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Abstract. This paper presents a mathematical analysis of ODE-Net, a continuum model of deep neural net-
works (DNNs). In recent years, machine learning researchers have introduced ideas of replacing the deep
structure of DNNs with ODEs as a continuum limit. These studies regard the “learning” of ODE-Net as the
minimization of a “loss” constrained by a parametric ODE. Although the existence of a minimizer for this
minimization problem needs to be assumed, only a few studies have investigated the existence analytically
in detail. In the present paper, the existence of a minimizer is discussed based on a formulation of ODE-Net
as a measure-theoretic mean-field optimal control problem. The existence result is proved when a neural
network describing a vector field of ODE-Net is linear with respect to learnable parameters. The proof em-
ploys the measure-theoretic formulation combined with the direct method of calculus of variations. Secondly,
an idealized minimization problem is proposed to remove the above linearity assumption. Such a problem is
inspired by a kinetic regularization associated with the Benamou-Brenier formula and universal approxima-
tion theorems for neural networks.
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1 Introduction

Deep neural networks, or deep learning, now constitute a core of artificial intelligence
technology, but their theoretical inner mechanisms have yet to be explored. In particular,
there have been few theoretical contributions regarding “learning” DNN5s, despite prac-
tical demands for them, where “learning” is, broadly speaking, to minimize the so-called
“loss” by optimizing a parameter 6 of DNNS.

Our research aims to establish a well-posed mathematical formulation of the learning.
To achieve this aim, some researchers have brought languages of dynamical systems and
differential equations into DNNSs, for example, in [22,27,/54]. In short, one can regard
a continuum limit of DNNs in their depth as an ODE. Many researchers have attempted
to dissect DNNs through some ODEs, designated as ODE-Net throughout the paper. For
more information on these attempts, see the survey in Section 2l Based on this survey,
well-posednesses, such as the existence of a minimizer of loss, have not yet been fully
explored in the context of these studies.
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Accordingly, our goal in this paper is to prove the existence of a minimizer for learning
ODE-Net, formulated as a regularized minimization problem constrained by a continuity
equation.

1.1 Target problems and main results

First of all, we are going to study the existence of a minimizer of the following kinetic-
regularized minimization problem.

Problem 1.1 (Kinetic Regularized Learning Problem Constrained by ODE-Net). Let A > 0

and € > 0 be constants, let ) be a subset of R and let v: R? x R” — R?and ¢: R? x ) —
R+ be continuous. Let yg € P.(R? x V) be a given training data. Set

— T A 2, €912
18y = [, e [ (Slote)P+5l0R ) dmrar @)

for u € C([0, T]; (P2(R? x ¥),W,)) and 8 € L2(0, T;R™). Note that v(e,0) € L2(du) is
a vector field on R? for u € P.(R?) and 6 € R™. The learning problem constrained by
ODE-Net is posed as the following constrained minimization problem:

inf{](y,@) ‘ e C([0,T]; (Pa(R x V), Wh)), 6 € L2(0, T;]R’")}
subject to

{Btyt +divy (pe(x,y)o(x,0:) =0, (xv,y) € RYx ), te(0,T),

1.2
Plt|t:0 = Ho, 12

where P;(IRY x )) denotes the set of regular and Borel probability measures compactly
supported on RY x ), (Pz(le x )),W,) denotes the (L2-)Wasserstein space defined in
Section3.2}, C([0, T]; (P(R? x )), W,)) denotes the set of curves which is continuous with
respect to the Wasserstein topology (see also Definition3.T), and

ue C([0,T]; (Pa(RY x V), W,))
is supposed to solve the Eq. (L.2) in the distributional sense of Definition[3.2]

Remark 1.1. In Problem the ODE-Net corresponds to the continuity equation (1.2)
with a parameter 6;, and the learning to the minimization of a functional | with respect to
a parameter 6 and a solution y; to ODE (L.2).

The first term in measures the so-called loss. The second term in is called
a “kinetic regularization” in [25] because it represents the kinetic energy when v(e,0)
(6 € R™) is regarded as a velocity field on R?. By letting this kinetic energy be as small as
possible, we could control the velocity field so that the support of the solution p; to
does not change wildly. The third term is often called an L?-regularization, which is fa-
miliar with the well-known Ridge regression.

In order to prove existence of a minimizer for Problem[L.1] we shall impose the follow-
ing assumptions on ), ¢ and v.
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Assumption 1.1. The label set Y C R is compact, and the loss function ¢: RixY — R,
is a continuous function of 2-growth, see also Definition[3.1]

In addition, following the previous works on ODE-Net [7,48,49,52,161], we impose
the assumption below that the neural network v(x, 0) is linear with respect to 6, but not
necessarily linear with respect to x.

Assumption 1.2. The neural network v in (I.2) is linear with respect to 6, i.e. the parame-
ter 0 is a d X p matrix and v satisfies

v(x,0) = 0f(x), (1.3)
where f: R? — R” is a Lipschitz continuous function.

Assumption[I.2lis not a serious restriction. In fact, [58, Theorem 1] shows that for a neu-
ral network v that is nonlinear with respect to 0, there exists another neural network that
is linear with respect to 6 and can approximate the solution y of ODE-Net (L.2). Thus,
Assumption[.2lis not so restrictive in discussing the existence of the minimizer for Prob-
lem [Tl Rather, Assumption[Il.2lcan address neural networks unbounded with respect to
parameters 6, which commonly appear in modern DNNs. In contrast, previous theoretical
works often assume a bounded neural network, details of which will be given in Section[2]
below.

Under these assumptions, we obtain one of our main results in the present paper.

Theorem 1.1 (Existence of a Minimizer). Under Assumptions[LIland .2} there exists a mini-
mizer (u,0) € C([0, T]; (P2(R? x V), W,)) x L?(0, T;R™) for Problem L1l

It should be noted that by virtue of this theorem, one can assume that the deep learning
model as in Problem [T with Assumptions [Tl and [I.2] is well-defined so that we can
pursue the mathematical analysis of the learning of ODE-Nets. We also remark here that
the uniqueness of such minimizers cannot be generally expected since the problem is over-
determined with a large degree of freedom in 6. We will also mention the uniqueness in
Remark @.3below.

We note that Assumption[I.2ldoes not hold for all neural networks. For example, two-
layer ReLU networks v(x,0) = A(Bx)., 8 = (A,B), A,B € R**, are not linear with
respect to 8. This network is quite commonly used, not only in ODE-Net but also in the
so-called ResNet, as illustrated in [28| Fig. 2].

In order to provide existence results for these cases as well, we shall consider an ideal or
relaxed version of Problem[L.1l To this end, we shall employ the universal approximation
theorem by Cybenko [18] or the Kolmogorov-Arnol’d representation theorem shown by
[5/133,555], they insist that neural networks v can approximate or represent arbitrary vector
tields. Those theorems inspire that the ODE-Net is no longer parametrized by 6, i.e. the
ODE-Net is just driven by a family of vector fields (vt);c[o,r)- From this perspective, our
ideal setting for the learning reads:

Problem 1.2 (Ideal Learning Problem). Let A > 0 be a strictly positive constant, let £: R? x
Y — R be continuous, and let pg € Pc(le x )) be a given input data. Set
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f(y,v) = /Rdx dut + / / |v x, 1) | dps(x,y)dt (1.4)

for u € C([0, T]; (P2(R¥ x ¥),W,)) and v € L?(du;dt), where v € L*(du;dt) means that
the squared integral of v(x,t) in the measure dy;(x) over R? is integrable in time  over
[0, T]. Then an ideal learning problem constrained by ODE-Net is posed as the following
constrained minimization problem:

inf {J(1,0) | 1 € C(0,T); (P2(R? x V), Wa)), v € L(dpidt) }
subject to

ot + divy (o) = 0 (in the sense of Definition [3.2), (15)
,ut|t=0 = Ho- '

In contrast to Problem[L.T] where the parameter 6 is a variable to the functional ], the vector
field v itself is a variable to the functional J in Problem L2l For this idealized problem
containing a broader class of vector fields, we also establish the existence of a minimizer
as in the following theorem.

