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ABSTRACT

The studied article [[I1] proposed an innovative numerical energy minimization method to solve
the problem of generative modeling : starting from a referenced distribution, gradient flow of
the distribution with respect to the Wasserstein topology is computed to fit the observed data. A
regularization term is added so as to allow for generalization. The method strongly relies on the form
of the energy functional, referred to as Sliced-Wasserstein distance which is the integral over the unit
sphere of the optimal transport distance between the projected distributions. Taking advantage of the
existence of a simple analytical solution for the problem of 1D optimal transport, both the energy and
its gradient are easily computed. Taking the point of view of diffusion processes, the resulting flow is
interpreted as the solution of a McKean-Vlasov equation which is discretized in a particle system.
It must be stressed out that the main advantage of the method is that it is fully non-parametric,
computing gradient descent in the infinite dimensional space of probability measures whereas neural
networks only consider a finite-dimensional space of parametrized measures. In addition to being
elegantly interpretable we can thus expect the method to have a better adaptivity than *black-box’
generative networks.

As a part of this project mathematical foundations of the Sliced-Wasserstein flow are studied under
the general approach of gradient flow. Numerical properties are compared to other standards methods
used in the machine learning literature to address the problem of generative modeling.

1 Introduction

Generative modeling can be defined in a very general manner as the problem of automatically creating synthetic data
that are credible. In practice, the notion of credibility is defined by data that are known to be real and assumed to
be representative of the distribution pgq4:, of the objects we want to generate. Generative modeling then reduces to
the problem of sampling randomly from this distribution. As there is sometimes only few real data because they are
expensive or hard to recover, for example in medical imaging, the field of possible industrial applications is consequent
and synthetic data of good quality can be generated massively to train other network architectures.

In an attempt to motivate the research work that was pursued in [[L1] we try here to give an overview of the topic of
generative modeling and of the methods and ideas that are commonly encountered to tackle this problem.

1.1 Generative Adversarial Networks

The concept of GANS, first introduced by [9], relies on a two part architecture, a generator and a discriminator, that are
competing against each other : the generator’s entry is a random variable z following the reference probability law p,
and maps it as G(0, z), where §, is the set of weights of the generator. On the other side the discriminator D takes data
into entry and return a score that we can interpret as the credibility of the data, or the likelihood that this data is real.
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The score functional is parametrized by 64, the set of weights of the discriminator. G' and D then play the following
two player min-max game :

minmax V(G, D) = Eonpyyr, [108(D(2))] + Eznp, [log(1 = D(G(2)))]

Numerically, an alternate minimization is performed using gradient descent or ascent on the parameters with back-
propagation. When the network is trained, it suffices to remove the discriminator part to get a generator that create
realistic synthetic data.
Theoretically, according to [9]], assuming that G and D both have enough capacity and that the discriminator is allowed
to reach its optimum given G at each step, the training should end up on the saddle-point solution of the problem.
Denoting by # the push-forward action over probability distribution, we have :

G#p- M Pdata
However, this kind of result can’t apply here because the finite-dimensional parametrization limits the representativity
of G and D. In fact, even if several numerical evidence of GANs performances has been given, it is well-known that
such architectures are very hard to train and very sensitive to the problem structure. A major issue is to control that the
generator effectively generates new data and doesn’t simply copy the objective data, a behavior referred to as mode
collapse.

1.2 Wasserstein and Sliced-Wassrstein GAN

Recently, there has been a raising interest in the study of mathematical foundations for the theory of generative networks
such as GANs and VAEs. In that matter, the theory of Optimal Transport is a particularly popular topic.

The idea proposed in [3]] is to replace the discriminator part by an objective function that the generator should aim
at minimizing during training. Intuitively, this objective function should measure some kind of distance between the
generated data distribution G#p, and pga:.. Considering such a distance D, the problem of training a generative
network becomes :

min D (G(ag)#pza pdata)

thetayg
Different kind of distances or divergences over the space of probability distributions such as Total-Variation (TV)
distance, Jensen-Shannon (JS) divergence, Kullback-Leibler (KL) divergence are considered in [3]]. Arguing of the good
mathematical properties of the Wasserstein distance, the authors then showed strong evidences of its good performances
when used in the context of generative modeling : synthesized data are of the same quality or better than for classical
GANSs and the trained architecture is more robust.

More recently, many other works have investigated and confirmed the important role played by OT in the theory of
GAN:S, outlined for example in [[7]. The Sinkhorn algorithm presented in [4]] provides a fast computation for entropic
regularization of the Wasserstein distance. Whereas other losses such as MMD were before more appreciated because
of the computational burden of OT, [8] showed how this method could be adapted in a machine learning framework.
However, Sinkhorn doesn’t allow to compute the OT cost between two atomless distributions and pure applications to
the training of GANs or VAE:s still suffer from the lack of reprensentativity induced by the parametric model. Other
solutions has been studied that would alleviate these issues, for example stochastic gradient descent of MMD losses
using RKHS theory as presented in [6]].

