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Numerical solution of Poisson partial differential equations in
high dimension using deep neural networks

Dus Mathias, Ehrlacher Virginie
May 5, 2023

Abstract

The aim of this article is to analyze numerical schemes using two-layer neural networks with
infinite width for the resolution of the high-dimensional Poisson-Neumann partial differential equa-
tions (PDEs) with Neumann boundary conditions. Using Barron’s representation of the solution
[1] with a measure of probability, the energy is minimized thanks to a gradient curve dynamic on
the 2 Wasserstein space of parameters defining the neural network. Inspired by the work from
Bach and Chizat [2, 3], we prove that if the gradient curve converges, then the represented function
is the solution of the elliptic equation considered. In contrast to the works [2, 3], the activation
function we use here is not assumed to be homogeneous to obtain global convergence of the flow.
Numerical experiments are given to show the potential of the method.

1 Introduction

1.1 Literature review

At the origin the building unit of a neural network ie the perceptron, was developed by a psychiatrist
F. Rosenblatt [4] who wanted to design a simple model of neural network. Computer scientists got
interested in his work and developed artificial neural networks [5] but the lack of computational power in
the 60s prevented serious applications. Interesting advances were made with backprop:agation [6] and
the use of convolutional neural networks for image processing [7] in the late 80’s but it did not focused
the attention credited today. The increasing availability of computational power and the efficiency
of parallel computing shed light into the true potential of neural networks with famous algorithms
: deepblue surpassing Kasparov or even AlexNet identifying cats and dogs on images. Now a lot of
research resources are devoted on applications of these algorithms to more and more scientific (or not)
fields as statistical physics or fluid dynamics. Nevertheless, the rigorous mathematical understanding
of neural networks is still lacking and the vast majority of papers are empirical proofs of concept. In
this context, it is of tremendous importance to understand why neural networks work so well in certain
contexts in order to improve its efficiency and get an insight of why a particular neural network should
be relevant to a specific task.

The first step towards a numerical theory of neural network is the identification of functional spaces
suited for neural network approximation. The first important result in this direction is the celebrated
theorem of approximation due to Cybenko [8] proving that two-layer neural networks can approximate
an arbitrary smooth function on a compact of R However, this work does not give an estimation
of the number of neurons needed even if it is of utmost importance to hope for tractable numerical
methods. To answer this question, Yarotsky [9] gave bounds on the number of neurons necessary to
represent smooth functions. This theory mainly relies on classical techniques of Taylor expansions
and does not give computable architectures in the high dimensional regime. Another original point of
view was given by Barron [1] who used Monte Carlo techniques from Maurey-Jones-Barron to prove
that functions belonging to a certain metric space ie the Barron space, can be approximated by a

1
two-layer NN with precision O <\F>, m being the width of the first layer. Initially, Barron’s norm
m

was characterized using Fourier analysis reducing the theory to domain where Fourier decomposition
is available. Now other Barron type norms which does not suppose the existence of an harmonic
decomposition [10], are also available.



In order to give a global idea of how this works, one can say that a Barron function f, : RY 5 R
can be represented by a measure y with second order moments :

fulz) == /ao’(wx + b)du(a,b,c)

where o is an activation function and the Barron norm | f,||5 is roughly speaking the second order
moments of u. Intuitively, the law of large number says that the function f, can be represented by
a sum of Dirac corresponding to a two-layer neural network whose width equals the number of Dirac
masses. The architecture of a two-layer neural network is recalled in Figure 1. Having said that, some
important questions arises :

e What is the size of the Barron space and the influence of the activation function on such size 7

Some works have been done in this direction for the ReLU activation function. In [11], it is
d
proven that H?® functions are Barron if s > 5 + 2 and that f,, can be decomposed by an infinite

sum of f,,, whose singularities are located on a k (k < d) affine subspace of R?. For the moment,
no similar result seems to hold with more regular activation functions.

e Omne can add more and more layers and observe the influence on the corresponding space. In [12],
tree-like spaces Wy, (where L is the number of hidden layers) are introduced using an iterative
scheme starting from the Barron space. Of course, multi-layers neural networks naturally belong
to these spaces. Nevertheless for a function belonging to Wy, it is not clear that a multilayer
neural network is more efficient than its two-layer counterpart for its approximation.

e Does solutions of classical PDEs belong to a Barron space ? In this case, there is a potential
to solve PDEs without suffering from the curse of dimension. Some important advances have
been made in this direction in [13] where authors considered the Poisson problem with Neumann
boundary conditions on the d dimensional cube. If the source term is Barron, then it is proved
that the solution is also Barron and there is hope for an approximation with a two-layer NN.

Using conclusions from [13], the object of this paper is to solve Poisson equation in the high
dimensional regime with Barron source. Inspired from [2], we immerse the problem on the space of
probability P, with finite second order moments on the domain R? x Sga(1) x R. This corresponds to
finding a solution to the PDE thanks to infinitely wide two-layer neural networks. Then we interpret the
learning phase of the network as a gradient curve in the space of probability measure. Finally under
some hypothesis on the initial support, we prove that if the curve converges then it is necessarily
towards a measure corresponding to the solution of the PDE considered. Note that our argumentation
is different from [2] since the convergence proof is not based on topological degree. We rather use
an homotopy argument taken from algebraic topology and a clever choice of activation function to
prove that the dynamic of the support of the measure curve behaves nicely on the sphere. Numerical
experiments are conducted to confirm the potential of the method proposed.

In Section 1, the problem is presented in a more precise way and the link between probability and
Barron function is made clearly. In Section 3, the gradient curve is introduced; its well posedness and
convergence is proved. Finally, numerical experiments are exposed in Section 4.

Notation : The |-|; designates the ¢ norm of a vector of arbitrary finite dimension with particular
attention to ¢ = 2 (euclidean norm) for which the notation | - | is preferred.
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Figure 1: A two-layer neural network of width m

2 Preliminaries

This section introduces the mathematical framework to understand how neural networks are able to
solve elliptic PDEs.

2.1 Problem setting
Poisson equation is considered on Q := [0,1]* (d € N) with Neumann boundary conditions: find

u* € H'(Q) with / u* = 0 solution to :
Q

(1)

—Au* = f on Q,
Opu* = 0 on 09,

where f € L*(Q) with / f = 0. Here (1) has to be understood in the variational sense, in the sense

that u* is equivalently the unique minimizer to:

u* = argmin &(u), (2)
uweH(Q)



where

Vue HY(Q), E(u):= /Q <|V;“‘|2 —fu> dz + %(/Qudxf.

This can indeed be easily checked by classic Lax-Milgram arguments. The functional £ is strongly
convex and differentiable with derivative given by Lemma 1.

Lemma 1. The functional € : H*(Q) — R is continuous, differentiable and for allu € H*(Q), it holds
that

Yo e HY(Q), d€|.(v) = / (Vu- Vv — fv)dx +/ udx/ vdzx.
Q Q Q
It can be easily seen that points u where the differential is identically zero are solution to equation
(1).

Remark 1. The coercive symmetric bilinear form a tnvolved in the definition of the energy writes :

a(u,v) :=/Vu~Vvdx+/udw/vdx.
Q Q Q

The energy £ can then be equivalently rewritten thanks to the bilinear form a :
1 * * 1 *|2
E(u) = zalu —u*u—u*)— = | |Vu*|*dz.
2 2 Jo

The aim of the present work is to analyze a numerical method based on the use of infinite-width
two-layer neural networks for the resolution of (1) with a specific focus on the case when d is large.

2.2 Activation function

We introduce here the particular choice of activation function we consider in this work.

Let 0 : R — R be the classical Rectified Linear Unit (ReLU) function where :

Yy € R, o(y) := max(y,0). (3)
Let p: R — R be defined by

jus

t 2
Z exp (_an(;y)> if [yl <1

0 otherwise.

(4)

where the constant Z € R is defined such that the integral of p is equal to one. For all 7 > 0, we then
define p; := 7p(7°) and o, : R — R the function defined by

Yy €R, o-(y) := (pr xo)(y). (5)

We then have the following lemma.
Lemma 2. For any 7 > 0, it holds that
(i) o, € C®(R) is uniformly bounded as o?,
(i) for ally < —1/7, o,(y) =0,
(i) for ally > 1/7, 0:(y) = v,
(iv) there exists C' > 0 such that for all T >0,

5o

lo— ol ®) <



Proof. The first item (¢) is classic and left to the reader. For (ii), we have :
1/7
= [ ooty (©
—1/7

and if £ < —1/7 then z —y < 0 for —1/7 <y < 1/7 and o(z — y) = 0. This naturally gives :

or(y) =0.

