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Abstract

The purpose of this work is to analyse the relationships between different formulations
of Monge-Kantorovich transport problem, in the case of L' cost. In particular, we focus on
the famous Benamou and Brenier’s dynamical formulation, finding a way to switch their
model from the quadratic cost to our cost function. Helped by the solutions of the other
formulations, we find a way to solve the dynamical problem, with L' cost, and we compare
the solution to the one found by Benamou and Brenier, with L? cost. For this aim, we also
analyse the intermediate cases of LP costs, with 1 < p < 2, recurring to a numerical scheme
based on a smart adaptation of Newton method.
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Introduction

The history of optimal transport began in 1781, when the French mathematician Gas-
pard Monge proposed to the Académie des Sciences a problem written in a report called
“Mémoire sur la Theorie des Déblais et des Remblais” [37]. This problem consisted, briefly,
in finding the best way to move a pile of soil (“déblais”) from the ground to a hole (“rem-
blais”), in order to fill it (see Figure 1).

FI1GURE 1. Graphic representation of the mass transportation problem.

Obviously, the pile and the hole must have the same volume. Thus, both the pile and
the hole are modeled by finite measures p* and p~, with the same mass, defined on some
subspaces X and Y of R™. The movement is described by a map 7', which has to “push” the
initial configuration onto the final arrangement. Moving the sand needs clearly some effort
which is modelled by a cost function ¢(z,y) defined on X x Y. In the description of Monge,
the cost function was just the Euclidean distance c¢(x,y) = ||z — y||. Apparently, it seems
a simple problem, but if one tries to deal with it, he immediately discovers that it hides
a highly nonlinear structure. This was the reason why the Académie des Sciences offered
a price to anyone who would be able to solve this problem. The French mathematician
Paul Emile Appell won this price, even if he was just able to provide only marginal results
about its solution. Thus, the problem remained without a solution, until progress was
made by Kantorovich [32], [33]. He inserted the problem into a more general framework,
which gave the possibility to use standard mathematical tools and, later, to provide a
solution. To do that, he started to look at the problem from a different point of view, which
allowed him to see a link between this problem and linear programming. Moreover, he
widely generalized the problem, taking into account general cost functions c¢(z,y), different
from the one considered by Monge, defined on more general measure spaces. The case of
quadratic cost function ¢(x,y) = ||z — y||2, physically related to the kinetic energy, was of
particular interest in literature, as, more generaly, strictly convex cost functions on = — y.
In these cases, as first shown by Brenier [14] in the L? cost case, the optimal solution of
Kantorovich’s reformulation provides a solution to the problem formulated by Monge. Thus,
while in these cases things worked quite well, with the original L' cost function adopted by
Monge, a solution had not been found yet. Sudakov [43] was the first to propose a solution
with this cost function. He decomposed R”™ in the disjoint union of segments with special
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INTRODUCTION .

features, reduced the problem into a family of 1D problems and finally glued together the
1D maps constructed on these segments. The strategy seemed to work properly, but its
complete definition was proposed only later by Ambrosio [1]. Starting from a deformation
argument due to Dacorogna and Moser [20], Evans and Gangbo [27] proposed an alternative
method based on differential equations. Finally, a solution was found.

This problem, however, can not be merely reduced to the study about the existence
and the properties of a solution. Indeed, the beauty and the greatness of the problem
introduced by Monge are due to its generality. It has a number of diverse applications,
coming from different branches of mathematics. It is linked to flow minimization problems
describing traffic issues, to defining distances in the space of probabilities, image processing,
economics, meteorology, etcetera. After this brief historical background, a normal question
which arises could be: “why this thesis?” The literature is full of books fully describing
almost everything about optimal transport, starting from the “bible” of the field medalist
Villani [46] or the more recent work of Santambrogio [41] or, even, the lecture notes of
Ambrosio [1]. But the “problem” that we found is exactly this: the literature is full of
books or articles about optimal transport and, especially in the case of L', the results are
scattered on different works and the situation is quite chaotic. Indeed, if the problem is
connected with several applications coming from different fields, it is normal that there will
be many different reformulations of the same problem. Thus, this work born from this
need to try to put some order in the situation, in the case of L' cost, and find the relations
between different formulations. Our study starts from one of these formulations, taken from
fluid dynamic, firstly introduced in Benamou and Brenier [5]. In this famous work, they
introduced a time variable and looked at the way in which the system evolved in time. The
problem we have to face is that they treated the L? cost case and their procedure is not
adaptable to L'. Therefore, we need an alternative formulation of Benamou and Brenier’s
dynamic problem and we find an original way to adapt this problem to the L' cost case,
taking inspiration from Chen, Georgiou, and Pavon [18]. Thus, keeping this new dynamic
formulation at the center of the attention, using the information obtained from the other
formulations, we try to recover the optimal solution of this formulation with L' cost, in the
same way Benamou and Brenier did, but with a different method. The result we achieve,
compared with the solution with a quadratic cost function, is somewhat unexpected. Thus,
we focus on the result obtained, trying to understand the main differences between the
two cases, both from geometrical and analytical point of views. To focus once more these
differences, we want to graphically see how the dynamical behavior of the optimal solutions
differ in time, when we change the cost function and when we change the initial and the
final data. First, we see some simulations in the already known cases of L' and L? costs.
Later, helped by a numerical scheme based on Newton method, we see how optimal densities
change in the intermediate cases of L costs, with 1 < p < 2. The structure of the thesis is
the following.

In Chapter 1 we provide some preliminary concepts, grouped in different mathematical
fields, in order to improve the flow of the reading.

Chapter 2 summarizes the chronological progresses that contributed to this work, starting
from the rigorous mathematical description of Monge and Kantorovich formulations of the
optimal transport problem and passing through other versions linked to these classical ones,
in order to obtain, at the end, a way to recover an optimal transport map in the case of L'
cost function.

In Chapter 3, after we presented two more formulations of the optimal transport in the L'
cost case, we try to find the relationships underlying these different formulations, attempting
to untangle the complex situation.

In Chapter 4 we focus on some of these formulations, trying to go deeper into the underlying
reasons and motivations. In order to do that, we also present some numerical and graphical
examples which allow the reader to better understand these particularly important results.
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In this work, we divided the original proofs from those taken from other books or articles,
specifying every time the source.

I would like to thank my advisors, Professor Mario Putti and Michele Pavon, and my
co-advisor, Enrico Facca, for the invaluable support and the precious advice they have
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CHAPTER 1

Notation and some preliminary results

In the course of this work, we shall use some notations and well-known results, which
will be reported briefly in this chapter in order to clarify the meaning of the different
symbols and to improve the readability. First, the main notation will be listed and then the
preliminary results used throughout the work will be reported, grouped into homogeneous

areas.

1. Notation

R} : non-negative real numbers, i.e. [0,4o0].

R: the extended real number system, i.e. R U {—o0, +-00}.

R™: the standard n-dimensional Euclidean space.

Ty, Ty, Ty the projection of a product space onto one of its components.

vq: the outward normal vector to a given domain 2.

0q: the Dirac mass concentrated at the point a.

L": the Lebesgue measure on R™.

M x N: the product space between M and N.

1 ® v: the product measure of p and v, i.e. u®v(A x B) := u(A)v(B).

~: X ~ Y this symbol stands for two random variables X and Y with the same
distributions.

a.e.: given a measure space (Q,A, ), we say that a property P holds almost
everywhere (a.e.) if u({x € Q : P(z)) =0.

Consider a matrix A:

AT is the transpose matrix of A.

det(A): is the determinant of the matrix A.

tr(A): is the trace of A.

A;j;: is the minor of the entry (¢, j) of the square matrix A, i.e. the determinant
of the submatrix obtained deleting the i-th row and the j-th column.

cof(A): is the cofactor matrix of A, i.e. the matrix whose (7, ) entry is obtained
by multypling the minor A4;; by (—1)"*.

e;j: is the unitary vector in the standard basis, with 1 in the j-th coordinate and
0’s elsewhere, i.e. ¢; := (0,...,0,1,0,...,0)T.

1: is the vector of ones, i.e. 1 :=(1,...,1)7.

100-- 0

010 - 0
I: is the identity matrix, i.e. I:= (: —_— )

000 - 1

Consider a scalar function f:R" — R :

supp(f) :={z € R™ : f(z) # 0} is the support of f.
dom(f): is the natural domain of a function, i.e. the maximal set of values for
which the function is defined. In this case it is dom(f) = {z € R" : f(x) € R}.

[T (@) = max{f(2),0}, f~(2) := max{—f(z),0}. .
V: the gradient, which is the vector Vf := (ﬂ LA ) .

Oxq" Y Oy

V- : the divergence, which is defined as V- f = >"" | aaai'
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e A: the Laplacian, which is Af :=V - (Vu) =31 | %’;.

82 f 92 ¢
61% CESTCETY
e D?: the Hessian matrix, i.e. D?f :=
6’éf Béf
Bondar " o2
e D: if we consider a function T : R™ — R™, the Jacobian matrix DT is DT (z) =
Ty (z) Ty (x)
Oxq dxnp
OTn(z)  9Ta(w)

ez ol
o dJ(u, lgb) if we consider a functional J : V' — W, with V|, W Banach spaces, the
Géateaux differential of J at w € U C X (U open set) in the direction ¢ € X is
d%J (ute9) |8:0. Note that it will also be called the first variation of J in direction
o.
Consider a set {2:

0C: is the complement of €.

Q: is the closure of Q, i.e. the smallest closed set containing €.

°: is the interior of €2, i.e. the largest open set contained in €.

P(£2): is the power set of €, i.e. the collection of subsets of €.

1, ifxeq,

0, otherwise.

C(2), Cp(£2), Cc(82), Co(£2): the sets of functions from € to R which are continuous,
bounded continuous, compactly supported continuous and continuous vanishing
at infinity functions, respectively. If the codomain is different, it will be specified:
for example, C(2; R™).

Lip-(€2): is the set of all Lipschitz continuous functions with Lipschitz constant
Lip(f) = C, i.e. all the functions f such that |f(x) — f(y)| < Clz — y|, for all «,
y € Q.

e AC(I;Q): is the set of all the absolutely continuous functions defined on the
interval I C R, i.e. v € AC(L;Q) if and only if v is differentiable a.e. and
v € LY(I).

Consider a general topological space (X, 7):

Xq: is the characteristic function of €, i.e. xq(z) :=

e B(X): is the Borel g-algebra, i.e. the smallest o-algebra containing the topology
T.
o M (X): is the space of the positive finite Borel measures on X.

In this last part, we report some notations we will define throughout this work. Anyway, in
order to make the reading easier, we report them here. Given a measurable space (Q,.A),
we denote by:

o LP(Q), LL (), WLP(Q), WP (Q): the L? space, locally integrable space, Sobolev

loc
space and compactly supported Sobolev space of functions, respectively.

® (-,-)r2(q): the scalar product defined, for f,g € L2(92), as:

(9 sy = / f@)g(@)dp,  f.g € L3(9).

o (-,-)rr(): the dual pairing defined, for ¢ € (LP(Q)*, as:
(D, u)pr(a) = / w-gdp VYue LP(Q).
Q
® (-, -)co(q:rn): the dual pairing, defined for ® € (Co(2;R™))*, as:
(@, feorn) :/Qf-duz Z/indlim Vf € Co(Q25R™).
i=1
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o M (Q) = M(Q): the space of the finite signed Borel measures.
o M™(Q) :={u:B(Q) = R"™ : puis a finite vector measure}, the set of all the finite
vector measures defined on the Borel set 5(£2) with values in R™.
ME(Q) ={peM"(Q) : V-peMQ)};

div,o(8) = {p € Mg (Q) : p-vo =0}
P(Q): the set of all the probabilitiy measures defined on the measurable space
(Q,B(Q).

¢ 2@ = {u e P@) 5 [ ol duto) < +oc

Given two finite positive measures p+ and p™:

e T(p",u”) = {T : X — Y| T is Borel measurable, one-to-one and Ty (u") =

°
=
=
v+

Htl
—
=

m
+
=
3
X
=
Z
3
S
I
=
v+
3
<
E
|
=
—

X , .
o Q'(utu) = {PEB(X) | (e0)4P = pt and (1) 4P = u”}.

* dig(z) = fo(x)dr with fo(x) € LP(Q)}.
e dkr, (™, ™) the p-Kantorovich-Rubinstein distance between p+ and pu~.

Given a metric space (V,d):

e CSG([0,1]; V) :={y € AC(]0,1]; V) : ~ is a constant speed geodesic in V'}.
Given two functions f* and f~:

o P(f*,f7)={p:[0,1] xR" = R" | p(0,2) = f*(x) and p(L,y) = f~(y)} -

2. Elements of Real and Functional Analysis

Before starting with some preliminary results taken from real and functional analysis,
let us make a small clarification. Throughout the whole work, any integral will be thought
in the sense of Lebesgue and the integral of any (Lebesgue) measurable scalar function

f:Q — R will be denoted by:
/ f(z)dz.
Q

For a reader who wants to go deeper into the details about Lebesgue integration, we
suggest a couple of standard books, such as Folland [29] and Rudin [39).

We want to focus, now, on some important spaces of functions and on their main
properties. For a deeper reading about this argument we suggest, again, Rudin [39] and
Folland [29]. Consider a measure space (2,.A, 11).

DEFINITION 1.1 (LP spaces). For 1 < p < 400, the LP space is defined as:

LP(Q, A, p) = LP(Q) := {f is p—measurable : || f[l, < +oo} ,

is,= ([ If(fv)I”du>; |

For p = +00, the L™ space is defined as:
L>*(Q, A, n) = L>®(Q) := {f is p—measurable : |f|. <+oo},

where the p-norm is defined as:

where the essential supremum is defined as:
| fllo ==1nf{M >0 : |f(z)] < for p-a.e. xz€Q}.
7



CHAPTER 1. Notation and some preliminary results.

It can be checked that the couple (LP(),|-||,) is a Banach space and, in particular,
for p = 2, the couple (L*(), (-, ) 12(q)) is a Hilbert space equipped with the inner product:

(e = [ f@ata)dn, fg€ 1@, (1)
Note that, to be precise, in order to satisfy the property of the norm:
Ifll,=0 = f=0,

we should identify functions which are equal almost everywhere. Moreover, we should
consider the LP spaces as quotient spaces. Anyway, the LP spaces and their quotients are
usually identified, for simplicity. Throughout this work, another particular space will also
appear:

DEFINITION 1.2 (Locally integrable). A Lebesgue measurable function f : R” — R is
said to be locally integrable, and it is denoted by f € L _(R"), if for every compact set
K C R™ we get f € LY(K).

This kind of functions are used, for example, inside the following classical theorem,
which is a well-known result, taken from real analysis.

THEOREM 1.1 (Lebesgue differentiation). Consider f € L}, .(R™). Then for L™-a.e.

x € R™ we get:
1
rli>0+ m /B(w’r) fy)dy = f(x).

After recalling that a measure p, defined on a measurable space (Q,.A) is o-finite if Q
is a countable union of measurable sets with finite measure, we state another famous result
which will be useful in the course of this work.

THEOREM 1.2 (Fubini-Tonelli). Suppose (M, A, 1) and (N, B,v) two o-finite measure
spaces.

(i) (Pubini) If f € L'(u®v), then, if we denote by:

fx(y) = fy(x) = f(x7y)7 V(Z‘,y)EMXN,

then f, € L'(v) for a.e. :E € M, fY € L'(u) for a. e y € N. Moreover, the
a.e.-defined functions g(x) = [y fo(y)dv(y) and h(y) = [,, f¥(x)dp(x) are in
LY(p) and L*(v), respectzvely Lastly, the following equalzty holds:

/Mfo( y)d(p @ v)(z /(/fa;ydu > ()
~ [ (] s@miut)) o)

(i) (Tonelli) If f: M x N —> [0, +00] is a non- negative 1 ® v-measurable function,
then g(z) = [y fo(y)dv(y) and h(y) = [, f¥(x)du(z) are p-measurable and v-
measumble respectwely, and (1.2) holds

(1.2)

Inside these spaces we can define different types of convergence which are possible for
a sequence (fn)nen. We recall, here, just those modes of convergence which will be used
more inside this thesis.

DEFINITION 1.3 (Different modes of convergence).

e Pointwise convergence: we say that f, : 2 — R, n € N, converges pointwise to
f:Q—=>Rif:

lim f,(x) = f(z), VreQ.

n——+oo

8
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e Almost everywhere convergence: we say that f, : 2 — R, n € N, converges
p-almost everywhere (p-a.e.) to f : Q — R if there exists a set N C € such that
w(N) =0 and for all x € 2\ N, we have:

Jimful@) = f(@)

e Strong convergence: let 1 < p < 4+o00. We say that f, — f strongly in L? if
fn, [ € LP(2) and

dim[[fu— £, =0.
e Weak convergence: let 1 < p < +0o. We say that f,, converges weakly to f in

LP(Q), and we denote it by f, — f in LP, if f, f,, € LP(Q) and for all g € LI(2),
with 1 < ¢ < 400 the Hélder conjugate of p, i.e.

11
S4-=1, (1.3)
P q

we have:

lim [ fu(o)g(x)dp = / F(@)g(z)dn.
Q Q

n—+oo

e Convergence in measure: given f,, f measurable functions, n € N, we say that
fn = f in measure if for every £ > 0 we have:

i (e € Q ¢ |fy(a) — @) = <)) =0

n

Let us remind the reader about another group of spaces: the Sobolev spaces. For a
complete description and characterization of Sobolev spaces see, for example, Burenkov [16].

DEFINITION 1.4 (Sobolev spaces W1P). Consider Q C R"™ open set and 1 < p < oo.
The Sobolev space W1P(2) is defined by:

WLP(Q) = {f € LP(Q) : Jgu,...,gn € LP(Q) such that:

9(x) [ _ oo
—/Qf(x) oz, dm—/ﬂgz(x)gﬁ(x)dw Vi=1,...,n, V¢ € C; (Q)}

Note that, calling the functions g; distributional derivatives, we get the following link
between these spaces and LP spaces:

e if f € LP(Q), then f € WP(Q) if and only if all of its distributional derivatives
are in LP(Q);

o if f € CYQ) N LP(Q), then f € WIP(Q) if and only if 2L € LP(Q) for all
1=1,...,n. '

The Sobolev space W1P(Q) is equipped with the following norm:

" || Qu
1w = 11, + D | 5
i=1 v

, or, equivalently,

p
1
n P\ P
Imew=QUM+§: >-
i=1 p

We, now, want to introduce some tools taken from functional analysis, starting from
preliminary definitions, just to have everything we will need properly defined, and proceed-
ing with some non-trivial results. For the details about this part of functional analysis we
refer mainly to Brezis [15]. Consider two normed spaces (V, ||-||,,) and (W, [|-|)w .

ou
8:52-

DEFINITION 1.5 (Operator norm). Given a linear operator T': V. — W, the operator
norm is:

|7zl
Il = sup .
» =50 Tl

9



CHAPTER 1. Notation and some preliminary results.

In this context, a linear operator T': V' — W is continuous if and only if ||T'|,, < +oo,
i.e. bounded operators and continuous operators coincide. We will denote the space of
linear and continuous operators by:

LV,W):={T:V - W : T is linear and continuous} .
Moreover:

DEFINITION 1.6 (Dual space). Given a normed vector space (E, ||-||), the dual space is:

E* := L(E,R).
This is a normed space, equipped with the operator norm:
(T, )|
T, = sup =—"——F,
ar0  |lzlg

where (-, )« — R, is the dual pairing of these spaces, i.e. the evaluation of T" against .

Note that the * below the scalar product is used to distinguish this dual product from
a normal scalar product. However, in the following Riesz Theorems, we will use a specific
notation for any scalar product, depending on the particular space in which is defined,
always having in mind that they are dual pairings.

THEOREM 1.3 (Riesz representation for LP spaces). Let 1 < p < +oo and (2, A, ) is
o-finite. Then for all ¢ € (LP(Q))*, there exists one and only one g € LY(Q), with ¢ Holder
conjugate of p as defined in (1.3), such that:

(B, u) Lo () = /Qu cg dp Yu e LP(Q). (1.4)

Moreover, H¢||0p = ||qu

Note that this theorem says that for 1 < p < 400 the map:
(LP ()" — L)
b=y
is a linear surjective isometry, which allow us to identify the two spaces. Note, also, that the
case p = +o0o0 is excluded, because the dual space of L>(2) is strictly bigger then L!(1),
i.e. there are functionals on (L*°(02))* that cannot be represented as an integral against a

function g € L(Q)). We are going to recall, now, some famous and important definitions in
this field:

DEFINITION 1.7 (Compactness, sequential compactness and relative compactness). Given
a topological space (X, 7), a subspace K C X is:

(i) compact if from every open cover of K, we can extract a finite subcover, i.e.
if K C U;erAi, with A; € 7 for all i € I, there exist Ay,..., A, such that
K c U, A.

(ii) sequentially compact if for every sequence contained in K, {z,} C K, there exist

k—o0
a convergent subsequence, x,, — z € K.
(iii) relatively compact if K is compact.

In the case of R™, for example, the conditions of being closed and bounded fully char-
acterize compact sets, but, in general, in infinite dimensional spaces it is not as easy to
understand. We have the following;:

THEOREM 1.4. Given a metric space (X,d), then:

K C X is compact < K C X is sequentially compact.
10



CHAPTER 1. Notation and some preliminary results.

In this part we will just focus our attention on the conditions characterizing sequentially
compact sets in the case of LP spaces, which will be the only case considered in this work.
Note that, the convergence of this subsequence will be “accepted” in any kind of way.
Thus, we need to introduce the weak and weak-* convergence, which arise from the notion
of weak and weak-* topologies, but, in the way in which we need these tools, we can give
self-sufficient and equivalent definitions.

DEFINITION 1.8 (Weak and weak-* convergence). Given a normed space (E, |-|| z), we
say that:

(i) the sequence {z,}neny C F is weakly convergent to x € E, and we write x,, — z,
if for every f € E*, we have (f,xn)« = (f, ).

(ii) the sequence {f,}nen C E* is weakly-* convergent to f € E*, and we write
fn = f, if for every x € E, we have (fpn, )y — (f, ).

This definition elucidates the definition of the weak convergence given above in the case
of L? spaces (Definition 1.3), using Riesz representation’s Theorem 1.3. We need, now,
another definition, in order to capture the difference between the case of LP spaces, with
1 < p < 400, and L. This distinction between the two cases will be used later.

DEFINITION 1.9 (Reflexive space). Consider a normed space (E, ||-|| ), with the canon-
ical injection map J : E — E** given by:
(J(x), f)« = (f,x), Yz e€E, VfeFE"
The space is said reflexive if J is surjective.

An example of reflexive spaces are, indeed, the LP spaces for 1 < p < +o0o, while the
L' space is not reflexive. We have the following:

THEOREM 1.5. If the normed space (E, ||| g) is reflexive, every bounded sequence
{zn}nen admits a weakly converging subsequence (i.e. the bounded sets are relatively se-
quentially weakly compact).

In the case of L' spaces, we cannot use this result. In this case, there is another
characterization:

THEOREM 1.6 (Dunford-Pettis). Given Q C R™ measurable set, F C L'(Q) bounded
set. Then F is relatively weakly compact <= F is equintegrable, i.e.

(i) for alle >0 it exists a § > 0 such that:
/ |flde <e, VA CQ measurable with L™(A) < 6, Vf € F}
A

(it) for all e > 0, it exists w C R™ with finite measure such that:
/ |flde <e, VfeF
Q\w

Obtaining a weakly converging subsequence in applications is very important. For
example:

PRrROPOSITION 1.1 (Direct method in the Calculus of Variations). Consider a Banach
space V and a functional J : V — (—o00, +00| bounded from below. Then the Direct method
in the Calculus of Variations is divided into three steps:

(i) Take a minimizing sequence {un tneny CV, i.e. ngrfoo Up, =min{J(u) : uweV}.
(#i) Show that u, admits some subsequence uy, that converges weakly to some ug € V,
1.€. Up, — UQ-

(iii) Show that J is weakly sequentially lower-semicontinuous, i.e. for any weakly con-

vergent sequence u, — ug, it follows that lﬁglf;f J(un) > J(ug).

Once these conditions are proved, we have that ug is a minimizer for J.

11



CHAPTER 1. Notation and some preliminary results.

To conclude this section, we want to present an example that mixes together integration,
measure theory and duality properties, which will be used later in this thesis. For more
details about this part we refer to Rudin [39].

DEFINITION 1.10 (Vector measure). A wvector measure on a measurable space (€2,.A) is
a map with values in R", i.e. p: A — R” such that:
o 1(0) = 0;
o If A; € A, k € N are mutually disjoint sets, i.e. 4;NA; =0, Vi # j, then:

+oo oo
7 (U Ak> = Z w1(Ag), with the absolute convergence.
k=1 k=1

In the case of n = 1 we say that p is a signed measure; in the case of n = 2 it is called

complex measure. A finite vector measure is a vector measure p such that p(A) < 4o0, for
all A e A

Given a measurable space (2,.4), we denote by:
o M) = M(Q): the space of the finite signed Borel measures.
o M™(Q):={u:B(Q) - R" : puis a finite vector measure}, the set of all the finite
vector measures defined on the Borel set B(f2) with values in R™.

o My (Q):={peM"(Q) : V-pe M)}

o Ml o) = {1 € M3 (Q) : j-v = 0},
For every such vector measure, we can associate a positive scalar measure, called total
variation measure, defined as:

DEFINITION 1.11 (Total variation measure). Consider a finite vector measure pu €
M™(Q). The total variation measure ||p|| € M4 () is a map |p| : B(©) — [0,+o0],
which associates to every A € B(Q):

+oo oo
2]l (A) := sup {Z (AR = A= | J A with Ay € B(Q) and A; N A; =0, Vi ;éj}
k=1 k=1

Note that Z:j [|e(Ag)|| < 400, because the series is absolutely convergent, thanks to
the Definition 1.10. Moreover, note that the quantity ||| := ||| (€2) is a norm on the space
M™(Q). We, now, need to recall a modified version of the Riesz representation theorem:

THEOREM 1.7 (Riesz representation for continuous function). Given @ C R™ open
bounded set, then every bounded linear functional ® on (Co(Q;R™))* (with Co(2;R™)) consid-
ered with the supremum norm) is represented by a unique finite vector measure p € M™(Q),
in the sense that:

@wwmﬂiéﬂw=24nm,w6wmwy (15)
=1

Moreover, the map:
(Co(SHR™)™ — M™(Q)
D p

is a linear surjective isometry, i.e. ||| = ||u| ().

In practice, we construct the integral in (1.5) as the sum of the integrals of scalar
functions according to scalar measures. For the proof of this theorem, in Rudin [39] there
is a different version, but it is enough to apply that version piecewise. The integral of a
function f € Co(€2;R™) with respect to p € M™(2), as defined in (1.5), is well defined,
if |[f|l € L*(, ||pl]). Another important fact about vector measures, consequence of the
Radon-Nikodym theorem, is the following:

12



CHAPTER 1. Notation and some preliminary results.

