETKC JETk JEITK
= Z Aj+T—=24/TAj
VSN
2
- v
JETKC

which is uniquely minimized of Jj, for J;, = [k] when the eigenvalues of 3, are distinct
and in descending order.

Moreover, as in the unregularized case, we have the increasing sequence of minimiz-
ers min {LL(W) | W € M(k)} < min{LL(W) | W € M(< k)} which, together with
the identity M(< k) = M(k) U M(< k), implies that min {LL | M(< k)} = min {L} |
M(k)}. O

The loss L} satisfies the strict-saddle point property in a similar fashion as Proposition 4.20
for L.

Lemma 4.22 The loss LL| ) satisfies the strict saddle point property.

Proof of Lemma 4.22. The proof of Proposition 4.20 can be adapted, with the expression

of the critical points (4.18) replaced by, if ¥y = QAQ" and V' € M(n, k) is any semi-

orthogonal matrix, W* = (£y — TIn)*1/2 > jeq (N — T)wjva. O

We are now ready to prove Proposition 4.11.

Proof of Proposition 4.11. The fact that W* = p(6*) is a critical point of L} | vk (with k =
rank W*) if and only if 6* is a critical point for LY comes from [TKB20, Proposition 7],
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4.4 Proofs of section 4.3

and the fact that, when k = d = min ;{d;}, W* is a local minimizer of L1 ) if and only
if 0* is a local minimizer of LY comes from [TKB20, Proposition 6], since L} is smooth.

The additional fact that any local minimizer of rank d of L7|a(g) is a global minimizer
of L] rq(g) comes from Lemma 4.22: L] | (g satisfies the strict saddle point property,
therefore, the only critical points of L |y are strict saddle points and the global
minimizer.

Now, the expression of such a global minimizer is given by Theorem 4.9: with ¥y = QAQ"
a spectral decomposition of ¥ in descending order of the eigenvalues, there exists V' €

O(m) orthogonal, such that W* = Qug(Arg — TIi)l/QV[dT], and ¥ = WW*T 4+ 71, =
Q (A[dl ) Q. O
T

From [TKB20], we have (since L! is smooth):

Proposition 4.23 ([TKB20, Proposition 7]). Let W € Oandlet W = ,u(l?/) be its image
by u (4.3) so that k = rank W. Then, W is a critical point of L. restricted to M, if and only

if W is a critical point of LY.
With this proposition, we can easily show Proposition 4.12.
Proof of Proposition 4.12. The proof of [ BRT+21, Proposition 6.9] is taken as is. We repeat

it for the reader’s convenience.

Recall that, for k € N, the tangent space of M, C M(n, m) at W € My, is given by
Tw(My) ={WA+ BW | A€ M(m,m), B€M(n,n)}, (4.20)
see e.g. [HS95, Proposition 4.1].

Since W is a critical point of LY, with W = M(W) and k = rank W, W is a critical point
of L}|um, by Proposition 4.23.

Since W is a not a global minimizer of Ll|x,, it must be a strict saddle point by
Lemma 4.22. Therefore, there exists Z € Ty (M) such that, for some Riemannian
metric g as defined by [BRT+21, Definition 4.1], it holds g(Hess? LL(W)Z,Z) < 0,
where Hess? f(z) denotes the Riemannian Hessian of f at z, as defined in [BRT+21,
§6.1]. We endow M, with a this Riemannian manifold structure and reason with it, to
deduce properties on LY, independently on the metric g considered.

Write Z = W A 4+ BW and choose the curve
Y(t) = (W +tVy) - Win_y -+ Wa - (Wq + tV4), (4.21)

where V; = W A and Vy = BWy. We have by construction v(0) = W and 4(0) = Z.
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4 Bures-Wasserstein loss landscape

Then,
d2
@Li(fy(t)) = gw(Hess? LX(W)Z,Z) < 0
t=0
and
? d? N
0> —=L (~(t = — L (W +tV, Wy, ..., Wn + tV]
ST +(v( ))t:O 12 (Wi +tVi, Wa, ..., Wn + N)t:O

_ <HessL§V(vT>/)(v1,o, 0, V), (VA 0, ,O,VN)>,

%
which shows that Hess LY (1) is not positive semidefinite, i.e. has a negative eigenvalue.
This Hessian is the Euclidean Hessian of LY and does not depend on the metric g used.

This means that I is a strict saddle point.

4.5 BW and the Eckart-Young-Mirsky theorem

In this section, we provide further background on the Bures-Wasserstein distance. First,
we show that, except in some particular cases (Lemma 4.24), the Bures-Wasserstein
distance between two covariance matrices is not translation invariant (Lemma 4.25). This
implies that it cannot be expressed as the norm (let alone unitary) of a difference between
two matrices. In this section, we provide an explanation as to why the minimizers found
in Theorem 4.5 are the same as the one found when using the squared Frobenius norm
between X and Xy. First, we remark the following.

Lemma 4.24 In the case X¢ and ¥ commute, the Bures-Wasserstein distance reduces to the
Hellinger distance:

D=8, = BX%, %) = [|BY% - 53

Proof. This follows from the fact that, if ¥ and ¥; commute, so do »1/2 and El/ 2

that £2/°55Y? = (£/221/2)" and

e (197 77 203 ) = (22 - w2 - T
= =12 = 25,

as claimed. O
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4.5 BW and the Eckart-Young-Mirsky theorem

From this, one remarks that the problem of minimizing the BW distance between co-
variance matrices that commute falls under the framework of the Eckart-Young-Mirsky

theorem. In this case, if the optimization variable is the square root /2 = (WWT)l/ 2
we obtain a formulation in terms of the squared error loss. Nonetheless, in the case
where ¥ and ¥y do not commute, we do not have such a correspondence, as in gen-
eral, the BW distance is not translation invariant, neither when considered as a function
of (¥, ¥9) nor when considered as a function of (3'/2, 21/ %). This is stated in the next
two lemmas.

Lemma 4.25 (BW is not translation invariant). There exist positive semidefinite matri-
ces (2, %0) € Sy (n)? and a translation T € S, (n), such that B>(S+T, %0 +T) # B(Z, Xo).

The same statement also holds for the loss £ defined on the matrix square roots, (X2, El/ 2) =
B*(%, %).

Proof. For the first part of the statement, taking

10 10 t 0
s=(y 1) m=(y9) T=(0 %) t>o

then B2(X+T,%0+T) —B%(2, %) = (V2 +t — V1 + ) — (V2 - 1)2,which is non-zero.

For the second part of the statement, if

12 (10 ya_ (11 (10
20‘(02)’2 <12 =10 1)

and £: Sy (n)? — Ris such that, for all (, 21/2) € S, (n)? E(22, 23/2) = B%(%, %),
one computes

) 5 9 9.1/2
£, 25/%) =I5+ 155 - 2r (552 ?)

1/2
2 6
=12 — 2tr (6 20)

and

EEV24 T2 4 T) =SV 472 + |2 + T3

~2u((E 4 D)EV 4+ TYE + T 4 7))

1/2
20 30
—28—2tr(30 90> ,

which gives the difference £(SY/2 + T, 552 4+ T) — £(2V/2, 21?) ~ 0121229 £0. O
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4 Bures-Wasserstein loss landscape

Lemma 4.25 implies that in general one cannot express the Bures-Wasserstein distance
(neither on the covariance nor on their square roots) as a norm of a difference (otherwise,
the loss would be translation invariant). This hinders a direct application of the Eckart-
Young-Mirsky theorem, where, for some unitary invariant norm || - ||, the problem is
cast as min {||A — X« | X € M(< k;n)} with a fixed A € M(n).

Nonetheless, there is a close link between the Bures-Wasserstein distance and the
(squared) Euclidean distance. This is best seen through the definition of the 2-Wasserstein
distance between two zero-centered Gaussian distributions, as we will present next. We
follow here an approach inspired by [FFG+20, Theorem 1], for which we provide details
in order to show a link between the minimization of the Bures-Wasserstein distance
over rank-constrained covariance matrices and the Eckart-Young-Mirsky theorem (or k-
PCA).

Let n € Nand let k£ € [n]. The set of rank-k positive semi-definite matrices is denoted
by Sy (k;n). Given a target matrix B € S; 1 (n), we are interested in the following rank-
constrained minimization problem

inf {B*(A,B) | A € S (k;n)}. (4.22)

For any measure a € .#(R"), denote supp(«) its support, i.e. a(X) = 0 for X C R™\
supp(c). The following lemma is a well known connection between covariance matrices
and the support of the corresponding Gaussian probability distributions.

Lemma 4.26 Let A € Sy (k;n)and let « = A(0, A). Then, the support of « is equal to the
column space of A; i.e.,

supp(«) = span(A).

For k € [n], denote the set of linear subspaces of R" of dimension k by £(R", k), and,
for C € £(R", k), denote by A (C) := {A47(0,5) | S € Sy (k;n), span(S) = C} the set of
all Gaussian distributions with mean 0 and support C.

Lemma 4.26 allows to translate the problem (4.22) to a problem on linear subspaces of
fixed dimension. Indeed, with o = .4#°(0, A) and 8 = .4 (0, B), we know that B%(4, B) =
W3(a, B). Therefore, we can split the optimization problem as

inf {B*(A,B) | A € S (k;n)} = inf {inf {Wj(a,8) |a € #(C)}|C€ S(R”,k)(}. |
423

Solving (4.22) is therefore equivalent to solving the right-hand side of (4.23), which is
split in two parts:

1. For a given linear subset C of dimension k, find the Gaussian distribution a* that
minimizes the 2-Wasserstein distance to 5. Lemma 4.27 below states that o* is the
projection of 5 onto C.
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4.5 BW and the Eckart-Young-Mirsky theorem

2. Then, find the subset C of required dimension that minimizes the variance of the
projection of 3 onto the orthogonal complement of C; or, equivalently, find C that
maximizes the variance of the projection of 5 onto C. The solution to this problem
is the k-PCA decomposition of 3, as stated in Lemma 4.28.

We solve the sub-problem 1 first. Recall that 2%, (R") = {8 € Z(R") | [||z|*dB(x) < oo}
is the set of square integrable probability measures (i.e. the set of probability mea-
sures with finite variance) on R” . Given any 8 € #;(R"), we are interested in solv-
ing inf {W3(a,8) | a € A (C)}. The next lemma gives the solution this problem in a.
For any given linear subspace C C R", denote p¢ the orthogonal projection onto C.

Lemma 4.27 Let § € P2(R™). One has
inf {W3(e,8) | a € A(C)} = min {W3(a,f) | a € A (C)},

and the distribution o* that achieves the minimum for a given C is the orthogonal projection of 3
onto C: o* = (f)c)#ﬂ = Be.

Proof. Denote the admissible set of couplings with given marginals by I'(a, 8) = {7y €
ZH(R™ x R") | 1 = a, 72 = B}, with 7; the marginal along the ith variable, so that

Wita ) =int { [lle = ylPar(o) |7 € T )}

Then, for any given linear subspace C C R", denote p¢ the orthogonal projection onto C.
Define p¢ := (pc)yp for any p € Z»(R"), and likewise yexe = (Pexc)y?, for v €
ZH(R™ x R™), where, for (X,Y) two (measurable) spaces, the push-forward T €
P5(Y) of ameasure p € Po(X) by anoperator I': X — ) is such that, for any measurable
set S C Y, Tuu(S) = u(T~1(S)) (see Definition 2.26).

Assume supp(a) = C (i.e. &« = a¢). Then, if v € I'(a, ), for all (z,y) € supp(y) =
supp(a) x supp(83), * = pe(x) and

mf{/nyH dvxy‘WEF 5)}

= int { [l = (pelt) + pes ()1 r(2.9) | 1 € Tla )
—int { [l ylPdrescton) |y eT@m b+ [InlParei.  @2)

75



4 Bures-Wasserstein loss landscape

Thus, for a given C € £(R", k), one has
inf {W3(a, B) | € #(C)}
—int {int { [1o ~ yl? dreseton) [y €T} [a e A (O} + [P s
—int {int { [l = ylP a7 € Do)} [a € A0 + [P ase: )
— inf {Wi(ax fe) [ a € () + [l dbc- (o).
Since ¢ € 4 (C), the solution is attained for o* = B¢ as W2(8¢, fc) = 0. O

In the light of Lemma 4.27, the problem (4.23) is equivalent to
inf {inf {W3 (e, B) |a € A(C)} |C € £R",k)} =inf {/||y”2dﬁcJ_(y) |C e S(Rn,k)}

—sup{ [ ase) | € € £ ) .

Therefore, the problem boils down to finding the linear subspace C which maximizes
the variance of the target when projected onto C. The solution to this sub-problem 2,
also known as k-PCA, is given in the next lemma, of which we provide a proof for
convenience.

Lemma 4.28 Let QAQ" = B be a spectral decomposition of B € S (n), with the eigenvalues
in A ranked in decreasing order. Let k € [n], and let Q =: (Qpy 1) be such that Qpy € M(n, k)
are the eigenvectors corresponding to the k highest eigenvalues of B. Denote 5 = .4 (0, B) and
for a linear subspace C, denote by Sc = (pc) B the orthogonal projection of 3 onto C. Then,

sup { vl asewy ¢ e sw,k)} _ max{ JIRCEOIE sa@",k)}
- / 12 dBe- (v),
where C* = span Q.

Proof. Recall that Sc = (pc), 3, where pc is the orthogonal projection onto any C €
L(R", k). Then,

/ Iyl dBe(y) = / Ibc()I dB(y) = / vl e dB(y) = / tr(ud ye) dB(y)
— [ trtuend at) = ([ wesd 5(0)). (425)
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where the notation for yc = pc(y) is used.

For any C € £(R", k), one can find an orthonormal basis of C of size k, which means
there is equivalence between the following two statements:

(i) Ce (R k).
(ii) 3C € M(n,k): CTC =1, C = spanC.

With such a C spanning C, the orthogonal projection onto C can be written pc = CCT,
and

/ yeyd dB(y / CCTyyTeCT ap(y) = cCT ( / yy" di(y))CCT = CCTBCCT,
so that (4.25) becomes

tr ( / yeud dB(y)) — tr(CCTBCCT) = tr(CT BO)

Therefore, with § = 47(0,B) and ¢ = (pe) uP for any C € £(R", k), the following
equivalence holds

sup {/||y||2dﬁc(y) |C e S(R”,k)} = sup {tr(C’TBC’) | C e M(n, k), C'C = Ik}.
(4.26)

Let QAQT = S i1 )\,wlw be a spectral decomposition of B with decreasing eigenval-
ues A\y = -+ = A\,

For any C' € M(n, k) such that CTC = I}, we compute
tr(CTBCO) = Z i tr(CTww, €) = Z)‘i tr (w; CCTw;) = Z Ai{wi, CCTw;). (4.27)

i=1 i=1

For each i € [n], by orthogonal decomposition w; = CC"w; + (I, — CC")w;, one has
that (w;, CCTw;) < 1, with equality if and only if CCTw; = w;, ie., if and only if w; €
span C. The sum (4.27) is therefore maximized for C' = Q.

Therefore, the supremum in (4.26) is attained for C' = Q) <= C = span ()}, conclud-
ing the proof.

Thus, the solution to (4.23) can be given as follows.

QT

Proposition 4.29 Let k € [n], and let (Qp; QL) (A[k] A > <QL’€H) = B be a spectral
L 1l

decomposition of B € S,y (n), with the k largest eigenvalues in Ay,. Using the same notations

as before, the problem (4.23) is solved for C = span({jy)). In this case, «* = (0, Blg),
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4 Bures-Wasserstein loss landscape

This recovers the Eckart-Young-Mirsky theorem [Mir60] describing the set of solutions
tomin {||A — B||« | A € M(< k;n)} for some unitary invariant norm | - ||...

Proof. Lemma 4.28 already shows that the supremum is obtained for C = span (). In
this case, the optimal o™ (the projection of 8 onto C = span ;) according to Lemma 4.27)
has covariance matrix

A= [as da*(a) = [ aa” d(pe) 48(0)

—/wdwm
T T
T
= Qg A Qpy
= B
O

The connexion to the Eckart-Young-Mirsky theorem therefore lies in the specific proper-
ties of the ground distance || - ||2 used to compute the 2-Wasserstein distance. Nevertheless,
even though the critical points and the minimizers are shared between the Frobenius and
the Bures-Wasserstein losses, the Hessian of the losses at the critical points are different.
This will be investigated in the next section.

4.6 Expression and empirical evaluation of the Hessians

From the previous section, we see that the critical points are identical between the two
losses, Frobenius or Bures-Wasserstein. One natural question that arises is to ask how
the two losses geometrically differ. A way to study it is to look at their second-order
derivative information. Indeed, the Hessian of the loss at the critical points will dictate
how the gradient flow will escape the saddle points (i.e. the critical points that are not
the global minimizer), as both losses share the strict-saddle-points property.

Therefore, in this section, we conduct experiments evaluating the Hessian of both the
Frobenius and the (regularized) Bures-Wasserstein losses.

We will heavily rely on the chain rule for the second-order differential, which we recall

next.

Lemma 4.30 (Chain rule for second-order differential, [MN19, Theorem 6.9]).
Let f: R — Sand g: S — T be two differentiable functions on open sets, such that h =
go f: R — T is always well defined. Then, given two directions u, v, the second-order differential
of hat cis

d*h(e)lu, v] = d*g(f(e) [ df ()[ul, df (e)[v] + dg(f(e))[d f(c)[u, v]]- (4.28)
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4.6 Expression and empirical evaluation of the Hessians

We first discuss the Burer-Monteiro parametrization and relate the differential of a given
loss in function and covariance space.

4.6.1 Second-order differential of the Burer-Monteiro parametrization

In this section, we compute second-order derivatives of a generic differentiable func-
tion f: S4(n) — R under the parametrization f o m, where

m: M(n,m) — Si(n),

W — WWT (4.29)

is the covariance (or Burer-Monteiro) parametrization (4.4).

Proposition 4.31 (Second-order differential chain rule for the Burer-Monteiro
parametrization). Let m (4.29) be the Burer-Monteiro parametrization of a positive semi-
definite matrix, and let W € M(n,m), Z € M(n,m), and ¥ = n(W) = WW '. Then, for any
twice-differentiable function f: Sy (n) — R, the second-order differential of f o at W in the
direction Z can be expressed as:

A(fom)(W)[Z] = A2f(Z)[ZzW |+ 2f)WZ ) +2d2f(2)[WZT,ZWT]  (4.30)
+2df(X)[zz ).

Proof. Recall the chain rule for the second-order differential from Lemma 4.30. It states
that

d*(f om)(W)[Z] = & f(m(W)[dn(W)[Z]] + df (x(W))[d*m(W)[Z]].

Since dr(W)[Z] = ZW T + WZT and d®>x(W)[Z] = 2ZZ", and with ¥ = 7(W), one
further has

A(fom)W)[Z] = A2fD)ZWT +WZ | +df(2)[222"]
=2 2ZzW T+ fE) Wz +22F(2) 2w T +WZT)
+2df(2)[22 7],

where the last inequality comes from the bilinearity of d? f(X) and the linearity of df ().
O

Now, we turn to the expression of the Hessian matrix for the function f o 7 at some
point W € M(n,m). Recall that, by definition, this is the only symmetric matrix of
size nm x nm, denoted by V2(for)(W), such that, forall Z € M(n, m), d?(for)(W)[Z] =
(vec 2) " [V2(f o m)(W)] vec Z.
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4 Bures-Wasserstein loss landscape

Corollary 4.32 With the same notations as in Proposition 4.31, the Hessian of the loss can then
be identified as

VA(fom)(W) = (W' @L,)Ky + W' @ L)V f(E)(Kn(W @1,) + W @ 1,,)

+ 2L, ® VF(2). (31

where K,, € M(n?) is such that, for all X € M(n), K, vec X T = vec X.

Proof. In order to prove the relation (4.31), we rely on the identity vec ABC = (CT ®
A) vec(B) which holds for any matrices of compatible shapes. For more details about
the matrix computations, we refer to [MN19]. Using the expression of the second-order
differential (4.30), it implies that, for (W, Z) € M(n,m)?, one has

K, vec ZW ) V2 F(2) (K, vec ZW )
vec Z) T (WT @ L)K, V2 f(2)Kn(W @ 1,) vec Z,

2FE)[ZWT] = (vec ZWT) V2£(Z) vee ZW T
= (W @I,vecZ) V2f(S)(W @1,) vec Z
= (vec Z)' (W' @ L,)V2f(2)(W @ 1,,) vec Z,
CFE)WZT] = (vec (zWT)) V2F(S)vec((ZWT))
= (
= (

where K,, € M(n?) is such that, for all X € M(n), K, vec X = vec X, and

Wz, ZWT = (vee 2)T (W T @ 1)K, V2F(Z)(W @ 1,,) vec Z
= (vecZ)' WT @ L)V2f(Z)Kn(W @ 1,,) vec Z.