Theorem 1.2 (Existence of a Minimizer). Under Assumption[L.1] there exists a minimizer y €
C([0, T]; (P2(R¥ x V), W>)) and v € L?(dp,dt) for ProblemT.2)

We have been discussing the well-posedness of “learning” of ODE-Net by formulating
it via a mean-field optimal control problem, in the sense that we have to control trajectories
in the space of probability measures ;. Through the above discussion, it is suggested that
such a learning framework successfully gives a mathematical way to analyze the learn-
ing processes of DNNs. Our main results obtained in this analysis are interesting from
the viewpoint of the calculus of variations in that minimizers exist for nonlinear optimal
control problems such as Problems[I.Tlland [I.2l Moreover, the proofs of our theorems will
ensure that every minimizing sequence contains a convergent subsequence in a suitable
topology, leading to the well-posedness of sequential minimization algorithms such as
gradient descent (GD).

1.2 Contributions of the paper

The present paper contributes to establishing the existence of a minimizer under situations
where the regularization parameter A is not necessarily large in Theorem This situa-
tion can be addressed because, in contrast to the paper [10], we use an argument that does
not rely on a strong convexity of | to prove the existence of a minimizer. In addition, this
theorem can apply to unbounded and non-differentiable neural networks v(x, #), which
are important targets in applications.

As a comparison, a key to our convergence results is to obtain the existence of a min-
imizer of both p and 6 under reasonable assumptions. Bonnet et al. [10] required strong
convexity of |, or a sufficiently large parameter A, in order to obtain strong compactness.
In addition, Thorpe and Gennip [57] and Esteve et al. [24] obtained existence results un-
der an H'-regularization of 6;, and Herty et al. [29] under boundedness for the Lipschitz
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constant of 6: [0, T|] — R", broadly speaking, both of them are assuming that the “dif-
ferentials” of the parameters 6; in time are controlled. While these studies are novel in
that they do not impose assumptions on regularization parameters such as A, the assump-
tions of the continuity or differentiability on parameters 6: [0, T] — R™ should be relaxed
or removed because the functions that ODE-Net can approximate are limited and the ex-
pected value of ¢ cannot be sufficiently small. Furthermore, in the field of ensemble op-
timal control, an existence result in the L2-setting using ODE similar to is proved by
Scagliotti [53, Theorem 3.2]. Pogodaev [45] proved the existence of optimal control of the
continuity equation with parameters 6 relaxed to Young measures on a bounded domain.
As a corollary, the existence of optimal parameters follows if the neural network satisfies
certain convexity conditions, but the continuity of an optimal curve y* with respect to t is
not clear.

Theorem [I.1] also provides one theoretical justification for the experimental algorithm
in [25]. The authors developed an algorithm to approximate the minimizer of the Bena-
mou-Brenier type problem, which is guaranteed to exist. However, the guarantee does not
hold for the algorithm because the vector field v in the continuity equation is constrained
by the neural network vy. This study supplements the existence of a minimizer, even in
this case.

In Section5] we combine the neural network property of universal approximation with
the training of ODE-Net in Problem [[.2] This new combination makes it possible to ob-
tain existence results (Theorem [.2) without the linearity assumption (Assumption[L.2). It
is also interesting that Problem [L.2] has a similar formulation to (variational) mean-field
game (MFG) [9,135,50]. This similarity between deep learning and MFG has recently been
pointed out by E et al. [23] and Ruthotto et al. [47]. Our results are expected to suggest
a strong connection between MFG and ODE-Net. In fact, for the proof of Theorem [1.2]
we will give an auxiliary theorem (Lemma [5.1)) that is proved via the so-called Lagrange
perspective for easy handling of the vector fields v (see also [50) Section 2.2.2]).

1.3 Organization of the paper

This paper is organized as follows. In Section[2] we will give a brief review of previous
studies on ODE-Net. In the first half, we summarize the history of the development of
ODE-Net, and in the second half, we review mathematical formulations of the learning of
ODE-Net. In Section[3] we will provide preliminary facts on the convergence of probabil-
ity measures and distributional solutions of the continuity equation, which will be used to
set up and prove our main results. In Sectiond, we will prove Theorem By virtue of
the regularization term in and the Benamou-Brenier formula in Lemma [3.6] we will
easily get the appropriate compactness of minimizing sequences. Hence, we can apply
the direct method of the calculus of variations to reach the existence results. In Section B,
we will exhibit how Problem [[.2]is formulated through an idealization in a detailed man-
ner, and then we prove our main result (Theorem [1.2). One cannot prove the theorem by
simply applying the arguments used in Sectiondl Instead, we show the theorem by the
use of a supplementary problem (see Problem[5.Jland Lemma5.J) based on the Lagrange
perspective. Section [f] presents a summary of the paper and discusses some tasks to be
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undertaken in future studies. In Appendices[Aland [B] we show and review the existence
results for problems given by Bonnet et al. [10] and Thorpe and Gennip [57]. These prob-
lems adopt different regularization terms from Problem By comparing the proofs of
Theorems and one can observe differences in how compactness is obtained to
minimizing sequences.

2 Background and related works

This section provides an overview of previous research on learning of ODE-Net. Sec-
tion2.1lreviews how ODE-Net has been proposed. Section[Z.2]describes how the learning
has been formulated and discussed.

2.1 Background to the development of ODE-Net

Before describing the history of the development of ODE-Net, we shall review a type of
DNN called ResNet that led to the improvement of DNN’s performance. ResNet was
devised to facilitate optimization of DNN [28]. The simplest L-layer ResNet consists of
the difference equation

xo = g(x,0),
Xpp1 = Xt +0(x1,0;), t=0,...,L—1, (2.1)
y= ]’l(.XL, GL)/

where x € R? is an input data, y € Y denotes a final output, and g(e,0): R?Y — R
and h(e,0;): R%™ — Y c R are some linear maps with parameters 6 € R%>4 and
0, € R¥W>4L respectively. In addition, v(e,6;): R* — R+ is multiple compositions
of some affine maps with 6;, and nonlinear functions, called activation functions, such
as rectified linear unit (ReLU) [42]. Out of various models of (Deep) Neural Networks,
we shall refer to the above mapping v(e, 6;) associated with ResNet as a neural network
simply in this paper. Experimentally, ResNet is known to perform better than other DNNs.
In particular, deep ResNet, i.e. with L > 1 outperforms other machine learning
methods.

When ResNet is very deep, it is natural to observe ResNet as the explicit Eu-
ler discretization of an ODE with unit step size. With the pioneering works [22,27|54],
a trend started to analyze DNNs and develop algorithms by replacing “discrete” DNNs
with “continuum” ODEs. For example, Haber et al. [27] employed the linear stability anal-
ysis in the theory of dynamical systems to stabilize ResNet, and Lorin et al. [37] utilized
the parallel computing for differential equations to speed up the training of ResNet. These
“continuum” ODEs corresponding to DNNs are often called Neural ODE [16], or ODE-
Net [46,162]. Specifically, the following parameterized dynamical system is often called
ODE-Net:

xo = g(x,0),
X = U(Xt, 9/}), t e <O, T), (2.2)

y= h(XT, GT)/
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where x € IRd,y €V g: R? x R 5 R h: R? x RY*? 5 Y and v are defined as in
(.1). Note that for simplicity, it is assumed that x; € R? for any ¢ € [0, T], and accordingly,
the neural network v(e,6;) becomes a vector field on RY. Also, the finite-dimensional
parameters 0y, 61, ...,and 0,1 in are replaced with a (measurable) function on [0, T].
While 0: [0, T] — R™ is sometimes supposed to be continuous for theoretical reasons, the
function 6 on [0, T] can be discontinuous during the learning process as seen in [39, Fig. 2]
and [6, Fig. 1]. Thus, we impose the Lebesgue integrability condition on 6 in our setting.
The terminal time T > 0 is an arbitrary given constant.

Although there is not so much mathematical research on ODE-Net, the basic properties
of general DNNs have also been studied for ODE-Net. For example, ODE-Net has univer-
sal approximation properties proved by [56] and that the objective functional ] has no local
minima shown in [19,20,38]. It is also known that specific additional assumptions (e.g.
continuity of 6: [0, T| — R™) are necessary to regard ResNet as the discretization of ODE-
Net (see, e.g. [31)149/57]) and to guarantee the convergence of learning algorithms [31].