More recently, other researches such as [5] have investigated the use of the Sliced-Wasserstein distance to compute
the distance between probability distributions in a generative setting, benefiting from the simple analytical expression
of the Wasserstein distance in 1D to perform a fast, efficient and easily adaptable training. However, the method is
still applied in a parametric setting. This is the properties of the Sliced-Wasserstein distance that we will study in the
following, in a non-parametric approach to generative modeling.

Mathematical foundations of the notion of gradient flow in the space of probability distributions will first be set in
section [2]and 3] Then, details of the numerical implementations and the obtained numerical results will be presented in
section4] At the end of the report, open questions concerning possible future works are discussed.

2 Mathematical background : Optimal transport and (Sliced-)Wasserstein distance

Based on the extensive study presented in [15] or [14]], we give an overview of the mathematical tools that are needed
in order to justify the numerical methods that we will present after.
We will work on probability distributions, defined as positive measures on two complete and separable metric-spaces X’
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and . We could in fact restrict ourselves to X’ and ) being the same compact set Q2 C R? for a given dimension d. We
only consider distributions with finite second order moment, belonging to the space :

Pa(X) = {/ |z|2du(z) < oo, pu probability distribution}
X

2.1 Wasserstein distances

Given an initial measure x4 and an objective measure v optimal transport focus on the problem of finding a transport plan
T minimizing the transportation cost [, |# —T'(2)|?du(z) under the constrain T#p = v, where # is the push-forward
action. Relaxed version of this problem has been proposed by Kantorovitch :

(MK) : inf / |z — y|?dn(z,y) (D
m€l(pm,v) Sy xy

where IT(1, v) is te set of joint probability distribution over X' x ) with respective marginals x and . The 2-Wasserstein

distance between p and v is then defined as :

W22(M7 v)={ inf / |z — y|2d71'(x,y)}1/2 2
XY

mell(p,v)
We state here the fundamental properties of the Wasserstein distance :

Property 1. The Wasserstein distance Wy defines a distance on Pa(X), i.e. it is positive, definite and satisfies
the triangular inequality. Furthermore, the Wasserstein distance metricises the topology of weak convergence or
convergence in law over Py (X), i.e. for every 1 and every sequence (yi,,) in P2 (X) :

n—-4oo

o = 1 = Vf € Cy(X), /fdunm/fdu e W, 1) 224

Remark 2. Pointed out in [3], this property of metricising the weak-convergence topology is appealing in a machine
learning framework as other distances or divergences such as Kullback-Leibler, or Total Variation are in a certain sense
too "strong" and can’t handle distributions with non-overlapping support : 1 and v can be very distant for these distances
and very close in W5 distance. In particular, this can append when the distributions are degenerate and supported on a
low-dimensional sub-manifold of X which is often the case in generative modeling. GANs and VAE:s in fact exploit
this idea by trying to represent complex distributions with only a few entry or encoding parameters.

Optimal Transport in 1D We focus on the case X = R where we can provide simple analytical solution to the
problem of optimal transportation under mild assumptions :

Theorem 3 (1D monotone rearrangement). Let u, v be two probability distribution over R and let F', G be their two
respective cumulative distribution function. Let’s furthermore assume that | is atomless, i.e. admits a density with
respect to the Lebesgue measure. Then the map T = G~ o F is the unique solution of the (Monge) OT problem, i.e.
(Id, T)#u solves (1) and we have an analytical form for the Wasserstein distance :

Wiw) = [ o= 67" o Fa)Pdu(o) /|F OIR

Where F~' and G~ 1 stand for the generalize inverse of the non-decreasing, right-continuous functions F and G, also
called quantile functions.
The function ¢ on R such that ' = Id — G~' o F is called the Kantorovitch potential between the measures y and v.

In other words, the OT maps each quantile of the first distribution to the same quantile of the second distribution, a
formulation that allows for direct numerical applications. Indeed, even if it does not fit with the assumptions made in
theorem 3] we can consider two distributions defined over the same number of atoms and uniformly distributed over
these atoms. Then the same kind of result apply :

Proposition 4. Let (x;)1<;<n and (y;)1<;<» be two families of points on R and let us define the atomic distributions
= % >0y, and v = %L >~ d,,. We note 0, and o, the permutations sorting the families (x;)1<;<» and (y;)1<j<n
respectively in ascending order. Then the OT cost between the two distributions is given by :

n

1
W3 (p,v) = - > 2o, i) = Yo, )
i=1
defined by the monotone rearrangement 7" such that for all z, T(;va“,(i)) = Yo, ()

Numerically, computation of the OT cost is straightforward using argsort function.
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2.2 Sliced-Wasserstein distance

This last result motivated the idea of introducing the Sliced-Wasserstein distance which is based on the computation of
Wasserstein distances between probability distributions projected on straight lines with different directions. We rely
here on the extensive mathematical study that was performed in [12].