PROPOSITION 1.2. For every pu € M™(Q), there exists a Borel function u : Q — R™,
called the density of u with respect to ||u||, such that p = u-||p| and ||ul| =1 a.e. for the
measure ||u||. In particular,

/}wm:/qmmmm VS € Co(RM).
Q Q

3. Elements of Probability Theory

In this section, we just want to refresh the mind of the reader about well-known results
and properties of the integration in a probability setting, mainly in the case of absolutely
continuous random variables. For the details about this argument, we refer to Jacod and
Protter [31]. Let us start consider a measurable space (2,.4) and for future reasons, denote:

e P(Q): the set of all the probabilitiy measures defined on the measurable space
(€, B(92).
Note, also, that a probability measure P is just a measure that has the property P(2) = 1.
Moreover, let us recall two key definitions inside probability theory.

DEFINITION 1.12 (Random variable). A measurable function X : E — F, with (E,€)
and (F,F) two measurable spaces, is a random variable if (E,£) = (Q, A). Moreover, we
say that X is a random variable with values in R, if (F,F) = (R, B(R)).

DEFINITION 1.13 (Distribution). Given a probability space (Q2,.A, P) and a random
variable X : 0 — F, then the distribution of X is defined as:

PX(B):=P(X '(B))=P({weQ : X(w) <€ B}).

Note that PX is a probability measure on (E, ). It is possible to define the integral of
a random variable in the same way as the Lebesgue integral of a measurable function. This
particular integral is called expectation of a random variable and it is denoted by E(X), if
X : Q — R is a random variable. Moreover, in the same way as before, we can define the
LP spaces of random variables as:

LP(QAP)=LP(Q):={X:Q—R : X is a random variable and |X|" € £'(Q, A, P)}.

We want to report, here, a result which links the expectation of a random variable X to
the integral with respect to the distribution PX.

THEOREM 1.8 (Expectation rule). Let X : Q — E be a random variable with values in
(E,€) and g : E — R be a measurable function. Then:
(i) g(X) € LYQ, A, P) if and only if g € LY(E, &, PX);
(it) If g > 0 or if g satisfies one of the equivalent conditions in (i), we have:

B(9(X) = [ g(a)dP¥ @), (1.6)

As for the expectation, we can define different types of convergence of random variables,
with properties similar to the case of the convergence of measurable functions. Thus,
it is possible to define the convergence almost everywhere, the convergence in LP, the
convergence in probability, in the same way as we did in Definition 1.3. The only case that
differs is the following;:

DEFINITION 1.14 (Convergence in Distribution). Consider a sequence of probabilities
(tn)nen € P(R?) and p € P(R?), then we say that u,, converges in distribution or converges
weakly to p, and we write p,, — u, if:

n—-+oo

lim /f(:z:)d,un(as) = /f(z)du(x), Vf :R? — R bounded and continuous.

13
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We say that the sequence of random variables (X,)neny with values in RY converges in
distribution or weakly to the random variable X, if their distributions PX» — PX i.e. for
all f:R? — R bounded and continuous, using (1.6), we have:

imB(f(X,)) = B(f(X)).
An important theorem in this context, used later in this thesis, is the following:

THEOREM 1.9 (Prokhorov). Consider a sequence of probability measures in RY, (i, )nen C
P(R?), which satisfies the tightness property, i.e. for every € > 0 there exists a compact
subset K. C R% such that:

pn(RO\NK.) <e VneN. (1.7)

Then there eists a subsequence (fin, )ren and p € P(RY), such that i, — .
For the proof of this theorem, Jacod and Protter [31] there is only the case d = 1. For

the proof in general case see, for example, Billingsley [7]. We need, now, to introduce an
important concept of the probability theory, which will be used often in this study.

DEFINITION 1.15 (Absolutely continuous measure and random variable). Consider a
Lebesgue measurable function f : R™ — [0, +00) such that:

f(x)de =
R"L
Then, function:

/f dr, A€ B[R,

is a probability measure on B(R"™), and we say that p is an absolutely continuous measure
with density f. We say that the random variable X with values in R™ is absolutely contin-
uous, if its distribution PX is an absolutely continuous measure. The density of X is the
density of PX

Note that, by the definition of absolutely continuous measure p with density f, we
obtain the rule:

[ s@iduta) = [ g(@)s@yiz, Vg e LR Ap).
As a consequence, we obtain:

ProprosITION 1.3. If X is an absolutely continuous random variable with values in R™
and density fx, for all g : R® — R such that g(X) € L', then:

B(g(X)) = / o) fx (2)da. (18)

Note that comparing Equations (1.6) and (1.8), we can denote the fact that a random
variable X is absolutely continuous with density fx by:

dPX (z) = fx(z)dx
A particular case in which the densities of the random variables are used is the following:
THEOREM 1.10. Assume that (X,Y) is a random variable with values in R?, absolutely

continuous with density fx y, then both X andY are absolutely continuous random variables
with densities given by, respectively:

/fXnydy» fy(y /fxyxy

These densities fx and fy are called the marginal densities of f. We finally turn our
attention to a change of variable technique taken from standard calculus, in order to answer
the question: if X = (X7,...,X,,) has the density f, what is the density of Y = g(X)? We
start recalling the change of variable theorem, taken for example from Stroock [42].

14
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THEOREM 1.11 (Change of variable or Jacobi’s transformation). Suppose that G is an
open set in R™ and g : G — R™ is continuously differentiable, injective and its Jacobian Dg

never vanishes. If f is Lebesgue measurable on g(G), then f o g is Lebesgue measurable on
G. Moreover, if f € L'(g(G), A, L"), then:

fw)dy = / f(g(x)) |det(Dg(x))| da (1.9)
9(G) G

As an application of this theorem, we can answer the previous question with the fol-
lowing:

THEOREM 1.12. Consider X = (Xi,...,X,) a random variable with values in R™,
absolutely continuous with density fx and consider g : R™ — R™ be continuously differen-
tiable, injective and with Jacobian Dg never vanishing. Then Y = g(X) is an absolutely
continuous random variable with density:

Foly) = {fx(g‘l(y)) |det(Dg™" )| if y € Im(g). (1.10)

0 otherwise.

4. Elements of Linear Programming

For the first introductory part about linear programming we refer to Vanderbei [44],
while for a deeper reading about duality we suggest the book of Boyd and Vandenberghe
[10]. We start with some general definitions:

DEFINITION 1.16 (Linear program). A linear program is a constrained optimization
problem, where the objective function f is linear and the constraints are described by linear
equalities or inequalities. The general case is:

min (or max) ¢z 4+ - +cply
subject to  ayz1 4+ -+ +ax, ~ by,
am1%1+ -+ QpTn ~ bm7
where “~” stands for one of the following symbols: “>”, “<” or “=". In the problem above,
Z1,...,%, are the variables; a;;, b; and c¢; are the parameters.

In general, every linear program can be written in the standard form (possibly after an
addition of some variables, called “slack” or “surplus” variables, or after some changes of
the sign) as:

min ¢’z

st. Az =1b (1.11)
x>0,
where A € R™*" ¢ € R, b € R™ and « € R™. Here we report some standard notations
and a basic result characterizing the different types of linear programs.
We say that * € R" is:
o feasible if it satisfies all the constraints. In the case of the standard form, for

example, z* has to be non-negative and Az* = b.
e an optimal solution if it is feasible and, in the case of minimization problems,

cl'e* < Tz, for all the feasible z € R™.
If z* is an optimal solution, the corresponding value ¢’ 2* is said the optimal value.

THEOREM 1.13. Given a linear program in the standard form, one and only one of the
following alternatives holds:
(i) the problem has at least one optimal solution;
(ii) the problem is unfeasible, i.e. there are no admissible solutions;
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(iii) the problem is boundless, i.e. for every K € R it exists an admissible solution
x € R" such that Tz < K.

We have just introduced the main features and definitions of the linear programming. Ac-
tually, for the aim of this work, we just need one property of these linear programs: the
existence of a dual program. If we call a general linear problem, as those we described be-
fore, primal problem, then we can construct a dual problem, arising from the primal problem,
which can give us some useful information about it. However, before going on with the full
list of the rules for the construction of a dual problem, let us briefly see some motivations
and interpretations of this duality property. Often, in this linear programming framework,
the dual program has an economic interpretation. For example, in the cases of problems
linked to allocation of resources, production or transportation, which have clear economic
features, the dual problem describes the issue of an operator who wants to penetrate the
market and propose an alternative to our business. It is called shadow market. The con-
straints of the dual represent the fact that the proposal of the operator must be competitive,
hence it must be economically interesting for us. Conversely, the objective function rep-
resents the will of the operator to maximize the profit. Later in this thesis, we will focus
on the case of the assignment problem and the economic interpretation of the dual will be
clearer through this specific example. Furthermore, it exists another interpretation of the
dual problem, which is the most natural one and it holds in more general conditions. It is
called Lagrangian duality. Consider a general optimization problem written in a standard
way as:
min f(x), (MP)
where the set of feasible solutions S can be written as intersections of equalities and in-
equalities, i.e.
S:={zeR" : gi(zx) <0, hj(z) =0, Vi=1,...,m, Vj=1,...,p}. (1.12)

We assume S non-empty and we denote by z* the optimal solution. It is often useful to
find a lower bound for a minimization problem (or an upper bound for a maximization
problem). The basic idea in the Lagrangian duality is to take the constraints inside the
definition of S into account by augmenting the objective function with a weighted sum of
the constraint functions. Indeed we define the Lagrangian £ : R™ x R™ x RP — R as:

L(z, A\, V) :f(m)—l—Z)\igi(x)—l—Zujhj(x). (1.13)

These \; and v; are called the Lagrange multipliers associated with the i-th inequality
constraint g;(x) < 0 and with the j-th equality constraint h;(x), respectively. We, then,
consider the Lagrange dual function g : R™ x RP — R defined as:

m p
9\ v) = inf Lz,\v)= inf f(w)+;&gi(w)+;vjhj(x) : (1.14)

Note that it is the pointwise infimum of a family of affine functions of (A,v), thus it is
concave even without any particular assumptions on the principal problem (MP). The
basic property of this dual function is that it yields lower bounds on the optimal value
f(a*) of (MP). Indeed, for any A > 0 and any v, supposing & € S, we get:

m p
Z)\igi(.i‘) + Z thj(i‘) <0.
i=1 j=1
Therefore,
m P
L@ A V) = [(@) + Y Nigi@) + Y vihy(@) < [().
i=1 j=1
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Hence, simply noting that g(\,v) of (1.14) is less than or equal to the Lagrange function
L(Z,\,v) in the previous inequality, we get that g(A,v) < f(Z) holds for any & € S.
Furthermore, we get that, for any A > 0 and any v, the following inequality holds:

g\ v) < f(z7). (1.15)
Note that the previous inequality is non-trivial only when A > 0 and (\,v) € dom(g),
ie. g(A,v) > —oo. We refer to the couple (A, v), with the features just described, as dual
feasible, for reasons which will be clear later. Now, once we discovered that each of the dual
feasible couple gives us a lower bound on the optimal value z*, a natural question is: what
is the best lower bound that can be obtained from the Lagrange dual function?
The answer to this question leads to the following optimization problem:

max g(A,v)

DP
s.t. A >0, (DP)

where the constraint (A,v) € dom(g) is implicit. The problem (DP) is usually called
Lagrange dual problem. Moreover, the term dual feasible to describe the pair (A, v) with
A > 0 and (A, v) € dom(g) now becomes clearer, because it stands for a couple which is
feasible for the dual problem. We look for the optimal couple (A*,v*) that solves (DP),
called dual optimal or optimal Lagrange multipliers. Note that Lagrange dual problem (DP)
involves the maximization of a concave function under convex constraints, thus it is a convex
problem. Thus, in general, a dual problem can be easier than the primal problem for its
convexity properties and, sometimes, a primal problem with a lot of difficult constraints
can be reduced into a dual problem with less constraints, easier to handle. Let us see in
details, now, the case in which the primal problem is a linear program in the standard form
asin (1.11). In this case, in order to transform feasible set into an intersections of equalities
and inequalities like the set S, we consider the functions g;(z) = —z;, i = 1,...,n. Thus,
taking \; for the n inequality constraints and v; for the m equality constraints, we get:

Lz, \v)=clz— Z Nx; +vT(Az —b) = —bTv+ (e + ATv — N Tz,
i=1

Therefore, the dual function in this case is:

Ty ATy —A+¢=0

g\ v) = inf Lz, \v)=-bTv+ inf (c+ATv - Nz = )
zER? —oo  otherwise,

rER™

since a linear function is bounded from below only when it is identically zero. Hence, g is
finite only when ATv — X\ +c¢ = 0. Thus, the Lagrange dual problem, making these equality

constraints explicit and considering © = —v, becomes:
min b7
st. —ATu—=A+¢=0 (1.16)
A>0,
This problem, removing the constraints A > 0, can be expressed as:
min b7 u
st. ATu < ec. (117)
Hence, this example gives us the following duality rule:
min ¢!z, Dual max b’ u,
s.t. Az =0, = st. ATu <, (1.18)
z=>0 ueR™.

In general, it is easy to see, proceeding like above, that the following rules for the
construction of the dual problem, in this case of linear programming, hold:
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e the dual of a minimum problem is a maximum problem and vice versa.

e the type of the primal constraint determines the sign of the dual variable, taking
the same one. The sign of a primal variable determines the type of the dual
constraint, taking the opposite one.

e the vector ¢ defining the objective function of the primal problem becomes the
right-hand side of the constraints in the dual; vice versa, the vector b of the primal
appears in the objective function of the dual.

e if the constraints of the primal problem are defined by a matrix A € R™*"
then the constraints of the dual problem are defined by the transpose matrix
AT ¢ RP*™,

Table 1 summarizes all the rules written above and fully describes the construction of a
dual linear problem. Note that, given a matrix A € R™*"  the i-th row of A is denoted by
al and the j-th column of A is denoted by A;.

min ¢’z | maxbTu

Ty < b, <0 =1

a; ¢ <b; u; < 1=1,...,m
alz >b; u; >0 i=mi+1,...,mo
alz =1b; u; free | i=mo+1,...,m
z; >0 Atu<e; | j=1,....m

z; <0 A%UZC]' j=ni+1,...,n9
x; free Aju=cj| j=n2+1,....n

TABLE 1. The rules for the construction of the dual problem of a linear program.

We state here some important theorems in this context, where in every theorem we
suppose to consider a couple of primal-dual linear problems.

THEOREM 1.14 (Weak duality). If x is feasible for the primal problem and u is feasible
for the dual problem, then:
bTu < clx.

This theorem follows directly from the definition of the Lagrange dual function, which
is a lower bound for the optimal value of the primal problem. In particular, is a lower bound
for any feasible point. Indeed, Theorem 1.14 is just (1.15) in the case of a linear program.
A direct consequence is the following:

COROLLARY 1.1. If z* is feasible for the primal problem, u* is feasible for the dual
problem and cTx* = bTu*, then x* and u* are optimal solutions for the primal and the dual
problems, respectively.

Another important result, also following from the general framework of the Lagrange
duality, is the following:

THEOREM 1.15 (Strong duality). The primal problem has an optimal solution x* if
and only if the dual problem has an optimal solution u*. In that case, the optimal values
coincide, i.e.

Starting from the same problem written in (MP), in the case in which functions
g1,---,9m and hy,..., h, are differentiable, we can obtain some necessary conditions for
optimality, which will be useful later in this thesis. The idea is, again, to use the Lagrangian
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function L(z, A, v) defined in Equation (1.13) and to impose the fact that its gradient must
vanish at optimal solution z*. We get that:

m

p
V(@) + Y A Vgi(a®) + > viVhi(z*) =0,
=1 j=1

if (A*,v*) is optimal for the dual problem written in (DP). Thus, we obtain:

PROPOSITION 1.4 (Karush-Kuhn—Tucker (KKT) conditions). If x* is a local solution
of constrained minimization problem (MP) and (A\*,v*) is a solution of constrained mazi-
mization problem (DP), the following conditions hold:

VxL(z*, \*,v*) =0,

gi(z*) <0 i=1,....,m
hy(a*) =0 j=1,....p (KKT)
A >0 i=1,...,m
Afgi(z*) =0 i=1,...,m

We refer again to Boyd and Vandenberghe [10] for a deeper analysis about this result.

5. Elements of Convex Analysis

In this section, we want to start by describing some tools of convex analysis. For a
deeper reading about the introductory concepts and the preliminary results set out below,
see both Ekeland and Temam [23] and Brezis [15].

DEFINITION 1.17 (Convex set). Given a vector space V over R, we say that C C V is
a convezx set if:
A+ (1-XNveC, VYuwvel YAel0,1].

DEFINITION 1.18 (Convex function). Given a vector space V and a convex subset
C C V, a function F' : C — R is said to be convex if

Flz+(1—t)y) <tF(z)+ (1 -t)F(y) VYz,y€ C, Vte]|0,1].
It is called strictly convex if the inequality above is strict for all  # y and for all ¢ € (0, 1).

DEFINITION 1.19 (Concave function). Given a vector space V and a convex subset
C c V, a function F' : C'— R is said to be concave if

Fltz+ (1 —t)y) >tF(z)+ (1 -t)F(y) Yx,yeC, Vte|0,1].
It is called strictly concave if the inequality above is strict for all  # y and for all ¢ € (0, 1).

In this work, we will need also a suitable generalization of this definition, which adapts
the notion of concavity to the geometry of a function ¢(z,y).

DEFINITION 1.20 (c-concave function). Given two vector spaces V and W and a function
c: VxW — [0, 4], a function F : V — R is said to be c-concave if there exists G : W — R,
G # —oo, such that:

F(z) = inf [c(z,y) — G(y)], VzeV.
yeWw

Indeed, the previous generalization is motivated by the fact that, in general, the point-
wise infimum of a family of affine functions is a concave function.

The following proposition collects together some properties of the convex functions:

PROPOSITION 1.5. Given a vector space V and a convex subset C C V:
(i) If F : C — R is convex and if X > 0, then AF is convex.
(ii) If F and G are convex functions from C into R, then F + G is convez.
(iii) If (F})ier is any family of convex functions of C into R, their pointwise supremum
F(x) = sup;c; Fi(z) is conveu.
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DEFINITION 1.21 (Epigraph). Given a vector space V and a function F : V — R, the
epigraph of F' is the set:

epi(F) ={(z,a) e VxR : F(x)<a}.

The following result links together this final concept with the definition of convex func-
tion.

PROPOSITION 1.6. Given a convex subset C C V of a wvector space V', a function
F:C — R is convex if and only if its epigraph is a conver set.

Another important preliminary definition, taken from this framework, is:

DEFINITION 1.22 (Lower semi-continuous). Given a metric space V, F': V — Ris Ls.c.
if and only if for every x € V and every sequence {z,,} such that z,, — z, we have:

F(z) < liminf F(x,).
n—oo

Note that, using the definition of a closed set as a set which contains all its limit points,
we get the following characterization:

PROPOSITION 1.7. Given a normed vector space V', it follows that a function F is l.s.c
if and only if epi(F) is closed.

Furthermore, as in Proposition 1.5 about convex functions, also in this case the property
of being lower semi-continuous is linear and it is preserved for the pointwise supremum of
a family of lower semi-continuous functions. Another important tool is the following:

DEFINITION 1.23 | (Legendre-Fenchel transform). Given a normed vector space V and
a function F' : V — R, the Legendre-Fenchel transformation is the function F* : V* — R
defined as:

F5(f) = Slengf,vh —F(v)] vfeVr,

where V* is the usual dual vector space.

Note that the Legendre-Fenchel transformation F* is always convex and l.s.c. on V*.
Indeed, for any v € V, the function f — (f,v). — F(v) is convex and ls.c. on V*. It
follows that the pointwise supremum for v € V is a convex and l.s.c function, thanks to
the properties of convex and l.s.c functions stated before. The last important result from
convex analysis is the following:

DEFINITION 1.24 (Subgradient and subdifferential). Given a normed space V and a
function F : V — R. We say that u* € V* is a subgradient of F at x¢ € V if the following
subgradient inequality holds:

(u*,x —x0)s + F(zo) < F(z), VreV. (1.19)
The set OF (zg) := {u* € V : u* is a subgradient of F' at x¢} is called the subdifferential
of F at xg.

For the details about this subtle argument we refer to the convex analysis chapter in
the book of Clarke [19]. Another characterization of the subderivative, using the Legendre-
Fenchel transform, is given by the following:

PROPOSITION 1.8. Consider a normed space V., a function F : V — R and its Legendre-
Fenchel transform. Then u* € OF (xo) if and only if:

F(zo) + F*(u™) = (u*, 20) - (1.20)
Just to have an intuition about this delicate and non-trivial tool, if we consider the
affine function h(z) := F(zg) + (u*,x — zo)«, the graph of h is a non-vertical supporting

hyperplane of epi(F') at the point (xg, F(z9)), as in Figure 2. It is easy to understand, also
helped by this figure, that the subderivative and the subdifferential are tools introduced
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FIGURE 3. Graphic representation of function F(x).

to generalize the concept of derivative of functions which are not differentiable. Indeed, if
we look, for example, at the case of the absolute value on R, i.e. F': R — R defined as
F(z) = |z|. We know that F is not differentiable at 0, but, in this case, the subdifferential
of F at 0 is 0F(0) = [—1, 1]. However, note there is no guarantee that the subdifferential is
a priori non-empty, as we can see in the following example.

ExaMpPLE 1.1. Consider F': R — R, defined as:

F(z) = {—m if x| <1,

+o0 if |z > 1.
The function is represented in Figure 3. In this case the F(—1) = 9F(1) = (), because it
is not possible to find an non-vertical hyperplane passing through (1, F(1)) or (=1, F(—1))

remaining below epi(F).
Thus, the following characterization of the subdifferential is non-trivial and very useful.

PROPOSITION 1.9. Let V be a normed space and F : V — R. Then, for every xo €
V, the subdifferential OF (xo) is a convexr subset of V* which is also closed for the weak-

* topology. Moreover, in the case in which the function F is conver and continuous at
xo € dom(F), then OF (o) # 0.
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Furthermore, another characterization of the subdifferential holds in a more particu-
lar case, which, once more, stresses the fact that this concept generalize the definition of
derivative.

PROPOSITION 1.10. Let V' be a normed space and let F : V — R be a convex function,
with xg € dom(F). If F is Gdteauz differentiable at xq, then:

OF (z0) = {DF(x0)}-

We introduced this concept, because it is linked with optimization problems. Before
going on with the result, we need to do a latter consideration, which will be useful to remove
the constraints of an optimization problem. If we consider a function f : R™ — R and a
convex subset C' C R", the following are equivalent:

min f(z) <= min f(z) + Ic(x), where Io(x) =

0 ifzeC
{ S (1.21)
zeC zER™

+oo ifx ¢ C.

The function I¢ is called the indicator function of C. Moreover, its subdifferential N¢(z) :=
O0Ic(x) is another particular structure, called normal cone.

PROPOSITION 1.11. Suppose that C C V' is conver subset of a normed space and that
F:V — R is a continuous convex function, with xy € C. Then:

F(xzp) = gnelg F(z) <= 0€ 9(F(x0) + Ic(x0)) = OF (20) + N (xp). (1.22)

Note that this result simply follows from the subgradient inequality 1.19. Let us present,
now, two important theorems taken from convex analysis, whose applications will be of great
importance in this work.

THEOREM 1.16 (Fenchel-Moreau). Assume that V' is a normed vector space and that
F:V = R is a convex and l.s.c function. Then F** = F.

For the proof of this theorem, we suggest Brezis [15]. Now, let us consider V and W two
vector spaces, with the analogous standard dual vector spaces V* and W*, and consider a
linear continuous operator from V into W, A € L(V, W), whose adjoint A* € L(W*,V*),
is defined by:

(N'p*u)y = (p*, Au), Vp* e W*, VuelV. (1.23)
Let us assume, also, that I : V — R and G : W — R are two functions. Define, then, a

principal problem as:
12€[F(u) + G(Au)]. (Py)

Recalling the concept of dual problem taken from linear programming and using a technique
similar to the Lagrangian duality, properly extended to a convex analysis framework, we
want to find a correspondence between the solutions of the primal and the dual problems,
as in the Strong Duality Theorem 1.15. All the details are explained in Ekeland and Témam
[23]. We have that the dual formulation of the problem (Py) is:

sup [—F"(A"p") — G*(—p")]. (P1)

prEW*

The functions F* : V* — R and G* : W* — R are the Legendre-Fenchel transformations of
F and G, respectively. With all these preliminary definitions, the following result holds:

THEOREM 1.17 (Fenchel-Rockafellar). Let us assume that F' and G are convex func-
tions, that inf (Py1) is finite and that there exists ug € V' such that F(ug) < +00, G(Aug) <
400, with G continuous in Aug. Then, it follows that:

inf (P1) = sup (P7}).

The proof of this theorem can also be found inside Ekeland and Témam [23].
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CHAPTER 2

The Monge-Kantorovich Mass Transfer

In this chapter, we start to deal with Monge-Kantorovich optimal transport problem.
For the sake of the exposition, we need to spend some words on the structure of this chapter
and on the way in which it will be developed. Starting from the original formulation due
to Monge [37], we describe the mathematical background underlying this apparently simple
problem and we hit against the high non linearity of the problem set like that. Taking
inspiration from Kantorovich [32] and [33], we change the point of view. Indeed, looking
at the initial problem from a different perspective, we start considering a “relaxation” of
it, passing through the discrete case. Noting that this reformulation is connected with the
linear programming, we can apply standard mathematical tools coming from this field and
we can consider the dual problem. These new formulations of the original problem are
solvable under reasonable assumptions, as they are linear problem, just depending on the
cost function ¢ and on linear constraints. Coming back to the original issue, with these
new information taken from Kantorovich formulations, we are also able to solve Monge
problem. In the case of a cost function ¢(z,y) = h(x — y) with h strictly convex, we use a
result due to Gangbo-McCann [30]. Thus, we concentrate on the original L! cost function
c(z,y) = ||z — y||, for which this result does not hold. In this case, we follow the idea used
in Evans and Gangbo [27], who thought of using a differential equation technique involving
a deformation argument which dates back to Dacorogna and Moser [20]. Following this
idea, we give a “recipe” for the construction of an optimal solution of Monge problem.

