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1 Introduction to the problem

1.1 Motivations and formulation of the problem

A classical problem in machine learning and signal processing is to find the minimizer of
a convex function of a measure. This covers for example sparse spike deconvolution, or
training a neural network with a single hidden layer. We will study a simple minimization
method: we discretize the measure into a mixture of particles and run a gradient descent on
their weight and position. We show that this gradient descent, although performed on a non-
convex function, whith a good initialization, at the many-particle limit, converges to global
minimizers.

This is based on the work L. Chizat et F. Bach did in [6]. Here, we focused on the partially
1-homogeneous case that they introduced, and expanded on the proof to hopefully make them
more understandable, along with our own reproduction of their numerical experiments.

The mathematical setting is the following: we want to search for an element in an Hilbert
space ¥ that minimizes a smooth, convex loss function R : ¥ — R,, and that is a linear
combination of a few elements from a given parametrized set {¢(60)}gce C F -

We can encode the linear combination as a signed measure u on the parameter space ® and
solve for:

J'= min J(u) where J(u) = R( f odu) + G(u) (1)

HUEM(O®)

where M(O) is the set of signed measures on the parameter space ®, and G : M(®) —» R
is an optional convex regularizer, e.g. the total variation norm when sparse solutions are fa-
vored.

Our case of interest will be the infinite-dimensional case where © is a domain of R?, and
¢ is differentiable.
This setting allows for very general applications, which include:

e Training neural networks with a single hidden layer. The goal is to select, within a
specific class, a function that maps features in R?~! to labels in R, from the observation
of a joint distribution of features and labels. In this case, ¥ is L*(R¢""), with R being
the quadratic or logistic loss function for example, and ¢(6) : x — U(Zfz_ll O;x; + 6y),
with an activation function o : R — R (e.g. the sigmoid function or the rectified linear
unit, see [15] and [12]).

e Sparse spike deconvolution. The goal is to recover a signal which is a mixture of
of impulses on ® given a noisy and filtered observation y. Here, ¥ is L*(®), with
@(0) : x — Y(x—0) (where ¥ is the filter impulse response) and R(f) = 1/24-||f — ylliz,

for some A which depends on the noise level (for more information check [9] and [10]).

e Low rank tensor decomposition. For background information on this subject, please
refer to [14]. However, we will not delve further into this application in the report. If
you are interested in recovering low-rank matrix decompositions, you can refer to [13].
For recovering mixtures of models from sketches, you can check out [18].



1.2 Study case: sparse spike deconvolution

Whilst the original paper discusses the favorable case where ¢ is homogeneous (i.e. ¢(16) =
A¢(0)), which allows for less restrictive conditions on the initialization and less assumptions
on ¢, we will not do so. We chose to do this as it allows us to cover the most general case,
and the proofs we will give are most of the time easily adaptable (and much simpler) to the
homogeneous case. However they can be found on the original paper. This setting allows us
to cover the problems described before when ¢ is bounded.

A particular case of interest for us is the sparse spike deconvolution, which has a lot of
real-world applications, including:

Superresolution imaging. The diffraction of light imposes a physical limit on the resolution
of optical images. The goal of superresolution is to remove the blur induced by diffraction
as well as the effects of pixelization and noise. For images composed of a collection of point
sources of light, this can be posed as a sparse inverse problem as follows. The parameters
61, ..., 0k denote the locations of K point sources (in R? or R?), and w; denotes the intensity,
or brightness, of the i-th source. The image of the i-th source is given by w;y(6;), where
is the pixelated point spread function of the imaging apparatus. Astronomers use this frame-
work to deconvolve images of stars to angular resolution below the Rayleigh limit (for further
details, see [19]). In biology this tool has revolutionized imaging of subcellular features (you
can exlore this further in [11] and [17]).

Design of numerical quadrature rules. In many numerical computing applications we re-
quire fast procedures to approximate integration against a fixed measure. One way to do this
is use a quadrature rule:

k
f FO)dp©) ~ ) wif(x).
i=1

The quadrature rule, given by w; € R and x; € ©, is chosen so that the above approximation
holds for functions f in a certain function class. The pairs (x;, w;) are known as quadrature
nodes. In practice, we want quadrature rules with very few nodes to speed evaluation of the
rule. Often we don’t have an a priori description of the function class from which f is chosen,
but we might have a finite number of examples of functions in the class, fi, ..., fs, along with
their integrals against p, yy, ..., y,. In other words, we know that

f fi®)dp@) = y; .

A reasonable quadrature rule should approximate the integrals of the known f; well. We can
phrase this task as a sparse inverse problem where each source is a single quadrature node. In
our notation, ¥(6) = (f1(), ..., fu(6)). A common choose of R for this application is simply
the squared loss.

Designing radiation therapy. External radiation therapy is a common treatment for cancer
in which several beams of radiation are fired at the patient to irradiate tumors. The collection
of beam parameters (their intensities, positions, and angles) is called the treatment plan, and
is chosen to minimize an objective function specified by an oncologist. The objective usually



rewards giving large doses of radiation to tumors, and low dosages to surrounding healthy
tissue and vital organs. Plans with few beams are desired as repositioning the emitter takes
time-increasing the cost of the procedure and the likelihood that the patient moves enough to
invalidate the plan. A beam fired with intensity w > 0 and parameters 6 delivers a radiation
dosage wy(f) € R?. Here the output is interpreted as the radiation delivered to each of d

voxels in the body of a patient. The radiation dosage from beams with parameters 6, . ..., 0k
and intensities wy, ..., wg add linearly, and the objective function is convex. For background
see [16].

A more complete list can be found on [3], which tackles a variant of sparse spike decon-
volution, where the total variation norm is bounded.

1.3 Strategy and main difficulties

At first glance, the problem might look easy: we want to minimize a smooth function that is
convex, a gradient-descent based algorithm should do the trick. However, the domain is an
infinite-dimensional space, and representing an arbitrary measure is impossible in a computer.

Our strategy will be to discretize the measure as a mixture of particles determined by their
positions and weights. This means solving:

weR"™

eof 1
min J,,(w, ), where J,,(w, 6) < J(— > wids) )
fc@™ m i=1

Which we would solve by performing the usual gradient descent-based algorithms. The idea
is that, as the number of particle goes to infinity, we should recover the minimizer of problem

(D.

However, one big problem is that the functions J,, are not convex and in general have multiple
local minima, which is a problem for our gradient descent.

To illustrate this phenomenon, we can take the case of a sparse spike deconvolution as de-
scribed in the introduction, with ® = [0, 1], ¢ a Dirichlet kernel of order 8, an ideal signal
y = Zle w; - ¢(6,), forw = (2,-5,6,1,2)/4 and 6 = (0.1,0.3,0.45,0.7,0.95), no regularizer
and 4 = 1. Below are slices of the functions J,, for different number of particles, which
clearly show that we cannot expect convexity in general.



Figure 1: J; on the [-5,5] X [0, 1] box.

Figure 2: J, on the segment from (w, 6;) to (w, 8,) for w = (2,4), 6; = (0.2,0.8) and 6, =

(0.6,0.7).
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Figure 3: J4 on the segment from (w, 8;) a (w, 6,) forw = (2,4,2,-1), 6, = (0.2,0.8,0.1,0.9)
and 6, = (0.6,0.7,0.05,0.6).
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Figure 4: Jip on the segment from (w,0;) a (w,6,) for w =
2,4,2,-1,1,3,4,-4,3,2), 6, = (0.2,0.8,0.1,0.9,0.5,0.2,0.7,0.6,0.9,0.4) and
6, = (0.6,0.7,0.05,0.6,0.1,0.3,0.9,0.8,0.1,0.7).
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In each case, we clearly see that convexity fails. Another technical problem will be to
construct gradient descent in general: R is smooth but the regularizer G might not, and for
example the total variation norm is not. This means that we cannot use the classical theory of
differential equation, and will instead introduce subgradients, which will allow us to cover a
much larger class of regularizers.



2 Proofs and theorems for the partially 1-homogeneous case

The organization of the proofs will be as follows:

e We first introduce a more general class of problem.

e We then study the many-particle limit of the associated gradient flow for this class of
problem and characterize it as a Wasserstein gradient flow.

e Finally, we show that under some assumptions on ¢ and the initialization, if this Wasser-
stein gradient flow converges, then the limit is a global minimizer of J.

In order to facilitate a comprehensive understanding of the subsequent discussion, we will
introduce a set of key definitions that hold significant relevance.

— Any signed measure u € M(RY) can be decomposed as u = p, — pu_ where p,,u_ €
M, (R%), by the Jordan decomposition theorem. Moreover, if u, and p_ are of minimal

total mass, the variation of y is |y| < i, — p and |u|(RY) is the total variation norm.

— The support spt u of measure u € M(R?) is the complement of the largest open
set of measure 0. For example, for the Lebesgue measure on R, the only open set
with measure 0 is the empty set and hence it’s support is R. i is concentrated on a set
S c R4 if the complement of S is included in a measurable set of measure 0. Returning
to our previous example, we have that the Lebesgue measure is concentrated on R\Q.

— We now introduce a key concept in optimal transport: the pushforward. Consider two
measurable sets, X and Y, in R¢, and let T : X — Y be a measurable map, serving
as our transport map. The pushforward is defined as Tyu(B) = u(T~'(B)) for all
measurble set B C Y. Inutitively, it corresponds to the distribution of “mass” of u
after it as been displaced by 7. One of its fundamental property is that it satisfies
L(/)d(T#y) = fx ¢ o Tdu whenever ¢ : ¥ — R is a measurable map such that ¢ o T
is u-integrable (see [7]). For exemple, when considering n' the projection map, the
pushforward iu corresponds to the marginal measure of 4 on the i-th coordinates.

— The weak convergence of a sequence u, € M(R?) to u is defined as follows: for all
bounded and continuous functions ¢ : RY — R, we have f odu,, — f odu.

— The Bounded Lipschitz norm is defined as for any u € M(R?): ||ul|z; = sup{ f ddu; ¢ -
R? — R, Lip(¢) < 1,]|¢ll < 1} where Lip(¢) denotes the smallest Lipschitz constant
of ¢ and ||-|| represents the supremum norm. It is important to note that if i, € M(RY)
is a bounded sequence in total variation norm, the weak convergence and the conver-
gence in Bounded Lipschtiz norm are equivalent.