Definition 5 (Radon transform). Let . be a probability distribution over R¢, and 6 belonging to the centered unit
sphere SY~1. We define the Radon transform @+ 1 of 1 in the direction 6, the probability distribution defined by the
push-forward action against  of the scalar product with 6. If we take f € C.(R) as test function we have :

/R F(O)d0#p(t) = / S )du(t)

Interesting property is that Radon transform actually results in "slicing" in the Fourier mode : for every 6 € S?~! and
s € R, if F denote the Fourier transform then F(6#u)(s) = F(1)(s6). In particular the Radon transform is injective.
As pointed out in a remark in [14], Radon transform and the sliced-Fourier property has already proven useful in lots of
applications such as medical imaging and computer tomography. It allows here to define a numerically appealing kind
of distance.

Definition 6 (Sliced-Wasserstein distance). Let 1, v be two probability distribution in Py (R?). Then for any § € S%—*
the Radon transform 64y and 04 v belong to P2 (R). In particular we can define the 2-Sliced-Wasserstein distance
between p and v by :

SWio) = [ WRORn )0 @)

where df is the uniform probability distribution over S¢—!.

Positivity and triangle inequality directly follows from the fact that W5 is already a distance, and the fact that SWo
is definite comes from the above remark about injectivity of the Radon transform. In fact, it is provable that the this
distance is equivalent to the classic Wasserstein distance, in particular they define the same topology on P»(£2) when €2
is a compact subset of R%,

Theorem 7 (Equivalence of SWy and Ws). Let R > 0. There exist a constant Cyq > 0 such that for every p,v €
P2(B(0, R)) we have :
- 2 1/(d—1) 1/(d+1)
C SWQ(N?”)SWQ(ny) < CyR SWQ(/}J’V)
d
Although equivalent to the W5, SW5 has the advantage to be numerically very simple to compute. Indeed, in the case
of atomic distribution with uniform weights, considering a large number of directions (¢;)1<;<n, sampled uniformly

on S?~! we can approximate SW2(u, ) by :

n

Ny
11
SW;(M’ V) = Eﬁ Z Z<9’ x""j#u(i) - y""j#v(i)>2

j=11i=1

Remark 8. Integration of the 1D transport maps Ty = Ge_l o Fy also allows to recover a general measure transport as
S:ax— x+ [gu (Ty(x) — x)df. Although the map S does not transport 1 onto v in general, we can expect it to
be a good approximation of the exact optimal transport when both measures are close. This give rise to the idea of
considering an iterative process jin+1 = S, Where S, is the "optimal SW map" between measures (i, and v. This
is the intuition behind the method originally proposed by [13] and used in [[L1].

Remark 9. We have considered here Radon transform that are the push-forward image of a measure by the scalar
product. In terms of density, this boils done to the integration of the density on a (d — 1)-dimensional hyper-plane. If
admits density p, then 04 admits a density 64 p with respect to the Lebesgue measure given by :

Vz € R, 0#p(z) = / p(20 + x)dx
Ha—1(0)

where H,_1(6) stands for the orthogonal of §. This consideration allows to generalize to other transformation given by
integration of the density on various parametrized (d — 1)-dimensional sub-manifolds. This is the idea exploited in [L0]
to define generalized form of SW distances and to study their numerical property, thereby demonstrating their superior
performances over "classical" SW distance in various generative modeling applications.
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2.3 Maximum Mean Discrepancy (MMD) loss

Their link with Reproducing Kernel Hilbert Space (RKHS) theory made MMD losses widely used in machine learning
applications because of their nice computational property for appropriate choices of what is called a reproducing kernel.
What use here the definitions proposed in [2].

Given a characteristic kernel £ : X x X — R we denote by H its corresponding RKHS endowed with the scalar
product (., .)3,. We recall that  is a space of functions over X’ with the fundamental property that for every u € #H and
everyr € X

k(x,.)eH
A classical choice for k is generally the gaussian kernel k(z,y) = e~le—yl?

Given two probability measures p, v € Pa(X'), we can define the MMD loss between p and v :

Definition 10 (MMD loss). Let p, v belong to Po(X'). MM D(u,v) is the Hilbert norm of the of the unnormalized
witness function f, ,, which is defined as the difference between the mean embedding of the measures :

MMDk(UaV) = Hf;t,l/”?‘-[a fu,u(z) = /Xk'(z, )dﬂ — Ak(z, .)dV, Vze X

or equivalently through the reproducing property of k :

MMDuv) = [ b dp(@inta) + [

Ky, )do(y)du(y') — 2 / k(e p)du(@)dvly) @)
XxX

XXX

We note that which should not expect this loss to be a distance over Po(X') in general, as it may not be definite or may
not satisfy the triangular inequality.