1. Formulation of the problem

The original formulation of the optimal mass transfer problem was proposed by Gaspard
Monge in 1781, with a report called “Mémoire sur la Theorie des Déblais et des Remblais”
(see the front page in Figure 4). He asked which was the best way to move a pile of soil
or rubble (“déblais”) from the ground to an excavation or fill (“remblais”), with the least
amount of work. In mathematical words, consider two positive finite Borel measures pu™
(the mass distribution of the “déblais”) and p~ (the mass distribution of the “remblais”)
on R" ie. put, p= € M, (R"), satisfying the mass balance condition:

i+ (R™) = p~ (R™) < oo (2.1)

Note that we could consider measures p+ and pu~ defined on general complete and separable
spaces, but, for the aim of this thesis, it is enough to consider R™ or some proper subspaces
of it. Moreover, if we divide the equality in (2.1) by a constant, it is the same to consider
pt(R™) = = (R™) = 1, and, thus, ™, u= € P(R"). Denoting by X = supp(u™) and by
Y = supp(p™), we will call transport map (or, alternatively mass rearrangement map or
mass transfer) T : X — Y a one-to-one and Borel measurable map, which tells us how
a certain point  moves to y = T'(x). This map T, in order to be feasible for the Monge
optimal mass problem, must also satisfy the property of rearranging u™ into pu~. This
property is expressed through:

Ty (ut) = i, (2.2)
where # denotes the push-forward of a measure, defined by:
Tyu(u*)(B) = u* (T7(B)), B eB(Y). (2.3)
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FIGURE 4. Front page of Monge’s “Mémoire sur la Theorie des Déblais et
des Remblais”.

This last constraint can also be written, using a change of variable, in the following way:

| nT@yint @) = [ oaT ). e DT ). )
Thus, we denote the set of all possible transport maps by:
T(p",u™):={T: X — Y| T is Borel measurable, one-to-one and Ty (u*) = " }.
Moreover, consider the work or cost density function:
¢:R"xR" = [0, 0).

This function tells us the work required to move a unit of mass from the position x €
X to the position y € Y. Hence, if du*(z) denotes the mass associated with a small
neighborhood mnear z, the infinitesimal cost for to transport du™(x) from x to T(x) is
c(x, T(z))dp™ (x). With this notation in our mind, we can define the total cost associated
to a mass rearrangement map 71" by:

I(T) ::/Xc(x,T(a:))d/["(x). (2.5)

Then, the original Monge problem reads as:

Problem (M).

Given two positive finite measures p™, u~ € M (R"™) satisfying (2.1), find an optimal mass
transfer T* € T (", u™) such that:

T = inf I(T). 2.
)=, it IT) (26)

We will see from the following two examples, which can be found for example in Am-
brosio [1], that the existence or the uniqueness of an optimal transport map are not always
guaranteed.

ExXAMPLE 2.1 (Non existence). Consider the case in which X =Y = [—1,+1], ™ = 4y
and u= = %6,1 + %(51, then Problem (M) has no solution simply because mass cannot split.
The problem is unfeasible, i.e. there is no map such that Ty (u*) = p~.
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EXAMPLE 2.2 (Non uniqueness). Consider the case in which X =Y = R, put =

X[0,n]dT, 14" = X[1,n+1)d7 and there is an L' cost function, i.e. c(x,y) = ||z —y||. Then,
consider the two transport maps:
Ti(x) =x+1; (2.7)
z+mn, on (0,1
Tr(z) = [0,1) (2.8)
x, on [1,n].

Now, note that if we consider a function h: R — R with Lip(h) = 1, then

(2.4) Llp(h) 1

| )= [ widt *’\/ —hadt @) S [ =T i @),

If we consider h(z) = x, for which Lip(h) = 1, then

n+1 n $2
/ h(z)d (p= —pt) = / xdx 7/ xdx = 5
b's 1 0

Thus, any transport map is characterized by the fact that its cost has to be greater than or
equal to n and both 77 and 75 satisfy the equality:

[ le=T@ldit @) = [ o= Ta@)ldi @) =

Hence, we can conclude that they are both optimal and we loose the uniqueness of the
minimizer.

z=n+1 2

r=n
=n.
z=0

r=1 2

The difficulty of Problem (M) is not only due to the fact that the existence and the
uniqueness of the minimizer are not a priori ensured, but also that, still now, after more
than two hundred years, it is really difficult to solve a problem set like that, because of
its high nonlinearity. Indeed, consider, for example, absolutely continuous measures with
smooth densities fT and f~, as defined in Definition 1.15 inside Section 3 of Chapter 1.
This can briefly be written as:

dut = frde, dp~ = fdy. (2.9)

Note that, throughout the whole work, we will consider in most of the cases this type of
measures. One reason of this particular choice is that in this case, it is possible to write the
constraint expressed in (2.2) in a different way, starting from (2.4) and using the change of
variable Theorem 1.11. For any h € L*(Y, u™), we get:

(2-4) (1.9)

[ nrans dx/\/ “Wdy ™ [ K@) et (DT (@) £ (T (@)

Looking at the right-hand side and at the left-hand side of the previous equality, by the
arbitrariness of function h, it follows that the constraint in (2.2) reads as:

fH(@) = f7(T(2))|det (DT () |. (2.10)
Even in this case, the structure of the constraint is highly nonlinear and it is not obvious
that there exists any mapping satisfying the constraint (as for Example 2.1). Indeed, in
order to briefly understand this nonlinearity, we will try to apply the Direct method in the
Calculus of Variations, written in Proposition 1.1. Thus, supposing that it exists, consider
a minimizing sequence {7}, C T (u",p7), ie.

I(T) " 25°  f (7).

TET(pt,pn™)
The second step would be to find a subsequence {T}, fo converging to the optimal mass
allocation map T, i.e.
Ty, 72357 T,
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M11,C11 @

32, €32

H23, C23

FI1GURE 5. Graphic example of the optimal transport problem in the dis-
crete case.

in some type of metric. The problem is that there is no clear way to extract such a
subsequence, converging in any reasonable sense to the minimizer. Moreover, even if we
want to show the lower semi-continuity of this functional, we will have problems. In general,
in any Banach space V, the goal is reached if we show that the functional I(-) satisfies the
following property:

I(T) > o|T||7- 5, forsome a>0,¢g>1andf >0,

for whatever metric. This property is linked to the concept of coercivity, intended, in a
general way, as the characteristic of a function that tends to infinity when ||T|| goes to
infinity. The problem, also in this case, is that we are not able to show coerciveness in any
type of Sobolev space, hence the Direct method of the Calculus of Variations fails both for
the step of the sequential compactness and for the step of the lower semi-continuity.

2. Kantorovich formulation: Relaxation and Duality

Kantorovich in his works [32] and [33], in the 1940’s, tried to solve this highly nonlinear
Problem (M) using the following two steps:

(i) “relax” the original Monge’s mass transfer problem;
(ii) use a dual variational principle.

The main idea of (i) is to transform Problem (M) into a linear problem. Just to have some
intuitions about the problem, let us pass through the discrete case, which is, as announced in
Section 4 of Chapter 1, an example of linear programming. The discrete case of the optimal
transport problem is also known in literature as assignment problem. The details about this
formulation can be found, for example, in a classical book about linear programming such
as Sakarovitch [40]. Suppose that we want to move an initial configuration of resources (soil
in Monge’s formulation) positioned in n different places, everyone with a non-negative fixed
amount of resources uj‘, i =1,...,n. Note that the initial configuration, in general, could
also be seen as n different warehouses, each with a different amount of stock. The aim is to
move these resources into m different places, representing the final fixed configuration, for
example the excavation, each with a requested non-negative quantity of material By The
unitary cost for the transport of a single unit of resource from the position i € {1,...n}
to the place j € {1,...,m} is ¢;;. Suppose, finally, that the volume expected in the final
configuration is the same as the volume present in the initial configuration, i.e. the volume

balance condition is satisfied:
d_m =2 my (211)
i=1 j=1

We have to decide how to better move the resources, in such a way that every resource
in the initial configuration is moved into the final and the final configuration is fulfilled,
minimizing the transportation cost. To do that, we have to define the variables j;;, which
stands for the quantity of resources moved from the initial place ¢ to the final place j. The
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situation is graphically represented in Figure 5. Now, we have all the parameters and the
variables in order to describe the linear program that has to accomplish the aim described
before.

Problem (P).

Find an optimal solution p = {p;;}i; which satisfies:

n m
min E E CijHij

i=1 j=1

m
subject to Zpij:uj i=1,...,n;
j=1

n
Z,U,ZJ:MJ_ J=1...,m;
i=1

pig =0 Vi, j.

The continuous version of this discrete problem means that the mass of the initial and
of the final configurations are no more divided into different places, but they are arranged
with initial and final “distributions”. Hence, let us define the set of all the admissible maps,
taking into account the three constraints used in the discrete case, this time in a continuous
way. This set is defined by:

O(pt,p7) = {p € MLR™ xR™) | my(p) = ™, my(p) = ™} (2.12)

This is the affine space of the measures defined on the product space R™ x R™, whose ele-
ments are characterized by the fact that the standard projections on the first n coordinates
and on the last n coordinates are u™ and pu~. Such measures are called transport plans.
The projections of such measures are also called marginal distributions, as defined in the
probability Section 3 of Chapter 1. Note, also, that the space II(u™, ™) is always not
empty because it contains, for example, the product measure of ™ and p=, ie. ut ®@ u~,
and it is convex. Now, given y € I(u™, u™), we define the relazed cost functional

J(p) = /]R"x]R" (@, y)du(z,y), (2.13)

a continuous version of the objective function in Problem (P). Using these definitions,
Problem (M) is “relaxed” into:

Problem (K).

Given two positive finite measures p*,u~ € M (R"™) satisfying (2.1), find an optimal
transport plan p* € I(u*, u™) such that:

)= inf : 2.14
T = ot T (2.14)

The correspondence between Kantorovich and Monge formulations is that if 7 : X — Y
belongs to T (u*, 1), then the transport plan defined by:

pr(E) :=p" ({r e X | (x,T(x)) € E}), E CBR" xR")

belongs to II(u™, u™), using (2.2). Moreover, if it exists, the induced transport plan has
the same cost of the transport map, i.e.

I(T) = /n c(z, T(x))dut(z) = /]R"x]R" c(x,y)dpr(z,y) = J(pr). (2.15)

27



CHAPTER 2. The Monge-Kantorovich Mass Transfer.

Furthermore, the link between the two formulations is even stronger. As the title of the first
step suggested, we are going to motivate the term “relax”, used to describe Kantorovich
way of proceeding. Let us define:

DEFINITION 2.1 (Relaxation). Let V be a metric space and let F : V — R be a
functional, bounded from below. We define the relazation of F' as:

F:=max{G:V =R : G is lower semi-continuous and G < F'} .

Note that, as the supremum of an arbitrary family of l.s.c. functionals, it is also
L.s.c, as we noted in the preliminary Chapter 1 in Section 5. Moreover, we also have the
representation formula:

F(x) = inf {liminf F(zy) @ zp— x} . (2.16)
A consequence of this representation is that:
;rel‘f/ F(x) = xlg‘f/F(x) (2.17)

In order to define both the problems on the same domain, we re-write Monge problem (M),
using (2.15), as:

inf {M(p) : pell(p®,u)},
where

J(p)=I(T) if p=pr

M) = . (2.18)
400 otherwise.

It is the same to consider this problem or Monge problem, because we are forced to consider

only those plans induced by a transport map. Now, M and J are defined in the same set

and, clearly, J(u) < M(u), p € U(u™, u™), by the definition of M. Thus:

THEOREM 2.1. Suppose that both X, Y C R"™ the supports of u* and p~, respectively,
are compact and convex subsets. Assume, also, ¢ continuous in X x Y and put atomless,
i.e. ut({x}) =0 for all x € X. Then J is the relaxation of M and, in particular, the
optimal values of Monge Problem (P) and Kantorovich Problem (K) coincide, i.e.

/LEH(III}£7/L*) ) /LEH(IAILI£7IL*) Mp) (2.19)

OUTLINE OF THE “PROOF” (SANTAMBROGIO [41]). (<) Note that the functional .J is
continuous, thus l.s.c., and we have J < M. Then, necessarily, K is smaller than the
relaxation M of M, because J belongs to the set along which is taken the infimum in
Definition 2.1.

(>) For the vice versa, we want to use the representation formula of the relaxation
given by (2.16). Thus, we need to prove that for each p € II(u™, ™), we are able to find
a sequence of transport maps {7}, }nen, such that pr, — pand M(ur,) — J(p), in order
to conclude that the infimum in the sequential characterization in (2.16) will be smaller
than J. Actually, since M (u) = J(p) for g = pr,, by the definition of M in (2.18), and
since J is continuous, we know that if such a sequence of maps {71}, }nen exists, the limit
M (ur,) — J(u) will be automatically true. We only need to produce the sequence {7}, } nen
such that pg, — p. This is possible thanks to the density of the set of plans induced by a
transport map, i.e. of the form pr, along the set of plans IT(u+, 1= ). This result is shown in
Santambrogio [41, Theorem 1.32], in the case of u™ atomless, which is an hypothesis of the
theorem we are proving. Thus we have shown that J is the relaxation of M. To conclude
that the optimal values of the two problems coincide, we just need to apply the property of
the relaxation, given by (2.17). O

For the complete proof of this theorem see Ambrosio [1] or Santambrogio [41].
This change of formulation of the problem is due to the fact that, unlike Monge’s
formulation, in this case the existence is ensured, under reasonable conditions. Indeed, we
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want briefly to discuss the existence in a couple of cases. For the first case, we need the
following:

LEMMA 2.1. Let V be a metric space and consider f : V — RU {+oc} a lower semi-
continuous function, bounded from below. Then the functional K : M4 (V) — RU {400}
defined by:

K(i) = /V f(@)dp(z),

is lower semi-continuous for the weak convergence of measures.

THEOREM 2.2 (Existence case (1)). Suppose that both X, Y C R", the supports of p™,
po € M4 (R™), are compact and convex subsets. Moreover, suppose ¢ : X xY — [0, +0o0]
lower semi-continuous and bounded from below. Then (K) admits a solution.

The idea of this proof is to use the Direct method of the Calculus of Variations written
in Proposition 1.1 to show the lower semi-continuity existence. The strategy is, first of all,
to show the sequential compactness of II(™, u™) and, then, to use Lemma 2.1, with f = ¢
defined on X x Y, to prove that function J defined in (2.13) is lower semi-continuous for
the weak convergence. The second existence case described below is even more general and
it is true for every X and Y Polish spaces, i.e. complete and separable metric spaces. In
this case, let us assume X =Y = R".

THEOREM 2.3 (Existence case (I1)). Consider p*, p= € M4 (R") and ¢ : R® x R" —
[0, +00] lower semi-continuous. Then (K) admits a solution.

The idea, in this case, is to show that any sequence in II(u™, 1) satisfies the tightness,
a property of a sequence of probabilities previously introduced in Equation (1.7). Once
shown this property, we are able to deduce, using Prokhorov’s Theorem 1.9, the weakly
sequential compactness of the set II(u™, 4~ ). For the complete proofs of Lemma 2.1 and
both Theorem 2.2 and 2.3, see Section 1.1 of Santambrogio [41]. To provide some examples
of the existence, let us consider again Example 2.1 and Example 2.2. For the first one, we
saw that the optimal transport map does not exist, but the optimal transport plan is given
by

1 1
M%w=§%x&ﬂﬁw+§%X&@w)

In general, however, also in this case uniqueness fails because of the linearity of J and
because of the convexity of II(u™, u~). Example 2.2 highlights this lack of uniqueness. We
showed before that there are at least two optimal maps 77 and T», defined in (2.7) and
(2.8). Is possible to show that, for any ¢ € [0, 1], the measure

EIdX TV, () + (1—8) (Id x T) , (1),

is optimal.

Thus, under some assumptions, the existence of Kantorovich relaxed Problem (K),
which is called also “weak solution” of the Monge’s original problem, is ensured. We also
showed that, under other assumptions, the optimal values of the two problems coincide.
The problem is that the information about the form of an optimal solution of Problem (M)
are still missing. Perhaps the next idea, also provided by Kantorovich, will help us finding
the answer to this problem.

The second intuition (ii) provided by Kantorovich, was to take into account a dual
formulation of Problem (K). The more intuitive way to understand this formulation is to
consider the finite dimensional case explained, for example, in Evans [26], but also in other
classical book of linear programming, such as Sakarovitch [40]. We have already shown,
at the beginning, of this section, that the Kantorovich relaxed reformulation of Monge
original problem comes from a linear program, in the discrete case. Thus, we want to start
considering the dual problem of a linear program, with the techniques and the motivations
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we introduced in Section 4 of Chapter 1. Note that, primal Problem (P), can be written in
a compact way. Indeed, consider ¢ € RV, b € RM™ defined by:

T

N:nma M:n+m7 xz(M117"'aulmvl’é217"'au2m7"'a:u/nm) )
T + _ \T
C:(Cll,...,Clm,021,...702m,...,Cnm) 7b:(/1417"‘7/1';~7,_7/1'17"'7/1'm)

Moreover, consider the matrix A € RM*N.

1 0o ... 0

0 T ... 0

n rOWS{ : : : :

0 o0 1

€1 €1 N €1

{ €9 €9 . €2

m rows ' ) ) )
em €m ... Em

Here the vectors 1, 0 and e; are row vectors in R™, respectively, 1 = (1,...,1),0=(0,...,0)

and e; = (0,...,1,0,...,0), with the one in the j-th slot, for j = 1,...,m. Then, Problem
(P) becomes:

Problem (P).

Find an optimal solution x* € RN satisfying:
min ¢’z
s.t. Ax=>
x>0,
Once we write the primal Problem (P) in this way, we can derive the dual formulation
simply using the rules summarized in Table 1.

Problem (D).

Find an optimal solution y* € RM satisfying:
max by,
s.t. ATy <e,
y e RM

Finally, calling y = (u1,...,Un,V1,...,Vm) € R*™ and employing the explicit form of
the matrix A7, we obtain that Problem (D) is equivalent to:

Problem (D).

Find and optimal couple y* = (u*,v*) such that:

n m
max Zum?‘—FZvj,uj_
i=1 =1
stou;+vy<cy Vi=1,...,n, Vi=1,...,m.

This dual program has an interesting economic interpretation that can be deduced from
the preliminary chapter, in Section 4 about linear programming. In this case the shadow
market is represented by an operator who offers to buy the resources that are in the initial
configuration and to sell the same material at the final configuration, assuming for himself
the cost of transportation. The operator offers to pay the price u; for a unit of material
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placed at point ¢ € {1,...,n} and to sell it at j € {1,...,m} for the unit price v;. The
constraints ensure the competitiveness of the offer: for every initial and final location 7 and
j, the balance of the operator cost of a unit of resource in 7 and the operator remuneration
for the sale at point j cannot be more than the amount of money a buyer could spend in
buying the good in ¢ and transporting it to j. The objective function represents the fact
that the operator wants to maximize his incomes. Furthermore, we have, by Strong Duality
Theorem 1.15, that any competitive optimal offer made by the operator must coincide in
value with the cost of an optimal solution of the discrete transport Problem (P), i.e.
n m n m

SO cip = uinl Y v (2.20)

i=1 j=1 i=1 j=1
We can now guess the dual variational formulation of Problem (XC), by using a continuous
variant of the discrete Problem (D). First of all, we define the space:

L:={(u,v) | u,v:R" = R, u(z)+v(y) <c(x,y) s.t. 2,y € R"}. (2.21)

Here, u and v are intended to live in the space of continuous functions, i.e. C(R™). Moreover,
we define the functional:

K s= [ wle)dn* @)+ [ o ). (2.22)

The continuous dual problem of (K) becomes:

Problem (D).

Given two positive finite measures u*, = € My (R™) satisfying (2.1), find an optimal
couple (u*,v*) € L such that
K(u*,v*) = max K(u,v). (2.23)
(u,v)EL
As an extension of the Strong Duality Theorem 1.15 in the discrete case, reported in
(2.20), we have that in the case the optimal couple exists, the dual and the primal problem
must achieve the same value:
Ku*,v") = max K(u,v)= min J(p) = J(u"). 2.24
(') = max K(uv) = min J(n) = Ji°) (224)
We introduced this discrete procedure in order to understand better this transition to
the dual problem, which is motivated and justified by the Lagrange duality introduced in
the linear programming section. We can obtain this dual reformulation of Kantorovich
problem, using results of convex analysis in infinite dimensional spaces, which we briefly
introduced in Section 5 of Chapter 1. For this duality result we have taken inspiration
from Santambrogio [41]. Suppose that the supports X and Y of our measures u and p~
are compact and that ¢ : X xY — R is continuous. We want to introduce a function
H:C(X xY)— R, that is defined for every continuous function p € C(X x Y) as:

H(p) gu)c{ [ @t @+ [ o u<x>+v<y>gc<x,y>p<x,y>}.

This function coincides with the opposite of the value of Problem (D) in the case of a cost
function ¢ — p. The main tool we plan to use to prove the duality correspondence between
Problems (K) and (D) is Fenchel-Moreau Theroem 1.16. In order to apply it, we use a
result that can also be found in [41]:

LEMMA 2.2. The function H : C(X xY) — R is convex and l.s.c with respect to the
uniform convergence on the compact space X X Y.

This result tells us that the conditions of the Fenchel-Moreau theorem are satisfied and
we can apply it to the function H. Before proving the duality result, let us compute the
Legendre-Fenchel transformation H* : M(X xY) — RU {4+oc0} of the function H. For
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every u € M(X xY), which is, recalling Riesz representation Theorem 1.7, the dual space
of C(X xY), the Legendre-Fenchel transformation is given by:

P (u,v)

H*(p) = sup wap dp + sup {/Xudu*+/yvdu‘ : u(x)+v(y)<c(x7y)—p(w7y)}]-

Note that we used the scalar product (u, p)c,(xxv)
representation theorem recalled above. Now:

o if u ¢ M (X xY), then there exists a function pg < 0s.t. [ podu > 0 and, taking
u=wv=0, p=c+npy and letting n — oo, we obtain H*(u) = +o0;
o if € M (X xY), we choose the largest possible p, i.e. p(z,y) = c(z,y) — u(z) —
v(y).
Hence, for all p € M, (X xY), we obtain, using the largest p:

fFW)t@ﬂf@ﬂﬂwﬂw+$g{éu@++£ﬁ@LMJM@+WWMM%M}

Note, also, that:

0 if peIl(p™,u),
sw(/uw++/vw—/ <wm+wwmew)={ i € ™, %)
u,v X Y XxY +o00  otherwise.

We get, from the definition of J in (2.13):

H () = J(p) if pe M(p*, pn),
+o00  otherwise.

= [y P dp defined inside the Riesz

(2.25)

Finally, we are ready to prove the duality theorem:

THEOREM 2.4. If X, Y are compact spaces and the cost function ¢ : X XY — R is
continuous, then the optimal values of Problems (K) and (D) coincide.

PROOF (SANTAMBROGIO [41]). By Lemma 2.2, H is convex and l.s.c. Thus, we can
use Fenchel-Moreau Theorem 1.16 and we get:

max (D) = —H(0) = —H"(0).
Moreover, by the definition of Legendre-Fenchel conjugate and (2.25), we have:

H™(0) = Sup ({0, ) — H*(p)] = —inf H () = — min (K).

Putting together the last two equalities, we obtain:
max (D) = min (K). O
If we assume the same conditions of Theorem 2.1, it follows:

TeTr(n;}Jrrl,;r) I(T) = uel‘l%ltlf,u*) J(p) = (zﬂ?ch(u’v)' (2.26)

Summarizing, instead of solving a highly nonlinear Problem (M), we can consider a
relaxation and, then, a dualization which puts us in a setting where we can use standard
mathematical tools. This allows us to construct a minimizer as a limit of a minimizing
sequence, in some metric, as we saw before. However, even if we can find an optimal pair
(u*,v*) € L or an optimal plan p* € TI(u™, u ™), we are still far away from the original issue.
Thus, we can not be pleased with this “weak” solution and the question remains: how can
we recover the optimal transport map T and what is its form? We want to start answering
this question in a general case, where the cost function c is a strictly convex function of
x — y. Recalling Definition 1.20 of c-concave function, the following theorem holds:
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THEOREM 2.5 (Gangbo-McCann). Suppose that p*, u= € M (R™) are absolutely
continuous measure with densities f and f~, respectively. Moreover, suppose that c(x,y) =
h(z — y) with h : R™ — R strictly convex and that there exists fi such that:

/ h(z — y)dp(z,y) < +o0.
R™ xRn™

Then, there exists a unique optimizer u* for the relaxzed Kantorovich Problem (K). Further-
more, the unique optimal p* is induced by a transport map T™, i.e.

p* = (Id x T*)pupu'. (2.27)
This T* is uniquely determined p*-a.e by the conditions (T*)ypt = p~ and
T*(z) =z — Vh" (Vo(z)), (2.28)

where h* is the usual Legendre-Fenchel transform of h and ¢ is a c-concave function.

The proof of this theorem is due to Gangbo and McCann and can be found in [30].
Note, that, typical examples of strictly convex functions are c(x,y) = ||z — y||”, with p >
1. In these cases, we are able to recover existence and uniqueness of Monge’s original
Problem (M) and we know the form of the optimal transport map 7*. For the case p = 1,
instead, Theorem 2.5 does not apply. Thus, the previous question about the existence and
the form of the optimal T™* remains without an answer.

3. Introduction to the L! case and some first results

From now on, we will just focus on the non-strictly convex cost ¢(x,y) = ||z — y||, which
is Monge’s original cost. Thus, Problem (M), in this case of L! cost function, becomes:

Problem (M,).

Given two positive finite measures p™, u~ € M (R™) satisfying (2.1), find an optimal mass
transfer T* € T (ut, u™) such that:

[1(T*) = TeT%Llﬁ M—)II(T)) (229)
with:
BT = [ =T d* (@) (2.30)

We start by building some intuitions about the form of 7% € T (u™, 1~ ). We begin with
some informal insights, without proofs, for the moment, trying to have some information
about the optimal transport map and about its geometric properties. This reasoning is
taken from Evans [26].

Let us assume that 7% € T (u", =) minimizes Problem (M;). Fix a positive integer
m > 2, select some distinet points {z;}7; € X = supp(p™) and assume we can find m
small disjoint balls around zj, (Figure 6)

Ey = B(ag,ry) (k=1,...,m). (2.31)
The radii {r}}", are chosen in such a way that
pH(E) == p"(En) =e. (2.32)
Next, set yy := T*(xy), Fr := T*(E}). Since T* satisfies (2.2), we have that:
po(Fr) == p (Fp) = e (2.33)

We, then, construct another mapping 7' € T (u™, 4~ ) by cyclically permuting the images of
{Ek};gn:p i.e.

2.34
T=T*on X\ U, Ex, (2:34)
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FIGURE 6. Representation of T € T (ut, ™), defined in (2.34)

as it is represented in Figure 6, where y,, 1 := y1, Fint1 := F1 (this picture is taken from
Evans [26]). Now, since, by the minimality of T, we have I1(T™*) < I (T), then, we get:

S [ le-r@ldnt @<y [ o= 1@ de* @), (239
k=17 Ex k=17 Ex

Dividing by € and sending € — 0, we obtain, using Lebesgue Differentiation Theorem 1.1:

m

D e =l <D e — yenall- (2.36)

k=1 k=1

Let us try to gain some geometrical intuition about inequality (2.36). Consider a closed
curve, contained in X, C := {r(t) | 0 < ¢ < 1} (r(0) = »(1)), with constant speed
parametrization. Take m equally spaced points along C, i.e. x := r(%) Choosing 7 > 0,
s.t. 7= - and letting m — oo, we get from (2.36):

1 1
i(r) == / Ir(t) — T (r(8)) | dt < / Ir(t) = T (r(t + 7)) | dt
t+17=s

=~ / (s — 7) — T*(r(s)) | ds.