For (iii), using again (6) and if x > 1/7, thenz —y > 0for —1/7 <y <1l/rand o(x —y) =z —y.
As a consequence,

1/7
o-(y) = / pr(y)(z — y)dy

—-1/7

=z.
where we have used the fact that / pr(y)dy = 1 and / yp-(y)dy = 0 by symmetry of p.
R

R
For (iv), we have by (i) — (4ii):

l/'r 8
o= arlem = [ (o) = or@)fide < 5

—-1/7 T

where we used the fact that |o(z)|, |o(z)| < 1/7 on [-1/7,1/7]. In a similar way,

=

1/7
lo" = o122 g = / CORATIEE

The two last inequalities gives (iv).
O

In this work, we will rather use a hat version of the regularized ReLLU activation function. More
precisely, we define:
W ER, i (y) = orly +1) - 0 (2y) + or(y — 1). (7)

We call hereafer this activation function the regularized HReLU (Hat ReLU) activation. When 7 =
400, the following notation is proposed :
VyeR, on(y)i=0o(y+1)—0oy) +o(y—1). (8)

The reasons why we use this activation is that it has a compact support and can be used to generate
an arbitrary piecewise constant function on [0, 1].
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Figure 2: The hat activation function and its regularization (7 = 4)



2.3 Spectral Barron space

The orthonormal basis in L?() composed of the eigenfunctions {¢y },ena of the Laplacian operator
with Neumann boundary conditions, where

d
Vi = (ki,...,kq) € N, Vo= (z1,--- ,2q) €Q, p(x1,...,2q) = Hcos(ﬂ'k:ixi). (9)
i=1

Notice that {¢x},ene is also an orthogonal basis of H*((2). Using this basis, we have the Fourier
representation formula for any function u € L*(1):

w= Y k),

keNd

where for all k € N%, a(k) := (¢x,u)r2(q). This allows to define the (spectral) Barron space [13] as
follows :

Definition 1. For all s > 0, the Barron space B*(Q) is defined as : [] []

B (Q) := {u e LNQ): Y (L4 lkf)lalk)| < +oo} (10)

keNd

and the space B*(Q) is denoted B(2). Moreover, the space B*(Q) is embedded with the norm :
lulls (o) = D (1 +m"[kl)lak)]. (11)
keNd

)

By [13, Lemma 4.3], it is possible to relate the Barron space to traditional Sobolev spaces :
Lemma 3. The following continuous injections hold :

e B(Q) — HY(Q),

e B°(Q) — L=(Q).

The space B(€2) has interesting approximation properties related to neural networks schemes. We
introduce the following approximation space:

Definition 2. Let x : R — R be measurable, m € N* and B > 0. The space Fy n(B) is defined as :

m m
Frm(B)i={c+ Y aix(wi-w+b) .01, € R, wi € RY, e < 2B, wx| = 1,1bi] <1,Y |a| < 4B}
i=1 =1
(12)
Now, we are able to state the main approximation theorem.

Theorem 1. For any u € B(Q), m € N* :

(i) there exists Um € Fopy m(||ullg)) such that :

c
=m0 < ”\7;5(9)7

(ii) there exists Uy € Fopy . .m(||ullp)) such that :

C||UHB(Q)

NG (13)

lu — T [ 1 (o) <

where C' is a universal constant which does not depend on d neither on u. []



Proof. Let B := |lul|p). We just give a sketch of the proof of (ii), (i) being derived from similar
arguments as in [13, Theorem 2.1][]
By (i), there exists u,, € Fypy,m(B) such that

B

The function u,, can be written as :

um(z) = c+ ZaioH(wi cx+ b;)
i=1

for some ¢, a;,b; € R, w; € R for i =1,...,m with le] < 2B, w;| =1,]b] < 1,2 la;| < 4B.

i=1
C
By Lemma 2 (iv), there exists C' > 0 such that for all 7 > 0 |log — o - || g1 () < 7 it is easy to
T
see that
[~ il o) <
U, — Um 1 S —F
H@) S s
where .
Um(z) = c+ ZaioH,m(wi -z + b;).
i=1
Consequently,
= i lrsey < S
U — Um 1 <
H'(Q) Jm
which yields the desired result. O

Remark 2. With other words, a barron function can be approzimated in H'(Q) by a two-layer neural

1
) when the activation function is the HReL U one.

vm
In the sequel, for all r > 0, we denote by K, := [—2r,2r] X [—4r,4r] X Sga(1) x [—1,1].

network of width m with precision O <

Remark 3. Let m € N*, u,, € Fy n(B) with B> 0 and x : R — R. Then, there exists c,a;,b; € R,

w; € RY fori=1,...,m with |c| < 2B, |w;| = 1,|b;] < 1,2 la;| < 4B such that for all x € Q,
i=1

Um () =c+ Zaix(wi -+ b;)
i=1

m

m
Z c+Z|aJ|szgnaz x(w; - x + b;)

/ ¢+ ax(w -z 4 b)|dum(c, a,w,b),

where

e the space of parameters © is defined by © := R X R xSpa(1) x R with Sga(1) the unit sphere of
RY;

e the measure p,, is a probability measure on © given by :

|ai
Z S|, (e laglsign(a:),wisbi)-

\]\



Remark that ., has support in Kg. Moreover, let P2(©) denote the set of probability measures on
© with finite second-order moments. Then, it holds that the sequence (fm )men+ 8 uniformly (wrt m)
bounded in P2(0).

For a general domain Q which is not of the form Q = [0,1]%, the solution to equation (1) does not
necessarily belong to the Barron space even if the source term has finite Barron norm. Nevertheless
for our case (Q = [0,1]%), there is an explicit bound of the Barron norm of the solution compared with
the source one. This gives hope for a neural network approximation of the solution.

Theorem 2. [13] Let u* be the solution of the equation (1) with f € B®(Q), then u* € B(R). Moreover,
the following estimate holds :

vl < dllfllzo)-

2.4 Infinite width two-layer neural networks

In order to ease the notation for future computations, for all 7 > 0, we introduce the function ®. :
O x © — R defined by

VO := (c,a,w,b) € ©, Ve € Q, P,.(6;x):=c+aoy (w-z+Db) (14)
and @, : © x Q — R defined by such that:

V0 := (¢,a,w,b) € O, Vo € Q, P (6;2) :=c+aoy(w -z +Db). (15)
The space P2(0) is embedded with the 2-Wasserstein distance :

Vi, v € Po(©), Wi(p,v):= inf d(0,0)*dv(0,0),
vel(uv) Jo2

where I'(u, v) is the set of probability measures on ©? with marginals given respectively by p and v
and where d is the geodesic distance in ©. For the interested reader, the geodesic distance between
0,0 € © can be computed as :

d9,0) = \/(c — )2+ (a — @) + dg,, (1)(w, @) + (b — b)2.
For all 7,7 > 0, we introduce the operator P, and the functional &£, , defined as follows:

Definition 3. The operator P, : Po(©) — H'(Q) is defined for all i € P2(©) as :

Pr(u) = /@ B, (0; 2)dpu(6).

Additionally, we define the functional & () : P2(0) = R as :

(1) = {E(Pf(u)) if p(Ky) =1

g‘r r
K 400 otherwise.

Proposition 1. For all 0 < 7,7 < 00, the functional &, , is weakly lower semicontinuous.

Proof. Let (un)nen+ be a sequence of elements of P5(©) which narrowly converges towards some
p € P2(0). Without loss of generality, we can assume that u, is supported in K, for all n € N*.
Then, it holds that :

e the limit p has support in K, (by Portmanteau theorem);

e moreover, let u, : 2 — R be defined such that for all z € ©Q,

wle) = [ 02 (0) = [ @(052) dpn0).

r



Since for all z € Q, the function K, 3 6 — &.(0;z) is continuous and bounded, it then holds
that, for all z € Q,

Un () —> u(z) == /K B, (6;2)du(6) = / B, (60;2)dp(6),

n—oo <)

where the last equality comes from the fact that u is supported in K.

e It actually holds that the sequence (uy)nen+ is uniformly bounded in C(€2). Indeed, there exists
C: > 0 such that for all x € Q and n € N*, we have

n(2)? = ( /K T ¢T<e;x>dun<e>)2
< / 2 (0: 2)djun (0)

r

< Cort

where last inequality comes from the fact that &, is at most quadratic in the variable 6. As a con-
sequence of the Lebesgue dominated convergence theorem, the sequence (u,)nen+ strongly converges
towards u in L? (©2). Reproducing the same argument as above for the sequence (Vu, )nen+, one easily
proves that this strong convergence holds in fact in H'(Q). The fact that the functional £ : H'(Q) — R
is continuous allows us to conclude. U

Remark 4. In P5(0O), the weak convergence is metricized by the Wasserstein distance. Hence, £, is
lower semicontinuous as a functional from (P2(©), W) to (R, |- ]).

Finally, the lower semicontinuity of £,, and the weak compactness of K, allows to prove the
existence of at least one solution to the following minimization problem :

Problem 1. For 0 <7 < o0 and 0 <r < +o0, let u} . € P2(O) be solution to

wr € argmin &, - (1). (16)
U ueP2(0)

For large values of 7 and r = d|| f||go(q), solutions of (16) enable to obtain accurate approximations
of the solution of (1). This result is stated in Theorem 3.

Theorem 3. There exists C' > 0 such that for all m € N* and any solution M:n,dHfHBo
T=m and r = d| f||go(q), it holds that:
d||f 8002y

[ o, . ’ <
‘u /@ (0 fﬂ)dﬂm,dufngmm((’)‘Hl(m—C vm

where u* is the solution of the equation (1).

@ 1 (16) with

Proof. For all m € N*, let @, € Fypy . .m(||u”|5) satisfying (13) for u = u* (using Theorem 1). Since
|u*|[Be) < d||f|lgon) thanks to Theorem 2 and by Remark 3, @,, can be rewritten using a probability
measure [, with support in KdHfHBO(Q) as :

Ve €, dp(z) = /@@m(G;x) dpm (0).