Moreover,

df(D)[22T) = (VF(),2Z2T) =t Vf(2)2Z" = (vec Z) (1, @ Vf(2)) vec Z,

where we have used the identity tr ABCD = (vec DT)T(CT ® A)vec B for the last
equality. Adding the different terms according to (4.30) and factorizing, we get the
desired expression

V2(for)(W)[Z] = (W' QL,+(W ' QL,)K,) V2 f(2)(WRL,+K,(WRL,))+2(1,, oV f(X)).
O

Therefore, in order to compute V2(f o 7)(W)[Z], one only needs to know V?2f(X)
and Vf(X).
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4.6 Expression and empirical evaluation of the Hessians

4.6.2 Frobenius loss

Define
Lyp: Si(n) — R,
L — Lp(2) =52 - ZollE,

and denote Ll the Frobenius loss defined on W € M(n,m), and LY the Frobenius norm
defined on the parameters § € © (4.2).

Since L1, admits a Burer-Monteiro factorization, we only need to recall the gradient and
Hessian matrix of Ly in order to compute their counterparts on the function space.

Lemma 4.33 The first-order differential of Ly at ¥ € Sy (n) is dLy(X)[X] = (£ — X, X), and
its gradient is VLp(X) = ¥ — %.

Lemma 4.34 The second-order differential of Ly at ¥ € Si(n) in the direction X € M(n) is
LX) [X]=tr XX T,

and its Hessian matrix at ¥ is V2 Lp(3) = 1, ® I,,.
We can then give the Hessian matrix of the loss Li..

Corollary 4.35 The Hessian matrix of L at W is given by

VELE(W) = 2(WTW R, +Kn(WRWT) +1, ® (- zo))

Proof. This is a direct consequence of the previous lemma and Corollary 4.32. O

4.6.3 Bures-Wasserstein loss

We provide here the first- and second-order differential properties of the Bures-
Wasserstein loss. We give our notation for the differential that will be relevant for this
chapter and the next one.

Notation (Differential). We denote the differential of f at X in the direction H
by df(X)[H]. Sometimes, with Y = f(X), the shorthand notation dY is preferred,
and it is assumed that the direction H is a small perturbation dX around X. For instance,
if Y = f(X) = XX, thendY = dXX" + XdX' is one way to write df(X)[H] =
HX" +XH'.
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4 Bures-Wasserstein loss landscape

Lemma 4.36 (Differential of L). Let ¥ € S, (n). The first-order differential of L (4.11a) at
Y in the direction X € Sy (n) is

—-1/2
dL(D)[X] = tr <X —ny? {2(1)/222(1)/2] / Z‘3/2X>_

Proof. We will use the fact that, for A € S;+(n), dtr(AY2) = 1tr(A~1/2dA). By the
differential calculus rules, for ¥ € S; 4 (n),
dL(%) = dtr(S + 5y — 2(5y255%)1?)
= trd¥ — 2trd[(S¢/22xl/%)1/?)
= tr(dZ — (S 25sy/?) 2 A(s 2 enl?))
= tr(ds — B/ A2 Punl/?) 12l ay),

Corollary 4.37 (Gradient of L). Let ¥ € Sy (n). The gradient of L (4.11a) at X is
~1/2
VL(E) = I, - 52 sl el el

We now turn to the expression of the Hessian matrix for the Bures-Wasserstein loss.
Recall that
VL € Si(n), L.(%)=B(Z,,%)?

is the T-regularized Bures-Wasserstein loss.

Again given € ©, we only need to derive the expressions of V2L, (3) with ¥ = 7o u(6)
in order to obtain V2LY ().

The second-order derivative of L on S, 4 (n) is given next.

Lemma 4.38 (Second-order differential of L, [KSS21, Lemma A.6]). Let ¥ € S;4(n).
3.

Given that ¥ > 0, the loss L given by (4.11a) is twice continuously differentiable at

LetTQTT = 2(1]/222(1)/2 be a spectral decomposition ofEé/QEEé/Q, with @ = Diag (q1,...,qn)-

For Y € Syi(n), define A(Y) € S(n) to be the matrix with elements A(Y),; =
(V@ + \/qj)_l(FTZéﬂYZé/QF)ij. Let G be the linear operator defined as

G: Siq(n) — S(n)

432
Y — G(Y) =3/ TQV2A(Y)Q V2T T, (4.32)

Then, the second-order differential of L is given by

V(X,Y) €S, (n)? dL(D)[X,Y] = (X,G(Y)).
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4.6 Expression and empirical evaluation of the Hessians

Proof. For completeness, we provide a proof of the statement (slightly) different from the
one by [KSS21]. The first-order differential for the loss L evaluated on the matrix £ > 0
is given by Lemma 4.36: for X € S| ((n),

—1/2
dL(E)[X] = tr(X — SY2(2t2nl2) osli2y)

—-1/2
= (L, - 5 (555”5 x).

Let GL(n) = {A € M(n) | det A # 0}, and let f: GL(n) > F + F~!; then f is differen-
tiable with differential df (F)[X] = —F !X F~! [MN19, Theorem 8.3]. Let g: S, (n) >
A — A2 be the matrix square root. The function g is differentiable on S, ; (n), and its
differential can be computed as follows [KSS21, Lemma A.1].

Let A € S, (n), and let TQT'" be its spectral decomposition, with @ = Diag(qi, . . ., qn)-

For X € S§(n), define §(X) € M(n) to be the matrix with elements §(X),; :=

(V@ + \/q*j)f1 (I'T XT');;. Then, the differential of g at A in the direction X is dg(A)[X] =
['6(X)T'T. Further, the chain rule on the differentials gives

d(fog)(A)[X] = df(g(A))[dg(A)[X]] = A2 dg(A)[X]A™/? = —A~PT(X)rT A1/,
and, with A = 2(1)/222(1)/2,

A’L(Z)[X,Y] = d(Z — dL(Z)[X))]Y]

— d(tr(X — (o2 esyh T s X))

= (2 2aEy sy sl x)

_ 7tr(zcl)/2(7A—1/2F5(d(2(1)/222(1)/2)[Y])FTA—I/Q)E%]DX)
= (8 TQ 1 25(5y Y 5y )Q AT Ty 7 )
with
G(Y) = 2/’ TQ 12 A(Y)Q VT Ty

and

A(Y),.

2 1/2 _ 1/2 2
i =05y sy?), = (Vai + @) TSy Py sy ),

Given the definition of the operator G in (4.32), and A in (4.38), we first need to express
the Hadamard product of two matrices (A4, B) € M(n)?, denoted by A ® B, as a linear
operation. This is done in the next lemma.
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4 Bures-Wasserstein loss landscape

Lemma 4.39 (Hadamard product as matrix multiplications). For any (A, M) € M(n)?

with (u1 -+ uy) Diag(oy,...,00)(v1 -+ vn)T a SVD of A, and, for k € [n], letting
Ey, = Diag(ug) and Fy, = Diag(vy), one has

AOM = Zokuk®vk @MZZUkEkMFk.
keln] keln]

Then, the Hessian of the loss L can be computed as follows.

Proposition 4.40 Let 1 Diag(qi, - . ., g,)IL" be a spectral decomposition of E(l)/ 222(1)/ % and
. T _

let (ul un) Dlag(ol,...,an)(ul un) = ((\/q7+ V@) 1>(i,j)€[n]2 =: Pbea

spectral decomposition of the (symmetric) matrix P. Furthermore, for k € [n], let E}, = Diag(uy)

and let By, = Eé/ Qv 2EkHTZ}(l)/ = BJl. The Hessian matrix for the Bures-Wasserstein

loss Lat¥ € Sy (n)is

n
V’L(S) =) owBj ® By
k=1

Proof. This follows from the expression of the second-order differential given in Lem-
mas 4.38 and 4.39. O

Remark 4.41. Lemmas 4.36 and 4.38 are stated on S, 4 (n). In the general setting, when ¥ €
S+ (n), the parametrization ¢, (4.12) for 7 € (0, c0) ensures that ¥, = ¢, (X) = ¥ + 71,
belongs to S 4 (n). The results of Lemmas 4.36 and 4.38 can therefore be stated with >,
in place of ¥; or equivalently, for the regularized loss L, (4.13a) on S, (n).

The loss Li admits the parametrization Ll = L, o7, its Hessian matrix can therefore be
computed using Corollary 4.32 and Lemma 4.38. The Hessian matrix of the loss LY =
L1 o u can then be computed using Corollary 4.43 located in Section 4.6.5.

4.6.4 Condition number of the Hessian

We evaluate the Hessian for both losses in the setting n = m = d = 20, and N = 3. We
evaluate the Hessians of LY and L¥ (on the parameter space) according to the discussion
in Sections 4.6.2 and 4.6.3, together with Corollary 4.43.

Let H € S(n) be any symmetric matrix. We define the condition number for H as

[Almax (H) .
w(H) = { D) 1 i) 20 (433)
o0 else.
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4.6 Expression and empirical evaluation of the Hessians

where |A|fmaxmin} (H) are the extremal eigenvalues of H in absolute value. Note
that k(H) € [1, 00].

The condition number x(H) characterizes the condition of the matrix H: the closer it
is to 1, the closer are the eigenvalues of H to another, and the better H is conditioned.
In our case, H will be a Hessian matrix at a given point § € ©. The better H (¢) will be
conditioned, the better gradient-descent algorithms will perform at 6.

The most relevant points to inspect the Hessian are the saddle points of the loss. The
condition of the Hessian at these points dictates how quickly the iterations of gradient-
descent algorithm will escape them, given that there exists an eigen-direction with
negative eigenvalue.

The saddle points for the optimization have a closed-form. Specifically, on the function
space, they are given by the spectral decomposition of the target: if $p = QAQ" and the
eigenvalues are in decreasing order, then for i € [n],

Wi = Qg A2 Vil (4.34a)

[n—i] ¥ [n—i]

iS the Critical pOlnt Of LF Of il’ldex 7:, al’ld
0,7 [n—i]\{X[n—q] Tin—i [n—i] .

is a critical point of L! of index i according to Theorem 4.9. The corresponding points in
the covariance spaces are simply the images through = of Wz and W/'...

There are infinitely many points in the parameter spaces corresponding to each of the
saddle points in the function (or covariance) space, but only one that satisfies the bal-
ancedness property. This is the one we select.

In Figure 4.1 are reported, for 7 € {0.1,0.001}, the different spectral quantities quanti-
ties Amax, Amin, and x (4.33) at the five first local minimizers of the losses with decreasing
rank (starting with the full-rank one) — i.e. for i € [5]. The distribution is computed
with seven different random targets 3.

In Figures 4.1a and 4.1b are shown the extremal eigenvalues of the Hessians. There is
an order of magnitude difference between the two losses for their maximal eigenvalues
which seems independent of 7, whereas the minimal eigenvalues for the Hessians of LY
become smaller as 7 is decreased. In the case where 7 = 0.001, we also observe that the
saddle point with larger index i have smaller eigenvalues.

In Figure 4.1c, the condition number « is reported for the different losses at the different
saddle points. In all cases, we note that the Hessians of the Bures-Wasserstein loss enjoy
a condition number that is smaller by an order of magnitude or more. This hints at the
fact that the use of the Bures-Wasserstein loss could lead to a better training dynamic.

A more systematic evaluation could be beneficial to conclude on the advantages of one
or the other loss. We leave it to future work.
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Figure 4.1: Spectral quantities for the Hessian matrices V2L (blue) and V2L (orange)
at five different critical points, with 7 = 0.1 (top) and 7 = 0.001 (bottom).
The abscissa i refers to the index of the critical point W (7} (4.34). The
boxplot representation is computed with seven different targets 3.

4.6.5 General results for linear networks

This section deals with general properties of linear networks and their second-order
differential in parameter space. We provide results that hold for any twice-differentiable
loss £! on M(n,m) and its parametrization £ = £! o ;i on ©, where 1 is given by (4.3).
These results have a long history in the linear neural networks literature [ BH89; Kaw16;
ACH18; ACG+19; CLC22; BRT+21]. By convention, the product of matrices W, :=
W Wq_1---W,is equal to Iy, when g < p.

In the case of a twice-differentiable loss £! and the parametrization £V = £! o y, one
can express the second-order differential as follows.

Lemma 4.42 (Second-order differential). Let 7 7 ©2 be two parameters, such that U=
(Uy,...,UN) and 7 = (Vi,...,Vn). The second-order differential of the loss LN = L' o
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4.6 Expression and empirical evaluation of the Hessians

atV_[}:(Wl,...,WN)G@is

N
LN T, V] =SS UL Wy VT WYL W) (Wimg)T)

30> vee(U) (Wit ® (W) '] V2L W) - (W) T @ W] ) vee(V;),

(4.35)
where (A, B) = tr AB" for two matrices of compatible sizes, A ® B is the Kronecker prod-
uct between A and B, and VLY (W) € M(nm,nm) is the matrix such that, Y(U,V) €
(M(n,m))?, A2LY (W)U, V] = vec(U) V2LY W) vee(V).

Proof. The second-order differential for the parametrization x is, for two parame-
ters (ﬁ, ?) €O x0,

2u(W) [T, V] = AW = dp(W)[U)[V] = {dp(W + V) [T - dpu(W ﬁ}\hn

(Wy + V) Uy - (Wy + W) ZWN }

lin

L
M= =l

1

N
Z U - Wy.
j#i

s
I

|
i Mz

Here, f (ﬁ, 7) |in refers to the linear part of f with respect to each U; and V.
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4 Bures-Wasserstein loss landscape

Now, from the chain rule for second-order differentials (4.28),

2N WU, V)
— (L' o p) ([T, V]
- d2£1<w>[du(%[ﬁ],du(%[ﬁ} +act(w)| d2u(W) [T, V)]

N N
:ZZdQ['l(W)[WN'”Ui”'Wl, Wy - Vi Wi

i=1 j=1
N
—I—ZZdﬁl(W)[WN~-V]~'~Ui-~-W1]
i=1 j#i
N N
=3 vec(Wy Ui+ Wy) VLY W) vee(Wiy -+ V- - W7)
i=1 j=1

N
+ZZ<V£1(W),WN“'Vj"'Uz""Wl)

i=1 j#i
N N
=33 veeU)T((Wo11) @ W) ) V2L W) (Wy10)T @ (W) ) vee(V5)
=1 j=1
N
+ Y Wy Vi WLt W WL Uy,
i=1 j#i
which concludes the proof. O

Corollary 4.43 (Hess1an of the Loss). The Hessian of LV at Weo= Xiev M{di, di-1),

denoted by VLN (W) can be represented as a dg x dg matrix, where dg = ;1) didi-1.

It is a block matrix wit>h blocks corresponding to different layers. For (i,j) € [N]?,
each block V Wi, LN (W (W) has dimension d;d;—1 x djdj_1, and corresponds to the differen-

tial A2LN (W ﬁl, ﬁ where ﬁ .,0,U;,0,...,0) € © for some U; € M(d;,d;—1).
The diagonal block elements are

Vi LY (W) = Wiirn © Wyign) '] V2L V) [(Wiina) " © Wivia], (436)

88
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and the off-diagonal blocks are

%
Vi, LY W) = W11 @ (Waign) - V2LY W) - [(Wio1a) T @ W]

o . (4.37)
+ | (Wie1aVL (W) W) @ (Wi-1ii41) }dedj,l,

where K, is the pg-commutation matrix (for X € M(p, q), Kpqvec X = vec X ).

Proof. The evaluation of the second-order differential d2L" (I/T}) [ﬁ, 7] given in (4.35)

at [ﬁz, Uzl] readily provides the diagonal blocks of the Hessian. For the off-diagonal
blocks, the expression

U Wiy U - WL W)W W)
can be transformed into

vee (Uy) " vee (WiLy--- U - Wy VL (W) (Wimia) ')

)

= vec (Ul)T |:(Wi71;1V£l(W)WN;J’+1) ® (ij]_;iJr]_)T] VGC(U]T)
= vec (Uz)—r [(Wi_1;1VE1(W)WN;j+1) ® (Wj—lzi—i-l)T] dedj,l VeC(Uj)v

proving (4.37). O

4.7 Conclusion

In this chapter, we studied the loss landscape of a deep linear network under the Bures-
Wasserstein loss. We characterized the critical points and minimizers of this loss in
function space, over the set of matrices of fixed rank %, for both the original and pertur-
bative losses. The Hessian of the loss at the critical points is empirically investigated,
with a derivation to compute it in closed-form. Even though the expression of the critical
points are similar between the Frobenius and the Bures-Wasserstein losses, the Hessian
spectral properties at these points for the two losses are experimentally different.

From the experiments, the Bures-Wasserstein loss appears to enjoy better conditioned
Hessian matrices at the saddle points of the optimization.

Our results contribute to the ongoing efforts to better characterize the optimization
problems and understanding the loss landscape that arise in learning with deep neural
networks beyond the commonly considered discriminative settings with the square
loss.

In future work, it would be interesting to refine our characterization of critical points
of the Bures-Wasserstein loss in the parameter space. In addition, a more elaborate
comparison between the Frobenius and Bures-Wasserstein loss would enlighten their
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4 Bures-Wasserstein loss landscape

respective benefits or pitfalls. Moreover, we have limited the study to the discrete case,
with finite-dimensional covariance matrices. This analysis could be enriched by studying
Gaussian processes instead, and investigating if and how corresponding learning systems
benefit from a Bures-Wasserstein-type loss.
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5 CONVERGENCE OF A LINEAR BURES-WASSERSTEIN GAN

This chapter is based on work published as [ BPA+23]. PB’s main contributions are the derivations
for the bounds of the second-order derivative of the loss, the derivation of convergence results for
the gradient flow scheme and gradient descent schemes, as well as the design and implementation
of the empirical experiments.

In this chapter, we derive convergence guarantees of the optimization procedure defined for
the learning problem introduced in Chapter 4, for both the gradient flow and gradient
descent schemes. Two simplifying assumptions make the analysis amenable: i) the
discriminator will be assumed to be perfect at all times, and ii) the generator will have
a bias-free deep linear architecture, i.e. a neural network with identity function as
activation. Together, these assumptions will lead to study the minimization problem of
the Bures-Wasserstein distance between two centered Gaussian distributions, as introduced
in Section 4.2. Moreover, a set of additional hypothesis will be assumed on the weights
initialization, depending on the analyzed learning algorithm. Strong assumptions will
allow the quantitative analysis of the convergence under gradient flow, and a milder
ones will give rise to a qualitative convergence result in the case of gradient descent.

The chapter is organised as follows. We provide first in Section 4.1 a literature review
and a thorough motivation of the problem at hand. Then, in Section 5.2, we recall
different properties and usual assumptions on linear neural networks, and present the
two learning algorithms that will be analyzed, as well as their corresponding weights
hypothesis. In Section 5.4, the dynamical analysis is performed for both the gradient flow
and gradient descent algorithms. Finally, empirical illustration of the model is offered in
Section 5.6, which corroborate the theoretical findings. Proofs and further developments
are gathered in Sections 5.3 and 5.5.

5.1 Previous work

Most of the previous work on the convergence study of overparametrized network
considers either the squared Frobenius loss or a differentiable convex loss on the function
(matrix) space.
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5 Convergence of a linear Bures-Wasserstein GAN

Optimization dynamics of deep linear networks [SMG14] studied the learning
dynamics of deep linear networks under different types of initial conditions. [ACH+19]
obtained a closed-form expression for the parametrization along time in a deep linear
network for the squared error loss. Notably, the authors found that solutions with a
lower rank are preferred as the depth of the network increases. [ ACH18] derived several
invariances of the flow and compared the dynamics in parameter and function spaces.
For the squared error loss, [ACG+19] proved linear convergence of gradient descent for
linear networks without bottlenecks, with weights initialized to fulfill two assumptions
— approximate balancedness and so that the end-to-end matrix is close in some sense to
the solution. We frame our discussion by similar assumptions. Under the balancedness
assumption for the initial weights, [BRT+21] showed that for deep linear neural networks,
the gradient flow of the squared error loss can be cast as a Riemannian gradient flow in
the function space, and as such converges to a critical point which is a global minimizer
on the manifold of fixed rank matrices of a given rank. More recently, [NRT21] extended
this convergence analysis to the (full-batch) gradient descent algorithm.