2.4 Sinkhorn divergence

Sinkhorn divergence between two probability distributions ;4 and v is defines through a regularization of the optimal
transport cost. Given a regularization parameter €, let us define the entropic regularization of the OT problem by :

(s _min [ o= yPdn(e) + eKLixlne )
mell(p,v) Jxyxx

Definition 11 (Sinkhorn divergence). Given the optimal coupling 7. for the strictly convex problem (P, ), the associated
regularized Wasserstein distance is defined by :

W2u) = [ e,
XXX
The Sinkhorn divergence is then defined as the symmetrization of the squared W, :

1 1
Se(p,v) = WE(/‘?”) - §W52(:u'7/f“) - §WE2(V7 V) ®)

A fundamental property shown in [8] is that the Sinkhorn divergence can be viewed as an interpolation of between the
classic OT cots W5 and a MMD loss.

Theorem 12. Let p,v belong to Py(X) and let MM D_| > be the MMD loss defined by equation (E]) with kernel
k:(z,2") — —|x — 2'|%. Then we have the following limiting behavior :

1 Se(pyv) =% Welu,v)

2. Se(p,v) 20, MMD_, 2 (u,v)

3 About gradient flow in the space of probability distributions

For the sake of the self-containment of this report and because these considerations build the foundations of the
numerical methods that we will present later, we make here a note about continuity equations, based on the theory
presented in [[1]].
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3.1 Continuity equation

The following fundamental theorem gives a characterization of absolutely continuous curves in the Wasserstein space
P2(X) and make a link between the theory of OT and the theory of transport ODEs.

Theorem 13 (Absolutely continuous curves and the continuity equation). Let I be an open interval in R and p; : I —
P2 (X) be an absolutely continuous curve for the metric Wy. Then there exist a vector field v : (z,t) — v(x) such that
vy € L?(uy), Vt € I and the continuity equation

Oy + div(vgpy) =0in X x T (6)

holds in a weak sense, i.e. for every test function p € D(X x I) :

// (Ozo(z,t) + ve(x).Vaep(x,t)) du(z)dt =0
rJx

Remark 14 (Link with the theory of stochastic processes). Equation (6] is non-linear in general and is known in the
theory of diffusion processes to belong to the class of McKean-Vlasov equations. Under few assumptions on the
vector field v; one can show that there exist an unique stochastic process (X;):>o satisfying the Stochastic Differential
Equation :

dX, = v (Xy)dt, X~ po @)
Then at each time ¢, the law 1, of X; can be proved to satisfy equation (6).

The best example of application of this theorem is to geodesic curves of Py (X'). Considering two absolutely continuous
measures £, v in Po(X), we know thanks to Brenier theorem that there exist an (unique) optimal map 7" which is
solution of the Monge problem. Then the curve defined for ¢ € [0, 1] by u: = ((1 — t)Id + tT)#u is a constant speed
geodesic between p and v and satisfy the continuity equation :

ﬁtut + di’U(’Ut,U/t) =0inX x1I (8)
where v; is the vector field defined on X' by v,((1 — t)x + tT(z)) = T'(z) — .

Inspired by the method proposed in [11] to discretize the continuity equation derived by the gradient descent of the SWo
functional, one could try to directly discretize equation [§]in order obtain the same kind of non-parametric generative
model. Unfortunately, this is impossible in practice as the computation of the vector field v; precisely rely... on the
knowledge of the optimal transport map T, which then become a "Catch 22" problem.

3.2 Gradient flow

Generalizing the notion of gradient flow in vector spaces, we take advantage of the metric structure of P, endowed with
W3, to study the notion of gradient flow of functionals over probability distributions. We first define the notion of first
variation of a functional based on [14] :

Definition 15 (First variation). Let ' : P3(X) — R be a functional. For every measure p € P2(X) we call first

variation of ' at y, noted as ‘;—F (), if it exists, any measurable function such that :
w
F - F oF
iy Tt ex) = Fu) _ LN
e—0 € x Ou

for every perturbation xy = i — p with i € Pa(X)

The gradient flow of F' is defined under the form of a continuity equation :

Definition 16 (Gradient flow). Let F' : P2(X) — R be a lower semi-continuous functional. We will define as the
gradient flow of i of the functional F' any solution of the continuity equation :

. OF
O piy — dw(utva—(ut)) =0 )
et

with initial data pug = p.

