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Abstract

Obtaining guarantees on the convergence of the minimizers of empirical risks to the
ones of the true risk is a fundamental matter in statistical learning. Instead of deriving
guarantees on the usual estimation error, the goal of this paper is to provide concentration
inequalities on the distance between the sets of minimizers of the risks for a broad spectrum
of estimation problems. In particular, the risks are defined on metric spaces through
probability measures that are also supported on metric spaces. A particular attention
will therefore be given to include unbounded spaces and non-convex cost functions that
might also be unbounded. This work identifies a set of assumptions allowing to describe
a regime that seem to govern the concentration in many estimation problems, where the
empirical minimizers are stable. This stability can then be leveraged to prove parametric
concentration rates in probability and in expectation. The assumptions are verified, and
the bounds showcased, on a selection of estimation problems such as barycenters on metric
space with positive or negative curvature, subspaces of covariance matrices, regression
problems and entropic-Wasserstein barycenters.

1 Introduction

Let (X, p, 1) be a metric probability spaceﬂ and let (L, 1) be another metric space. Many es-
timation problems in statistics or in machine learning can be regarded as solving the following
generic optimization problem

¢« €arg min J(¢) = Ex,u[l(¢, X)] + R(¢) (1)
e

where [ : Ml x X — R is a cost function and R : M — RU {400} is an optional regularization
function promoting the a priori structure of the solution. The function ¥ : M — R is
oftentimes referred to as the risk or the objective function. For convenience, the data fidelity
term £ : M — R will be defined by £(¢) = Ex~.[l(¢, X)].

In practice, the measure p is rarely known thus hindering the knowledge of §. However,
samples drawn from p are usually accessible. Let X = (X;)!_; € X" be such samples that will
further be assumed to be independent. The main idea of the Empirical Risk Minimization
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(ERM) [72] is to use these samples to build £, an estimator of £, as £(¢) = LS U, Xa)
and to solve

¢ € arg min §(¢) = £(¢) + % () (2)
pe
in place of . R
Understanding when the estimator ¢ is legit is a fundamental matter in statistical learning.
In this work, we will be particularly interested in proving high probability bounds of kind

P (ﬁ(arg min §; arg min §) < g(d, n)) >1-§ forde|0,1], (3)

where ¥(A; B) will be a suitable distance between sets of Ml and g : [0,1] x N — R, going
to zero as n goes to infinity for all fixed . This question is very similar to the Probably
Approximately Correct (PAC) framework [71] with the important distinction that it proves
bound on the estimation error j(a) —inf ¥, also known as the generalization error, instead
of a metric on the minimizers. More specifically, this work attempts to identify a set of
assumptions from which optimal concentration rates of kind can be derived for a broad
class of estimation problems. In essence, it it proposed here to understand the underlying
mechanisms responsible for the concentration guarantees of many estimation problems.

These fundamental questions have a long history and have led to a remarkably rich theory.
In order to precisely contextualize this work, it seemed essential to dedicate a section to present
its history and some important works (see Section . Prior to this literature review, some
occurrences of the estimation problems solved in place of are stated with the aim of
describing the taxonomy of problems encountered in applications.

1.1 Applications

Some occurrences of are briefly discussed in this section to describe the taxonomy of
problems encountered in applications. They will be studied in detail in Section [6]

Barycenters: Let (Jl,9) = (X, p) be a metric space, [(¢,z) = p(z,y)? and R be identically
zero. The problems and become

n
¢« € arg min/ P(6,2)dp(z), B € arg min— > (¢ ), (4)
peX JX IS S

which are the Fréchet means of p and pu,, = % Yo 04, respectively [30]. The properties
of the risks ¥ and j depend on the convexity and the curvature of the space JAl. The
risks are known to be strongly convex when the space Al are of non-positive curvature
in the sense of Alexandrov [67]. Otherwise, the risks might not be convex since the
distance function might exhibit some concavity properties [4].

Subspace estimation: Let (X,p) = (R% | - |l2), # = S%~! endowed with the great circle
distance and R be identically zero. The problem of estimating the leading direction of
variability of Cov(u) = E [(X — E[X])(X — E[X])T], the covariance of y, amounts to
solving

¢ € arg max(Cov(uy,)p, @), in place of ¢, € arg max(Cov(u)o, @)
¢€Sd_1 ¢6Sd_1



which can be seen as instance an of and with the proper choice of [ displayed in
Section [6.2] and R being identically zero. These problems are non-convex.

Supervised learning — LASSO: Let Y = R% and V = R be respectively a space of inputs
and outputs. Let X =Y x V and M = R™ endowed with the Euclidean distance. Let
6 : RY — R™ be feature vectors, [ : X — R, defined for all (y,v) € X as (¢, (y,v)) =
2((¢,0(y)) —v)*> and R = A - [|1 for A > 0. The problems (1)) and (2) instantiate to

6 € arg min > / (6,0(9)) — v)2dpu(y,v) + N1,
X

GER™ 2

and .
¢ € arg min o ||V — O¢ll5 + Aol
PER™

with V' € R"™ being the vector of outputs V = (v;)i; and © € R" ™ defined by
©;; = 0(y;)j. The risks § and j are convex, but they may fail to be strongly convex
if the matrix Cov(0tu) (respectively with u,) has a non-empty kernel. In this case, the
risks posses a quadratic growth around the minimizers in the orthogonal of the kernel
and a linear growth in the kernel driven by the regularization.

These three examples are simple yet important to understand the assumptions needed to
describe the concentration phenomenon of most of optimization problems. In particular, the
loss [ or the objectives ¥ and ff cannot be assumed to be strongly convex or even convex.
Similarly, the spaces Ml and X at stake might be unbounded.

1.2 Problem history and related works

Solving in place is related to the principle of ERM or of Structural Risk Minimization
(SRM). The study of theoretical guarantees for the estimator ¢, in terms of bounds of kinf
for the estimation error, has a long history which can possibly tracked back to the 1970’s with
the works [74] [73]. Two main classes of analyses can probably be identified: the techniques
using uniform convergence and the one from algorithm stability. They are described in the
following two paragraphs and will be linked to the question at stake in the third paragraph i.e.
deriving bounds of type for the metric distance between the minimizers. While being in-
sufficient to fully explain the optimal error bounds that are observed in , their presentation
was found important to articulate the contributions of this work. Moreover, the tools used to
achieve the error bounds for share some similarities with these previous works. Finally,
it should be mentioned that the connection between uniform convergence and stability have
been investigated in various works such as [65] and reference therein.

It is assumed in this section that the minimizers of ¥ and ff exists and are unique. The
minimal value of ¥ will be referred to as ¥, with similar notation for other functions.

Uniform convergence The techniques in the uniform convergence class can be tracked
back to the 1970’s with the works of Vapnik and Chervonenkis [74] [73] [72] and the PAC
framework proposed in the 1980’s [71]. Since then, their seminal works have generated a large
body of literature and a mature theory. A complete introduction of these notions can be
found in good textbooks such as [26], 63, [77, [75] [6] to name a few.



The starting point of these works is the decomposition of the estimation error

~ o~ ~

3(5)—3* < ¥( )—5(¢*)+5(¢*)—A(¢) since ¢ € arg min §
= )E(;ﬁ\) — f(ds) + E(d)*) ( ) since the terms in & cancel out (5)
<2 5up A(¢) where A(¢) = [£(#) — F(#)

where the uniform bound is taken to remove the dependency between $ and fthat was
preventing the (I (gb Xi))", to be independent. This allows to use standard concentration
tools such as the McDiarmid’s inequality [51] (assuming for simplicity that the cost function
0 <1< M for some M > 0) leading to the following generic bound on the estimation error

F(¢) — Fu < 2E | sup A(¢)

ol

M %log <§> (6)

with high probability at least 1 — §. The downside of this uniform bound is to control
E [supye.u A(¢)] (i-e. the expectation of the supremum of a random process) which can be
quite large and hindering any exploitation of a potential structure of the minimizers. Yet,
this control can be achieved in mainly two ways.

First, via symmetrization, the later can further be bounded by the Rademacher complexity
or the Gaussian complexity of the function class {(I(¢,z;))"_, | ¢ € M} [8]. Note that when
the values of | are discrete, the Rademacher complexity can be linked to the VC dimension
of the class of functions [20]. The Rademacher complexities of the typical function classes
encountered in estimation behave as ¢/y/n, where ¢ > 0 is a constant depending on the
problem [77, [63].

Second, when the cost [ exhibits some smoothness properties (e.g. Lipschitz) with respect
to the variable ¢, the quantity E [sup¢E a A(¢)] can alternatively be bounded using chaining
techniques such as Dudley’s chaining or the Talagrand’s generic chaining [68], [75]. This leads
to an upper-bound dependent on a measure of complexity of M, e.g the entropy of L, linked
to the covering numbers of M, or the Talagrand’s o functional. These complexities typically
behave as n~Y(29) with s = 1 for simple spaces such as Euclidean spaces, or doubling spaces,
and with s > 1 for more complex spaces [2] [62].

To summarize, the bounds on the estimation error obtained with these techniques of
uniform convergence decrease as n~ /2. Without further assumption on the cost function I,
this rate is optimal [52].

Algorithm stability Another body of literature studies the generalization of learning al-
gorithms through stability. These ideas can be tracked back to the 1970’s as well with [60]
and later popularized in the founding article [21]. The notions involved in these works will be
introduced here for the case of the empirical minimizer, although they can be applied to the
broader setting of learning algorithmsﬂ

For convenient notation, let X = (Xi,...,X,) € X" be the random vector containing
the n independent sample points, and let ¥ € X be an i.i.d. copy of X;. The random

2More precisely, a learning algorithm is a function of : X" — Jl that maps the given data X = (zi)i= to
an element of J{ which can be the minimizer z;ﬁ of the empirical risk j or an approximation of it obtained using
any algorithm (e.g gradient descent).



vector X’ is obtained by swapping one element of X with YV so that X' = (Y, Xs,..., X,,).
Furthermore, the empirical risk associated to X’ will be denote by ¢ and its minimizer by
¢. It is important to remark at this point that the risk § and therefore its minimizers are
invariant under reordering of the components of the vector X. The perturbation of X by
swapping any element can therefore be thought as exchanging the first component.

The starting point of these works is a different decomposition of the estimation error

Ex [$(6) - %.] <Ex [7(0) - 7(3)] using
— Ex [Ey[l(gAﬁ, Y] - (o, Xl)] since E[I($, X;)] = E[i(¢, X;)] for all i, j

—Exy |6, X))~ U, X1)|  with § = arg min F

(7)
because the roles of Y and X; can be switched as being i.i.d. This decomposition emphasizes
the link between the estimation error and the stability of the empirical minimizer i.e. if it
does not vary much when a sample of the data X is perturbed or removed. Various notions
of stability have been developed such as the hypothesis stability [60, 37] or the uniform one
[21]. The latter is probably the most popular one since it can be used to obtain Gaussian
concentration bounds. The empirical minimizer is said to be e-uniform stable if there exists
e > 0 such that |l(<$, z) — (¢, )| < € for all z € X. This stability can be leverage to directly

bound the expected estimation error as Ex [}((}5) — j*} < ¢, and obtain [2I, Theorem 12] that

FO) - 5. < e (nes My 1og () ©

with high probability 1 — § whenever 0 < [ < M. This bound is informative as long as
the stability ¢ < cn~! for some constant ¢ > 0. In contrast of @, the stability of the
empirical minimizers avoids the uniform bound on J(, which is desirable since the empirical
solutions may exhibit a very strong structure. Importantly, the bound is independent of
the complexity of L.

Note that is also obtained using the McDiarmid’s inequality and requires the bound-
edness of the cost [. This might narrow the range of application of these results. This
assumption can however be dropped at the expense of a stronger notion of stability and a
bounded sub-Gaussian or sub-exponential diameter of X [41], [50].

Recently, a series of papers [27, 28, 22] improved to

5(9) — 7. < elog(n) log (;) 1 L1og (fg) 9)

with high probability 1 — . This was considered as a breakthrough in the algorithm stability
community as the bound becomes informative as long as € < en~ /2 which extends the validity
of the result to a broader variety of applications.