2.2 Formulations of the learning of ODE-Net and existence results

Practically, people want ODE-Net to output a desired y for an input x. For this purpose,
ODE-Net needs to learn, i.e. we optimize the parameter 0 in ODE-Net 2.2). Thus, it is
necessary to establish a theory of the learning of ODE-Net. E et al. [22,23] were the first
to attempt a general formulation of the learning of ODE-Net (2.2). They modeled the
learning as a mean-field optimal control problem as follows.

Problem 2.1 (Learning Problem Constrained by ODE-Net, [23] Eq. 3]). Let Y = R/, let ©®
be a subset of R” and let v: R x R” — R%,/: R¥ x ) — R, and L: R? x R” — R, be
continuous. For a given input data pg € Pc(R? x )), the learning problem constrained by
ODE-Net is posed as the following constrained minimization problem:

T

i E |¢(xT, /L ,0;)dt 2.3
ey B 1)+ [ 102 )
subject to
X =0(x,0), te(0,7T), (2.4)
(xO/y)N‘uO‘

The meanings of symbols appearing in Problem [2.1] are as follows. The given probability
measure Ji is called training data, a probability distribution of input-output pairs of a ran-
dom variable (x,y) in (Z2) used for the learning. The vector field v(e,6), § € R", on R¥
represents the neural network explained in (2.2). After expanded by the linearity of the ex-
pected values, the first term of (2.3) represents the expected value of a loss function ¢(x, y),
which is the target we want to make as small as possible during the learning process.
One often uses the squared loss £(x,y) = |x — y|?/2 for regression problems or the cross-
entropy for classification problems (see, e.g. Pytorch’s document for the specific form).
However, when using a neural network with many parameters, minimizing only the loss
E[¢(xT,y)] can lead to the so-called overfitting, see basic statistics and machine learning
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textbooks, e.g. [41} Section 1.4.7]. To avoid this overfitting, we also minimize the second
expected value, which is called a regularization term. For example, some researchers use
the L?-regularization L(x,0) = A|8|?/2, L!-regularization L(x,0) = A|#|, and entropy reg-
ularization used in [26,31]]. In addition, the kinetic regularization L(x,0) = A|v(x,0)|?/2
that Finlay et al. [25] proposed with the help of the Benamou-Brenier formula can make
the trajectories of ODEs’ solutions well-behaved. Another way to deal with the overfitting
is to restrict ® C R™ to compact sets. In optimal control theory, by virtue of the compact-
ness of ©, one can easily show the existence of optimal parameters (see, e.g. [13, Theo-
rem 5.1.1]). It should be noted that these various regularizations require an assumption
upon a function space to which the parameters 6 belong. As is seen in the above Prob-
lem[2.1] E et al. [23] set the function space to L*-space.

Remark 2.1 (On Neglecting Input and Output Transformations in (2.2)). ODE-Net intro-
duced in (2.2) contains input and output transformations g and #, leading to a learning
problem corresponding to a minimization with respect to § € R%*4, 60, € L2(0,T;R™)
and 0; € R >4 However, current theoretical studies of ODE-Net often use formulations
that ignore g(x,0) and h(x,0r), and consider minimization only in 6; as in Problem 2.1
In the author’s view, the reason for this neglect is that the existence of minimizers for 6
and 0} is easy to check if one proposes a variational formulation that considers g and h.
For example, if one imposes the L?-regularization |8|2 + |6 |? for the parameters § € R4
and 0; € R%*? associated with g(e,0): x — xg and h(e,0;): x7 — Yy respectively, the
existence of minimizers * € R%*? and 7 € R%>*¥ follows immediately by virtue of
the direct method of the Calculus of Variations, a minimizing sequence of ((6",6}')), has
a convergent subsequence thanks to the Bolzano-Weierstrass theorem. Hence, only the
ODE x; = v(xt,6¢) in 2.2) is sometimes referred to as ODE-Net. On the other hand, g
and & should not be ignored when we explore the learning process, that is, the dynamics
of solving the problem with mathematical optimization methods such as GD. It is reported
that singular values of a parameter defining ¢ and / affect the convergence of GD [7, The-
orem 2].

On the other hand, for Problem 2.1, Bonnet et al. [10, Section 1.4] brought a measure-
theoretical formulation inspired by mean-field optimal control problems. A trick used in
their formulation is that laws ¢, t € (0,T), of random variables (x¢, ) subject to
satisfy the following continuity equation:

Orpur + divy (pe(x,y)o(x,6¢) =0, (x,y) € RYxY, te(0,7),
Htlt=0 = Ho,

in the sense of distributions defined in Definition[3.2] They utilized this trick to translate
Problem 2 Tlinto the following Problem 2.2]in the case of L(x,8) = A|0|%.

Problem 2.2 (Measure-Theoretical Learning Problem, [10, Eq. 1.8]). Let A > 0 be constants
andletv: R? x R" — R%and £: R? x ) — R, be continuous. For a given input data o €

Pe(R? x RY), the learning problem constrained by ODE-Net is posed as the following
constrained minimization problem:
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T
min £(x,y)dur(x, ~|—A/ 0, 12dt ”s
#cL?(0,T;R™) /]Rd><]Rd ( y) ‘uT( y) 0 | t| ( )
subject to
e +divy (v(x,6)p) =0, (x,y) eRI xR, te(0,T), 2.6)
peli=0 = po. .

In addition, # belongs to Cy, ([0, T]; P (RY x R¥)) which is the space of narrowly continu-
ous curves (see also Definition 3.7)).

As for Problem 2.2 Bonnet et al. [12, Theorem 3.2] studied the unique existence of a min-
imizer 6* under the assumption that A > 0 is sufficiently large and the neural network
v(x,0) is bounded for 6. In practice, however, in order to minimize the loss, the regular-
ization parameter A is usually set to be a sufficiently small positive number rather than
a large one.

The difficulty in obtaining existence theorems to Problem [2.2]is attributed to the varia-
tional formulation. From (2.5) and (2.6)), we observe that the learning of ODE-Net has the
following aspects:

(i) The objective functional | in (2.5) is minimized over an infinite-dimensional space
L%(0, T;R™).

(ii) The minimization is constrained by the continuity equation (2.6) which is a differen-
tial equation on the infinite-dimensional space of probability measures P (IR% x )).

When one tries to show the existence of a minimizer for a variational problem such as
Problem[2.2by using the direct method of the Calculus of Variations, it is difficult to obtain
the strong compactness of minimizing sequences due to the infinite dimensionality in (i)}
In addition, even if minimizing sequences converge, it is not generally obvious whether
limits satisfy the continuity equation (Z.6) mentioned in|(ii)}

3 Preliminaries

This section presents fundamental mathematical tools.

3.1 Compactness lemma

For T > 0, we denote by C([0, T]; X) the set of continuous mappings from [0, T| to a topo-
logical space X with the uniform convergence topology.

Lemma 3.1 (Ascoli-Arzeld’s Theorem). Let (X,d) be a metric space. Then, a family F C
C([0, T]; X) is relatively compact in the uniform convergence topology if and only if

e foreacht € [0,T], theset {x € X | x = f(t) forsome f € F} is relatively compact in X,
and

o F is equi-continuous.
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Proof. A more general version of the above lemma in the case where X is a uniform space
is proved in, e.g. [32, Chapter 7.17]. O

3.2 Probability measures and the Wasserstein space

Hereinafter, P(X) denotes the set of Borel probability measures on a separable metric
space X. Here, we review some definitions and lemmas regarding properties and conver-
gence of probability measures, as well as properties of the Wasserstein space.

Definition 3.1. Let p > 1 and let (X,d) be a Polish space, i.e. a complete and separable metric
space.

(i) (narrow convergence) A sequence (p") in P(X) is said to be narrowly convergent to
nePX)asn — coif

lim /dey”:/xfdy for every function  f € Cp(X),

n—oo

where Cy,(X) is the space of continuous and bounded real functions defined on X. A topology
induced by the convergence is said to be the narrow topology.

(ii) (uniformly integrable p-moments) A subset K in P(X) has uniformly integrable p-mo-
ments if

lim su / d(x,x)Pdu(x) =0 forsome x¢€ X,
R—o0 yelI:<) X\Bx(Rx) (7 dp(x) f
where Bx (R, x) is the open ball of radius R and center x in X.