As a last note, a detailed analysis of the dynamics in the case of shallow linear networks
with the squared error loss was conducted by [TFH+21; MTV+21]. The authors use
symmetric and asymmetric factorization of a shallow linear network to study its conver-
gence dynamics. The role of the “imbalancedness” of the weights was also remarked in
those works.

Bures-Wasserstein distance The Bures-Wasserstein distance has been of particular
interest due to its geometrical properties when dealing with positive (semi-)definite
matrices. [CMR+20] studied the convergence of gradient descent algorithms for the
Bures-Wasserstein barycenter, proving linear rates of convergence. In contrast to our work,
they considered a Polyak-t.ojasiewicz inequality derived from optimal transport theory
to circumvent the non-geodesic convexity of the barycenter. In the same vein, [MC18]
exploited optimal transport theory to optimize the distance between two elliptical distri-
butions. To avoid rank deficiency, they perturbed the diagonal elements of the covariance
matrix by a small parameter. We will follow the same approach in order to make the
loss everywhere differentiable, although in some cases, the assumptions on the network
parameters force the generated covariance matrix to be full-rank.

Overall, previous works have mostly focused on the use of the (squared) Frobenius
norm, which enjoys specific geometrical properties that are not shared with many other
losses. For matrix approximation, a more general category of loss is the unitary invariant
norms, which are invariant under unitary transformations of the matrix. For instance,
the shape of the minimizers of a unitary invariant distance to a target can be expressed
with the Singular Value Decomposition (SVD) of the target [Mir60].

This chapter will tackle the issues of deriving convergence guarantees of a learning
system in the case a Bures-Wasserstein loss is considered.
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5.2 Gradient learning in deep linear networks

Recall the framework presented in Section 4.2. We detail next the different learning
algorithm that will be analysed in this chapter.

5.2 Gradient learning in deep linear networks

Let N € N, and let (dy, ...,dy) € NV*l be N + 1 dimensions. The parameter space of
a linear network of depth N is given by © = X;.Vzl M(d;, dj—1). Recall the deep linear
network parametrization p (4.3):

e © — M(dn,dp), (5.1)
9=(W1,...,WN) — WN:1:WN-~-W1. ’
We recall a few results on the gradient dynamics of linear networks for general differen-

tiable losses, which have been established in previous works with focus on the squared
error loss [Kaw16; BRT+21; CLC22; ACH18].

For the remainder of this section, let £!: M(n, m) — R be any differentiable loss function,
and let
LN © — R,
0 — Llou(®),

be defined through the parametrization  (5.1). Notice that £V thus defined is differen-
tiable.

(5.2)

The gradient of £V depends on the gradient of £! as

Vi, £5(0) = Wiy - WYL @)Wy - Wi (53)

5.2.1 Descent trajectories
Gradient flow

Let (9 € © be an initial datum. The gradient flow of #: [0, 00) — © under aloss LV (5.2)

is defined by
6(0) = 0(©),
{ P~ —weN o). o
<
vj e [N, { = (5.4b)
djt = —Vw, LY (Wi (t),..., Wn(D)).

This governs the evolution of the parameters in the continuous time setting.
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5 Convergence of a linear Bures-Wasserstein GAN

Gradient descent

In the discrete-time setting, with a small abuse of notation, we consider the discrete
path 6: Ny — ©. Given a stepsize 7 € (0, c0) and the initial datum 6(°) € ©, the gradient
descent iterations are defined as

6(0) = ),

{ Vk € Ny, 9(]{: + 1) = Q(k) _ UVEN(Q(k)) (55)

We conclude this section by recalling one important property of the gradient flow for
deep linear networks that we will leverage in our analysis.

Lemma 5.1 (Gradient flow, [BRT+21, Lemma 2.1]). For any differentiable loss £ and
its parametrization LN (5.2), if [0,00) D t = 0(t) = (Wi(t),...,Wn(t)) € O follows the
flow (5.4), then the product Wy (t) = p(0(t)) satisfies, for all t € [0, c0),

AWy ()
dt

N
== W1 (W (VL (Wo(£) WL 11 ()W 1 (8) (5.6)
j=1

The conservation quantity described in Lemma 5.1 for the gradient flow (5.4) is key in
numerous analyses.

5.2.2 Balancedness assumptions
Gradient flow

As it turns out, the gradient flow dynamics (5.4) preserves the difference of the Gramians
of subsequent layer weight matrices, which are thus invariants of the gradient flow; i.e.

d
= a(
The notion of balancedness for the weights of linear networks was first introduced
by [Fuk98] in the shallow case and generalized to the deep case by [DHL18]. This

is useful as it removes the redundancy of the parametrization when investigating the
dynamics in function space and has been considered in numerous works.

Ve 0.00), W) W) = SV OW;0)T). (57)

Definition 5.2 (Balanced weights). The weights (Wy,...,Wy) € © are said to be balanced
if, for allj S [N — 1], WjoT = W111Wj+1.

Assuming balanced initial weights, if the flow of each W; is defined and bounded,
then the rank of the end-to-end matrix W remains constant during a finite-time train-
ing [BRT+21, Proposition 4.4]. Moreover, the products I/Vl\r;ﬂ/m:1 and W]—l\;ﬂWN;l can be
written in a concise manner; namely, Wy 1 Wy, = Wy --- WiW," - Wy, = (WxWy, )N

and WJ$:1WN:1 = (WlT Wl)N, which simplifies computations.
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5.2 Gradient learning in deep linear networks

Gradient descent

Under gradient descent (5.5), the invariant (5.7) does not hold exactly. A slightly relaxed
notion has emerged in the literature to accommodate the deviation from the infinitely
small step size of the gradient flow; namely, the approximate balancedness, or 6-balancedness.
It exists under different formulations, mostly depending on the type of norm used to
define it. We follow the presentation of [NRT21] for the gradient descent analysis, and
therefore borrow their definition based on the spectral norm of the weights.

Under a gradient update (5.5) of the weights, the balancedness property is not conserved
during training. A relaxation of the property, named d-balancedness, is required in order
to carry out the convergence analysis. Following [NRT21], we state the -balancedness
property in terms of the spectral norm of the weight matrices (in contrast with [ACG+19]
where the property is defined in terms of the Frobenius norm). Recall that, for A €
M(n, m), we denote || A|| the spectral norm of A4;i.e., ||A|| = omax(A).

Definition 5.3 (Approximate balancedness, [NRT21, Definition 2.3]). The tuple W =
(W1,...,Wn) € O is said to have balancedness constant § € [0, c0), or to be d-balanced, if

Vi€ [N =1, (W Wi —WW | <. (5.8)

Remark 5.4. Sometimes, the approximate balancedness property is stated with the Frobe-
nius norm in (5.8). As, for any matrix A, ||A|| < [|A|r, the notion of approximate
balancedness given by Definition 5.3 is more permissive than when considering the
Frobenius norm.

This general framework for deep linear network is relevant for any differentiable loss £!
and its parametrization £V . We will specialize the results in the case we pick a particular
loss, namely, the (regularized) Bures-Wasserstein loss introduced in Section 4.2.5. This
loss will have the particularity of not being convex on M(n, m), in contrast with the usual
Frobenius loss. We recall lastly the different losses, introduced in Section 4.2.5, that we
consider.

5.2.3 Bures-Wasserstein losses

The covariance (or Burer-Monteiro) parametrization 7 (4.4) is given by

W — a(W)=Ww'. (5.9)

Under 7 (5.9) and  (5.1), recall the different parametrizations of the Bures-Wasserstein
loss:
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5 Convergence of a linear Bures-Wasserstein GAN

L Si(n) — R (5.10a)
1/2
Y o LX) =tr (E + %o - 2|5 " w5y / > ,
L': M(n,m) — R (5.10b)
W +— LYW)=Lox(W),
N — R (5.10c)
0 +— LN(G) = Lomou(h).

As done in Section 4.2.5, recall the regularized (or perturbative) losses:

L.: Sin) — R (5.11a)

1/2
o LT(E):tr<E+Tln+20—2[2(1)/2(2+71n)2(1]/2:| )

L. M(n,m) — R (5.11b)
W +— LYW)=L;orn(W),
LN © — R (5.11c¢)
0 — LYNO)=L,omopu).

Remark 5.5. The perturbative loss (5.11b), as well as the original loss on fixed-rank
matrices, are differentiable. Many results of [BRT+21] can be carried over for these
differentiable Bures-Wasserstein losses. For example, the uniform boundedness at any
time ¢ € [0, 0) of the end-to-end matrix holds, as |W (t)|| < v/2LY(W(0)) + tr 5 (see
Corollary 5.11). Similar observations may apply for L' if the matrix WW T remains
positive definite throughout training, in which case the gradient flow remains well-
defined and the loss is monotonically decreasing. We expand on this in Section 5.5.4.

We first provide useful bounds on the Bures-Wasserstein loss.

5.3 Boundedness of the Bures-Wasserstein loss

In this section, we will derive the results about the (smooth) Bures-Wasserstein loss
required for the convergence analysis. The main result of the section is Proposition 5.12,
stating the convergence of the gradient flow on the parameter space on the perturbative
loss to a critical point of the loss.

Our goal is to show convergence to a critical point of LY = L, o 7 o y1 (5.10c) under the
gradient flow update of the parameters (Equation (5.4)). We first show that the BW
loss L! restricted to the matrices W of full row-rank M., satisfies the so-called Lojasiewicz
inequality (meaning there exist constants (p, q) € (0, 00)? such that, for all W € M, ina
neighbourhood of a critical point W* € M., |[VLY(W)|| > p||LY(W) — LY(W*)||%).
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5.3 Boundedness of the Bures-Wasserstein loss

Lemma 5.6 For any W € M, (such that WWT € S, (n)), and for the loss L' defined
in (5.10b), we have
IVw L (W)|[f = 4L'(W). (5.12)

Proof. This equality can be obtained by direct computation. Since
VI W) = 2w — 25 (2 Pww Ty ?) sl P,
we have
IVw LA W) = 4t (W = 325 ww T %) 7 25y 2w
(WT B WTE(l)/2(2(1)/2WWTZ(1)/2)—1/22(1)/2))
= 2u(WWT) - atr (WW s 2 (g Pww Teg/?) 7 2)
—dtr (52w TS TSP ) + 4 (S).
Note that the two middle terms above are the same, and they can be simplified as
o (Ww g2 (2 Pww T g% 72y ) = b (0 (g Pww Ty T sy Pww )
= tr (52w w Ty %)2).

Combining all the terms together, we get the equality (5.12). O

A key property for deep-linear-neural networks is the following, which ensures that the
gradient flow (5.4) converges to a critical point of £. Namely, if the trajectory ¢ — 6(t)
remains bounded for all ¢ € [0, 00), and if £! is an analytic function (i.e. locally given
by a power series), then (5.4) converges to a critical point of LV, i.e. a point §* € © so
that VLY (6*) = 0. This is stated in the next theorem.

Theorem 5.7 (Gradient flow converges to a critical point of £V). Let £! be analytic and
suppose the trajectory [0,00) > t — p(0(t)) remains bounded under the gradient flow evolu-
tion @ = —V[L" o u](6). Then, the flows of W;(t) and W (t) given by (5.4) and (5.6) are defined
and bounded for all t € [0,00), and 0(t) = (Wi(t),...,Wn(t)) converges to a critical point
of LN = Llopast — oo

Proof. This result is proven by [BRT+21, Theorem 3.2] for the squared error loss, but
it can be stated for an arbitrary analytic loss. It relies on the Lojasiewicz argument for
the convergence of gradient flows [AMAO5, Theorem 2.2], and the fact that each of the
weights W; is bounded in norm as long as the end-to-end product ;(6) = W is. This
last claim is proven by [BRT+21, Theorem 3.2] and does not depend on the particular
loss, as long as it is differentiable (so that the gradient flow is well defined). O
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5 Convergence of a linear Bures-Wasserstein GAN

The boundedness of ||W||r can be shown depending on the loss that is considered.
For example, it holds for the regularized loss Ll as we discuss next. For the loss Ll
introduced in (5.11b), one can indeed bound the norm of W throughout training as stated
in Lemma 5.10 below. Since the loss L} is analytic, one immediately gets the following
result. We give a simple test to show the boundedness of a trajectory under (5.4), using
the decrease of the loss along training.

Lemma 5.8 Let £': M(n,m) — R be a given loss differentiable loss and let u: © —
M(n,m) (5.1) be the linear network parametrization. Let 0: [0, 00) — © be a path on the param-
eter space under gradient flow (5.4) of LV = L1 o . Denote W = 110 0: [0, 00) — M(n,m)
the corresponding trajectory in the function space. Assume that there exists an increasing func-
tion f: R — R such that, for any t € [0,00), one has |W (t)||lp < f(LY W (t))). Then, the
trajectory W : [0, 00) is bounded; i.e., Vt € [0, 00), [|[W(¢)|r < oc.

Proof. Under gradient flow, for any ¢ € [0,00), LY (W (t)) < LYW (0)). Indeed, writing
the chain rule and the gradient flow (5.4b),

d

a,/gl(W( ) = %:<VWJ.L’N(W1U)7 s W (1),

T

==Y IVw, LYW, W) < 0. (5.13)
J

Therefore, for any ¢ € [0,00), LW (t))
ing function, so that f(L'(W(t))) < f
FLHW (1)), then [[W (1) ||l < f(LH(W(

< LY(W(0)). Now, let f: R — R be an increas-
(LY(W(0))). If, for any t € [0,00), |[W(t)|lr <
1)) < f(LY(W(0))) is bounded. O

The assumption in Lemma 5.8 is satisfied for a couple of losses, including the squared
error loss [BRT+21] and the L! loss, as shown in Lemma 5.10 below. This allows us to
consider losses that “grow with the weights”, so that the end-to-end matrix is bounded
when the loss converges to zero. We now show the boundedness of the weights when
considering the Bures-Wasserstein loss (5.10b).

Lemma 5.9 (Boundedness for the BW loss L). Gwen a target o € Sy (n), and forany ¥ €
St (n), the loss L (4.11a) at ¥ is lower-bounded by § tr £ — tr X.

Proof. Forany v € .#(X), recall that L! () denotes the set of v-integrable functions on X
(Definition 2.18).

By the dual expression of the 2-Wasserstein distance using the 2-transform mechanics
presented in Equation (2.32), we have

L(X) = W2(1p,v9) = sup {/udug + /u(Q) dvg | u € Ll(yg)},
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5.3 Boundedness of the Bures-Wasserstein loss

where u(?) is the 2-transform of u defined, for any u € L' (), as

u?: R — R,
/

o' — inf {||z —2/|]> — u(z) | 2 € RY}.

Choosing v: z + 3||z||?, we have v € L!(1p) and its 2-transform is v(?): 2/ — —||2/||%.

Therefore, we get

L(Z) = Wi(vg,vg) > / —||z||* dvg (z /||a; 12 dg ( - trZ —trXg (5.14)
as claimed. 0
Lemma 5.9 will next be used in order to bound the norm of the end-to-end matrix.

Lemma 5.10 (Boundedness for the loss LL). The norm of the end-to-end matrix W is upper-
bounded when using the loss L (5.11b).

Proof. With ¢, (%) = ¥ + 71, and 7(W) = WW T, the loss L} satisfies

1 1
LEW) = Ligpr(w(W))) > 5 tr (x(W) + 71) = trSo = S tr WIW T —tr 5o + gf

—  V2LI(W) +2tr %9 — n1 > [|[W ]|

Therefore, there exists an increasing function f such that |[W||r < f(LL(W)). Since the
loss decreases under gradient flow, one has

W (@) ||lr < V/2LE(W(0)) 4 2tr Xg — nr, (5.15)

and the boundedness of ¢ — W (t) is shown. O
Taking 7 = 0 in Lemma 5.10 gives the next corollary.

Corollary 5.11 For the Bures-Wasserstein loss L, if WW T is positive definite, so that the loss
is differentiable, then, the norm of the end-to-end matrix W (t) = p(6(t)) is uniformly bounded
throughout the flow:

vt € [0,00), [[W(t)|r < V2LEW(0)) + 2 tr Xy, (5.16)

Proposition 5.12 The gradient flow (5.4) on the perturbative loss (5.11c) converges to a critical
point 0% of LY.

Proof. This is a direct consequence of Theorem 5.7 and Lemma 5.10. O
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5 Convergence of a linear Bures-Wasserstein GAN

This property of the gradient flow is necessary in order to prove the convergence of the
training to a minimizer of Ll. At first glance, there is no immediate reason to expect
that the critical points of LY = L! o y correspond to critical points of L., since the
parametrization p could introduce superfluous critical points for LY. This last aspect
led [TKB20] to distinguish between the pure and spurious critical points of a linear
network; i.e. points that are critical for both LN and £', and those that are critical only
for £V, and study conditions under which spurious local minima can be excluded.

We turn now to the convergence analysis under gradient flow and gradient descent of
the (regularized) Bures-Wasserstein loss.

5.4 Convergence analysis

Equipped with the bounds derived in the previous section, we are able to analyze
the convergence properties of the training algorithms presented in Section 5.2 for the
Bures-Wasserstein loss (5.10c). The gradient flow convergence will require a full-rank
assumption on the covariance matrix.

5.4.1 Gradient flow convergence

The Bures-Wasserstein distance can be viewed through the lens of the Procrustes met-
ric [DKZ09; MPZ19]. In fact, it can be obtained by the following minimization problem.

Lemma 5.13 ([BJL19, Theorem 1]). For (2, ) € Sy (n)?,
BY(%, %) = mm{uzl/? —siPuz|ve @(n)}, (5.17)

where O(n) denotes the set of n x n orthogonal matrices. Moreover, any minimizer U is the

orthogonal element of a polar decomposition of S1/25/: there exists WSV T a SVD of £1/25/*
sothatU =WV,

We emphasize that in the above description of the Bures-Wasserstein distance, a min-
imizer U (is not unique and) depends on ¥, so that 3? fundamentally differs from a
squared Frobenius norm. Moreover, the square root on X can lead to singularities when
differentiating the loss. Nonetheless, based on (5.17), we can formulate the following
deficiency margin concept to avoid such singularities.

Definition 5.14 (Modified deficiency margin (MDM)). Given a target matrix X9 € S, (n)
and a positive constant ¢ € (0, 00), we say that ¥ € S (n) has a c-modified-deficiency
margin (c-MDM) with respect to X if

min {Hzl/? i PU|p | U € @(n)} < omin(S%) — c. (5.18)
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Recall the parametrizations p (5.1) and 7 (5.9) . With a slight abuse of terminology, we
will say that W € M(n, m) (resp. § € ©) has a modified-deficiency margin if 7(W) (resp.
m(u(f))) does. The deficiency margin idea can be traced back to [ACG+19].

If we initialize the parameters so that ¥ is close to the target 3o, then (5.18) holds trivially.
In fact, if the initial value W (0) satisfies the modified-deficiency margin condition, then
the least singular value of W (¢) remains bounded below by c for all £ € [0, o), along a
gradient flow trajectory with decreasing L” . This is stated by the next lemma.

Lemma 5.15 Let LY : © — R be the BW loss (5.10c). Let 6: [0,00) — © be the path in
parameter space under gradient flow (5.4) of LY, and denote ¥ = 7o po : [0,00) — Si(n)
the corresponding covariance trajectory. Suppose (0) has a modified deficiency margin c with
respect to Xo. Then,

Vt€[0,00),  Amin (z”%)) > e (5.19)

The proof of this and all results in this section are provided in Section 5.5. We note
that, while the modified deficiency margin assumption is sufficient for Lemma 5.15 to
hold, it is by no means necessary. We will assume that the modified deficiency margin
assumption holds for simplicity of exposition, but the gradient flow analysis in the next
paragraph only requires the less restrictive Lemma 5.15 to hold.

By Lemma 5.15, if initialized with a modified deficiency margin ¢ € (0, o), the path in
the covariance space ¥ = mo o 6: [0,00) = S, (n), corresponding to a given parameter
path 0: [0,00) — © under the gradient flow of LY, will stay inside

Si(nic?) = {A €541 (n) | A = L}

This in turn makes L strongly-convex along the trajectory ¥, as stated next.