In addition of theses refinements, it is relevant for this work to mention that the estimation
error can still be bounded when the stability of the empirical minimizers happens only on a
subset of large measure [44] [59].



Obtaining concentration bounds on 9 Despite a wide interest in bounding the estima-
tion error, little is however known regarding the concentration of the minimizers in the sense
of , involving a distance on the minimizers.

The first observation is that when a error bound of kind

79(6,6.)° < F(6) - 5 (10)

is available for some 8 > 0 and 7 > 0, the concentration of 19((}5, ¢.) can be derived using the
results of the two previous paragraphs. A direct combination of and @ in the example
of barycenters in a compact and convex Q C R? would give

16 6,13 = 73) - 7. < clog(mylog (5 ) + dinm(@?[210x (5) ()

with high probability 1 —§. Assuming for example that the random variables X ~ p are sub-
Gaussian with variance proxy || X||y, (see Preliminaries section or [75]), their concentration
property would instead lead to

16 - 013 < cdl X2, tog ) (12)
with high probability 1 — § and some universal constant ¢ > 0 [36]. The rate in n~! in
is called parametric. Even if the stability of the empirical minimizer can be shown to be
e = O(n™1), the sampling error in y/n~1log(26~!) would slow down the rate nevertheless.
The same slow rate is obtained with the uniform convergence @

This gap is known in the literature [64} (65, [39] and is due to the fact that uniform conver-
gence and stability techniques do not incorporate any structure of the problem. In particular,
the behavior of § around its minimizers can be leveraged to obtain faster concentration rates
on the estimation error. When the cost function [ is strongly convex and Lipschitz, the uni-
form stability is know to behave as € = O(n~1) [65]. Yet necessary, this improvement is still
vain since the rate in (9) would now be controlled by the sampling error in \/n~—'log(26~1).
In [64] the authors asked if a bound on the estimation error for strongly convex and Lipschitz
with rate in O(n~!) is possible. Ten years latter, this question was answered positively in [39]
using an intricate decomposition of the estimation error and an extension of the McDiarmid’s
inequality so that @D becomes in this case

5@ - 5 < %8 1o <1> (13)

n 1)

with high probability 1 —§ where ¢ > 0 is a constant depending on the Lipschitz constant and
the constant of strong convexity of [. Up to the log(n) factor, this last result is in par with
the optimal rate for the barycenter problem on Euclidean spaces . However, the strong
convexity and the Lipschitz assumptions on [ are rather restrictive and are not satisfied by
the examples presented above in Section [1.1

Recently, two works [62] 2] have explored the concentration of 0(&5, ¢+) using uniform
convergence techniques. Both assume a growth of § around its minimizers of type
without assuming the strong convexity of [. In [2], concentration bounds are derived in the
case where [ and Ml = X are bounded, exploiting a Holder condition for ¢ — (¢, z) holding



uniformly on x. This hypothesis is usually accessible in the bounded setting, but might
fail when the spaces are unbounded. In [62], the analysis is more general where J( can be
different from X and with M, X and [ possibly unbounded. To deal with this additional
difficulty, the author introduces an interesting weaker notion of smoothness for [ through a
quadruple inequality, that can be interpreted as a Holder condition on ¢ — (¢, z) with a
constant that varies with z. A similar condition will be used in the present work. While
providing first insights on the question, the bounds obtained depend on the complexity of 4
which might lead to rates suffering from the curse of dimensionality. This can be illustrated
through the barycenter problem in non-positively curved spaces. It is known, without using
uniform convergence techniques, that parametric rate holds regardless of the complexity of
Jl [46]. However, the rates obtained in [62] depends on the complexity of 4l which translates
into parametric rates for doubling metric measure spaces Jl and rates that are cursed by the
dimension when the metric space is more complex [2] [62].

1.3 Contributions

The review of the literature indicates that available results are insufficient to provide optimal
concentration rates for 19(§ ;8) for a wide variety of estimation problems, such as those de-
scribed in Section This work attempts to fill that gap by providing an alternative view
point of this problem that allows to settle a set of assumptions form which optimal concentra-
tion rates can be proven. Theses assumptions fit most of estimation problems encountered in
application where the objective function can be non-convex and defined on unbounded sets.
Importantly, the rates obtained are parametric, and do not depend on the complexity of the
underlying space.

The paper is organized as follows. Notation and preliminary facts are gathered in the Sec-
tion[2} The Section [3] introduces the different assumptions needed to prove the concentration
rates that will be presented in Section [d] These results will be proved in the Section [5 while
being applied to some practical estimation problems in Section [6l To improve the readability
of the core of the document, many technical results are postponed to the appendices.

2 Preliminaries

2.1 General facts on random variables

For p > 0, the p-th norm of a random variable X on the probability measure space (X, p, i)
is defined by || X||, = E[|X[P]'/P. This definition can be extended to the case p = +oo with
the essential supremum || X ||oc = esssup |X]|.

For ¢ > 1, the g-exponential Orlicz norm of a random variable X on the probability space
(X, p, ) is defined by [|X ||y, as || X[y, = infeso{E [exp(|X/c|?)] < 2}. The case ¢ = 1 corre-
sponds to sub-exponential random variables while ¢ = 2 corresponds to sub-Gaussian ones. A

random variable having a finite || X ||y, admits a tail satisfying P(|X| > t) < 2exp (—”Xtﬁq>
¥q

and its moments grow as || X||, < ||X||wqp1/q. These properties can be shown to be equiva-
lent, see [75] for more details. Importantly, || X?(y, = ||X|]12p2 and || XY |y < X o [|Y |l

[75, Lemma 2.7.6 and 2.7.7. When X € R? is a random vector, its v, norm is defined

7



by 1X 4y = supycsis (12X, 0) |y, In particular, [|X[|ly, < Val|X |, [75 Section 3.4] and
X 2wy < X1l < df X[y, see [80].

Following [19, Section 2.4], a random variable X is said to be sub-gamma on the right tail
with variance factor o2 and scale parameter M if its logarithmic moment generating function
satisfies

202
logE [exp (t(X —EX))] < 51— D)
for every t € (0,1/M). The set of all such random variables is denoted by subl'y (o2, M).
The random variable X is furthermore said sub-gamma on the left tail with variance factor
02 and scale parameter M if —X € subl'y (02 M). Similarly, the set of all such random
variables is denoted by subI'_ (o2, M). Lastly, a random variable X is said to be sub-gamma
with variance factor o2 and scale parameter M if X € subl'y (02, M) Nsubl'_(c?, M). The
set of all such random variables is denoted by subI'(o?, M). These sub-gamma properties can
be characterized in terms of the tail. A random variable X € subl'y (0%, M) satisfies

P (X > V202t + Mt) < exp(—t)

with a similar tail on —X for X € subl'_(02, M). In particular, this tail condition implies
that

P(X >t) <exp (_2w2_fMt)> .

2.2 Notation

In this work, the function [ : Ml x X — R is assumed to be such that I(-, ¢) are measurable
and E[|I(X, ¢)|] < +oo for every ¢ € JM.

Let (X;)/~, be random variables sampled independently from . The vector of X" will
be denoted with bold font i.e., X = (Xy,...,X,) for random vectors and x = (z1,...,Zy,)
for vectors. Let Y be an i.i.d. copy of X;. The random vector X’ is defined by X' =
(Y, Xa,...,X,) i.e. it is obtained by swapping the first element of X.

For convenient short hand notation, we will use § = arg min § while ¥, will refer to
its minimal value. The empirical risk and its minimizers depend on the samples X. This
dependency will not be made explicit but will be clear from the context.

Let €; and €y two subsets of M, the notion of similarity between two sets used in this
work is

V(€1;62) = sup J(¢1,62) = sup inf ¥(¢1, d2).
PE€L P16, $2€%2
Note that ¥(+;-) is not a metric since it is not symmetric and ¥(%€;; 62) = 0 only implies that
€1 C 3. However, 9(-;-) satisfies the triangle inequality.

To further simplify the notation, we write [§ < M] = {¢ € M| F(¢) < M} and similar
notation can be guessed from the context, e.g., [f > m] ={¢p € M| F(¢) > m} and [m < F <
M] = {pedl|m< F(9) < M},

A metric space (JMl,¥) is said geodesic if for any two points ¢, € M, there exists a path
linking them whose length equals ¥(¢, ). For a proper introduction on these concepts see
for example [67].



Let (AL, ) be a geodesic space. It has positive curvature in the sense of Alexandrov, if for
every constant speed geodesic v : [0,1] — Ml and every ¢ € [l the concavity inequality holds:

PP (4(8), ) = (1= 1)9(7(0), 6) + t0*(7(1), ¢) — t(1 — £)9*(7(0),7(1)). (14)

Similarly, 4 is said to be a non positively curved space, in the sense of Alexandrov, if the
converse inequality holds. The equality holds when J( is a Hilbert space.

3 Assumptions

In this section, the assumptions needed to derive the main concentration result are described.

3.1 Existence of minimizers

Studying the concentration of the minimizers of § and § is possible only if those exist. Their
existence is formalized by the following assumption.

Assumption 1. The function § : Ml — R U {+o0} is proper i.e. such that dom¥ = {¢ €
M| F(P) # +o0} # 0 and have at least one minimizer. Furthermore, for alln > 1 and almost
every x € X", the empirical risks § , associated to x, are also assumed to be proper with at
least one minimizer. Its minimizers are all assumed to be measurable.

When the function ¥ (respectively § ) is lower semi-continuous and either J( is bounded
or ¥ (respectively ¥) is coercive, at least one minimizer exists.

3.2 Local Holder-type error bound

The following assumption describes the growth of ¥ locally around its minimizers and is a
generalization of .

Assumption 2. There exist $y € (F«, +o0|, > 1 and T > 0 such that for all ¢ € M,

pE(F<F<h) = m(6,8)° <F(¢)— % (15)

The bound is a central ingredient in this work as it avoids pathological oscillations
of § around its minimizers and it provides leverage to use concentration techniques on the
function values ¥(¢) — J« to bound ¥.

It is important to mention that many functions used in applications satisfy Assumption
For example, any strongly convex function ¥ satisfies the assumption with 5 = 2 and
Jo = +00. The assumption can still hold even when the function is not convex. An argument
in this direction is that when 4 = R? and ¥ is a semi-algebraic function [I7], the bound
holds on any compact subset [49, Theorem II]. Semi-algebraic functions contains for
examples piecewise polynomials, square root, quotients, norms, relu, rank norm to name
a few. As a consequence of Tarski Seidenberg theorem [9, Chapter 2|, these functions are
furthermore stable under many operations such as differentiation or composition. For these
reasons, the Assumption [2] covers most of the functions encountered in applications where
M = R, Extension of this result for semi-analytic functions to Riemannian analytic manifolds
can be found in [14] Theorem 6.4].



This assumption appears in many communities under different names such as local Holder-
type bound in functional analysis [48], Lojasiewicz inequality in real algebraic geometry [49]
or Lojasiewicz error bound inequality in optimization [I8]. In the particular case of Fréchet
means where X = Jl and | = p?, the Assumption [2]is known as variance inequality [67]. It is
also called a margin condition in [7] or a low noise assumption in [2].

Remark 1. The Assumption|Z is equivalent to assuming that there exist $y € (Js, +00] and
B > 0 with the quantity
=inf { =7, elF<
T { 19(@25,8)’8 ¢ [5_50}

being positive. Such a quantity might however be delicate to compute and only a positive
lower-bound of T can be accessible. The constant B~' is often referred to as the Lojasiewicz
exponent in the optimization literature [18]. To the best of the author’s knowledge, there is no
particular name for T, so it will be named Lojasiewicz constant of ¥.

3.3 Convergence to the basin

To control 19(<§ ;S) leveraging Assumption 2, the minimizers of j have to fall in the level-set
[ < $o]. This event will be assumed to hold with high probability.

Assumption 3. There exists n: N — [0, 1] with limy, o n(n) =0 such that

P <§u95(<5) > 50) < n(n).

PEeS

This assumption is rather natural since as the number of points increases, the empirical
risk § is expected to better approach the true risk. The value of 5(5) is therefore expected
to converge to the minimum ¥, so that gg would fall into the level-set [ < $o].