This definition of the gradient flow is in fact obtained when taking the limit 7 — 0 in the piece-wise constant
interpolation of the iterative process :

. 1 B
ME+1 = argman, F(u) + EW2 (/b Mk)
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called Minimizing Movement Scheme of the functional F. Thus equation (9) can be interpreted as the continuous
displacement of 1, in the direction of steepest variation of F'. Furthermore, decay of F" along the flow is analytically
justified by the formal computation :

dF oF . oF
E(Mt) = —/X m(ﬂt)ddw(utvm(ut»
§F 2
- 5,ut (/'[/t) d/’(‘t

However, one can not expect that the gradient flow p; will converge towards a global minimum of F' in general.

Theorem implies that for a given reference measure v, the functional F : p — SW2(u,v) is continuous. The
following proposition, proved in [12]], gives a formula for its first variation :

Property 17. Let u, v belong to P2(X') and let us assume that v is absolutely continuous. Then for each 6 € S9!
there is a Kantorovitch potential ¢y between 4 and #nu and if x = & — p with i € Po(X) then :

2 _ 2
lim SWelet o) = SWs () =/d /wa (2.0)dx ()6 (10)
gd—1

e—0t €

In other word, the first variation of SW3 is given by the average of the Kantorovitch potentials in each direction.

In the case of the squared MMD losses, as pointed out in [2]], the computation of the first variation is directly given by
the evaluation of the witness function f,, , :

M M D? MMD?(
lim bt ov) - (. /fﬂ vy (11)
e—0 2¢
4 Numerical implementation
We focus on the numerical resolution of the non-parametric optimization problem :
min F'(u) (12)

pneP2X

where F' is a functional, assumed to be at least l.s.c., measuring a "notion of distance" between p and an objective
measure v. Here, for computational facility and because it fits within the context of generative modeling, we will
assume v to be the atomic measure :

M
V= E aj(SYJ'
j=1

. Where a; are positive weights summing to one and Y7 can be interpreted as observed data. Note however that the
presented method can be easily adapted to the case where v admits a density.

In order to solve problem (I2)) we aim at simulating the McKean-Vlasov equation () starting from a reference measure
Lo, which is a problem we know to be equivalent to the simulation of the law of a process X; satisfying equation /| with

vector field v; = fvgf (1e) :
OF
dXt = Ut(Xt)dt = _va(ﬂt)(Xt)dta X() ~ o (13)
In fact one only want to draw samples from p; at each time ¢, knowing the displacement vector field v; = —V%—i (1e)s

that can be done efficiently by drawing = from (o and resolving the transport equation :
zp = v(xy), 10 =
For a given time discretization step 7 > 0, one can for example use the explicit Euler scheme :
Tntl = Ty + TUnr (Tn), To =2
However the dependence of the vector field with respect to the global law p; of X; prevents us from doing so since

the law of p; can’t be estimated a priori. The solution proposed by [[11]] is to draw the flow of a whole system of [V

particles, approximating at each time step the real solution p,,, by the empmcal distribution fi,, = % > i 0z,

The obtained procedure, called Euler-Maruyama discretization scheme, is detailed in algorithm [ and reads as follows
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Algorithm 1 Gradient flow discretization
1: procedure min,, F'(u)

2: Choose a reference measure i, time step 7 > 0 and integer K and calculate the gradient flow p; at every time
kt with g = p.

3: X{ ~iid o,V = Zj a;0y;, drift € {True, False}, A

4: for k < K do

S: [ ]1, Z (SXi

6: Compute for each i : 9j,(X}) = -V (uk)(X }) (this step depends on the flow)

7: Update for each i : X}, = X} + vk(X )

8: if drift then

9: For each 7 : k+1+ \/2)\77’ZZ with (Z})k,i ~iia N(0, 1)

10 Output: (X%);

1. Fori € {1, ey N}, draw X(Z) ~iid KO
2. Fork € {0,.... K =1}, Xj = Xj + op(X}) = X} — 7V 55 () (X))
with i, = ﬁ >0 Xi the empirical distribution at step k and ¥y, its associated displacement vector field.

See the subsections below for the details regarding the computation of the displacement vector field for each of the
considered flows.

4.1 Computing the SW Flow

For the particular case of the Sliced-Wasserstein flow, F' is given by the entropic regularization of the squared SW5
distance between y and the objective distribution v, i.e. :

Fm = LSWE(nv) + M (1)

where H is given for a distribution p by H (u f + p(x)log(p(x))dx if p admits a density p and H(u) = +o0
otherwise. Following equation (I0) the gradlent of the first variation of F) is glven by :
OF
V—=(u 0)0do + —
5M / Yp(2.0) + P

where 1y is the Kantorovitch potential between 8#u and 641 and p is the density of p. The continuity equation
associated to the gradient flow of F’\ then reads :

Oy = —div(vgpe) + AMApy,  with vector field v (z) = — Py (x.0)0do (14)
gd—1

Even if it makes assumptions that take us outside of the context of our numerical application, the authors of [11] justified
the existence of a solution for this flow :

Theorem 18. Let v be a probability measure on B(0, 1) with strictly positive smooth density. Choose a regularization
constant \ > 0 and a radius r > \/d with d the data dimension. Assume that jiy € P2(B(0, 1)) with density po with
respect to the Lebesgue measure. Then there exist a solution (fu);>¢ for the flow with initial data py. Furthermore,
e has density py for every t > 0.