Lemma5.16 Let6: [0,00) — O bea parameter trajectory and let ¥ = mwopof: [0,00) = S;.(n)
be the corresponding path in the covariance space. Assume that there exists € € (0, c0) such that,
forallt € [0,00), 3(t) = €I, (i.e., ¥: [0,00) = S11(n;e)). Let

A2 (S0)

K, = 523/

(5.20)

Then, for all t € [0, 00), the Hessian operator G(t) of the loss L at ¥(t), as defined by (4.32),
satisfies
)\mln(g(t)) 2 KE-

This is proven in Section 5.5.2. The spectrum of the loss” Hessian at positive matrices
is therefore lower-bounded. Together with Lemma 5.15, this has the following direct
implication.
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5 Convergence of a linear Bures-Wasserstein GAN

Corollary 5.17 Let §: [0,00) — © be a parameter path under the gradient flow (5.4) of the
loss L (5.10c), and let ¢ € (0,00). If §(0) has a c-MDM (Definition 5.14), the loss L (5.10a)
is strongly convex along the trajectory ¥ = wopo0: [0,00) — S (n; c?) with constant K > =
e

2¢3

Equipped with the strong convexity of the loss L, under the c-MDM assumption, given
by Corollary 5.17, we are ready to show that the gradient flow (5.4) of the loss L (5.10c)
has convergence rate O(e_KéaN K“t) to the global minimizer of L, where K. is the constant
from the Hessian bound given by Lemma 5.16, and K|  only depends on the modified-

margin deficiency c and the depth of the network N.

The following theorem is the main result of this part.

Theorem 5.18 (Convergence of gradient flow for the BW loss). Let : [0,00) — O be a
path in the parameter space under the gradient flow (5.4) for the loss L™ (5.10c), and let 3> =
mopof: [0,00) — Si(n) be the corresponding trajectory in the covariance space. Let ¢ € (0, 00).
Assume both balancedness (Definition 5.2) and c-modified deficiency margin (Definition 5.14)
for 6(0). Let A* := X(0) — X* be the distance from the initialization to the minimizer ¥* :=
argmin {L(X) | ¥ € S44(n)} = Xo. Then, one has the following convergence rate

1/2

N-2
L(Z(t)) — L(Z*) < e PmnFo)Ne Nt Ax (5.21)

Remark 5.19. Theorem 5.18 shows that the depth of the network can accelerate the con-

vergence of the gradient algorithms. Indeed, ¢~ ~cas N — ooin (5.21), so that

N-—2
_a\1/2 1/2
e

BN Nt =N (So)Net

dency of the rate in c and )\i{;(Eg) experimentally in Section 5.6, as well as the predicted

convergence acceleration as IV grows.

as N — oo. We test this asymptotic linear depen-

Now, as we also study the regularized BW loss, we can state the convergence theorem if
we consider the gradient flow on the regularized loss LY instead of the original one L*.
In this case, the regularized covariance matrix belongs to S 1 (n; 7), and the statement
can be adapted as required.

Corollary 5.20 (Convergence of gradient flow for the smooth loss). Let A* :=¥.(0) — X%
be the distance from the initialization to the minimizer ¥* := argmin {L,(X) | ¥ € S;4+(n)} =
Yo — 7l,. Assume both balancedness (Definition 5.2) and the modified deficiency margin
(Definition 5.14). Then, the gradient flow 0(t) = —V LY (8(t)) converges as

2(2N—1)

L(Z,(t) — L(XF) < e 8Ne NV Kripx (5.22)

T

A2 (S0)

where K, = 5372

is the strong convexity parameter from Lemma 5.16.

This concludes the continuous-time-setting analysis of the BW loss minimization.
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5.4 Convergence analysis

5.4.2 Convergence of gradient descent for the BW loss

We turn to the study of the gradient-descent (5.5) optimization for the BW loss. We
adapt the theorems of [NRT21], where the analysis is performed in the square-loss-
regression setting, to our specific loss. We show similar results in our generative setting.
In particular, we also obtain an almost sure convergence of the gradient descent iterates to
a critical point of the regularized Bures-Wasserstein loss. Furthermore, when assuming
a bounded initialization, we show that this minimizer is a global minimizer for the loss
restricted to a rank-bounded set of matrices. We do not adapt the statement in the shallow
case (which affirms that, under suitable initialization, the minimizer found by gradient
descent is a global minimizer across all possibly parametrized matrices). We leave the
exact derivation of the rate of convergence for future work. We cover the case of a general
N > 2. A more detailed analysis of the case N = 2 is also left for future work.

In order to prove convergence, we require the loss to be analytic. Due to the matrix
square root in LY (5.10c), the BW loss is not analytic everywhere. Moreover, we will not
assume that the initialization of the weights satisfy the MDM property (Definition 5.14),
in contrast to what was done in Section 5.4.1. Therefore, we will derive the convergence
results in this section on the regularized loss LY (5.11c), for some 7 € (0, 0c0). Moreover,
the perfect balancedness property is not conserved by a gradient descent update. As
discussed in Section 5.2.2, we rely in this case on the approximate balancedness (or
d-balancedness) of the weights instead, as defined by Definition 5.3.

All of the proofs of this section can be found in Section 5.5.5.

We first state the convergence of gradient descent towards a critical point of the loss.

Theorem 5.21 Let W : No — © be a path in the parameter space under the gradient descent
iterations (5.5) of LY (5.11c), with stepsize n € (0, 00). Suppose that the initialization I?/(O) of
the iterations has balancedness property constant ad for some (9, ) € (0,00) x [0,1). Assume
further that the stepsize n satisfies

2(1 —a)d

< (5.23)
ALY (W(0)) + (1 — )0 Bs
where
Soll(e K KN
Bs = eNK§V1<H oll (X . ) el (5.24a)
T
_}_4\/5 1+ \ T)\min<EO)Amax(EO) 7
7-)\min(z(])
Ks:= M?N 4 (N +1)62, (5.24b)
M = \/2 (L;V(W/(O)) + |]2(1)/2H%). (5.24c)
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5 Convergence of a linear Bures-Wasserstein GAN

_>
Then, the sequence (W(k)) Loy, Converges to a critical point of LY.
€No

This theorem only ensures that the iterates converge to a critical point of the loss. With
an additional assumption on the initial point, we can refine the statement and show the
convergence to a global minimizer from almost every initialization. In this regard, we set
a bounded region in the parameter space B C © and let

B = sup - max HWHWJH W; VV—r (5.25a)
WeB je[N
%
L = sup LY (W), (5.25b)
WeB
1/2)12
Mg :\/ (LB+ [HREE ) (5.25¢)

The next theorem ensures convergence towards specific critical points; namely, minimiz-
ers of the loss over some rank-constrained-matrices sets.

Theorem 5.22 Let B C © = Xy M(d;, dj—1) be a bounded set, and let (03, Lg, Mp) be
defined as in (5.25), so that o5 < ad for some (6, ) € (0, 00) x [0, 00). Let d = min jc(o.n{d;}-
Let € (0, 00) be a stepsize such that

2(1 — «)d
"SULg+(1—a)Bs’
where
2 KN KN )\min )Y >\max )Y
Bg::eNKév_l H 0”(6 4 +7')€ d _‘_4\/5 1+ T ( 0) ( 0) ,
72 T Amin (20)

=M™ + (N + 1)

Consider the path W No — @ under gradient descent (5.5) of the loss LY with stepsize 1. Then,
for almost all znztzallzutzons W( ) € B, the iterates converge to a critical points W* of LY such

that W* = ,u(W*) is a global minimum of L (5.11b) on the manifold My, C M(dy,do) of
matrices of rank k = rank(W*) € [0 : dJ.

In the function and covariance spaces, the rank of the critical point we converge to is
upper-bounded by the width of the smallest layer in the network. It is left to future work
to understand what exactly the value for this rank is; notably, if the highest possible rank
is achieved or not.
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5.5 Proofs of convergence results in Section 5.4

In this section, we provide the proofs of the gradient flow (Section 5.5.4) and the gradient
descent (Section 5.5.5) statements (Theorems 5.18, 5.21 and 5.22). They mostly rely
on bounds of the Hessian of the loss (Section 5.5.2). First, we provide the proof of
Lemma 5.15.

5.5.1 Proof of Lemma 5.15

We start by proving Lemma 5.15, stating that with the modified-margin deficiency
assumption on the initial weights, the parametrized covariance does not degenerate
along the gradient flow (5.4) training algorithm. In fact, its minimal eigenvalue does
not degrade along any path W: [0,00) — M(n, m) such that L' o W: [0,00) — R is
decreasing, which is in particular the case when gradient flow or gradient descent
updates are considered, as per (5.13).

Proof of Lemma 5.15. Let 6: [0,00) be the path under gradient flow (5.4) of the loss
LY (5.10c). Let W = po6:[0,00) — M(n,m)and ¥ = 7o W: [0,00) — S, (n) be

the corresponding trajectories in the function and covariance spaces. Denote U (t) €
argmin {\|Zl/2(t) — E(l)/ZUH% |U € @(n)} for each t € [0, 00).

Since, in this setting, L' o W: [0,00) — R is decreasing (Lemma 5.8), L}(W(t)) <
LY(W(0)) for all t € [0, c0). Therefore, we have

- Hzl/Q(o) _ Eé/QU(o)HF

> Ain (Eé/zﬁ(t)) — Amin (Zé/2> te=c

The cancellation in the last equality works due to the fact that the multiplication with an
arbitrary unitary matrix does not change singular values. O
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5 Convergence of a linear Bures-Wasserstein GAN

5.5.2 Bounds on the Hessian of L

The aim of this section is to provide the bounds relative to the Hessian operator G (4.32)
of the BW loss L (5.10a).

Definition 5.23 (Eigenvalues of matrix operators). Let F: M(p, q) — M(p, ¢) be a linear
operator. Then, its extremal eigenvalues A(y,in max} (F) are defined as

Amin(F) = nf {(U, F(U)) | U € M(p, q), |U][r =1}, (5.26a)
)\rnax(f) = Sup{<U’ f(U» ’ Ue M(p> Q)7 ||U”F = 1} (526b)

One can use the bounds of [KSS21, Lemma A.3] in order to bound the Hessian of the
loss.

Lemma 5.24 (Bounds on the second-order differential, [KSS21, Lemma A.3]). Let ¥ €
S44(n), and let G be defined as in (4.32). Then, for all X € Sy (n), the following bounds hold

1/2 ral/2wwl/2
(x,6(x)) > D0 220 yyva gy, (5.273)
1/2 1/2 1/2
(x,6(x)) < A0 2R e, (5:27b)
(5.27¢)

Equations (5.27a) and (5.27b) in turn bound the extremal eigenvalues, as defined in
Definition 5.23, of the Hessian operator G of L at ¥ € S; 4 (n). The bound requires that
the eigenvalues of ¥ are bounded away from zero. Therefore, for any € € (0, o), let

Sii(nse) :={Ae€Sii(n)| Ax=cl,} (5.28)

be the set of e-strictly positive definite matrices.

For ¢ € (0, 00), under the c-modified-deficiency margin assumption (Definition 5.14) at
initialization, the parametrized covariance matrix will belong to Sy (n; ¢?) along the
gradient flow trajectory, as per Lemma 5.15.

Lemma 5.25 (Spectral bounds of the Hessian on S (n;¢)). Let ¢ € (0,00), and let ¥ €
S++(n;e). Let G be the Hessian operator of L at ¥, as defined by (4.32). Then, its extremal
eigenvalues are bounded as

5)\min (EO)
2¢2

where C 1= 2(L(X) + tr(Xo)).

C)\max (EO)

g /\min < )\max < ;

(5.29)
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Proof. We first provide the proof for the minimal eigenvalue. By Equation (5.26a), the
maximal eigenvalue of G is defined by

Amin(G) = inf {(X,G(X)) | X € S11(n), [|X|r =1}
From the upper-bound of (X, G(X)) in (5.27a), one has

)\1/.2 21/2221/2
inf  (X,G(X))> inf min(Z0 o)
X[ X |lp=1 XX |p=1 2

V2 (51/25501/2
— mln( 0 0 ) inf ||E_1/2XE_1/2||%
2 XX =1

)\1/‘2 21/2221/2
— mln( 0 0 ) inf HEleH%
2 X:[|X|lp=1

1/2 1/2 1/2
— >\m/in(20/ EZO/ ))\2 (2—1)

9 min
1/2 1/2 1/2
> )‘m/in(zo/ 220/ )

2e2

=12 X2

(5.30)

The last inequality is implied by the fact that

L ESii(nie) = Amin(T71) = Apan(Z) > e

Now, for any positive definite matrices (4, B) € (S;(n))? with increasing eigenvalues
and for any k € [n], we know that

A(A)AL(B) < Me(AB) = M (AY2BAY?) < A(A) M (B). (5.31)
Taking k = 1 and (4, B) = (X, ¥) provides the bound
)\1/2

min

(20550 2 A (Eo) A (®)

min min

Moreover, Ayin(X) = €, so that (5.30) becomes

A (G) > Ym0 _ A (%)

2e2 C 2e3/2

The proof for the minimal eigenvalue is similar and follows from the bound (5.27b). One
derives

A (SV/2551/2
sup (X, G(X)) < Dmax(Fo_ 2o ) (5.32)

X)X | p=1 2e
Now, by choosing (A, B) = (X0, X) and k£ = n in (5.31), and taking the square root, one
gets the bound

A2(557755%) < AMZU(EINL2(S0).

max max
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5 Convergence of a linear Bures-Wasserstein GAN

Moreover, Apax(X) < tr X, and from Lemma 5.9, we know that tr ¥ < 2(L(X) - L(X)) =:
C. Plugging it into (5.32), we obtain

C)\max (EO)

)\max < Y

finishing the proof. O

Corollary 5.26 Let ¢ € (0,00). The loss L is K.-strongly convex on S4 4 (n;¢), with K. =

min

253/2

Proof. Lete € (0,00). We show that S, 4 (n;¢) is convex. Let A and B in Sy (n,¢), and
leta € (0,1). Forany z € R"\ {0}, (z, (¢A+(1—a)B)x) = a(x, Az)+(1—a)(z, Bx) > 0,
so that A + (1 — @) B € S;4(n). Moreover, Apin(@A + (1 — o) B) = inf {(x, (aA + (1 —
a)B)e) | o]l = 1} = inf {a(z, Az) + (1 - a){z, Ba) | o]l = 1} > ainf {{z, Az) | | =
1} + (1 — a)inf {(z, Bx) | ||z|| = 1} = aAmin(A) + (1 — &)Amin(B) > €. Therefore,
aA+ (1 —a)B € Sii(n,e), and S;4(n,€) is a convex set.

On S, (n,¢e), the Hessian of the loss L has its spectrum lower-bounded by K. =

6)\min (EO)

57 , as stated in Lemma 5.25. Hence, L is K.-strongly convexon S, ;(n;e). O

The lower-bound derived in Lemma 5.25 allows proof Lemma 5.16.

Proof of Lemma 5.16. Under the c-MDM hypothesis for §(0), Lemma 5.15 ensures that
Y(t) € Siy(n;c?) for all t € [0,00). Therefore, by Lemma 5.25, for all ¢t €

1/2
O’OoaAmingt >K2:)‘min7(20) -
0, c

2¢c3

Remark 5.27. For T € (0,00) and ¥ € S (n), the associated regularized covariance matrix
¥, = ¥ + 71, belongs to S;(n; 7). Therefore, Lemma 5.25 and corollary 5.26 can be
stated for L, on Sy (n), with ¢ replaced by .

The strong convexity of the loss on positive matrices will be the cornerstone for proving
the upper-bound on the rate of convergence of gradient flow in Section 5.5.4. Before that,
we show that the loss L1 is Lipschitz smooth.
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5.5.3 Hessian of Lt

In this section, we provide the expressions on the Hessian of the Bures-Wasserstein loss
in the deep-linear-network parametrization Ll (5.11b) on M(n,m).

Recall the second-order differential of L on S (n) given in Lemma 4.38. With the
computation rule in Lemma 4.30, we are able to give the second-order differential of L! =
Lom.

Since the BW loss is only continuously differentiable on S 1 (n), we will consider the
regularization introduced in Section 4.2.5 and eq. (5.11).

Let7 € (0, 00). The Lemma 4.38 can equivalently be stated for L at ¥, = ¥+7I,, € S, (n),

or for L; on S;(n). In the latter case, we will write the associated Hessian operator G..

Lemma 5.28 (Second-order differential of L1). Let W € M(n,m). For any (U,V) €
M(n, m)?, the second-order differential of L} at W in the directions U and V is

d*Li (W)U, V] = (U, H(V)),
where
H (V) =2G. (VW + WV W + (1, — 23/2(25/22725/2)_1/225/2)1/), (5.33)
and G is the Hessian operator (4.32) associated to the loss L.
Proof. Applying the formula (4.28) to L1 = L, o 7 gives, with ¥ = =(W)
and ?x(W)[U,V]=UVT +VUT,
d*Ly(W)[U,V] = L(E)[dx (W)[U], dn(W)[V]] + dL-(2)[d*m(W)[U, V]]
= (UW '+ WU, G (VW +WVT)) +tr UV +VU")
C sz e, sl s 2oy s vuT)
— UG, (VIWT + WV + V — 52225, 212 5Ly
= (U, H-(V)),

~1/2
/ Yo to simplify the expression. [

where we used the symmetry of 2(1)/ 2(2(1)/ 2272(1)/ %)
With the expression given by Lemma 5.28 and the bounds from Lemma 5.24, we bound
next the spectrum of ., the Hessian operator of LL.

Lemma 5.29 (Spectral bound of H ). Let H, be defined as in (5.33). The maximal eigenvalue
for the Hessian of L' respects the following bound

C? 1/2

2 —1/2
Amax(Hr) < A2 (2}/22725/2)? 421 = A (EV2(5Y 25, 5127 P 812)) (534

max
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5 Convergence of a linear Bures-Wasserstein GAN

Proof. From (5.27b), one has for any X € S (n),

/\1111/3)((21/22 21/2)

(X,6:(X)) < 5

1= 72X 2R

Let U € M(n, m). With X(U) = UW " + WU, the bound becomes

A2 (S5 w2

(UWT + WU, G (X(U))) < == =712 X (U)S2E

2
1/2 ,1/2 1/2
WG (o) < I sy
1/2 ;1 1/2 1/2
- 20,6 (X ()W) < M) sz sz,
Therefore,

(U HAU)) = 2U, G (XUNW + (I, — 552825, 5h% 7

_ )\1111/3)((21/22 21/2)
= 2

1/2 1/2 1/2
+2(U, (I, — % (5% 2,507

s/ HU) (5.35)

=2 X))

~1/2
"),
We proceed by bounding each of the summands.

First, consider the term || X7 /2X ()7 2|2 = |S71X (U)||2. I U is such that | U||p = 1,
then | X (U)||%2 = |[UWT + WUT||2 < 4]|W|)2 by the triangle inequality and the sub-
multiplicativity of || - ||[r. From Equation (5.15), we know that |W||r < C for some
constant C'.

Therefore, |[U|lr =1 = [|X(U)|| < 2C and

sup {|Z ' X(O)# | U € M(n,m), [U[lr =1}
<sup {|[Z'X(U)|F | X € S(n), | X[lr <2C}
<sup {4C7| S X3 | X € S(n), [|X|[p =1}
4C?

5

<4C0?)2 (x7h =
max (X7 ) .

Hence,

M2 (P sl -
sup{ S0 EE s @)m 2 | U e M, m), U] =1
2c?

72

)\1/2 ( 1/2272(1)/2)

max
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The second summation in (5.35) can be bounded as
—1/2
sup {2<U, (In — 25*(56°8-50%) 5 )U) | U € M(n,m), |Ulp = 1}

—1/2
= DAmax(In — 52222, 212 / 5%

—-1/2

= 2(1 — Auin(Z (5525, )).

O]

Corollary 5.30 (Lipschitz-smoothness of L1). For 7 € (0,00), the loss W ~ LL(W) is
Lipschitz smooth.

Proof. This directly follows from the boundedness of the Hessian showed previously
and the convexity of L! using Taylor approximation. O

Once the Lipschitz-smoothness of the loss has been proven, one can turn to showing that
the rank is preserved under balanced initial conditions.

Proposition 5.31 ([BRT+21, Proposition 4.4]). Let £': M(n, m) — R be a Lipschitz smooth
function (i.e., a differentiable function with Lipschitz gradient). Let ty € [0,00). Suppose
that Wi (t),..., W (t) are solutions of the gradient flow (5.4) of L™ with balanced initial
values W;(to) and define the product W (t) = pn(0(t)) = W (t) - -- Wi(t). If W (to) is contained
in M(k) for some k € Ny, then W (t) is contained in M(k) for all t € [tg, c0).