— Given two probability measure u,v € P(RY), we define the p-Wasserstein distance

between u and v as follows: W,(u,v) & (min f [y — x|Pdy(x, y))Tl’, the minimization is
taken over the set of probability measures y € P(R¢ x R?) such that the marginal laws
of v (on both R factor) correspond to u and v. By convention, we associate u with the
first factor and v with the second factor.

— A positively p-homogeneous function, where p > 0, is a function f from R to a
vector space that satisfies the property for any u € R? and A > 0: f(Au) = A” f(u).
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— f:R? = R is semiconvex, if there exists a 1 € R such that f + 1] - |? is convex.
There is several key properties associated with these definitions.

— When considering only probability measures with second moments, it can be estab-

lished that this set, equipped with the W, distance, forms a complete metric space
denoted as P,(R?).

— We will now state a result of [2]. In P,(RY), a sequence (u,,),, converges if and only
if, for any continuous function ¢ : RY — R with at most quadratic growth, we have
f odu,, — f ¢du. It is important to note that this convergence implies weak conver-
gence.

— Finally, we can establish the following inequalities: ||ju — v||g. < Wi(u,v) < Wah(u, v).

— The (sub)-differential of a positively p-homogeneous function is a positively (p — 1)-
homogeneous function.

— If f is differentiable (except possibely at 0), the following identity holds: u - Vf(u) =
pf(u) foru # 0.

— On a compact domain, any smooth function is semiconvex.

Part A: Rewriting in a more general setting
First, let us formally introduce the objects we are working with by specifying our general

assumptions about them:

Assumptions 1: F is a separable Hilbert space, Q c R is the closure of a convex open
set, and

(i) (smooth loss) R : ¥ — R, is differentiable, with a differential dR that is Lipschitz on
bounded sets and bounded sublevel sets,

(i1) (basic regularity) ® : Q — ¥ is (Fréchet) differentiable, V : Q — R, is semiconvex,
and

(ii1) (locally Lipschitz derivatives with sublinear growth) there exists a family (Q,),-¢ of
nested nonempty closed subsets of € such that:

(@) {ueQ; dist(u, Q,) <r'} c Q,,forall r,7 > 0,
(b) ® and V are bounded and d® is Lipschitz on each Q,, and
(c) there exists Cy,C, > 0 such that sup,.,, (IdD,|| + [0V(@)|)) < C; + Cyr for all

r > 0, where ||0V (u)|| stands for the maximal norm of an element in dV (u).

We will now consider the following minimization problem:

F*= min F(u) where F(u) < R( f Dddy) + f Vdu 3)

HEML(Q)



However, we need to be careful about some issues regarding the well-definedness of F. By
convention, we set F(u) = oo if y is not concentrated on Q. Another problematic point arises
when considering f ®dy, which is a Bochner integral. For background information about
Bochner integral, you can refer to [7]. Its value may not be well-defined in certain cases.
Specifically, it has a well-defined value if @ is measurable and f |pld|u| < oo. Otherwise, we
also set F(u) = oo by convention.

We claim that (1) can be rewritten as a special case of (3). We will see that in some setting
J* = F* and that from a minimizer of J one can easily build a minimizer for F', and vice versa.

Intuitively, this new problem makes sense as we now consider weights as positions, removing
the asymmetry between position and weight. Therefore, we can work with positive measures.

We will later on further restrict the framework to address the specific case of the partially
1-homogeneous case. In doing so, we will introduce a new set of assumptions that are more
restrictive than Assumptions 1.

Assumptions 2: The domain Q = R x ® with ® ¢ R*!, ®(w, ) = w - ¢(h) and V(w, ) =
|w|V(6) where ¢ and V are bounded, differentiable with a Lipschitz differential. Moreover

(1) (smooth convex loss) The loss R is convex, differentiable with differentiable dR Lips-
chitz on bounded sets and bounded on sublevel sets,

(i1) (Sard-type regularity) For all f € ¥, the set of regular values of gy : 6 € O
{f, () + V(0) is dense in its range, and

(iii) (boundary conditions) The function ¢ behaves nicely at the boundary of the domain:
either

(a) @ =R andforall f € F, 0 € S  g,(rf) converges, uniformly in C'(S*?)
as r — oo, to a function satisfying the Sard-type regularity, or

(b) © is the closure of a bounded open convex set and for all f € F, g, satifies
the Neumann boundary conditions (i.e., for all 6 € 00, a’(gf)g(? ¢) = 0 where
7o € R is the normal to 9O at 6).

First, we observe that Assumptions 2 imply Assumptions 1 by considering the family of
nested sets Q, = [—-r,r] X O for r > 0. However, it is worth noting that for parts A and B,
we only need Assumptions 1 that apply to ¢ and V (where Q, @, and V are the same as in
Assumptions 2, as this is the framework for the partially 1-homogeneous case). While not
immediately necessary, it is beneficial to state Assumptions 2 now instead of later, as they
will be necessary to obtain the final results presented in this report.

With these assumptions in place, we will soon present an equivalence lemma between equa-
tions (1) and (3). However, before we proceed, we need to introduce some notions and results.

To begin, we have a proposition that provides useful information about the function F:

Proposition A.1 For all u € M, (Q), there is v € P(Q) such that F(u) = F(v).



Proof. 1f |u| = 0, then
F(u) = R( f Ddy) + f Vdu = R(0),
and for any 6, € ©, we have
F(60.4,) = R(f Ddo6y) + deé(o,eo) = R(0 - ¢(6p)) + V(0,6y) = R(0).

Otherwise, let 7' : (w, ) — (Ju|(Q) - w, ), and set v = Tu(u/|u|(Q)) € P(Q).
This gives us:

K H
F(v)=R( | ®d Vdv = R( | ®(T(w,8)d V(T (w,0))d—— =
() (f V)+f v (f (T(w, 0)) |,u|(Q))+f (T(w,0)) Q)

R( f ddy) + f Vdu = F(u).
O

We now introduce an operator that establishes a connection between the original space
and the lifted space. We define h' : M, (Q) — M(®) which satisfies 4! (u)(B) = fR wu(dw, B)
for all 4 € P(Q) and measurable B C ©. Equivalently, we can characterize h' using the fol-
lowing property: for all continuous and bounded test function ¢ : @ — R: f® #(O)dh' (u)(6) =

fo@ wd(0)du(w, 0). It is important to note that this operator is obviously well define only if
(w, 0) = w is u-integrable. With this definition, we can now present the equivalence theorem
for these two problems, subject to certain conditions.

Lemma A.2 (Equivalence under lifting) It holds M(®) c A'(P(Q)) = h'(M.(Q)). For
a regularizer G on M(®) of the form G(u) = inf,¢;-1(, fQ Vdv, it holds inf,cpe) J(v) =

infepm, @ F(u). If the infimum defining G is attained and if v € M(®) minimizes J, then
there exists u € h~'(v) that minimizes F over M, (Q).

Proof. A measure v € M(®) can be written as v = fo where o € P(0), and f € L(0),
for example by taking o = WKLQ) whenever |[v|(2) # 0, and f is given by the Radon-Nykodim
theorem.
Now let 4 = (f X id)s0 € P(Q). We have, for any B € ® measurable,
h'(u)(B) = fwdy(w, B) = f wlg(0)du(w, ) = ff(G)IlB(G)dO'(Q) = fdv = v(B).
R RxO e} B

This means that v = h'(u), and thus 4! is surjective.

Now, take u such that v = h'(u). Then,

f oy = f odh' (1) = f SO (W)(®) = f Wo(O)du(w, ) = f Py
(C] RxO Q

As G(v) = infep1y) J, Ve, it follows that

F(u) = R( f Ddy) + f Vdu = R( f odv) + f Vdu > R( f odv) + Gv) = J(v)

9



With the same reasoning, it comes that inf,¢ 1 F(u) = J(v), and so infuep, ) F(u) =
infye M(©) J (V)

In the case where the infimum of G is achieved, and the infimum of J is achieved, the we
have a minimum on F. O

We claim that if u is a minimizer of F, then h'(u) is a minimizer of J. This result is crucial
as our objective is to solve the optimization problem defined by F, but we are interested in
finding a solution for J. Let’s provide a brief proof of this claim:

Proof. If u is such that F(u) = F*, let v = h'(u). We will show that J(v) = J*.

J(f wu(dw, +)) = R(fqﬁdhl(y)) +G(h'(w) = R(f wodu) +  inf dea/
R Q Q

aeh™ (k! ()

This is because ¢ is continuous and bounded. The last term is equal to R( fQ Odu) +
infoen1 01 () fQ Vda. Therefore, it suffices to prove that inf ,c;-1(1 () fQ Vda = fQ Vdu.

Since F* = J* < J(v), we have inf ;11 () fQ Vda > fQ Vdu. On the other hand, we know

that ¢ € h~'(h'(w)), which implies inf,cj-101(,) fQ Vda < fQ Vdu. Therefore, we conclude
that J(v) = J". O

Finally, we will demonstrate that our setting is not overly restrictive. Specifically, we
will show that one of the main regularizers we intend to consider, the total variation norm,
satisfies the conditions of Proposition A.2.

Proposition A.3 (Total variation) Let V(w,0) = |w|. For u € M(Q), it holds f Vdu >

|h' ()|(®) with equality if for instance, u is a lift of h'(u) of the form (f X id)so- (where
h\(u) = for and o € P(O)).