Hence, i(7) has a minimum in 7 = 0, which implies:
o= [T O N v e
o100~ [ (g o) 0= [

T"(z) — x
§(a) =
[T*(z) — =
As this holds for all closed curves C, it follows, thanks to a property of the holomorphic
functions, see, for example, Rudin [39], that £ is a gradient of some function u* : R™ — R,
ie.

where

T*(x) — x

— = —Vu*(x). (2.37)
[T*(z) — =
This function is called the Kantorovich potential and satisfies the eikonal equation:
[Vu*|| =1 on X =supp(ut). (2.38)
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In other words, at point z, the optimal transport map T moves in the direction of the
gradient of a potential u*, by the distance d*(z) := ||T*(x) — ||, i.e.

T*(z) =z — d*(x)Vu* (x). (2.39)

REMARK 2.1. Note that the same result can be achieved using a Lagrange multiplier
argument for the constraint f* = f=(T)|det(DT)|, as in equation (2.10), in the case of
absolutely continuous measures with densities f™ and f~. In this case, the augmented work
Sfunctional is:

1) = [ o=@ £ (@) + M) [ (T @) det(DT (@) - 7+ (@)] do

Annihilating the first variation d%f(T + 5(;5)’5:0 of T in the direction ¢, we obtain the
equality:

Tk Tk 0
1T — ] Ay,
with (cof(DT™*))g; the (k,7) — th entry of the cofactor matrix of DT™*. The cofactor matrix

appears here, because for any matrix A € R"*™_ chosen a column j, the determinant can
be written as:

% (A (T*)cof(DT*)1;) = )+ (f~(T™)) det(DT™), (2.40)

det(A Za”cof (2.41)
Now, standard matrix identities assert:

(i)

(i)
(iif) gﬁ:

Then, we get:

(cof(DT™))xi = 0;

7
*

L (cof(DT*))i = di; (det(DT*));

Ly

(cof(DT™)) ki = bij(det(DT™)).

(A~ (T*)cof(DT*),ﬂ.) _ g;' F(T")cof(DT* )it

8961

*

BT-
) *\ — *
+A E 3yj 8% —=cof(DT™ ), + Af~(T")

8)\ 9
= o, ST )cof (DT )k + AGTJ;C (f~(T*)) det(DT™).

ii (cof(DT™))g; using (i) and (ii)

Thus, using this equality inside (2.40), we obtain:

oN ., . o Iy —ag oy
8xif (T*)cof(DT™ )i = 7HT* — a:||f (z).

Now, using the identity written in (2.41), multiplying by  the previous equality and
summing on k, we deduce:

o\ . . x, 0T}
F(T*)det(DT™) ZHT* e )}

Ox; —z|| dz;
Recalling that f* and f~ satisfy the constraint written in (2.10), we obtain the final
representation:
X ||T* T ==| (%cz '
Next, setting u* : R®™ — R by:
AMz) = —u* (T (x)).
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Then:

= ou* ., OT; Ty — xy 0T}
T* k _ .
Z 8yk( ) ox; (’hl Z |T* — z|| Ox;
Hence, finally we get:

Vu*(T"(z)) = _m,

which is exactly the same equality as in (2.37). a

Now, the idea is to transform the previous heuristic calculations into a proof of the
existence of an optimal transport map T, using its explicit form written in (2.39). Thus,
we should start from the existence of the Kantorovich potential u*. Note that, looking at
Remark 2.1 and at the way in which we introduced the Lagrange duality in Section 4 of
Chapter 1, it is clear that this potential u* is linked to dual Problem (D), in the case of L*
cost function. Thus, first of all, let us precisely write both Problems (K) and (D), in the
specific case of L' cost function. For the first one, just considering the explicit formulation
of ¢, we get:

Problem (K,).

Given two positive finite measures p*,p~ € M (R™) satisfying (2.1), find an optimal
transport plan p* € T(ut, u~) such that:

L) = inf  Ji(p), 2.42
(1) . S (1) (2.42)
with:
Jl(u)=/ lz =yl du(z,y). (2.43)
R’!LXR’IL

For the dual case, we want to consider simple case of absolutely continuous measures
with densities f™ and f~, which, as in (2.9), can be briefly written as dut = fTdz,
dp~ = f~dy. As in the general case, fT and f~ have to satisfy the mass balance condition:

/ fH (@) = / (), (2.44)
X Y

where X and Y are the usual supports of f* and f~. Problem (D) defined before becomes,
with an L' cost:

Problem (Dy).

Given two positive finite absolutely continuous measures p+, u~ € My (R™) with densities
fT and f~ satisfying (2.44), find an optimal couple (u*,v*) which maximizes:

K (u) = /X u(@) f* (2)de + / o)~ (9)dy (2.45)

Y
under the constraint:
u(@) +vy) <llz—yl| z€X, yey. (2.46)

The first important result, here exposed, is the proof of the existence of Kantorovich
potential u*, which, as we already said, is linked to the optimal solution of dual Problem
(Dq). Also in this case, this result is taken from Evans [26].

LEMMA 2.3. Given two positive finite absolutely continuous measures p*, p~ € M4 (R™)
with densities fT and f~ satisfying (2.44), there exists an optimal couple (u*,v*) solving
Problem (Dy). Moreover, we can take

v* = —u”, (2.47)
with u* : R™ — R Lipschitz continuous with Lipschitz constant 1, i.e. u* € Lip, (R™).
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PrOOF (EVANS [26]). Take the pair (u,v) which satisfies (2.46). Then:
u(z) < inf (lz —yl| — v(y)) =: u(z), (2.48)
yey
with (@, v) satisfying the constraint
aw) +o) <llz—yl zeX, yev.
This implies
v(y) < min(||lz — yl| — u(z)) =:(y) (2.49)
zeX
Also in this case
) +0) <lz -yl zeX, yev. (2.50)
Moreover, since v < ¥ and (2.48) holds, we have:
S(E) > inf TP
u(z) = inf (Jle =yl = 5()),
which, added to (2.50), gives us:
u(z) = min(|[z — yl| = 9(y))- (2.51)
yey
Now, since f* > 0 and @ > u, ¥ > v, we see that K (u,v) < K(u,v). Next, focusing on this
pair (4,7), take z € X NY (if X NY # ) and suppose
u(z) +9(2) < 0. (2.52)
Take, then, € X, y € Y so that, using definitions in (2.49) and (2.51), satisfy
v(z) = ||z — 2| — u(x)
u(z) =z =yl —vy)
Adding the two rows, we get:
(2.52) (2.50)
~ N ~ NN N
lz — 2]l + Iz — yll = u(z) + 0(y) + u(z) +v(2) " < ulz) +0(y) < |z —yl,

which contradicts the triangle inequality. It follows, then, that w4+ 9 > 0 on X NY, but,
clearly, (2.50) implies 7+ 2 < 0 on X NY and so the equality holds:

u+v=0o0on XNY. (2.53)
Using this property, we can extend the definition of @, by setting:
u:=—-0 onY,
and the inequality in (2.50) reads as:
u(z) —uy) < llz—yll (zeX, yeY).

Finally, once we have this intuition on the form of %, we can extend it to R™, in such a way
that the inequality above is satisfied in the whole space. For example, one way to extend a
general function f : S — R, with S subset of (X, ||-||) arbitrary normed space, to g : X — R
in such a way that Lip(g) = Lip(f) is given by Kirszbraun’s Theorem, which can be found
for example in [28, Theorem 2.10.43]. The explicit form of this function g given by:

g(x) = inf[£(s) + Lin(f) - |z = sl[l, V€ X,

Thus, we can extend @ to all R™, calling this extension u*, in such a way that it is a Lipschitz
function with Lipschitz constant 1. O

In conclusion, we saw that there exists an optimal solution (u*,v*) of Problem (D),
which is equivalent to the following:
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Problem (D).

Given two positive finite absolutely continuous measures p+, u~ € My (R™) with densities
It and f~ satisfying (2.44), find an optimal u* maximizing:

Kifw) = [ (@) (@) - £ (@)is (250

under the constraint:
[Vul <1 a.e. in R™,

2.55
[Vul| =1 a.ein XUY. (2.55)

We want to focus, just for a while, on this maximal u*, called, as before, Kantorovich
potential and for doing that we need first some definitions. Note that the ball B(0, R) will
be intended as a ball large enough to contain both the supports of the measures u* and

.

DEFINITION 2.2 (Transport set). Given the Kantorovich potential u*, we call transport
set the following;:

T, :={z¢€ B(0,R) : u"(z) =u*(x) — ||z — z|| for some point z € X
and u*(z) = u*(y) + ||z — y|| for some y € Y'}.

Observe that if z € T, then the corresponding x,y, z are collinear. Indeed, using the
identities u*(z) — u*(2) = ||z — z||, w*(2) — u*(y) = ||z — y||, we deduce:

[ =2l +[lz = yll = v (z) —u"(y) < [lz -yl

Thus, applying the triangle inequality, we get the colinearity. Moreover, it is possible to
show, that X UY C T,. We need to introduce another definition.

DEFINITION 2.3 (Transport ray). Given zg € T, we define the set:
Ry = {2€ B(0,R) : [u(z0) = u(z)[l = [lz0 — 2[}-

Note that if v* is differentiable at 2, then R, is a line segment. In that case, it is called
transport ray passing through zg.

Observe that this is the set containing zg along which u* changes at the maximum rate
1. It is also possible to show that one end of R, call it ag, lies in X and the other end,
call it by, lies in Y. Thus, we think to R, as pointing “downhill” from ag to by, because v*
decreases at rate 1 as we move along R, from ag to bg. We call R, \ {ao,bo} the interior
of a transport ray. These segments are constructed in such a way that u* behaves in a
particular way along these structures and it satisfies a lot of peculiar properties. We do not
want to go deeper into the details of these transport rays, because it is not the aim of this
thesis and it is a delicate and complex issue. However, for all the details we refer to [27] or
o [41]. Here we are interested just in a particular property, which will be useful later on
and it is taken from [27]:

LEMMA 2.4. If z belongs to the interior of a transport ray lag,bo[, i.e. exists t € (0,1)
such that z = (1 — t)ag + tbo, then u* is differentiable at z and Vu*(z) = [22=bo

~ lao—bol "

4. Existence of an optimal mass transport map

In this section, we want to use the Kantorovich transport potential «* in order to
build an optimal mass transfer map T*. Looking at Equation (2.39), where it appears
the link between optimal T* and Kantorovich potential v*, we only miss the information
about distance d*(z). This problem was originally solved in [43] by decomposing almost
all X in transport rays. He, then, built the optimal transport map by gluing together
the 1-dimensional transport maps constructed in each ray. This technique worked under
restrictive assumptions later relaxed (see [1]). Here, we consider a different approach based
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differential equations. We are going to present only an empirical discussion of this procedure,
referring to [27] for a complete proof. The idea is to extract the missing information of d*(x)
from the variational Problem (Dj}), approximated by the solution of a partial differential
equation called p-Laplacian PDE, as p — 4+o00. We start with the following;:

DEFINITION 2.4 (p-Laplacian). Let 1 < p < oo, @ C R™ a convex and open set and
u : Q — R sufficiently regular, usually in W?(£2). We define the p-Laplacian, a quasi-
linear elliptic partial differential operator of the second order, as:

Apu =V - (||Vu||p*2 VU) . (2.56)
When p = 2, it is the normal Laplacian operator.

Let us consider, now, the p-Laplacian PDE:
~ Ay ==V (VP2 V) = ST - [ =] (1 <p<oo) (2.57)

and note that this equation is the Euler-Lagrange equation for the problem of maximizing;:
_ 1
Kp(u) := /QU(SC)(fJF(w) — /() - ) IVu(a)|” dx, (2.58)

over all u € W, P(2). Note also that, if u, is the solution of (2.57), then ||Vup||’"_2 is
very large in any region {||Vu,|| > 1+ ¢} and very small in any region {||Vu,| < 1 — ¢},
if ¢ > 0. The limit as p — oo can be interpeted as an “infinitely fast / infinitely slow”
diffusion limit (see the work of Evans, Feldman, and Gariepy [25]). Also helped by the
intuition just stated, it is not very hard to prove that if u, — u*, as p — oo, then u* is
Lipschitz continuous with Lipschitz constant 1 and it maximizes the functional K3 in (D).
Thus, u* is the Kantorovich potential. But there is still the issue of the missing information
about the distance d*(z). The most important discovery due to Evans-Gangbo is that PDE
(2.57), in fact, contains, in the limit as p — oo, a “transport density”, which allow us to
compute this distance. The idea is to start using a maximum principle argument, taken
from Bhattacharya-DiBenedetto-Manfredi [6], which tells us that:

sup [[up||, [Vup |, [Vup[|” < € < o0
p

for some constant C. Next, we proceed using this information to see that it exists a
subsequence py — oo such that:

Up,, — U~ locally uniformly
Duy, — Vu* boundedly, a.e.

for some function w*, which is differentiable almost everywhere. To prove the differentia-
bility, it can be used a not so famous result called Rademacher’s Theorem ([28, Theorem
3.1.6]). The most important result is:

[V, P73 = a*  weakly-* in L™
for some non-negative bounded function a*, called the transport density. Thus, from all

these intuitions, it follows:

LEMMA 2.5 (PDE Version). Assume that the mass densities f+ and f~ are non-
negative, Lipschitz continuous functions on R™ with disjoint compact supports X and Y

having smooth boundaries. Moreover, assume that they satisfy the mass balance condition
(2.44). Then, it follows that:

(i) There exists a non-negative L™ function a* such that
SV (@ @)Vt (@) = [F(@) — [(2), zeRY, (2.59)
in a weak sense.

39



CHAPTER 2. The Monge-Kantorovich Mass Transfer.

(i) Furthermore

=1 a.e. *
{HVu I a.e. on the set {a* > 0} (2.60)

IVu*|| <1 a.e. on the set {a* > 0}

Note that, with “weak sense”, we mean that:
- [ V@ @ve @yotads = [ (@) - 1 @)oo e ClRY).
This condition, if we use the integration by parts and the fact that ¢ € C}(R"), becomes:
/ @)V (@) V() de = / (@) - S @)o)dr, Vo eCHR™.  (261)

Summarizing, we have the following:

Problem (PDE).

Consider two positive finite measures p™,u~ € M4 (R™) with mass densities f* and f~
non-negative, Lipschitz continuous on R™, with disjoint compact supports X and Y and
with smooth boundaries, respectively. Moreover, assume that they satisfy the mass balance
condition (2.44). Find the optimal pair (a*,u*) € (L= (R™), Lip, (R™)) that satisfies:

—V - (a*(x)Vu*(z)) = fT(z) — f~(z), x€R"™ (in a weak sense),
(IVu*|| =1 a.e. on the set {a* > 0}, (2.62)
(IVu*] <1 a.e. on the set {a* > 0}.

We want to spend some words about the origin of this transport density a* and about
Problem (PDE), due to its importance in this work. Indeed, even if we saw that this version
came from a limit in weak-* topology of the p-Laplacian solutions and it provided us the
missing information about distance d*, it has also other characteristics and meanings. Here,
we report a couple of other interpretations of the origin of this PDE, taken from different
fields. Moreover, in the next chapter, we will see that this transport density will appear also
in other contexts, providing us a link between this PDE formulation and other formulation
we will introduce later.

(i) Optimization: Consider the KKT conditions (Proposition 1.4). We consider
Problem (D), written in the same form as the constrained minimization problem
expressed in (MP). In our case, function f in (MP) is —K; (eq. (2.54)) and the
function representing the constraints of S (eq. (1.12)) is g(u) := |[Vul]| =1 <
0. Note that we changed sign of K, because Problem (MP) is a minimization
problem, while Problem (D}) is a maximization problem. The Lagrangian £ can,
then be defined as:

L(u, A) := /n u(@)(f~ (@) = [T (@) + M=) (IVu(z) — 1) dz.
Now, if we define g(u) as:
(Ivuli® - 1),
we obtain that:

g(u) <0 = ([Vul| =1)- (|Vul| +1) <0 = g(u) <O0.

Vice versa,

g(u) ==

| =

glu) <0 = [[Vul’ <1 = glu) <0.
Hence, it is equivalent to consider the constraint given by g(u) and, thus, the
Lagrangian function:

5 Alz)

Llu,A) = / @) (F (@) = @) + =5 (IVu(@)|* - 1) do.
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We want to annihilate, now, the derivative with respect to the first variable, in
order to satisfy the first condition of the KKT Proposition 1.4. Note that, since
the Lagrangian L is defined, in the first variable, on a space of functions, it is
not possible to consider a standard derivative in that variable. Thus, we consider
the Gateaux derivative in the variable u, i.e. the first variation of £. For doing
that, consider € > 0, ¢ € C}(R™) and calculate the following derivative, as it was
recalled in the notation in the preliminary chapter:

=0 = </n(“+€¢>)(f — 7+ 5 (Ivu+eve)® 1) dx) | =
A
2

([ o104

d -
££(u+ ep, \)

-2(Vu +£Ve) Vo dx)

e=0
- ( O(f~ = [T) +AVu- Vo da:) :
R'n.

Annihilating the last equality, we obtain that (2.61) is verified for an optimal
couple (u*, A*). Note, in addition, that condition (2.60) is exactly the last KKT
condition. Thus, this result can be summarized by saying that if «* is the optimal
solution of (D7), a* is the optimal Lagrange multiplier corresponding to the
constraint ||[Vu*|| < 1, satisfying, paired with u*, the KKT conditions for the
constrained maximization Problem (D}).

(ii) Convex analysis: Let us define:

K:={u € L*(R") | |[Vu|| <1ae.}

and the indicator function of this set

T (u) = 0 fuek
K " ]+o00 otherwise.

Now, note that K is convex and Ki(u) = (f* — f7,u)2(rn), using the scalar
product defined in (1.1), is continuous and convex, thus we are in the hypothesis
of Proposition 1.11. Note also that, reasoning as we did in equation (1.21), max-
imizing the function Kj, in (D), on the set K, is the same as maximizing the
function K7 — I on all L?(R"). Indeed, if u ¢ K, then K;(u) — Ix(u) = —oo.
The idea is that doing a constrained maximization is the same as maximizing
in the whole space with a penalization for those elements not in the right space.
Moreover, note that the following two problems are equivalent:

ueril“%in) Ki(u) — Ix(u) <= — <u€ILnQi(I]§n) — (K1(u) — IK(u))> .

Applying, now, Proposition 1.11, together with the previous equality, Kantorovich
potential u* is the maximizer of Problem (D}) if and only if 0 € 0 (— K (u*) + Ix(u*)).
By definition of subdifferential (eq. 1.24), we obtain:

0,0 —u*), — Ki(u*) + Ig(u*) < =K1 (v) + Ix(v), Yo e L*(R").

Using the definition of K; and the scalar product in L?, which we recalled above,
we obtain:

Ie(v) > Te(u®) + (f* = f7, 0 — ) oy, Vo € L(RY),
ie.
ft—f €olg(u®),

This final representation is the same result as in Lemma 2.5, but in a convex
analysis language.
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Now, let us go on with the core problem of this chapter: we want to find the optimal
transport map. Before we directly address this issue, we need a deformation argument due
to Dacorogna and Moser [20]. We need this result, because the idea of Evans and Gangbo
was to use this deformation argument to build an optimal transport map, using a “recipe”
we will see later. We will show also an outline of the original proof of this result, because
the idea used inside this proof will often be used in order to prove that two functions f+
and f~ satisfy the constraint expressed in (2.10).

THEOREM 2.6 (Dacorogn&-Moser). Let Q C R™ be a bounded open set with C**+3 regular
boundary O and let f € C*(Q), positive and such that

f(x)dx = meas(Q).
Q

Then there exists a C*-diffeomorphism u : Q — Q satisfying:

{det(Du(x)) = f(z), z€Q

u(z) == x € 0N (263)

OUTLINE OF THE “PROOF” (DACOROGNA-MOSER [20]). Let us define for ¢ € [0, 1],
z e

,_ v(2)
ve(2) 1= =070 (2.64)

where v satisfies

{V-v:f—l in Q, (2.65)

v=20 on 0f2.

Such v exists thanks to Dacorogna and Moser [20, Theorem 2]. We then define @ : [0,1] x
0 — R” as the solution of the following ODE:

{aat (®(t,z)) = v (®(t,z)) fort>0

50.2) - o (2.66)

Now, we change notation in a standard way calling ®;(z) := ®(¢,x). Note that P, is
uniquely defined for every ¢ € [0, 1]. We also have that for every ¢ € [0, 1]:

Oy(x) =z if x €.

This follows from the uniqueness of the solution of (2.66), from the fact that, on 9, v =0
and ®y(z) = z. Our claim is now that u(x) := ®;(z) is the solution of (2.63). We have just
verified the boundary conditions. Hence, we only need to check that det (D®1(z)) = f(x).
To prove this, let us define:

h(t,z) ;= det(D®:(x)) (t + (1 — ¢) f(De(x))) . (2.67)
Note that if we show that: 5
el _ *
ath(t,x) 0 Vtelo,1], *)
it follows that:

h(1l,z) = det (D®1(x)) = f(x) = h(0,x),
which is exactly what we want to prove. We therefore only need to prove (*). To do that,

we need to use the property that if A is an n x n matrix and ¥ is a matrix valued function
satisfying ¢/ (t) = A(t)¥(t), then:

(det)" = tr(A) - detap. (2.68)

We prove this identity for 2 x 2 matrices and it is easy to extend it for general n x n matrices.
Thus, consider the equality:

(7//11 1/’/12>:(a11 a12>.(7f111 1/’12)
Vo1 Yoy a1 Qo2 o1 a2 )’
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Looking at the matrix multiplication at each entry we obtain:

Y1y = a1 + a12tar;
V1o = a1112 + a12122;
Yy = an1¥11 + azaor;
Vyy = a21912 + a22%22;

Hence,

(det(¥)) = (Y1122 — P12th21) = V11022 + 1105 — Yigthar — P121by;

= (an¥11 + a1221)h22 + P11 (a21912 + ag2t22)—
— (a11¥12 + a12tP22)P21 — P12(a21911 + agat21)
= tr(A) - det ().
Now, in order to use Equation (2.68), note that:

(2.66)

o 0P (x) ~~ Duy(®4(x)) - D® ().

5 (D®(a) = D28

Thus, in our case, we have A(t) = Dv(®:(x)), that implies, using (2.68):
0

ot
Differentiating, now, (2.67), we get:

O hlt2) = o (det(DB () - [t 4+ (1~ 07 (@) +

+ det (D®y(x)) - |1 — f(P(x)) + (1 =)V f(Pe(x)) - (8@(33)” .

ot
Using (2.66) and (2.69), we get:
2Bt ) = et (D)) - [V (o (B())) - (1 + (1 — 1) (Bu(a)))
(= F@0) + (L= V@) v (1))

Finally, taking the divergence in the definition of v; written in (2.64), it follows that:
Ve (u(@) =+ A =0)f(x) (Vv (2e(x))) + (1 = )V f(2) - ve ().

Combining this relation with the previous identity, we get:

O ht, ) = det (D@(2)) - [V - (o(@4(2))) + (1 — F(@1(2)))].

The definition of v in (2.65) gives immediately (*) and the proof is complete.

— (detD®4(z)) = det(DPy(x)) - tr(Dve(De(z))) = det(DPy(x)) - (V - (0:(De()))) .

(2.69)

O

Note that this proof is just an outline, because we did not prove any regularity of the
function u. For the complete proof we refer to [20]. Now, we are ready to show the existence

of an optimal mass transportation map that is given by the following recipe:
(1) Solve Problem (PDE), which gives us the couple (a*, u*);

(2) Fix x9 € X = supp(p™) and use (u*, a*) to describe the flow of a Cauchy problem

involving Vu* and a*, given by:
2(t) =b(z(t),t) (0<t<1)
2(0) =z
for the time dependent vector field, depending on time:
—a*(z)Vu*(z)
b(z,t) .=
O o a-ore
43
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(3) Calling z(t,xg) the solution of (2.70), note that we are in the same situation of
Dacorogna-Moser’s Theorem 2.6 with:

v(x) = —a*(z)Vu*(z) (velocity)
V- (u(@) = fH(@) - [ (2)

v(x)

tfT(x) +a-t) 1+ (@)
——

Added

ve(x) =

Using the same idea as in that theorem, we define the optimal mass transfer as
the time-one map of the flow z, i.e.:

| T*(2) := 2(1,2). | (2.72)

Once we have all this intuitive background, we would like to verify if this is actually the
map we were looking for. We have the following theorem, taken from [26] or [27].

THEOREM 2.7. Assume that densities f™ and f~ of the absolutely continuous measures
ut and u=, respectively, are non-negative Lipschitz continuous functions on R™ with disjoint
compact supports X and Y having smooth boundaries. Moreover, assume that they satisfy
the mass balance condition (2.44). Consider T* defined in (2.72). Then:

(i) T* : X =Y is bijective.
(i) T* satisfies equation (2.10) and, thus:

/X BT (@) f* (x)dz = / W) f~ (y)dy, Yh € LMY, o). (2.73)

Y
(iii) For allT : X =Y satisfying (2.73), we get:

[ =@t @de < [ o= 7)) 1 @)
X X
Thus, T* defined in (2.72) is an optimal solution of Monge’s original Problem (My).

OUTLINE OF THE “PROOF” (EVANS-GANGBO [27]). (i) T* is bijective thanks to
Dacorogna-Moser’s Theorem 2.6, using the fact that the solution of Equation
(2.63) is a diffeomorphism.

(ii) The idea is the same of the proof of Dacorogna-Moser’s Theroem 2.6. Thus, calling
z(t, x) the solution of (2.70) starting from z and calling:

J(t,2) = det(D=(t,x)) - (£~ ((t,2)) + (1 — ) f* (=(t,2))

we follow step-by-step their proof. Hence, we want to show, also in this case, that
%J(t7 x) = 0, in order to equate the value of J at times 0 and 1. Using (2.69), we
obtain:

%J(t,x) =det(Dz) - [V - (b(z,1)) (tf_(z) +(1-— t)f+(z)) +
+(f7(2) = f7(2) + (V7 (2) - bz, 1) + (1 = )V T (2) - b(2,1))],

where z = z(¢,z). Now, following again the idea of Dacorogna-Moser, using the
definition of b in (2.71), we get:

=V:(a"(2)Vu'(2)) = (V-b(2, 1)) (tf 7 (2) + (A=) f(2)) +b(2,8)- (V7 (2) +(1-)V f 7 (2)).

Finally, recalling the PDE in (2.59), we get that the summands inside the paren-
thesis (2.74) are equal to zero. Furthermore, using the definition of T* in (2.72),
we get:

(2.74)

J(0,2) = [*(x) = det(DT™(x)) f~(T"(x)) = J(1, ),
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(iii)

that confirms assertion (ii), just using a change of variable, as we did to obtain
(2.10). Note that, in that case there was an absolute value, but both f* and f~
are positive and T™* is invertible, thus det(DT™*) remains strictly positive.