The technique used to derive an Assumption[3] that is optimal, depends on the context and
is therefore left to be checked for each application. Let us however mention some techniques
that can be helpful. Following , if supye y A(¢) <t holds with high probability, e.g. when
the Rademacher complexity of the function class or the entropy of Ml are bounded, then
setting t = (o — F«)/2 would imply the Asumption |3} When concentration-based argument
are not available, for example when the diameter of 4 is unbounded, the small-ball method
[53, [54] might be used to prove that Assumption [3| holds. Finally, the convergence to the
basin might also be proved considering approaches like [62].

3.4 Lojasiewicz constant of j

Let X € X" and define with a slight abuse of notation X' = (y, X»,...,X,,) for a fixed
y € supp(p). Let § respectively § refer to the empirical risk and empirical set of minimizers
associated to X', so that for a realization of X, S implicitly depends on y. Let 7 be the
random variable defined by

~ . §(¢)_§* >
T—lnf{w, qﬁeLyJ([ijo}ﬁS)}.

10



The constant 7 quantifies the behavior of § , around its minimizers, regarding only the mini-
mizers of the empirical risk obtained by perturbing exactly one sample point of X.

The next assumption will be crucial in proving a notion of stability of the empirical
minimizers.

Assumption 4. There exists  : N — [0, 1] with lim,_ 1 k(n) = 0 such that
P (? < %) < w(n).

Remark 2. Similarly to Remark/[1, it might only be possible to compute a lower bound to T.
In this assumption, the lower bound however has to be sufficiently large to be larger than %7’
with high probability. Actually, the only hypothesis needed is that the lower-bound is larger
than a constant with high probability. The constant here is chosen to be T7/2 in order not to
overload the bounds of Theorem 3

Remark 3. This Assumption[]] is weaker than supposing that

. §(¢)_§* 1
mf{wa pelF< 50]} Z 57

with high probability, which involves the infimum on the whole level-set. The proof of the main
result only requires the local error-bound to hold for § regarding only the minimizers of

¥.

A general treatment of the phenomenon assumed in the Assumption [4] and providing the
weakest conditions under which it holds is, to the knowledge of the author, an open question
and is postponed to future works. However, a systematic analysis shows, in the examples,
that this assumption is verified. Note that in some applications, £ might be convex and a
regularization R is added in order to ensure the uniqueness of the minimizer and to improve
the resolution of with numerical methods. This regularization is usually strongly convex
and thus drives the Lojasiewicz constants of ¥ and § .

3.5 Smoothness of [

The concentration phenomenon can occur when the integrand [ possesses some smoothness.
The smoothness needed is described in the following assumption.

Assumption 5. There exist « > 0, a pseudometm'(ﬂa : X x X — Ry satisfying ||al|y, < +o0,
and a subset Y C MM such that

</5a¢ €T = l(¢,$) - l(d}’l‘) - l(¢7y) + l(%?J) < a(az,y)l?(qb, ¢)a (16)

for p-almost every x,y € X. The set T should contain S and it is further assumed that there
exists © : N — [0, 1] with limy, o0 t(n) = 0 such that P(S ¢ T) < i(n).

3 A pseudometric on X is a function from X x X — R, satisfying the same axioms of a metric except the
implication a(z,y) = = =y.
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The assumption made here can be interpreted as a Holder condition on (-, z) with a
constant that may vary with x. Since X is a metric space, this constant has to be measured
with respect to a reference point. This translates to assuming a Holder condition on I(-, x) —
I(-,y) with constant a(x,y). This function a is required to be sub-exponential.

Remark that when [(x, -) satisfy a Holder condition i.e. when there exist K > 0 and a > 0
such that for all z € X, |I(¢, x)—1(¢, z)| < KY(p, ) for all ¢, ¢ € JM then Assumptionholds
with a(z,y) = 2K and ¢ = 0. Such a bound is oftentimes available when diam(X) < +ooc.

The inequality in , when holding on the whole space T = J, is also called a quadruple
inequality in [62]. In the Fréchet mean setting i.e. when M = X and | = p? and if this
condition holds for all ¢,¢ € JM with a(z,y) = 2p(x,y), then Assumption |5 characterizes
metric spaces with non-positive curvature [67, Definition 2.1].

Remark 4. The class of pseudometric functions includes distances and additively separable
functions of the form a(x,y) = (h(x) + h(y)) Lyzy with h: X — R,
4 Main results

It is now time to present the main results of this work. The concentration in probability of
9Y(8;8) will be derived leveraging the following result.

Theorem 1. Let f : X" — R and B C X" such that p = P(X ¢ B) < 3/4. Assume there
ezist a pseudometric b: X — X — R with ||b|y, < +oo such that

1£(0) = F()] <D blwiyi),  for allx,y € B. (17)
=1

F(X) ~E[f]X € B] < 4n]b]lu, 5+ elb]lu, (2m +log (;))

with probability at least 1 —p — 4.

Then

This result is a generalization of McDiarmid’s inequality when the differences are sub-
exponential with high probability. In the literature, the derivation of such inequalities when
differences are assumed bounded with high-probability has been studied in a few works [51]
43, [44], 25], [78]. This result is a combination of [50] and [25] for which a proof is given in
Section B

In the present case of the concentration of 19(§ ;8), the subset o C X" of interest, that
will be used as % in the Theorem, will be defined by

gﬁ:{j(@ﬁfo}ﬂ{?z;T}ﬂ{ggT}. (18)

The remainder of this section consists in computing the conditional expectation and check-
ing the condition . Both will be achieved by taking advantage of the stability of the
empirical minimizers in ¢, in the sense presented in the next paragraph. In the rest of this
section, the probability of being outside of o will be referred to as p, = P(X ¢ o) and is
controlled using Assumptions and |p| by p, < n(n) + k(n) + (n).

12



4.1 The empirical minimizers are stable

The cornerstone of the results obtained in this work is the stability of the empirical minimizers
of j when a data point of X is perturbed. Conditionally on the event X € d,X e d, the
minimizers in § and § fall into the level set (f. < § < Jo]. Furthermore, conditionally on this
event, the Lojasiewicz constant 7 > %T so that, for a minimizer ¢ € S ,

< inf $(¢) — F(¢) + F () — F(9) since ¢ is a minimizer of §
PES

= 1nf;f($) —F(d) + £(6) — £ (&) since the terms in R cancel out
PES

= inf L (1, X0) ~ 16, X)) + 1(6,Y) = 1(3.Y))
pes 1

< %a(Xl,Y)ﬂ(gg, 8)® from Assumption

Since this bound holds for any % €S , the following lemma is derived.

Lemma 1. Conditionally on the event X € o, X' € d, it holds that
~ ~ 21
9(S:;8)P < ZZa(X1,Y).
(878) = Tna( 1) )

This notion of stability of the empirical minimizers is, in essence, similar to the notions of
stability of [2I]. Since the probability p,, is controlled by Assumptions and [5], the stability
happens with high-probability, and echoes the work [44].

This notion of stability can then be exploited to bound the expectation of ¥(S;8)? condi-
tionally on X € d.

Lemma 2. Under Assumptions @ @ and@ with the further condition that p, < 3/4 then
~ B o
E [19(5;5)5 1X e 94] < L (cm‘m + K,ﬁpn) ,

with .
L=r"ally, K = gmex(Da=1)+2 (Lffa diam(8)” + c2>
B

& = 10, B) = <B4_’6a>‘a &2 = ea(a, B) = 2max (;_‘“al)ﬁ

Similarly to , the proof is essentially based on switching the variables X and X in
the expectation. This step allows to leverage the stability of the empirical minimizers of
Lemma (I, However, due to the conditioning on X € o, the random variables do not share
the same distribution anymore so that extra care must be taken. Note that the function [ or
the spaces M or X can be unbounded which require additional precautions compared to the
usual argument in [21), 27), 28], 22]. For these reasons, the proof of this lemma is postponed to
Section 5.3l

The next Corollary is an instance of Lemma [2] for particular values of a and /3.
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Corollary 1. When 3 =2 and a = 1, the bound of Lemma[g reads
E [ﬁ(@;s)ﬁ X € 94} < 957121 4 4 (Ldiam(S) + 8L%) /py.
When § contains a unique minimizer, the bound further simplifies to

E [19(&3)5 X ¢ 91} < 2L+ 2512 /pn.

4.2 Concentration in probability

We now state the main results of this paper.

Theorem 2. Suppose Assumptions @, @ @ hold, and assume furthermore that p, < 3/4.
For0<f—a<2,letq=min(f —a,1), Q@ = max( —«a, 1) and s = min <1,/8%a — 1>, then

g 1 1 1 1 oL
cn”5a +20e 2/ —1log (=) + —log (= + Cpy” (19)
ns 0 ns 1)

1
1= 5) and where the constants

~

H8;8)1 < L

Q=

with probability at least 1 — p,, —d where C = L% (K% + 22+§n
c1, K and L are defined in Lemma[3
Proof. Let f(X) = 9(8;8)%. The proof relies on the fact that
P(f(X)>1) <P(f(X)-E[f[X ed] > (t—-M))
for all t > 0 and where M is such that E[f|X € o] < M. From this observation, the
McDiarmid’s inequality of Theorem |[1] is applied to bound f(X) — E[f|X € o] with high
probability.
The upper-bound M is obtained using Lemma [2] as
Ef(X)|Xed]<E [19( )P |X e 94} using Jensen’s inequality (¢ < )
1 /(% _a a L a
<Le <cfn BQ 4+ Kﬁpﬁﬁ> since t > 0 — t# is subadditive,

where we also have used the fact that ¢/(8 — a) = 1/Q.

The remaining of the proof consists in constructing the pseudometric b satisfying the
conditions of Theoreml With a slight abuse of notation let S and S be the sets of minimizers
of j,? defined from x and ¥ from y respectively. When x,y € d,

1760 - 5301 < 9080 v(E: 7] < (& < 3 (Zatrim) ‘
=1

1
using the triangle inequality combined with Lemma Therefore, the choice b = (%a) Q
satisfies the assumptions of Theorem [I| so that

o4l L g1 1 1 _1 1 1
fX)—E[f|Xed]<2""@Len Q\/p, +2%elL@n @ | 24/nlog 5 + log 5
11 q_1 11 1 1 1 1

<2t aoran'"a /o, + 20eL@ (2 ~log <5>+nslog <5>>
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with probability at least 1 — p, — 0 with s = min (1, 6—% — 1). This bound combined with
the bound on M together with the fact that % < % proves the claimed result. O

The notable case § = 2 and o = 1 is a direct consequence of this result.

Corollary 2. When =2 and o = 1, the bound of Theorem [ reads

~ 1
9(8;8) < 8L nr 42 llog ! —i—llog ! +Cpn,
n 0 n 0

with probability at least 1 — p, — 0, and C = (14L + 2\/Ldiam(8)>.

The following comments can be drawn from these result. As long as 8 and « are inde-
pendent of the complexity of 4, the rate of convergence will also be dimension-free. This
comes at the expense of additional terms driven by the probability of not falling into the basin
ol where the empirical minimizers are stable. When p,, decays sufficiently fast, the quantity

1
n'"e, /Dr, gOes to zero faster than n~° and becomes negligible for large enough n. Actually
1

when § — a < 1, the quantity nlfé = 1 so that ,/p, should decay faster than n™° = n"2
or n 7@ =n~ 5 which is a rather mild condition since in the considered applications, p, will
decay as exp(—cn) for some ¢ > 0.

When § — a approaches 2, the rate deteriorates. It is not clear to the author if this
phenomena is to be excepted or is an artifact introduced by the tools used in the proofs. On
the one hand, this can be due to a parameter S getting larger meaning that the functions ¥
and :?\ are becoming flatter, which naturally slows down the rate. On the other hand, this
could also be interpreted as a lack of regularity of the problem since o would be too small
compared to 5. In case the rate becomes too slow, techniques like [62] might be able to
provide a usable rate.

The optimality of the rates Theorem [2| is difficult to be assessed because of its level of
generality. However, its application to various scenarii provides the optimal parametric rates
independently of the complexity of the underlying space J(.