Remark 5.32. The loss L. satisfies the conditions of Proposition 5.31; therefore, the flow
on L! remains in the manifold M (k) for all ¢ € [ty, 00) if W (tg) € M(k) for some t €
[0, c0).

5.5.4 Proof of gradient flow convergence

We first prove here the convergence of the gradient flow of L to a parameter corre-
sponding to a covariance matrix that is a global minimizer of L, under the assumptions
of balanced weights (Definition 5.2) and modified deficiency margin (Definition 5.14).
Then, in Corollary 5.20, we state the theorem for the regularized loss, under the same
assumptions on the weights.

Proof of Theorem 5.18. Let ¢ € (0,00), and let #: [0,00) — © be a path under gradient
flow (5.4) of L (5.10c). The idea of the proof is to transfer the strong convexity property
from L on S, (n; c?) to the evolution of the parameters. Indeed, assuming that 6(0) has
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5 Convergence of a linear Bures-Wasserstein GAN

c-MDM, Lemma 5.15 ensures that the parametrized covariances ¥ = 7 o 1 o § remain
inside S, 1 (n; ¢?) onto which, by Lemma 5.16, the loss L is K 2-strongly-convex with

1/2
Ko = )\m/in(zo) )

> (5.36)

Hence, for any ¢ € (0, o), the following inequality holds

s VEC)IE,

The dependency on ¢ will be implied in the following in order to lighten the notation.
Rearranging the terms in the above equation, we have

—[IVL(®)[f < ~2Ke (L(Z) — L(EY)). (5.37)

L(%(t) = LX) <

On the covariance space, for the regularized loss, the gradient flow is written

dL(X) d
=(VL —(t
=) (L), £50)
aw’  dw_ +
— (Vs - 4+
(VeL(E),W-r + 7"
dw
= AV L(S)W, —).
dt
The expression of dW is glven by Lemma 5.1:
dw
“at == ; WN:€+1WJQI—:€+1VL1(W)Wétlzlwﬁ—l:l-
Since VLY(W) = 2VL(X)W g and from the balancedness assumption we
N—
N

have Wy 1 Wy = WWT) ¥ and WL, Wy, = (WTW) 5, we get

N—¢

L - —4Z<VL [WWT} B VL(E)W[WTWer>.

Now, let USVT = W be a (thin) SVD of W, so that WW ' = US?U" and W'W =
VS2V'T. For one layer ¢ € [N], we then have
N—¢

<VL(E)W, [WWT} N VLEW [WTW] ZN1>
—tr (VL(Z) WTW} WTVL( )[WWTJVN_[)
— o (VLEUSVTVS T VTVSUTVL(E )USWUT)

+

(vt
o (UTVLEUSTH T UTVLEUsTE)

2(N+e 1) 2(N 0

:<UTVL( WS SN UTVL(S )U>
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2(N+e 1)

Let X :=U'VL(X)U,D:=S" ~ ,and E :=
diagonal D, F as

(XD, EX) for the

(XD, EX) ZX”D X;,;E; = ZED

2(N—0) 2(N+40—1)
Since E; = s; ¥ and Dj = s; ¥ , and due to the modified-margin deficiency
o 2(N—0) 2(N+0—1)
assumption, for all (4, j) € [k:]2, wehave E; > ¢~ ~¥ and Dj >c¢- ~ ,sothat

(XD,EX) > ¢ 5 ZX X2, (5.38)

Since X = UTVL(X)U T, we have that | X||2 = |[VL(X)||3, so that in total

d

N 2(2N—1)
SLEWD) < —4Y R VLE) I = —ane S VIS

(=1

From the strong convexity of L (5.37), we get the bound

S L) < 8NN Ka(L(3) - L(2°))
— ! L) - o) < 8NN VK.

L(2(t) — L(z*) dt

Now, by integrating both sides from 0 to ¢,

L(E(t)) — L(E*) _ 2(2N 1) .
n (L(E(O)) - L(E*)) semm Kat.

Let A* = X(0) — X* be the distance from the initialization to optimality. Finally we get
the desired exponential rate

2(2N—1)
N

min

1/2 N—2
L(3(1)) = L(Z) < e Kt A% = ¢~ Hhmin (Bo)Ne WL Ax
where we used the expression of K2 (5.36) to simplify the right-hand-side term. This
concludes the proof. O

5.5.5 Proofs of gradient descent convergence

We now turn to the analysis of the finite-step-size gradient descent optimization of the
BW loss. We first recall and slightly relax the bound for ||W|| in terms of L (W) provided
by Lemma 5.10, adapting the bound given in [NRT21, Lemma 3.1] in the regression
case with quadratic loss. In the rest of the section, let 7 € (0, c0) be the regularization
strength.
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5 Convergence of a linear Bures-Wasserstein GAN

Lemma 5.33 (Lemma 5.10). Let 3¢ € Sy (n), and let W € M(n,m). Then,

W< 2 (220) + Im1R) —nr <2 (2200) + 1521,

Consequently, if for k € No, LL(W (k)) < LL(W(0)) = LiV(W(O)), then

W< |2 (2P ) + I55212).

The next lemma is taken as-is from [NRT21], and allow to bound the individual weight
matrices (spectral) norm as a function of the end-to-end matrix norm, in the case the

parameter W is §-balanced.

Lemma 5.34 ([NRT21, Proposition 3.2]). Let W= (Wi,...,Wn) € O be with balancedness
constant 6 € [0,00) and let W = Wy --- W1. Then,

Vi€ [N (1W< WY + (N + 1)%. (5.39)

The next proposition is key in obtaining the Theorems 5.21 and 5.22. This is an adaptation
of [NRT21, Proposition 3.4]. Once proven, the other results from [NRT21] will follow
almost immediately. .

Proposition 5.35 (Strong descent for gradient descent). Let W No = ©bea gmdzent

descent path for the loss (5.10c), and let (Bs, K5, M) be defined by (5.24). Assume that W( )
has balancedness constant ad for § € (0,00) and o € [0, 1). Assume the stepsize n satisfies

min 21—-0) o(l—a)d
' { By ’2L4V<v7<o>>}’ o

for some o € (0,1). Then, the gradient iterates defined by (5.5) satisfy, for all k € Ny,
(1) W’(kz)—fzas balancedn_e}ss constant 9,
(2) LY(W(k)) < LT (W(0)), .
(3) Vj e [N], HW( )P < Ks = M2 + (N +1)%,

— — 2
(4) LYW (k) = LN (W (k+ 1)) > o VEN (W (k) |

Remark 5.36.  a) The first condition on 7 mostly ensures that the norm of the weights
during training remain bounded (statement (3)) and that the strong-descent condi-
tion holds (statement (4)) (B;s will be shown to be a lower bound on the Hessian’s
norm of the loss), whereas the second condition ensures that the §-balancedness
property is preserved during training (statement (1)), as will be shown in the
proof.
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b) Taking o = reduces condition (5.40) to condition (5.23).

_arl (W(0))
ALY (W(0)) + (1 — )0 Bs

Proof of Proposition 5.35. We follow the proof of [NRT21, Proposition 3.4]. Essentially,
only the bound Bjs of the Hessian for LY is different in our case, and statement (4) will
require most of the effort. The proof of the statement (1) is identical to the but will be
nevertheless reproduced for the reader’s convenience.

The statements (1) to (3) are proved by induction on k € Ny. We will show that state-
ment (4) holds for k if statement (3) holds for k.

For k = 0, statement (1) holds by assumption on W/(O), and statement (2) holds trivially.
Further, Statement (3) holds by Lemmas 5.34 and 5.33.

Assume now that statements (1) to (3) hold for some k& € Ny. We will show the different
statements hold for £ + 1 in the order (2), (1), and finally (3).

Let us start from the gradient descent of the loss with respect to each layer
Wk +1) = W;(k) = nVw, Lz (Wi (R), -+ Wa (k))
= W;(k) = Wi (]) Vo Lo (W (R)) W, (), 1< <N,
with the boundary conditions Wi.o(k) = Iz, and Wi i1.nx(k) = 14, for all & € Ny.

(5.41)

With the notations IT/ = (Wh, Wy, -+ ,Wx) and

Vi, LY (W)
N /Tt .
VL (W)= : :
VWN Lg(W)

we consider to write the Taylor expansion in the form
— — — — —
LYW (k +1)) = ¥ (W(R) + (VEY (W (k) Wk +1) = W (k) )

(5.42)
4 (k4 1) — () TV2LN (AR, Wk + 1)~ TW(R) ),

with
Zg(k) = W/(k) ( (k+1)— ( )), forsome ¢ € [0,1].

Under the gradient update, V_[}(k +1)— W/(k) = -—nVLY (W/) Therefore,

LY (W (ks + 1)) = LY (W(k)) = nl| VLY (W (k)
7722<VLN(W(k)) V2L (AL (k) VLY (W (K)))
— LYW (k) = LYW (k+1)) > (1= 2IV2LY (Ag)lle-wr ) nll VLY (W (k)

(5.43)
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5 Convergence of a linear Bures-Wasserstein GAN

By induction hypothesis of statement (2) at step £ and Lemma 5.10,

W R < W (k)| < ¢2(L;<W<k>> + 1125/ 13) = 7 < ¢2(L;<w<k><o>> + 1z5 1)
C29 pr,
From Lemma 5.34, under the §-balancedness induction hypothesis at step k,
Vi [N], [W(E)|I*<IWEIZN + (N +1)02 < MYYN (N +1)6% = K5 (5.44)
Moreover, for all j € [N], since ¢ € [0, 1],
1A 5 (R) || = [W;(k) + E(W; (k + 1) = W; (k)|
< W5 R+ [[W5(k + 1) — W(k)||
= [W ()| + 0l W1 (k) VL (W (k)WL (R)

N-1
<Ky 40Ky [VLLW (k).

From (5.12), |[VLL(W(K))|| = 2¢/LY(W(k)) < 21/ LY (W (0)) by induction hypothe-

sis (2). Hence,

N—1
1Ae. (k)| < K}/% + 2K, = \/ LN (W(0)).

We will make use of the following lemma in order to bound || A¢ ;(k)|| further.

2
Lemma 5.37 Forn < B one has
s

1
46l < (14 53 ) K37 = A, (5.45)

Proof. From the definition of (Bj, K5, M) (5.24), Bs > 4e/nNK} ™' > SNK} !

2
since n > 1. Then, if n < B one has
5

N—-1 — N;l M2 1/2 9
N-1 — 4K, 2 \/LN(W(0)) K; 5 =157
K,y 7 \JLY(W(0) < = <
é

ONKN 1
N-1
K;7 M
L —
T oNEKN!
e 210V/2
K, [Kg—(N+1) 5]
ONKN
N-1 N

1 1
< :7K27
INKN"L 2N
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5.5 Proofs of convergence results in Section 5.4

so that

= 1 1 1
A (K K 2nK; 7 K2 7K2— — | K2.
I4cs01 < 5+ 20, TV L¥ P 0) < 1)+ o = (14 50 )

We next show that || VZLY ||, . < Bs.

The second-order dlfferentlal of the loss Li can be upper-bougded using the chain-rule
Lemma 4.30. With (W ?) € 0%, W = u(W),and ¥ = 7o u(W), one has

du(W)[X) = 3" Wy Xyoe Wy = W,

i€[N]je[N\{7}

dr(W)[X]=WXT + XWT,

A2r(W)[X] =2XXT,
d( o ) (W)[X] = dr(W)[du(W)[X]]

=WeWw' + WW)—;,
)[X] = Er(W)[du(W)[X]] + da (W) [d2u(W) (X

= 2WyWa + Wi 5 + Wy 3 W,
&Ly om0 u)(W)[X] = Lo (L)[d(r o ) (W)[X]] + AL (S)[d(x 0 ) (W)X ),

= CL(Z)WgW ' + WW3] + 2dL () Wy W]
+dL(D)Wg W + WW)—}?]

sl

d?(m o p)(

Given any (W/,Y) € 02, we denote Wg = Ziem Wn - X; - Wp and Wz =
>ielN] el iy W e X X WL
Then, with the operator G- defined by (4.32) and its bound (5.27b)

2N X, X] = )W W T + WWE] +2dL.(8)[Wy W]
+ dLT( )[W?7X2WT + WW?X]
= (WeW T+ WWL G (WyW T + W)
+2( VL), Wy WE ) + (VLo(S), Wy W T+ WIS )

1/2 ;1/2 1/2
a1y ()R] < Al 20 )

FIVLAS) e (2AWgWhle + Wy x W+ WWE )

IS (WeW T + W33
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5 Convergence of a linear Bures-Wasserstein GAN

We use the triangular inequality, the fact that, for A € M(n,m) and B € M(m, k), one
has [|[AB||r < ||A||||B||lr, and the sub-multiplicativity of | - || in order to write that

Al = || D> Ax-- Xi--- Ay (5.46)
1€[N] F
<Z( I1 Aj) 1 Xillr, (5.47)
i€[N] \je[N]\{i}
<AFTN Y Xl (548)
1€[N]
N— N—
— [JA3 ]2 < A2V < NAZV YR, (5.49)
and
Az zlle =10 > Axe X, XAl (1,9) = (min (i, ), max (i, 5)
i€[N] FEINI\ (i} .

< Z Z |AN - X, X, - A1|p

i€[N]je[N\{i}

<Y Y Xz'FXjF( 11 Ak)
ke[

i€[N]je[N\{i} NI\{i.j}

2
< Aé”( > X)

1E[N]
<AN2IX 2 < NAY X2,

were we have used the condition on the stepsize 1 (5.40) together with Lemma 5.37.

Moreover, Amax (S¢/* [AeA{ + 71| £4/%) < [0l 4¢AT + 7Ll < [1Zoll (| 4ell> + 7)
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5.5 Proofs of convergence results in Section 5.4

and || A¢|| < AY. Hence,

LY (A ()X (8|
< (5 e ) 5| ()1

sfezaacad], (Jasl, + 1adas <], )

120l (I4el” + 7 ) 11 4¢lP
Nein(AeAL +71,)

NAZN-D HYHi (5.50)

Ao (e |7

From the definition of A, (5.45) and the fact that (1 + ﬁ)w\bl} < (1+ ﬁ)ZN <e, we

have

2(N-1)
Ag(Nfl) _ <1 4 21\{) Ké\f*l < eKé\’*l, (5.51a)

and AN < ek). (5.51b)

We now bound ||VLT(A§A£T)||F. From Corollary 4.37, we know that VLT(AgAgT) =
~1/2
L — 2% 25 (4ead +71) 5] 12 Then,

IVL (AcAd)llp < VRl VL (A A )|

= V|l - 5% 25/ (4eal + 1) 57

—-1/2
<vn [1 4 Ao (z}/ 2 [25/ 2 (AgAgT + Tln) e/ 2} ny/ 2)]

| sy
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5 Convergence of a linear Bures-Wasserstein GAN

Further,
Ao (2}/2[ nl/2 (A AL+, )21/2} 1/22(1)/2>

< Mo (50) A <[ $1/2 (AEAE + 71 ) 21/2] 1/2>

= Mmax(Co) At (5677 (44 +71,) 5¢7)

< Amax (B0) A ( 5 2) it (A£A§ + TIn>
Amax(20)
Amin (S ) Aim (A AT + 71)
Amax(20)
h Amin(zé/z)ﬁ
T Amin (20) Amax (o)
T Amin(2Z0)

hence the bound

7_)\min (EO))\max (EO)

1
+ 7—)\min (EO)

IVL(AeA)lr < v/ (5.52)

With (5.51) and (5.52), the bound in (5.50) consequently becomes

LY (49 [X]|

geJVKé\Ll||E()H(6I(év—&—T €K5 H}H
_ 7_/\m1n E0 )\max Z0
+dey/nNKY ! v HYH
7_)\rmn EO
120l (eKN + 1) e TAmin (50) Amax (20)
_ NKN 1 ” ) B 4 1 min max }
€ 1 ( 72 + \/ﬁ + T)\min(zo) H HF
so that
29N/
LN(A H
HV r (Ae) F—F
Yol (e KN KN Amin (20) Amasx (2
<€NK§V71 | 0||(€ s ‘1‘7')6 S am |1+ T (X0) (X0)
T2 T Amin (20)
624 ;. (5.53)
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5.5 Proofs of convergence results in Section 5.4

From (5.43), this leads to the inequality

LYW (k) — LY (W(k + 1) = <1 - ;7736> UHVLMW(’“))HE

2
> on| VLY (W) > 0. (5:54)
where we use the condition on 7 (5.40). This shows statement (2) for k& + 1. This also
shows that, if statements (2) and (3) hold for k, then statement (4) holds for & as well.

We now turn to statement (1). Therefore, we consider the J-balancedness condition at
the step size k + 1: forall j € [N — 1],

H (k4 D)Wy (k+1) — Wj(k+1)WJT(k+1)“
)|

(W1 () = 19w, o LY T RD] [ Wy () = 0¥, 0 LY (W (1)

— (W) — 0¥ LY O ()] [W ) — ¥ L (W (k)]

= '|Wﬁl<k>wj+l<k> — W ()W (k)
1 [ = Ty LY W (k)W 1(k) + T, LY (W (k)W (1)
— Wy (]) Y, LY (W (K)) + W (k) Vi, LY (W (k)
[vw LN W (6) Vo, LY (W (k) = T, LY (W (k) Vi, LY (W (k)| H
< W B YW () = W)W (k)|
P (HVWJ-HLiV(W(k))HZ =GOy
which by recursion on the time-step k, implies that, for all layer j € [N — 1],

W+ W (1) - Wj(k+1)W]~T(k+1)H

S HWJTH (0)W;41(0) — W‘(O)WJ‘T(O)H
et (STl +frusrdol)

< ad+ 2 ZHVLJTV(W/(E))HQ (5.55)
/=0
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5 Convergence of a linear Bures-Wasserstein GAN

— — 2
since W (0) has «ad balancedness by assumption and HVL]TV (W(t))H >

%%HVW] (W(t))HQ > % (HVW].L;V(W@))HQ + v, YW H2> forall j € [N—1]

and all ¢ € [k].
By (5.54), one further has

k k
LX) — LY (W (k4 1) = 3 LY () — LYW + 1) > Y on|[ VY (@)
t=0 t=0

)

so that (5.55) becomes

HWJL(R‘ + D) Wiga(k+1) — Wk + )W, (k + 1)H
< ad 2y (LY (0)) — 1Y (W(k + 1))

N/
<asy W) 5
g

1—a)d
where we have used the condition 1 < M (5.40). This shows the induction for
2LY (W (0))
statement (1).

It remains the show _s)tatement (3) for k+1. Aswe have shown statements (1) and (2) for
k + 1 already (i.e. W (k + 1) is d-balanced and LN(W(k +1)) < LY(W(0), Lemmas 5.33
and 5.34, allow to conclude:

I, (e D) < W (et D)2V 4 (N + 1067 < \J2(LN ((0)) + [S52)2)+(N+1)62 = K,

and statement (3) holds at step & + 1.

As remarked previously, since for all & € Ny, statements (2) and (3) hold, statement (4)
holds as well.

This concludes the proof. ]

In order to show the convergence of the iterates to a critical point of the loss, we rely of
the strong-descent conditions [AMAO5], as does [NRT21].

Definition 5.38 (Strong-descent conditions, [ AMAO5, Definition 3.1]). Let f: R? — Rbe a
differentiable function. We say that a sequence (z),cy, of elements in R satisfies the
strong-descent conditions if there exist o € (0, 00) and ko € Ny such that, for all & > ko,

flxr) — f(wrg1) = ol f(@p) [ |Tg41 — ol (5.56a)
and  f(zg41) = f(ok) = g1 = 24 (5.56b)
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5.5 Proofs of convergence results in Section 5.4

We also rely on the next theorem to conclude, which is an extension of L.ojasiewicz’
theorem to a discrete gradient descent scheme.

Theorem 5.39 ([AMAO5, Theorem 3.2]). Let f: R? — R be an analytic function. Let
the sequence (xy),c, satisfy the strong-descent condition (Definition 5.38). Then, either
klim lxk|| = oo, or there exists a single element x* € RY such that

—00

kli)n; Tp=x".
Proof of Theorem 5.21. The proof follows exactly the one of [NRT21, Theorem 2.4]. We
provide here the main idea of the proof. Let W Ny — O be a path in parameter

space for the gradient descent iterations of the loss LY, initialized such that W( ) is ad
balanced for («, d) € [0,00) x (0, 00), and let n be such that condition (5.23) is satisfied.
As per Remark 5.36.b), the parameter ¢ in Proposition 5.35 can be chosen such that
condition (5.40) reduces to condition (5.23).