Numerically, [[11] proposes a an approximation of the integral defining v; via a Monte-Carlo estimate involving to draw
randomly Ny direction @ from S¢~1. However, it works as well and as it induces important computational simplification,
we preferred a stochastic approach. At each time step k, the displacement vector field is estimated by :

f)k(x) = _d];cﬁk (:L'Qk)ek, with 0 ~jiq Z/[(Sd_l)
The Kantorovitch potentials are computed using sorting and cumulative distribution. At step k and for a projection

direction 6, we note o and 7 the permutation sorting respectively ((¢, X:)); and ({6, Y7)); in ascending order. The

quantile function QF is defined for each index i as the index j such that : Zl Loy Si/N < Zz 1 Qo). We
have :

Po(x) = x — Fop, 0 Foyp, (z)
ie. Wk g o(X7FD) = x7HO _yr"(@Fa)
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Therefore, at each time step k, particles updates reads :
Vi, Xpo1=Xp—rop(X0)+V2ATZE,  with  Zf ~ia N(0,1)

Remark 19. The brownian drift Z; added at each step is induced by the entropic regularization of SW3 and the
laplacian term in the gradient flow equation. Brownian motion is indeed famously known in diffusion processes to
generate solution of the heat equation. In our case, entropic regularization is introduced in order to generate sufficiently
expressive results and avoid mode collapse.

Remark 20. The choice of performing stochastic optimization was also motivated by the following result from [13]]:

Theorem 21 (Pitié-Kokaram-Dahyot). We assume p is absolutely continuous and v is a gaussian measure. At each
step k we let B, = (e}, ..., eg) be an orthonormal basis of R used to compute the updates displacement vector field :

1 i\ %
vg(z) = g ng,e; (z.ep ey,
i

; . ; . . . E
Then if the basis ( By, ) >0 are independent uniform random variables over the set of all orthonormal basis, [, bodeo,

almost surely.

Note that in [L1]] the authors choose to draw first a set of directions (6;), supposed to be representative of the whole
sphere S, and then compute the flow using the same set of directions at each step. In a generative setting this
approach allows to easily draw the flow of a supplementary particle as one just need to store one set of directions instead
of a set of directions for each step. However according to this theorem, this approach may lose in precision.

4.2 Computing the MMD flow
In the case of an MMD flow, F' is a squared MMD loss induced by a given kernel k as in (4) :
1
F() = 3MMD(s,v)

Recalling equation (TT), the gradient of the first variation is given by :

OoF
EWM@:AV%md@wfvﬂde@

Thus, the displacement vector field is numerically estimated at each step k by :

) 1 . .
n(2) = -5 > Vak(X},2) + Y a;Vak(Y7, )
i J

\%

and particles updates reads :
Vi, Xpy=Xp+71op(X})
Remark 22 (Boosting the convergence rate). In all the examples showed after we used the gaussian kernel k(x,y) =

e~1#=ul*/20* Other kernels have been tried out, but none shown better results. Note that we set o according to the
data such that it scales with the maximum of the encountered norms during computation. This allows to boost the
convergence which tends to be slowed by the fast decay of the gaussian kernel. However, this was not enough and we
had to scale the step size by approximately 100 in order to obtain convergence rates that are comparable to the ones of
the SW3 flow.

Remark 23. As the displacement vector field is expressed as a mean, we have tried some stochastic optimization
approach in order to gain on computational time. However, none of these attempts ever generated a good fitting of the
objective data.

4.3 Computing the Sinkhorn divergence flow

For the Sinkhorn flow, F is set to be the Sinkhorn divergence of equation (5) for a given value of e:

F(i) = Se(fir,v)

= Z | X5 = Y7 PPy + eKL(P||(1/N)a") — % > IXL = X[PQij + eKL(QII(1/N)(1/N)T)
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where P and () are the two joint distributions solutions of the optimization problems associated respectively to
We(jig,v) and We(fug, fir:). They are obtained by Sinkhorn iterations.

The gradient of F' is given in each index i by :
ViF (i) =2 Pii(XE—Y7) =Y Qij(Xi — X{)
J J
1, , ;
= X~ 221%1” + ZQin,g
J J
And the particles updates at each time £ reads :

Vi, X=X, —7ViF(iu)

Remark 24. The level of entropic regularization e is constant in our examples and set to 0.1. This allows for
regularization and accelerate the convergence of the Sinkhorn iterations : only few (~ 10 or 20) are necessary at each
time step in order to obtain a good gradient.