Let u*defHBO(m be a minimizer of (16) with 7 =m and r = d|| f||go(q). Then, it holds that:

E mdll 0 e (%,dwugo(m) < Emd) fll 0 ey ()

which by Remark 1, is equivalent to :

a(uy, —u* ur, —u*) < ally, —u*, Uy — u’).



where for all x € Q,
%@%=A¢M&®W%mw@MW)
Denoting by a and L respectively the coercivity and continuity constants of a, we obtain that

£l 50 (2)
Jm

* * L ~ *
o = ullzr @) <~ lltm = ullme) < Cd

3 Gradient curve

In this section, we solve Problem 1 using gradient curve techniques. More particularly, we will define
and prove the existence of a gradient descent curve such that if the convergence is asserted, then it is
necessarily towards a global minimizer.

3.1 Well-posedness
3.1.1 Well-posedness with a condition on the support
Let us fix some values of r,7 > 0 in this section.

Let T be the set of constant speed geodesics of © ie the set of curves 7 : [0,1] — © of geodesics.
For all s € [0,1], we define the application map e, : I' — O such that es(w) := m(s). Owing this,
McCann interpolation gives the fundamental characterization of constant speed geodesics in Py (©) :

Proposition 2. [14, Proposition 2.10] For all p,v € P2(O) and any minimal geodesic (fit)icio,1)
between them, there exists 11 € Po(T) such that :
vt € [07 1}7 e = et#H-

Remark 5. As ep#Il = p and ey #I1 = v, the support of 11 is included in the set of geodesics
7 :[0,1] = © such that w(0) belongs to the support of u and w(1) belongs to the support of v.

The next result states smoothness properties of geodesics on © which are direct consequences of
the smoothness properties of geodesics on the unit sphere of R?. It is a classical result and its proof is
left to the reader.

Lemma 4. There ezists C' > 0 such that for all (0,0) in ©2, all geodesic m : [0,1] — © such that
7(0) =60 and 7(1) =0 and all 0 < s <t <1,

|7 (t) = m(s)| < d(r(t),7(s)) = (t = 5)d(0,0) < C(t — )0 — 0]
and

’ ’<d9@<cw 0.

In order to prove the well-posedness, it is necessary to get information about the smoothness of

Er.

Proposition 3. The functional &, is proper, coercive, differentiable on its domain D(E. ). More-
over, for all p,v € D(E+,), v € T(p,v) :

Erp(v) = Erp(p) + /K2 v (8) - (6 — 0)dy(6.0) + O(C3 (7)) (17)
with T
v,,(0) == Vo, (0) p-almost everywhere (18)
where for all 0 € K.,
O.0) 1= (TP, 920 Yy — {20 + [ Pyt [ @@

= d&|p, (u)(®-(6;)).

10



The properness and coercivity are easy to prove and left to the reader.
Proof. First, we focus on the proof of (17)-(19). As ®, and £ are smooth, it holds that for all z € €,
0,0 €O, u,uec H(Q),

{fbr(@; ) = 0, (0;2) + Vo, (052) - (0 — 0) + M, (0,0; )
E(@) = E(u) + A& [u(@ —u) + N(i — u),

where N (u) := E(u) for all u € H?(Q) and M, (0, 6; x) := /l(é—H)TVZCDT(G—H(é—G); z)(0—0)(1—t)dt.
0

More precisely,

09, (0;x) 1
Oc B
w — O—T(w - + b)
2
0% (6; ) / (20)
o0 azo, (w-x + b)
¢ .
w =aol(w-x+D)
and the non zero terms of the hessian matrix write :
2@ .
68;7(,(9%}%) =0, (w-z+b)x
2@ 0:
2@ 0:
o°®, (0;x) 872(11;’ ) _ ac(w - x + b)xx” (21)
2 .
6((1(;77(891;17) =aol(w-z+b)z
w
2 .
5%57282,:17) =aol(w-z+D).
As |ol| < 1,]0”| < 7,|0”| < 72, it then holds that :
e Vr e 0e K, |M(0,0;z) <Crr|f — 0> ( is bounded),
o Vx e () 0e K,, T,~;x§r7' -0 is bounded).
Ve eQ,0€K,, [VM.(6,0 Cr*7%6 — 6] (Q is bounded
Moreover, there exists a constant C' > 0 such that for all u € H'(1),
IN(u)] = Eu)] < CllullFq)- (22)

Thus for u,v € D(E,.,) then v is supported in K2 and :

Errlv) =£ ( /K @.(6;)u(0))

s

=€ (/K2 @, (0;)dy(6,0))
=¢ (/K B, (0;-) 4+ Vo®,(0;-) - (0 —0) + M.(0,0;-)dv(0, g))
= Erp() +dE |p / Vod,(6;-) - (6 — g)(h)

+ N( M,(8,6; -)dv).

K2

The remainder term is of order two since :

11



M, (6,6;-) VH M, (6,6;-) 7‘

H(Q) H K2 L2(9)

| + [ vn0.6:)
K2 KE

< / IV (0,85 )2 oy + / IV (6,6 )22 0y
K2 K2
gcmww)/ 10— 0%dy
@2
< Clrr +r27)C3 (),

where C2(y) := / |é — 0]2dy and where we used Jensen inequality to get the first inequality and
(._)2
Lemma 4 to get the last inequality. Hence, with previous bound and (22)

E0r0) = &0 +dEn g ([ Vo®,(0:)- (6= 0)r) + O(CE)). (23)

Now we focus on the first order term and by Fubini :
dEp, (w (/ Vo®,(0;-)- (6 — 0)d7> = (VP (1),V [ Vo®.(6;-) - (0 — 0)dy)12(0)
K? K2
—(f, Vod,(0;-) - (0 — 0)dy) L2 (o)
K2

+/ P.(p)dx ></ Vo®,(0;-) - (0 — 0)dyda
Q QJK?2

= [ AP V02 05) - (- )
K2

= ], Vols @ (6 N2y - (0 —0)dy

/KQ/ p)dz x / Vo®-(6;) - (0 — 0)dwdy
-/ 0)- G0

where :

v,(0) :=Vp(8) v ae (24)
with

Pu(0) = (VP (1), V(65 -)) 12 () — ([, @+ (6; )>L2(Q)+/§2Pr(u)dw></9@7(9;-)01%

Note that (24) is equivalent to

as v, depends only on 6.

O

To prove a well-posedness result, some convexity is needed. More precisely, one should be certain
that £, is convex along geodesics.

Proposition 4. There exists A > 0 such that for all p,v € D(E; ;) with associated geodesic pu(t) :=
etx1l given by Proposition 2, the

=" (11¢) s Ay Lipschitz.
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Proof. First of all, one has to prove that for all ¢ € [0,1], py € D(E+,). This is a direct consequence of
the fact that p, v are supported in K., Remark 5 and that K, is convex (in the geodesic sense). This
proves that for all 0 < ¢ <1, p; € D(E+ ).
Let t,s € [0,1] and take o s := (e, €5)»II € T'(p, ). By (23), it holds :
gT,T(MS) = 5T,T(:“t) + /2 dgpr(ut) (V9<I>T(9; ) : (é - 9))dat,s + 0(022(041‘/75))
e

equivalent to :

Err(ps) = Err(pit)

s—t

7(s) = (1)

s—t

= [ 4y (Vo (a5 - ))dli(x) + O((t = $)C3 ()

Taking the limit as s goes to t, one concludes that ¢ — Ep(u) is differentiable with derivative equals
to:

h(t) := d‘g%t(’“) - /Fdsp,(m) (w@T(w(t);-) : (aﬁ(t)))dﬂ(w).

To conclude, one has the decomposition :
) = h(5) < | [ a8y (Vo (x(0)) = Vo () - () )an(e)
+| /F(dgpr(m) —dEp ) (Vo@r(n(s);7) - (%w(t)))dﬂ(w)‘ (25)
+| [ a8r gy (T8 r(e)i) - (G0 = n(s)) Jan(e)|

Next we use the lemma of regularity stated below.

Lemma 5. The following reqularity estimates hold :
e For all u,v € H*(Q),
l[dEu—d &y llem () < Cllu—vllm (g

e For all T,r > 0, there exists C(7,7) > 0 such that for all 01,0 in K,

{ Ve®@r (015 M a1 < C(1,7)|64],
[Vo@r(b1;) — VoPr(02; )1y < C(7,7)]01 — Oa].

e Forallr > 0,u,veDE,,) :
1P (1) 172 ) < C(T)/@ledu(@)' (26)
and
1P- (1) = Pr ()| 1 () < C (7, 1)W3 (1, v).

Proof. The proof of the first item is elementary and left to the reader. For the second one take 6eco
and remark that :

Vo, (6;2) = awol(w -z +b) (27)
and finally,

13



00, (0;r)

V% =wol(w-x+b)
28

0% (0; ) . (28)

VT:aa (w-z+b)1;+ axw’ o (w-z +b)
w

6(1)7'(0;95) o "

\Y% % = awo, (w -z +b).

By (20),

[Vo®.(01;2) — V@, (02;2)| < C(1)max(|01],[02])|02 — 01].
This is mainly because o is Lipschitz and bounded and €2 is bounded. Whereas, by (28)

IV(Ve®, (91; ) = Vo ®r(0a; )| < C(7) max(|61],[62])[|02 — 6:].