Finally, we need to use a property of the transport rays. Indeed, it follows from
the construction of these particular segments, that for a.e. zg € X the point
yo = T*(z0) lies on the transport ray R,,. By Definition 2.3 of transport ray, we

obtain:

u'(z) = u(T"(x)) = [lv = T"(=)] - (2.75)
For the details about transport rays and this particular result we refer again to
Evans and Gangbo [27]. Thus, we obtain:

/X e — T* (@) £+ (2)de = /X e () — u* (T*(2))] fH(x)dz by (2.75)

- /X u*(2) f+ () d / w*(9)f~(y)dy by (i)

Y

~ max / w(@)(fH(x) — f~(2))dz, by def. of u*

u€Lip, (R™)

min / |lz — S(z)|| fT(x)dz by (2.26)

T SeT(utpo)

< [ le=T@I @ 0

REMARK 2.2. This proof is in “quotations”; because, actually, neither a* nor Vu* nor
f* are smooth enough to justify these computations. However, it is still useful to outline the
general idea in order to figure out the main intuitions and tools used for the proof, even if
it is not rigorous. For a careful proof, with all the analytic details, see again Evans-Gangbo
[27]. They used the same idea of employing Dacorogna-Moser’s theorem, but “mollifying”
(which means regularizing) —(a*(2)Vu*(z2))c, f& and fZ, in order to get the “permission”
to do the computations. They regularized, also, the analogous vector field b. s and the
solution z. s of a smooth variant of (2.70). Finally they took the solution z s(1,x¢) as an
approximation of 7 5 and passing to limits ¢ = 0 and § — 0 they obtained our 7. O
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CHAPTER 3

Other formulations of the mass transfer problem

In this chapter, we want to take a different look at the Monge-Kantorovich transport
problem. We start introducing a dynamic version of the problem, taking inspiration from the
celebrated Benamou and Brenier [5]. After the description of their original idea, developed
with a quadratic cost function, we would like to adapt it to the case of L' cost, remaining
consistent with the rest of the thesis. The problem is that their procedure is not adaptable to
L'. Thus, we need another way to move Monge-Kantorovich problem with L' cost function
to a dynamical framework. To do that, we want to adapt to this case a technique provided
by Chen, Georgiou and Pavon [18], who also worked with L? cost functions. However, their
way of proceeding can be adjusted to the L' cost case. In their work, they were also able
to find a solution to this dynamical reformulation doing a variational analysis. In our case,
instead, after the failure of this mathematical technique, we try to solve this problem in
another way. Our idea is to get some useful information from another version of the mass
transportation problem, this time a static one, introduced firstly by Beckmann [3]. Adding
these other two, the different formulations count to six: we feel an urgent need of order
and clarity in the situation. This need to sort things out and to find the relationships
between the different formulations is also evident in literature: we can cite the work of
Ambrosio [1] or a more recent paper written by Brasco and Petrache [11] or, even, the book
of Santambrogio [41], just to have some examples. This need is due to the fact that the
different formulations come from different settings and backgrounds, but they all describe
the same problem. Thus a normal question to ask is: what are the connections between
them? The final section tries to answer this question.

1. A fluid-dynamic version of the optimal transport problem

In this section, we will introduce an alternative formulation for the Monge-Kantorovich
optimal transport problem. The idea we are going to use was firstly introduced in the famous
work Benamou and Brenier [5]. They reset the whole problem into a dynamical framework,
originally for numerical purposes. In fact, a continuum mechanics formulation was implicitly
contained in the original problem addressed by Monge, who decided to eliminate the time
variable just to reduce the dimension of the problem. Benamou and Brenier, instead, decided
to reintroduce the time variable, because, from a computational point of view, it is more
convenient to solve a convex space-time minimization problem. In their work they used the
quadratic cost function and, unfortunately, their way of proceeding is not suited for the L'
cost. Let us briefly see their original problem and why it does not fit well for our purposes.
First of all, they fixed a time interval, which we suppose [0, 1], and they considered all
the possible time-dependent density and velocity fields p(¢,x) > 0, v(t,z) € R™, smooth
enough, subject to some constraints described in the following:

Problem (DYN5).

Given two positive finite absolutely continuous measures p+, u~ € My (R™) with densities
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fT and [~ satisfying (2.44), find an optimal couple (p*,v*) satisfying:

1
inf / / lv(t, 2)|1? p(t, z)dtdz,
8—?(@ )+ V- (v(t,x)p(t,x)) =0 (continuity eq.),

p(x,0) = ft(z), ply,1)=f (y) (initial and final conditions).

(3.1)

In order to show why this dynamic problem is related with Monge-Kantorovich optimal
transport problem, let us see the precise connection between this problem and Problem
(M) with cost function ¢(z,y) = ||z — y||*, taken directly from [5].

THEOREM 3.1. Consider p*,u~ € M4 (R"™) two absolutely continuous measures with
smooth and compactly supported densities f+ and f~. Then:

min (M) = min (DYN3). (3.2)

PROOF (BENAMOU AND BRENIER [5]). (<) Consider an admissible pair (p, v) for Prob-
lem (DYN3) and consider the flow:

X'(t,x) =v(X(t,x))
X(0,z) ==z,

with the usual notation vi(x) = v(t,x). It can be proved (we will precisely state this
result later) that curve p satisfying the continuity equation with initial datum fT, can be
represented by p; = (X(¢,))4f". Using this characterization and using Jensen’s inequality
(see for example Rudin [39, Theorem 3.3]) with convex function ¢(z) = ||z|°, we get:

// ||v(t,x)\|2p(t,a:)dxdt:// o (X (&, 2)) |2 f+(2)dadt by def. of X (t,z)
0 Rn 0 R

1
:// IX'(¢,2))||° £ (z)dzdt by Fubini-Tonelli Theorem
o Jrn

1
:/ / HX’(t,x))||2f+(:17)dtda: by Jensen’s inequality
R Jo
> [ 1X(12) = ol £* (@)do > min (A1)

Note that, in the last part, used the fact that f~ = X(1,-)xf", which can be proved
following exactly what we did in the proof of Dacorogna and Moser Theorem 2.6. Thus
T(x) = X(1,z) is an admissible transport map for (M), with cost function c¢(z,y) =
|z —y H2 and the last inequality of the previous calculation is justified. This inequality tells
us, by the arbitrariness of the couple (p,v), that:

min (M) < min (DYN3). (3.3)

(>) For the other inequality, we consider the optimal transport map 7, uniquely given
by Gangbo-McCann Theorem 2.5, in the case of strictly convex cost c(z,y) = ||z — y||2
Setting X;(z) = (1 — t)x + tT*(x) and considering v of the form:

ve(z) = T(X; (2)) = X;7 ' (2),
(the proof of the fact that such X; is invertible can be found in [41, Lemma 5.29]) we get:
X'(t2) =T (2) -2 = T*(X; '(X(t,2)) — X7 (X (t,2)) = ve(X (8, 2)),
X(0,z) ==x.

Thus, X; is the flow map of v and, as before, p; = (X;)4f" is a solution of the continuity
equation with velocity field v and initial and final data equal to f* and f~, respectively.
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With this choice of (p,v) we get:

[ [ 1wl s+ @deds = [ 12 (@) = ol £* (@) = min (M)
R™ JO Rn

Thus, noting that the left-hand side of the equality above is exactly equal to

1
// lv(t, 2)||? p(t, z)dadt,
0 R™

we recover (3.2) and we conclude the proof. O

Note that we can even say more about the last proof. In the last part, we actually
proved, using (3.3), that:

1
/ / o(t, 2)|12 p(t, 2)dadt = min (M) < min (DYN).

O n
Hence, we obtained that the optimal couple solving (DYAN3) is given by:

{ pe(@) = (1 -t + T (@) o f* (2) |
ve(x) = T*(X; H(2)) — X; Ha).

(3.4)

This boxed equality represents density p; with a nonlinear interpolation formula, which we
will describe, later, in any details. Note that, if we try to adapt the previous statement to
the L' cost case we fail, because, as already said, Gangbo-McCann Theorem 2.5 can not
be used in the case of non strictly convex cost function ¢(x,y) = ||z — y||. Thus, we want
to recover a correspondence between classical formulations and this dynamic formulation
similar to the one given by Theorem 3.1, but in our L' cost case. To do that, we will take
inspiration from the recent Chen, Georgiou and Pavon [18]. Even in this work they used an
L? cost function, but their technique is adaptable to the L' cost case. Let us start defining
the space:

X :=C'([0,1];R™). (3.5)

Observe, then, the elementary fact:

1
—y|| = inf Y(t)|| dt .
o=l = mf [ I (3.

where Xy, = {y € X | v(0) =z, v(1) = y}. This simple observation comes from the fact
that the shortest path connecting z and y is the straight line v, ,(t) = (1 — t)z + ty. Now,
doing the same observation from a stochastic point of view, we get that the probability
measure on P(X') concentrated on the path {y,,(t) | 0 <t < 1} solves the problem:

1
mf B ()| dt v, 57
Paye@i(500,) 7 {/0 @ } (3.7)

where Q'(d,, d,) is the set of all the probability measures on X whose marginal at time 0
and 1 are, respectively, the Dirac measures concentrated at x and y, i.e.

Q'(6,.8,) = {Pay € P(X) | (€0)4Pry = 6, and (e1)4 Pay = 5,} (3.8)
Function e; used above is the evaluation map at time t, i.e.
[ X —R"
(3.9)
v =)

Thus, using the fact that (3.7) is another representation of ||z — y||, recalling that Problem
(K1) with L' cost is:

inf x —y| du(x,
MEH(M+7M_)/R"><R" | yll dpu(zy)
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and plugging (3.7) in the relaxed cost functional J(u) (eq. (2.13)), we obtain:

1
inf inf E Y()|| dt ¢ | du(x,y).
e S el B 1| 0

Now observe that, if we have Py, € Q'(d,,4,) and p € II(u™, ™), we obtain that:

P :/ Poydu(z,y) (3.10)
R™ xR™
is a probability measure in
Q' (ur u™) ={PeP(X)| (e0)4P =p" and (e1)xP =p"}. (3.11)

Note that, also the converse is true, i.e. every measure P € Q'(u*, ™) can be “disinte-
grated” with respect to the initial and final positions in P, € Q'(0,,d,) and € I(u™, ™)
such that (3.10) is verified. Hence, we get that Problem (K;) is equivalent to:

f E dt 12
poohit Er{ / (0l dt}. (3.12)

Now, if instead of this static version we take an hydrodynamic version of the equality in
(3.6), we can write:

1
o=l = jnf [ oty at,
3°(0) = ot (1),

~v°(0) =z, a.e.

where V, = {v:[0,1] x R® — R" | v is continuous and ~¥(1) = y}. Following the same
idea as before, we get that optimal transport Problem (K1) is equivalent to the following
stochastic control problem with atypical boundary conditions:

uﬂE{/w ﬁ}

() = v(t,v" (1)),
Y(0) ~ T, A1) ~ T,

where V is simply the set of all continuous v(-,-). Finally, let us suppose, as usual,
that we have absolutely continuous measures with smooth densities du™(z) = f(z)dx
du~(y) = f~ (y)dy and that there exists a density p(t, z) such that v*(t) ~ p(t,z)dz. More-
over, suppose that such density satisfies (weakly) the continuity equation expressing the
conservation of mass, i.e.

(3.13)

dp
ot

Using this new definition of the variable v¥(¢) and using the rule in Proposition 1.3, we get
that the probabilistic average becomes:

—(t,z) + V- (v(t,z)p(t,z)) = 0. (3.14)

t)~p(t,x)dx

{/ llv(t, |dt} —_— /n/ llv(t,z)|| p(t, z)dtdz.

Furthermore, putting this last equality inside (3.13), we obtain the L! cost case of the “fluid
dynamic” version of the optimal transport:

Problem (DYN).
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Given two positive finite absolutely continuous measures p+, u~ € My (R™) with densities
It and f~ satisfying (2.44), find an optimal couple (p*,v*) satisfying:

(mf / / llo(t, )| p(t, x)dtdz,
X)) n

3t Pt,2) + V- (w(t,2)p(t,x)) = 0,
p(0,z) = f(x), p(1ly)=f"(v).

Note that the last line is obtained using the definition of v¥(¢) and (3.13). Following,
again, the idea of the work of Chen, Georgiou and Pavon [18], we want to do the variational
analysis of dynamic Problem (DYA1). It can be done in many different ways: let us write
here an example of the way in which this can be carried out. First of all, let us start defining
the family of the probability densities:

P(f5f7)={p:[0,1] xR" = R™ | p(0,2) = f(2) and p(L,y) = f~(y)}.  (3.16)

Consider the unconstrained minimization problem of the Lagrangian over the space P(fT, f~)x

V.
:/Rn /01 {||v(t,x)|p(t,x)+)\(t,x) (‘;ﬁv (v ))}dtd:ﬂ, (3.17)

where A : [0,1] x R® — R is a C! Lagrange multiplier. Now integrating by parts this

(3.15)

Lagrangian and supposing that the density satisfies p(¢, x) Il =4 >0, L(p,v) can be written
as:

// (||v (t,z)|| - *(t ) —v(t,x)~V>\(t,x)) ot ) dtda+
/n( (2, 1) fT(z) = A(z,0)f (2)) da.

Thus, noting that the last part is simply a constant not depending on (p,v), Problem
(DYN1) is the same as solving:

. ! )\
inf //0 <||v(t,x)|| - a(t,x) —ou(t,z) - VA(t,x)) p(t, z)dtdz, (3.18)

(pyv)

over P(fT, f7) x V. To solve it, we follow a two-step optimization procedure. Thus, we
first fix p € P(f*, f~) and minimize (3.18) along all v € V. The integrand in (3.18), for a
fixed p, is convex and differentiable for v # 0. Thus we obtain the optimality condition:

v;(t7 x)
AR

Note that this optimality condition implies that:

e ||[VA]| =1 on the support of p(t, x);
e v; is the gradient of a potential.

= VAL, z), whenever {p(t,z) > 0}. (3.19)

Plugging this optimal v} in (3.18) yields the second minimization problem:

ot 10 = [ (<5 e+ ol (1193 001) ) ot i

Note that if A(¢, ) does not depend on time and if v}, is of the form (3.19), we get that the
functional H just defined, is automatically zero over P(fT, f~). Hence, every p € P(f*, f7)
is a minimizer of the Lagrangian together with the optimal v} defined on (3.19). All this
considerations are summarized into the following:

o1
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PROPOSITION 3.1. Consider a function A(t,x) = A(z) not depending on time and a
couple (p*,v*) € P(fF, f7) x V satisfying:

%(tﬁﬂ) + V- (lo*(t, 2)|| VA(z)p*(t,z))) = 0,
e on {p(t,z) > 0}, (3.20)
e = VA A

Then (p*,v*) is a solution of (DYN1), provided that p(t,x) lelzgoe g,

If we compare this result with the variational analysis for the L? dynamic Problem
(DYN2), which can be found always in [18], or also in [5], it easy to see that there are a lot
of differences. In the case of L? cost, they obtained a result which completely characterized
all the optimal couples solving the dynamical problem. Indeed, doing the same analysis
we did above, in that case they obtained that, if the Lagrange multiplier A\ solves the
Hamilton-Jacobi equation:

ox 1

at T2
with some boundary condition, then the couple (p*,v*), with v* = VA and p* solving the
continuity equation with this vector field, will be a solution for the dynamic problem with
the L? cost function. Here, instead, we obtain a result which does not give us an explicit
solution without knowing the quantity ||v*|. This problem reminded us, in some way, of
problem we addressed in the previous chapter, of finding T* given by (2.39), not having
information about the distance d*. Indeed, we will see that, also in this case, the quantity
a* and uv* will be involved to solve this problem. However, the variational analysis, in
this case, is useless and this problem in the case of L' cost function must be solved in a
different way. Our strategy will be to use the other formulations of the Monge-Kantorovich
problem in order to find a relation similar to the one given by Theorem 3.1 and extract
useful information from this correspondence, in such a way that we will be able to write an
explicit solution, as we did for the L? cost case (eq. (3.4)).

IVAI* =0,

2. Beckmann’s problem

In this section, we want to discuss a model for the optimal transport problem pro-
posed by Beckmann in [3] and discussed more recently in [41]. Here we present just a
particular case of a wider class of convex optimization problems, which are of the form
min{ [ H(w) dz : V-w = f* — f~} and we will treat just the case of the non-strictly
convex function H(z) = ||z||, being coherent with the rest of the work. Beckmann called
this problem continuous transportation model. However, later in this work, we will get back
to the general case of the convex minimization problems written above and we will see the
similarities and the differences with this L' case. Note that, even if Beckmann worked in the
same years of Kantorovich, he was not aware of Kantorovich’s papers on related matters.
Just to introduce some features of this model, instead of looking at dynamic model, as in
the previous section, here we are interested in a “static” model. Since it may be difficult
to understand what “static” means when we want to describe the movement, let us look
at one example first. We want to consider the traffic intensity in each point of the space,
but, instead of considering the traffic intensity hour by hour, here we want to consider the
average traffic intensity at such a point during the whole day. In this case, we call w the
mass flow rate and, consequently, V - w stands for the excess of mass which is injected into
the motion at every point. Being more precise, if particles are injected into the motion
according to the distribution g™ and exit with the distribution p~, the vector field w must
satisfy:

+

Vew=p" —pu". (3.21)

Formally, we will consider the following:
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Problem (B).

Consider an open convez subset Q C R™ which contains X = supp(fT) and Y = supp(f~),
where fT and f~ are the densities of u™ and p~, respectively, satisfying (2.44). Then,
Beckmann minimization problem consists in finding an optimal vector field w € L'(Q)
satisfying:

inf{/ |lw@)|dr : w: Q—=R", V-w=f"—f", w-vg=0 onﬁQ}. (3.22)
w o

Here the divergence condition is to be interpreted in a weak sense and, with the Neu-
mann boundary condition, i.e.:

- [ Vowpu@iz = [ o) @) - - @hds, VoeCl@). (329
Q Q

The first observation on this problem is that it is not a priori well-posed, in the sense that
there may not exist an L' vector field minimizing Problem (B). This can be understood
using a standard method of the Calculus of Variations to prove the existence. Following
the idea stated in Proposition 1.1, we consider a minimizing sequence and we would like to
extract a subsequence converging to the minimum, in order to find a minimizer using some
lower semi-continuity property. Thus, starting with w,, — w, it is easy to prove that such
w satisfies the divergence constraint V - w = f* — f~, using the fact that:

- /Q Vo wndi = /Q o — f)du

and letting n — oo. The fact is that, even if we have that the sequence is bounded in L', i.e.
fQ ||lwn || dz < C, it is not enough to extract a converging subsequence, even weakly. Indeed,
the space L' is not reflexive, as we showed in the Section 2 of the Chapter 1. Thus bounded
sequences are not guaranteed to have weakly converging subsequences, because we cannot
use Theorem 1.5. In order to automatically deduce the weakly sequential compactness of
a subspace in L', we need also the equintegrability condition, a property described inside
Dunford-Pettis Theorem 1.6. If we are able to show this property, we can use that theorem
and conclude. To avoid this difficulty of well-posedness, we will choose a different setting
for (B): the framework of vector measures. We already described vector measures (see
Section 2 of Chapter 1), looking at the definition and at some properties of these objects.
In particular, we saw that if p € M™(Q), we can define the total variation measure ||u|| (€2)
(Definition 1.11). Hence, we can reformulate Problem (B), in this context, by:

Problem (5).

Consider an open convexr subset Q C R™ which contains X = supp(f) and Y = supp(f~),
where fT and f~ are the densities of p* and p~, respectively, satisfying (2.44). Then,
Beckmann minimization problem in a vector measures form consists in finding an optimal
vector measure w* € My, (§2) satisfying:

inf {||uw]| () : w e Miyo(Q), Vow=f+—f}. (3.24)

Here the two constraints have a meaning similar to (3.23), but in the context of the
space of measures M, (€2) (see notation), they become, also recalling Riesz representation
Theorem 1.7:

V6 du = (Vo.uleyamn = | (1~ f7)de  Voeck@), (3.25)
Q Q

3. Relationship between different formulations

With all these formulations of the same problem coming from different fields, it becomes
important to find a correspondence between the problems, as stated in the introduction of
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this chapter. Moreover, if possible, it is also important to find a correlation between the
minimizers/maximizers of different formulations. If a solution of a problem can be built from
the minimizer /maximizer of another problem we say that the two problems are equivalent.
The situation is complex and a bit confused, thus let us proceed step by step. Let us start
recalling the fact that Problem (K;) is the relaxation of Problem (M), as shown in Theorem
2.1 of Chapter 2 and that Problems (K;) and (D;) have the same optimal value thanks to
Duality Theorem 2.4. The first step of this section is the relation between Problem (3.24)
just introduced, and the dual Problem (D}). To do that, we want to use a duality result,
recalled in Convex Analysis Section 5 of Chapter 1. The idea of using Fenchel-Rockafellar
Theorem 1.17 in this particular case, is taken from Barrett and Prigozhin [2]. To be precise
and to give the formal background, in the whole section we will consider a compact convex
subset Q2 C R™ and, as always, two absolutely continuous measures with densities f* and
f~, respectively. Moreover, suppose that the supports of these densities f+ and f~ are
contained in 2. We are ready, then, for the following:

THEOREM 3.2. The minimal value of Beckmann Problem (B') is the same as the max-
imal value of the dual Problem (D}), i.e.

min (B') = max (D). (3.26)

PROOF (BARRETT-PRIGOZHIN [2]). First of all, note that if u = ™ — p~, then pu €
M(Q). Moreover, if f = fT — f~, we write the duality pairing (1.5) of Riesz representation
Theorem 1.7 using, with some abuse of notation, the absolutely continuous measure du =
fdx:

kam)=/}kfm:vueomy
Q
Thus, Problem (D}) can be written in the form:

max {(f, u)c) : u € Lip;(Q)}.
With Fenchel-Rockafellar Theorem 1.17 in mind, we want to find proper functions F' and
G and proper spaces V and W, in order to write (D}), written in the form just stated, as
the principal problem (P). Then, consider spaces V := C}(Q), W := C(;R") and linear
operator A : V — W, defined as
Au = Vu.
Moreover, consider the functions F : V — R and G : W — R, defined as:

0 if |lv(z)]| <1Vzeq,

+o0o  otherwise.

F(u) :== —(f,u)e@) and G(v):= {

Then it is easy to see that the principal problem:
inf [F'(u) + G(Au)], (P3)

with the functions and the spaces defined above, is the same as Problem (D}). Note that
F and G are convex functions and if we take ug = 0, we obtain F(ug) = 0. Moreover,
the function G(v) is continuous at Aug = 0. Thus, the hypothesis of Fencel-Rockafellar
Theorem 1.17 are verified. Before using that theorem, we have to write down explicitly the
dual formulation in this particular case. First of all, recall that the dual space of W is, using
Riesz representation Theorem 1.7, W* = M™(Q) and that A* : W* — V* is the adjoint
of A, as defined in (1.23). Using the definition of Legendre-Fenchel conjugate function, let
us try to understand how are defined functions F* and G*. Considering u* € V*, we have
that:

F*(u*) = sup [(u", u)s + (f,u)eqo)] =

wev +o00 otherwise.

{0 if u* + f =0,

Therefore, looking at the dual formulation (PY), it follows that:
—F*(A"p") > —c0 <= A'p"+ f=0.
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Thus, the supremum in (P7]) should be considered only on the following convex set:
Z = {p* e W*  (A"p",u)s + (f,u)e) =0 Vue Cl(Q)} = by def. of A*
= {p* e W™ : (p",Vu)eo) + (f,u)ecw) =0 Yue Cl(Q)} = by int. by parts
={w e Mg, o(Q) : (Vuw—finey =0 ¥nel(Q)}.

Note that this set is exactly the set described by the two constraints in the minimization
Problem (B'). Moreover, looking at G*, we have that if w € W*, then:

G*(w) = sup {{w, vV)c,(rn) : v €W and |jv(z)]| <1 Vz e Q} = |w| ().
The last equality is due to the definition of the scalar product in Riesz representation
Theorem 1.7 plus Proposition 1.2. Hence, the dual problem can be written as:
sup{—[[w|[ () : we Z}. (P3)
Therefore, using now the result of Fenchel-Rockafellar Theorem 1.17, we obtain:
max (D}) = max{(f,u)c) : u € Lip;(Q)} =inf{[|w| (Q) : we Z} =min(B'). (3.27)
O

The second new relation is between the relaxed Kantorovich Problem (K1) and, again,
the Beckmann problem (B’). The interesting fact is that we can even recover equivalence
of the two problems, in the sense stated at the beginning of this section, as we can see in
the following theorem, taken from Section 4.2.2 of Santambrogio [41].

THEOREM 3.3. The minimal value of Problem (B') equals the minimal value of Problem
(’Cl), i.e.:
min (B") = min (K;). (3.28)
Moreover, a solution of Beckmann Problem (B') can be built from a solution of Kantorovich
Problem (K1).

PROOF (SANTAMBROGIO [41]). (>) We start taking an arbitrary function ¢ € C1(Q)
with ¢ € Lip;(Q), so that ||[V¢| < 1. Consider any w € M}, ,(Q) with V- w = f+ — f~.
We get, then:

(3.25)

o] (€) = /Q 1d ffwl| > /Q (—V§) - duw 2> /Q o — f)de.

Now, if we consider a sequence in Lip; (2) N C*(£2) uniformly converging to the Kantorovich
potential u* (for instance the convolution ¢. = x. * u*, with x. the standard mollifier, as
described, for example, in Brezis [15]), we obtain:

/Qu*(f+ — f7)dzr = max (D)) = min (K;),

where we used the Strong Duality Theorem 1.15 for the last equality. Moreover, we have
that:

[[w] (€2) = min (Ky),
for any w with the property as above, i.e. for any vector measure satisfying the constraints
of the minimization Problem (5’). This means:

min (B") > min (K;). (3.29)

(<) For the converse, we shall show that it is possible to construct an optimal w starting
from an optimal p for (C1). This idea is taken from Bouchitté and Buttazzo [8]. We start
by defining, given an arbitrary transport plan p € II(u*, ™), a scalar measure o, € M(Q)
as:

(O Do) = / y / 0y O] vy ()t du,y), Yo €Co().  (3.30)
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Here v, , € Xy (space defined in the first section of this chapter) is a parametrization of the
segment [z, y], taken for simplicity with constant speed, e.g. v ,(t) = (1 — t)x + ty (again
already defined in the first section of the this chapter). Note that, using the duality isometry
given by Riesz representation Theorem 1.7 that correlates (Co(Q2))* and M(2), this o, is
effectively a scalar measure. Define, also, a vector measure w, € M™(Q), depending on u,
as:

N / ) / o () ECray (D)t du(ey),  VE € Co(uRT).  (331)

Also in this case we use Riesz representation Theorem 1.7 to confirm that w, is actually a
vector measure. Note that if £ = V¢ € Co(2; R™), then:

1 t)-V t))dt = td dt =
[ ent0) Tt Ot = [ (00000 dt = 900) ~ 60).