(iii) (finite p-th moment) A probability measure p € P(X) is said to have the finite p-th mo-
ment if

/ d(x,X)Pdu(x) < oo forsome X € X,
X
and the set of probability measures on X with the finite p-th moment is denoted by P, (X).

(iv) (function of p-growth) A function f: X — R is said to have p-growth if there exist A, B > 0
and x € X such that
f(x)| < A+ B(d(x,%)", VxeX

(v) (Wasserstein distance) The (LP-)Wasserstein distance between p', u> € Py (X) is defined by

Wp(yl,yz) = inf{ </X2 d(xl,xz)pdn(xl,x2)> ’ ' e F(yl,yz)} ,

where T(u!, u?) denotes the set of all Borel probability measures 7t on X? such that for any
measurable subset A C X,

n[A x X] = ul[A], n[X x A] = p?[A].
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By using the Holder inequality, one easily gets

Corollary 3.1. Let 1 < p < g < oo, let X be a Polish space and let !, y> € Py(X). Then
Wy(p!, 12) < Wy(p, p2).

Lemma 3.2 (Kantorovich-Rubinstein Duality, [59, Theorem 1.14]). Let (X, d) be a Polish
space and let po, p1 € P1(X). Then

Wi (po, p1) =sup { /X ®d(p1—po)

€ L'(|p1—pol), Lip(¢):= sup <
¢ € L{lr=pol). Lir(g) S d(y)

Proof. See [21), Section 11.8]. O

A sufficient condition for a family with the uniformly integrable p-moments is known,
and the proof of the following lemma is given for the sake of the reader’s convenience.

Lemma 3.3 ([4] Section 5.1.1]). Let p > 1. If a subset K C P(X) satisfies
sup | d(x,%)P'du(x) < o0
nek /X

for some py > p and x € X, then K has uniformly integrable p-moments.

The following lemma shows a fine criterion that reveals whether a sequence (u") C
P(X) has the uniformly integrable p-moments.

Lemma 3.4 (Narrow Convergence for p-Growth Functions). A sequence (u") in P(X) has
uniformly integrable p-moments if and only if

1. the sequence is narrowly convergent to u € P(X), and

2. for every continuous function f: X — R of p-growth,

. n_
lim [ pdw = [ fap
Proof. See [4, Lemma 5.1.7]. O
By Lemma 3.4land [4, Proposition 7.1.5], convergence in W, and narrow convergence
for p-growth functions are equivalent.
3.3 Continuity equation

The following definition and lemma are based on a famous text [4, Chapter 4], to which
we refer the reader who wants a general discussion of the continuity equations.

Definition 3.2 (Solutions in the Sense of Distributions). Let T > 0. A continuous curve
1€ Cy([0, T]; P(RY x ))) is called a solution to the continuity equation

Oty 4+ divy(vsps) =0 in (0,T) x R? x ), (3.1)
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in the sense of distribution, if

/OT /]Rdxy (0 (x,y) + Vatpr (x,y) - v(x) ) dpe(x, y)dt = 0 (3.2)

for every p € CP((0,T) x R? x ). Here a mapping v;: R? > x v v;(x) € R, t € [0,T), is
a Borel vector field.

In the following, we adopt Definition[3.2]as the solution of the continuity equation (3.1))
with a vector field .

Lemma 3.5 (Representation Formula for (3.1)), [4, Proposition 8.1.8]). Let T > 0 and let
1 € Cy([0, T]; P(RY x V) be a distributional solution of (3.1) with Borel vector fields v = (v;);.

Assume that v satisfies that
T
vr|dudt < oo, 3.3
L foo ol 63

T
/ (sup |og| + Lip(vt)>dt < oo forevery compact set K C RY. (3.4)
0 K K

and

Here Lipy (vt) denotes a Lipschitz constant of the mapping vy : R? — R¥ on K, i.e.
Lip(v¢) := sup [orly) = er(x)] vt(x)|'
K x#yeK |y - x|
Then, for uo-a.e. (x,y) € R? x Y, there exists a unique solution X (x) € C([0, T];RY) such that

Xo(x) = x,

%Xt(x) = Ut (Xt(x))

Furthermore, the solution y; is represented as
Uy = (Xt X Idy)#“l/l(), Vt e [0, T], (35)
where Idx : X — X is the identity mapping on X.

Proof. The existence result can be shown by the use of the standard argument of the Pi-
card iteration method. For the representation result, details are proved in, e.g. [4, Proposi-
tion 8.1.8]. O

The following lemma indicates the strong relation between the Wasserstein distance
and the continuity equation.

Lemma 3.6 (Benamou-Brenier Formula, [8]). Let po, o1 € P2(IR%). Then

(oo, =inf{ [ [ [oi0Papiae| () € Ve ), G
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where

(B.0) holds in the sense of
V(po,p1) := { (0,0) € C([0,1]; P2(RY)) x L?(dpedt) | Definition B2 and :
Ptli—o = Po, Ptli—1 = p1-

Proof. See [3, Theorem 17.2]. O

4 Kinetic regularization and an existence theorem

In this section, we discuss the existence of a minimizer to the kinetic regularized learning
problem introduced in Problem [Tl The section begins with some background on kinetic
regularization. Subsequently, we proceed to the proof of Theorem [LL.II Throughout the
paper, we denote by C a generic non-negative constant which may vary from line to line.

4.1 Kinetic regularization

In general, to argue minimizers of a functional | as in (LI) via the direct method of the
calculus of variations, a minimizing sequence ((y",60")), of the functional needs to be
compact in an appropriate topological space. Moreover, the topology must be sufficiently
strong to lead to a (lower semi) continuity of the functional. Driven by this necessity,
some previous studies have tried to strengthen the topology of the space of the parameter
6: [0, T] — R™in [10/29,57]. However, this strong topology leads to unusual assumptions,
as reviewed in Section 2.2 Instead, we seek for compactness of the continuous curves
p": [0,T] — P(R? x ), rather than of the parameters 8" (n € IN). This idea is rarely
seen in machine learning but often in the MFG theory (see, e.g. [43, Theorem 6.6.] and
[11, Theorem 6]). To illustrate this idea, we need the following lemma derived from the
Benamou-Brenier formula (Lemma [3.6).

Lemma 4.1 (Uniform Continuity Estimate). Let 4 € Cq([0, T]; P(RY x ))) be a distribu-
tional solution to the continuity equation with Borel vector fields v;: RY > x +— v;(x) € RY,
t € [0, T]. Then it holds that

Waguo 2 < (s=0) [ [ lo(r, ) Pape (x y)ae

for0<t<s<T.

In the rest of the paper, we often abbreviate [y, f(x)dp(x,y) to [ra fdpu for a function
f: R - Rindependent of y € V.

Proof. From Lemma 3.6 we have

Wa (e, is)? < mf{/ /w jwe (x)Pdpr (x, y)dt ‘ 9ip + divy(wp) = 0,00 = pt, 01 = ps. }

1nf{// we |? ded—

(s — 1)drp + divy(wp) =0, pr = pt, ps = Us- }
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S
= <S - t) inf {/t' /IRd ’wT|2dPTdT

S
<=t [ [, locPdurd

for0<t<s<T. O

90 + divy(wp) = 0,0 = pt, ps = Vs-}

This lemma readily leads to the following;:

Corollary 4.1. Let n € N and let u" € Cy([0, T]; Pe(R? x I)) be a distributional solution to
the continuity equation (3.1)) corresponding to Borel vector fields (U?>te[o,ﬂ- If

1
2
su o} |” dudt < oo,
ne]IIi)I/O /IR"" t‘ Ht

then the family (u") is equi-continuous.

To use Corollary 4.l explicitly, we add a term
A 2
Slo(x 0%, A>0, 4.1)

to the objective functional | (LI) in Problem [Tl This regularization term |o(x,0)|? is
reported to be effective in generative models in [25]. Here, we use kinetic regularization
for simplicity, but in fact, one can prove the existence of a minimizer without a kinetic
regularization term. See Remark 4.2 for details.

4.2 Existence theorem

Our strategy is to use the direct method of the calculus of variations, containing the fol-
lowing three steps:

(i) Takea minimizingsequence ((u",0")), and extract a convergent subsequence in suit-
able topologies.