This is mainly because O‘T, " is Lipschitz and bounded and €2 is bounded. Hence, if 6;, 60, € K,

T

[Vo@r(01;) — VoPr(02; )1 (q) < C(7,7)[01 — 02

The bound on [|[Vyg®.(01;-)||m1(q) is obtained in a similar way. For the third item, by Jensen’s in-

equality
1Pl = | ( o0 x)du(9)>2dﬂc+ [ ey

//(I>2deu d:c+//|V<I> (0; 2)|?du(0)dx
<) [ 1Pdn)

where we used the fact that ®., V®.. are sublinear and 2 is bounded in the second inequality. The
bound for the difference term P.(u) — P-(v) can be proven in a similar way using Lemma 4.

2
dx

O
Recalling (25), denoting 7 := (eq, e1)%II and by previous lemma :
d
1) = h(s)| < ) (1Pl [ (t) = m(o)l| (o] anicm

1P ) = Pl [ ()] o)t

(m)

< Crr) (It = slPslsey [ w(1) = w(0) ()

S n(t) ~ La(s)

P () s / 7 (s)

+1Pr() = Prlpn)lisay [ supla(l (1) = w(0)ari(x)

d*m(u)
2 dH(W))

CGr,n) <|t ~ (\/ [ o) + V L 92dus(9)> (1+C3() + Wzmt,us)c%m)

d*n(u)
dt?

1t — Sl P () a2 s / sup ()] sup

where we have used Lemma 4 to get the second inequality and the fact that sup
u

is uniformly

bounded (the curvature of © is bounded) to get the last one. Owing that :

14



e By Remark 5 and the convexity of K, (in the geodesic sense), for all 0 <¢ <1 :
[ 1P au() = [ ImoPanin) < c i)
e o2
e The natural estimate holds :

W%mMSAﬂ@Wmm

< [ d(n(t),m(s))*dII(r)

This allows us to conclude that :
[A(t) = h(s)| < C(r,r)(1+ C3 (7))t — sl.
As the plan y is supported in Kf, we get :
|h(t) = h(s)| < Arplt — .
for some A, > 0 and this finishes the proof. ]

The characterization of the velocity field allows to get a bound on its amplitude. This is given by
the next corollary which will be useful later in the paper.

Corollary 1. For all p € D(E,,) and 6 € O:

0. (0)] < C(7)r(0].

Proof. This can be proved combining (26), (20) and (28). The rest is just basic computations and left
to the reader. O

An important consequence of last proposition is that £p is convex along geodesics. Before going
into the main result of this section, we recall the basic definition of local slope [15].

Definition 4. At every p € D(E;,,), the local slope writes :
- : (f(p) = f(¥)+
V= &y = limsup ~~—-——~ 2T
| o () A A P

which may be infinite.

To understand the upcoming result, the careful reader should read appendix A which introduces
the concept of gradient curve.

Theorem 4. For all fig € D(E,,), there exists a unique locally Lipschitz gradient curve () which
is also a curve of mazimal slope with respect to the upper gradient [N~ €., |. Moreover, there exists a
vector field vy such that for almost allt >0 :

[ ot = oo < +o0 (29)
and :
atut + dZ"U(’Ut,LLt) = 0
o = fio (30)
M € D(ST,T).

15



Proof. The functional £, , is lower semicontinuous by Remark 4 and it is — A, . convex along generalized
geodesics. Moreover, the space © has a curvature bounded from below which ensures that it is an
Alexandrov space of curvature bounded from below. We apply [16, Theorem 5.9, 5.11] to get the
existence and the uniqueness of a gradient curve in the sense of [16, Definition 5.8]. Being a gradient
curve, it is also a curve maximal slope in the sense of [15, Definition 1.3.2].
The existence of the vector field v; is given by the absolute continuity of the curve (u:); (because
it is a gradient curve) and by [17, Proposition 2.5].
O

The work is not done here since we do not have any knowledge about the velocity field v; and the
well-posedness result is proved only for £, , with r < oo.

3.1.2 Identification of the vector field v,

To pursue our reasoning, the operators G, Sy, for 0 < h < 1 are introduced as follows :

I = 7T0
G'{ r o (7(0),#(0)

and :

6 — TO
Sh ::{ 0,0) (0%)

Furthermore, next lemma gives the local behavior of couplings along (p): :

Lemma 6. If u; is solution to (30) and h — vy, = (eg,e1)xIn € To(pur, pierr) (n defined in Propo-
sition 2) then for almost all t :

}ILIII%)(S;L ] G)#Hh = (Z X Ut)#,ut m PQ(T@)
—

Moreover,

im W3 (p4-ns exp(hvg) g pit)

=0.
h—0 h?

Proof. Let ¢ be in C°(©). The continuity equation gives :

/]R+ n/(t)/gqﬁd,utdt = —/IR+ 77(15)/@V9¢~vtdutdt

for n smooth compactly supported in R™. Taking 7 as an approximation of the characteristic function
of [t,t 4+ h] and passing to the limit, one gets :

t+h
pi(@) — pern(9) = —/t /@ngﬁ - vgdpdt.

Passing to the limit in h, one gets the differentiability almost everywhere of ¢t — p:(¢) with (29) and :

lim M :/ Voo - vedps.
e

h—0 h

Let vy, 1= (Sh o G)xII} and take a limit point vy of (1) wrt the narrow convergence on Po(T0).
Then,
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pirn(P) — pe(P) 1 )
uald) — @) _ L /@ (6(0) — (6)dm
1
-1 / (6(r(1)) — 6(r(0)))dTTy ()
-1 /T (9Lexpy(v) — 6(0)dC 411 (0,0)

1
=5 /T@(¢(expe(hv)) — ¢(0))d(Sh © G) 411 (6, v)

= V(;S(H) . ’Ud(Sh o G)#Hh(oa 'U)
TO

+ R(h,0,v)dvy(0,v)
TO

— Vo(0) - vdvy(8,v)
T®

where R(h,0,v) = — V¢(0) - v is bounded by C(¢)|v|*h (¢ € C(0) and the

euclidean curvature in © is uniformly bounded; see [18, Chapter 8] for the definition of euclidean
curvature). In fact to get the last limit, we need a bit of work detailed below :

¢(expy (hv)) — (6)
h

e For the first term :

[ 196(6)-0ld($,06)yT0.0) = [ 25190(n(0) - #0) T (m)
< [ .o
C

T
| (), x(0)*an(m)
h? 70
W.
< C(¢) 2 (:u;;;ﬂtJrh)
where we used the fact that ¢ € C2°(0) in the first inequality. As (u:): is locally Lipschitz by

Theorem 4, [V¢(0) - v| is uniformly integrable wrt ((S, o G)411,), and the passage to the limit
is allowed.

<

e For the second one,

/ IR(h,0,0)|dvn(8,0) < C(d)h / [o[2dvn (6, v)
TO

oy
W3 (e, presn)
2
and using again the local Lipschitz property, we can pass to the limit which is zero.

= C(9)h

As a consequence,

Voé(6) - vdin (6, v) = / Vo6(0) - vn(0)dps(0)
TO ©

which is no more than (by disintegration) :
/ Voo () / vdvg,o(v)du(0) :/ Vop(0) - v (0)dpie (0).
© Ty© S

Noting 0;(0) := / vdvg o(v), last equation is equivalent to :
Te©

dl’l}((ﬁt - ’Ut),LLt) =0.
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Wa (s,
Aside that, as (,v) — |v|? is positive and lower semicontinuous and for ¢ > 0 such that %in% 2 Peh) ('uth Hi+h)
—

= |py|(t) (this is a dense set of RY as (j¢); is locally Lipschitz) :
/ / [v|?dvg o (v)dp: () < lim inf |v2dvy (0, v)
© JT,0 h=0"Jre
ol 1 2
= h}rln_g)lfﬁ /T@ [v|*dG 11, (8, v)

1
:liminf—/ |7(0) |2dTT, ()
h? Jre

1 - ~
= liminf — / d(6,0)%dy, (6, 0)
@2

(31)

h—0 h?2

2
— lim inf Wy (Hu Ht+h)
h—0 h2

2
= | *(t).
As a consequence and by Jensen inequality,

191720100 < oo 0 (v)dpe(0) < [y (t) = l[vellZz 01, (32)
O JTyo

By [17, Lemma 2.4], one gets 9y = v;. Reconsidering (32), one gets the equality case in Jensen

inequality e :
/|vt )? dus (6 // |v[*dvp o (v)dpe (6)
e Ty©

and as a consequence Vg g = 0y, (9) Mt almost everywhere. And
lim (Sh o] G)#Hh = (Z X vt)#ut
h—0

in the sense of the narrow convergence. The convergence of the v moment is given by (31)-(32) where
inequalities can be replaced by equalities (as ¥; = v;) and the liminf can be replaced by a lim as

- Walpe, prevn) o
}]i]il}) — = |z](t) exists :

h—0

// v|2dvg p(v)dpu (6) = lim |v|2d1/h(0,v). (33)
Tey®

For the # moment, it is more obvious as for all h > 0 :

/ 162duy (6,0) = / 102 (60)
TO e

[ iopano.0 = [ oRdx ) p) = [ o).

and

Consequently,

/ 10|%dvo(0,v) = lim 0% dvy, (0, v). (34)
TO h=0J71e

With (33)-(34), the convergence of moments is asserted. The narrow convergence combined with
the convergence of moments gives the convergence in P»(©) and the proof of the first part of the lemma
is finished.