Proof. Lety € P(Q) and v = h'(u). Weset ¥, = [, wu(dw,-) and 7_ = — [, wu(dw,-). We
have that v = ¥, — ¥_, and by definition of total variation norm:

M(©) = v, (@) + [v_|(®) < [7.1(0) + [V-|(®) = lewld,u(n 0) = de,u
In addition, taking the notation from proposition A.3, if i = (f X id)40, then:
B = [ wle @100 = [ fO1:.6© = [ FO1:. GO 0

= f fOdo =v(Bn f1(R,))
Bnf~1(R,)

In a similar way, we have ¥_(B) = v(B N f~'(R_)). This means that sp#(¥,) N spt(v_) has
|v|-measure 0. Then, we have a result that allows us to conclude that we have equality in the
previous inequality (see [7]), ending the proof. O

10



Part B: Study of the many-particle limit, and Wasserstein gradient flow

The objective of this part is to show that particle gradient flow converges to a Wasserstein
gradient flow and it is articulated around three main results:

o The first result establishes the uniqueness of gradient flows.
e The second result guarantees the uniqueness of Wasserstein gradient flows.

e The third result demonstrates the convergence of a sequence of gradient flows to a
Wasserstein gradient flow.

B.1 Particle gradient flow

We start this section with some fundamental definition:

Given f : R? — R, which may not be convex. A subgradient of f is defined as fol-
lows: For any uy € R?, a vector p € R? is a subgradient if for all # € R?, the inequality
fu) = f(up) + p - (u— up) + o(u — up) holds. We will denote df(u) the set of subgradients of
f at u and we will call it the subdifferential of f at u.

An important property of the subdifferential (that can be found in [20]) is that df(u) is a
closed convex set.

Let’s introduce some notations. We will denote u,, : R — Q™ to represent a function, where
m € N. Additionally, for each evaluation of u,,, which corresponds to a point in Q", we will
associate a measure denoted as ft,; = = Y| 6, and vice versa.

We define F, : Q" — Ras F,(u) = F(X 3, 6,) = R(: 37 Ow)) + = 370 V).
Now, it is time to introduce the central object of the section:

Definition: (Particle gradient flow). A gradient flow for a functional F,, is an absolutely
continious path u : R, — Q™ which satisfies u'(¢#) € —mdF,,(u(t)) for every ¢t > 0.

We will use the following notation:
— We denote R'(f) € ¥ as the gradientof Rat f € F.

— The differential d®, evaluated at the j-th vector of the canonical basis of R? will be
denoted as 0;D(u) € 7.

Now, we can state the main proposition of this part:

Proposition B.1 For any initialization u(0) € Q™, there exists a unique gradient flow u :
R, — Q" for F,,. Moreover, for almost every ¢ > 0, it holds %Fm(u(s))lsz, = —%lu’(t)|2
and the velocity of the i-th particlee is given by u.(r) = v,(u;(t)), where for u € Q and
Mg = L T Sy vilw) = () = pro oy (F(w) with %) = —[(R'([ Pdp,), 6j<1>(u)>]j?:1-

11



Proof. F, is a sum of a continuously differentiable function and semi-convex function, hence
F,, is locally semi-convex. For such a function, the existence of a unique gradient flow on a
maximal interval [0, T'[ is classic, see [21].

A general property of gradient flows (stated in [21]) is that for almost every r € R,, u € Q,
the derivative is minus the subgradient of minimal norm, so v,(x) = argmin{|v|*; v,(u) — v €
OV (u)} = ¥,(u) — argmin{|v,(u) — zI> : z € OV (w)} = (id — projya)(¥:(u)) where we used the
characterization of the projection, which is well defined as 9V () is a convex closed set.

We are left to prove that the flow is global (i.e T = o).

Fy(u(0)) — F(u(1)) = —f diFm(u(S))dS = lf ' (0)*ds = Lf |M/(0)|2§
0 s m Jo m Jo t

! d 1 ! 1
> L f WSy = L f W Olds) > —Ju() — u(O)
m Jo t tm 0 tm

As F,, is lower-bounded (nonegative, as V, R > 0). We have that tmF,,(u(0)) > |u(z) — u(0)*.
Hence if we fixed T > 0 then # would be bounded. If T < co, by compacity, we can extract
a sequence t, — T such that u(¢,) converges (to /). We can then consider the gradient flow w
for F,, with w(0) = [. We can extend u, which contradict the maximality of 7. So T = +oo.
|

Notice that in the easy case when V is differentiable, we have that the velocity v, is given
by —VF.

B.2 Wasserstein gradient flow

In this section, we build upon the concepts discussed earlier and explore the application of
the general theory of Wasserstein gradient flows. This theory, developed in [2], provides a
framework that extends our analysis to infinite dimensions. However, before proceeding, we
need to formalize the differential framework, we have established in the finite dimensional
case, to F.

Let’s define the differential of F' which is represent at every u € M(Q) by F'(u) : Q — R,

defined as:
def

Fi(w) = (R'( f Qdp), O(u)) + V(u).

We can easily verify that for v, in Proposition B.1, we have the reassuring fact that v, €
—0F' (). The subdifferential of F” will be referred to as the Wasserstein subdifferential
of F, as it can be viewed as the subdifferential of F' with respect to the Wasserstein distance
on P,(Q).

Definition: (Wasserstein gradient flow) A Wasserstein gradient flow for the functional F

on a time interval [0, T'[ is an absolutely continuous path (i, ).cj0.71 in P(2) that satisfies, dis-
tributionally on [0, T[xQ?, 0,u, = —div(v,u,) where v, € —0F" (u1,).
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We will refer to the equation d,u, = —div(v,u,) as the continuity equation. This equation rep-
resents the conservation of mass for a time-dependent measure under the action of a velocity
field. However, there is distribution which do not have a smooth density. For these distribu-
tions, there is still a continuity equation. Specifically, for all test functions ¢ : [0, co[xR? — R
that are smooth and have compact support, we have the following equation:

j; Rd(aﬂﬁz(u) + Vu(f);(u) . v,(u))d/,t,(u)dt =0.

It should also hold that for all 1o < T: [* [, Iv(w)ldu(u)dt < oo.

Through the following lemma, we will perform a sanity check to verify that the measure
(m.)s» which 1s in corresponds to a gradient flow u,,, is indeed a Wasserstein gradient flow.

Proposition B.2 If u : R, — Q" is a classical gradient flow of F,,, then t — pu,, =
% 2y Ouin 1s @ Wasserstein gradient flow of F.

Proof. For v, the velocity field defined previously, ¢ — w,,, is clearly absolutely continuous
(for more detail see [2]).

In addition for all infinitely differentiable function ¢ :]0,co[xQ — R with compact sup-
port, we have that 0 = [ “¢,(u(n)dt = [, B,¢:(u) + Vg (ui(0)) - vi(u(t))dr for all i =

I,...,m. Hence 0 = . 7, [ 9ipi(u) + Vi i) - viCui))dt = [~ [, 0:p,(u) + Voupi(ui0)) -
v (u;(t))dum dt. Which allow us to conclude.
O

An important property of F is that it is continuous with respect to the W, metric, which is
atypical in the context of Wasserstein gradient flows.

Lemma B.3 (Wasserstein continuity of F) Under Assumptions 1, the function F is con-
tinuous for the Wasserstein metric W-.

Proof. Recall that for (u,)men, 4 € P(Q) such that yu, LN U, is equivalent to: for all ¢
continuous with at most quadratic growth, f odu,, — f ddu.

Assumtions 1 (iii)-(c) implies that |V| and ||®|| have at most quadratic growth. We have that
[Vdu,, — [Vduand|| [ ®du,, — [ ®dull < | [ |®lld(t, — )] (which holds by a property of

Bochner integral [7]), hence f ddu,, Z) f ®du. As R is continuous, we have that F(u,,) —
F(w), so F is continuous. O

Recalling the sets Q, introduced in Assumptions 1, we now introduce:

FO) = {F(u) ifuQ)=1

00 otherwise
We will use F" as a tool to obtain results about F.

Before proving our first result, it is necessary to establish certain definitions and notations.
For r > 0O:
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— Given y € P(Q x Q), we say it’s an admissible transport plan if both marginals law
of are concentrated on Q, and have finite second moments.

— The transport cost associated to y is for p > 1: C,(y) = ( f ly — x|Pdy(x, y))zl’?.

def

— F, = {f Ddu; u € P(Q), u(Q,) = 1} which is bounded in F.

— [ldPllw,r = sUP,eq, lADI-

— |ldRlleo,r = SUP ey [ldRl|.

lldDs—d P, ||

[gE—ul

— Lo = SUpuico,
u#it

ldR p—dR,||
— Lgr = SUPf.ceF, =l .
f#8

The quantities above are finite by Assumptions 1.

We are now ready to prove the first lemma which will gives us interesting technical prop-
erties about F”). Note that for sake of simplicity in this lemma, we assume V = 0. This is
because it is already well studied in [2].

Lemme B.4 (Properties of F” in Wasserstein geometry) Under Assumptions 1, suppose that
V =0.Forall r >0, F? is proper and continuous for W, on its closed domain. Moreover,

(1) there exists 4, > 0 such that for all admissible transport plan y, considering the trans-
port interpolation u] = ((1 — t)x! + tn?)yy, the function ¢ = F(u!) is differentiable with
a A,C5(y)-Lipschitz derivative;

(ii) for u concentrated on Q,, a velocity field v € L?*(u, R?) satisfies, for any admissible
transport plan vy with first marginal g,

F(ryy) = F(u) + f v(u) - (@ = wdy(u, it) + o(Cx(y))

if and only if v(u) € O(F'(u) + to,)(u) for u-almost every u € Q where ¢, is the convex
function on € that is worth 0 on Q, and oo outside.

Proof. We will prove the two point separately. We first recall that by Holder: C;(y) < C5(y).

Proof of (i). Let us denote h() = F”(u)). We will first show that ¢ - f Odu! = f (1 -
)x + ty)dy(x,y) is differentiable. The marginal laws of y are concentrated on Q,, so the (u));
are also concentrated on Q,.