_>
We first show that the sequence (W (k)),cy, admits a limit, and then show that this limit
is a critical point for the loss LY.

For any k € Ny, the gradient update can be written W(k: +1)— I?/(k) = nVL]TV(I?/(k:))

Then, Proposition 5.35.(4) ensures that

)

LYW K) — LN (W (k + 1)) HVLN (k))HFHW(k +)-Ww| . G

which implies that the first strong- descent condition (5.56a) is satisfied. The second cond1—
tion (5.56b) is also satisfied, as LN(W(k+ 1)) = LN(I?/(k)) = HVLN(_)( ))HFHW(IH-
1) — _>( E)|lr =0, 1£ly1ng that either W/(k) W(k+1)or VLY(W (k)) = 0, in which
case we also have W (k) = W (k + 1) by the gradient descent update. Therefore, the
sequence (I?/(k)) ren, Satisfies the strong-descent conditions (5.56).

Further, the sequence (W/ (k) ren, isbounded (by Proposition 5.35.(2)) and LY is analytic,
which means by Theorem 5.39 that the iterates converge to a unique element in ©.

Let IW* be this limit. We now show that I¥'* is a cr1t1cal point for LY, _1> e, that VLY (W*) =
0. As VLY is continuous, we know that VLN(W*) = hm VLY (W (k)).

By applying repeatedly Proposition 5.35.(4), one obtains that, for all £ € Ny,
LYW (0)) = LN (W (k + 1)) onZHVLN I (5.58)

The limit as k  — oo on the left-hand size of (5.58) exists since the se-
quence (LY (W (k))) ren, i decreasing and lower bounded by 0. Hence, the series
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5 Convergence of a linear Bures-Wasserstein GAN

S IVLY (W(0))|[? converges, implying that lim VLY (W (k)2 = VLY ()2 = 0
—00

=0

Therefore, W* is a critical point for LY. O

Since, for 7 € (0, 00), the loss Liv is analytic, and since Proposition 5.35 holds, the proof
of Theorem 5.21 is exactly the same as the proof of [NRT21, Theorem 2.4]

Further, with a constant step size, [LPP+19, Corollary 2] can be used in order to conclude
that we do not end up in a strict saddle point of the loss, if the initialization is generic.

Proposition 5.40 ([LPP+19, Corollary 2]). Let f € ¢?(RY), and assume that there exists
m € (0, 00) such that V2 f(x) < m for all x € RY. Consider the iterations x: Ng — RY of the
gradient descent algorithm (5.5). Then, for n < L, the set of initializations z(0) € RY such that
(z(k))en, converges to a strict saddle point of f has measure zero.

We prove Theorem 5.22 by slightly adapting [NRT21, Theorem 2.6] to our setting.

Proof of Theorem 5.22. For 7 € (0,c), the loss LY is twice-continuously differentiable.
Due to the definition of (d5, L, Mp) (5.25) together with condition on the stepsize (5.40),
the conditions of Theorem 5.21 are satisfied for each initialization W (0) € B. Hence,
(I?/(k)) ken, converges to a critical point of LY for all W(O) € B. By Proposition 5.40, the
convergence of gradient descent with initial value in B and with stepsize 7 to a strict
saddle point only occurs for subset of B that has measure zero.

For the rest of the proof, we have to show that a critical point of L]TV that is not a strict
saddle point will correspond to a global minimizer of the loss L restricted to a given
manifold Mj,. This corresponds essentially to the same line of argument of [BRT+21,
Theorem 6.12], from which we repeat the main points transposed in our setting.

Let us denote by W = (W, ..., W) the limit of (W/(k))keNO, W* = Wy, and k =
rank W*. Recall that d = min ;cp, {d;}. Then, k < d and W* is a critical point of L}
restricted to the manifold M, by Proposition 4.23. If W is not a global minimizer of L.
restricted to My, then W is a strict saddle point of LY by Proposition 4.12, which has
measure zero, which finishes the proof.

O]

5.6 Experimental evaluation of the convergence rate

We conduct numerical experiments' to illustrate our theoretical result Theorem 5.18.
With a learning rate chosen to approximate a gradient flow setting, we observe empirically

tThe source code for the experiments can be found at https://github.com/brechetp /BW-linear-networks.
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5.6 Experimental evaluation of the convergence rate

(Figure 5.1) the linear dependency of the asymptotic rate of convergence as a function

of the depth of the network N and the minimum singular value square root of the

target Umin(Eé/ 2).

5.6.1 Setup

The target covariance matrix is sampled as ¥ := QAQ T, where Q € O(n) is a random
orthogonal matrix, and the eigenvalues in A follow a Zipf distribution, A;  j ! for j € [n].
The input data dimension is set to be n = 20. We vary the minimum eigenvalue for the
target Ayin and set \; =n - j 1. Amin for j € [n]. We consider constant width networks
with d; = n = m = 20, for each i € [N].

To fulfill the modified deficiency margin assumption (Definition 5.14), we initialize the
parameters close to the target 3. If Xy = QAQT, then the weights are initialized in a
way such that the initial covariance matrix is ¥(0) = ¥y 4+ A, with A being a random
perturbation. More precisely, we choose A = TDI'T, where T is a random orthogonal
matrix, and D is a diagonal matrix with small eigenvalues — so that the overall distance
between the initialization and the target is bounded by o, — ¢, for some ¢ € (0, 00). With
this initialization and the balancedness protocol explained by [ ACG+19], the network
satisfies both the balancedness and modified deficiency margin assumptions. In this
case we expect Theorem 5.18 to hold for small step sizes. We estimate the asymptotic
linear convergence rate numerically.

5.6.2 Result

We compute the rate of convergence as follows. First, the network (initialized as de-
tailed above) is trained with a small enough learning rate € (0, 00). Then, we com-
pute log (L(X(t) — L(X*))). Theorem 5.18 states that this should be a linear function
of the time ¢. Therefore, a linear regression is performed, and the slope taken as the
empirical rate of convergence. According to Theorem 5.18, this rate should be linear in
the depth NV and linear in the strong convexity parameter K, which suggests that it could
be linear in oyy; (21/ 2). Hence, we compute the empirical rate of convergence for varyin,

min %o / P P 8 ymng
depths and amin(Zé/ %, reported in Figure 5.1. In Figure 5.1a the linear dependence in
the depth is clearly visible, and Figure 5.1b indicates a linear dependence in oy, too.
Our Theorem 5.18 only provides an upper bound on the convergence rate and hence
we compare with the empirical rates. The results suggest that this is indeed the actual
behavior in practice.
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01 -0
M 0= 116, 1220999
=51y 1155
*
50/ X
o 5 N
g \ —2309
7 B
_75‘ $§ |
N —3464
~100- b
Nt
: : , : : : —461
0 50 100 25 50 75100 018
depth depth

(a) (b)

Figure 5.1: Logarithm of the linear convergence rate as a function of the depth IV and
the minimum singular value amin(E[l)/ 2). In (a), amin(E(l)/ 2) ~ 0.7078 is fixed;
convergence rate and its linear regression as a function of the depth N. In (b),
both the depth and oy,,;,, are varying, and the rate is shown in a contour plot.
The hyperbolas indicate a linear dependency on both the depth N of the
network and the minimum singular value of the target square root amin(Eé/ 2),
which is coherent with the upper-bound given by Theorem 5.18.

5.7 Conclusion

In this chapter, we studied the training of generative linear neural networks using the
Bures-Wasserstein distance. In both the continuous and discrete time settings, we derived
convergence guarantees of the gradient algorithms towards minimizers of the (regular-
ized) Bures-Wasserstein loss. Depending on the learning algorithm, a different set of
initialization assumptions are made. For the gradient flow algorithm, exact balancedness
of the weights and modified deficiency margin are assumed, which leads to an expo-
nential upper-bound on the rate of convergence for the original loss. For the gradient
descent algorithm, approximate balancedness and (simply) bounded initialization are
assumed. These milder assumptions lead to showing convergence of the algorithm
towards a minimizer for the loss, which is global if the loss on the function space is
restricted to a bounded-rank set of matrices.

The results we obtained contribute to the ongoing efforts to better characterize the
optimization problems that arise in learning with deep neural networks beyond the
commonly considered discriminative settings with the square loss.

Many questions remain open. Notably, it would be interesting to relax the different as-
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sumptions that were made to analyze the linear model. Arguably, the strongest of these
assumptions is the modified deficiency margin condition that we invoked in order to
establish our convergence results for the gradient flow, as this constrains the parametriza-
tion to be of full rank. Other assumptions include the balancedness of the weights, or
the definitiveness of the target matrix. Moreover, deriving (an upper-bound of) the rate
of convergence in the case of a gradient-descent update would also be an interesting line
of study.

Although the linear-network framework is attractive since it is relatively easy to analyze,
the analysis of neural networks with activation functions would be manifestly worth of
study in the future. In addition, relaxing the optimal discriminator hypothesis would
enable analyzing a more realistic GAN model, as a discriminator network would then be
required to optimize as well.

This completes the analysis of a Bures-Wasserstein linear GAN.
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6 MODE CONNECTIVITY

This chapter is the work published as [NBM21]. PB has performed all the experiments and
redacted Sections 6.6, 6.B and 6.C.

The question of how and why the phenomenon of mode connectivity occurs in train-
ing deep neural networks has gained remarkable attention in the research community.
From a theoretical perspective, two possible explanations have been proposed: (i) the
loss function has connected sublevel sets, and (ii) the solutions found by stochastic
gradient descent are dropout stable. While these explanations provide insights into the
phenomenon, their assumptions are not always satisfied in practice. In particular, the
first approach requires the network to have one layer with order of N neurons (/V being
the number of training samples), while the second one requires the loss to be almost
invariant after removing half of the neurons at each layer (up to some rescaling of the
remaining ones). In this work, we improve both conditions by exploiting the quality
of the features at every intermediate layer together with a milder over-parameterization
requirement. More specifically, we show that: (i) under generic assumptions on the
features of intermediate layers, it suffices that the last two hidden layers have order of VN
neurons, and (i7) if subsets of features at each layer are linearly separable, then almost
no over-parameterization is needed to show the connectivity. Our experiments confirm
that the proposed condition ensures the connectivity of solutions found by stochastic
gradient descent, even in settings where the previous requirements do not hold.

6.1 Introduction

The aim of this work is to provide further theoretical insights into the mode connectivity
phenomenon which has recently attracted some considerable attention from the research
community (i.e. training a neural network via stochastic gradient descent (SGD) from
different random initializations often leads to solutions that could be connected by a
path of low loss) [AY20; DVS+18; FJ19; FB17; GIP+18]. Existing theoretical insights
from optimization landscape analysis suggest that, for over-parameterized networks, the
loss function has connected sublevel sets, and hence the solutions found by SGD are also
connected [Ngul9; SS16; VBB19]. However, in order for such a result to hold, the network
needs to have one wide layer with at least [V + 1 neurons (/V being the number of training
samples) [Ngu21]. This bound is also known to be tight for 2-layer networks. Here, we
would like to understand the above phenomenon for deep and mildly over-parameterized
networks (i.e. we aim to prove weaker guarantees under milder conditions). The idea
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6 Mode connectivity

Figure 6.1: A function with disconnected sublevel sets and two connected sets
of minima.

is that, even when the sublevel sets are disconnected, SGD may only concentrate in a
(large) region with connected minima, see e.g. Figure 6.1. This leads to the question
that whether one can characterize the properties of the solutions found by SGD which
capture the mode connectivity phenomenon, for mildly over-parameterized networks.
Along this line, a recent work [KWL+19] proposed the so-called “dropout stability”
condition, that is, removing half the neurons from every hidden layer leads to almost no
change in the value of the loss. As shown in the prior works (also in our experiments in
Section 6.6), this condition holds for very wide networks or when dropout is used as a
regularizer during training, but it does not hold under other practical settings.

The aim of this work is to provide a new characterization of SGD solutions which capture
their connectivity property, and to improve the previous assumptions (width (), and
dropout stability) for networks of practical sizes, learned without the support of dropout
training. As a remark, although our work is motivated by the original phenomenon
concerning mainly the solutions found by SGD, all the theoretical results are still valid
for other pairs of solutions in parameter space.

Main contributions. Our main Theorem 6.1 provides an upper bound of the loss along
a path connecting two given solutions in parameter space. This bound is characterized
by the loss of L optimized and sparse sub-networks, L being the network depth. These L
sub-networks connect subsets of at least half the neurons at each layer to the output
(see Figure 6.2), and their weights can be optimized independently of the weights of
the original network, which leads to a significant reduction of the loss. This is the key
difference to the previously proposed dropout stability property [KWL+19]. Next, we
specialize our theorem to different settings to demonstrate the improvement over prior
works:

e Corollary 6.2 shows that our condition is provably milder than dropout stabil-
ity [KWL+19]. In fact, dropout stability implies that the loss does not change much
when we remove at least half of the neurons at each layer and rescale the remain-
ing ones. Here, we allow to optimize again all the weights of the sub-networks
connecting the subsets of features to the output.

o As the weights of the sub-networks can be optimized, we establish a formal con-
nection between mode connectivity and memorization capacity of neural nets. In
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particular, Corollary 6.3 proves that, if the last two hidden layers have Q(v/N) neu-
rons, then under some additional mild conditions on the features of intermediate
layers, any two given solutions can be connected by a path of low loss. This improves
the width condition of prior works [Ngu19; Ngu21; VBB19] from Q(N) to Q(v/N)
at the cost of ensuring a weaker guarantee (i.e. the connectivity of sublevel sets
proved in prior works implies the connectivity of any two pairs of solutions, but in
this paper we only show the connectivity for certain pairs).

e Corollary 6.4 proves that, for a classification task, if subsets of features at each
layer are linearly separable, then no over-parameterization is required to prove the
connectivity.

The message of this paper is that, in order to ensure the connectivity, a smooth trade-off
between feature quality and over-parameterization suffices. The two extremes of this
trade-off are captured by Corollary 6.3 and 6.4 mentioned above. More generally, at each
layer [, we pick a subset 7; containing at least half the neurons. If the features indexed
by Z; are good enough, in the sense that there exists a small subnetwork & achieving
small loss when trained on these features as inputs, then all layers £ > [ in the original
network do not need to be larger than twice the widths of the subnet &;. Hence, the better
the features at lower layers, the less over-parameterized the higher layers need to be.

Finally, our numerical results show that, if the learning task is sufficiently simple (e.g.
MNIST) and the network is sufficiently over-parameterized, then dropout stability holds
and the SGD solutions can be connected as in [KWL+19]. However, when the learning
task is more difficult (e.g. CIFAR-10), or for networks of moderate sizes, dropout stability
does not hold and the path of [KWL+19] exhibits high loss. In this challenging setting,
we are still able to find low-loss paths connecting the SGD solutions.

Proof techniques. We remark that, while previous work [Ngul9; Ngu21; VBB19] focused
on the connectivity of all the sublevel sets (i.e. a property of the global landscape), here we
are only interested in the connectivity of a particular subset of solutions, especially those
that are discovered by SGD. This leads to several differences in the proofs. First, previous
analysis relies on the fact that the first hidden layer has at least V 4 1 neurons [Ngu21],
and thus the training inputs can essentially be mapped to a feature space where they
become linearly independent. This property allows the network to realize arbitrary
outputs at each layer, which leads to the connectivity of sublevel sets. This property is no
longer true for the networks considered here, where the layer widths are allowed to be
sublinear in N. Second, the analysis of sublevel sets often do not take into account the bias
of SGD, whereas here we focus more on understanding the properties of these solutions
which lead to their connectivity. More closely related is the work by [KWL+19], with
which we provide a detailed discussion in Section 6.4.

131



6 Mode connectivity

6.2 Related Work

Theoretical research on the loss surface of neural networks can be divided into two main
categories: one that studies the global optimality of local minima, see e.g. [CHM+15;
FA00; FYM+19; GGS+20; HV17; HM17; Kaw16; KB19; LB18; LDS18; LSL+18a; LSL+18b;
LK17; NH17; SS18; SH18; WLL18; XLS17; YSJ18; ZSS19; ZL18], and the other that studies
landscape connectivity. This work falls into the latter category. Specifically, the works
of [FB17; SS16] suggest that the loss function of a two-layer network becomes more
and more connected as the number of neurons increases. In [VBB19] and [Ngul9], it
is proved that networks with one sufficiently wide layer have no spurious valleys and
connected sublevel sets, respectively. All these works require networks with at least one
layer of order N neurons, whereas Corollary 6.3 requires widths of order /N neurons.
In [BSI+19], the authors study the connectivity of equivalent minima (i.e. representing
the same network function) which arise by permuting neurons from the same layer.
A similar property is investigated in [HWT20] for all local minima lying in a cell or
activation region (i.e. those sharing the same activation patterns across all the hidden
neurons and training samples). In contrast, here we consider a more general setting:
Theorem 6.1 provides upper bounds on the loss when connecting two arbitrary points
in parameter space. In particular, these points need not be local minima, nor share the
same activation patterns, or even represent the same function. This allows us to study
the mode connectivity phenomenon of SGD solutions [KWL+19], which are typically
not captured by the previous assumptions. Other works discuss lower bounds on over-
parameterization to ensure the existence of descent paths in shallow nets [SSG19], the
satisfiability of the dropout stability condition in the mean field regime [SM20].

Memorization capacity is an old and well-studied topic [Bau88; Cov65]. Networks
with Q(N) parameters are known to memorize N arbitrary samples, and this type of
results has been studied for a variety of settings, see [BHL+19; BEL+20; GWZ19; MZ20;
Ver20; YSJ19]. Nevertheless, how memorization capacity is related to the mode connec-
tivity phenomenon remains unclear, especially in the absence of a layer of width Q(XNV).
Our work draws a formal connection between the two, which opens up new directions
for future works.

6.3 Preliminaries

Given two nonnegative integers i, j, let [i, j] = {¢,...,j} and [i] = {1,2,...,i}. Given a
set Z, we denote by |Z| its cardinality. We consider an L-layer neural network with weight
matrices W; € R™-1*™ for [ € [L], and bias vectors b; € R™ for [ € [L — 1]. Here, ng is
the input dimension, n, the output dimension, and n,...,n;—; the widths of all the
hidden layers. Let ¢ be the set of all the network parameters. Given an input z € R™,
the feature vector f; € R™ at layer [ is defined as
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Figure 6.2: An illustration of the sub-networks appearing in our main Theorem 6.1. The
blue neurons correspond to the subset Z; in the theorem, and its cardinality is
at least half the layer width. Each sub-network §; receives as inputs the blue
neurons from layer /, and pass it through the red ones at the higher layers, all
the way to the output of the network. All the weights of the sub-networks
(in green) can be re-optimized to minimize the upper bound in the theorem.
This is shown via the infimum taken over §; on the RHS of Equation (6.4).

x, =0,
fl(evx) = U(VVlel—l(g’x) + bl)a le [L - 1]7 (61)
WEfL1(0,2), =1L,

where ¢ : R — R is some activation function. Let € be the parameter space of the
network. For a data distribution (z,y) ~ D, the population loss ® : Q2 — R is defined
as

(I)(Q) = ED[\P(fL(97$)7y)]7 (62)

where ¥(y,y) is assumed to be convex with respect to the first argument. Typical exam-
ples of ¥ which satisfy this assumption include the standard square loss and cross-entropy
loss. By letting D be the uniform distribution over a fixed set of N samples, the loss ®
reduces to the empirical loss.

In the following, we frequently encounter situations where we are given a layer [ €
[0, L—1], and we want to study a subnetwork from layer [ to the output layer L. The widths
and the inputs to this subnet are defined as follows. Let Z,, C [n,] be a subset of neurons
at layer p, for p € [I, L — 1]. By convention, let Zy = [no]. Let f, 7, € RZr| be obtained
from f, by taking the neurons indexed by Z,,. The layer widths of this subnet (associated

to () are given by ml(l) =17, ml(,l) =ny— |Zy| forp € [+ 1,L — 1], and mg) = nr. The

associated weight matrices and bias vectors are {U;,Sl) ;5:1 4+ and {vg) 1%:_11+1' where Uél) €
@ @

R™p=17"»" and v](ol) e R™ . Let & = ((Uél));;:lﬂ, (vz(gl))zf:_ﬁrl), see Figure 6.2 for an

illustration. Given an input z € R™" to this subnetwork, the corresponding output,
denoted by hr (&, z) € R™, is recursively defined for p € [I, L] as
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2, p=1,
hp(&,2) = o (O3 hp-a(&,2) + 0 ), pe [1+1,L - 1], (6.3)
(Ug)>ThL—1(€l7 Z)? P = L.