For the second part, one has (exp(hvy) X )47y, belongs to I'(exp(hvy) o, fbetn)

18



2
1% (Mt+h,exp(hvt)#ﬂt) < i/ d(97§)2d(exp(hvt) « i)#’)/h
2 72 Jos
1 .
< i [ dlexpy(hun(6). 67,
e2
1
< s [ dlexpy (). expyhe) P
02
< C’/ lve (0) — v|2dvy,
02
—h—0 0

where we have used the boundedness of the euclidean curvature of the manifold © in last inequality
and the fact that dv, — (i X vg)xue proved earlier to get the limit. O

We introduce the operator of projection on the manifold © :

Definition 5. For all 8 in ©, the projection on the tangent space of © is given by the operator
Iy : RT3 — Ty0©. The operator I1 denotes the corresponding projection on vector fields ie (ILX)() :=
Iy X (0) for any vector field X and any 0 in O.

Now we are able to identify the velocity field given in Theorem 4 under a support hypothesis.

Proposition 5. Let t > 0. If there exists § > 0 such that supp(u) C K,_5 then for p, almost
everywhere, the velocity vy in (30) is equal to —Ilv,,.

Proof. On the one hand, for vy := (eg, e1) Iy € To(pt, pie+n), by Proposition 3 and the fact that for
allt >0, u, € D(E,y) :

Err(parn) — Er () = /@2 v, (0) - (é - o)d’Yh(&é) + o(Wa(pe prevn))

which is equivalent to

Ef,r(ﬂwh)hf Err(pie) _ / 0, () - Wd(sh o G) T, (0, v) + %0(W2(ut,ut+h))_
TO

Then, one can use the decomposition :

[ @) 2P 4(5, 0 6)1,0,0) = [ 0(0) vl 0 G 6.0)

+ / 00 (6) - R(1,0,0)d(S 0 G) 411 (6, v)
TO

hv) — 6
where R(h,0,v) := expy(hv) — 0
curvature in ©. Passing to the limit as i goes to zero and using Lemma 6, one gets the differentiability
of t = &, () almost everywhere and for almost all £ > 0 :

dg‘r,r(:ut)
enrli) /T e (0) 0O (6, 0).

Note that to pass to the limit to obtain last equation, we need the two following points :

—v is bounded by Ch|v|? due to the uniform boundedness of euclidean

e First that v - vy, () is at most quadratic in (0, v) which is given by Corollary 1.

e |v,,(0) R(h,0,v)| < Cr|f|h|v|* by Corollary 1 and thus uniformly integrable wrt ((SyoG) Il )
as it is supported in K, in the 6 variable and :

2
/ [0[2d(Sh 0 G) 4TI (0,0) = V2 UlesPrn)
o h

which is bounded by the local Lipschitz property of ().
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Next as ITv; = vy, it holds :

dgf;li;(/‘t) - /@ T, 6) - 00 (6)dpa(6). )

On the other hand, consider the curve ¢ — fij, satisfying :

fin, = exp(—hIvy, )z 1.

As supp(p) C K,_s, there exists a small time interval around zero such that (fiy,)s, is in D(E,,).
So with ), = (i x exp(—hIlvy,))gpe € T, fin) :

Erpr(fn) = Erp() = /@2 v, (8) - (0 — 0)dyn(8,0) + o(Wa(ue, fin))
_expy(—hllvy, () — 6

=h , Hvﬂt (9) h d:ut(e) + O(WQ (Mta lah))
e
Hence,
o (fn) — Err h —hllv,, (0)) — 0
& ) (Nh)~ & s (:u’t) _ - / Hvﬂt(a) . eXpe( Ullt( )) d#t(e) +0(1)
Woa(fin, pe) Wa(fun, 1t) Joo h
and getting the limsup as h goes to zero (proceeding in the similar way as above to get the limit of the
W (i
first term on the right hand side) and owing the fact that lim sup M < Mg, [ 22(0du,) (left
h—0
to the reader) :
V=& (1) = (Mo, [ 2 (0300 - (36)
As t — p; is a curve of maximal slope with respect to the upper gradient |V~ &, | of £, ., one has :
d&;, 1 1o
E ) [ 110, (6) - 01(6)as(6) < oty — 519 Enr o)

1 1
< _5”1]15”%2(@;(1;”) - §||Hvﬂt||%2(®;dut)

where we have used (36). As a consequence,

1 1
[ (5010020 + 5620) = 100, (0)- ) ) dott) < 0
and
vy = —1lv,, p; a.e.
O

The identification of the velocity field when the support condition is satisfied allows to give an
explicit formula for the gradient curve. It is given by the characteristics :

Proposition 6. Let x; be the flow associated to the velocity field —Ilv,, :

Ixt _
GLO) = —1v,, (9)

xt(0) = 0.

Then x is uniquely defined, continuous, Lipschitz on K,. Moreover, as long as supp(put) C K,_s for
some § >0 :

Mt = XtxHo-
Proof. This is a direct consequence of the fact that v, = —Ilv,, = —1lIVy¢,, is C™. O
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Next lemma ensures that the curve h — exp(hv:)xp: is a geodesic. This will be useful later to
prove that the velocity field characterizes the gradient curve.

Lemma 7. For p € P2(0) with supp(u) C K,_s for somed > 0, the map vy, : h — exp(—hIlv, /|| TTvy| 12 (0:du) ) # 1

1s differentiable at h = 0 and moreover :

Vo=V Err(w)/IV - Er|(1).

Proof. First, we claim that |V_ &, (u)| = [[TTv,(0)||L2(e;q,)- In order to prove it, take an arbitrary
unit speed geodesic s — (es)xII starting at p for which there exists a time interval around zero such
that (es)#II belongs to D(E, ). Note that normally, we should write a unit speed geodesic as (egs) 11
with § > 0 a scaling factor but for simplicity here, we take § = 1. As a consequence, one can write for
all s > 0 sufficiently small :

Err((es)pll) = Exr(p) + /@2 v () - (6 — B)d(eo, e5) $11(0,0) + o(Wa (1, (e5)#11))

= gr,r(/’t) + /T@ Uu(e) . (eXPO(Sv) - e)dG#H(e? ’U) + O(W2(/~L7 (es)#H))'
Dividing by s and passing to the limit as s goes to zero, one obtains :

d
e ((en)plT) = /T  00) 0G0,

expy(sv) — 6

Note to get the last equation, we need to prove that n : s — v,(0) - is uniformly

integrable wrt G4II. In fact, this is given by Corollary 1 and the uniform curvature bound on © giving
In(s)| < Csr|f||v]*. As the term Cr|6||v|* is integrable wrt measure G4II (recall that it is Py and
supported in K, in the 6 variable), we have the desired uniform integrability.

Moreover, by Cauchy-Schwartz :

d
(keﬂwwg#n>zuwAmhﬂem»¢/ v2dG 4116, v)
TO

= _HHUM(G)HL?(@;du)

where last equality comes from :

/T(_)#da#n(a,u) /'( )2dIT ()

/d ))2dII(r)

= W5 ((e0) %11, (e1)10)
—1.

The last equality is derived from the fact that s — (es)4II is a unit speed geodesic. To conclude, we
have proved that for all unit speed geodesic (a,1) € C,(D(E,r))

D, & ((a,1) > — [T, (0)] 22 (0:du)
which by [16, Lemma 4.3], asserts that :

V& () < (Mo (0)]| L2 (0:an) - (37)
Aside that, let h >0 :

W3 (vn, o) S/@d2(eXPe(—thu(Q)/HH%(@)||L2(@;du>)79)du(9)

<1 [ P (expy(~T10,(0)/ [T, 0)] (010 ) 0)

=h?
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and :

lim sup 7W2(Vh’ vo)

<1. 38
h—0 h (38)

Moreover as supp(u) C K,_5, v, is bounded in L*® and for a small time interval around zero
vy, € D(E;,). Consequently :

Err(vn) = Erp(p) = /@2 vu(0) - (0 = 0)d(i x exp(—hITv,, /[ Tv, (0)]| L2 (s ) )4 14(0)

o < [ e, exp(hnvm)/nnvu(a)||L2(@;dm>du<9>)

= /@%(9) - (exp(=hIlv, (0) /[T, (0)]| L2 0:a)) — O)dp(0) + o(h).

Dividing by h and passing to the limit as h goes to zero (justifying the passage to the limit as above),
it holds :

Err(vn) — ‘ST,T(N)

%E)I%) h = 7||HUIL(0)||L2(@;dM)' (39)
Additionally, with (38) :
. 6Tr(yh) _57'7‘(#)
lim su : . < —|[Tw, (0 cdu) - 40
msup <2 < 10, (0)] 0, (10)

To conclude :

e With (40) and (37), the claim is proved :

|v7 57’,7"

(n) = ||HUM(G)HL2(®;CZ;L)~

e Owing this, (38) and (40) the curve h — v}, is differentiable at h = 0 by [16, Proof of (ii) Lemma
5.4] and :

vy =V_Err(W)/IV=Erp | (W)

This finishes the proof of the lemma.