On Q,, d® is uniformly bounded (so integrable for vy as it is a probability measure) so with the
dominated convergence theorem for Bochner integrals (see [7]), the function is differentiable.
As R is also differentiable, we have that /4 is differentiable and /’(¢) = (R’( f Odu)), f dD_p)xry

(y = x)dy).
Now, we have that for0 < t; <1, < 1:

I’ (t) = W ()] < (D) + (D)

14



where

(I) = KR'( f ddu) — R'( f ddul), f A1 _py)r0y (X — Y)dy(x, )
< Liglld®||oo ,|t2 — t1|C1()C1 ()| dD oo
< Liglld®|1%, |t — t1C5(y))

and

un = |<R'(f Ddyy,), f(d(b(l—tz)xﬂgy - dq)(l—tl)xﬂly)(y — x)dy(x,y)|
< LiolldR|lco,C5()lt2 — 1.
So for A, = Ldeld(DHgo,r + Lyol|ldR||so -, 1 18 ﬂ,C%(y)—Lipschitz.
Proof of (ii). For all u,ii € Q, and f,g € F,, ®(t) = O(u) + dO{@ — u) + M(u,it) and
R(g) = R(f) + (R'(f),g — f) + N(f,g) where ||M(u, n)|]| < %qu)lﬁ —u)? and |IN(f, 9|l <
%Ldelf — g|I> because d® and dR are Lipschitz on Q, and F,.

Using the notation u = 4y and v = m,4y, both concentrated on Q,, we have, by compo-
sition:

fq)dv = f(l)(it)dv = f(l)(ﬁ)dy(u, i) = f((D(u) +d®,(it — u) + M(u, t))dy(u, i)
= f(l)(u)dp + fdcl)u(ﬁ —u)dy(u, it) + fM(u, iw)dy(u,it).

So,
FO®v) = R( f Ddu + f Od(v — 1))
= FOu) + (R'( f ddp), f Dd(v — u)y + N( f Ody, f ddv)

= Fu) + (R'( f ddp), f d®, (it — w)dy(u, )y + (I) + (I]).
Where:
1
(1) = (R'( f Qdp), f M(u, w)dy(u, i)) < Ildeloo,rEdepCﬁ(y) = 0o(Ca(y)),

(IT) = N( f ddy, f ddv)

Lurl f Od(u — )P

and

IA

IA

Ll f d®, (it — wydy(u, it) + f M (u, w)dy(u, w)|°

IA

1
Lag([ld®Dlleo,C1(y) + Equ)C%()’))2

IA
== N = N =

1
Lar(ld®l|oo,r + 5L4¢)2C§(7) = 0(Cy(y)).
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Hence FO(v) = FO(u) + [(R'([ @dp), d®, (it — u))dy(u, i) + o(C2(y)).

As a result, in the inside of Q,, we have a well defined velocity field v(x). Recalling that
(VF'(u)(u)); = (R’(f ®du), dd,(e;)), we have that v(u) € IF’(u). On the boundary of Q,, we
have more choice as the constraint is that 4y is concentrated on Q,. So v(u) — VF’(u)(u) can
be the normal cone of Q,, i.e dip,. The condition is hence relaxed into v(u) € O(F’ (1) +tp,)(u).

O

We claim that this guarantees that Wasserstein gradient flows for the functionals F" are
well defined.

Lemme B.5 Under Assumptions 1, there exists a unique Wasserstein gradient flow for F"
starting from any py € $,(Q) concentrated on Q,, i.e a curve (,15’)),20 continuous in P> (),
that solves (9t,u§r) + div(vﬁr),ugr)) = 0 where, for all r > 0, vﬁ” € I(F’ Y))(u) +t9,(u), for yﬁr)—a.e

ue Q.

Proof. If V is Ay-semiconvex, then the function y — f Vdu is Ay-semiconvex along general-
ized geodesics (see [2]). With lemma B.4 (i), we have that F” is (1y + A,)-semiconvex along
generalized geodesics.

In addition to that lemma B.4 (ii) guarantee that F’ admits strong Wasserstein sub-diffential
(in the sense of [2]). And again, it is an easy adaptation to show that (ii) still holds with a
potential term. So the existence of a unique Wasserstein gradient flow characterized as above
is guaranteed (see [2]). O

With this lemma, we are now prepared to prove the main result for F'. Notice that, accord-
ing to the characterization in Lemma B.5, the Wasserstein gradient flows for the functions F"
all coincide for r > ry > O on [0, T'] if ,uﬁer) is concentrated on Q,, for all # € [0, T]. In the
following proposition, our strategy is therefore to ensure that for all times 7', such an ry exists.

In other words, we aim to ensure that the support of the gradient flows does not grow too fast.

Proposition B.6 (Existence and uniqueness) Under Assumptions 1, if uy € $,(Q) is con-
centrated on a set Q,, C £, then there exists a unique Wasserstein gradient flow (u,),5o for F
starting from p. It satisfies the continuity equation with the velocity field defined in Propo-
sition B.1 (with y, in place of ).

Proof. Let ry such that y is concentrated on Q,,. With lemma B.5, for all r > ry, there exists
a unique, globally defined, Wasserstein gradient flow (pﬁr)),zo for F.

Set ¢, = inf{r > O : M?’)(Q,) < 1}. Hence, if t, > 0, we have existence of a Wasserstein
gradient flow on [0, 7,]. As a result, we are left with showing t, — +co as r — +oo.

VW e 9F (") in the sens of L2(u”, R%). Hence with Assumption 1 (iii)-(c) and as dR is
bounded on sublevels of R, we have that for 0 < ¢ < 1,

With the result we have on v in the lemma B.4 (ii), for all 0 < ¢ < t,, we have that

|V§r)| < C1 + Czl"
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where C; and C, are independent of u, r and ¢.

Indeed, F'(i”) : u > (R'([ @du”), ®(u))+V (u) which leads to v}” € dV(u)+(R'([ @du”), dD,).
Hence "] < [0V @)l| + IldR(( [ @du)IdD, .

But dR is bounded on sub-levels of R, and as ,uﬁ’) is a gradient flow for F, t — F (/Jﬁ’)) is
decreasing, so we stay on the same sub-level (independently of r) along the dynamics which
allow us to conclude.

With Gronwall lemma, we deduce that /JE’) is concentrated on {u € Q : dist(u,Q,,) <
(r() + g—;)e’cz}.

As aresult, for all 7 > 0, there exists r > O such that ¢, > T. O

With this proposition in hand, we can take advantage of the opportunity to present a result
that will be useful in the subsequent steps of this report.

Lemma B.7 (Representation of the flow) Under the assumptions of Proposition B.6, let (u;)0
be a Wasserstein gradient flow of F and (v;) the associated velocity fields. Consider the flow
X : R xQ — Q which for all u € Q, is an absolutely continuous solution to

X(0,u) = uand 0,X(t,u) = v(X(t,u)) fora.e. t > 0.

Then X is uniquely well-defined, continuous, X(z, -) is Lipschtiz on Q,, uniformly on compact
time intervals for all » > 0, and it holds u, = (X,)suo.

Proof. The claims concerning X are classical and follow from the fact that v, satisfies a one-
sided Lipschitz property on Q,, uniformly on compact time intervals (by [2]). The expression
as a pushforward is also a general property of the continuity equation (see [2]). O

B.3 Many-particle limit

We will now combine the two aforementioned results into a more general one. We will prove
the main result of part B, which demonstrates the convergence of a sequence of gradient
flows to a Wasserstein gradient flow. It is worth noting that this proof provides an alternative
argument for the existence of a Wasserstein gradient flow (Proposition B.6 is still useful for
establishing uniqueness).

Theorem B.8 (Many-particle limit). Consider (t — u,,(f))en @ sequence of classical gra-
dient flows for F, initialized in a set Q,, C Q. If u,, o converges to some y € P»(£2) for the
Wasserstein distance W,, then u,,, converges weakly, as m — oo, to the unique Wasserstein
gradient flow of F starting from w.

Proof. We will prove it in four steps.

Step (i): Let ¢, = inf{r > 0 : dm € N, u,,, ,(Q,) < 1}. We would like to show that ¢, > 0. With
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Assumptions 1 (iii)-(a), in order to leave Q, from Q,,, the minimal distance is r — ry. So if we
remind the velocity of each particle:

vi(u) = (id = pro jova(Vi(u))

We get that for u € Q,, vi(u)l < Ly, + |ldR||lw,|ldD||c,. It then follows that 7, >

r—ro
—0_— > (.
Ly, +lldRllco ldPl|co,

Step (ii): We know work in [0,7,]. Let show the existence of a limit curve: ¢ +— g, in

P,(Q).
We have
1 m
Waltins- s’ < — Zl i i(£2) = (1)
1 © 2 )
<[ tslas
(h—1)* < ftz , ds
<= 7 .
< = Z( =)
(h—1) < ft2 2
< lu), ($)I°ds.
But as £ F(u,,) = —<lu' ()P = -+ 37", |, (D, we then have

%) d
WZ(/'lm,lla/Jm,tz)z < (t2 - tl)f _d_F(ﬂm,t)ds
151 N

< (t2 - tl)(F(/Jm,tl) - F(/Jm,tz)
< (2 = t1)(sup F(tmo) — ﬂg}}; F(u)).

meN

Hence the curve family (r — ;) 1s equicontinuous on [0, ¢,] for W,, uniformly in m. In
addition, for all ¢ € [0, 7,], the family (u,,,) is in a W, ball:

Wa (o, ms) < Walpo, imo0) + Walthm,0, ) < Wallto, tmo) + t(sup F(ipo) — #gl)fg F(u))
2

meN

Which is bounded independently of m as Wa(ug, o) — 0 as m — co. As || - |lp. < Wa, the
ball is weakly precompact.

By Ascoli theorem, we can then extract a subsequence which converges weakly to the curve
(4s)r=0, continuous for the weak topology, which is so also concentrated on Q,. We also have
uniform convergence in the bounded Lipschitz metric.

For the following parts, we will denote (u,,),, for the sub-sequence.

Step (iii): We now need to check that the limit (u,) satisfies the continuity equation.

Let’s consider v,,, the velocity fields of the particle at time #, and let’s set v/(u) = (id —
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pro javau(V:(uw)) where ¥,(u) = —[(R'( f (Ddu,),@id)(u»]j’:l. We now set E,, = Vb, dt and
E = th,ltdl‘.

Then for all bounded and continuous functions ¢ : [0, #,] X RY — R? we have

| f ¢d(E,, — E)| <| f ¢+ (Vims — vo)dpim, At + f ¢ - ved (e — p)di|
< ||¢||oo flvm,t - vtldﬂm,t(u)dt + | f¢ : th(ﬂm,t - /lt)dﬂ

We will now show that both those terms go to O at the limit.