6.4 Main Result: Statement and Discussion

We now state our main result, which is proved in Section 6.5.

Theorem 6.1 Fix any 6y,01 € Q and any e > 0. Then, there exists a continuous piecewise linear
(PWL) path 0 - [0, 1] — Q such that 6(0) = 6y, 0(1) = 6y, and the following holds:

max ®(A(t)) < max max (®(0'), min max inf Ep[¥ (b1 (&, fiz,(6',7)) ,y —|—e>
te[0.1] (6() 0'€{00,01} Ql(g[zq],“.,ILlg[nLﬂle[o,L1] & [ (he (& fim(0,2)) )]
EN £ P s P
(6.4)

where hr, (&, f17,(0',x)) is the output of the subnetwork from layer | to layer L as defined
in (6.3), fed with input f; 7,(0', z), and & contains the parameters of this subnetwork.

We remark that the second maximum on the RHS of (6.4) is intended to be taken between
the two components in the open bracket (i.e., (') and the min max inf ).

An illustration of the subnets ¢;’s appearing in the theorem can be found in Figure 6.2.
In words, for layer | € [L — 1], we pick a subset Z; containing at least half the hidden
neurons in that layer. Then, the loss over the PWL path is upper bounded by the loss
at L points that are formed by connecting the subset of features (indexed by Z;) at
layer [ to the output via the subnetwork defined in (6.3). The key idea is that we can
construct low-loss paths connecting these sparse points, and the sub-networks guarantee
a sufficient amount of sparsity: they have |Z;| neurons at layer /, and n, — |Z,| neurons
atlayer p € [l 4+ 1, L — 1]. The additive factor ¢ in the RHS of (6.4) serves to deal with
the case in which the inf is not attained (as for the cross-entropy loss). We note that
Theorem 6.1 also holds for deep nets without biases, which can be proved by following
the same argument as in Section 6.5.

Equivalent formulation. Before discussing the implications of Theorem 6.1, we provide
an equivalent way to write the “min max inf ” on the RHS of (6.4). This characterization
will be useful when evaluating numerically our bound in Section 6.6. First, note that the
subnetwork &; in (6.4) is fully determined by Z; and the cardinalities of Z;,...,Z7_;.
To this end, let K; = |Z;|,1 € [L — 1], and

Ql = irﬁlzf ED[\IJ (hL (glv fl,Il(elvx» 7y>]7 le [07 L— 1]‘ (65)
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Then, clearly Q; is fully determined by the variables {¢’,7Z;, K41, ..., Kr—1}, and thus it
does not depend on the actual content of Z;;s for k # [. Based on this observation, one
can easily argue that

min max ;= min max min @
T Clm), ., T—1C[ng 1) 1E00.L-1] LK <n, ey B SRy <npq [0, L] |IZZ%[TI”<}
n — =
st |T=5t, . [ Zo > 5t U=k
(6.6)

To see why (6.6) holds, we first write the minimum over the sets {Z;};c;—1) on the
LHS as a minimum over their cardinalities { K };c[z—1) followed by a minimum over
all the possible choices of subsets with fixed cardinalities. From the above discussion,
once Kj1,...,Kr_; are fixed, the quantity @), is entirely independent of Z;, for all k& # .
Thus, one can swap the maximum over [ € [0, L — 1] with the minimum over the sets,
and the result readily follows.

A condition milder than dropout stability. Theorem 1 of [KWL+19] can be deduced
as a corollary of Theorem 6.1 stated for networks without biases. Let us first recall
the definition of e-dropout stability from [KWL+19]. We say that some point § € 2
is e-dropout stable if, for all I € [L — 1], there exists a subset of at most |n,/2| hidden
neurons in each of the layers p € [I, L — 1] with the following property: after rescaling the
outputs of these hidden units by some factor  and setting the outputs of the remaining
units to zero, we obtain a parameter ¢; 4 such that ®(; q) < ®(0) + <. The proof of the
following corollary is postponed to Appendix 6.A.1.

Corollary 6.2 Fix any 6y,0, € Q and any e > 0. Assume that 0y and 0, are e-dropout stable.
Then, there exists a continuous PWL path 6 : [0, 1] — € such that 6(0) = 6y, 60(1) = 01, and it
holds:

max, ®(0(t)) < max (®(6h), (61)) +€+e. (6.7)

We highlight that requiring dropout stability to ensure the connectivity of solutions is a
much stronger assumption than what is needed in Theorem 6.1. In fact, in order to have
that the loss along the path connecting 6y and 0, is e-close to the loss at the extremes,
Theorem 1 of [KWL+19] requires that 6y and 6; are e-dropout stable. On the contrary,
our main result requires that, for ¢’ € {6y, 6, },

ilglf Ep¥ (hr (&, fiz,(0,2)) )] (6.8)

is no bigger than ®(#’). The key difference with respect to [KWL+19] is that in (6.8)
we are not restricted to rescaling the weights of the original network (as in the dropout
stability assumption), but we are allowed to optimize the weights of the subnetwork. This
makes a significant difference in practical settings. In Section 6.6, we provide examples
of networks trained on MNIST and CIFAR-10 such that dropout stability is not satisfied,
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but our mild condition still holds. Thus, even if the path provided by [KWL+19] leads
to a large loss, we are still able to connect the SGD solutions via a low-loss path.

Connections with memorization capacity. The fact that we can choose arbitrary weights
to approach the inf in (6.8) provides a link between the connectivity of solutions and
the memorization capacity of neural nets. Consider a setting in which there are N data
samples { (7}, y;)} ;e and we wish to minimize the empirical training loss, i.e. D is the
uniform distribution over these samples. By exploiting recent progress on the finite-
sample expressivity of neural networks [BEL+20; YSJ19], one deduces the corollary
below, whose proof is deferred to Appendix 6.A.2. We recall that a set of points {; };c|n]

in R? s said to be in generic position if any hyperplane in R? contains at most d points.

Corollary 6.3 Fix any 0,6, € Qand any € > 0, and let o be ReLU. Let {(x;, yj)}je[N} be N
data samples, where y; € [—1,1]"" for j € [N] and the vectors {x;} ;c(n) are distinct. Let D be
the uniform distribution over these samples. For i € {0,1}, assume that there exist subsets of

neurons {I[(i)}ZE[L—I] such that the following holds:

()
() > ML—1 nr—2 nL*1_|IL_1‘ >
(A1) |72, 25 andﬁ% < H e >N.

(A1-b) For some e > 0,

IZp 2 qIxnp e
WeR™L-1

(A2) \Iglﬂ = [25=2], and the feature vectors {fL—2,I§i12(9i’ ;) }je[n) are in generic position.

(A3) Foralll € [L—3]: |Il(i)\ = ny — 1, and the feature vectors { f, i) (0, ;) }jen) are distinct.
]
Then, there exists a continuous PWL path 6 : [0,1] — Q s.t. 0(0) = 0y, 6(1) = 6,1, and it holds:

max ®(0(t)) < max (®(0o), (61)) +e€+e. (6.10)

This result should be regarded as a proof of concept. Improved bounds on memoriza-
tion capacity” would immediately lead to stronger results about connectivity. Let us
now discuss in more detail the assumptions needed in Corollary 6.3. Assumption (A2)
ensures sufficient “diversity” among the features at the second last hidden layer: the
vectors { f L2l (6:,77)} je|v) need to be in generic position, which is rather standard in
the literature about the memorization capacity of neural networks, see e.g. [Bau88]. As-
sumption (A3) requires a minimal condition that the feature vectors { flll(i) (0, 25) }je[n]

are distinct for [ € [L — 3]. Assumption (Al-b) involves the quality of the features at
the last hidden layer: it requires that, by removing ny;_1 — \Igzl| neurons and picking

“E.g., less parameters in the interpolating network or less assumptions on the input data.
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suitable new outcoming weights for the remaining ones, we do not increase the loss by
more than . Assumption (A1) involves the over-parameterization of the last two hidden

layers of the network: it requires that nj_s(ng;—1 — ]Ig)_1|) is at least roughly 8Nnr.

Pick |Ig)_1] = (1 — d)nr—1, and assume that ny, is a constant independent of N. Then,
assumption (Al-b) holds if the loss remains stable after removing a J-fraction of the
neurons, and assumption (Al) holds if n;_ony—1 = Q(N). We remark that there is no
requirement on the widths of the remaining layers.

It is shown in [Ngu21] that, for deep nets, if the first hidden layer has NV + 1 neurons then
one gets connected sublevel sets. This bound is tight as a 2-layer network of width N can
have disconnected sublevel sets. Here, we use properties of the features of the solutions
we wish to connect in order to relax the requirement on the over-parameterization. In
particular, if the features at the last two hidden layers are good enough (i.e. removing a
small number of neurons at layer L — 1 does not increase the loss much, and a subset of
features at layer L — 2 are in generic position), then Q(v/N) neurons in each of these two
layers are sufficient to ensure the connectivity. More generally, the fact that we are free to
choose the sizes of the sets 71, . .., Z;,_1 in the RHS of (6.4) allows one to trade-off between
the quality of the features at a given layer and the amount of over-parameterization in
the layers above it.

Linearly separable features. One extreme example of this trade-off is when the features
are linearly separable (i.e. the features are highly representative of the labels). More
formally, consider a classification task where one is given the labels y; € {0,1}"%, and
the data samples are linearly separable. Recall that, a set of data samples {(z;,y;)} e[
is called “linearly separable” if there exist nj, hyperplanes, each separating the samples
of one class from the other classes perfectly. Pick two points such that, by removing n;,
neurons per layer, their features remain linearly separable at each layer. Then, these
points can be connected by a low-loss path (without any extra over-parameterization
requirement). This is formalized in the following corollary, whose proof appears in
Appendix 6.A.3.

Corollary 6.4 Fix any 0y,0, € Qand any e > 0. Assume that n; > 2ny, for | € [L — 1]
and that there exists an interval |, 8] s.t. o is strictly monotonic on [, B8]. Let {(z,y;)}jen]
be N linearly separable data samples, where y; € {0,1}"L for j € [N]. Let D be the uniform
distribution over these samples, and let U be the standard cross-entropy loss. Assume that,
fori € {0, 1}, there exists subsets {Il(’)}le[L,l] such that % < |Il(’)\ < ny — ny, and the set of
features {fhzl(i) (05, 75),Y;}jen) is linearly separable, for all | € [0, L — 1]. Then, there exists a

continuous PWL path 6 : [0, 1] — Q such that 6(0) = 0y, 6(1) = 61, and the following holds:

g[g§]¢(9(t)) < max (®(0o), ®(61)) + €. (6.11)

We remark that the result of Corollary 6.4 is not restricted to the cross-entropy loss, but
it holds for any loss function ¥ whose infimum is 0 when the input is linearly separable.
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Furthermore, the assumption on the activation function being monotonic in an interval
is very mild, and it serves to avoid degenerate cases (e.g. constant activation function).

6.5 Proof of Theorem 6.1

In the following, the “incoming weights” of a neuron refer to both the incoming weight
vector and the bias of that neuron, and the “outcoming weights” of a neuron simply refer
to its outcoming weight vector. We call a neuron “inactive” if its incoming weights are
zero, and we call a neuron “pure zero” if both its incoming and outcoming weights are
zero. Clearly, a pure zero neuron is inactive. Whenever we say “set some parameter w
from a to b”, we simply mean to change the current value of w from « to b by following a
direct line segment: w(A) = (1 — X\)a + \b, where X € [0, 1]. First, we state and prove a
useful claim. Then, we present the proof of Theorem 6.1.

Claim 6.5 Consider two distinct hidden neurons p and q on the same layer, and assume that p
is a pure zero neuron. Then, one can swap p and q by a continuous PWL path along which the
network output is invariant.

Proof of Claim 6.5. Let pin and poyt denote the incoming resp. outcoming weights of p.
Similarly, we denote by ¢in and gout the incoming and outcoming weights of g. We change p
and ¢ continuously by applying the following paths sequentially (after each step, we
reset the value of p and ¢ to the ending point of the path): (i) pin(A) = (1 — A\)pin + Agin,
(ii) [pout<)‘)7 QOut(A)] = [/\QOutv (1 - /\)QOut]/ and (iii) Qin(/\) - (1 - )\)Qm- For all these
paths, A goes from 0 to 1. Note that path (i) does not change the network output, since
the outcoming weights of p are zero. At the end of the first path, p and ¢ have the same
incoming weights (i.e. they are identical neurons). Furthermore, path (ii) does not
change the network output, since the total contribution of p and ¢ to the next layer is
constant along the path. Finally, also path (iii) does not change the network output, since
the outcoming weights of ¢ are zero at the end of path (ii). After performing these three
steps, p and ¢ are swapped, i.e. ¢ becomes pure zero while p has the original weights
of q. O

Proof of Theorem 6.1. Fix the subsets {Z;}c[;,—1), where Z; C [ny], |Z;| > n;/2, and let Z; be
the complement of Z;. We show that there is a continuous PWL path from 6y to some
other point for which all the neurons in {Z;};c[;_1) are pure zero, and the loss along the
path is at most

o (@(00), e nf B0 (he (6 Siz (0. 0) o)) +¢) . (612

To prove the claim, we start from 6, and apply a sparsification procedure that makes the
neurons in 77,1, ...,Z; become pure zero, one layer at a time from layer L — 1 down
to layer 1. First, we construct a path that makes the outcoming weights of the neurons
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in Z;,_; become zero by changing only the weights in the last layer. Note that ¥ is convex
in the weights of the last layer, hence ® is also convex in those weights. Therefore, the
loss along this path is at most

max <<I)(90)7£inf Ep[¥ (hr (én—-1, fr-1,2, 1 (60,2)) ,y)] + 6> .
L—-1

Once the outcoming weights of a neuron are all zero, the incoming weights can also be

set to zero without changing the loss. Thus, the neurons in 7;,_; can be made pure zero.

Now, we assume via induction that we have already made all the neurons in
{Zi41,...,Z1} pure zero, and we want to make the neurons in Z; pure zero. It suffices to
make all the inter-connections between Z; and 7;.; become zero, because the connections
between Z; and 7, are already zero due to the inactivity of Z; 1. To do this, one first
observes that the pure-zero state of the neurons in {Z1, . .., Zj,_1 } separates the original
network from layer [ + 1 to layer L — 1 into two parallel subnetworks: one with neurons
in {Z,}~7, |, and the other with pure zero neurons. Now, set the incoming weights of

p=l+1’/ ~ ~
the neurons in {Z;11,...,Z;1} to the corresponding values given by the subnetwork &,
where &, satisfies the following

Ep[¥ (he (&, fizi (80, 2)) ,y)] < inf Ep[¥ (hr, (6, fi71(80, 7)) , )] + . (6.13)

Note that a subnetwork &, which satisfies (6.13) always exists: if the infimum on the
RHS of (6.13) is actually a minimum, then we can pick &, to be one of the minimizers.
Otherwise, there exists a £, whose loss approaches the infimum with arbitrarily small
error. In the above step, only the incoming weights that are relevant to the subnetwork &,
are reset, while the other ones are kept unchanged. In particular, this step does not affect
the outputs of the neurons in the other subsets {Z;1,...,Z5_1} as well as the output
of the network. Next, let us set all the outcoming weights in Z;,_; to the corresponding
value given by &,, and all the outcoming weights in Z;_; to zero (in one step). By
the convexity of ¥ w.r.t. the output weights, we have that the loss along this path is
upper bounded by the loss at the extremes of the path, which is in turn upper bounded
by (6.12). Now, since the outcoming weights of Z;,_; are zero, it follows that the parallel
subnetwork associated to {Z;1,...,Z;_1} does not contribute to the network output.
Thus, we can change the incoming weights of all the neurons in this subnetwork to any
arbitrary values without affecting the loss. Hence, we turn all these neurons into inactive
and then pure zero, without changing the loss. As a result, all the inter-connections
between 7, and 7,41 will become zero, as wanted from above. At this point, note that the
weights of the neurons in {Z;,1,...,Z_1} are those of &,. Thus, in order to finish the
induction proof, we need to make them become pure zero again. This can be done by
swapping, at each layer p € [l + 1, L — 1], one pure zero neuron in Z, with one neuron
inZ,. As |Z,| > "¢ > |Z,], this is always possible, and the network output is invariant by
Claim 6.5.

The sparsification procedure described above can be performed for any subsets {Z; };¢;,—1]
st. [Z;] > % forl € [L — 1]. Thus, we can take the minimum in (6.12) over such
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subsets. Let {Z] },c(1—1) be the optimal subsets for fy. Let us apply the same sparsification
procedure to 6. We can assume w.l.0.g. that the optimal subsets for §; and 6 are the
same. In fact, if this is not the case, we use Claim 6.5 and swap the pure zero neurons
with other ones on the same layer in order to satisfy this property. At this point, both 6,
and 6; have been sparsified, and they have the same set of pure zero neurons at each
layer, indexed by {il*}le[ L-1]-

Finally, we connect the sparsified versions of §y and ;. Let A be the subnetwork consisting
of all the hidden neurons in {fl*}le[ r—1], and B the subnetwork consisting of all the
remaining neurons. Both A and B share the same input and output layers as the original
network. Note also that the hidden layers of B have larger widths than the corresponding
layers of A. Since A and B are decoupled, one can turn one on and the other off by setting
the appropriate output weights to zero, and then update the incoming weights of the
other subnetwork to any desired value without affecting the loss. In this way, one can
make all the incoming weights (restricted to each parallel subnetwork) of 6, equal to the
corresponding values of ¢;. Finally, one uses the convexity of the loss ¥ again to equalize
the output weights of both 6, and ;. Hence, the loss incurred to connect the sparsified
versions of 0y and 6, is no bigger than

. /
s, Enld (1 (6 o) )]+

By taking the maximum of the loss along the paths considered in this proof, we get the
bound (6.4). O

6.6 Numerical Experiments

We compare the losses along the path of Theorem 6.1 and the one in [KWL+19] which
our theoretical analysis has improved upon. Implementation details and a link to the
code are given in Appendix 6.C.

Datasets and architectures. We consider MNIST [LBB+01] and CIFAR-10 [Kri09]
datasets. As a pre-processing stage, we perform a scaling into [—1, 1] for MNIST, and
data whitening for CIFAR-10. For MNIST, we consider a fully connected network (FCN)
with 10 hidden layers (L = 11), each of width 245. For CIFAR-10, we consider two
architectures: (i) an FCN with 5 hidden layers (L = 6), each of width 500, and (ii) the
VGG-11 network [SZ15]. All architectures have ReLU activations. We train each network
by standard SGD with cross-entropy loss, batch size 100 and no explicit regularizers.
All the networks are trained beyond the point where the dataset is perfectly separated,
and no early stopping mechanism is used. For each trained network, we perform the
following two experiments.

Experiment (A): we evaluate the RHS of (6.4), with 6’ being the trained model, by using
the equivalent characterization (6.6). First, we fix the integers K; = [n;/2]. Then, for
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6.6 Numerical Experiments

each € [0, L — 1], we compute the quantity Q;, defined as:

— mi — min inf Ep[U (hy (&, fiz (6. 2)) ,v)]. 6.14
Qi uin Qi Juin in oV (he (&, fi7,(0,2)) ,y)] (6.14)
|7 =K, |7 =K,

We upper bound the inf in (6.14) by running an independent SGD routine, and upper
bound the min there by sampling the subsets Z; uniformly at random for 74 = 20
times and by picking the best training loss resulting from the inf . The resulting bounds
on Q; are shown by the blue curves in Figure 6.3. Note that by taking the maximum of
these values for [ € [0, L — 1], one obtains an upper bound on (6.6), which is exactly
the min max inf term in Theorem 6.1. As Theorem 6.1 requires at least two different
points ¢’ to connect, in Figure 6.3 we run our experiments multiple times (i.e. by training
multiple network ¢’ above), and we report the mean together with the 95% confidence
interval. The performance of these original models #"’s is shown by the horizontal dotted
green line in Figure 6.3 (used as a reference). As one can see, the blue curve is always
close to the reference curve, which means that our upper bound as given in Theorem 6.1
for connecting these ¢’ solutions is always close to their original training losses, and thus
all these solutions are approximately connected.