Hence,

pe(pt,p™)
(W V) eo(urn) = o(y)dp(z, y)— $(@)dp(z,y) = /Q¢(l‘) (f7(x) = [H(2)) da

QxQ QxQ

This equality, using the definition of the scalar product (-,-)¢,(r») in (1.5), tells us that
w,, satisfies the divergence constraint in the weak sense and with the Neumann boundary
condition, i.e.

/ Vo - dw, = / o (fF—f7)dz, Yo € CH(Q). (3.32)

Recalling that this constraint is the same as w, € MQiV’O(Q) and V-w, = ff — f" ina

weak sense, we can easy say that w, is in the search set for Problem (B’). Simply using

Cauchy-Schwarz inequality, it is easy to see that the mass of w, can be estimated by:
lwall < o Vi € Tt ). (3.39)

Considering, now, an optimal y which solves Problem (K;) and looking at the mass of o,
we obtain:
(3.29)

L =~
dow= [ [ W@ dt dnte) = [ =yl duteny) = min () 7S min ()
Q QxQ JO [95°39]

Finally, this inequality plus inequality (3.33), tells us that w, is a solution of Beckmann’s
Problem (B'). O

REMARK 3.1. Actually, we can even say more about the relationship between the vector
measure w, and the scalar measure o,. Using the Kantorovich potential u*, we have:

—y
=

x *
You(t) ==z =y (EErTL yll Vu* (2,4 (t)), Vte (0,1), Va,y e supp(u),

where we used the fact that v, ,(¢) is in the interior of a transport ray ]z, y[ and we used
Lemma 2.4 in Chapter 2. This allows us to write, for every & € Co(Q; R™):

1
O /Q By / N =l Vi oy (8)) - €y (8)) . dpa(z,y) =

=- / dt [ VU ey (D) - €Oy (1) 1 — yll dpa(z, ).
0 QxQ

Introducing the function 7 : 2 x Q — Q given by m(z,y) = V2,4(t) = (1 — t)z + ty and
defining the measure ¢+ pu € M4 (€ x Q) as the absolutely continuous measure with density
c(z,y) = ||z — y||, we can write:

(W E)co(arr) = / i / Vut (2) - £()d((m) (e - ). (3.34)
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The same kind of computations gives:

(O B)eoir) = / dt / oz (c- ). (3.35)

Hence, comparing these last two equalities, we get:

<w#, £>CU(Q;RTL) = <J[L) 75 . Vu*)CO(Q). (336)
By the arbitrariness of £ and using the dual pairing in (1.5), it follows that:
wy, =—Vu*-o,. (3.37)

This confirms (3.33) and tells us that —Vu* is the density of w, w.r.t o,, in the sense of
Proposition 1.2, i.e.

| € dun = ez = (00 —€- Vaheye = = [ (€ Vu')do.
Note also that Proposition 1.2 tells us that:
[Vu*|| =1 oy-a.e.. (3.38)

Moreover, using the equality in (3.35) and using (1.5), we obtain an explicit representation
of 0, given by:

7= [ (@l w)ar (3.39)
O

Scalar measure o, described in the proof above and in the previous remark is strictly
related to a* of Lemma 2.5 introduced in [27]. In this case, this object is connected to some
shape-optimization problems treated in Bouchitté and Buttazzo [8] and [9]. This relation
between o, and a*, using some considerations which can be found in both Ambrosio [1] and
Santambrogio [41], is described in the following:

PROPOSITION 3.2. Starting from an optimal p € (u*,u~) solving Problem (K1),
the scalar measure o,, defined in (3.30) solves, together with the Kantorovich potential u*,
Problem (PDE).

PROOF. For all ¢ € CL(Q), we get:
(3.36) (3 32)

- /Q V6 Vurdo, = —(0,, V- Voo "o (Y, w0,z / o(f

This means that, looking at the weak formulation of Equation (2.59) of (PDE) as written
n (2.61), the scalar measure o, is absolutely continuous with density exactly equal to a*,
ie.

do,(z) = a*(z)dz. (3.40)
Thus, in this sense, the couple (., u*) solves equation (2.59), where with ¢, in this case
we mean its density. Note, also, that we have already shown the other condition (2.60) of
Problem (PDE) in the previous remark, precisely in (3.38). O

With an abuse of language, both scalar measure o, and density a* are usually called
with the same name scalar density. This is due to the fact that the density of an absolutely
continuous measure and the measure itself are, often, improperly identified.

Thus, we have seen the correspondences between Beckmann Problem (B’) and the
“classic versions” of the Monge-Kantorovich Problems (K;) and (D}), that also provides a
way to obtain a solution of (PDE).

We want to focus, now, on the relation between Problem (B’) and the dynamic Problem
(DYN1). Indeed, in order to fill the gap left at the end of Section 1 of this chapter, by
the failure of the variational analysis, we want to see (DYA1) from a different perspective.
The idea is to take information from the Beckamann Problem (B’) in order to obtain an
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optimal couple that minimizes the dynamical problem. Before doing that, note that if we
consider the case of a proper, compact and convex subset 2 C R", such that the supports of
fT and f~ are contained inside this set, we can substitute R” with € inside the integral of
(DYN1), provided that the admissible velocity vector fields v satisfy Neumann boundary
condition v - v = 0 on the boundary 992. In this case, the continuity equation has to be
intended in a weak sense, i.e. for all ¢ € C*([0,1] x ):

/Q¢(1,33)f (:v)dx—/ﬂ¢(0,a?)f+($)dx—/o /Qg(tﬂ)P(t»x)dxdt (3.41)

1
" /0 /Q Vo(t,x) - (v(t,x)p(t, ))dxdt.

Note that we obtained the equation above just integrating the continuity equation (3.14)
multiplied by a test function ¢ € C1([0, 1]x2) and using zero Neumann boundary conditions.

After this clarification, we are ready to prove the following relationship, which takes
inspiration from an idea used in Brasco [12]:

THEOREM 3.4. The minimal value of Problem (B') equals the minimal value of Problem
(Dle), i.e.:
min (B") = min (DYN7). (3.42)
Moreover, starting from w € My, o(Q) solution of (B'), assumed absolutely continuous, it
is possible to construct an optimal pair (pw,vy) solving (DYN7).
PRrROOF. (<) Given a feasible couple (p, v) for Problem (DYN1), i.e. a couple satisfying:

%(t’ z) + V- (v(t,x)p(t, ) =0

p(z,0) = fH(x), ply,1)=f"(y),
we consider the function:

falz) = /0 o(t, 2)p(t, 2)dt. (3.43)

Assuming enough regularity for the couple (p,v) so that we can interchange V with the
integral sign, we see that fg solves, for all ¢ € C():

Vo) fo@)de = — [ o) / V- (o(t,2)plt, 2)) didi
Q 0

Q
Lap _
:/qu(x)/o E(t,x)dtdx:/g(b(x) (f (ac)—f+(:1:)) dx.

This means, comparing this equality with the one written in (3.25), that the absolutely
continuous measure with density fg, i.e. div = fgdz, satisfies Beckmann’s Problem (B5')
weak constraint. Now, using Minkowski’s integral inequality with p = 1, we get:

L lott, )l plt, 2)dt dr > L/ ot )t 2| do = | fate)ae= [ apal

By the arbitrariness of the couple (p,v), the inequality above implies:
1] (©) < inf (DYAY).
Thus, using also the arbitrariness of w, we obtain:
min (B') < inf (DYN7). (3.44)

(>) For the converse, we consider an absolutely continuous measure w, with density f,,
that solves of (B’), satisfying the divergence constraint (3.25) in a weak sense. Consider
the couple, depending on w, given by:

pults)i= (= O @)+t @) walto) = L2 (3.45)
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For all ¢ € CL([0,1] x ) we can write:

/ / (t,2)pw(t a:)dxdtJr/ /VQS (t,x) - (Vo (t, ) po(t, x))dx dt =

= [0.0) = 60,001 @)+ [ (@) - (@) ( / 0 210 dt) ds

Q

1
+ / / V(t,x) - fu(x)de dt =  (integrating by parts the second term)
0 Ja

= [otar s - [ o0 @i [ 77w - ([ 1 ot ) do
+/QV(/01¢(t,x)dt> -fw(x)dxdt:/qu(l,x)f_(x)dw—/Q¢(0»$)f+(x)dx

Note that we obtain the last equality using the fact that f,, satlsﬁes the dlvergence constraint
in a weak sense written in (3.25), with the test function ®(x fo o(t,z)dt € CL(Q).
Clearly, we assumed enough regularity in order to take the gradlent out of the integral sign
and in order to use Fubini-Tonelli Theorem 1.2. The last calculation tells us that the couple
(pw, V) satisfies the continuity equation in a weak sense, i.e.

a(’)%(t’ z) + V- (vu(t, ) pu(t, ) =0, in a weak sense;

pw(,0) = fH(x), puly,1)=f(y), by the definition of p,, in (3.45).

This means that the couple (py,, v, ) belongs to the feasible set of Problem (DYA1). Finally,
note that:
(3.44)

/ / (b, 2| pun(t, 2)dt diz = / | (@)l i = o] () = min (') "< min (DYA').
QJO Q

This inequality tells us that this pair (p.,v,) is actually the minimizer we were looking
for. O

Note that density p(t,z) solution of Problem (DYN7) is simply represented by the
affine interpolation between fT and f~. As we already said, in general, the affine inter-
polation differs greatly from the optimal density of Problem (DYAN3), represented in (3.4).
We will come back to this relation between L' and L? optimal density and we will discuss
it in detail, from both an analytical and a geometrical point of view. Instead, now, we
want to highlight another parallelism between the dynamic formulation (DYA7) and the
Kantorovich formulation (K1), just putting together Theorem 3.3 and Theorem 3.4. More-
over, using also the deformation argument explained in Theorem 2.6, we will connect almost
all the ideas used in the theorems above, in order to find a correlation with the optimal
transport map of Evans defined in Theorem 2.7.

THEOREM 3.5. The minimal value of Problem (K1) is equal to the minimal value of
Problem (DYN1), i.e.:
min (K1) = min (DYN 7). (3.46)
Moreover, starting from an optimal transport plan p € U(u™, p~) solution of (K1), it is
possible to construct an optimal couple (p,,v,) solution of (DYN7).

PRrROOF. The idea of the proof is, as already stated, simply to connect Theorem 3.3 and
Theorem 3.4. Indeed, for the proof of the first part, we just need to combine the equalities
(3.28) and (3.42) to get:

min (K1) = min (B') = min (DYN?).

For the second part, we start from an optimal u € II(u*,u~) and we want to use both
proofs of Theorems (3.5) and (3.6), combined together as before. Thus, we start defining
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the scalar measure o, € M(Q) and the vector measure w, € M™(Q), respectively as in
(3.30) and (3.31). Recall that w, and o, are related by (3.37), i.e.
w, =—Vu*-o,,

where u* is the Kantorovich potential. Moreover, w,, satisfies the divergence constraint in
a weak sense, as in (3.32), and is a solution of the Beckmann Problem (5’). In order to use
Theorem 3.4, starting from this optimal w,,, we want to find the density of this measure.
To do this, we combine (3.37) and (3.40) to yield:

(3.37) (3.40)
dw,, = fu,dx SR v ~doy, Vit atde.
This equality tells us that the density of the optimal measure w,, is:
Jw, (z) = —a”(x) - Vu* (). (3.47)
We are now ready to apply Theorem 3.4. We start defining the couple:
fun@) _ —a'(x)- V' (@)
pw“(t,x) B pw“(hx)

as in (3.45). Hence, we obtain that the pair (pu,,vw,) is optimal for Problem (DYN1),
following step-by-step the final part of the proof of previous Theorem 3.4. ]

pw, (t, ) = (1 — fH(x) +tf (v); Vo, (t,2) = ,  (3.48)

REMARK 3.2. As stated before, we can use the proof of the previous theorem to correlate
the optimal couple (p*,v*) = (pw,,Vw,), defined in (3.48), solution of (DYN1), to the
optimal transportation map T™* given by Evans in [26]. Let us consider the velocity vector
field v* and denote by vy (x) = v*(t, z), in a standard compact way. Consider, then, its flow
Y (t,z) = Yi(z) = y»(t), solution of the Cauchy problem

{%@)ﬁ@Aﬂ%
Y. (0) = x.
Thus, defining:

T (z) =y, (1) =Y1(x), Va e, (3.49)
and, doing the same calculations we did inside the proof of Dacorogna and Moser Theorem
2.6, we get that:

%h(t,x) = % (detVY (t,z) (1 — ) fH(Y (¢, 2)) +tf~ (Y(t,z)))) =0.

Hence, h(0,z) and h(1,z) must be equal and we obtain:

fH(@) = f~(T"(2))det(DT" ().
As already noted in Chapter 2, this determinant is always strictly positive. Now, looking
at the constraint in (2.10), obtained by (2.2) just using a change of variable, we obtain,
proceeding backward, the same push-forward constraint T;( ft) = f~. Thus, T* is a
transport map, i.e. it belongs to 7 (™, ™). Furthermore, noting that 7* is defined exactly
as in Theorem 2.7 as the time-one map of the flow of an ODE with the same velocity

—a* - Vu*, T* is exactly the same optimal transport map that solves Monge’s original
problem (M;) and that was found by [26].

Note that, with this last remark, we finally achieved a result similar to the one obtained
with the L? cost case (Theorem 3.1), recovering a correspondence between the classical
Monge’s formulation (M;) and the dynamic formulation (DYAN7), also in the case of L?
cost function. Doing that, we also found many other correspondences between different for-
mulations. In search for a quick summary of the complex relationships between the different
formulations, we show in Figure 7 a visual representation of the different formulations and
of the theorems used for their analysis.
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Theorem 2.7

Theorem 2.1

(Relaxation) Remark 3.2

Proposition 3.2

Theorem 3.5

Theorem 2.4

(Duality Theorem 3.3

h 4

) Theorem 3.2 ‘KB’N’ Theorem 3.4 .

(Duality) ’U

7

FIGURE 7. Summary of the relations between different formulations of
Monge-Kantorovich problem.
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CHAPTER 4

Supplementary analysis of the results obtained

This chapter born from the will to examine in depth some aspects we treated quickly
before. We start from the study of the density that solves Problem (DYA). Trying to
interpret the reasons underlying its form, we compare this solution with the solution of the
dynamical problem in the case of a cost function c(z,y) = ||z — y||*, with p > 1. We find a
lot of differences between them, both from analytical and geometrical point of views. The
geometric perspective is particularly important, because allow us to introduce an important
distance, defined in some particular spaces of probabilities, which, actually, is the real reason
of the differences between the two cases considered. In the second part, we want to see the
correspondence between Beckmann Problem (B) and dynamical Problem (DYAN7) from a
wider point of view. For this aim, we look at some extensions of the two problems and we
prove an equivalence between these wider class of problems, analogous to the one given by
Theorem 3.4. The interesting fact is that this relationship is achieved using many procedures
we have already introduced. In the final part, we want to present some simulations and
numerical solutions, graphically representing the time evolutions of the optimal densities
of (DYN1) and (DYN3). Our initial will is to underline the differences between these two
problems. However, once graphically confirmed the already known theoretical differences
between these two cases, we pass to examine the intermediate cases of LP costs, withl <
p < 2. To do that, we consider two different examples of initial and final data. In the first
case, we are able to recover an exact solution, while in the second case we need to recur to
a numerical scheme, taken from Delzanno and Finn [22], based on Newton method.

1. Optimal densities solving dynamical problems

In this part, we want to analyse the solution of dynamical formulation (DYAN7), in
order to understand why the optimal density p € P(f*, f7) (eq. (3.16)), is just the affine
interpolation between f* and f~ written in (3.45). We want to dwell on this result and
study the analytic and the geometric details underlying it, because it was somewhat unex-
pected. The reason why it is surprising is that the dynamical formulation may be used, in
applications, for example, to morph two different images. This technique consists, briefly,
on transforming one image into another, taking into account also the intermediate images.
In the case of affine interpolation, it physically corresponds to a teleport phenomenon: at
every time, the mass disappears from the initial configuration and appears in the final con-
figuration, as we will see later with an example. This is the reason why it is interesting to go
deeper into the details of this result and to understand the reasons behind this behavior. To
do that, we will do a comparison between the optimal solutions of the dynamical problems
in the case of costs c(z,y) = ||z — y||”, with p =1 and p > 1. This will be useful in order to
outline the geometrical differences between the two cases and to understand the different
ways in which the optimal density changes in time.

We consider first the case p = 1. We will start reporting a uniqueness result for
continuity equation (3.14). The following materials is summarized from Santambrogio [41],
where more details and proofs can be found.

THEOREM 4.1. Suppose that Q C R”™ is either a convexr, open subset or R™ itself.
Suppose that vy : Q — R™, defined as ve(x) := v(t,x) is Lipschitz continuous in x, uniformly
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continuous in t and uniformly bounded, and consider its flow X (t,x), such that:

{X’(t,x) = v (X (t, 7)), (4.1)
X(0,z) ==x. .

Suppose also that, for every x € Q and every t € [0,1], we have X (t,x) € Q (which is
obvious for Q@ = R", and requires suitable Neumann conditions on v; otherwise). Then, for
every positive finite Borel measure € M (), the measures py := (X (t,-))pu™ solve the
continuity equation with initial datum pt, i.e.

dp B
o7 (b2 + V- (vt 2)p(t2)) =0, (1) € Qx [0,1] (42)
p(x,0) = pu* () zeQ,

where p(t,x) := pi(x). Moreover, every solution of the same equation, if p; are absolutely
continuous for every t, is necessarily obtained as py := (X (t,-))xp™. In particular, the
continuity equation admits a unique solution.

Using this uniqueness result, we want to motivate the fact that the optimal solution of
dynamical Problem (DYN) is exactly the affine interpolation between p* and p=. Just
to be precise, we will consider the case of absolutely continuous function with densities f+
and f~. We will apply the theorem above considering the density fT, as initial condition.
As done in the proof of Theorem 3.4, consider an optimal measure w € M, () satisfying
weakly the constraint V- w = fT — f~ and solving (B’). Let us suppose that this optimal
measure w is absolutely continuous with density f,,. Then the optimal solution of (DYN7)
is given by the couple:

file) = (1 =Of (@) +tf (@) wle)=u(ta):= J;fg)),

Consider, then, the flow X (¢, ) of the following Cauchy problem:

{X’(t, z) = v (X (¢, 7)),
X(0,z) ==z.

(t,z) € 0,1] x Q.

Thanks to Theorem 4.1, p, = X (t,-)4 /™ solves the continuity equation % +V - (vpr) =0
with initial datum f*. Moreover, if we consider (f;,v;) defined above, we get:

T p V) =Vew=t - f

By the uniqueness result of Theorem 4.1 and by the fact that pg = f*, we obtain the
equality:

fil@)=Q =) fT(z) +tf (z) = X(t,)pfT, VreQ, Vtelo,1]. (4.3)

This result confirms once more that the affine interpolation is the optimal solution for
(DYN1). We want to focus, now, on the dynamical formulation of the optimal transporta-
tion problem, in the case of a cost function c(x,y) = ||z — y||’, with p > 1, in order to
get some intuitions about the differences between this case and the L' case. Note that we
already described the dynamic formulation (DYAN3) with a quadratic cost function, taken
from [5]. However, in order to extend this dynamic formulation to a general p > 1, as we
did for the case of p = 1, we use the procedure provided by [18] (Section 1 Chapter 3).
Looking at the way in which we proceeded in the case of L' cost and noting that equality
(3.6) is still true in the case of any p > 1, it is easy to obtain the general version of the fluid
dynamic formulation, given by:

Problem (DYN)).
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Given two positive finite absolutely continuous measures p+, u~ € My (R™) with densities
It and f~ satisfying (2.44), find an optimal couple (p*,v*) satisfying:

(mf/ / lv(t, ) ||” p(t, z)dtdx,
pv) JRn

) + Ve (w1, 2)plt,2)) = O

( €L, ):f+(1‘), p(yal):fi(y)'

We want to get some geometric intuitions about the differences underlying the cases

of p=1and p > 1. To do that, we need to introduce a geometrical formulation of the

optimal transport problem, which can be viewed as a distance on the space of the probability

measures. Note, that we do not want to go deep into the geometrical details of the problem,

which will be really challenging and not required by the aim of this thesis. However, we

want to give an intuition about the geometry underlying this problem and, to do that, we

have to introduce some tools just to be able to answer this issue. Hence, first of all, let us
recall some definitions about metric spaces.

(4.4)

DEFINITION 4.1 (Length of a curve). Given a metric space (V,d) and a curve vy €
AC([0,1]; V'), we define the length £ of v as:

- / I/ ()]l .
0

DEFINITION 4.2 (Geodesic and constant speed geodesic). Given a metric space (V,d),
a curve v € AC([0,1]; V) is said to be:

e a geodesic between x and y in V if it minimizes the length among all curves such
that 6(0) = z and 0(1) =y, i.e.

(v) =min{l(0) : 0 € AC([0,1];V) and 0(0) =z, 6(1) =y}.
e a constant speed geodesic between x and y in V is a geodesic for which
d(v(8),7(5)) = |t — sl d(a,y), Vt,s € [0,1].
We denote the set of the constant speed geodesics between v(0) and (1) in V as:
CSG([0,1]; V) :={y € AC([0,1]; V) : v is a constant speed geodesic in V'}. (4.5)

From now on, consider 2 C R" convex and unbounded, which, clearly, includes the
case of ) = R”. In order to define the previously announced distance on the space of
probabilities, we introduce, for p > 1 the following space:

2@ = {u e P@ [ ol duto) < o0} (46)

This is the set of probability measures with finite p-momentum. Note that, whenever € is
bounded, this space clearly coincides with the whole P(2). We are ready, now, to define
the Kantorovich-Rubinstein- Wasserstein distance. Note that this distance, in the literature,
is known just as Wasserstein distance, even if Kantorovich and Rubinstein discovered its
existence before Wasserstein and he just did a brief article about its relation with Markov
fields. Thus, we decided to call it like that for historical reasons and we included the name
of Wasserstein so that it will be more recognisable. For a further clarification about the
name, we cite a brief article [45] about the history and the work of Kantorovich.

DEFINITION 4.3 (Kantorovich-Rubinstein-Wasserstein distance). Consider p > 1 and
pt, u= € Pp(Q). Then the p-Kantorovich-Rubinstein- Wasserstein distance between p and
w~ is given by:

drer ) =it { [ oyl duto) s emte o} )
X
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Note the obvious relationship between this distance and the Kantorovich formulation
of the optimal transport problem (K), with ¢(x,y) = ||z — y||”. The assumption u*, u= €
P,(£2) guarantees finiteness of this value, thanks to the inequality ||z —y||” < C(||z|” +
[lyl”). Moreover, it can be shown that dxrw, is actually a distance on the space P, ().
Thus:

DEFINITION 4.4 (Kantorovich-Rubinstein-Wasserstein space). For any p > 1, we define
the Kantorovich-Rubinstein- Wasserstein space of order p as the metric space (P, (2), dxrw, )-

There are a number of studies that characterize the geometrical and topological prop-
erties of this distance. For example, the fact that it “metrizes” weak convergence, i.e.

e — pin Pp(Q) <= dKRWp(Hkyﬂ) — 0, as k — o0,

But, also, the fact that it is a Polish space, i.e. a separable and complete metric space, if
Q is a Polish space. As said at the beginning, we do not want to spend a lot of time on
this geometrical details. For the proofs of what we just stated and for more details about
this topic, we suggest the book of Villani [46]. Chapter 6 of this book is entirely dedicated
to the Kantorovich-Rubinstein-Wasserstein distances and we refer to it for any deepening
about the geometrical and topological details. The definitions above involve also the case
of p = 1, but, we want to focus for a while on the case of p > 1 strictly greater than 1.
We want to present a precise connection between this minimization Problem (DYN,) and
the distance dg grw, (", )P, in order to obtain some information about the form of the
optimal density p, in the case of p > 1. Recalling the link between the distance dx rw,
and Problem (K) and proceeding like we did in the proof of Theorem 3.1, it would be easy
to prove that the correspondence between classical versions of Monge-Kantorovich problem
and the dynamical Problem (DYN,) with p = 2, given by the abovementioned theorem,
holds also in the case of a general p > 1.

THEOREM 4.2. Consider p*,u~ € M4 (R") two absolutely continuous measures with
smooth and compactly supported densities f+ and f~. Then, for every p > 1, the p-
Kantorovich-Rubinstein distance between u* and u~ is characterized as follows:

dxrw, (u*, 57 )P = min (DYN). (4.8)

This theorem gives, recalling again the link between the distance dx rw, and Problem
(K) with a cost function ¢(z,y) = ||z — y||”, a generalization of the equivalence given in
Theorem 3.5. Moreover, note that we can even say more. Indeed, doing the same observation
we did after the proof of Theorem 3.1, we can prove, exactly in the same way, that the
optimal couple solving (DYN,,) is given by:

{ pe(z) = (1 — t)z + 1T () o f (@) |
v(z) = T*(X; (2)) — X; H(z).

Note that this couple is exactly the same as in the case of p = 2 (eq. (4.35)). Thus,
note that the optimal curve p, in the case of p > 1, is not anymore given by the affine
interpolation between f¥ and f~, but is given by a linear relation involving the optimal
transport map. As previously announced, to understand the real difference between this
case and the case of p = 1, we have to understand the geometry behind dynamical Problem
(DYN,). Specifically, we want to look at the geodesics in the Kantorovich-Rubinstein-
Wasserstein spaces and, in particular, we want to define and characterize the constant
speed geodesics in these spaces. Just to have an intuition about their form, we want to
start with a basic example, taken from[12].

(4.9)

ExaMPLE 4.1. Fix two distinct points xg,z; € 2. Clearly, the constant speed geodesic
between these two points in €2 is the segment ToZ1, parametrized by Toz1 (t) = (1—t)xo+tz1.
Then, it is straightforward to see that curve u : [0,1] — P, (€2) concentrated on this segment,
i.e. given by:

pt = (Sm(t), t €[0,1],
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verifies the following equality:

drrw, (P, ps) = |t — 8| |xo — z1|| = [t — s| dxrw, (po, p1)-
This means that p; is a constant speed geodesic in P,,(£2), connecting the two Dirac measures
po = 0z, and p1 = 6,,. Note that this p can be written in the form p; = (e;)xQ, where e,
is the usual evaluation map at time ¢, defined in (3.9) and @, belonging to the space P(X),
is defined as:
Q = dagar

Here X is the usual space of C! curves, defined in (3.5).

This example gives an insight about the characterization of the constant speed geodesics
in these Kantorovich-Rubinstein-Wassersstein spaces. Indeed, we will present here a result
which fully describes the space CSG([0,1];P,(€2)) in terms of the constant speed geodesics
in Q, exactly as in the case of the previous example. For the proof, we refer the reader to
Lisini [35, Theorem 4.2].