For the first one, as the y,,, are concentrated on Q,, we only need to show that the sequences
of (¢, u) = v,,,(u) converges uniformly to (¢, u) — v,(u) on [0, #,] X Q,. Using the fact that the
projection over a convex closed set is 1-Lipshitz, we have

Ve — vi(u)| < 2|Vm,t — V(u)|

< [ldP@lleo, IR ( f DOdpin) + R'( f DOyl
S2||d(D”oo,r”dR”oo,r”f®d#r11,t_f(Dd,ut”

< 2||d®|lco Rl |0, SUP f (f @) (s = pr) ().

JeF A<t

But ®/ max{||d®P||w.1, [|P||c.1} 1S bounded in norm by 1 and its Lipschitz constant is at most 1.
So,

sup f o D) (s — )0

JeFliflst

D

= max{[[dDlloor, [Plleos} - sup (f, Aty — 1))
: R, max{ld®|lw . [®lloy} -

< max{[|d®||co 1, [|Pllco1} * |t — pellBL-

As the convergence of (# = ) 1s uniform in the BL norm we can conclude.

For the second term, (t,u) — v,(u) is bounded over Q,, and ¢ is bounded an d continu-
ous, so the weak convergence tells us that the second term also goes to 0.

As aresult, E,, — E weakly. In particular, the continuity equation goes to the limit.
In addition, (v,), is uniformly bounded in time over Q,, so fot’ fg v, (w)|>du,dt < +00, so (i) is
an absolutely continuous path for W,.

Step (iv): Now let’s show that 7, — +o0.

As F(un0) — F(uo) and that all path (u,,,), decrease monotonously along F, everything is
on a sub-level of R, where dR is bounded.

We get: v, | < |[0V(w)|| + ||dR]| - ||dD|| and similarly for v.
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With Assumptions 1 (iii)-(c), we have a growth at most linear in r. By Gronwall’s lemma, we
deduce that f, — +oco asn — +oo.

Combining these result with the unicity previously obtained, this means that for every sub-
sequence, we can extract a subsequence that converges to the Wasserstein gradient flow of F
starting from p,. This implies convergence of the sequence, finishing the proof.

]

Part C: Convergence to the global minimizers

The objective of this section is to prove that if the Wasserstein gradient flow converges, then
it converges to the global minima.

This is organized as follows:
o First, we give global optimality conditions.

e Then, we give a criteria for the gradient flow to escape neighbourhoods of non-optimal
stationary points.

o After that, using topological degree theory, we show that some separation properties of
the support of the measure are preserved throughout the dynamic.

e Finally, we prove the main theorem.

C.1 Optimality Conditions

Let us first better understand what characterizes global minimizers in our setting.

Proposition C.1 (Minimizers) Assume that R is convex. A measure u € M,(Q) such that
F(u) < oo minimizes F on M (Q) iff F'(u) > 0 and F’(u)(u) = O for u-a.e. u € Q.

Proof. For u,o € M(Q) such that F(u), F(o) < co, we have that

F(y+t0'):R(f@d,u+tf<bd0')+de,u+thd0'

:F(/J)+t((R'(f(Dd,u),f(I)dO')+deo')+o(thd0').

S0 LF(u+ 100 = [, F'(u)dor, for F'(u) : u = (R([ @dy, D(w)) + V(u).

It is well defined as [ |F'(wldo < [IR([ ®@dp)ll, [|I®lldo + [[IVIdo < +e0 as F(u), F(o) <

+00.
Let now w,v € M, (Q) with v — u, F(u), F(v) < +oo, and consider o = v — u. Suppose

that i is a minimizer of F. For v as previously, u +tv € M, (Q) for all # > 0. So the necessary
condition of optimality is fg F'(u)dv > 0. Testing it on u = 9, u € Q, we have that F’(u) > 0
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on Q. Forv =y, t €] -1, 1[ is allowed so we have that fw F'(u)du = 0 and so F'(u) = 0 u-a.e
with the previous point.

Those conditions are also sufficient. Indeed, we have that
d
EF(M + t0)|=0 = fF’(p)dO' = fF'(p)dv - fF’(,u)d,u >0

Hence by convexity, 0 < %F(,u +1t0) < d%(F(,u)(l -+ F)) < F(v) — F(u).

C.2 A criteria to escape from non-optimal stationary points

We will establish a criteria for Wasserstein gradient flow to avoid non-optimal stationary
points.

We will denote by ||-||c: the maximum of the supremum norm of a function and the supremum
norm of its gradient.

Proposition C.2 (Criteria to escape local minima) Under Assumptions 2, let u € M(Q)
be such that F’(u) is not nonnegative. Then there exists € > 0 and a set A C € such that if
(1), is a Wasserstein gradient flow of F satisfying ||h'(u) — h' (ue)llpr < € for some 7y > 0 and
U;, > 0 then there exists #; > £ such that ||h'(u) — h' ()|l > €.

Such a set is given by A = (R, X K*) U (R_ X K7) where K™ (respectively K~) is the (—n)-
sublevel set of 6 — F’(u)(1, ) (respectively of 6 — F’(u)(—1, )) for some n > 0 that can be
chosen arbitrarily close to 0.

Proof. Suppose that F’(u) only takes negative values on R, X O ( the case R_ X O is similar).
We set g, : ® — R the restriction on F’(u) to {1} X 0O, i.e g,(0) = (R’(f Odu), p(0)) + V().

Let —n < 0 a negative regular value of g (whose existence is guaranteed by the hypothe-
sis) and denote K* C O the associated sub level. Using the regular value theorem, we have
0K = g;l(—n) is a differentiable manifold of dimension (d — 2) and is orthogonal to the
gradient field of g,,.

If ® is bounded, K™ is compact, so there exists 8 > 0 : infyegx+ [dg,(0)] > B.

If ® = R¥! and K* is not bounded, we can choose 7 such that it is a regular value of
the function from the sphere S¢-? to which g, uniformly converges at infinity. If so, the same
type of bound exists. It follows that on K*, g, < — and Vg,(0) - np < =P, for 6 € K™, with
7y is the unit normal vector to K™ in 6.

Let Cy > O fixed big enough, and consider the measures v such that ||h'(v)||z. < Cy. For

= Z];ﬁ;’rl’f}, for @ > 0 given by lemma C.3 (see below), if [|2'(v) — A'(llp,, < € then g, < !
C1

over K and Vg,(0) - ng < %; (because |g, |l < llgy — gull + llgull etc ...)
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Let’s now consider the Wasserstein gradient flow (i), of F' such that y in concentrated on
[—70, 70] X © for ry > 0, and ||h' (up) — h' ()|l < €. As long as this stays true for y,, we also
have that || (u)llp. < Co, because [|h' (u)llp. < 1 (WllpL + €.

Let’s denote #; > O the infinimum of time such that this conditions holds. Consider the
flow X of the lemma B.7. By construction of K*, every path from ¢ — (w,, 6,) = X(¢, (wo, 6))
with (wy, 6p) € R, X K* stays in R, X K, for ¢ < .

Moreover, F’(u,) being homogeneous in the w variable, the condition v, € 0F’(u,) implies
that the component with respect to w of v, is bounded by below by —g,, and so by 7. It
follows (by integration) that w;, > wo + ¢ - 1. This guarantee the path never enters in R_ x K*.

The paths in R_ X K* verify w, > wy + ¢ - g as F'(-1,-) = —=F’(1,-). We then have:

R (u)(K*) = f wdu,(w, K*)

R

= f wdXupto(w, K™)
R

= szlw,>od#0(W,K+)+fwzlw,<0d#o(W,K+).

Using that y is concentrated on [—ry, r9] X @, it follows:

2 r- gluO(R+ X K+) + fwt10>w,>—rod#0(w’ K+)

>t g,uo(R+ x K*) + min{0, - g ~ rolo(R_ X K*) |

Hence, as long as uoy(R, X K*) > 0, h'(u,)(K*) grows at least linearly.

If ® = K*, then we have that (using the constant to 1 function in the definition of the BL
norm) ||h' (u)llar = h'(u)(K*) — 400 (as t — 0), 50 t; < +0o0.

Otherwise, we consider another sub-level K* of g for i €] —n, O[, and such that K* does not
cover all ®. As g, is Lipschitz, there exists A €]0, 1[ such that d(K™, ®\K*) > A. We can
choose € smaller if needed, in order to repeat the previous argument for 7 and K*.

By taking again the above inequality, we see that either #; < % (in which case we can

conclude), or there exists 7 > 0 such that A'(u,)(K*) > 0 over [f,¢], and more precisely,
h'(u,)(K*) grows at most linearly.

By taking as test function min{d(@\]g(, ), 1}, we have that ||h'(u)llz. > A - h'(u;), which

grows linearly. So once again, #; < +0co. O
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If we take the example of atomic measures for the Wasserstein gradient flow, the criteria
corresponds roughly to: when the flow approaches a local minima, at least one particle needs
to be in a O-sublevel of the current potential F”’(i). This means that if we think of the nega-
tivity of the potential as a “measure” for non-optimality (recall the criterion for optimality),
if the flow “detects” this defect by giving mass to it, we escape from the neighbourhood.

Lemma C.3 For all Cy > 0, there exists @ > 0 such that for all u,v € M,(Q) that satisfy
1A (wllsL, 17! (W)llsz < Co, it holds

lIgu = &llcr < allgllz, - 11" (u) = h' O)llp.

Proof. We take a > 0 the Lipschitz constant of dR over { f Ody : € PR, Ih (wlls < Co)
which is bounded over ¥ .

We have:

g, — gl < IR f ddy) - R'( f OdP()le

< allgller| f Pl - f v

< allgllcl f O () ~ f bd' )]
<aldlle - sup f Fr B @) h ()

feFfls)
< allgllz, - I8! () = B )llse.

Where we used the fact that (f, ¢) is ||¢||c1-Lipschitz and bounded by ||@||c: when ||f]| < 1.
O

To finish this section, we give a general property of stationary points.

Lemma C.4 Under Assumptions 2, let (u,), be a Wasserstein gradient flow of F. If h'(y,)
converges weakly to v € M, (Q), then F’(v) vanishes v-a.e.