4.3 Concentration in expectation

When p, = 0, the Lemma |2 used to prove Theorem [2]also provides a bound on the expectation
of ¥5(8;8) of kind

~ 8 o
E [9(8:8)°] < e (7 ally,) 7 0w
with ¢; = ¢1(a, B) defined in Lemma Additional developments are however needed to

obtain a bound on the expectation E {19(@; S)T] for r > 8 or whenever p, > 0. The total law
of expectation gives

E [0(& sﬂ <E [ﬁ(g;sy 1X € gq] +E [19(@;8)’“]1X¢$4 .

so that a bound can be obtained when the expectation of ¥"lx¢y can be bounded. On
the other hand, the expectation of 9" conditionally on X € o for » > 8 can be obtained
by integrating its tail . The complete computations are omitted in this paper as the
applications detailed in Section [ will not heavily rely on this result.
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5 Proof of the main results

It is now time to prove the supporting results needed for the derivation of Theorem

5.1 General concentration results

The first result is adapted from [50], a generalization of McDiarmid’s inequality.

Definition 1 ([50, Definition 1]). For a function f : X" — R, a vector x € X" and a random
vector X € X" with its components sampled independently, the k-th centered conditional
version of f is the random variable

fk‘(X)(X) = f(xla s 7xk’—1>Xk7$k+l7 SRR xn) —E [f(xb SRR xk—laXI/cvxk-i-la s 7:Cn)}
=E [f(xla v 7$k—17Xk’>$k+la cee 7xn) - f(xb sy xk—laXI/mxk’-i-la s 7xn)|Xk] .

The conditional version f; describes the fluctuations of f in its k-th component, given
the other variables (z;);z,. Some properties of the conditional version of f are extracted
from [50] to improve its introduction. Note that fx(X) : x € X" — fx(X)(x) is a random
function that does not depend on the k-th component of x. Considering a norm || - ||y
on random variables, the function ||fx(X)|y : X" — R4 is defined by || fr(X)|l4(x) =
| f1(X)(x)]|s- Remark that || fr(X)|,(X) is a random variable and that f(X)(X) = f(X) —
Elf(X)|X1,..., Xk—1, Xkt1,... Xp]. The quantity |||| frx(X)||s]|cc refers to its essential supre-
mum. If two X, Y are iid. then ||fi(X)|ly = [[fe(Y)|ly and [|fe(X)](X) is ii.d. to

12X (Y)-

The next result provides a McDiarmid-type inequality for function with sub-exponential
conditional versions.

Theorem 3 (McDiarmid’s inequality [50, Theorem 4]). Let f : X" — R and X € X" a
random vector with independent components. Then, for any t > 0,

10051 < (2o (})  aros (}) )

with probability at least 1 — &, with 0 = sz ||fk(X)||12mH and M = maxy |||| fr(X) [y, || o -

Proof. Since this result is not exactly stated in this form, a short proof is provided in the
Appendix [A] O

The quantities fr, 02 and M are the substitutes to the differences, variance and scale
respectively for the standard McDiarmid’s inequality.

5.2 Proof of Theorem (1l

The Theorem [I] can now be proved using Theorem [3]
Proof. Let m = E[f(X)| X € %]. By the total law of probability,

P(f(X)—m>t) <P(f(X)—m>t,X € B)+P(X ¢ B).
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The inequality of Theorem [3| cannot be directly applied to P(f(X) — m,X € %) since the
components of X are no longer independent conditionally on X € .

Similarly to [25], the main idea of the proof is to define an extension of f to the whole
domain that preserves its conditional versions. Let B : X" x X" — R, be the pseudometric

defined by .
x,y) = blwi,yi)
i=1
for all x,y € X”. The extension f : X" — R of f will be defined by
fx) = inf f(y) + B(x,y)

for all x € X". This extension was also used in the Kirszbraun’s theorem [38] 33] to extend
the range of Lipschitz functions.

Lemma 3. The extension function f satisfies

e f(x) = f(x) for all x € B.

o |f(x)— f(y)| < B(x,y) for all x,y € X".

The proof of the Theorem continues using this extension. Let M = E[f(X)]. By definition
of f,

P(f(X)—m>t,XeRB)<P(f(X)-m>t)=P(f(X)=M >t+m—M).
It remains to find a bound on M — m. The expectation M can be decomposed as follows
E[f(X)1xea] + E[f(X)Ixga] < P(X € B)m + E[f(X)Lx¢ap).

By definition of f(x

E[f

) =infyeq f(y) + B(x,y) <E[f(Y)+ B(x,Y)|Y € %] so that
FX)xga] <mP(X ¢ B) +E[E[B(X,Y)|Y € Bllxgal

Therefore,

1
Mo s pryeay® X ik ve)

where the order of integration on B has been interchanged by Tonelli’s theorem. An applica-
tion of Cauchy-Schwartz inequality gives

E [B(X,Y)lIx¢ayen) < |BloP (X ¢ B,Y € %)/
< 2nlfbly, P (X ¢ B,Y € %)/

The independence of X and Y leads to

p
M —m < 2n|[blly, ,/ T

In the regime where p < 3/4, p%(l — p)fé < 2,/p, leading to

M —m < 4n||blly, /p
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which implies
P(f(X)-M>t+m—M)<P(f(X)—=M>t—4n|b|y,v/p) -
To conclude the Theorem [3|is used on f since

fk(X)(X) =K [f_(xlv R 7$k—l7Xk>xk+la .- '7xn) - f(xb s 7xk—17XI/cvxk+1> s 7xn)|Xk]
< E [b(Xg, X3)| X5]

so that || fx(X)(x)|ly; < I|E[0(Xk, X)Xk [l < [|b]ly, by [0, Lemma 6]. Therefore,

F(X) = M < dnblly, /B +e (2" log (5) +Mlog G))

with probability at least 1 — p — § where 02 = ngH?ﬁ1 and M = [|b||y, - O

Remark 5. In Theorem [, the function b has to be a pseudometric while Theorem [3 does
not assume any further structure on b. It is not clear whether Theorem [1] holds dropping the
pseudometric assumption.

5.3 Proof of Lemma [2]

The goal of this section is to prove the Lemma [2] providing the bound on the conditional
expectation E[0(S;8)? | X € d].

To start this section, it is important to describe some properties of the subset of. First,
the subset o, as the empirical risk ;‘f\, is invariant under reordering of the components of the
vector X. This property will be used several times in the proof. The section of of is defined
for X € dd by I(X) = {z € X| (2, X2,...,Xp) € d}. The subset o and its section satisfy the
following properties

Xedin{X' ed}={Xed}n{Y € IX)}

Xed}n{X'¢d}={Xedn{Y ¢ I(X)} (21)

recalling that X’ = (Y, X»,..., X,,) where Y is an i.i.d. copy of X;. The events X € of and
X ¢ ¢l are negatively correlated, meaning that P(X € o,X ¢ o) < P(X € o)P(X' ¢ o),
see Lemma This property quantifies the intuitive idea that, once X fall in of with large
probability, the probability that the set of points X’ (i.e. X with one sample point swapped)
fall outside o is small.

Proof of Lemma[4 The proof starts with the usual decomposition for any g/g €S

7'19(5, 8P < 9(¢ ) Fe using Assumption 2] and X € o
=Ey[i($,Y)] + R () — F.

The standard argument of cannot be directly applied here since Y and the X; do not
share the same distribution anymore due to the conditioning on X € d. It is however possible
to split the expectation on Y into the domains (i) Y € I(X) where Y will be swappable with
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any X; and (ii) Y ¢ I(X) where Y and the X; do not share the same distribution. Fortunately,
the event Y ¢ I(X) will have a small measure. This leads to the following decomposition

719(&5,8)5 <e;+ey with
e1 =By (U6, Y) +R(3) - F.) Tyerco | = By | (16,Y) = F(9)) Tyero |
e: =Ey [(0.)+R(3) - 7.) Lygix) | + 5~ .

so that

supe; [ X € o | .

E [19(&8)5\)(691} < By + By, with B, =E
(]568

Bounding E; Since sup,E[g(¢, X)] < E[sup, g(¢, X)] for any measurable g : Ml x X — R,
the term F can further be bounded by

By <Ex [ ZEY [Sjllg( (6,Y) = 1, X)) Iyer )] | X ed

i=1 PES

= Ex !EY

sup(l (6, Y) — (¢, X1))yes x)] | X ed
#es

since o is invariant under permutations of the components. The next step of the proof
consists in bringing out the stability of the minimizers of the empirical risk in Ey. Let
{—’ ¥ and S be the empirical risks and the minimizers associated to X’. Remarking that,

~

16, Y) = U X1) = n(£(d) — £(9)) = n(F(9) — F () = n(F(9) - )

since the terms in R cancel out, and using the fact that X and X’ have the same
distribution gives

Ex [EY [i*ﬂYeI(X)} ]1X6&4:| = Ex [EY |:§*]1YEI(X)] ]IXE&Q} ;
(see Lemma @[) This leads to the bound
1 o~
Ey < ﬁEXY {Q(Y Xl)ﬁ(&g)a]l)(em,x'em]

with an argument similar to Lemma Note that the order of integration has been
interchanged by Tonelli’s theorem. Therefore, using Lemma [I| shows that

B < 7113 [ (Y, X1) (27 'n~ta(Y, X1)) 75 xeq X/@g]

1—
. (22)
2 —1)p-a
_(71") o7 a | VEX €. X € o)
-Dp
using Cauchy-Schwartz inequality. By definition of p,,
P(Xed X e€d 1

1—pn ~ V1l—=pn
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in the regime where p,, < 3/4. Furthermore, since ,&La >1

B
7= 25 F-a
= |la||% < < a ) . 24

H ||ﬁ2—ﬁa /8—04” H'd)l ( )

B
o=

2

Combining , and leads to
8

o [ 2 5-a
By <2(2r 'nh)Fe <ﬂ_ﬂaHa!w1>

Bounding F> The second term emerges from the domain where Y and X; do not have the
same distribution. It can be bounded by

o B _a
B < 20 022 ) 7 U ( () dian(s)® + a9

using Lemma with ca(a, f) = 2max (%v 1) /afa.
Combining the bounds on F; and E5 gives the desired result. ]

The bound on E3 makes the diameter of § appear, requiring the set of minimizers to be
bounded. This is not too restrictive in practice, but it is not clear if it is an artifact of the
proof or a price to be paid when splitting the domain of integration of Y

6 Applications

In this paragraph, the main results of Section [4 are applied on the examples presented in the
introduction.

6.1 Barycenters in Hadamard spaces

First introduced in [30], Fréchet means as defined in have found numerous applications

in geometry [67, [76], statistics [57, [56], data science [I1], 58, [I5] and more. Note that the

behavior of the empirical counterpart has been studied in specific scenarios for example in

Riemannian manifold [I3], in Wasserstein spaces [2], [46] or recently in non-positively curved

metric spaces [23]. This section is dedicated to Fréchet means defined on Hadamard spaces.
Let (JL,9¥) = (X, p) a Hadamard space defined by

Definition 2. A Hadamard space is a complete geodesic metric space (X, p) fulfilling

p(¢,2)* — p(vp,2)* = p(¢,y)* + p(¥, y)* < 2p(x,y)p(¢, V) (25)
for all x,y, o, € X.

The property characterizes CAT(0)-spaces (see e.g. [12], Corollary 3] or [67, Proposi-
tion 2.4]) i.e. geodesic metric spaces with non-positive curvature in the sense of Alexandrov.
The class of Hadamard spaces describes a large variety of spaces such as Euclidean spaces,
Hilbert spaces, complete metric trees, complete simply-connected Riemannian manifolds with
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non-positive sectional curvature and more. An introduction to Hadamard spaces can be found
in [5].

The computation of the barycenter of y consists in minimizing §(¢) = [ p?(¢, z)dp(z)
which corresponds to I(¢,z) = p(¢,z)? in .

It is known that the barycenter of a measure on a Hadamard space exists and is unique
provided that there exists a ¢ € X such that Ex.,[p(¢, X)?] < +oo [67, Proposition 4.3].
Furthermore, [67, Proposition 4.4] shows that Assumption [2| holds with $) = +oo, 7 =1 and
B =2.

Assuming that ||p||y, is finite implies in particular that both moments Ex.,[p(¢, X)?] and
Ex~p, [p(#, X)? are finite for some ¢ € X so that all the assumptions are satisfied as detailed
by the next Lemma.