THEOREM 4.3. Forp > 1, a curve u € AC([0,1];P,(2)) is a constant speed geodesic if
and only if there exists Q € P(X) such that:

(Z) Pt = (et)#Q7 f07“ every te [07 1];
(i) Q is concentrated on the set of constant speed geodesics CSG([0,1];2);

(iii) dicrw, (Bo; )P = [5 [7(0) = (D" dQ(7).

Note that theorem above is written in general terms, because is taken from a work in
which instead of & C R™ it was considered a general Polish space (V,d). In the case of
Q) C R", we can be more precise about the form of the constant speed geodesics and we
can derive an explicit formulation for the probability (). Indeed every element in space
CSG([0,1];2) is the segment Ty, parametrized, as in the previous example, by Tg(t) =
(1 —t)z + ty. Now, consider p* € (™, ™) the optimal transport plan minimizing (4.7).
Using (iii) we get that:

e, (P = [l du ) = [ 3(0) (1) dQE).

QxQ X
Furthermore, if we add the fact that the measure @ is concentrated on the set of constant
speed geodesics CSG(][0, 1];2), which are simply the straight line connecting two points x

and y we obtain the following form for the probability measure Q:

Q= [ ey’ (x.y). (4.10)
QxQ

In other words, @ is the probability measure whose disintegration with respect to the optimal
p* is given by the family of Dirac masses {zy}(2,y)coxo concentrated on the segments Zy.
Then, using (i) of the Theorem 4.3, we get that p € AC([0,1];P,(Q2)) is a constant speed
geodesic if and only if it has the form:

pr = (e)4Q = (1= )y + tm,) 4", L€ [0,1]. (4.11)
This is explicitly represented, using the integral representation of a measure in terms of
Riesz representation Theorem 1.7, by the following:

/ o@)dpy(a) = [ G((1— )z + ty)dp (z,), Vo € Co(9)
Q QxN

Formula (4.11) is usually referred to as displacement interpolation. This terminology has
been introduced for the first time in the work of McCann [36]. He was working on a model
for interacting gases and he was looking for an interpolant p;, different from the linear
interpolation. His aim was to obtain convexity on the total energy E(p) with respect to
the interpolation parameter t, i.e. FE(p;) < (1 —t)E(po) + tE(p1). He discovered that a

curve p; in the form of displacement interpolation satisfied his requests. We refer to the
work cited above for all the details. Here we are interested in understanding the differences

67



CHAPTER 4. Supplementary analysis of the results obtained.

between this displacement interpolation and the linear interpolation obtained for p = 1.
Note that Theorem 2.5 states that in the case of strictly convex cost, which is the case
of c(z,y) = ||z — y|”, with p > 1, the unique optimal transport plan p* is induced by a
transport map 7. This relationship, already represented in Equation (2.27), is given by:

pr=Idx T
Observe that, in this case, displacement interpolation formula (4.11) can be rewritten as:
pr= (1= Id +tT%)pp®, tel0,1], (4.12)

which means that @ is given by Q = fQ 5md,u+(x). Note that the equality written
above, in the case of u™ absolutely continuous with density f7, is exactly equal to the
optimal p, written in (4.9). This means that in the case of p > 1, the optimal solutions
of the dynamical Problems (DYN,) are constant speed geodesics on p-Kantorovich-
Rubinstein-Wasserstein spaces P,(€2). Moreover, these geodesics can all be written as
displacement interpolations. On the contrary, in the case of p = 1, we showed that
the optimal solution of dynamical Problem (DYN) is the affine interpolation written in
(4.3). We want to show, now, that in this case the optimal solution is not obtained via
displacement interpolation. Indeed, consider for example two Dirac measures py = d,, and
p1 = 0y, with g, 21 € R™, as in Example 4.1. In this case, the optimal solution of dynam-
ical Problem (DYA) with initial and final data py and p;, respectively, is given by the
linear interpolation p; = (1 — ¢)dy, + td,, such that:

dxrw, (pt, ps) = |t — 8| |lxo — z1|| = |t — s| dxrw, (po, p1), for every t,s € [0,1].

However, in this case, it is not true that p; can be written as a displacement interpolation.
Indeed, noting that the optimal plan in this case is p*(z,y) = dz, X 0z, (2,y), We obtain,
using (4.11), that the curves verifying the displacement interpolation equality are given by:

/ p(z)dm(z) = (1 = t)x +ty)dp” (z,y) = ¢((1 — t)zo + tx1), Vo € Co(€2).
Q QxQ
On the other hand, the linear interpolation p; satisfies:

/Q¢($)dpt(9€) = /Q¢(»’U)d((1 —1)0g + 10z, )(7) = (1 — t)p(x0) +tP(21), Vo € Co(€2).

We obtain that such p; can not be written in the form of displacement interpolation, because
the two equalities above are not the same for all ¢ € Co(2) (they are not all linear). Thus,
we showed that in the case of p > 1, the optimal solution of the dynamical problem p; is
linked to the displacement interpolation, while in the case of p = 1 it is represented by
linear. The simulations in the final section of this chapter will underline once more the
difference between these two cases and will also help us to visualize it.

2. More on the relation between (B') and (DYN)

In this section we take a different point of view in the analysis of the relations between
Problems (B’) and (DYN1). As announced in Section 2 of Chapter 3, Beckmann mini-
mization Problem (B) can be extended to a wider class of minimization problems. Before
describing all the formal details about this class of problems, let us spend some words about
the reasons behind this extension of the Beckmann continuous transportation model. This
generalization of (B’) comes from the idea of taking into account a non-uniform cost for
the movement, due to the presence of some obstacles or of particular configurations. To
do that, we have to introduce a positive function k : Q@ — R, where k(z) stands for the
local cost at x per unit length of a path passing through x. Indeed, if we know a priori the
congestion function k, this problem can be modeled by the following minimization problem:

min{/k(m) (@) dz : V-w=pt—p, wevg=0on asz}. (4.13)
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Yet, as it happens in many situations, for example in urban traffic, this function k is not
known a priori, but it depends on the traffic vector field w itself. The easiest model for this
problem, chosen also by Beckmann, is to consider k as a function of the modulus of w, i.e.

k() = g([lw(@)[]). (4.14)

We consider the following problem (for more details see [13]):

Problem (By).

Given 0 C R™ a convex and compact set with a smooth boundary and two measures ut,
w- € My (Q) satisfying the mass balance condition restricted in €,

Q) = 1 () < +oo.
Given the function H : R™ — R satisfying the following properties:

(i) H is a convex radially symmetric function with H(0) = 0;
(ii) there exist some positive real constants a, b and p € [1,+00) such that:

allz)” < Hz) < b(flz]|” +1), = eR™
(iii) H s differentiable in R™ \ {0} and there exists a positive constant ¢ such that:
IVH(|| < e(jzP~" + 1), @ eR™\{0}.

Find an optimal vector field w € LP(Q;R™) that minimizes the following class of problems:

inf ){/ H(w(z))de : V-w=p"—p~, w-vg=0 onaQ}, (4.15)
Q

weLP (uR™
where, as usual, the divergence constraint has to be interpreted in a weak sense.

We will consider two special cases H(-) = Hy(]|-]|) and H(-) = Ha(||"]|) with Hy, Hs :
Ry — Ry defined as Hy(t) = g(t)t and HL(t) = g(t), H2(0) = 0. The reasons why we
consider these two functions H; and Hy will be clearer later. Note that Problem (By), in
the case of Hy, is exactly the initial intuitive minimization problem (4.13), with a metric k
depending on w. The functions H; and Hs satisfy the same properties as H, without the
modulus in the inequalities. Moreover, g : Ry — R, is an increasing function that models
the congestion effect and has to satisfy similar conditions, namely at?~* < g(t) < b(t?P~1+1)
for some positive real constants a, b. Note that the case of H(z) = ||z is exactly Beckmann
minimization problem (B), as we have already said in Section 2 of Chapter 3. Note, also,
that in the case of H strictly convex the problem is well posed. Indeed, in the case w € LP,
with p > 1, LP reflexive space, enable the application of Theorem 1.5 in order to use the
Direct method in the Calculus of Variations. Thus, we will consider in this section just
the case of p > 1. However, also in this case, follow the previous approach and cast the
problem within the setting of vector measures, reasoning as for (') and taking as domain
of minimization a proper subspace of Mg, ,(€2).

Before going on with the analogous generalization of the dynamical Problem (DYN7),
we want to consider first a discrete problem which can give us some good insights about its
form, passing to the limits. We refer to the original idea of Wardrop in [47] or to the more
recent work [41] of Santambrogio for all the details. The main ingredients of the model are:

e a finite oriented connected graph G = (V, E) modeling the network;

e some travel time functions g. : Ry — R, continuous and increasing, giving, for
each edge e € E, the travel time on e when the flow is # € R;. Note that this
functions g. are meant to capture the congestion effects, which can be different
according to different edges, since some roads may be longer or wider;

e for each pair of nodes (r,y) € N? interpreted as origins/destinations, we consider
a transport plan p, , representing the “mass” that has to be sent from x to y;
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o we will denote by X, , the set of all simple paths connecting x and y. With simple
path we mean a path on the graph G = (V, E) that contains no repeated vertices.
Moreover, we will denote by X := U, ,)en2Xs,, the set of all the simple paths.

The unknowns of the problem are the flow configurations, divided into the following vari-
ables:

e the edge flows i = (i¢)ecr, where i, is the total flux on the edge e;

e the path flows ¢ = (gy)yex, where g, is the mass traveling on each generic path ~.

The values i. and ¢, are all non-negative and have to satisfy the mass conservation con-
straints:

oy = Y @, Y(z,y) €N (4.16)
VEX g,y
and
ie= Y. ¢, Ve€E. (4.17)
vEX : e€y

The last equation tells us that ¢ is a function of ¢q. Finally, we want to define, given the
edge flows i = (ic)eck, the total cost or weighted length of the path v € X by:

LZ(FY) = de(ie)v (418)
ecy

depending on the already mentioned travel time functions g.. In this case, we do not want
to solve a standard maximization or minimization linear program, as we did for the discrete
version of Kantorovich problem, but we want to find a particular flow configuration called
Wardrop equilibrium. Intuitively speaking, we want to find a flow configuration such that
every actually used path is an optimal path for the cost L;. Formally, let us give the
following:

DEFINITION 4.5 (Wardrop equilibrium). A Wardrop equilibrium is a flow configuration
q = (gy)~ex satisfying ¢, > 0 and constraint (4.16). Moreover, when we compute the values
ie, for all e € F, with equation (4.17), for every (z,y) € N* and every v € X, , with ¢, > 0,
we have:
Li(y) = min L;(n). (4.19)
n€Xz,y
Wardrop equilibria can be characterized by a variational principle, as it is stated in the
following theorem, taken from [4]:

THEOREM 4.4. The flow configuration ¢ = (¢y)~ex is @ Wardrop equilibrium if and only
if it solves the convexr minimization problem:

min {Z H.(i.) : g >0 satisfies (4.16)} , (4.20)

eeE
where, for each e, we define H, as: H, = g..
The proof of this characterization theorem dates back to [4], but it can be found also

in Santambrogio [41]. Note that the previous result gives us for free an existence result for
1 and, also, its uniqueness, in the case of g, strictly increasing, i.e. H, strictly convex.

REMARK 4.1. Wardrop equilibria, which solves (4.20), does not, in general, represent
the natural total social cost measured by the total time lost which would rather be

S iegelie). (4.21)
ecE

We refer to the transport configuration that minimizes (4.21) as efficient transport patterns.
It would be tempting to deduce, from Theorem 4.4, that equilibria are efficient, but, in
general, H;(0) = 0g(0) and H5(0) = ¢(0) lead to very different states. For this difference
between efficiency and equilibrium, we considered two different types of function H for
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Problem (By). However, for example, efficient and equilibria configurations coincide in the
special case of H.(0) = a.0P. The difference between efficiency and equilibrium is a topic
especially treated in the case of finite-dimensional network, where it is usually known as
price of anarchy (see [38]).

REMARK 4.2. In the problem just presented, the transport plan p is fixed. This may be
interpreted as a short-term problem. Alternatively, we can consider the long-term problem,
where we fix only the initial and final distributions p*, p~. In this case, one also obtains
an optimality condition for pu, in the sense that it minimizes among all transport plans in
(™, =) (thought in the discrete sense), the total cost:

Zuzy (z,y) with d;(z,y) := min L;(7). (4.22)

VEXz,y

In the case of long-term problem, we have the same convex minimization problem as in
(4.20), but minimizing also over u.

We want to generalize the previous analysis to a continuous framework, trying to iden-
tify each instrument and parameter with their continuous counterpart. Consider 2 C R"
and two measures ut, u= € M, (Q) as in the beginning of this section. We proceed in
steps:

e The framework is, as always, II(u*, u~). This means that we consider a long-term
problem, in the sense of Remark 4.2.

e As a continuous version of the set of all the simple paths X, we will consider the
same space X = C'([0,1];9) considered in Section 1 of Chapter 3.

o We will consider continuous and increasing travel times functions g : Ry — Ry .

e We choose as continuous path flows, extensions of the discrete flows ¢, the proba-
bility measures defined on the space X, i.e. Q € P(X).

e For the continuous counterpart of 7, we look at the relation written in (4.17), which
tells us that ¢ is a function depending on ¢. Thus, recalling the definition of the
scalar measure o, written in (3.30), we define the measure ig € M (Q), called
the traffic intensity, as:

liosdenrn = | ( / o(3(0)) [ ( >||dt) 1Q(),  VoeCo Ry, (4.23)

Note that, reasoning as for o, and using Riesz representation Theorem 1.7, we know that ig
is actually a scalar measure. It is a generalization of the discrete i, but the interpretation,
in this case, is that for every subregion A, ig(A) represents the total cumulated traffic in
A induced by Q. It means that for every path we compute “how long” it stays in A and,
then, we average on paths. The link with o, starting from its definition in (3.30), is that
if we define the measure which concentrates on the transport rays as:

Q= / dzgdp(x,y), where Ty stands for the segment connecting z and v,

with g € TI(u*, ™), then:

(i@, B)eo(ry) = (Tu, D)ey(e)-

Furthermore, to any measure @ € P(X’) we need to associate another measure which is not
linked to any object used in the discrete case, but which will be useful later. Thus, we
define the measure wg € M™(Q), called traffic flow, as:

A P / ( / E(v() -+ () )d@() VEECo(BRY).  (424)

Note that, also in this case, wg is a measure linked via Riesz representation Theorem 1.7
to the vector measure w,, defined in (3.31). Moreover, taking a gradient field { = V¢ €
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Co(C;R™), we get:

w@vwgmﬂﬂ:[Qmwnwfwﬂmmwmmzé¢dmm#Q—@wﬂm

From now on, we will restrict our attention just to the admissible plans which, recalling the
discrete constraint in (4.16), will be given by the following set:

Q' u7) :={Q eP(X) | (e0)pQ =", (e1)4Q = p~ and
dig(z) = fo(x)dz with fo(x) € LP(Q)}.

With dig(z) = fo(x)dr we mean, using a compact notation, that ig is an absolutely
continuous measure with density fg (Section 3 of Chapter 1). Note that this resembles the
set defined in (3.11) in Section 1 of Chapter 3, but with an LP constraint (to be compared
with the set of the admissible vector field w € LP(Q; R™) of Problem (By)). At first glance,
it may seem hard to check if QP(u™, u~) # 0. However, if, for example, we assume that the
density of the measures 4+ and p~ are in LP, we can conclude that there is at least one
Q € P(X) such that its density fo € LP. This follows from a regularity result shown in [21].
Coming back, for a while, to the vector measure wg defined above, using an admissible plan
Q € QP(u™, ), we get that it satisfies the constraint:

Veowg=p"—p. (4.26)

Obviously this constraint is always meant in the weak sense, automatically endowed with
Neumann boundary conditions, as in (3.23). We see immediately that the total variation
of the vector measure wg is less than or equal to the scalar measure iq, i.e.

woll <iq, YQ € QP(u*,u). (4.27)

This result can be easily shown using, again, Cauchy-Schwarz inequality. In this context, we
define the congested function k¢ associated to Q € QP(u™, u™), considering an absolutely
continuous measure ig € M4 (Q) with density fq, as:

kq(z) := g(fo(x)). (4.28)
The last ingredients to complete the description of the continuous case are the continuous

analogues of the total cost defined on (4.19) and the function dy,,, continuous version of the
d; defined in (4.22). They are defined by:

1
mgw:Ammwmmwwwt

(4.25)

and

drg (z,y) = ’yg/lvf Lio (), (4.29)
zy

where X,y = {y € X | v(0) =z, v(1) = y}, as in Section 1 of Chapter 3. Note that, using
Definition 4.2, paths in X such that dg, (v(0),7(1)) = Lx, () are geodesics between ~(0)
and (1) in X. Now, we are ready to define the notion of Wardrop equilibrium in the
continuous case, adapting the idea used in Definition 4.5 in a continuous framework. This
means that a Wardrop equilibrium is just an admissible plan @, such that almost every
path in X’ should be optimal for the cost Ly,,.

DEFINITION 4.6 (Wardrop equilibrium in continuous case). A Wardrop equilibrium is
an admissible plan Q € Q(u™, ™) such that:

QU : Lig(7) = drg (7(0),7(1))}) = 1.

Existence or, even, well-posedness of these equilibria are not always straightforward.
However, it is possible to link these Wardrop equilibria to solutions of minimal traffic
problem, extending Theorem 4.4 to a continuous framework. The variational problem, con-
tinuous version of the congested traffic dynamic issue, represented in minimization problem
(4.20), is the following:
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Problem (DYN7y).

Given 2 C R™ a convexr and compact set with a smooth boundary and two positive measures
pt, um € My (Q) that satisfy the mass balance condition, as in (2.1), but restricted in this
domain, i.e.

i (Q) = u () < +oc.
Find an optimal probability measure Q € QP (u™, u™) satisfying the following minimization
problem:

QeQI’i&ftu—)/QHﬂfQ(x))dx. (4.30)

This minimization problem is called (DY N %), because it is strictly linked with Problem
(DYN7). Indeed, as in the case of (By), this (DYN3) is a wider problem containing, as
a particular case, the dynamical Problem (DYAN7). Thus, considering Hy(t) = ¢ and,
accordingly, p = 1, the problem just introduced becomes:

1
inf / x)dx = inf /di x) = inf / (/ 't dt)d w).
ottt [ = i [ =i [ ([ ) do

Note that the right-hand side of the last equality, using Theorem 1.8, is equivalent to
(3.12), i.e. it is another way of writing problem (DYN;). Moreover, (DYN3) is also
linked to dynamical Problem (DYAN,), as can be seen by repeating the same argument
but with Hs(t) = t?, for p > 1. Once motivated the name (DYNy), we are ready to
state the previously announced characterization of Wardrop equilibria using the dynamical
variational problem (DYNy), generalization in a continuous framework of Theorem 4.4.
The full proof requires to take care of some regularity issues in details. However, the
following result summarizes the work done by Carlier, Jimenez and Santambrogio in [17].
Thus, we refer to this article for the details and its complete proof.

THEOREM 4.5. Under the assumptions on ‘H and, thus, on Hs and provided that the set
OP(u™, ™) is non-empty, the problem (DYN ) admits at least one minimizer. Moreover,
Q € Q°(ut,u™) solves (DYNy) if and only if Q is a Wardrop equilibrium and pug =
(€0, €1)#Q solves the optimization problem:

min /Q dig (e )du(ay) (4.31)

REMARK 4.3. Note that the second condition means that uqg solves a Monge-Kantorovich
problem for a distance cost depending on @ itself, which is a new equilibrium condition.
This second equilibrium condition depends on the fact that we choose a long-term prob-
lem and, thus, we have also to consider an optimality condition for u, as explained for the
discrete case inside Remark 4.2. Indeed, the minimization problem in (4.31) is exactly the
continuous version of the the discrete minimization problem written in (4.22). It is also
interesting to note that the last part of the previous theorem gives us a link between the
extension of dynamical Problem (DYN ) and Problem (K), with a non-uniform cost given
by di(z,y). Thus, this result not only links Wardrop equilibria with solutions of varia-
tional Problem (DYAN3), but also, in some way, extends Theorem 3.5 for a wider classes of
problems.

We are ready, now, to show the core theorem of this section which, as announced,
gives us the correspondence between optimal values of minimization Problems (Bz) and
(DYN ), extending, in some way, Theorem 3.4. As in that theorem, we will start with
inequality min (Bz) < min (DYN %) and, then, we will show that starting from an optimal
w solution of (By), we are able to recover an optimal Q,, € QP(u*, u~). Thus, we are able
to show the equivalence of the two problems. We will consider, inside this theorem, just
the case of Hy. However, we remind that for H(t) = at?, which is the case of Problems
(DYN1) and (DYN,), the conditions defining H; and H, are the same.

73



CHAPTER 4. Supplementary analysis of the results obtained.

THEOREM 4.6. Suppose that u*, u~ are absolutely continuous measure with densities
f*, f~ and that the set QP(u™, ™) is non-empty. Then the minimal value of Problem
(By) equals the minimal value of Problem (DYN4), i.e.:

min (By) = min (DYN ). (4.32)

Moreover, starting from an optimal w € LP(Q;R™) solution of (By) it is possible to con-
struct an optimal probability measure Q., solving (DYNy).

OUTLINE OF THE “PROOF”. (<) Let us start considering an arbitrary Q € QP (u™, u™).
Note that, by the fact that @) belongs to this set, ig is an absolutely continuous measure
and, thus, it follows that also wq is absolutely continuous. Just to clarify the notation, we
get:

dig(z) = fo(x)dz, dwg(x) = gg(z)dz,
for some gg : Q — R™. Note, also, that using (4.26), we get that g satisfies the divergence
constraint in the weak sense and with Neumann boundary condition, i.e.

—/QV¢~gQ(x)dx:/Q¢(f+—f_)dx, VqﬁECcl(Q).
Furthermore, recalling the inequality in (4.27), we get that:

l9o(@)|| < folz), Ve (4.33)

Thus, we obtain also that gg € LP(2;R™), i.e. it satisfies all the conditions in order to be
inside the feasible set of minimization Problem (B ). We are ready, now, to show the first
inequality, using (4.33) and the fact that Hs is increasing, since its derivative g is always
positive. Indeed, we get:

/Q H(go (x))dz = / H(lgo(@))dz < / Hy(fo())de.

By the arbitrariness of Q € QP (u™*, ™), we get:
min (By) < min (DYNy).

(>) Conversely, given an optimal w € LP(Q;R"™) solution of (By), we want to construct
a probability measure Q,, € QP(u™, u~) that will be optimal for (DYA3;). To show the
optimality of @,,, the strategy is equivalent to show that:

fou (@) = w(@)|, Vvre, (4.34)

with fg,,, as usual, the density of the absolutely continuous measure g, . Since

/ Hy(fo, (x))dz = / Hy () ) = / H(w(x))dx = min (By) < min (DYN'y),
Q Q Q

we can automatically conclude the optimality of @,,. The idea for the construction of
this @, is to start defining a couple (p,v) as in (3.45), inside the proof of Theorem (3.4).
We proceed, again, applying the deformation argument of Dacorogna-Moser, introduced in
Theorem 2.6. Then, we define the probability measure Q,, using something similar to the
displacement interpolation formula written in (4.12). In that case we obtained that the
Q, involved in the displacement interpolation, was given by Q = [, 6mdu+(a:). Now,
instead, we do not consider the optimal 7™, but we define (),, as the probability measure
concentrated in the flow X of the ODE used inside Dacorogna-Moser deformation argument.

Define:

o) o= (1= Ot )+t @) i) = (e ) o= ) (435)
¢
and consider the following Cauchy problem:
X'(t,z) = 0:(X(t, ),
(t,z) = 0:(X(t,2)) (4.36)
X(0,z) = =x.
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We define the candidate probability measure as the disintegration Q,, = fQ Q*dut (),
where, for pT-a.e. z, Q® is the Dirac delta concentrated on this curve X, that is:

Q" = 6x(.a)- (4.37)

Just to be more concrete, this means that @, is represented as:

| FO)a@u) = [ FOXCa)dut@). VF € claim)
Note that, so far, the proof has been rigorous and should not be in “quotations”. The
fact that requires the proof to be just an outline is that, here, we have to assume some
regularity on the function ¥, in order to have uniqueness for Cauchy problem (4.36) and
for the continuity equation. We assume, looking at the hypothesis of Theorem 4.1, that
the function 7 is at least Lipschitz. There are two possible ways to proceed further, both
showing that @Q,, is feasible for Problem (DYN %), but from two different perspectives. In
the first case, we can follow exactly the idea of the proof of Dacorogna-Moser Theorem 2.6,
seeing the problem from a Lagrangian point of view. In the second case, we can use the
uniqueness of the continuity equation and, thus, Theorem 4.1, following an Eulerian point
of view.

(i) Lagrangian: As we did inside the proof of Dacorogna-Moser Theorem 2.6, we
define the function h as in (2.67), i.e.:

h(t,x) = detV, X (t,z) (1 — ) fH (X (t,2)) + tf (X (¢, 2))) .
Proceeding exactly as in that proof, it is possible to show that %h(t7 x) = 0. This
implies, in particular, that h(1,z) = h(0, z), yielding:
fH(x) = f(X(1,2))detV, X (1,z).

Looking at the way in which we found the constraint in (2.10) and reasoning
backwards, we obtain g~ = (X(1,-))xut. Note that, this is exactly what we also
did inside Remark 3.2. Moreover, we get:

(e0)#Qu = 1™,
()6Qu = [ Sxmdn @) = [ (X0 p) =a7

This means that Q,, € Q' (u™, u™).

(ii) Eulerian: As we already stated, we suppose enough regularity on 0 in order to
apply uniqueness Theorem 4.1 for the continuity equation with initial datum p¥,
which, we recall, is:

(4.38)

Oipt + V- (0yp) =0,
po = /~‘L+7

where p;(x) = p(t,x). We saw, in the uniqueness theorem recalled above, that the
unique solution of this problem is given by p; = (X(¢,-))#pn". However, also the
linear interpolation yu; defined above satisfies the initial condition y* and:

N _ w _
Oupie + Vo - (D) = p _N++Vm.(uut>_“ —pT 4+ Ve w=0.
t

Thus by the uniqueness of the Cauchy problem for the continuity equation, with
initial datum pu™, we have that:

pe = (X(t,)pn” (4.39)
Note, also, that this confirms the fact that = = (X (1,-))xp™ and, thus, (4.38).
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We are ready, now, for the final part of the proof. We want to show the equality in (4.34), in
order to conclude. To this aim, invoke the disintegration of @),, and Fubini-Tonelli Theorem
1.2. Using these tools, we get:

/¢ )dio, (z / / 6(1(0) |17 (£)]| ddQu(7) by Fubini-Tonell
//¢ NIV () dQu(y)dt by def. of Q, and by (4.36)
/ | | et IEGeaQs et @ by @39
- / [ o) lG@l duta)ar by @39

-/ 1 [ ot i) .

From the last calculation, noting that in the last term of the equality there is no dependence
on time, we get:

/¢ 2)dig,(z /¢ ) (@) de, Yo € Co(@: R ).