Proof. At the point (1, 60) € Q, the velocity field (v,), associated to the gradient flow is given
by applying the function (id — proj,y,; 5) (Which is 2-Lipschitz) to the vector which has g, (6)
as first components and Vg, () for the other ones.

Using Lemma C.3, we get that v, converges uniformly to v, over {1} X ©.

Suppose now that there exists 6, € ® such that g,(6y) > 0, then we can repeat the proof
of the Proposition C.2 for a regular value 0 < n < g,(6)).

We write K the sub-level associated to g,(6y) (6y € Io(). The boundary is the same as in
the proof of C.2, we then have the same conclusion.

As hl(,u,) — v, we find the same conclusion as in the C.2, but with g, bounded below
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by 1.
Repeating the arguments, we arrive to the inequality for all ¢ > 1, (where 1, is the entry
time in the e-ball):

gv(e()) gv(HO)

h'(u)(K) < —tTytO(R+ x K) + min{0, —¢ — ro}ti(R_ X K) + h' (i, )(K).

However here, as 1'(u,) — v, we need to have (R X K) = 0, and coming back to the above
inequality, we have in particular that v(K) = 0. Hence, we deduce that F'(v) < 0 v-a.e.

In addition, as the conclusion of Proposition C.2 is not achieved, we have that F’'(v) > 0
v-a.e. Combined with the other part, we get the result. O

C.3 Stability of separation properties

In this section, our goal will be to prove that a certain separation property of the support of
the initialization measure is preserved by Wasserstein gradient flows. It will help us use the
criteria to escape non-optimal stationary points.

The proof is based on topological degree theory, which allows us to cover the case of dis-
continuous velocity fields, which appear when V' is non-differentiable. Indeed, if we recall
the expression of the velocity field given in proposition B.1, we notice that when V' is non-
differentiable, 9V (u) can go from a singleton to a set ’discontinuously’, which in turn means
that the projection onto dV(u) is discontinuous.

If you want to avoid this, and simply understand the idea, a more regular setting (V dif-
ferentiable etc...) allows y; to be the pushforward measure of py by a homeomorphism. This
would make the following results much easier to prove.

Definition (Topological degree) Let f : R — R be a continuous map, A € R? a bounded
open set and y ¢ f(0A). The topological degree deg(f, A, y) is a signed integer that satisfies:

1. If deg(f,A,y) # 0, then there exists x € A such that f(x) = y. If y € A, then
deg(id,A,y) = 1.

2. If Ay, A, are disjoint open subsets of A and y ¢ f(Z\(Al U A,)) then deg(f,A,y) =
deg(f7Al’y) + deg(f’A29y)'

3. If X : [0,1] x RY — R? is continuous and y : [0, 1] — R is a continuous curve such
that y(z) ¢ X,(0A) for all r € [0, 1], then deg(X;, A, y;) is constant on [0, 1].

These properties characterize a uniquely well-defined map deg from the set of triplets (f, A, y)
as above to the set of signed integers (see [4]). Intuitively, it gives an algebraic count of the
number of solutions to the equation f(x) = y. Algebraic meaning a solution x counts as +1 if
f preserves orientation around x and —1 otherwise.

Let us first begin by a little lemma about the operations “taking the support of a measure”
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and “taking the pushforward of a measure by a continuous map”.

Lemma C.5If £ : R? — R is a continuous map and u € M, (R?), then spt(fau) = f(spt p).

Proof. Lety € f(spt u) and V a neighbourhood of y. By continuity, f~'(V) is the neig-
bourhood of a point in spt(u), so 0 < u(f~'(V)) = f«(V), meaning y € spt(fx(u)) and

Sf(spt p) C spt(fu(u)).

Conversely, let y € f(spt ,u)c and let V a neigbouroud of y that does not intersect f(spt ).

This neighborhood satisfies f~'(V) C (spt u)°, so it holds that fuu(V) = u(f~'(V)) <

u((spt w)°) = 0. Hence, y € (sptfu(u)) so f(spt ,u)c C (sptfa)© which implies sptfau C

fspt u. O
Notice that in this lemma, if the map f is closed, then the two operation commute.

Now, let us introduce the property that interests us:

Property A (Separation) K a closed set contained in a box Q, < [-r, 7] X ® and sepa-

rates {—r} X ® from {r} X ® , for some r > 0, in the ambient space Q = R X ®. Here, separates
means that any continuous path in the ambient space with endpoints in {—r} X ® and {r} X ®
intersects K.

First, let us prove an abstract topological result:

Proposition C.6 (Set separation, boxes) Let ® C R? be the closure of a bounded, connected,
open set and, for some 7" > 0, let X : [0,7] X (R X ®) — R X O be a continuous map such
that X(0,-) = id, and X;,(R X ®) c R x 90 for all ¢ € [0, T]. If K satisfies Property A, then
X;(K) satifies it too for all ¢ € [0, T'].

Proof. Let 0 < € < @ < 8 be such that X,(K) C] — a — €, + €[X0, and [-a,a] X O C
X(1-p—¢€,B+€[x0®) forall ¢t € [0, T], and let A be the intersection of | —f, B[ with the unique
connected component of (R X ®)\K that contains {a} X ®. The set A is thus bounded and open
in RxR“"!. Consider the function Y : (¢, x) — (¢, X,(x)) and the set S = Y ([0, T'] x 0A) which
a compact subset of [0, 7] X (R X ®). Since connected component of S¢ (the complement of
S in [0,T] X (R x ®) are path connected, recalling the definition of the topological degree
(point 3), it follows that
(1,(w, 0)) — deg(X, A, (w, 0))

is constant on each connected component of S¢.
Moreover, this degree is 1 on [0, 7] X ({@ X ®) and is 0 on [0, T'] X ({—a X ®), using point 1
of the definition and X(0, -) = id.

This means that for a fixed r € [0,7], any path joining {—a} X © to {a} X ® must inter-

sect X;(0A). It is in particular true for paths entirely contained in [—a, a] X int A. It remains
to notice that 0A € K U (R X d0) U ({8} X ®) and so, thanks to our assumption on X,

X,(0A) N ([—a, a] X int ®) C X,(K).

This shows that X;(K) separates {—a} X O from {a} X O in the ambient space R X int ®.
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Moreover, notice that K is compact, so X,(K) is closed, which means that the separation is
still true in the ambient space R X ©. O

We can now prove the desired result:
Lemma C.7 (Stability of the separation property) Under Assumptions 2, let (u;)»o be a

Wasserstein gradient flow of F. If the support of p, satisfies Property A, then so does the
support of y,, for all # > 0.

Proof. Let X be the velocity field introduced in lemma B.7. It is continuous and satisfies
Hy = Xwpy. Moreover:

1 X, ()| > |u| — | X, (1) — ul

> |ul - f 10:(X;(u))ds
0

Zlul—flvs(Xs(u))lds
0

>ul-t-C

As v is bounded on finite time (which follows from the linear growth of ||V («)||, and the fact
that in finite time, we stay on a Q,).

So X; is coercive, implying closed. By lemma C.5, we get spt(u,) = X,(spt(uo)).
To conclude, we just need to verify the assumptions of Proposition C.6.

When O is bounded, Assumptions 2 (iii)-(a) imply that for all (z, ) € R X 00, 9,X,(u) = 0, so
X, =id, and X,(R x 06) c R x 90.
Using the abstract result from above, the proof is finished.

In the case where ® = R?!, let us consider ¥ : R x RY — R X int (B(0, 1)), (w,0)

(w, % - tanh(|4]) if 8 # 0O if not (w, 0). Notice that ¥ is a diffeomorphism.

Let Y, = Yo X, o¥~!. By the chain rule, we have that ,Y,(y) = d¥, op-1y)(v; 0 P-L(y) = 7,(y).

So Y, is the flow for the associated velocity field ¥,, defined a priori on R X int (B(0, 1)).

We can extend it by continuity on R X S%°2 by (g.(6) - sign(w),0) where g, is the limit in
Assumptions 2 (iii)-(a), with sign(0) = 0.

This means that for (w, 8) stays the same throughout the dynamic, as there is a null velocity
on this compact. This means that Y,(R x S“2) c R x S¥2),

So by C.6, Y,(spt(uy)) satisfies Property A.

If we notice that spru, satisfies Property A implies spt(Wau) satisfies Property A for @ =
B(0, 1), then we get that:

Y (spt(Wspo)) = ¥ o Xi(sptuo) = Y(sptu,)
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satisfies Property A. ¥ being a homeomorphism, we get that spt(u,) satisfies Property A,
proving the result.
|

C.4 Main theorem

First let us prove a lemma about the convergence of the Wasserstein gradient flows, that will
be useful later.

Lemma C.8 Under Assumtions 1, let (¢,) be a Wasserstein gradient flow whose initialization
is concentrated on a set Q,, and such that F(ur) — F*. If (uo,.)n 1s a sequence of measures
concentrated on a set Q,, that converges to o in Wy, then
F* =1lim lim F(u,,) = lim lim F(y,,).
1—00 m—oo m—00 t—00

Proof. As the atomic measures are dense in $,(Q) for W,, the results of theorem B.6 can be
extended for a general initialization sequence ().

Using continuity of F for W,, we get that lim,. F(u,,) = F(u,) giving us
lim, 0 limy, 00 F(t,) = F*.

Moreover, let € > 0, as t — F(u,) is decreasing, take 7o > 0: F(u,) < F* + %
Now, let ng € N: for all n > ng, F(tpq,) < F(ug,) + 5.

We get that F(uy,,) < F* + €. Which implies, t = F(u,,,) is decreasing,
lim,e0 F(ttn,) < F* + €, finally implying, lim,,, e lim;—eo F () < F* + €.

As € is arbitrary, this gives us the desired result. O

We are now ready to prove the main theorem:

Theorem C.9 Under Assumptions 2, let (u,)~o be a Wasserstein gradient flow of F such
that for some ry > 0, the support of y is contained in [—ry, r9] X ©® and separates {—ry} X O
from {ry} x ®. If h'(u,) converges weakly, then its limit is a global minimizer of F over
M (Q) and lim,_,, F(u,) = F*.