Lemma 4. Assuming that ||p|y, < 400, then this example satisfies Assumptions 1], [3 [3,
and [3 with

fo B 1 a a aly n k&
+oo 2 1 1 20 2|pllyy 0 0 0

Corollary 3. Assuming that ||p||y, < 400 then

~ \ 1 1 1 1
< —3 it Z ht =
xﬁ¢ﬁ¢)_16WM¢l<n +2 7lbg<5>-+7lbg(5>)

with probability at least 1 — § and
E [p(6.,0)?] < 2%pl3,n 7"
Similar results are obtained in [46] and [23].
Remark 6. In the Euclidean case, the quantity ||p||y, can be bounded by
ollpy < 20X My < 2] X[y,

(see Preliminaries or [80]) so that the condition |p|ly, < +oo is met for sub-exponential
random variables. In Hilbert spaces, this condition is however more subtle to grasp. Some
examples of random functions fulfilling this condition are given in [{7, Proposition 5.5/

Remark 7. When Jl = X is further restricted to be an FEuclidean space Ml = X = R¢
and endowed with the usual f2 norm, the bound of Corollary[3 can be compared with straight
calculations. In this context, the unique barycenter is ¢, = E,[X] (in the Pettis integral sense)

and the empirical one (}5 = (1/n) Y., Xi. The concentration property of sub-exponential

variable gives
~ 1 2 2 2
* < — = — —
60 = Bl < 24X, (nlog (3)+ /20 (5>)

with high probability 1 — §. Moreover, further computations shows that
164>

n

~ 1 16
E|llg» - 4l13] = ~E[IX —E[X]I3] < ZHIXII3, IX 12, (26)

The concentration in probability and expectation obtained via Corollary[3 are therefore optimal
up to universal constants.
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6.2 Largest eigenvector of covariance matrices

Principal components analysis (PCA) [55], B5] is a dimension reduction technique. It consists
in computing the eigensystems of the covariance matrix of the data to identify the subspaces
that contain the largest variability. In the majority of high-dimensional analyses, the data is
represented as points (y;)’, sampled from the unknown probability measure v in RY. The
covariance matrix Cov(v) can thus be estimated only from the samples represented by the
discrete measure v, = %Z?Zl dy;- One important question concerns the stability of the
subspaces of Cov(v,) with respect to those of Cov(v). The case of the leading direction of
variability i.e. the largest eigenvector will be analyzed in this section.

Let R? endowed with the Euclidean distance and equipped with a probability measure v.
The covariance matrix of v is defined as

Cov(v) = [ (= BulY Dy~ B do(0).

Let Ay > ... > A, be the eigenvalues of Cov(v) and ¢, one of the two eigenvectors associated
to the largest eigenvalue. By the Courant—Fischer min-max principle, ¢, is defined by

¢« € arg max(Cov(v)p, o). (27)
¢€§d—1

Observing, with a proof in Appendix that

Lemma 5. The cost function § of can be written as

70) = = [ 0.0 = .0} 0)dvlu)iv ),

this problem fits in the formalism of with M = S%! endowed with the great circle
distance 9¥(¢,v) = arccos(¢,¥)pd, X = R x RY = v @ v and (¢, z) = (¢, (y,2)) =
(y, )% — (y, ®) {2, #). In this context, the set of minimizers of § is S = {£¢,} and ¥(¢4,S) =
arccos (¢, ¢x)|.

Lemma 6. Assuming ||Y |y, < +0c then this example satisfies Assumptions (1], [4 [3, [{] and[3
with

Jo B T a a ally, m K L
+oo 2 %()\1 —X2) 1 a 8d||Y||fb2 0 dexp(—cn) 0
with ) )
a(a, ') = 2 (|lyll3 + [1¥'[13 + lyll2llzll2 + [1¥'[l212"]]2)
o (A1 = A2)?
3262cl2||YHf/)2 + 8ed||[Y]|2, (A1 — A2)
Proof. See Appendix [B.2] O

Furthermore since diam(J) = m, the following bounds hold.
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Corollary 4. Assuming ||Y ||y, < 400 then

~ 1 1 1 1 c
arccos | (¢, ¢«)| < 8L 42— log( - | +—-log|=) |+ Cidie im
n 0 n 0
with probability at least 1 — e~ " — e~ for all t > 0 and
E [alrccos2 |<g/b\, gb*>|} <2121 4 Cydze 2"

with the constant ¢ defined in Lemma[f] and where

21|V |2,

= ————, C;=14L+2VLm, 02=4<L7T+8L2)+7r2.
(A1 = A2)

Remark 8. The usual way to obtain bounds between ¢, and $ s to use matriz perturbation

tools such as the Davis-Kahan Theorem [79, Theorem 2] which gives

< 2\/§|]Cov(un) — Cov(v)|la—2
A1 — A2

inf || — ¢u|l2 < v2sin(arccos |(¢x, 3)))
P«ES

The deviation of Cov(vy) from Cov(v) can then be bounded using, for example, the matriz
Bernstein inequality of Lemma |18 giving

~ —nt?
P inf —Oullo >t ) <dex
<¢*es 16 = .ll2 ) P (47T4€2L2 + 2\/§e7r2Lt>
—nt?
<d —_
=GP (L2 + Lt)

On the other hand, the bound of Corollary[{] implies that

~ 1 c —nt2
P | inf — ¢y t—8Ln"2 —Cre 1" ) < — — .
<¢1*nes |6 — Pull2 > n-? 171 ) < exp(—cn) + exp <256L2 " 16Lt>

which are, up to universal constants, similar.

Remark 9. This analysis can also be applied to the eigenvector associated to the smallest
etgenvalue and replacing A\ — Ao by Ag_1 — A\g. The analysis can be extended to a whole
subspace of dimension r < d by setting M = V,(RY) the Stiefel manifold of dimension r in
R,

6.3 LASSO

The goal of supervised learning is to predict outputs V € V C R from inputs ¥ € Y C R¢
given the knowledge of n pairs z; = (y;,v;) € Y xV. In the usual machine learning framework,
these pairs are assumed to be i.i.d. sampled from a probability distribution g on X =Y x V.

The marginal py, of p along Y, models the randomness in the inputs. A common model for
the randomness in the outputs is to assume that there exists a measurable function g, : Y — V
such that V' = ¢,(Y) + € where € is the noise of the model represented by the marginal uy.
For instance, the noiseless case is obtained when py is the Dirac in g, (X).
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As minimizing on the set of measurable functions is intractable, the solution is sought in
an a priori “good” class of functions parameterized by a ¢ € R™. A simple but powerful idea
used in machine learning consists in seeking the solution in the space of linear functions with
sparse parametrization {g|g(y) = (#,0(y)), for all k-sparse ¢ € R™} where § : R? — R™ are
the feature vectors.

Finding the best predictor amounts to solving the problem

. 1
win 7(0) =5 [ (6.600)) —0Pduy,v) + Mol (29)
peR™ 2 YxV
with ¥ defined on Ml = R™ endowed with the Euclidean distance ¥ = || - — - ||2. In this case

the regularization & = A|| - ||; and the corresponding I : R™ x R4l — R, is defined by
16, (y.v)) = ({9 6(y)) — v)>

These linear regression problems appears in statistics and machine learning and are called
LASSO (Least Absolute Shrinkage and Selection Operator) [69]. It is a very mature problem
that has been thoroughly studied, extended and applied in various contexts. Understanding
the convergence of the estimator ¢ towards the exact solution ¢, is an important question
addressed in the literature see e.g. [40].

Lemma 7. Assuming that |[0(Y)||y, < +00 and ||V||y, < 400 then this example satisfies
Assumptions[1] [3 [3, [3 and[5 with
Jo B.r a a aly, 7 KoL
E.y VAt 2 (B2) 1 2e” A" meT2" g

with c¢1 and co displayed in the proof.

Proof. See Section [B.3] for the proof and the various expressions. O

Corollary 5. Assuming that ||0(Y )|y, < +00 and ||V |y, < +00 then

~ 1 1 1 1 :
¢ — dull2 < 8L nz 42 —log| =)+ —log|( =) |+ 14Lp;
n 0 n )

with probability at least 1 — p, —e~" and

-

~ _1
E[I6— ¢.13] < L2251 + Copi?
where Cy = 2° + (2||V||12/)2 + 25||VH3}2))\_2 and L = 77 Y|al|, -
Proof. See Appendix [B.3] O

6.4 Wasserstein barycenter

Studying barycenters in Hadamard spaces was quite straightforward due to their non-positive
curvature that implied Assumptions (with o = +00), [4] and [5| (see Section . The
situation is more delicate in spaces of non-negative curvature, and it represents a limitation
of the proposed analysis that cannot be applied verbatim. Deeper investigations are thus
required to obtain concentration bounds in this case. A perfect example of such spaces, which
has drawn attention in the last decade, is the Wasserstein space. A brief introduction is
presented here, but complete treatments can be found [76] 4], 3] for example.
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The Wasserstein space Given (H,h) a Polish space, we let P2(H) be the set of all Borel
probability measures ¢ on H such that Ex.[h(X,y)?] < 400 for all y € H. Define I, the
set of couplings between two measures ¢ and v in Py(H), as the set of probability measures 7
on H x H having ¢ and ¢ as marginals. The Wasserstein distance between ¢ and v is defined
as

W3(¢.9) = inf Ecxy)n[h(X,Y)?). (29)
w€lly 4
This section focuses on the case where H is a Hilbert space endowed with the distance h
associated to the inner product i.e. the spaces (M,V) = (X, p) = (P2(H), W2). The Wasser-
stein space J( is known to be geodesic and with non-negative curvature [4, Section 7.3]. Let
i be a probability measure on Py (JMl), its barycenters are defined as the Fréchet means

6, € arg min F(9) = / W2 (6, ) dp(e)) (30)

pEP (L)

i.e. setting I(¢,v) = W2(4,1) in the formalism of . The existence of the barycenter and
its empirical counterpart is guaranteed in most reasonable settings [II, [45], e.g. when (H,h)
is a separable locally compact geodesic space.

The difficulties of non-negative curvature As observed in [4, Theorem 7.3.2], the
barycenter function and its empirical counterpart are not strongly convex. This is due to
the positive curvature of (P2(H), W2), and actually ¥ and J exhibit some concavity property,
in the sense of . Therefore, the functions ¥ and j cannot be strongly convex and the
global error bound of Assumption [2f with § = 400 cannot be obtained via these means.

The lack of strong convexity of the barycenter functions does not imply that a global error
bound of Assumption [2] with § = +00 cannot hold as it represents a weaker notion of strong
convexity (see Section for an example of non-convex function with a global error bound).
The situation becomes more complex when observing that such a bound cannot hold, for all
measures p € Po(UM), since this would imply that 4 has non-positive curvature [67, Theorem
4.9]. Furthermore, such a bound cannot hold uniformly at the vicinity of the barycenters,
since the curvature of the balls of J of any radius can be unbounded [66, Section 2.5].

Similarly, Assumption [5| cannot hold for all z,y, ¢, € Jl since this would imply that 4
has a non-positive curvature (see Section . It would however hold for any ¢, on any
bounded subset of JL.

When convergence can be proved After having drawn a catastrophic picture of the
situation, proving that the empirical barycenters converge to the exact ones with parametric
rate is surprisingly still possible.

Additional work is however required to characterize measures p € Py (M) for which conver-
gence can be proved. The following derivation are from [2] [46] from which we state the results
relevant for the purposes of this section while referring to them for a complete treatment.

The first ingredient is the fact that the tangent space Jy, Jl of Al at the barycenter ¢,
can be identified to a Hilbert space [46, Theorem 7]. The distance induced by the metric will
be denoted || - ||4,. Second they show (in Corollary 16) that when the measure u € Py(Jl)
has one barycenter ¢, such that every ¢ € supp(u) is the pushforward of ¢, by a the gradient
of an a-strongly convex and f-smooth function (g, ¢ (the Kantorovich potential), i.e. ¢ =
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V(4. —¢lid+, the function § satisfies the global error bound of Assumption [2| with 3 = 2,
T = ﬁ and J = +oo. Importantly, under this assumption 79(¢,S)? < H%logm Xi||§)*.
In other words, the problem of finding a barycenter of u can be lifted to finding a barycenter
of log,, #i on the tangent space Jy, M, which has a Hilbert structure, from which parametric
rates from Section [6.1] can be used.