3.1.3 Existence with no support limitation

Note that for the moment the domain of £, , is reduced to measures supported in K,. Using a
bootstrapping argument, the existence theorem 5 holds for the energy £, 4.

Theorem 5. For all pg compactly supported, there exists a curve (ug): such that :
{@#t + div((—Iv,, )pe) =0

Ht=0 = Mo

and for almost all t :
2 2
[ 0 P = W0, ) < o
Moreover, the solution satisfies :

Vi >0, ut = Xtpho
with :

X () = ~Tlu, (0)
Yo(6) = 0.
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Proof. Let :

e 7 be such that supp(ug) C Ky,

o denote (u; ) the gradient curve associated to €., for r > rq.

By Corollary 1, |v,(0)] < Cr|| . Hence characteristics x; starting from K,, verifies |x;| < roe”™

1
—log T+ "o , supp(py) C Krgrg)/2 C Kr. By the definition of the
Cr 279

and for time ¢ in [O,TT =

gradient curve :

Ve (0.T), (1) = Vo Ern(ptf) = (h — exp (~TTu,;h))'(0) (42)

by Lemma 7. Note that the right hand side of last equation does not depend explicitly on » but on u”.
We construct the curve (ug); for all time imposing :

vVt e [0,T,], r>ro pt := .

This is well-defined since by uniqueness of the gradient curve wrt £, ,, py* = py? on [0, min(T5.,, T, )]
for rg < 71 < ro. Defining the sequence :

rn = (n+ Dro,

1 1 142
we can build inductively a gradient curve on |0, — —log | ———
yas Crog(z—kl) g(2(2+1)>
interval is diverging, it is possible to construct a gradient curve on RT.
All the properties given by the theorem comes from the properties of (uj); derived in Theorem 4
and Proposition 6. O

. As the width of this

Remark 6. Two important remarks to make :

o We did not prove the existence of a gradient curve wrt £, o because this functional is not convex
along geodesics and it is impossible to define gradients without such assumption.

o The uniqueness of a solution to (41) is out of the scope of this article. To prove it, one should link
(41) and the support condition to prove that locally in time, a solution to (41) coincide with the
gradient curve of €, , for some r > 0 large enough. Nevertheless, this link seems to be difficult
to prove and we discard it for our purposes.

3.2 Link with backpropagation in neural network

Let m > 0 be an integer. A two-layer neural network u with ¢ as activation function can always be
written as :

with 6; € ©. Then, we differentiate the functional F : (61,--- ,60,,) = & (

3|~
NE
Iy
S
~

~——7

1 m
dFo,...0,, (01, ,dby) =dE, (m ;w@(ei, ) - db;

Consequently, the gradient of F is given by

%VOQS;L(&)&

Vei -F(Hl, aam)

where :
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= % Z(Sgi S PQ(@) (44)

As a consequence, a gradient descent of F in the sense that :

L0, 0u(0) = —m¥ FOL(1), - 00n(1)
(01(0), -+ ,0m(0)) = (01,0, ,0m.0)

is equivalent to the gradient curve of £; ;o where p(0 Z 06, 0

Theorem 6. Let jig € P2(Q2) compactly supported, (po.m)m be such that lin+1 Wa(tto,m, to) = 0 and
m—r—+00

composed by a finite number of Dirac masses located in the support of py. Then for all T > 0, the
associated gradient curves constructed in Theorem 5 converge in C([0,T], P2(£2)).

Proof. Returning back to the proof of Theorem 5 and for all time 7" > 0, one can find r > 0 large
enough such that g, p , coincide with gradient curves on [0,T] wrt £, ,. As gradient curves wrt £, ,
verifies the following semigroup property [16, Theorem 5.11]

Yt € [0,T), Walps, fte,m) < e Walpo, t1o.m),

the expected convergence on C([0,T],P2(2)) holds by the convergence of initial measures.

3.3 Convergence to optimum

In this section, a LaSalle’s principle argument is invoked in order to prove that the gradient curve
converges to a global minimizer of £, . for simplicity, we note £, := £, o for 0 < 7 < 4o00.

3.3.1 Characterization of optima

In this part, we focus on a characterization of global optima. For convenience, we extend the operator
&, to signed finite measures.

Lemma 8. For all p € M(O), there exists a probability measure p, such that €, () = E-(pp).

Proof. Let us first consider a positive signed measure g € M™(0). If u(0) = 0, ®(0,.) = 0 p almost
everywhere and £, (u) = 0. Take ,up = 0(0,0,w,b) With w,b taken arbitrary to prove the result. Now if

0),au(0),w,b). In this case :

—~

w(©) # 0, consider u, := Ty | ——= | where T : (¢,a,w,b) — (cp

7©
[ wee
e <

—/@ (6 )y (0)

where we have used the form of ® (14)-(15) to get the last inequality.

Now take an arbitrary signed measure p € M(0). By Hahn/Jordan decomposition theorem, there
exists P, N measurable sets (for p) such that PUN = © and p is respectively positive (negative) on
P(N). The signed measure y can be written as :

7;

—
5

=

)dp

/—\

@)

\_/

v

@

W=pp —[UN
where pp, uy € M*(0). Consider following map :

—a,w,b) if (a,b,w,c) € N

] (-
G(Cv aaw7b) T { (C7a,w,b) if (aabvwvc) ep
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and the measure :
pa = Gu(pp + py) € MT(O).

. ma ma
By construction, we have P, <T < )) = P,(u) and consequently, £-(u) =&, (T ( ))
ey ) ) =10 =& @)

Lemma 9. The measure p1 € P2(©) is optimal for Problem 1 iff ¢, = 0 everywhere.

Proof. Suppose u € P2(0) optimal then for all v := fu + v+ € M(0) (Lebesgue decomposition of v
wrt p with f € L'(0; 1)) and owing Lemma 8 :

Er(p+tv) =E(Pr (1) +tPr(v))
= £.(1) + tdEp, (P (1)) + 0l0).

Hence as p is optimal

/ 6(6) F(0)du(0) + /@ 6,,(60)dv(6)

As this is true for all f € Ll(G),u), one gets:

QSM:Ouae,qSH:Oulae (45)

for all v+ L p. As ¢, is continuous this is equivalent to ¢, = 0 everywhere. Indeed, suppose (45) for
all v+ L p. Take 6 € Q, then if # belongs to supp(u) then by definition of the support p(B(6, <)) > 0
for all € > 0. Thus, one can take §. € B(f,¢) with ¢,(6.) = 0. As 6. —._,0 0 and by the continuity
of ¢, ¢u(0) = 0. If 6 & supp(u), then dp L p and necessarily, ¢, () = 0. The reverse implication is
trivial.

Conversely suppose ¢, = 0 everywhere and take v € P5(0), then by previous computations and
the convexity of £ (slopes are increasing)

o “El =) SEBU LRI < e(p ) - £(P )

which implies that
Er(p) <E-(v)

and p is optimal.

3.3.2 Escape from critical points

In this section, we use the notation :

0 = (a,c,w,b) =: (a,c,w)
to make the difference between ”linear” variables and ”"nonlinear” ones.

Lemma 10. For all u,v in P2(O) :

v eo, |¢u<9>¢yw>|sc( /@ 622 + /@ |92|2du) W2(u,0)(1 + |6)

Voo, |v,t<0>—vy<e>sc( / 101 dp + / |02|2du) W2(,0) (1 + 162)
€] e
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Proof. Here we focus on v, the proof for ¢, being very similar. Considering (18)-(19), one can
decompose v, as

Uy =t U1+ V2 + Uy 3.

By standard computations and for v € T',(u, V)

V1 = Uyl = / / VoV, (0;2) (VO (61;2) — VOr (025 x))dxdy(61, 02).
ez Jo

Owing (27)-(28), one gets
0,1(0) — 0,1 (0)] < C(T)/2 max(|01, |62])[61 — 0116]*dzd (61, 62)
e

scm(@m&w+éeﬁwywwwwﬁ

where we used the Cauchy-Schwartz inequality. For v, 3, one has :

Vp3 — Uy3 = / / D, (01;) — P (02; - )dxdy x / Vo®,(0;)dx.
ez Jo Q

Owing (20), one gets :
Wm@—wﬂwSCM/ /mM%ﬂwM—MMM%ﬂMﬂ
02 .JQO

<o) ([ Pt [ o) Wil

where we used again the Cauchy-Schwartz inequality.
O

Proposition 7. Let p € P2(0O) such that ¢,, # 0 somewhere. Then there exist a set A C © and
e > 0 such that if there exists to > 0 with Wa(pur,, 1) < € and pg,(A) > 0, then there exists a time
0 <ty <ty <-+oo such that Wa(pe,,p) > €.

Proof. As ¢, is linear in a and c, it can be written as :

6u(0) =: agp(w) + cry.
By hypothesis, the set
Aoi={0 €0 | 6,(0) # 0}

is a non empty (open set). This is equivalent to say that either (iu(w) or 7, is non zero somewhere.
Suppose that ¢, is non zero somewhere, the case for , being similar. Note

{Ag = (;5;1(]07"_00[)7
Ay =6, = 00,0]).

Additionally, A, designates the a sub-level set of (;BH. Now we focus on A, and suppose that this set
is non empty. The case where A is non empty is similar to handle and left to the reader.