(ii) Check that J is lower semicontinuous with respect to those topologies.
(iii) Verify that the limits of convergent subsequences satisfy the constraint (1.2).

As for a minimizing sequence, we get a weakly convergent subsequence of (8") in L2(0, T;
R™) and the strongly convergent subsequence of (¢") in C([0, T]; (P2(R¥xY), W,)) by
virtue of Corollary 4.J]and the Ascoli-Arzeld theorem. From these convergences and As-
sumption[I.2] we observe that the functional | is lower semicontinuous in (y, 6). Also, we
can verify that the limits solve the continuity equation again. This is why we impose the
kinetic regularization term onto the functional J.

For the proof of Theorem [T, we need a lemma on the boundedness of the support
of y; uniformly int € [0, T'.
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Lemma 4.2. Let 6 € L*(0, T;R™) and let u € C([0, T]; (P2(R? x V), Wy)) be a distributional
solution of (L.2) corresponding to vector fields (v(e,04)),c(o,1)- If Assumption [L2 holds, there
exists a radius R* = R*(po, f, T, 10| 12(0,r;m)) > 0 such that

supp pt C Bga, y(R¥,0) := Bra,(R*), Vte0,T]

Proof. To use Lemma [3.5] we check the assumptions (3.3) and (3.4). By Assumption[1.2]
and the Lipschitz continuity of f, we have

/ /IR"’ (x,0;)|dpdt
< / Sy 1o GOt

2
< 1ell3(0 e \/ [ ([, rdntan)

<VTol e \/sup /IM ¥)Rdp(x,y)

te[0,T]

< Cll61l 2(0,7:rm) (1+ sup \// |x[2dpe(x, y))
te[0,T)

Similarly, it holds that

T
/ (sup |v(e,0;)| + Lip |v(e, 0 )|)dt <C <T+ ||9||L2 OTIRm)> <
0 K K

for every compact set K C RY x ). We thus find from Lemma 3.5 that yi; can be repre-

sented as y; = (X, Idy)#po where X;: R? — RY is the flow maps of the corresponding
ODE satisfying

d

mt—v(x,f(x>,9t), t e (0,T>,
Xo(x) = x

for almost all (x,y) € supp po. By Gronwall’s inequality and Assumption[1.2] we have

X4 (x)] < <|xy+c/OTyes|ds) exp (C/OT]GS]ds>

S C(dlam(supp Plo) —+ T + \/THGHLZ(O,T;]R’”)) eXp (C\/THGHLZ(O,T;]R’”)) S R*

for some R* > 0 independent of ¢ since & € L?(0, T; R™), whence follows supp p; C B(R*)
forallt € [0, T]. O

Remark 4.1. Assumption[I.2]can be generalised to Assumption[6.Ilwhen one only proves
Lemmal4.2] See also LemmalAl
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With Lemma4.2] one can now proceed with the proof of Theorem 1.1l
Proof of Theorem (L1l Set

S = {(y,@) € C([0, T); (P2(R? x ¥),W,)) x L2(0, T; R™) ‘ (u,0) satisfies }

Since (y9,0) € S is a trivial and regular solution to the continuity equation, we see that
S # @. ltis also obvious that 0 < inf] < +co because the integrand ¢ is non-negative.
Then, there exists a minimizing sequence ((u",60"))>>_; C S such that J(",0") — infs ] as
n — oo. For the sequence, there exists a constant C > 0 independent of n such that

AT
5 | Ll Panar <, @2)
<[ orfar<c ®3)

From Lemma/4.Iland (£.2), we have for 0 <t <s < T,

Wt ) < =) [ [ lerfo o) (v)dr < 25 1),

Hence, it follows that (u") C C([0, T]; (P2(R? x ), W>)) is equi-continuous. Also, by
Lemmal.2land (4.3), there exists a constant R* > 0 independent of n and ¢ such that

it € {p € PR x V) | supp s € Bra,y(R°)} VneN, VteloT)

In addition, the set {3 € Pc(IR? x V)| supp pt C BRa, ) (R*)} is compact with respect to L?-

Wasserstein topology because of [4, Proposition 7.1.5]. Hence, Lemma[B.Iland (.3) imply
that there exist a subsequence of (1), still denoted by n, u* € C([0, T]; (P2(R? x V), Ws))
and 6* € L?(0, T;R™) such that

u" — u* stronglyin C([0, T]; (P2(R? x V), Wa)), (4.4)
6" — 6° weaklyin LZ(O,T;IR’"). (4.5)

By the following Claim [4.1] we can deduce that (p*,6*) solves (L.2) in the sense of distri-
bution.

Claim 4.1. For the limits p* and 6*, it holds that

/{/M (Gt + Vs - 0(e,67))dpidt = 0 (4.6)

for all { € C((0,T) x R? x )). Moreover, supp u* C BRriyy(R) for some R > 0.
Proof. We already know that

/ /R e+ / / Vols - o(x, 00)duldt = 0 4.7)
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forall { € C®((0,T) x R? x ) and n € IN. It follows that
OI/T/deatCtd (= pf)dt
[ o Vo0 -0 07) (- ) ()
L e (el 0) — o(0)) i ()
/ /Rd Vali(x) - (0(x,0) —0(x,6)) d (i (x) — i (x)) dt
/ / atCtdﬂtder/ /deVxét o(x,0;)du; (x)dt

=: 11 + L+ 13 + 14 + 15. (48)
It follow from (4.4) that
r. 01t
IS/Lla / O (=) de
| 1| 0 ]Rdfy( tgt) Ri x Y Llp]Rde(atgt> (.ut .ut)

T T
gc/o Wl(y?,uf)dtSC/o Wa (pf, i )dt

< CT sup Wa(uf, 1) — 0,
t€[0,T]

as n — oo by the Kantorovich-Rubinstein duality (Lemma [3.2) and Corollary By As-
sumption[L.2] the function 9 (x)v(x, 6f) is Lipschitz continuous in x and y over R x Y,
and thus we see again from Lemma[3.2land Corollary B.1] that

T T
Bl <C [ Wl i) < C [ wa(u i) at

< CT sup Wo(uj,uf) — 0 as n — oco.
te[0,T]

For I3, we use Assumption[I.2to apply [@.5). We set

o= Vilef "dpi € L2(0, T; R™).
poi= [, Velof i € PO T;R")

In fact, it is shown that

T 2
H§0HL2 OT]Rm / /d |ngtf—r‘ d‘u?dt S C<1 + sup W2 (V?/ 50)) < 0.
0 JRIXY te[0,T]

Then, we can deduce that
T
13:/ <§0t,9?—9?>dt — 0 as n— oo,
0

where (A, B) := Tr(ATB), A, B¢ R?*? is the inner product on RIxP.
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As for Iy, it follows from (@.4) and (4.5) that

T
_ n_ gk T no__ %
|| = '/0 <9t 9tr/]RdevxCof d(pf P‘t)> dt‘
T
<C [ |6 — 07 |Wa ()
< Cl|0" = 0"l .20, 7;rm) SUpP Wa (uf, 1)
te[0,T]

< C sup Wo(uf,uf) — O.
t€[0,T]

Passing to the limit as n — oo in {@.8), we get (4.6).
By the lower semicontinuity of the L?-norm, we have

1041 20, mrmy < sup (06|20, 7:mm) < o°.
nelN

Then Lemma .2l implies that there exists R > 0 such that supp y; C Bpa,y(R) for all
t € [0, T], whence follows the conclusion. O

We resume the proof of Theorem From Claim 4.1 we have (u*,0%) € S. We then
show that J(y",0") — J(u*,0%) as n — oo. First, from (£.4), Assumption[L.T) Lemma 3.4
and [4) Proposition 7.1.5], it follows that

edun / edut 49
/Rdxy T — Rixy HT (4.9)

as n — co. We next estimate the regularization term. Again from (4.3) and (4.4), we infer
that

Jo el antiae= [ [t stoani o
/OT <9? e ffrd(uf - y,’f),e{’> dt‘
= /OT /Rdfde(V? — i)

2C .
< = n __ %
< max | [ S A = )