4.4 Numerical results

We show here some numerical examples in order to illustrate and compare the performance of each of the aforementioned
flows. Used parameters are gathered in table|[T]

General parameters
Dimension d=2
Time step T=20.01
Number of iterations K =1000
Drift level A =0.001
Sinkhorn-flow specific parameters
Sinkhorn regularization level e=0.1
Sinkhorn iterations at each step 10 iterations
Gradient boost 7' = 2007
Drift reduction N =1/10
MMD-flow specific parameters
Kernel k(z,y) = e lz=vl"/207
Space normalization o =max; ;{| X} — X3|,|Xi - YI|,|[Y' - Y|}
Gradient boost 7 = 3007
Drift reduction A = /100

Table 1: Numerical parameters used in the experiments

In order to illustrate the geometric properties of the flow, we set the initial measure ;. to be uniform on the circle S! and
the objective measure v to be the continuous displacement of the same measure (no re-sampling) into a triangle, which
is the gradient of a convex function. Results of the computation and associated losses are presented in figure|[I] In order
to fully compare the quantitative performances of the different flows, both scaled losses (i.e. such that loss(0) = 1)
associated to each distance and reference OT losses are computed in log scale.

One can see that the best fit is performed by the SW-flow. In fact, equivalent fit would be realised by the Sinkhorn-flow
after a few more iteration but the MMD-flow doesn’t perform as well and generated figure is blurry. Every flow manage
to perform significant decrease of both its associated loss and the OT loss. However, if the losses decrease fast along the
first iterations for the MMD flow, convergence is slower at the end such that, in OT distance, the generated figure is a
bit more far away than the Sinkhorn’s one. The figure generated by the SW-flow is by far the closest to the objective.

In particular, ones sees that computation took much less time for the SW-flow, thanks to the adopted stochastic
optimization method. On the other hand Sinkhorn- and MMD-flow took much more time to compute. This fact is
explain for the Sinkhorn-flow that one has to compute several costly Sinkhorn iterations at each step. Although we only
performed few (10 iterations) we see that it hinders performances.

We performed the same tests adding a drift to the flow as was originally proposed in [11]]. The drift is designed to add
in generalization and its level is managed by the constant A that we set to a low level : A = 0.001. However, we noticed
that Sinkhorn-flow and MMD-flow responded particularly bad to the addition of this drift. For the Sinkhorn-flow this
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SW stochastic flow (t = 45s) Sinkhom-divergence flow (t = 408s) MMD flow (gaussian kernel) (t = 136s)
15 15

e |
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i ]
-0.5 -0.5 _/
-1.0 -1.0
1o -65 00 05 10 15 10 -65 0o 05 10 15
0 —— SW stochastic flow —— SW stochastic flow
1 Sinkhom-divergence flow -11 Sinkhom-divergence flow
== MMD flow (gaussian kernel) \ —— MMD flow (gaussian kernel)

0 200 400 800 800 1000 0 200 400 600 800 1000

Figure 1: Fitted data and losses after a flow of N = 500 particles towards objective measure v = V p#u, with times
step 7 = 0.01 and number of step K = 1000, without drift.

Initial, objective and fitted data are respectively in blue, red and green and ¢ stand for the computational time in the
upper figure. Lower figures show the evolution along the flow of respectively the log scaled respective losses (right) and
the log OT losses (left).

might be explained by the fact that it already performs generalization via the Sinkhorn iteration. For these flows, noise
level was down-scaled to a factor 100 in order to obtain the results showed in figure 2]

One observes the same kind of behavior as without drift, excepted the fact that generated figures are more blurry
therefore showing that generalization is indeed performed. Note however that these good results come from that fact the
noise level A was adapted for each flow, becoming very low for Sink- and MMD-flow A ~ le~°. Without that, results
wouldn’t have been good.

In many applications, such as medical imaging, the smoothness of the flow is a very important criteria. In particular
tearing of the data should not appear. In order to observe the smoothness of the flows we computed the evolution of
the generated figures in figure[3] One can see than no tearing appear and that every flow respect the geometry of the
problem.

Remark 25. Concerning the performances of the MMD flow it is possible that the choice of a gaussian kernel if not
fully adapted to the problem, and that the choice of an appropriate kernel would significantly boost the performances.

5 Open questions and sketch of ideas

As pointed out in section 3] it is not to be expected that the gradient flow of a functional F* will converge towards a
global minimum of this functional or even a local minimum. Some ideas to study the convergence of the flow of SW5
are already given in [12] :

Property 26. Let ;1 € P5(X) be a an absolutely continuous measure with strictly positive density. Then p = v is and
only if :

Py (x.0)0df = 0, for p-a.e. x
Sd—l
where 1)y is the Kantorovitch potential between 01 and 0#wv.