6.5 Entropic-Wassertein barycenters

Establishing convergence guarantees on the empirical Wasserstein barycenters towards their
exact counterpart appeared to be a delicate task (see Section . This obstacle was due to
the non-negative curvature of (P2(R?), W3) that lead to an Assumption [2| difficult to check
for general measures.

To circumvent these difficulties, it was proposed in [16, 42] to seek a regularized barycenter
by adding an entropic regularization to the Wasserstein variance function. In [16], the authors
proved the existence and uniqueness of the regularized barycenters as well as convergence of
their empirical regularized barycenters. Recently, [24] derived regularity properties of the
entropic-barycenters and established central limit theorems.

Let Q be a bounded subset of R? endowed with the Euclidean distance and define 4 =
P4e(2) where P5°(N2) refers to the subset of measures of Py(€2) that are absolute continuous
with respect to the Lebesgue measure. The space 4l will be endowed with the total variation
distance, which coincides with the ¢! norm on P$¢(Q) i.e. ¥ = || - — - ||;. This choice
might be surprising at first but will be substantiated later in this section. Furthermore, let
(X, p) = (P2(2), Wa). The entropic-barycenter of a probability measure p € Py (A ) is defined
as proposed in [16] as the minimizer of

J(¢) == W3 (¢, ¥)dp(eh) + AR(9)

2 Joy ()

where A > 0 is the regularization parameter and % is the negative entropy defined for every
¢ € P2(Q) by

/(f(a;)(log(f(:c)) — 1)+ 1)dx  if $ = fdx and / flz)dz =1
Q Q

+ 0o otherwise.

R(9) =

This choice of regularization enforces the Wasserstein barycenter to be absolutely continu-
ous with respect to the Lebesgue measure. The measures ¢, and ¢, as the minimizer of ¥
and 3\ respectively, therefore admit a density. We will slightly abuse notation and use the
same one for the measures and their densities. Any probability measure p on Al satisfying
f% @ Ex~y [X2)du(p) < +oo, admits a unique entropic-barycenter (see Proposition 2.1 in
[24]).

While the Wasserstein distance squared is not geodesically convex (see Section , it
is convex with respect to the linear structure in Py(f2), i.e. considering paths like ¢ =
tor + (1 —t)¢1 for ¢o, ¢1 € Po(R2) and ¢ € [0, 1] (see Proposition 7.17 in [61]). This leads to
convex functions £ and £. Furthermore, the negative entropy is strongly convex, for the linear
structure, with respect to the total variation distance on P5¢(2). These two properties imply
the local error bounds for ¥ and 5 i.e. Assumptions [2| and
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Checking Assumption [5] is more delicate since one has to bound the left hand side of
(16) with [ = %Wf by a quantity involving the total variation which endows P,%“(2) with a
different topology than with Ws.

Lemma 8. Assuming that Q is bounded, this example satisfies Assumptions[1], [3 [3, [4] and[J
with

Jo B T « a lally, — n K o
+oo 2 2 1 4diam(Q)? 4diam(Q)2 0 0 0

Proof. See Appendix [B.4] O

Corollary 6. Assuming that Q) is bounded then

16 — dullr < 16 diam(Q)2 [ n~2 + 2 llog E +llog !
n 0 n )

with probability at least 1 — § and
E (16— ¢.l17] < 2° diam(@)n".

As a comparison, in [16] a bound of kind E[KL(¢|$,)?] < cn~! is obtained, where KL refers
to the Kullback-Leibler divergence, for d = 1 and some constant ¢ > 0. The general case d > 2
requires additional smoothness assumption. Expressing this bound in terms of total variation
via the Pinsker’s inequality would give E[||¢ — ¢«||7] < cn~!. The bound obtained here in
Corollary [6] appears to be faster and does not require additional smoothness assumptions to
deal with d > 2.

7 Discussion

The concentration of the empirical minimizers of the risk to the ones of is a fundamental
question in statistical learning. Instead of the usual guarantees on the estimation error,
concentration inequalities on the distance between the sets of minimizers are investigated.

In particular, this work identifies a set of assumptions, that is rather weak, and should fit a
wide variety of estimations problems e.g. with spaces that are unbounded and infinite dimen-
sional and cost functions that are unbounded and non-convex. Therefore, these assumptions
allow to describe a mechanism that seems to govern the concentration of the empirical mini-
mizers in many estimation problems. More precisely, there exists a regime X € o, happening
with high-probability, where the empirical minimizers are stable. This stability was leveraged
in Theorem |2| to obtain parametric concentration rates. The result was obtained using a new
McDiarmid-type inequality for functions with sub-exponential differences on subsets of large
measure. The assumptions were verified on a selection of estimation problems showing their
relevance and showcasing the optimality of the bounds of the Theorem

Even tough this work establishes the regime of stability of the empirical minimizers and
the machinery to obtain parametric concentration rates from it, the set of assumptions has
to be checked for each problem, which is quite unsatisfactory in the quest of user-friendly

27



theorems. While some clues were provided for the general treatments of Assumptions [3| and
the most interesting and probably the most open ones seems to be the concentration of the
Lojasiewicz constant in Assumption [4 Additionally to the technical questions raised in the
core of the paper, Theorem [2] leaves aside the case 8 = « which might be of great interest for
applications where the cost function [ has, for example, a Lipschitz continuous gradient.

A Additional proofs

A.1 General concentration results

Proof of Theorem[3 The Theorem 4 in [50] is not exactly stated in the form of (20). More
precisely, it states that

2
P(f(X)—Ef 2t) < exp (‘M)

for all ¢ > 0 which is slightly weaker than (20]). However, a closer inspection of the proofs

shows that

t2e252
loo F { t(HEf)] o e
Rl —1—teM

for t < (eM~'). This shows that f(X) € subl'y(2e?0?, eM) which implies the tail (20)), see
Section 2| or [19, Section 2.4] for more details. O

A.2 Supporting results for the proof of Lemma

Lemma 9.

Ex [EY [(5* - i«) ]lYeI(X)} ]1X@4} =0

Proof. This result will be clear, as long as the order of integration can be exchanged, because
X € o and X’ € o have the same distribution. This will be achieved checking that

Exy [ 9. — 5

]IXew,X/em} < +o0.

The quantity is indeed bounded by

Exy [

F *é&%ﬂ%) +q}ifsf(¢*) *J&fsﬂeﬁ*) +¢i*rlefsf(¢*) —F

]lx,x’egq]
<Exy [(d)lnefg I (¢.) — 5*) ]lX,X’esﬂ:| +Exy K(ﬁmefs F(¢s) — 5*) ]lX,X’Esﬂ:|

+Exy {

]1x,x'ew]
The third term is finite since

Exy [

*

]lx,x'egq] <2Exy Hi(qb*)

]1X7X,€94 for some ¢, € S
2 n
=n > Exy [J1(¢e Xi)| Ix xrcu]
i=1
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together with the assumption that Ex [|[(¢«, X)|] < +o0. The first two terms can further be
bounded in the same fashion so that only one is detailed. Due to the optimality of ¢, and
leveraging Assumption

By [ (a6, 760 - 3. ) txixes] < By |08 560 - 5 + 50) - 5760 10

1 o ~
< Exy |- > Ezla(Z, Xi)]ﬁ(&s)a]lx,)(’em]
"=

= Exy |Ez[a(Z, X))9(8: 8)"1x x7ea]
< [lall2]|9(S; 8)* Txeall2
by an application of Cauchy-Schwartz inequality. The latter quantiti is finite since |lalj2 <

2||al|y, and using the bounds on the moments of 9(8;8) of Lemma
Therefore, in virtue of Fubini’s theorem,

Ex [EY Ki - 3*) ]lYeI(X)} ]lXGsﬂ} =Exy {(5* - 5*) ]1X7X’egd}
=0

since X and X’ share the same distribution. O

Lemma 10. The term Ey from the proof of Lemma(g can be bounded by

max - : %a — dov B
Ey < omax(0a=1)+2 <||a||¢1 diam(8)* + 2[|al|; <T U max <5_a 1)) > /Pn-
Proof. The term es can further be bounded, for any ¢, € §, by

es =By |(U&,Y) + R(B) — Upw, V) = R(62) + F(62) — T ) Tygrow)]
+Ey [ (U0 Y) +R(6.) = F(0)) Tygreo| + 3 — 7.

—er tern
with
e21 =By [(10.Y) =160, Y) +F(6.) — (D)) Lygrx)|
€20 =By | (60 Y) +R(0) = F(6.)) Iygrex)| + . — o
Therefore

Ey < E271 + E272 with Egﬂ' =E lsup €2 ‘ Xed
bes

The remaining of the proof consists in bounding each term.
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Bounding F>; The term e can further be bounded by

e21 < — ZEY{ (6, ) = (s, )+l(¢*>Xi)_l(aaXi))]lYgéI(X)}

| /\

- ZEY (Y, Xi)Lyg¢rx)] sup 19(5, ¢+)¢  using Assumption [
bes

1 _ "N a : «@

< =3 By [aY, Xi)Lygroo) 270 (9(6,8)° + diam(8)° )
This bounds allows to upper bound E3; by
By < gmex@a-1) ZIEX []Ey (Y, X) Ty 1)) (0(&8)& n diam(&)o‘) X e 91}
1
= 2maX(0,O¢—1) ﬁEX Y |:('l9(87 8)a + dlam(8)0‘> G,(Y, Xl)]lXe&q,X’gm}

using Tonelli’s theorem to swap the order of integration and . The term

Exy [a(Y, X1)Ixeax¢a) < lal2P(X € o, X' ¢ si)'/?
< 2lally,P(X € o1, X" ¢ o1)'/

using Cauchy-Schwartz inequality. Similarly, two successive applications of the Cauchy-
Schwartz inequality give

Exy [79(&8)&@(1/’ Xl)]IXesﬂ,X’ezm}
< ||a||4||19(§§S)Q]lxm,x'gm\hp(x €d, X ¢ d)/?

< ||a||4||19(§%S)B_aﬂxw,)(/gsﬂHj;(4a 1>P(X e, X ¢ o)/
Fa’

Boa
< llalla ( “Ha ||max< 40 1)) P(X € o, X’ ¢ 1)/ using Lemma [TT]

4 Foa
<l (7o (511 ol ) POK € 0, X ¢ a2
—

On the other hand, the Lemma [12] allows to show that

VEX ed X ¢ d) _ /pu(l—pn)
1—pn B DPn

since \/pn/(1 — pn) < 24/py, for p, < 3/4. Combining all these bounds leads to

< 2\/pn

B8 4 530&
By < 2max(0a—ldl /pr <2||an1 diam(8)* + 4/lal| ;. <Tl max ( 3 “ 1>> ) :
—
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Bounding FE,, Since f* < §(¢*) for all ¢, € S the term ey 5 can further be bounded by

e22 < By [(F(00) = 16w ) Iyar] < ZEY U6 Xi) = 160, Y)) yerx)] -
Taking the conditional expectation gives

Ele22| X € d] < 1ipEX [Ey [(L(¢s, X1) — (¢4, Y)) Lyerx)] Ixea]

because o is invariant under permutations of the components of X.

Moreover, since Ey [|{(¢., Y)|] < 400, the order of integration can be switched in virtue
of Fubini’s theorem, leading to

1
E2,2 < EEX,Y [(l(¢*7X1) - l(¢*>Y)) ﬂXed,X’esﬂ] =0

since X and X’ have the same distribution.