T
|H*|||9%2(O,T;1Rm) ::/O <6t <)\/]Rdff—rd]/l;f~< —|—€> /6t> dt

for § € L?(0,T;R™). Since A [ ff'duj + € is positive definite matrix, the function
l®lll2(0,r;rm) defines an equivalent norm of L%(0, T;R™). Hence, it follows from [14,
Proposition 3.5] that |||e]||;2 (o,;rm) 18 weakly lower semicontinuous. Thus, we conclude
that

|6 [*dt

— 0 as n — oo (4.10)

Now we set



J. Mach. Learn., 3(4):413-444 431
inf ] = liminf J(u", 60"
inf] = liminfJ (4", 6")

~ oyt it [ [ (Slor 7+ Slar ) o
:/WX EdyT+11m1nf/ / ( r(0 F(x) ()70 + <6y >dy (x)dt

T3
:/}R Ed}lT+h}5r_1>1£f/ /Rd <— 0F f(x)f > < >> (x)dt
= Jor £dyT+1hmmf/ <9“< / fdeyt+€> >

> /nw EdyT+—11m1nf|H6”|||L2 -

—hggglf(//!@?f IRCTHE: dt—// 07 f ()| "l (x dt)

> oo 0+ 167 o i +0
=J(u’,6°) > inf], (4.11)

ie. J(u*,0%) = infs ], and the proof of Theorem [1.1lis complete. O

Remark 4.2 (The Case of A = 0). If one only wants to show the existence of a minimizer,
it is sufficient to use only €|6]2/2 as the regularization term. In other words, we can prove
the theorem when A = 0. Indeed, by Lemma[4.2it is apparent that

[ Ian < (R

holds forevery t € [0, T|] and n € IN, where R* > 0 is the same as the radius in Lemma/4.2|
<5 (HeuL2 Y IR

Thus, we obtain
Wa (i, 1) < ( s—t// 107 £(x) |Pdpt (x)d
L°°(s,t)>
(s—1t) 2d "
H/ | ‘u )L""(s,t)
B 2 231.m 2
(50| wip? [ IPapso + 100)

<

2¢

€

§
€

IN

L (s,t)
< (R Lip £ +FO)P) (s — 1)

from Lemma .1 and Assumption[L.2} or (6.I), and @.3). Here Lip f > 0 is a Lipschitz
constant of f. Consequently, we can guarantee the equi-continuity of the curve y without
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the kinetic regularization term. Then, we complete the proof using an argument similar
to the one above. In this case, the proof of the lower semicontinuity (4.11)) becomes rather
simple. It is noteworthy, however, that even in this case, deriving the convergence of I3
in the proof of Claim 4.1l from the weak convergence of 0 is difficult without imposing
Assumption In this sense, it seems essential under Lz—regularization that the neural
network is linear with respect to the parameters. If continuity of 6 can be obtained, e.g.
by H'-regularization, then the convergence of I3 can be easily shown. See the proof of
Theorem

Remark 4.3 (Uniqueness of a Minimizer). When a regularization parameter € is suffi-
ciently large, the uniqueness of the minimizer is proved by Bonnet et al. [10, Theorem 3.2].
For self-containdness, we will present details in Appendix [Bl On the contrary, we do not
refer to the uniqueness in Theorem [I.1lsince € might be small in most practical cases.

5 Ideal learning problem

This section discusses the existence of a minimizer to the ideal learning problem as intro-
duced in Problem At the beginning of this section, we explain why we consider this
problem before we prove the main theorem (Theorem [1.2).

5.1 Idealization of learning problems

Neural networks v in (I.2) have, in general, a complex structure, while Assumption [L.2]
imposes the simplicity of linearity of v in 0 to prove Theorem [l.1l However, it is difficult
to show Claim .l under the general assumption because the trick described in (.11) is
unavailable.

Thus, we assume that v(e,0) can be any square-integrable vector field. This assump-
tion might be justified by universal approximation properties resulting from the complex-
ity. Universal approximation means that the set of functions expressed by a neural net-
work {v(e,0): R — R?|@ € R™} is dense in appropriate function spaces (for example,
Lebesgue spaces LP(R%)). We refer the reader to [18]130,44] for details. In light of these
results, one can infer that

TR % [0,T] 5 (x,1) — 0(x,6) € RT| 6.€ L2(0, T,R™) ] " 26m) — [2(dpdt)

holds where, by abuse of notation, we set for a fixed € C([0, T]; P(IR%)),

L?(dpdt) := { (vt)¢e[o,7) is a family of Borel vector fields on RY

T
2 ._ 2
HUHLZ(det) = /0 /IR"’ o[ “dpdt < +00}. (5.1)

This abuse is referred to in the notation in Villani’s text [59, Eq. (8.6)]. Furthermore, if
€ = 0in (L), 6 only appears via v in Problem .1}
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Therefore, we can regard Problem [ as a problem about vector fields (neural net-
work) v, rather than parameters 6. From the above, we consider Problem[I.2]as the further
idealized learning problem. The problem is similar to the variational form of MFG intro-
duced by Lasry and Lions [34,35]. We also refer the reader to more comprehensive lecture
notes by Santambrosio [50, Section 2.2].

5.2 Proof of the existence via the Lagrangian framework

We then consider the existence of a minimizer in Problem For this problem, we want
to apply a similar argument to Theorem However, unlike the previous problem,
the space L?(dy;dt) depends on y, rendering it intractable. In such cases, it is helpful
to rewrite the problem with “probability measure on curves” as the variable instead of
“curve on probability measures” or u € C([0, T]; P(R?)) as the variable. That is, we con-
sider Q € P(RY x C([0,T];R%)) as presented in Proposition 51 Here AC?([0, T];R%)
denotes the set of an absolutely continuous curve v: [0, T] — R? such that there exists
m € L2(0,T) satisfying

|'y(s)—'y(t)|§/stm(r)dr, Uste[0,T], s<t

Proposition 5.1 (Probabilistic Representation). Let u € C([0, T]; (P2(R?), Wy)) satisfy the
continuity equation oy + div(veps) = 0 in the distributional sense for a Borel vector field vy
such that

/ / (012 djuyd < +oo. (5.2)

Then, there exists Q € P(R? x C([0, T];R?)) such that

(i) Q is concentrated on the set of pairs (x,7) such that v € AC%([0, T],IR%) is an absolutely
continuous solution of y(t) = v(7y(t)) fora.a. t € (0, T) with v(0) = x;

(ii) pp = py for any t € [0, T], where yt is defined as
[ooanl= [ e(n)ag 53
R x C([0,T);RY)
forall ¢ € Cy(RY).
Conversely, if Q € P(R? x C([0, T];R®)) satisfies [(D)] and
T
[11(BPdtaQ(x,1) < +eo 54
R?xC([0,T];RY) 0
then there exists uQ € C([0, T]; (P2 (IR%), W,)) induced via (53), which is a solution of the conti-
nuity equation with the following vector field:
dy(x) = / 7(£)dQx(7) € L2(dp2dt), pl-ae x € R,
{veC(0,TIRY) [ y(t)=x}
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where Qy is the disintegrated measures with respect to the evaluation map e;: R x C([0, T]; R%)>
(x,7) — () € RY.

Proof. See proofs of [4, Theorem 8.2.1], [2, Theorem 5.3], and [36, Theorems 4 and 5]. O

Recently, in studies for MFG [9,50], considering y instead of Q is called the Lagrange
perspective. This perspective is summed up in the slogan “Think Eulerian, prove La-
grangian” in [60, Chapter 15], which is widely applied in, e.g. [51]. We refer the reader
to [4, Section 8.2] and [36] for a more general theory.

Referring to the formulation in MFG, we rewrite the ideal Problem [1.2lin terms of Q.
Before starting a more ideal problem, we introduce an evaluation map

er: (y,7) € Y x C([0, T;RY) — (y(t),y) eR*xY, telo,T]
With the above, one can rewrite Problem[1.2]as follows:

Problem 5.1 (Ideal Learning Problem in the Lagrangian Framework). Let A > 0 be a con-
stant, let £: R? x ) — R be continuous, and let yy € P.(R? x }’) be a given input data.
Set

T )\ ]
Q= [ oo (0w [ Flioka)doun 69

for Q € P(Y x C([0, T];R%)). Then, the ideal learning problem in the Lagrangian frame-
work is posed as the following constrained minimization problem:

inf{ﬂQ) ‘ Q € P (Y x C([0, T;R?)) such that (e)4Q = yo} .