This in particular implies that if v is absolutely continuous, then it is the only stationary point of the flow.
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SW stochastic flow with drift (t = 46s) Sinkhorn-divergence flow with dnft (t = 411s) MMD flow (gaussian kernel) with dnft (t = 136s)
15 15 15

10

05

1o -5 00 05 10 15

Log scaled losses (with dnift) Log OT losses (with drift)
01 ~— SW stochastic flow —— SW stochastic flow
1 . Sinkhorn-divergence flow -1 Sinkhom-divergence flow

—— MMD flow (gaussian kernel)

— MMD flow (gaussian kernel)

0 200 400 600 800 1000 0 200 400 600 800 1000

Figure 2: Fitted data and losses after a flow of N = 500 particles towards objective measure v = Vp#u, with times
step 7 = 0.01 and number of step K = 1000, with drift level A = 0.001 adapted for each flow.

Initial, objective and fitted data are respectively in blue, red and green and ¢ stand for the computational time in the
upper figure. Lower figures show the evolution along the flow of respectively the log scaled respective losses (right) and
the log OT losses (left).

SW stochastic flow

O

O OO
) (D (0 (2 (> [»

MMD flow (gaussian kernel)

OO0 000

Figure 3: Transforming data along a flow of N = 500 particles towards objective measure v = Vp#u, with times step
7 = 0.01 and number of step K = 1000, without drift.

Figures correspond in each column respectively from left to right to iteration {0, 100, 200, 300, 400, 500}. For each
particle its color is set at the beginning, doesn’t change along iterations and is the same for each flow

However, this considerations are outside of the context of our numerical method where v is by definition an atomic
measure. In fact, one big obstacle to prove the convergence of the gradient flow is the lack of convexity of the functional
F : it is known that W3 is not geodesically convex and MMD losses are not convex in general. The question of wether
SW22 is convex 1is still open : on one hand, the Sliced-Wasserstein distance is based on the classic Wasserstein so it
seems improbable that it will be convex. On the other hand SW only relies on the 1D W5 and averaging over the
sphere could act as a convex regularization, inducing convexity where there is not for W.2. We give an example to
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motivate this idea, based on an example proposed in [1]]. We take three atomic probability distributions over R?

1

1 1
v= 5(5(0,0) +90(2,0))s 1 = 5(5(0,0) +0(-1,2))s 2 = 5(5(0,0) +9(-1,-2))

Then the constant speed geodesic between p1 and pz is given for ¢ € [0, 1] by

1
e = 5(5(—t,—2t) +0(t—1,2—20)

and W3 (u, ) posses a concave cusp at t = 1/2. However, calculation shows that SW3 (1, v) is fully convex between
on [0, 1]. Evolution profile of both functional are drawn in figure

Squared SW distance Squared W distance

38- \ . \ /

84 1
321

82

30

0‘0 DI2 I}I“\l DIE DIS 10 0.0 02 04 06 08 10
Figure 4: Evolution of the squared Sliced-Wasserstein (right) and Wasserstein (left) distance along the flow pi;

One sees in this example, that concavity disappears when observing W2 (04 1;, 041 ), the squared Wasserstein distance
of the projected measures, for some direction 6. This suggests that in order to further investigate the convexity of SW23
one should first study the case convexity of W3 in 1D

6 Conclusion

This report’s goal was to present the numerical method proposed in [[L1] to solve the problem of generative modeling in
a fully non-parametric framework. We approached this problem under the general angle of gradient flow in the space of
probability distribution whose mathematical foundations were set in section [2]and 3] and proposed different numerical
implementation of this flow, one corresponding to the Sliced-Wasserstein flow of [11]] and other corresponding to the
Sinkhorn-flow and the MMD-flow with gaussian kernel. Detailed description of the implementations and presentation
of the numerical results were performed in section 4}

Through these experimental results one could notice the superior performances of the SW-flow whose quality of the
generated data is equivalent or better than the one of both other flows, visually and in term of OT distance. Furthermore,
SW-flow benefits from the very low computational time that is induced by the choice of a stochastic optimization
scheme whereas Sinkhorn-flow and MMD-flow suffer from large computational time. For the first one it is induced by
the obligation to perform several Sinkhorn iterations at each time step. More generally, the experiments carried out the
remarkable convergence properties and robustness of the SW-flow.

However, many theoretical questions are still to be answered to rigorously justify its use. In particular, one has no
guarantee that the generated data will converge towards the objective distribution along the flow in a general setting. A
first step to answer this question would be to study the geodesic convexity of the SW3 functional.
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