Proof. Let v be a weak limit of A!(u,), we see it as a measure on {1} x ®. By lemma C.4,
F’(v) vanish v-a.e.

By contradiction, let us assume that v is not a minimizer of F over M, (), meaning F’(v)
is not nonnegative. Let A C Q and € be the radius of the || - ||z.-ball provided by proposition
C.1.

As h'(u) — v, let ty > 0 such that ¢ > #, [|h'(u,) — VllzL < €.

Taking notations from C.2, let us first consider the case where ® is bounded. Let 6y € K*

be a local minimum of g, in the interior of K* relatively to ® (the case where K* is empty
andK~ is not is similar).
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The Neumann boundary conditions guarantee that Vg, (6y) = 0 even if 6§, € 00.

By lemma C.7, the line R X {6y} intersect the support of y,.

If the intersection happens in R X K*, we can immediately conclude by C.2. Otherwise, let
M > 0 be such that y,, is concentrated on [-M, M] X ©.

Let rp > 0 be such that B(6y,rp) N ® c K*. By lemma C.10 (see below), there exists #; > ¢t
such that if spt(u,,) N [-M,0] x {6y} # @, then the support intersect R x K* at a later time,
and we conclude by C.4.

So it remains to check that sp#(u,,) N [-M, 0] X {6y} # ¢. By C.7, spt(u,,) intersects R_ X {6y}
at the point (wy, 8). If we recall the properties of K™ developped in C.2, we have that the w
component of the velocity field is lower bounded by 7 for ¢ > #,. This means that wy > —M,
which allow us to conclude.

For the case ® = R%!, we use the same technique as in C.7, where we map the flow to
the unit ball, and use the previous reasoning. O

We state the technical result used in the proof:

Lemma C.10 Consider, for a measure v € M(®), a point 6, € O such that [Vg,(6)| = 0
and g,(#) < —n for some n > 0. For any M > 0 and ry > 0, there exists 7, e > 0 such that
if (u,); is a Wasserstein gradient flow of F' that satisfies for all r € [0, 7], llg,, — &/llcr < €
and denoting (w(?), 6(¢)) the solution of the flow introduced in section B starting from (wy, 8y)
with wy € [-M, 0], it holds w(T") = 0 and |6(¢) — 6| < ro.

Proof. The Lipschitz regularity of g, and its derivative implies that there exists L > 0 such
that max{|g,(6) —g,(6o)|, Vg, (60)—Vg,(6p)|} < L|6—6| for all & € ®. Without loss of generality
(take Lt big enough), we assume that ry < n/(4L). C_onsider € €]0,n/4[ and assume that there
exists 7 > 0 such that [|g,, — g,llct < e fort € [0,T]. Writing g(r) = |6(z) — 6|, it holds for
t€[0,T],
{ ;—‘f < -w(e+ Lqg)
Gzn-e-Lq

In particular, if we can make sure that |g(?)] < ry for t € [0, T]and if T > 2/n then, as
(dw/dt) > n/2 on this interval, there exists T < 2/n such that w(T) = 0.

It remains to make sure that |¢(f)] < ry for t € [0, T], by adjusting if necessary the value

of €. Parametrizing in w instead of ¢ (it is an admissible reparametrization thanks to the
positive lower bound on its derivative), we get

(dq/dw) = (dq/dt) - (dt/dw) < —w(e + Lq) - 2/n.

We can then apply Gronwall’s lemma to g(w) et Lg(w) which satisfies
(d/dw)g(w) < (=2L/n) - w - g and obtain

0
gw) < g(wo) exp(=(2L/n) f sds) = eexp(Lwy/n).
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Thus, choosing € < Lry/ (exp(Lw% /n) — 1), it is guaranteed that g(¢) < ry for ¢ € [0, T'].
O

In theorem C.9, the convergence of the Wasserstein gradient flow comes as an assumption.
In order to prove convergence of gradient flows, we generally need: (i) compacteness of the
trajectories and (ii) a Lojasiewiscz inequality which roughly controls how much a function
flattens around its critical points. As compactness in W, is a strong requirement, we relaxed
the topology where convergence is required for more reasonable assumptions. However, even
when a gradient flow is in a compact set, there are some cases where it does not converges.

3 Consequences for sparse spike deconvolution and neural
networks with a single hidden layer with a sigmoid acti-
vation

After the quite theoretical part 2, it is time to see how the theory that we developed can be
used to state results in more concrete cases, namely sparse spike deconvolution (for setting,
see the introduction) and neural networks with a single hidden layer with a sigmoid activation.

3.1 Loss functions

In this section, we will give sufficient conditions to satisfy the assumptions on the loss R,
when the Hilbert space is # = L?*(p) for a probability measure p on a space X, which is
either a domain of R¢ or the torus. In this setting, typical losses are of the form R(f) =
[ r(x, f(x))dp(x) for a function r : X x R — R.

Lemma (Properties of the loss) If r is convex in the second variable, then R is convex. If
r is differentiable in the second variable with d,r Lipschitz, uniformly in the first variable,
then R is differentiable with differential dR Lipschitz. If moreover |0, < C;r + C, for some
constants C, C, > 0, then dR is bounded on sublevel sets.

Proof. The convexity property follows immediately from the linearity and monotonicity of
the integral.

If 9,7 is Lipschitz, uniformly in the first variable, then denoting dR; : h — f r'(x, f(x)h(x)dp(x),
AL > 0 such that for all f,h € 7,

L L
IR(f + 1) = R(f) = dR(h)| < 5 flh(X)lzdp(X) = Ellhll2 = o(l|AlD),

which means that dR; is the differential of R at the point f.
Using that, it follows that dR is Lipschitz in the operator norm.

Finally, if |9,7]> < C,r + C,, then
ldR|I* = f 1827 (x, f(X)Pdp(x) < C1R(f) + Ca,
so dR is bounded on sublevel sets. O
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3.2 Sparse deconvolution

For sparse deconvolution, it is typical to consider a signal y € F < L*(®) on the d-torus
© = RY/Z. The loss function is R(f) = (1/24) = |ly - fI,, for some A > 0, a parameter that
increases with the noise level and the regularization is V(w, 8) = |w|. Consider now a filter
impulse response ¢ : ® — R and let ®(w, 6) : x = w - ¥ (x — 6). The object sought after is a
signed measure on ®, which is obtained from a probability measure on R x ® by applying the
operator h' defined previously. This corresponds to going back from the lifting introduced

before.

Proposition (Spare deconvolution) Assume that the filter impulse response ¢ is min{d, 2}
times continuously differentiable, and that the support of w, contains {0} X ®. If the projec-
tion h'(u,)), of the Wasserstein gradient flow of F weakly converges to v € M(®), then v is a
global minimizer of

1
in —|ly— dull?, + |u(©).
min f YdullZ, + |ul(©)

Proof. Let us show that Assumptions 2 holds in this case.

The choice of ® = RY/Z? means we are in the bounded case without the difficulties related
to the boundary. On the separable Hilbert space # = L*(®) for the normalized Lebesgue
measure on the d-torus, the loss R verifies the assumptions for the lemma of part 3.1, with
r(x, f) = (f(y) — ¥(x))?, with the regularisation term V=1.

The norm of the function ¢(0) : x — ¥(x —6) does not depend on 6, so it is bounded. The dif-
ferentiability of ¥ means that ¢ is continuously differentiable with dgy(6) : x — Vi(x —6) - 6
which is bounded (again the norm does not depend on 6), and we can show it is Lipschitz the
same way as the proof of the Lemma from 3.1.

It remains to check the Morse-type regularity assumption i.e., to check that for all f € ¥,
the function 8 — (f, #(6)) = f SO (x — 0)dx has a set of regular values which is dense in
its range. If this function is constantly O then this is trivially true, otherwise, its range is an
interval of R. By Morse-Sard’s lemma (see [1]), if this function is d — 1-times continuously
differentiable, then the set of critical values has zero Lebesgue measure and our assumption
holds. By differentiating under the integral sign, this assumption is thus satisfied if ¢ is d — 1-
times continuously differentiable.

As everything checks out, we can use theorem C.9 to conclude. i

3.3 Neural network with a single hidden layer: sigmoid activation

Let’s first build the mathematical framework. Consider a joint distribution of features and
labels, p € P(RY"2 x R), and p, € P(RY"?) as the marginal distribution of features. We define
the loss as the expected risk, i.e., R(f) = f I(f(x),y)dp(x,y). In this context, we take F to
be L*(p,) and [ : R x R — R+ to be either the squared loss or the logistic loss. Finally, we
define the function ®(w, 0) : x — wo (Z i =1920;x; + 94_1), where o : R — R is a sigmoid
function, such as o(s) = (1 + ¢*)~!. The domain ® is chosen to be R¢~!'. Additionally, note
that the natural option (though not obligatory) for the regularization term is V(w, 6) = |w|,
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penalizing the /' norm of the weights.

Before utilizing theorem C.9, we first state a key result that needs to be proven. This re-
sult will guarantee that ¢ satisfies Assumptions 2.

Lemma If p, has finite moments up to order 4, then the function ¢ : R*! — F defined
as ¢(x) = o(z - 0) is differentiable, with a Lipschitz and bounded differential d¢y(h)(x) =
(h-2)0’(z- 0), where z = (x, 1).

Proof. Before proceeding, it is worth mentioning that in this proof and throughout the rest
of this report, we will denote by p, the distribution of z when x is distributed according to
p,. Let’s now check that the function d¢ defined above is indeed the differential of ¢. For

0,h € R we have
2 def

ARY 160 + 1) — $(0) — dgu(IP
2
_ f 062+ R0~ 00 2) ~ (h- 90’ OPdpi(2) < - f h- 2dp.(2)
X X

where L denotes the Lipschitz constant of o”. So if p, has finite 4-th order moment M,(p,)

then 6(h) < L—'glmlhlz and d¢ is indeed the differential of ¢. This differential is bounded and
Lipschitz since [|dey|| < [|0”|l VM2(p-) and ||dpy— dgll < L/M4(p.)|0—6)| for all 6,6 € R4,

Finally, it is clear that if p, has finite 4-th moment then so does p,. O

Let’s demonstrate that this result applies to the sigmoid activation framework.