Comparing Problems[1.2land 5.1} the functional J in @4) and ] in (5.5) have the corre-
spondence such that

/]Rdxyax’y)dyT(x’y) = ¢(v(1),y)dQ(y, ),

yxC([O,T];IRd)
T A T )\

Zlo(x, ) Adus(x,y)dt = /—‘tzdtd 7).
/0 /Rdxyzw(x ) Pdps (x, ) oy 2lT0PAQ()

We see that Problem [5.T|has fewer constraints and fewer variables than Problem[L.2] This
is because, according to Problem u and v satisfying the continuity equation can
be recovered as long as Q is obtained. This fact leads us to the existence of a minimizer for
Problem

Lemma 5.1 (Existence Result for ProblemB.1). Under Assumption[L1] there exists a minimizer
Q € P(Y x C([0, T]|;RY)) for ProblemB.11
Proof. Set
s={QeP(¥xC(0THRY) | (0)}sQ = po},
here the probability measures P() x C([0, T];R?)) are endowed with the narrowly con-

vergence topology. We can easily check that a measure (ey X c4)#po belongs to S, where
we set
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ey: RIxY 3 (x,y) — ye),
cRIxY3(vy) — [0,T]3t — xeRYeC([0,T];RY).

It is clear that 0 < ] < +-co since the integrand ¢ is non-negative. Thus, we take a mini-

mizing sequence (Q"), C Ssuch that J(Q") — inf] € R as n — oco. From the second term
of (5.5), there exists a constant C independent of # such that

T
> [ [hwpddgiea) <c. 66)
0

Y xC([0,T];R4)

Next, we claim that (Q"), is tight. We choose the maps r1 and 2 defined on ) x
C([0, T];RY) as

() > y eV, Pi(yy) — € C(0,TERY).

It is clear that (r;Q"), is tight because of Assumption [T and Prokhorov’s theorem. In
addition, the functional

T
/ %|’y(t) 2dt, if v is an absolutely continuous
0

A: C([0,T;RY) 5 ¢ —» curve with || € L?(0,T) (.7)
and y(0) € supp po,
400, otherwise

has a compact sublevel sets in C([0, T];IR?) because of the Ascoli-Arzela theorem. Hence,
we can see that (r3Q"), is also tight thanks to an integral condition for tightness [4} Re-
mark 5.1.5] and (5.6). Then, we obtain the tightness of (Q"), by applying a tightness
criterion [4, Lemma 5.2.2] for the maps rl and r2.

Therefore, there exists a subsequence (1), still denoted by n, and Q* € P (Y x C([0, T};
R%)) such that

Q" — Q* in P(Y x C([0,T;RY))
by Prokhorov’s theorem. It remains to verify that the limit Q* satisfies (ep)4Q = pp and
J(Q*) =inf]( = lim J(Q")).

The former is obtained by the continuity of the evaluation map e, t € [0, T]. The latter is
shown as follows. By the continuity of / and er, we obtain that

lim [ (d(er)sQ" = lim / minf o e, C'dQ"
n [ele]

n—s00
R4y RIxY

= / min/oer,C'dQ* = / ¢d(er)#Q*

R4xY RIxY
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for a sufficiently large constant C’ > 0. In addition, the functional A in (5.7) is lower
semicontinuous, and we can choose A¥ € C,, (C([0, T); le) ),k=1,2,...,such that Ak A
as k — oo by [3, Theorem 10.2]. Then, we get that for each k € N,
lim inf / AdQ" > liminf / AkdQ" = / AkdQ*.
n— 00 n—oo
C([0,TJ;RY) C([0,T;RY) C([0,T];R)
Hence, passing to the limit as k — oo in the above inequality, we obtain
lim inf / AdQ" > lim / AdQ* = / AdQ*
n—00 k— o0
C([0,TJ;R4) C([0,T;RY) C([0,T;RY)
by virtue of Fatou’s lemma. O
From Lemmal5.J]and Proposition 5.1l we immediately obtain Theorem

Proof of TheoremL.2l Let Q* denote the minimizer of J. From Proposition 5.1} we can get
u € c([o, T];APZ (1}{‘1 x ))) satisfying and 7 € Lz(dyg2 dt). By [36, Theorem 5], we
have J(Q*) = J(u<, 9). From this equality and Proposition[5.] it follows that

J(u9,0) < J(wo), YueC([0,TEP2R!xY)), veL*(dud).
The proof is complete. O

6 Conclusion

In this paper, we introduced the kinetic regularized learning problem (Problem [L.1) and
proved the existence of its minimizer in Theorem [Tl A key idea in the proof is to show
that a sequence of curves (u") C C([0, T]; (P2(R? x V), Ws)), rather than a parameter
(6") C L?(0,T;R™), converges strongly. Furthermore, we attempted to idealize Prob-
lem [T as Problem [1.2] although the relationship between this idealization and the exist-
ing neural network is unclear. However, considering the minimizers of Problem [L.2] will
provide essential clues for understanding deep learning in the future.

Our results can be further developed through a generalization of neural networks and
regularization terms. The directions of each generalization are described below and will
be subjects of future work.

6.1 For general neural network architectures

It remains to establish an existence result for neural networks more general than Assump-
tion[[.2l A general I-layer neural network v is a continuous vector field satisfying the
following assumptions.

Assumption 6.1 (General [-Layer Neural Network). There exists C > 0, it holds that

|o(x,0)] < C|6|l(1 +|x]), xe€ RY, (6.1)
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]U(xl,G) - U(x2/0)| < Cw’l’xl - x2|/ X1,X2 € ]Rd (62)
for 0 € R™.

Note that we also assume that v: R? x R” — R is continuous in Problem L1}

For example, v satisfying Assumption[I.2]is a 1-layer neural network. In practice, 2, 3-
layer neural network is often used. We mentioned in Section [1.2] that the nonlinearity of
such I-layer neural networks hinders the proof of existence theorems, especially Claimf4.1l
To relax this nonlinearity, it may be effective to consider a mean-field neural network

V(x,9) = / o(x,08)dB(6), 6.3)

m

where @ is a learnable probability measure on IR". This assumption has long been known
as the Young measure [15,45] in optimal control theory, but it has recently been recognized
again as a helpful approach to shallow neural networks [1/17/40] and ODE-Nets [20,31,38].
The author is in the process of conducting further theoretical research using this net-
work V.

Appendix A H'-Regularization

We discuss the existence of a minimizer in the same problem setting as [57].

Problem A.1 (Hl-Regularized Learning Problem). Let A > 0 be a constant, let } be
a subset of R and let v: R x R” — R and /: R x ) — R4 be continuous. Let
to € P.(R? x )) a given input data. Set

— A 2
(w0 = [, tdpr+ 51005 g e (A1)

for u € C([0,T]; (P2(R¥ x ¥),W,)) and 6 € H'(0,T;R™). The H'-regularized learn-
ing problem constrained by ODE-Net is posed as the following constrained minimization
problem:
inf { Jn(,6) | 1 € C([0, T); (P2(R? x ¥),Wa)), 6 € H'(0, T;R™) }
subject to
Otpir + divy (v(e, 0:)pt) =0, (A.2)
ptli=0 = po.

We note that the constraint (A.2) is the same as (1.2).
For Problem we can obtain an existence result without Assumption[1.2]

Theorem A.1 (Existence Theorem for Problem[A.T)). Under Assumptions[1.Iland there ex-
ists a minimizer (1,0) € C([0, T]; (P2(RY x V), W>)) x H'(0, T;R™) of (AJ) in Problem[AT)

Before the proof of Theorem[A.T] we prepare a lemma similar to Lemma
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Lemma A.1. Let & € H'(0, T;R™) and let u € C([0, T]; (P2(R? x V), Wy)) be a distributional
solution of (A.2)) corresponding to a vector fields (v(e, 0¢)):. If Assumption[6.I]holds, there exists
a radius R* = R*(po, f, T, |10 g (o,7;mmy) > O such that

supp pt C Bga,y(R*), Vte[0,T].