By Lemma 11 and the regular value theorem, there exists 7 > 0 such that 0A_, = d);l({—n}) is a
(d + 1)—orientable manifold on which Véqgﬂ is non zero. With our choice of activation function og -,
it is easy to prove that A_, is a bounded set. Indeed, if b is large enough then = — o, (w - 2 + b) is
zero on Q and ¢, (w, b) is zero.

On (“)ZL,,, the gradient VQNSM is pointing outward [L,] and on 8[1,,7 the outward component |V§q~ﬁu-
Noyt| > B for some S > 0 since it is non zero on a compact set. Hence, defining :

A= {(a,c,w) |we A}

and owing that v, o = ¢, (W), V0 = aVwd,(w), it holds :
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Vya <nmon A
{ pa =1 (46)

Vpyw " Mout > [ 0N 3/1_,7.

By contradiction, suppose that i, has non zero mass on A and that Wa(u, ut) < € (with ¢ fixed
later) for all time t > ty3. Then using Lemma 10, one has :

[0, (0) = v (0)] < C(7, 1) (1 +10]*)e (47)

and

|60 (8) = 6 (0)] < C (1, 1) (1 + |6])e.

n . .
where r is a solution of :

One tak =——
ne takes 3C(r )

-1 A 012d _n
(=g (4)> [ 0P+ g
which exists since pu, (A) > 0 by hypothesis. On the set {# € A | 1+ |0]> < r} and by (47), we have :

Ui

|Uut(9) - Uu(9)| < 9

and so by (46) and the fact that v, = —v,:
Vg >1n/20n A
Vi " Nout < —F/2 on 8/1_,7.
The general picture is given by Figure 3. As a consequence, there exists a time t; such that the

set {# € A| 1+0)> <r} has no mass and

/ 0Pdun(60) > (r — Dpae(A) > (r — Djary (A).

At the same time, as Wa(p, pr) < e :
2 < 2 _ 2 n
[ 0P 0) < [ 1an0) + < = [ 102an0) + 57—

and this a contradiction with the definition of r.

Remark 7. The set A constructed in the proof of previous lemma is of the form :
A= {(a,cw) |we Ay U{(g,cw) |we AL} (48)
where 11, M2 are strictly positive.

Lemma 11. For all u € P2(0), if (iu < 0 somewhere, there exists a strictly negative regular value —n

(77 > 0) of a)u-

Proof. As qgﬂ < 0 somewhere and by continuity, there exists a non empty open O C|] — oo, 0] such that
O C range(¢,). Next, we use the Sard-Morse theorem recalled below :

Theorem 7 (Sard-Morse). Let M be a differentiable manifold and f : M — R of class C", then the
image of the critical points of f (where the gradient is zero) is Lebesgue negligible in R.

This result applies to J)u and the image of critical points of ¢~)# is Lebesgue negligible. As a

consequence, there exists a point o € O which is a regular value of (;NS“. As o0 € O, it is strictly negative
and this finishes the proof of the lemma.
O
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7/’1‘,41 —_—

Figure 3: The escape of mass towards large values of a

3.3.3 Convergence

The proof of convergence is based on the following hypothesis on the initial measure pyg :
Hypothesis 1. The support of the measure py verifies :
{0} x {0} x Sga(1) x [-Vd — 2,Vd + 2] C supp(uo)
This preliminary lemma gives an insight of why Hypothesis 1 is useful :
Lemma 12. For all i € P2(0), 0 ¢ R?* xSga(1)x] — Vd — 2,Vd + 2,7 > 1, the potential writes :
¢u(0) = cry,

where r,, is a constant that depends on p. In particular, ¢,(0) does not depend on a,w,b.
Proof. For all z € Q, |b| > Vd+2,7>1:

w2+ b] > [b] = [a]ochwls > 2

and
o, (w-z+b)=0.

This implies that for |5 > Vd + 2,1 € P(©), the potential ¢, writes ¢, = cr, where 7, is a

constant.

In fact Hypothesis 1 is verified by the gradient curve (u;); for all time. This is proved in the next

lemma.

Lemma 13. If uo satisfies Hypothesis 1 then for all t > 0 and all open set O C Spa(l) x [—\f -

2,Vd+2],

1 (R? x0) > 0

The arguments of the proof of last lemma are based on fine tools of algebraic topology. One can
find a nice introduction to the topic in the reference book [19]. With simple words, we enjoy the

homotopy properties on the sphere to prove that the measure u; keeps a large enough support.
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Proof. As py = (xt)# o, we have [2, Lemma C.8] :

supp () = X¢(supp(po))- (49)

Now let & (w,b) := (Ps_, 1)xr © X¢)((0,0,w,b)) where Ps_,1)xr is the projection on Sga(1) x R (w,b
variables). We claim that the choice of the function of activation lets the extremal spheres invariant
ie & (w, +(Vd+2)) = (w, £(Vd + 2)). Indeed, by Lemma 12 for 6 = (¢, a, w, +(Vd +2)), ¢,.(0) = cr,,
giving :

{ Uu,w(‘g) = 0,
qub(e)z O

and the claim is proven. Consequently by Lemma 14, the continuous map &; is surjective.

Now let O C Sga(1) x [—\/& —2.Vd + 2] be an open set. By what precedes, the exists a point
w € Sga(1) x [=Vd —2,Vd + 2] such that &(w) € O and x;((0,0,w)) € R? xO. As (0,0,w) belongs to
the support of ug by hypothesis then y¢((0,0,w)) belongs to the support of u; by (49) and :

1 (R? x0) > 0

which finishes the proof of the lemma.

Lemma 14 gives conditions for the surjectivity of a continuous map on a cylinder.

Lemma 14. Let f be a continuous map f : Sga(1) x [0,1] — Spa(1) x [0,1] =: C, homotopic to the
identity such that :

Vw S SRd(l), {
Then f is surjective.
Proof. Suppose that f misses a point p, then necessarily p = (w,t) with 0 < ¢ < 1. We can write :

g:C—C\{p}

the restriction of f on its image. The induced homomorphism on homology groups writes :

9x : Ha-1(C) = Ha—1(C\ {p})-
Aside that, we have the classic information on homology groups of C' and C'\ {p} :

{ Hq—1(C) = Hyg—1(Sga(1)) ~ 7,
Har (€ {p)) = Hoor(Sga(1) V Sga(1)) = 22

where V designates the wedge sum. Thus, the homomorphism g, can be written as :
gs 1 7 — 77
As g lets the two spheres w — (w,0),w — (w, 1) invariant, we have :

9(1) = (1,1).
Now we note i : C'\ {p} — C the canonical inclusion map. For all (a,b) € Z?,

ix(a,b) =a+b.
By hypothesis, f is homotopic to the identity so f, = I, and fi(1) = 1 but at the same time :

[o(1) = ixge(1) = ix((1,1)) = 2

which gives a contradiction.
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It allows to conclude on the convergence,

Theorem 8. If ug satisfies Hypothesis 1 and ()¢ converges towards p* € Po(0O) then p* is optimal
for Problem 1.

Proof. By contradiction, suppose p* is not optimal. Then by Lemma 9, ¢,,~ # 0 somewhere. Reusing
the separation of variables (see the proof of Proposition 7), ¢, writes :

‘z)u* (9) = a¢u (w, b) +cry.

Hence either :

e 7, is not zero and v, . # 0 and one can prove that some mass escapes at ¢ = oo as in the proof
of Proposition 7.

) (;;M is not identically zero and the set A defined in (48) is not empty and verifies :

A CR? xSgagyy x [-Vd —2,Vd +2] (50)
by Lemma 12.

We focus on the last item. By Proposition 7, there exists € > 0 such that if Wa(u,, pu*) < € for
some tg and pi, (A) > 0 then there exists a further time ¢, with Wa(us,, p*) > e. As (ut)r converges
towards u*, there exists ty such that :

vt > to, WQ(/"LtO7/’L*) <e.
But by Lemma 13 and (50), for all time p;(A) > 0 and consequently there exists a time ¢; > g with :

W2(:ut0 ’ ,u*) > €

which gives the contradiction.

4 Numerical experiments

In this section we will conduct numerical experiments to evaluate, in a concrete way, the potential of
the method proposed.

4.1 The effect of frequency
First, the influence of the frequency on the approximation is investigated. To do so, we consider d = 1
and the following source term for which the solution is a cosinus mode :
fu(x) := 72|k|? cos(nk - x).
In higher dimension, we use the corresponding source term which is a tensor product of its one dimen-
sional counterpart :
fe(zy, - xq) i= w2 |k|% cos(mky - 1) - - - cos(mhkq - T4).

The code is written using python supplemented with Keras/Tensorflow framework. One should
remember the following implementation facts :

e The neural network represents the numerical approximation taking values of z € €2 as input and
giving a real as output.

e The loss function is approximated with a Monte Carlo sampling for the integrals where the
measure is uniform on Q. For each training phase, we use batches of size 10? obtained from a
dataset of 10° samples, the number of epochs is calculated to have a time of optimization equals
to 2 (learning rate x number steps = 2). Note that the dataset is shuffled at each epoch.
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e The derivative involved in the loss is computed thanks to automatic differentiation.

e The training routine is given by the algorithm of backpropagation coupled with a gradient descent

optimizer for which the learning rate ( := —— where n is the batch size and m is the width of

nm
the neural network involved. This choice will be explained later in the analysis.

e In all the plots, the reader will see the mean curve and a shaded zone representing the interval
whose width is two times the standards deviation. Each simulation is run 4 times to calculate
these statistical parameters.