Propositon (Sigmoid activation) Assume that p, has finite moment up to order max{4, 2d—-2},
that the support of y is {0} X ® and that boundary conditions Assumption 2 (iii)-(a) holds. If
the Wasserstein gradient flow of F' converges in W, to p«, then u, is a global minimizer of
F.

Proof. We need to verify if Assumptions 2 are satisfied in order to apply theorem C.9. Since
the boundary condition is assumed, we only need to check the following:

(i) Both ¢ and V are bounded and differentiable with Lipschitz differentials.
(i1)) Smooth convex loss.
(iii) Sard-type regularity.

Proof of (i): It is trivial to see that the regularization term V = 1 satisfies the required assump-
tions. Moreover, by the previous lemma, we know that ¢ also satisfies these assumptions.

Proof of (ii): We write the disintegration of p with respect to the variable x as p(dx ® dy) =
p(dylx) ® px(dx) where p, is the marginal law of p on X and (o(:|x)).cx a family of condi-
tional probabilities on R (see [2]). On the separable Hilbert space L*(p,), the loss R is as in
Lemma D.1 with r(x, p) = fR I(p,y)p(dylx). Thus, it satisfies the necessary assumptions.

Proof of (iii): We need to check that for all f € 7,6 — (f, $(0))) fx f()((x, 1) - 0)dp,(x) has
a set of regular values which is dense in it’s range. If the function in constantly 1 then this
is trivially true, otherwise, its range is an interval of R. If p, has finite moments up to order
2d — 2 then the function above is d — 1 continuously differentiable and the conclusion follows
from Morse-Sard’s lemma.
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We can conclude by applying theorem C.9, as the framework satisfies Assumptions 2, as
demonstrated above. O

It might seem unusual that we assumed the boundary condition. However, the reality is
that verifying it can be challenging. For example, consider the setting where R(f) = %II f-
f *II; where f* is the optimal Bayes regressor that we may assume smooth. As required in the
boundary assumptions, consider a function f € F of the form f = R’'( f ddu) = f ddu - f*

for some u in the domain of the functional F. In the limit r — oo, the function g;(r6) =
(f,6(r0) = [ f)(r0 - (x, 1))dp.(x) converges to the function g(0) = [ . f(X)dp.(x).
This function is continuously differentiable on the sphere if the density of p, is in Co(RY"2)
and f is bounded and continuous (this is the case here) and the convergence of gs(r-) —
gy 18 indeed in C'. However, we cannot guarantee a very high regularity for f in general:
differentiable under the integral sign d — 1 times requires to have moments of order (d — 1)
bounded for y, which cannot be assumed a priori (u is just know to be in the domain of F).
This prevents us from applying Morse-Sard’s lemma.

4 Numerical illustration

In this section, we will illustrate the previous results with concrete examples. More precisely,
we will look at sparse deconvolution, in the setting of section 3.2.

Thanks to the Proposition from section 3.2, we know that with big enough amount of particle,
by running a gradient descent, we can find the global minimum.

In our experiment, we consider the signal y = le w; - ¢(6;), for w = (3.5,—-4,4) and
6 = (0.1,0.3,0.8), where the filter impulse response is a Dirichlet kernel of order 7 and
A1=03.

The gradient flow is integrated using the forward-backward algorithm described in [8], and
the particles are initialized on {0} X ® uniformly. For implementation details, see the code
appendix below.

In red, the trajectories of the particles, in black the final position, the x-axis is ® and the
y-axis is the weights.

Figure 5: Failure to reach minimum with 3 and 4 particles.
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Figure 6: Success to reach minimum with 5 particles.

Figure 7: Success with 8 and 20 particles.

Another strategy that is much easier to implement both in theory and practice is to dis-
cretize the parameter space ® by picking a number of fixed positions, and then optimize on
the weights. The resulting functional is convex, meaning gradient descent-based algorithm
work, and for a large enough number of positions, we can get approximate minimizers. How-
ever, our approach has some advantages over this method:

e Whilst the original idea behind searching the minimizer of the original functional was
to find a sparse description of the signal, implementing the *convex’ approach in code
for the same signal as before gives us the following results:

We can see that the distribution of weights does not gives us much sparsness, but are
spread around the optimal positions. On the other hand, the previous strategy, even
when there was not enough particle to find a minimizer, gave us very sparse solutions
(always less or equal number of spikes than the ground truth).

This means this approach fails at giving us a parsimonious description despite the reg-
ularizer.

33



Figure 8: Gradient descent on the weights with fixed positions for 20 and 40 uniformly spaced
particles

e Another point is the number of particles that we need to use in order to reach the
minimum. While our approach only needs slight over-parametrization in some cases,
the convex’ approach behaves worse with the same amount of particles, and it needs
much more to reach the same performance.

e Under more restrictive assumptions (mainly regularity-type assumptions), and with a
modified gradient descent, the complexity scales as log(1/¢€) in the desired accuracy €
instead of e for the convex method (d being the dimension of the parameter space
®). This means that for big dimensions, our approach is considerably better. For more
details, see [5], which is a follow-up to the article studied here and offers quantitative
results.

5 Conclusion

We have established asymptotic global optimality properties for a family of non-convex gra-
dient flows. These results were enabled by the study of a Wasserstein gradient flow: this
object simplifies the handling of many-particle regimes, analogously to a mean-field limit.
The particle-complexity to reach global optimality turns out very favorable on synthetic nu-
merical problems. This confirms the relevance of our qualitative results and calls for quan-
titative ones that would further exploit the properties of such particle gradient flows (see [5]
as explained before). Multiple layer neural networks are also an interesting avenue for future
research.
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Appendix Code

In this appendix, we give the matlab code that we used to produce the results presented in
section 4.

First, the function which computes the gradient descent:

function [ws, thetas, loss] = GD_1(w_init, theta_init, w_obs,
theta_obs, lambda, alpha, niter)

m = length(w_init);

ws = zeros(m,niter);
thetas = zeros(m,niter);
gradw = zeros(l, m);
gradtheta = zeros(l, m);
loss = zeros(l, niter);

%observed signal
f_obs = @(x) sum(w_obs.*phi(x-theta_obs));

function s = A(w, theta)
f = @(x) sum(w.*phi(x - theta))./m;
fl = e(x) (£f(x)-f_obs(x))."2;
s = integral (f1, 0, 1);

end

%proximity operator for our non-differentiable part
function p = prox(x, P)
p=zeros(m, 1);
for 1=1:m
if x(1, 1)>P/m
p(l, 1) = x(1, 1)-P/m;
elseif x(1, 1)<-P/m
p(l, 1) = x(1, 1)+P/m;

else
p(l, 1) = 0;
end
end
end
ws(C:, 1) = w_init;

thetas(:, 1) = theta_init;
loss(1,1) = 1./(C2.%1lambda) .*A(w_init, theta_init) + sum(
abs(w_init))./m;

for iter=2:niter

w= ws(:, iter-1);
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theta= thetas(:, iter-1);

%compute the error
loss(l, iter) = 1./(2.*lambda).*A(w, theta) + sum(abs
(w))./m;

for i = 1:m %compute the gradient

@(x) (f_obs(x) - sum(w.*phi(x-theta))./m ).*
phi(x-theta(i,1));
h = @(x) (f_obs(x) - sum(w.*phi(x-theta))./m).*w(
i,1).*phi_der(x-theta(i,1));

9

gradw(l, i) = -integral(g, 0, 1)./(lambda.*m);
gradtheta(l, i) = integralch, 0, 1)./(lambda.*m);
end

%update of the step
beta=alpha./(l+max(abs(w)./25));

%update of the weights and positions with forward-
backward method

ws(:, iter) = w + 0.5.*%(prox(w -beta.*gradw', beta) -
W) ;

thetas(:, iter) = theta + 0.5.*%(- beta.*gradtheta');

%theta must stay in the interval
for k = 1:m
if (thetas(k, iter)< 0)
thetas(k, iter) = 0;
ws(k, iter) = 0;
end
if (thetas(k, iter)>1)
thetas(k, iter)=1;
ws(k, iter) = 0;
end

end
end

end

Then, the function that computes the gradient descent where we fix a priori the positions
and optimize the weights:

function [ws, loss] = CO(w_obs, theta_obs, w_init, theta_init
, lambda, alpha, niter )
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m = length(w_init);

ws = zeros(m,niter);
gradw = zeros(l, m);
loss = zeros(l, niter);

%observed signal
f_obs = @(x) sum(w_obs.*phi(x-theta_obs));

function int = A(w)
f = @(x) sum(w.*phi(x - theta_init))./m;
fl = e(x) (£f(x)-f_obs(x))."2;
int = integral (f1, 0, 1);

end

%proximity operator
function p = prox(x, P)
p=zeros(m, 1);
for 1=1:m
if x(1, 1)>P/m
p(l, 1) = x(1, 1)-P/m;
elseif x(1, 1)<-P/m
pCl, 1) = x(1, 1)+P/m;

else
p(l, 1) = 0;
end
end
end
ws(:, 1) = w_init;

loss(1,1) = 1./(C2.*%1lambda) .*A(w_init) + sum(abs(w_init))
./m;

for iter=2:niter
w= ws(:, iter-1);

%compute the error
loss(1l, iter) = 1./(2.*lambda).*A(w) + sum(abs(w))./m

for i = 1:m %compute the gradient

@(x) (f_obs(x) - sum(w.*phi(x-theta_init))./m
) .*phi(x-theta_init(i,1));

«Q
Il

gradw(l, i) = -integral(g, 0, 1)./(lambda.*m);
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end
%update the weights
ws(:, iter) = prox(w -alpha.*gradw', alpha);

end

end

Finally, some auxiliary functions:

function t = phi_der(x)

nf = 7;
p= zeros(size(x));
for i = -nf:nf

p = p+ 2.%pi.*li.*i.%exp(2.%pi.*1li.*1i.%x);
end
t = real(p)./nf;
end

function phi = phi(x)

nf = 7;

phi = diric(2.%pi.*x, nf);
end
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