Combining the bounds on E>; and Fs o gives the desired result. O

Lemma 11. Let A be the subset defined by and assume Assumptions @ @ and@
hold, then conditionally on A

9(8;8)~ < Tlnzn:Ey[a(Y, X))

Furthermore, for all p > 1

~ a
06887 < 1ol

Proof. The conditioning on X € o implies that all gg €S8 belong to the level-set [ < %]. Let
¢ €8, the Assumption gives

0(6,8)” < 3(9) - %

< inf §(9) = F + F(62) — (0) since ¢ € §
1 < N
= jnf =3 By [I(6,Y) =60, Y) + 16, X;) ~ 1(5,X))| by Assumption[§

1 n
<= ZEY [a(Y, Xy)] inf, 9D, 6:)°

Therefore,

(¢a IB a< ZEY YX)]

31



holds for any QAﬁ 3 leading to the expected result. The bound on the moments is obtained
remarking that

<

1 n
— Y Eyla(Y, X)|Txeq
™ izl

3 Evla(y, X)
=1

p p

=S Ry ol X,
=1

IN

< 3 (Bxrlaly, X))
i=1

using Jensen’s inequality. The final result is obtained remarking that the samples (X;)}" ; are
ii.d. O

A.3 Negative correlation of X € of and X € o’

Lemma 12. Let X = (X1,...,X,) and X' = (Y, Xa, ..., X,,) where (X;)?, and Y are i.i.d.
samples of . Let o be the subset of X defined in then

PXed, X ¢d)<PXecd)P(X¢d)
Proof. The probability of the intersection can be decomposed as follows
P(X e o, X' ¢ d) =E[Ixcalx¢al = E[Ixea] E [Ixrgq] + Cov (Ixeu, Lxr¢a)
Let Z = (Xo,...,X,). In virtue of the law of total covariance
Cov (Ixeu, Ixrga) = E [Cov (Ixeu, LxrgalZ)] + Cov (E [Ixea|Z] , E [Lx/¢ql|Z]) -

Since conditionally on Z, the random variables X; and Y are independent, the covariance
Cov (Ixes, IxrgalZ) = 0. Let g : X! — R be the function defined by ¢(Z) = E [Ix/¢4|Z].

Cov (E [Ixea|Z], E[Ix/¢q|Z]) = Cov (9(Z),1 - g(Z)) <0
by the FKG inequality [29]. Therefore Cov (Ixeg, I1x/¢q) < 0 which gives the desired result.
O
B Additional proofs for Applications

B.1 Concentration of sample covariance matrices

Lemma 13. Let Z € R? be a sub-Gaussian random vector and let (Z;)?— ben i.i.d. copy of
Z. Let A=E[ZZT) and A= 230 | Z,ZT then

nt?

2 (22| ZL, + ed| Zil3, )

P (HA A > t) < dexp

Proof. This result is a consequence of |70}, Theorem 6.2] stated in the next theorem.
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Theorem 4. Let (S;)}_, be n independent, self-adjoint symmetric random matrices of di-
mension d. Assume that E[S;] = 0 and there that exist R and n matrices (B;)l-, such that
E[SP] < %!Rp_ZBi2 for all p > 2 then

n t2
P <)\max (; SZ-> > t) < dexp <_2(02+Rt))

with o = | S0, B2

This result will be used by setting S; = % (ZiZZ-T —-E[Z ZT]). This choice implies that
E[S;] =0and > ", S; = A—A. Moreover, since S; are self-adjoint matrices, the spectral norm
of the matrix A — A is equal to its largest eigenvalue. Since each S; < [|.S;||Idg, the Bernstein

condition can be obtained by bounding the moments of ||S;|| because E[S?] < E[||S;||] Id,.
This is achieved remarking that

1Sl = Amax(Si) = sup (Siv,0) = = sup ({Zi,0)? — E [(Z,0)?])

veSd—1 T yesd-1

1 1
< =~ sup (Zi,v)* < —|Z3
N yesd-1 n

. | p
so that [[1Silllv, < LIIZ:IZ, < 21212, leading to B[ Si[P] < 5 (e2]|Zil|3,) . The Theo-
rem 4| can now be applied with R = e%HZZ-H?Z}2 and B; = 6%”&"@21% with the corresponding
o? = %62d2||ZiH42. O

B.2 Largest eigenvector of covariance matrices

Proof of Lemma[j. Remark that
(Con)6.0) = [ty =Bulv).o)Pdvle) = [ (wu)duty) = BIV] 6P

Writing E, [Y] = [za ydv(y) gives

Eul 1.0 = { [ vivt).o) ([ save).0)

_ / (y, 8) (2, ) dv(y)dv (=)
R4 x R4

which ends the proof. O

Proof of Lemmal@l Prior to the proof, general facts on S?1 as a Riemannian manifold are
introduced.
The tangent space T3St = {v € R?|(p,v)pa = 0} and the metric is defined by

gs(u,v) = (u,v)pa, the Euclidean scalar product, for all u,v € J4S%!. The norm of
vectors in T,S9"! will be denoted by || - |y = g¢(,-). In particular, here || - ||, = | - |2

for all ¢ € S% ! so that the dependency on ¢ might be dropped. With this metric, the

logarithm map reads log, () = (v — (¥, 9)¢) % with 6 = arccos(¢,1). The exponen-

tial map is given by exp,(§) = cos(|[{][2)¢ + Sln(”f”)ﬁ for ¢ € 9,871, Furthermore,
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the geodesic from ¢ to ¢ reads ~(t) = cos(||log,(v)t]|)¢ + sin(]| log, (v )tH)HIIZiZ(w))” The

geodesic distance between ¢ and 1) is therefore ¥(¢, 1)) = arccos(¢, ¥)pa. One can check that
|6 =2 <V (p,v) < Fl|¢ —1[|2. The proof consists in checking the assumptions one by one.
To simplify notation the matrix A will refer to Cov(v).

Assumption (1| The functions ¥ and § are continuous and defined on a compact domain
M = S?1. Therefore, cach of them admits at least one minimizer.

Assumption [2| Let ¢ € § = {4y} where u; refer to the eigenvector associated to the largest
eigenvalue A\;. Remark that any point on the sphere is at distance at most /2 of one
of the minimizers i.e. ¥9(1,8) < 7/2 for all o) € S

For a given ¢ € ST! we fix ¢ as the closest element of S to ¢ (since & = {+u1}). Let
§ = log, () and one has that [[£][2 = [|{]l¢ = ¥(¢,#) < 5. The bound is obtained using

F(expy(€)) — F()

— | cos? coS sin sin” LI
(costlelh 0. 0) + 2cos(lelsinclel) { Ao, ) +sin?(lel) {Ar )

Observing that (A, &) = (AUT ¢, UTE) = Ag(Fuy, &) = 0 since € € T3S we obtain

sin?([|<]])
€113

4
> —5 (A = R)€ll3

F(expy(€)) — F(¢) = (I€13(As, ¢) — (AE,€))

The last inequality is obtained using Lemma [14] and from the fact that the function
t + sin?(t) /% is lower bounded by 7:1—2 on [0, 5]. Since the norm of the tangent vector
l€]|2 is equal to the geodesic distance ¥(1), ), this lead to

4
(A - X2)0(1,8)% < F () — Fu
for all ¢ € M. So that Assumption [2[ holds for Jy = 400, 5 =2 and 7 = 7;%()\1 — A2).
Assumption [3] Since Assumption [2] holds for Jy = +o0, Assumption [3] holds with 5 = 0
since P(¥(¢) > o) = 0.

Assumption [4] Let A > ... > A be the eigenvalues of A = L D 1(X E,., [XD)(X; —
E,.[X])T. The derlvatlon of Assumption I can also be carrled on § so that

S0 - R0, 8 < Fw) - 7.
holds for ¢ € 4. This bound can be used as long as (Xl — /):2) > 0.

In virtue of the Weyl’s inequality the distance between the eigenvalues can be bounded
by |\ — i | < ||A-— AHgﬁg for all 1 < i < d so that the eigengap A1 — A2 can be lower
bounded by R R R

AL = A2 > A1 = A2 — [A1 = A1 = [ A2 — A9

> A1 — Az — 2|4 — Aljoss.
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When 2| A— Alj32 < (A1 — o) the eigengap A=Ay > $(AM —X2). This event happens
with high probability since by Lemma

i 1 n( — Ag)2
(14~ Az > S0u -0 gdexp< (n— M) )

- 32e2Q2||X |, + 8ed|[ X2, (M — o)

Assumption [5] Let ¢, € Jl and z,2’ € X such that z # z’, we have

U, z) — 1, z) — U, 2) + (¥, 2)
=W, 0 =)W+ )+ Y — o)y Y+ ¢)
=W, 0 = ¥)(z,0) — (Y, V) (2,0 — )
+ (0= 0N 0) + (U b - )
< 2(IylI3 + 113 + lyllzllll2 + 1y'll2]12"l|2) 6 — 2
<2 (llyll3 + 1113 + lyll=ll=llz + 1/1211"l12) 9(¢, )
using (a? — b%) = (a — b)(a + b) for the first equality and where the the first inequality

is obtained with the Cauchy-Schwartz inequality together with the fact that ¢ and ¢
have unit norm. The function defined by

a(z,z') = 2 (Iyll3 + Iy'l13 + lyll2ll=ll2 + 15/ l2[12"]]2) Lozor

for z,2" € X is a pseudometric and therefore is a candidate for Assumption [5| to hold.
Since X and X' share the same distribution, the sub-exponential norm of a can be
bounded by

lally, < 4NY Py, + 4HY TIZ ]y,

< AU, + 41 Wlga 121
<8IV,

since Z has the same distribution as Y. Finally, using the fact that the sub-Gaussian
norm [|[|Y||[ly, < Vd||Y ||y, the Assumption [5|is therefore satisfied with ¥ = A, a = 1
and the function a that is sub-exponential when Y is sub-Gaussian.

O

Lemma 14. Let A € R¥™9 be a real symmetric matriz. Let U = (uy,...,uq) € R and
A1 > ... > Ny such that A= UAUT with A = diag(\;)L,. Let v € R? orthogonal to uy then

[v]13(Aur, ur) = (Av,0) > (A = A2)[v]l3.
Proof. We have
loll3{Aur, ur) — (Av,v) = [ol3(AU ur, UTur) — (AUT v, UT )

d
= oll3A = > Aifus, v)°
=2
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since v is orthogonal to uj. The vector v can be decomposed in the orthogonal basis as
v = Zfﬂ(ui, v)u; and therefore has a norm ||v]|3 = ZfZQ(ui, v)2. We therefore conclude by

remarking that

d
oll3As = >~ Aius, v)® = Afloll3 = Aalloll3.
1=2

B.3 LASSO

Proof of Lemma[7 Prior to the proof, some general observations on the problem are stated.

The functions ¥ and § are strictly convex and are piecewise polynomials of degree 2.
Such functions satisfy a Lojasiewicz error bound of Assumption 2| with 8 = 2 [18, Corollary
9] for any $o > J., with an adequate 7(¥%). This general result however does not specify the
values of the constants ¥y and 7 which are important to derive proper bounds, and to check
Assumption 4] Those values can be obtained from an intricate geometric analysis of § that
is summarized in Lemma [I5

This lemma involves Hoffman’s constants [34], [32] which were first introduced in the study
of error bounds for the solutions of systems of linear inequalities. Hoffman’s constants can be
defined in several equivalents ways, the following will be used [10]. Let C' € R¥! be a matrix,
its Hoffman’s constant is defined by

1
H= max — 31
IC{1,...,k} Um(C[) ( )
C7 full row rank
where C) € RIIX! refers to the submatrix built from the rows of indexes in I. This constant
plays an important role in the derivation of error bounds for the LASSO problem as shown

in Lemma [15]

Assumption [1| Since the functions § and § are strictly convex and coercive, each of them
has a unique minimizer.

Assumption 2| The following lemma will be used to prove this assumption.

Lemma 15 ([I8, Lemma 10]). Let £ : R? — R defined by £(¢) = 5| Ad — b[|3 + A||¢|11
where A > 0, b € RP and A is a matriz of size p X q. Let Ry, > 0 be chosen such that
the unique minimizer of £, satisfies ||¢«|[1 < R«. Fiz R > R, then

(¢, 6:)° < %(9) — L
for all ¢ € R? such that ||¢||1 < R where

-1
7= (4H? [L+ AR + (R||A| + [[o])(4R|| A|| + [[b]))]) (32)
and H = H(A,X) > 0 is the Hoffman’s constant of the matriz
E _1R2‘1><1
can = | e R HIHHPHD)x(aHL), (33)
A ORpxl
ORIXq )\
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where E is the matriz of size 29 x q with rows being all the possible distinct vectors of
the form (£1,...,+£1).