Proof. The strategy of the proof is the same as that of the proof of Lemma4.2l By Assump-
tion[6.Tland Sobolev inequality, we have

/ /]Rd x Bt |dytdt

<c// 10, (1 + |x|)dpurdit

< CHBHLI (0,T;R™) <1 +t21[?)%} RIxY |x|d‘ut>

< CHGHIHl(o,T;Rm) (1 +t2(1)1:>T] /lexy ]x|2dptt>

= Cl161l%1 o rrm) (1 T EEPT] WZ(Vt/(S)> < oo,

Also, again using Assumption 6.1l and Sobolev inequality, we can estimate |X;(x)| in the
proof of Lemmal.2Iby ||0]| 1o, 1.rm)- O

Proof of Theorem[Adl Set

_ {(y,@) e C([0, T); (P2(RY x ¥), W,)) x HY(0, T;R™) \ (1,0) satisfies m} .
Itis obvious that S # @and 0 < | i < oo on S. Then, we can take a minimizing sequence
((u",0m))>> C Ssuchthat Ji (p",0") — infg ;1 as n — co. By the second term of (A.J),
there exists a constant C > 0 such that

A
Slenz, < c (A3)

for all n € IN. From Lemma 4.1) Assumption [6.1] (A.3) and the Sobolev inequality, we
havefor0 <t <s<T,

Wz(y?,ys < (s—1t) // xG”‘dyT x)dt
<C(s—1t) // 162/ (1 + |x[2)dpt (x)dt
t JR4

S
< C(s—1) / /d|9T|21(1+R*2)dy¥(x)dT

< CHBHLZZOT]Rm)( t)
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<cCle|* i OT]Rm)<5 —t)
< C(s—t),
where R* > 0 is the constant appeared in Lemmal[A.Tl Hence, there exist a subsequence
(n') := (n(k),_, € Zso,
(u*,6%) € C(0,T; (P(R? x ¥),W,)) x H'(0, T; R™)

such that
0" — 60° weaklyin H'(0,T;R™), (A.4)
" strongly in C(0, T; R™), (A.5)
u" = u* stronglyin C(0,T; (P(RY x V), Wa)). (A.6)

Here, we used the Sobolev embedding theorem in (A.5). By the above, we can deduce the
following claim.

Claim A.1. The limits y* and 6* satisfy forall { € C®((0,T) x RY x Y).

Proof. As in the proof of Claim[4.1] the proof is completed by taking the limits of I; to 4
in (4.8). From the proof of Claim@4.1] I;,I, — 0O as n — oo. Also, Is — 0 as n — o by
the uniform convergence (A.5), and the continuity of v(x, ) with respect to 6. For Iy, it

follows from (6.2), (A.4) and (A.6) that
T
|| < /0 Lip (Vale - (0(e,0F) — (e, 67))) Wi (4, ) dt

< C10" Ny oz, + 167 o rmeny ) s Wa (1, 17)
t€[0,T]

(Henqu 0,T;R™) + H9*HH1 OTIR’")) sup WZ(V?/ V;‘k)
t€[0,T]
< C sup Wo(uf,uf) — 0 as n— oo
te[0,T]
Thus we obtain the conclusion. O

We resume the proof of Theorem From Claim we have (p*,0*) € S. In
addition, Ji is lower semicontinuous from (.9) and the weak lower semi-continuity of
the H!-norm || e || H1(0,T;rm)- 1he proof is complete. O

Appendix B Convexity assumptions

For comparison, using the proof technique by Bonnet et al. [10], we show that a unique
minimizer to Problem [Tl exists. This proof technique makes use of the idea that we can

regard the functional | as a univariate functional J(8) := J(u?,6), where u’ € C([0, T];



J. Mach. Learn., 3(4):413-444 440

P(R? x ))) is a solution of (L2) for a given 8 € L%(0, T;R™). The existence and unique-
ness of the solution can be proved by showing the convexity of J. For this purpose, we
evaluate the Lipschitz constant of the Frechet derivative Vg Jof J.

First, recall from LemmaB.5 that 11 is represented as uf = (®(0,t; 8) x Idy)spuo using
a flow map ®%: [0, T]? x R? — RY, 6 € L%(0, T;R™) according to the ODE

{atdﬁ(to, tx) = o(D(to, £; x),6:),

B.1
CI>9(t0,to;x) = X. ( )

We note here that from (L.3) it can be verified that the Lipschitz continuity assumption
(3.4) is satisfied, as in the proof of Lemmal4.2l The derivative of ® with respect to 6 can be
described by a linearization of (B.J).

Lemma B.1 (Taylor Expansion of ®°). Suppose that the neural network v satisfies Assump-
tion [L.2 and f: RY — RP is differentiable. Then, for every 6,9 € L%(0, T;R™), the Taylor
expansion

t
DO (1o, t;x) = DY (to, ;%) + (—:/O A?S/t)(x)t‘}sf(cbe(t, s;x))ds + o(e)

holds in C([0,t] x supp po; RY x V), where, for (to,x) € [0,T] x RY, the map [0,T] > t
A?to 9 (o) € C(RY;R¥*4) is the unique solution of the linearized Cauchy problem

{atA@O,t) (x) = 6, f (D0 (to, t; x))A?tO’t) (x), B2)
iy t0) (%) = 1dga,

where | f: RY — RP denotes the Jacobian matrix of f.

Proof. See [13| Theorem 3.2.6]. O

To evaluate the Lipscitz continuity of Vo], we need to estimate the variation of A?O )

with respect to 6. This evaluation requires us to impose a further assumption on v(x,6) =
6f(x) in addition to Assumption[I.2] In the following, we will denote R*(]|0]|) the same
radius as in Lemma[£.2]

Assumption B.1 (Strong Smoothness on v). The function f is twice continuously differen-
tiable, and for given § € L2(0, T; R™) and (x,y) € B(R*(||8]])), f satisfies 1 f1lcr (e ;ray < 0.

This assumption correspond to [10, Assumption 2]. Under this assumption, we can
show the Lipschitz continuity by the same argument as in the proof of [10, Lemma 3.1].

Lemma B.2 (Fréchet-Differentiablity of the Loss Functional). The sum of loss and kinetic

regularization
Jo: 6 — / EﬂT+2// [o(x,0)Pdpfdt

is Fréchet-differentiable. In addition, for 8',6% € L2(0, T;R™), there exists C(A, ||61]|, ||6?]]) > 0
such that
IV]e(8") = Vo(6%)]| < C(A, [I6"]1, 16%]))]|6" — 62
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From Lemmal[B.2] the following corollary follows immediately.

Corollary B.1 (Semiconvexity for the Parameter 6). The functional

o gt = [ e [ [ (FloR+ S0l ada ®3)
satisfies
J(1=0)6" +6%) < (1—)J(6") +J(6%)
~ (e~ e 16%) U e — e

for any 61,6 € L2(0, T;R™) and { € [0,1]. Here C(A, ||6"]], ||6?|) is the same positive number
as in Lemma(B.2)

By this corollary, J is strongly convex on a L2 ball if € is sufficiently large compared to
other parameters such as A and T. This plays an essential role in the proof of Theorem [B.1]
below.

Theorem B.1 (Existence and Uniqueness of Minimizer of ]). Suppose that AssumptionsT.2]
and B If € > 0 in (B.3) is sufficiently large, there exists 6 € LZ(O, T;R™) which minimize |,
and 6 is a unique minimizer of |.

The proof is carried out using the direct method of calculus of variations as in Theo-

rem[I.1]

Proof. Tt is clear that 0 < inf ] < oo, then we can take a minimizing sequence ), C
L2(0,T;R™) such that J(§") — inf] as n — co. Thus, there exists C > 0 independent
of n such that holds. Then there exists a subsequence (1n') C Z- such that (@5). In
addition, by Corollary[B.T] we see that there exists € > 0 such that J is convex on B(2C/¢).
Therefore, by Mazur’s lemma, there exists another minimizing sequence (@”);’l"zl such that
6, — 6 in LZ(O, T;R™). Because Tis lower semicontinuous, we conclude that

J(0) <limint](0,) = | inf T,

i.e. 0 is a minimizer of J. The uniqueness is immediately obtained from the strong convex-
ity of J. O
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