Experiment (B): we test the dropout stability of the trained model as defined
in [KWL+19]. For each [ € [L — 1], we proceed as follows: (i) randomly remove half of
the neurons at all layers p € [[, L — 1], and (ii) optimize the scaling factor of the output
of the remaining network by minimizing the training loss. This last optimization is per-
formed in our experiments via the Scipy method minimize_scalar (method="brent").
For each | € [L — 1], this procedure (i.e. do (i), and then (ii)) is repeated T = 200 times,
and we pick the best result based on the training loss. We have chosen the value Tz = 200
by observing that, if we increase Tp from 100 to 200, the change in the minimum loss is
negligible. The results here are shown by the orange curves in Figure 6.3. One observes
that dropout stability tends to be satisfied at the layers near the output of the network,
while dropping the neurons from the first few layers increases the loss significantly. This
is consistent with the findings of [KWL+19], where it is reported that dropout stability
does not hold for the first few layers of the VGG-11 architecture without dropout training.
If one instead uses dropout during training, [KWL+19] show that the trained model
satisfies the dropout stability property. In Experiment (A), we have shown that, even
when dropout is not used as an explicit regularizer during training (and consequently
dropout stability may not hold), we can still ensure the existence of low-loss connecting
paths. This is because our bound in Theorem 6.1 allows the optimization of the weights
of the subnetwork ¢&;.

Figure 6.3d illustrates the paths between two SGD solutions obtained from Experiment
(A) and (B) for the FCN with L = 6 trained on CIFAR-10. While the path (A) constructed
via Theorem 6.1 has loss close to zero (and close to the loss of the reference model), the
path of [KWL+19] experiences a large loss. Additional results in Appendix 6.B show
similar patterns for the test error (see Figure 6.6) and for different dropout ratios (see
Figures 6.7 and 6.8). Furthermore, the log-scale plot in Figure 6.5 of Appendix 6.B allows
one to zoom into the detailed difference between our bound and the reference.
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Figure 6.3: a—c: Training loss for Experiments (A) and (B). The dotted green line is the
originally trained model ¢, used as a reference. Mean and 95% confidence
interval are shown for 10 different trained networks #’ in a-b, and for 5 differ-
ent ¢’ in c. The plot d shows the loss along the paths of Experiments (A) and
(B) between a fixed pair of solutions for the FCN trained on CIFAR-10.

In Figure 6.4, we perform Experiments (A)-(B) for an FCN with 2 hidden layers of
equal width, trained on MNIST and CIFAR-10. Here, we vary the width, and report
the maximum of the bounds over all the layers. As expected, the loss gets smaller as
width increases. However, the bound provided by Theorem 6.1 is close to 0 already
for networks of moderate sizes: about 200 neurons for MNIST, and 500 for CIFAR-10.
These networks widths roughly correspond to v/N, as predicted by Corollary 6.3. On the
contrary, much larger widths are necessary for dropout stability to hold: 2000 neurons
for MNIST, and for CIFAR-10, networks with 3000 neurons are still quite far from being
dropout stable.

Taking all these experimental results together, we have demonstrated that, for simple
datasets (e.g. MNIST) and for large enough widths, dropout stability holds. How-
ever, for more difficult learning tasks (e.g. CIFAR-10), and for networks of moderate
widths or larger depths, there is a strong evidence that dropout stability is not satis-
fied. Yet, our main theorem provides connecting paths with low loss, even when the
over-parameterization of the trained networks is moderate.

6.7 Concluding Remarks

We provide a new characterization for SGD solutions (or more generally, for any two
points in parameter space) to be connected by low-loss paths. Numerical experiments
demonstrate that the proposed sufficient condition is satisfied by trained networks, also
in settings where the requirements of the previous works do not hold. Our results and
analysis lead directly to the following open question: Is having (more than two) hidden
layers with (/N ) neurons in general sufficient to guarantee the connectivity of all the sublevel
sets? Although width NN is both necessary and sulfficient for two-layer nets [Ngu21], our
Corollary 6.3 gives hope that this bound may be not tight for deeper nets, and sublinear
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Figure 6.4: Training loss (maximum over all layers) for Experiments (A) and (B) for an
FCN with two hidden layers of equal albeit varying widths. The dotted line
is the originally trained model. Mean and 95% confidence interval are shown
for 3 different solutions ¢’

widths there might suffice. Answering this question would help us better understand the
role of depth on shaping the geometry of neural net loss function. It is also interesting to
study: (i) Why does SGD converge to solutions fulfilling the trade-off we describe here
between feature quality and over-parameterization? (ii) Does SGD provably converge
to a global optimum for such networks? This last question was studied, e.g. in [ ALS19;
DLL+19a; NM20; OS20; ZCZ+20] for regression tasks, but the current results still require
at least one layer with (V) neurons. The analysis here suggests that SGD may explore
a well-behaved region of the loss landscape even for networks with sublinear layer
widths.

6.A Missing Proofs

6.A.1 Proof of Corollary 6.2

Proof. Let 0’ € {6p,0:}. Then, as ' is e-dropout stable, we obtain that, for every [ €
[L — 1], there exist subsets of indices {I};d Zfz_ll, with I;,l,’d C [np) and |I]l,’d < |np/2],
such that the following property holds: after rescaling the outputs of the hidden units
indexed by {I};d}ﬁz_ll and setting the outputs of the remaining units to zero, we obtain 0; 4
satisfying ®(6; ;) < ®(#') + . Now, one observes that, by using Theorem 6.1, it suffices
to show that there exists a choice of {Z;}jejn—1) with Z; C [n;] and |Z;| > n;/2 such that,
for [ € [0, L — 1], it holds

inf Ep[W¥ (hy, (6 fuz (¢.)) .9)] < (6],) (6.15)

with Zy = [no]

For [ € [L — 1], pick Z; such that Z; D Ill’d and |Z;| = [n;/2]. This is possible

since \Ill’d < |ni/2]. Note that since |Z;| = [n;/2], the requirement that |Z;| > n;/2
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from (6.4) is fulfilled. AsZ; O Ill ’d, fi7,(¢', z) contains all the non-zero elements of
the feature vector f;(6] 4, ) (i.e. after setting the outputs of the remaining neurons to
zero as described abové). Furthermore, recall that §; contains the parameters of a sub-
network from layer | to L with layer widths ml(l) = |7, m,(f) =np — |Z,| = |[np/2]
forp € [l + 1,L — 1] and mg) = nr. Thus, since ¢, contains at most |n,/2|
non-zero neurons at layer p € [l + 1, L — 1], it follows that the network computed
at 0] ; can be implemented by the subnetwork. In other words, there exists & such
that hy, (&, fin(0',2)) = fr(0] 4, %), for all z. Hence, (6.15) holds and the desired claim
follows. D

6.A.2 Proof of Corollary 6.3
Proof. We show that, fori € {0,1} and for € [0, L — 1],
i?lf Ep [\I’ (hL (fl7 flll(i) (0;, CC)) ,y)} < ®(6;) + &, (6.16)

with I(()i) = [no]. When ! = L—1, (6.16) is equivalent to (6.9), which holds by assumption
(Al-b). When ! = L — 2, we note that {f, , ) (0i,2;)};en) are in generic position
)

by assumption (A2), and assumption (Al) holds. Thus, (6.16) follows by applying

Proposition 4 of [BEL+20] to each of the n, outputs of the network. When! € [0, L—3], we

note that {f, ;) (i, 2;)};en) are distinct by assumption (A3), the samples {x;};c(y) are
it

distinct by assumption, and y; € [—1,1]"* for j € [N]. Thus, by using again assumption
(A1), we can apply Corollary A.1 of [YSJ19] and (6.16) readily follows." Finally, one can

easily check that |Il(i)\ >ny/2foralll € [L—1],i € {0, 1}, which satisfies the requirement
in (6.4). Thus, the desired claim follows from Theorem 6.1. O

6.A.3 Proof of Corollary 6.4
Proof. We show that, for i € {0,1} and for ! € [0, L — 1],

inf Ep v (e (& fl’Il(i)(Qi,:c)) )] =o. (6.17)

with I(gi) = [no]. Recall that, by hypothesis, {f, ;«) (6:,2;), y;}e[n are linearly separable
]

forl € [0,L — 1]. For k € [ng], denote by (y;) the k-th component of the vector y; €
{0,1}"z.

"Note that we apply Corollary A.1 of [YS]19] with m = 1 and I1 = L — 2. In this setting, [m — 1]
and [l,, + 2 : L — 1] are the empty set, hence the 1st, 3rd and 4th conditions of Corollary A.1 hold. To verify

the 2nd condition, note thatry = 0,dr_2 = np_2 — |I(Li)_2 = LL;"J, dr—1=nr_1— |I<Lill|, anddy = nr.
Thus, the 2nd condition follows from assumption (A1), and the application of Corollary A.1 is justified.
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6.B Additional Numerical Experiments

First, consider the case | = L — 1. Then, the problem in (6.17) is a convex learning
problem with linearly separable inputs, namely { f 1170 (0i,75),yj}je|n)- Since V is
L1

the cross-entropy loss, (6.17) holds immediately.

Consider now the case [ € [0,L — 2]. Then, there exists v € (a,f), a set of np,

weights wy, ..., wy,, € RIZ"l and a set of ny, biasescy, ..., ¢y, € Rsuch that the following
holds: if (y;)r = 1, then <fl,Il(i)(9i’ xj),wr) + ci € (7, B); otherwise, <fl,Il(i)(9i’ xj), wy) +
¢t € (a,v). In words, this means that the pre-activation output of neuron k at
layer I + 1 maps all the samples of class k into (7, 3) and the remaining samples
into (,7). Let us assume w.lLo.g. that ¢ is strictly monotonically increasing on («, 3).
Then, we have that, if (y;); = 1, 0(<fl7Il(i)(9i,:nj),wk) + cx) € (o(y),0(8)); other-

wise, O'((fl,Il(i) (0, x5),wg) +c) € (o(c),o()). Hence, at layer [ + 1, we have n, neurons,

each perfectly separating the samples of one class from the others. This shows that the set
of features formed by these neurons is linearly separable. By repeating this argument, we
can choose the weights of nj, neurons from the next layers [ + 2, ..., L — 1 such that this
linear separability property is maintained. Consequently, the subnetwork implemented
by & (which has at least n;, neurons at each of its hidden layers) can perfectly separate
the features { fl,Ifi) (0i,75), 95} jein)- Thus, (6.17) holds, and the desired claim follows

from Theorem 6.1. O

6.B Additional Numerical Experiments

Training loss in logarithmic scale. Figure 6.5 plots the loss reported in Figure 6.3 on a
logarithmic y-axis. This allows one to see more clearly the difference between our bound
(A) and the reference model. We note that this difference remains small across all layers
of the network and experiments. Likewise, Figure 6.9 plots the loss reported in Figure 6.4
on a logarithmic y-axis. The logarithmic scale of the plot magnifies the drop in the metric
around a certain threshold, about 100 neurons for MNIST and 400 for CIFAR-10.

Test error. Figure 6.6 shows the corresponding test errors for the experiment in Figure 6.3.
One can observe a similar behavior that our bound (A) continues to remain close to the
reference model, while the test error (B) coming from the dropout stability assumption
is large at the first layers.

Different dropout ratios. In Figures 6.7 and 6.8, we perform Experiments (A) and (B)
again with other values of K;’s — the cardinalities of the subsets of neurons Z;’s. Intuitively,
in our proofs K; can be seen as the number of neurons that we choose to keep at each
layer, and thus it can also be defined via a certain dropout ratio. For simplicity, we fix
this ratio to be the same at every layer, say p € [0,1]. Let K; = [(1 — p)n; ], forl € [L —1].
Then, one notes that the results in Figures 6.3 and 6.4 have been obtained by taking p = 3.
Now, we repeat these experiments for p € {1, 1}, and report the results in Figures 6.7
and 6.8, respectively. As for Experiment (A), this means that, while more neurons are
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Figure 6.5: Results of Figure 6.3 plotted with a logarithmic y-axis.
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Figure 6.6: Test error (in %) for the experiment in Figure 6.3.

preserved at each hidden layer (due to smaller p), the capacities of the sub-networks ¢;’s
from Theorem 6.1 are smaller. As for Experiment (B), since more neurons are kept at
each layer, there is a better chance that the dropout stability assumption is satisfied. Let
us remark that the results of [KWL+19] show the existence of a low-loss path for p > %,
whereas our Theorem 6.1 also applies to p < 1. The plots show that although experiment
(B) benefits from a lower p, there is still a significant performance gap with the originally
trained model, especially at the lower layers. Meanwhile, this gap is consistently smaller
for (A) across different values of p. This is on par with the case p = % as reported in
Section 6.6.

6.C Training Details

All models were trained from scratch on MNIST and CIFAR-10. The hyperparameters for
training the original networks ' (O) and for Experiment (A) can be found in Table 6.1.
They were manually chosen in such a way that SGD achieves a reasonable convergence
speed. All experiments were run on Nvidia GPUs Tesla V100. The implementation can
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Figure 6.7: Dropout ratio p = 1. Training loss (top) and test error (bottom) for Experi-
ments (A) and (B). The dotted green line is the originally trained model, used
as a reference. We perform the experiments for only one trained model ¢,
and thus there is no confidence interval.

be found on Githubt. The original models are trained until 0 training error is reached.
For Experiment (A), training is done for at least 100 epochs, and then it is stopped when 0
error or a maximum of 400 epochs is reached. Moreover, sub-networks ¢; with larger
depth (i.e. starting at a lower /) required more care and a lower learning rate than shallow
ones. For VGG, we employ a learning rate scheduler. As reported in the table, we tweak
the scheduler for certain values of | (giving the deepest models) in the case p = ;. For
the varying-width experiment (Figure 6.4), the same learning rate is used for different
widths to allow a comparison of results. The maximal learning rate that makes every

model converge is kept.

Pruning for VGG-11. As in previous work [KWL+19], for CNN architectures like
VGG-11, each convolutional feature map associated with a filter/kernel can be treated
as a single neuron of a fully connected architecture. In this way, Experiment (B) can be
done similarly to the case of fully connected networks. For Experiment (A), this means
that the sub-networks &;’s consist of a small fraction of the convolutional filters from each
layer of the original network. All the max-pooling layers, as part of the original VGG-11
architecture, are kept unchanged.

*https://github.com/modeconnectivity/modeconnectivity
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Figure 6.8: Dropout ratio p = 1. Training loss (top) and test error (bottom) for Experi-
ments (A) and (B). The dotted green line is the originally trained model, used
as a reference. We perform the experiments for only one trained model ¢',
and thus there is no confidence interval.
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Figure 6.9: Results of Figure 6.4 plotted with a logarithmic y-axis. Mean and 95% confi-
dence intervals are depicted for three different trained networks ¢'.
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Model (O-11) (0-3) (A-11) (A-3)
learning rate  107% 5-107% 2.1073-5-107% 5.107°
momentum 0.95 — — —

(a) FCN MNIST

Model (0-6) (O-3) (A-6) (A-3),l=0 (A-3),1=1,2
learning rate 1073 5.107* 1073-5.10° 1073 5-1073
momentum 0.95 — — — —

(b) FCN CIFAR-10

Model (0) (A)f (A),p=1,1=0 (A),p=11=1
learning rate 5.1073 — — _
momentum 0.9 — — _
weight decay ~ 5-107* — — _
scheduler 7=05 =05 v=01 v =09

steps =10 steps =20 steps = 250 mode = “plateau”
" All of the cases exceptp = 1,1 € {0,1}

(c) VGG CIFAR-10

Table 6.1: Hyperparameters of the SGD optimizer for training the original model (O)
and the sub-networks of Experiment (A). For each n € {3, 6,11}, the models
(O-n) and (A-n) refer to those sub-networks that have total number of layers n
(i.e.n € {6,11} in Figure 6.3, and n = 3 in Figure 6.4). The index [ refers to the
subnetwork ¢;. Dashes stand for duplicate values from the column on the left.
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CONCLUSION

In this thesis, we have investigated different aspects of generative modelling, specifically
Generative Adversarial Networks (GANs) which are based on Optimal Transport (OT)
quantities.

The core mathematical framework underlying the expression of OT was first presented in
Chapter 2. Then, in Chapter 3, we presented different formulations of a general GAN loss,
along with typical approaches and hypothesis used to analyse the resulting optimization
system. Focusing on the optimal discriminator hypothesis, we recalled sufficient regu-
larity assumptions a GAN should satisfy in order for the overall optimization problem
to converge to a critical point of the loss. We illustrated them with toy examples, and
showed that, even in this simple case, at least one of the condition was not satisfied.
Considering more intricate examples should be the topic of future work.

Broadening the field of study, in Chapter 4, we introduced the Bures-Wasserstein (BW)
linear GAN. It is one of the few instances where a closed-form expression of the Wasser-
stein distance is known and can be leveraged. Moreover, the deep linear architecture of
the generator encodes a deep matrix factorization of a covariance matrix. Together, the
resulting learning system possesses attractive characteristics: it unites a rank-constrained
matrix approximation problem, a non-Euclidean type of loss, and an over-parametrized
optimization scheme. The expression of the critical point for the BW loss restricted to
a fixed-rand set of matrices was derived. (Theorems 4.5 and 4.9). Furthermore, their
correspondence in the different spaces (covariance, function, and parameter spaces) was
drawn (Propositions 4.11 and 4.12). Interestingly, the resulting critical points of the BW
loss are identical to the critical points found when considering the Frobenius loss.

Even if the Frobenius and BW losses share the expression of the critical points, the Hes-
sian at these critical points are different. As it influences the optimization procedure, we
derived the Hessian matrices expression (under the parametrization considered) and
experimentally investigated their condition numbers. Although the findings are pre-
liminary, they might pave the way to better understanding the fundamental differences
between the two losses.

As the problem studied can be cast as an instance of a rank-constrained (covariance)
matrix approximation, one may legitimately ask what its connection to the celebrated
Eckart-Young-Mirsky theorem is. Nonetheless, an application of this theorem is not
possible in this case, as the BW distance is not a norm on covariance matrices. We
investigated why the minimizers of the approximation problem were the same for the
two losses, and pinpointed the origin of this equivalence to the ground cost used in the
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sample space on which the Wasserstein distance is based. A generalization of the results
in the case another ground distance is considered to compute the BW loss is left to future
endeavors.

The use of this specific loss raises challenges in the analytical study of the resulting
optimization scheme. We have tackled some of them, with the help of appropriate
hypothesis on the initialization of the weights of the network. In particular, we showed
exponential convergence to a global minimizer of the original loss under gradient flow
on the one hand (Theorem 5.18), and convergence for the regularized loss to a minimizer
that achieves minimum loss over a set of rank-constrained matrices under gradient
descent on the other hand (Theorem 5.22). Experimental evaluations corroborate the
theoretical statement, and indeed show a convergence acceleration correlated with the
depth of the network considered.

Again, some geometrical aspects of the landscape are shared with the squared norm loss.
For instance, the strict saddle point property is shared between the two losses, so that
gradient descent algorithms, when generically initialized, are almost sure to converge to
local minimizers. What’s more, the local minimizer turns out to be a global if we restrict
the search-space to a set of rank-constrained matrices. As a future line of work, relaxing
or even discarding the optimal discriminator hypothesis could be envisaged. This would,
for instance, imply considering a second network in order to model a discriminator. More
generally, relaxing the assumptions (balancedness of the weights, margin deficiency) of
the study are naturally possible extensions to the present work.

Moreover, chain of parametrizations (deep linear network and covariance) produces an
infinite number of critical points in the parameter and function spaces that all correspond
to a single critical point in the covariance space. Even when a bijection between the
parameter space and the function space is obtained, thanks to the balancedness property
of the parameters, there is still an infinity of functions (matrices) that map to the same
covariance space. Therefore, the convergence of the gradient-descent algorithms is
only ensured to find the unique covariance matrix solution, but can do so with any
corresponding end-to-end matrix. Understanding if one is favored over another is a
question that we leave to future research.

This question is related to the last chapter of the thesis, Chapter 6, where experimental
evidence suggests that gradient descent algorithms naturally tend to converge toward
basins of low-error solutions. The work is framed in a general classification setting,
and an manifest direction of research is to extend it to a generative setting. Notice
nonetheless that the study carried out in Chapters 4 and 5 essentially reduces the GAN
optimization problem to a minimization-only problem, and thus, falls under the frame-
work of Chapter 6. The detailed connection between the infinitely-many solutions to the
over-parametrized matrix approximation and the basins of good solutions would also
probably be a fruitful path to pursue.
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