For d = 1 and a width m = 1000, the simulations are reported in Figure 4 for which very satisfactory
results for k£ = 1,3 are observed, the same conclusions hold for d = 2.

60 1

80

40

60 1

Loss

404

0.0 0.5 10 15 2.0 0.0 0.5 10 15 2.0 0.0 0.5 10 15 2.0 0.0 0.5 1.0 15 2.0

Time Time Time Time
(a) The case d =1 and k = (1) (b) The case d =1 and k = (3)
10°
75
50
254
é ° NE 101
-25
_s50 4
-75
-100 4
y T T T T 1072 - T T T T
00 05 10 15 20 00 05 1.0 15 20
Time Time

(c) The case d =1 and k = (5)

Figure 4: The effect of frequency on the approximation when d =1 and m = 1000
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1.00 + 1.00
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NN NN
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—0.50 -0.50
—0.75 1 -0.75
—1.00 1 -1.00
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10
0.5
NN
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0.0 0.2 0.4 0.6 0.8 10
(c) The case d =1 and k = (5)
Figure 5: The numerical solutions when d = 1 and m = 1000
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% 251 NE 10714
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(c) The case d =2 and k = (5,1)
Figure 6: The effect of frequency on the approximation when d = 2

Remark 8. In this remark, we expose not rigorous heuristic arguments for the scaling related to the

32



learning rate :

em L

T 2nm’

It is possible to write the learning scheme as follows :

9t+1 — 0, n
T = —Ve'(%;ﬂ (9,5) (51)
where :
2
" 1 1
i (0) 1= — Z V(0 25) - VOO, 2:) — (i), 2) + | — Z (6, ;) (52)

with (z;); are n samples taken uniformly on the d dimensional cube.
By analogy, equations (51)-(52) can be interpreted as an explicit finite element scheme for the heat

equation where the space discretization parameter is h := ——. This gives the CFL condition :
vnm
2dt < h?
which is equivalent to :
1
dt < ——.
— 2nm

1
In practice, one can observe that if one takes dt > O () then the scheme diverges in the same way
nm

as a classic finite elements scheme.
The CFL condition is bad news since it prevents the use of large batch sizes necessary to get a good
precision. In practice, the mazimum on can do with a standard personal computer is n,m = 10%.

4.2 The effect of dimension

To evaluate the effect of dimension on performance, we consider frequencies of the form k = (k,0,---,0)
where k is an integer, and plot the L? error as a function of the dimension for different k. This is done
in Figure 7 where several observations can be made :

e For low frequency, the precision is not affected by dimension.
e At high frequency, performance are deteriorated as dimension increases.
e Having a larger neural network captures better high frequency modes up to a certain dimension.

e Variance increases with frequency but not with dimension.
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Figure 7: The effect of dimension for different frequencies and width

For completeness we plot in Figure 8 a high dimensional example where d = 10, £ = (1,1,0,- -
to show that the proposed method works well in the high dimensional/low frequency regime.

contour plot shows the function’s values on the slice (21, z2,0.5,---,0.5).
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Figure 8: The case d = 10, k = (1,1,0,--- ,0) and m = 1000

Th

0)

e

Finally we show an example where a lot of low frequencies are involved in the high dimensional

regime :

whose solution is :

d—1

f(z) = 2n* Z cos(m - xy) cos(m - Tpy1)

k=1
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d—1
u*(x) = ZCOS(T{' - xg) cos(T - Tpy1)-
k=1
For d = 6, m = 1000 and all other parameters being identical to previous cases, one gets conver-

gence of the solution on Figure 9 where the contour plot still shows the function’s values on the slice
(z1,22,0.5,---,0.5).

204
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0.0 0.5 10 15 20 0.0 05 10 15 2.0
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X
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(a) The loss and the L™ error (b) The numerical solution

Figure 9: The mixed mode solution

5 Conclusion

In this article, the ability of two layers neural networks to solve Poisson equation is investigated.
First the PDE problem commonly understood in the Sobolev sense, is reinterpreted in the perspective
of probability measures by writing the energy functional as a function over probabilities. Then, we
propose to solve the obtained minimization problem thanks to gradient curves for which an existence
result is shown. To justify this choice of method, the convergence towards an optimal measure is proved
assuming the convergence of the gradient curve. Finally, numerical illustrations with a detailed analysis
of the effects of dimension and frequency are presented. With this work, it becomes clear that neural
networks is a viable method to solve Poisson equation even in the high dimensional regime; something
out of reach for classical methods. Nonetheless, some questions and extensions deserve more detailed
developments. First, the main remark to observe is that the convergence is not proved theoretically
even if it is observed in practice. Additionally, the domain considered is very peculiar Q = [0, 1]d
and it is not obvious that one could generalize such theory on domain where sin/cosine decomposition
is not available. In numerical illustrations, integrals involved in the cost were not computed exactly
but approximated by uniform sampling. It should be interesting to study the convergence of gradient
curves with respect to the number of samples.

A The differential structure of Wasserstein spaces over com-
pact Alexandrov spaces

The aim of this section is to get acquainted of the differential structure of P2(©). All the results
presented here are not rigorously proved and we rather give a didactic introduction to the topic, the
main reference being [16].

A.1 The differential structure of Alexandrov spaces

An Alexandrov space (4,d) is a geodesic space embedded with its distance d having a nice concave
property on triangles. With big words, Alexandrov spaces are space where the curvature is bounded
from below by a uniform constant. Before going further, we need to introduce some notation :
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Definition 6. Let o be a unit speed geodesic with a(0) = a € A and s > 0, then we introduce the
notation :
(o, 8) ==t — a(st)

the associated geodesic of velocity s. The space of directions is the space unit speed geodesics o and it
is denoted ¥.,(A). The tangent cone ie the set of geodesics departing from a at speed s, of the form
(a, 8) is denoted C,(A). We make the following correspondence :

“(a’ 1) — a?’
for ain L, (A).

It is not so important to focus on a rigorous definition of such spaces but one should remember the
following fundamental property of existence of a tangential cone structure :

Theorem 9. Let o, 8 be two unit speed geodesics and s,t > 0 with «(0) = 5(0) =: a € A. Then the
limat :
(@, 5), (8,1)) := lim ~d(a(se), (1<)
oa((a,5),(B,1)) := lim —d(a(se), B(te

exists. Moreover,

1
by (52 +t2 — o ((a, 8), (8,1))) (53)
does not depend on s,t.

Previous theorem is very important as it introduces a notion angle and scalar product :

Corollary 2. One can define the local angle between («, s), (B,t) by :

cos(Zall(@5), (5,0) = gz (57 + £ = 0ul(a,5), (5,1)))

and a local scalar product :

<(a7 8)7 (57 t))>a = st COS(ZG((a7 8)7 (57 t)))
Remark 9. In fact, the space of directions ¥.,(A) is the completion of :

{(a,1) | o unit speed geodesic departing from a }

quotiented by the relation o, = 0 wrt to the distance o,. The same is true for the tangent cone Cq(A).

A major result from [16] is that if the underlying space A is Alexandrov then the space over
probabibilty P3(A) is also an Alexandrov space and all the differential structure presented above is
available. The proof of this result is based on MCann interpolation which allows to make the link
between probability geodesics and geodesics of the underlying space.

Moreover, it is possible to define a notion of differentiation ;

Definition 7. For a curve (a;): of A, it is said to be differentiable att = 0 if there exists (., 7) € Co(A)
such that for all a; € X, (A),t; > 0 with lim t; = 0, linking ag and ay, then :
1—> 00
lim (o, d(ag, a,)/ti) = (a, t)
1—> 00

where the convergence has to be understood in the sense of the distance o,. Moreover, the derivative
of the curve at t =0 writes :
ap = (a,t).
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A.2 The notion of gradient

Now an energy £ : A — R is introduced with the following property of convexity.

Definition 8. We say that £ is conver along geodesics if there exists K € R such that for all rescaled
geodesics ac: [0,1] — A :

E(a(N) < (1 =) E(a(0)) +A&(a(1)) — %/\(1 — A)d(a(0), a(1)).

Assuming such convexity, it is possible to define the gradient’s direction of £ using the differential
structure of A (see [16, Lemma 4.3]). Before doing this, it is necessary to introduce the directional
derivative :

Definition 9. Fora € A and (a,s) € C,(A), one defines :

Dy &((a5)) = lim 5(04(86))5—5(@(0)).

One can prove that the limit above exists using the convexity assumption of £. Owing this, there
exists a direction for which the local slope (see Definition 4) is attained in the sense defined below.

Theorem 10. For all a € D(E) such that |V_ & |(a) < oo, there exists a unique direction o € £,(A)
such that :

DqE((a,1)) = —[V_E|(a).
This direction « is denoted :

V_&(a)
V- £&|(a)

which means that :
Dy &((e,[V-€|(a)) == ~|V-E [*(a).
With this, it is straightforward to define the notion of gradient curve.

Definition 10. A Lipschitz curve (ai); is said to be a gradient curve wrt & if it is differentiable for
allt >0 and :

V_&(as)

V>0, a, = (
- Vo€ ()

,|ve|<at>) € Cuy(A).

In [16], results about existence and uniqueness of gradient curve on Py(A) are given.
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