Proof. This results is adapted from [I8, Lemma 10]. Its statement only differs from
the choice of R,. In [I8, Lemma 10] it is chosen to be R, = 1||b||3 by observing that
A|pslli < L(os) < 2(0) = %HbH% This choice is arbitrary, and any other R, (satisfying
|lp«]]1 < R.) can be chosen. A more appropriate choice will ease the proof of the other
assumptions. O]

In order to apply this lemma, the function § has to be written in the form ¥(¢) =
Z£(¢) + ¢ where & corresponds to Lemma |15| and ¢ is a constant term. Let

Covalin) = | 6)6() dpy () € ™"
Y
It can be shown that
H(6) = 5 (Cova(n), ) — (9, BBV IV]) + 3y [V
= 5 (Cova()(6 — 60), (& — 60)) + 5By [V2] = 5| Cov () 2603

with ¢ being chosen as Covg(u)po = E,[0(Y)V]. Such a vector always exists since it is
a solution of the linear least square problem

min £(¢). (34)

HER™

Minimizing ¥ is therefore equivalent to minimizing &£ defined by
2(6) = 5 [[Covotu) /26 o[ + Mgl
setting b = Covyg (,u)l/ 2¢0. Remark at this point that since ¢g is the solution of
0% F(6) < 3By V2]~ 3 Coval)! 2013

so that [|b]|3 < E,[V2.
Finally, observe that A||¢.|[1 < F(6+) < F(0) = £(0) = 1E, [V?]. The Lemma [15 can
now be applied with A = Covy(u)'/? and R = E,,, [V?]/) leading to a bound

as long as ||¢|1 < R for 7 with expression given in (32). Using the fact that [|b[|3 <
E#V [VQ]a

r2 (482 |1 AR-+ (RIAL+ B D ARIAL+ B [VQDD_l (35)

This lower-bound will be used in place of 7. This choice is not optimal but it will ease
the proof of Assumption

The choice $y = E,[V?]/\ ensures that ¥(¢) < F implies that [|¢[|; < R so that the
assumption is verified.
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Assumptlon [B] Similarly to the proof of Assumption l ) < 3(0) = $15" V2 so that

j((j)) < Jo as soon as - Zl L V2 <2E,,[V?]. This event happens with high probability
since using a Bernstein inequality

J(EN

nt?
>t | <2exp (36)
) ( A2VE, + e||v2||¢1t>>

for all ¢ > 0, because the random vector V2 is sub-exponential with [|[V?||y, = HVH?/)2
Choosing t = E,, [V?] therefore shows that the assumption is fulfilled with n(n) = 2e=1"
with A
v
. Vi

2(e2(IVIly, +ellVIE,IVIZ)

Assumption [4| The assumption will be proved checking that

Z_in j((b)_j*
T = f{ﬁ(¢’§)2, QbG[ijO]}

is greater that %7’ with high probability. This will imply that Assumption [4] holds since
T>T.

In this proof, the matrix A will refer to Covy (,u)% and A to its empirical counterpart.
Similarly Z = E,[V?] and Z = 1 Y | V2.

Note that 7 is defined in a similar fashion as by

N . — . — 7y —1
7= (4 |1+ AR+ (RIA] + ﬁ) (4rIA) + ﬁ)]) , (37)
so that the high-probability bound will be obtained by:

e Proving that \@ < 21/4@. This is equivalent to proving that Z <2127, This
happens under the event |Z — Z| < (21/2 —1)Z.

e Proving that H? < 2122, Using definition of H, the Hoffman’s constant of the
matrix C'(A, \) defined in , and under the assumption that it is positive, it can
be proved that

1
H2

for all subsets of rows I C {1,...2™ 4+ m + 2}. In virtue of Weyl’s inequality, for
all 1 < ¢ < |I] and all subsets I,

Ni(CANTCAN)) = 0% (C(AN)) = (38)

rri = IN(C(ANTC(A, N1 — M(CANTOA )]
< [c(A,NTCA N — C(ANTCA N
< lc(A,NTC(A4, ) — C(A,NTC(A, N

by the interlacing property of eigenvalues. Further computations show that

ATA—ATA 0o ~
o (A 0) | = 1AmA - AT = fcovati) - Covatu]
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1

In particular, under the event ||Covy(u) — Covg(pn)l| < =

1
eH

> (1 _ 1) N (CANFC(A N,

A (C(ANTCA, N 1) > N (C(ANTC(AN)) -
(39)

using ([38)). This implies that under this event, the submatrices C (A, \); share the
row rank of their counterpart C'(A,\);. Therefore, the set of constraints in the
maximization problem are equal. The equation furthermore implies that
H? < —H 2. Choosing € = 212/17& gives the desired bound.

e Proving that ||A|| < 2/4||A||. This is equivalent to proving that ||[Covg(u)| <
21/2||Covg ()| which will also be proved using the Weyl’s inequality as

[ Cove ()l = |Cove(pn)ll| < [[Cove() — Cove(un)l|-

The expected bound happens under the event ||Covg(u) — Covg(un)|| < (212 —
1)[[Cove(p)]l-

If all these inequalities hold, then
-1
7> (4\/§H2 [1 + AR+ (21/43\\/1” + 21/4\@) (21/44RHAH + 21/4\@)})

(4v2H? [V2(1 + AR) + (2Y/4R| Al + 2V/1VZ) (2/44R) A + 21/4\@)})71
1

=T.

2
Using a union bound, together with and Lemma |13| shows that

v

Vv

P <77 < ;T) <P (|2 -7 > (V2 - 1)Z> + P (||Covg(p) — Cove(pn)| > ¢)
(vVa-12 VI3 2 (40)

-n -n <
23V, +elVIE, (VZ-DIVID | 2<e2m2|\9<Y>H;t2+emuo<Y)\@2c)

< 2e 2

with ¢ = min (%1 212, (V2 = 1)||Covg(p) ||) The assumption is therefore satisfied with

k(n) = me~“2" with ¢y being the minimum of the two exponents in ([40).

Assumption [5]| First, let us identify a candidate set T for which Assumption [5] holds. The

inclusion of S and of & , with high probability, will be checked in the second part of the
proof.

Let R =E,,[V?/Aand T = {¢ € M |||¢]|2 < R}. For ¢,¢) € T and x = (y,v),2’ =
(y',v") € Y x V such that = # 2/, one has

l(d),l‘) - l(¢,$,) - l(d),:l?) + l(d)vx,)
= (¢ =, 0(y) (& +v,0(y)) — 2v) — (¥ — ¢,0(5)) (¢ + ¥, 0(y)) — 20")

< lle = ¢ll2 (1012 (¢ + ,0(y)) — 20 + [10(y)l|2 [(¢ + 2, 0()) — 2v'])
<l =¥l (10 122RI10)ll2 + 2[v]) + 10 ) 12(2RI0() 12 + 2[v'])) -
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where we successively used the identity (a®?—b?) = (a—b)(a+b) and the Cauchy-Schwartz
inequality. The function a defined by

a(z,2’) = (10 122R10() 12 + 2v]) + 106 ) 22RO )2 + 21V']) Lazar  (41)
for z, 2’ € X is a pseudometric. Moreover, since X and X’ share the same distribution,
lally, < 4[[[[0(Y) 2RO )2 + 2[V])ll,,

< AR[O)I3 ], + AN 21V ][],

< AR[[0Y) 21l + 4O )2 llwa V1],
< ARm||0(Y)5, + 4vVm |0 )l |V 14,

(42)

Therefore, the set T, a = 1 and the function a are candidates for Assumption ] to hold.

It is known from the proof of Assumption [2] that the norm of ¢ € Sis ¢l < R. Using
the fact that || - |2 < || - |1, we obtain 8 C . Similarly, for ¢ € 8, ||¢[|2 < = V2
so that under the event = 3% | V; < 2E,, [V?], the norm |¢[l < R. This event holds
with probability at least 1 — ¢(n) with ¢(n) = n(n), see in the proof of Assumption
Bl

O]

Proof. Proof of Corollary [5] The proof of the first part is a direct application of Theorem
with the constants of Lemma[7] The second part required a little more work.

The total expectation can be split accordingly to where the first term can be bounded
using Lemma [2} The second term is bounded as follows. Due to the the optimality of ¢, and
¢ one has

1
[fall2 < [ldsllx < j\E[VQ]

19112 < 16l < sz

see the proof of Lemma [7] Therefore,

~ _ 1
E |6 - dl31xgu| < SEIVZ2A2pn + SEIV*Txgal

IN

1
2
1 212y —2 1 813
SEVZPAp, + SEIVYE /pn
@IVIE, + 221V ) A Von.

IN

B.4 Entropic-Wasserstein barycenters
Proof of Lemma[8 The proof consist in checking the assumptions one by one.

Assumption [I] Since € is bounded there exists M > 0 such that f9 ) Exny [X2)du(vp) <

M? for all measures p_€ Po(Al). Using proposition Proposmon 2 1 in [24] allows to
conclude that ¢, and ¢ exist and are unique.
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Assumption [2] The function W(-,%) is convex from Proposition 7.17 of [61] for all ¢ €
Po(§2) for the linear structure on Py(2). This means that
W5 (60, 9) < (1= )W (60, v) +tW3(¢1,¢)

for any pair of measures ¢o, ¢1 € P2(f2) and for any ¢ € [0, 1] where ¢y = (1 —¢)¢o +t¢1.
Integrating with respect to p or u, shows that the functions £ and f£ are convex.

On the other hand, some computations show that

R(9) = R(W) + (VR (¢), ¢ — ¥) + KL(¢]Y)
with VR (¢) = log(¢) and KL being the Kullback-Liebler divergence between ¢ and

defined by
¢(2)
Kquqb:/lo( o(2)dz.
(61) = [ 1ox (55 ) 602
The Pinsker’s inequality states that ||¢ — 1|1 < \/3KL(¢[¢)). This means that R is

2-strongly convex with respect to the total variation distance for the linear structure.

Hence ¥ and j are both 2-strongly convex with respect to the total variation distance
so that
2ll¢ — ¢l < 5(9) — %
for all ¢ € P$°(2). The similar inequality holds for g.
Assumption [3| Since Assumption is verified with Jy = 400, this assumption is verified
with n =0

Assumption 4| Since § is 2-strongly convex with respect to the total variation distance, it
holds that 7 = 7 with probability 1. This implies that the assumption is verified with
Kk =0.

Assumption [5| Prior to proving this assumption, the Kantorovich duality is briefly intro-
duced, see [76] for more details. Given two measures ¢ and 1 and two maps g € L!(¢)
and h € L(¢) satisfying g(y) +h(z) > (y, z) for ¢-a.e. y and 1-a.e. z, then by definition

o s [ (0 Naos [ (12,
22(¢a¢)_/92 g ¢/92 Y.

Due the Kantorovich duality, it is known that the equality holds for some pair of (g, h) =
(C(b_w,g“;; —np) with (4 being a lower semi-continuous proper convex function and
where C:; S = Cy—¢ is the convex conjugate of (4. The map (4 is called the
Kantorovich potential of the pair of measures (¢, ) and therefore satisfies

1 2 P
swion = [ (E g )ass [ (o) aw.

Back to the proof of the assumption, let ¢g, 1 € M and 19,91 € X. By Kantorovich
duality [76],

1 112 12
§W22(¢0,¢0) :/Q<H 2” C¢0—>¢o> d¢0+/Q <H 2” C¢0—>w0> deo

1 12 12
s> [(EE o) an+ [ (1 - o) o
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so that

2
%Wf(%,@/}o) — %Wg(cblalbo) < / (H 2” - C¢o—>w0> d(¢o — ¢1).

Q

Therefore,
J J - R -
§W2 (¢0,%0) — §W2 (¢1,%0) + §W2 (p1,91) — 5W2 (¢0,1)

< /Q(C¢1—>¢1 = Coo—o)d(P0 — 1)
By definition, the Kantorovich ¢ are 2 diam({2)-Lipschitz so that

ST3(00, vo) — W3 (01, o) + W3 (61, 1) — W3 (6o, 1) < 4diam ()W (g, 61)
< 4diam(2)||¢o — ¢11

where the last inequality is obtained through the transport inequality Wi(¢o, 1) <
diam(Q)||po — ¢1]|1 see [31, Theorem 4]. Therefore, the assumption is verified with
Y =M, a =4diam(Q)?, ||ally, = 4diam(Q)? and ¢ = 0.

O]
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