This clearly implies that ig, is an absolutely continuous measure with density fo, () =
lw(z)]|, and, thus, that fq, € LP(Q?). Hence, this tells us that Q,, € QP(u™, n~) and that
(4.34) is verified, thus proving the theorem O

REMARK 4.4. This theorem takes inspiration from a recent paper due to Brasco, Carlier
and Santambrogio [13]. Note that it is possible to remove the quotation marks from the
proof. Indeed, without supposing the Lipschitz regularity for the velocity vector field v, it
is still possible to prove this theorem, following the same calculations and almost the same
idea. The only thing we are not allowed to do without Lipschitz vector field ¥ is to conclude
that p, = (X(t,-)xp™. In the general case, the idea is not anymore to use uniqueness of the
continuity equation, but the notion of superposition principle. This tool can be interpreted
as a probabilistic version of the method of the characteristics and allows us to avoid using
the uniqueness of the solution of the continuity equation. All the details about this general
case can be found always in the just cited paper [13].

Just to say some final considerations, we showed this extension of the correspondence
between the Beckmann Problem (B’) and the dynamical Problem (DYA1), in order to see
that the techniques, used in the previous chapter to show the various relationships, are
taken from a wider context. Indeed, the ideas of defining a scalar and a vector measures
(Theorem 3.3) or the idea of invoking Dacorogna and Moser’s Theorem 2.6 clearly took
inspiration from the above proof.

3. Some simulations and numerical results

We want to present, below, some examples which will help us to understand, once more,
the main differences between the optimal solutions of dynamical Problems (DYN ) in the
cases of p > 1 and p = 1. To do that, we present here some simulations describing the way in
which these optimal densities p; change in time. We want to present two different examples
of initial and final data. In the first one, actually, we do not need any numerical solution,
because we are able to recover the exact solutions, using the theoretical representations of
the optimal densities in the two cases analyzed. This is due to the particular choice of the
initial and final conditions. In the second example, instead, we need to use a numerical
scheme, because we are not able to recover an exact solution, proceeding like in the first
example. We want to include, also, some simulations and numerical results in order to show
not only a list of theoretical results, but also the concrete way in which these results work.
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FIGURE 8. Initial and final data f* and f~.
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FIGURE 9. Time evolution of density (4.41) in the L' cost case.

3.1. Two Gaussians obtained one from the other through a translation. Con-
sider the case of ut and u~ two measures with Gaussian densities:
_ (a+5)2 _ 1 _ (2=5)2

1
f*(w):mexp =, f (fﬂ):mexp 7, (4.40)

i.e. with the densities of a standard normal distributed random variable, translated by —5
and +5, as shown in Figure 8.

In the L' cost case, we have shown that the optimal solution of the dynamical Problem
(DYN1) is simply the affine interpolation given by the density:

filz)= 1 =t)ft (@) +tf (x), Vtel0,1]. (4.41)

In Figure 9 we show the shape of f;, as time increases. Note that, as already stated, the
process can be thought as a teleport phenomenon, in the sense that the mass in initial
datum f* disappears and reappears in f~.

In the quadratic cost case, instead, the optimal solution of (DYN ) with p = 2, is not
anymore the affine interpolation, but it is given by the displacement interpolation formula
(4.12). In this particular case, f~(x) = f*(z — 10), thus the final datum is obtained from
the initial one through a translation. Here we want to show an example taken from [5],
that considers the particular case p = 2 and a final density f~ obtained from an initial f+
through a dilatation and a translation, i.e.:

f (@) =rfT(r(z—c), (4.42)
for some r > 0 and some ¢ € R. It can easily be verified that, in this particular situation,
the optimal transport map T™ is given by:

T*(z) =r"'z +e (4.43)
7
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FIGURE 10. Time evolution of density (4.44) in the L? cost case.

In our case, r = 1 and ¢ = 10 yields T*(z) = £+10. Thus, the density p solving displacement
interpolation formula (4.12) is given by:

pe(y) = fHA =D+ T (y) = fH(X7H ()
Now, using the definition of 7™, it is easy to see that the inverse of the function above is
given by X;'(y) = y — 10t. Hence, the optimal density solving the dynamical formulation
of optimal transport Problem (DYN ) with p = 2 and these particular initial and final data
is given by:
pi(z) = f(x —108). (4.44)

Figure 10 represents the evolution of this solution p;. We can see that, contrary to the
case p = 1, here there is a real transport, in which the initial state f* moves towards the
final configuration f~.

Now, a natural question is what happens in the intermediate case of c(z,y) = ||z — y||”
with 1 < p < 2. One could think that, for p close enough to 1, the optimal density p;
solving the dynamical problem (DYAN,), could be something in between the cases of p =1
and p = 2. Thus, we hypothesized that the optimal velocity v*, solving Problem (DYN,)
together with p;, could decrease a bit for small times and, then, could increase in order to
have p; = f~. We tried to solve this problem doing, again, a variational analysis. Thus,

recalling what we did in Section 1 of Chapter 3, we start by defining the Lagrangian function
of Problem (DYN) as

/n/ [Hv (¢, 2)|” p(t,z) + A(t, x) (gp +V, - (Up)ﬂ dtdz,

defined over the space P(fT, f7) x V. Here, A € C1([0,1] x R") is a smooth Lagrange
multiplier, P(f*, f~) is the space defined in (3.16) and V is simply the space of continuous
velocity field v. Note that we put a 1% before the norm of velocity v to simplify the com-
putations, since the problem remains the same. Following step-by-step the idea used for
the variational analysis of Problem (DYN), integrating by parts, we obtain the equivalent
problem of finding the minimum of:

// (Iv (t,z)]" %?(t,x) —o(t,x) .VIA(L;Q;)) p(t, z)dtdz, (4.45)

again over P(fT, f~) x V. Going on as in that case, we fix p € P(f*, f~) and we minimize
along all v € V, using a two-step minimization procedure. Then, differentiating with respect
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to v the integrand of (4.45), we obtain a characterization of the optimal v, i.e.
v= o> P VA (4.46)

Defining ¢ as the Holder conjugate of p (eq. (1.3)) and taking the norm in both the left-hand
side and the right-hand side in the previous equality, we obtain:

1 _
o]l = VA7 = [|VA| 7~
Thus, putting it inside (4.46), we get:
v= | VA7 VA = [[VA1T 2 V. (4.47)

Looking at the integrand in (4.45), using this v just defined, we obtain a differential equation
for A\, which is:

O\ P 1 - 1
AN _ ool VAL 4 = [ VAP = = jwa|2. (4.48)
ot p p q

This is the Hamilton-Jacobi equation with Hamiltonian H(v) = HUqu and it is a result

analogous to what Benamou and Brenier obtained in [5], but with a general p > 1. Once we
have that A satisfies this equation and v is of the form of (4.47), we obtain that the integral
in (4.45) is automatically zero for any p € P(fT, f~). Hence, summarizing, we need to solve
the following system of equations:

G+ VAT =0
v=||VA|“2V\; (4.49)
%+ V- (pv) =0,

with some initial condition A(0,x) = Ag(x) for the Hamilton-Jacobi equation and the stan-
dard initial condition p(0,z) = f*(z) for the continuity equation. Note that, as we already
said in Section 1 of Chapter 3, a similar result for L? cost was shown in [18]. However, we
took the idea of doing the variational analysis in order to solve Problem (DYN,) also for
1 < p < 2 from Delzanno and Finn [22]. In this work, they obtained a numerical scheme
looking at system (4.49). In our case, instead, where we have that our initial data are
just two Gaussians obtained one from the other through a translation, we are even luckier,
because we are able to find an exact solution for optimal p given by system (4.49). Indeed,
it is easy to understand that the only missing ingredient in order to solve the above system
of equations is the initial datum A\g(z). Our idea is to find this Ay taking inspiration from
the case of p = 2. In that case, we have that VA(0,z) = v(0,z) = T*(x) — z, just using the
definition of v and Equation 4.35. Using, now, the explicit solution of the optimal transport
map, given in this case by T* = x + 10, we obtain:

A0, z) = Ao(z) = 10z. (4.50)

Hence, in the case of general 1 < p < 2, we do not have an explicit solution for 7™ and,
thus, for A\g, but we can try to solve a similar problem, i.e.
(o2 1 q
S+ 2| VAT =0,
o + IV (4.51)
A0, z) = cx,
with ¢ > 0 that has to be found. This nonlinear PDE can be solved using the method
of characteristics for nonlinear equations, which can be found in Evans [24], for example.
If we consider a parametrization z(t) € R, ¢t € [0,1] and we call y(t) = %(t,x) and
z(t) = A(t,z(t)), the characteristics, in the case of Hamilton-Jacobi equations are defined
by:

g(t) = =& H(x(t), y(t));
#(t) = & H(x(t),y(t)); (4.52)
2(t) = S H(x(t),y(t) - y(t) — H(xz(t),y(t)).
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FIGURE 11. Initial and final data p* and p~.

The last equation is simply obtained deriving z(t) = A(t,z(t)) and using the other two

characteristics equation and the definition of Hamilton-Jacobi equation. If we focus, now,
— lwl®

o> We can notice that

on our specific case, in which the Hamiltonian is given by H(x,y)
it only depends on y. Thus, we obtain:
OA

y(t) =0 = y(t) = £(07m) =c.

Then, looking at the evolution in time of the variable x, we get:

0

= 5, Tw®) = Py = = a(t) = o + et

(t)
Thus, by inverting the last equality, we obtain xo = z(t) — tc?~!. Noting, also, that the
third characteristic equation is:

5(t) = aﬁymy(t» () — H (1) !

Il
—~
—_
I
|
~—
9
_
Il
o
s}

we obtain an explicit representation for A(t,x), solving (4.51), given by:
. . 1 1 ¢
At x) =2(0) +t2(t) = clx —tcT )+ t(=c!) =cx + tc(—1+ =) =cx — —c?.  (4.53)
p p q
Going on with the second equation of (4.49), we obtain the constant velocity v(t,z) = c471.

Inserting this v inside the third equation of (4.49), we obtain that we have to solve the
transport equation:

p(0,z) = f*(x).

Using again the method of characteristics, this equation is solved by:

9 L 00 _
{ or Ve =0 (4.54)

p(t,x) = fHz—ct™'t), (4.55)

as it can be checked, again, in Evans [24]. In order to find the right constant ¢, putting
together the fact that p at time 1 has to be equal to f~ and that f~(z) = f*(z — 10), we

obtain:
p(La) = [Ha— 1) = fHz—10) = [c=107T]

Note that our initial guess was wrong, because optimal velocity v is constant and optimal
density p(t,z) given by (4.55), with the right ¢, is exactly equal to the optimal density
solving (4.4) for p = 2, given by (4.44). Thus, for any 1 < p < 2, even with p very close to
1, the time evolution of the optimal density p; is equal to the one represented in Figure 10.
Note, also, that this case was really peculiar because the initial and the final data where
just a translation one from the other and the optimal velocity remained constant in time.
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FIGURE 12. Time evolution of density (4.57) in the L' cost case.

3.2. Two Gaussians obtained one from the other through a translation and a
dilatation. If we consider as initial and final data the densities of two normal distributions
with different variance, the velocity is no more constant in time and we have some troubles
to find an exact solution. Indeed, consider the following functions:

1 5)2 1 (w=5)
(1) = — exp— (@+5) () = -

x) = ex T) = ex 3 4.56
p* () N , P () T3z &P , (4.56)
which are the densities of two normal distributed random variables in N (-5, %) and in

N(5, %), respectively, as can be seen in Figure 11.

In the case of L' cost function, it follows from what we have seen in Section 1 of Chapter

4 that the optimal density is again the affine interpolation between p™ and p~, given by:

fil@) = (1= ot (@) + to(a). (4.57)
The dynamical evolution is presented in Figure 12 and is again a “teleport” phenomenon,
similar to the one shown in Figure 9.

In the case of (DYN3), on the other hand, the optimal density is represented by the
displacement interpolation formula (4.12) and we are able to recover its explicit formulation,
using, again, the same idea as in the previous example (Subsection 3.1). Indeed, note that,
also in this case, the final density p~ is a dilatation and a translation of the initial density,
as in Equation (4.42) with r = % and ¢ = 5(1 +/3). Thus, using again the representation
of the optimal transport map given by (4.43), we have that:

T*(x) = V3z + 5(1 + V3).

With this optimal transport map, it can be verified that X; '(y) = ((1 — t)Id +
*\—1 _ y—t5(1+V3)
tT ) (y) - 1_t(1_\/§) .
placement interpolation formula (4.12), with this X; !, and f~, we notice that we have
also to rescale everything by m Hence, we obtain that the optimal density solving

dynamical Problem (DYAN2) and initial and final data given by (4.56), is:

B 1 x—t5(1+V/3)
pt<x>—Ht(ﬁ_l)f*(l_t(l_ﬁ)). (458)

Note that, at time 1, we have p(1,z) = %f*(#) = f~(z), confirming that it is

the right density. Its dynamical evolution in time is pictured in Figure 13.
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FIGURE 13. Time evolution of density (4.58) in the L? cost case.

Using, again, the same strategy of the previous Subsection 3.1, in order to obtain
optimal density p; solving Problem (DYN ), with 1 < p < 2, we need to solve system of
equations (4.49). The problem is, again, that we do not know initial datum Ao(x) for the
Hamilton-Jacobi equation, thus we have to get some intuitions about its form from the case
of p = 2. Following the same idea of the previous example, in the case of p = 2, we know
that VA(0,z) = v(0,2) = T*(z) — z. However, this time T* is quite different and we obtain
VA0,7) = (v/3—1)x+5(1++/3). Taking the integral in the both sides of the last equality,
we obtain that the initial datum of the Hamilton-Jacobi equation with p = 2 is:

372

MO, z) = N\o(z) = (V3 — )75 +5(1+ V3)z. (4.59)

Thus, if we want to proceed like in the previous example, in order to find an explicit solution
of the Hamilton-Jacobi equation for a general 1 < p < 2, we could consider, as initial datum,
a general quadratic polynomial and solve the following PDE:

G+ EIVAT =0,
A0, z) = az? + bx + c.

Using, again, the method of characteristics, we should solve the equations in (4.52), but,
this time, we are not able to find an explicit solution. Indeed, p(t) is again constant, because
the Hamiltonian is still not depending on x, but, now, it has the form:

p(t) = p(0) = 2axq + b.

This dependence on the initial datum xg is the real problem, because, this time, if we try
to proceed as before, we must be able to invert x(¢,z¢) given by:

z(t, z0) = xo + t |2axo + b]* "% (2azg + b).

It is clear that this is not an easy task. Thus, we need to proceed numerically. We are
going to use the numerical scheme described in [22]. The problem, clearly, is to find the
right initial datum of Hamilton-Jacobi equation. It has to be chosen in such a way that
the density solving (4.49), with the velocity inside continuity equation given by the solution
of Hamilton-Jacobi equation starting from that initial datum, must be equal to the final
density p~ defined in (4.56). In other words, we would like to find an initial condition of
Hamilton-Jacobi equation A\g such that, if p(¢,z, Ag) is the solution of (4.49), “starting”
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from Ao, then function G, defined by:
G2, 20) = p(1, Ao, @) = p~(2), (4.60)

will be constantly equal to 0. The idea recast the original problem into the problem of
finding a zero of GG, which can be approximated by means of Newton method. Before
explaining how to apply Newton method in this particular case, we need to find a robust
discretization of the three equations in (4.49). First of all, note that we are in 1D and we
can transform Hamilton-Jacobi equation in conservative form:

Gi+H(b) =0, 2L fu+H(u),
%() Oa), {mx>a¢m.

Thus, we have that both Hamilton-Jacobi equation and continuity equation inside (4.49),
if considered in 1D, are of the form:

(4.61)

{ut + F(u), =0, forx € [a,b], t €0,T], (4.62)

u(0,z) = up(z), for x € [a,b],

for a right function F'. The conservative form is fundamental to obtain a stable and accurate
Finite-Volume based scheme. For all the details about this part we refer to Leveque [34].
The idea is to discretize our time and space intervals, in order to use a Finite Volume
Method and solve in any subinterval equation (4.62). The basis of finite volume schemes is
the Divergence Theorem, a well-known result which can be found in any standard analysis
book. The scheme is the following:

(1) Take a partition of [a,b] and [0,T]. For example, we will consider a uniform
subdivison of space interval [a,b] into N, subintervals of dimension Az and a
uniform subdivision of time interval [0,7] into N; subintervals of dimension At.
We denote by x;, for i = 1,..., N, the center of the i-th cell [x;_; /2, Zi11 /2],
with right and left boundary points x; /o and x;_; /o, respectively. Moreover,
we denote by [tF,t**1] with k = 1,..., N;, the k-th time subinterval. Note that
A:U:(bN;Ta) and At:N%.

(2) Define a piecewise smooth function ¢(z) given by the characteristic function of
the i-th space subinterval and the k-th time subinterval:

1 if - ;
¢i k((E,t) — Xz(m)Xk(t)a where X’L(x) — e [wz 1/2axz+1/2]7
’ 0 otherwise;
1 if t e [th, tF+1],
m@{ [t*, 541

0 otherwise.

(3) In order to find a weak solution of Conservation Equation (4.62), annihilate the
integral of the PDE inside this conservative equation multiplied by the previous
test function, i.e.
ot i+1/2

/ / (ug + F(u)y)dx dt =0, VYi=1,...,N,, YVk=1,...,N;. (4.63)

i—1/2

(4) Apply the Divergence Theorem and use Fubini-Tonelli Theorem 1.2 in order to
exchange space and time integrals:

Tit1/2
/ wde = [F()|, = F@l, |
i1y i+1/ i-1/

tk+1

J:

= F(u)

L (Rl

i+1/2
/ / ugdx dt — / {F(u) N
Ti_1p JIF tk
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(5) Define the cell average at time t*, our unknown, as:

1 Tit1/2
ufm = E/ u(th, z)dx. (4.64)
Ti—1/2

Using a forward Euler scheme, i.e. using a simple "left-evaluation" (time ¢*) quad-
rature rule for the time-integrals of the flux functions, we obtain the scheme:

At
“ﬁ;l = qul T A [Gﬁ,i+1/2 - Glli,i—l/Q ) (4.65)

where flux operator G’,?L’i is defined as:

Gi,= éF(u(tk,xi)). (4.66)
Now, we just need to evaluate the fluxes GZ,i+1/2 and Gﬁ,i—l/?' These are obtained solving
a Riemann problem at each cell interface £ =i —1/2 and ¢ =i+ 1/2. This problem, whose
theoretical details can be found again in Leveque [34], consists in solving the same problem
(4.62), where the initial conditions are given by constant states u” and u® just on the left
and on the right of ,. Since we are using an explicit time-stepping scheme, u” and u® are
the numerical approximations of the cell averages at the previous time step t*. Thus, the
Riemann problems read as:

Problem (R).

Find a solution u* of the equation:
ur+ Fu), =0, x=uxy,

subject to the following initial condition:

L _  k .
u(z,0) = UY =y g gy T <y
| uft = u];uéﬂ/zv if x>y

It can be shown that a weak solution of Riemann Problem (R) is given by:

L .
' I R u, if 6 >0,
uw(u”,ut) = 4.67

( ) {uR, if 0 <0, ( )
where 0 = % is given by the Rankine-Hugoniot jump condition. The solution
of the Riemann Problem (R) can be used to evaluate the numerical flux. Note that the
numerical flux can be written as a function of v’ and u”, i.e., the left and right states of
the local Riemann Problem. For example,

k k k k E .k
Gh,i+1/2(uh,L7uh,R) = Gh,i+1/2(uh,ivuh,i+1)'
One way to obtain a numerical flux is with the standard Godunov Scheme, which is the one
we will use in our work, where the flux is simply given by:

k E ok xiok ok
Gh,i+1/2(uh,i7uh,i+1) =F(u (uh,i’uh,iJrl))'
The resulting scheme displays first order convergence in both space and time, i.e., the norm
of the error tends to zero linearly as At and Ax tend to zero:

Jup ; — u(wi, t*)|| < C1AL + CoAx, (4.68)

with u exact solution of (4.62). Thus, before going on with Newton method, we want to

show this result of convergence in the cases of F'(u) = “72, which is Hamilton-Jacobi equation
with ¢ = 2, and F(u) = v, which is the continuity equation with constant velocity. We will
do this, because in these particular cases we have explicit solutions and because we want to

test if we can trust our schemes.
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e Hamilton-Jacobi’s equation with ¢ = 2 or Burger’s equation: we want to
test the thoretical convergence of our implementation of Godunov’s scheme in the
case in which initial and final data are given by (4.56), with p = 2. In this case, we
know that the initial solution of Hamilton-Jacobi equation Ag is given by (4.59).
Thus, using the method of characteristics, in the same way we tried to do in the
case of a general 1 < p < 2, we obtain three equations:

y(ta 1‘0) = y(O) = (\/g - 1)I0 + 5(1 + \/3)7
z(t,20) = xo + t((v/3 — Do + 5(1 ++/3)),
2(t,20) = Ao(zo) + 5((V3 — D)ao +5(1 + V3)).

In this case, we are able to invert the second equation and, if we call a = (v/3 — 1)
and ¢ = 5(1 ++/3), we get:

x —ct
Xo = .
T 1t at

Using this z¢ inside z(¢,x¢) and deriving with respect to z, in order to obtain a
solution of the “conservative” form of the Hamilton-Jacobi equation, using what
we observed in (4.61), we obtain the explicit solution:

oA c+ 2ax

Oz (t2) = 1+ 2at’ (4.69)
This is our exact solution which will be used inside (4.68) in order to test the
convergence of our scheme, in this particular case. The numerical solution u’fw-,
instead, is exactly given by (4.65), following the same scheme we stated before.
Note that, in this case, 6 given by the Rankine-Hugoniot condition is equal to
(ul 4+ u®)/2 and F(x) = 22/2, as we already recalled. Moreover, note that we
choose an L? norm for the error, which is calculated by evaluating in every cell
the difference between u’g’i and (u(tF,z;) +u(t®, z;11))/2, because we know the
approximation of the solution at xy = x;,1/2. Thus, the error is defined by:

1
2

N, 2
£ (N, ) = (Z <uf” B u(th, z;) +u(tk,xi+1)> Ax) . (4.70)

‘ 2
=1

We will evaluate this error always at the final time step & = N;. Thus, we have
all the ingredients in order to check the convergence of the solution of Hamilton-
Jacobi equation with p = 2 with a Godunov scheme. The idea is to double, at
every step, the time and space discretizations and to look at the new error: if
halve the error, then we will conclude that our scheme satisfies (4.68) and that
there is a first order convergence in both time and space. Table 2 shows that the
errors decrease at the correct rate, thus providing the necessary confidence on the
correctness of our implementation.

Step s=1 s=2 s=3 s=4 s=5
N, 100 200 400 800 1600
N, 150 300 600 1200 2400
es11/es | 0.5010 0.5005 0.5002 0.5001 /

TABLE 2. Convergence rate of Godunov scheme solving Hamilton-Jacobi
equation with p = 2.

e Continuity equation with constant velocity or Transport equation: we
want to test the convergence for continuity equation with constant velocity v = 10
with initial data given by (4.40). Indeed, in this case it is easy to see that the
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solution of (4.54) is simply given, using the standard method of characteristics,
by:

p(t,z) = f*(z —10t).
Using this exact solution and arguing in the same way we did before, with 6 given
by Rankine-Hugoniot condition which, this time, is constantly equal to v and with
the same L? error given by formula (4.70), we obtain the following Table 3.

Step s=1 s=2 s=3 s=4 s=5
N, 100 200 400 800 1600
N, 150 300 600 1200 2400
esi1/€s | 0.6346 0.5812 0.5455 0.5242 /

TABLE 3. Convergence rate of Godunov scheme solving continuity equa-
tion with constant velocity v.

Now, we are confident enough in order to apply these schemes for solving the system of
equations in (4.49) and use a Newton method to find the right initial condition of Hamilton-
Jacobi equations. The precise algorithm to obtain the optimal density solving (DYN,) for
a general 1 < p < 2, with initial and final data given by (4.56), is given by:

(1)

()

Start with an initial guess Sy = %(x), as we are solving Hamilton-Jacobi for the
derivative. Note that, in the case of p = 2, we have 2% (z) = (v3—1)z+5(1+/3).
Thus, with a general 1 < p < 2, we can start with something similar.

Call o = 195012 with G as in (4.60), but depending on Sy (the derivative of

1Soll,
the initial condition=. Fix the number of steps at n = 0.
If % < §, with § parameter fixed by the user in order to check the conver-
nilg

gence, then STOP. Otherwise:
Calculate the “Newton update” dS by:

JndS = —G(Sn),

where J,, = g—g| g - In this case, it is not possible to find an explicit derivative of
G. Thus, we will use the Gateaux derivative:

8£ v = lim G(Sy, + ev) — G(Syp)
0S s, e—0 €

with € small enough. Thus, the Jacobian matrix becomes:

(Jn)ij = GelBn Ee;) — Gi(s"), (4.71)

)

where ¢ is very small (in our case ¢ = 1071°) and e; is the standard vector with 1
in the j-th coordinate and 0’s elsewhere.

Once we find dS, update S,,+1 = S, +adS, with a proper 0 < o < 1. Update also
n =n+ 1 and go back to (3).

With this Newton method we are able to find an optimal density solving the dynamical
formulation (DYN ), with 1 < p < 2. The solutions starting from the initial datum of the
Hamilton-Jacobi equation given by this Newton’s method are represented in Figure 14, in
the cases of p =1.9,1.8,1.7,1.6. Let us spend some words on the results obtained. In the
first two cases of p = 1.9 and p = 1.8 we choose N, = 100 and N, = 150, while for the other
two cases N, = 100 and N; = 200. We have to choose the number of time discretizations
higher then the number of space discretizations, because of the Courant—Friedrichs—Lewy
(CFL) condition. This is a necessary condition ensuring the stability of the numerical
approximation. In general, it is given by:

vAt
P20 O 472
Ax — Cm (4.72)
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FIGURE 14. Time evolution the optimal densities found with the Newton’s
method, in the cases of p =1.9,1.8,1.7,1.6.

where Clhax, in the case of explicit time schemes, as our case, is usually equal to 1. This
v represents the magnitude of the velocity, which in our case is given by v = ||V)\||q_2 VA.

Thus, w

hen p tends to 1, ¢ increases and we have to provide the stability of the method

increasing the number of time discretizations IV;. Note that there are some errors due to
the method, but it seems that the optimal densities, with these p, behave like in the case
of p = 2 (Figure 13). Unfortunately, we are not able to find the optimal density solving
(DYN,) with this method, for a p smaller. Indeed, there are two main reasons why we can

not exte

(i)
(i)

nd this method for that p:

the already defined CFL number (eq. (4.72)), which forces us to excessively in-
crease the number of time discretizations Ny, creating numerical diffusion;
Godunov scheme is a very diffusive method. Thus, to increase the precision of
the method and to reduce the diffusion effect, it is possible to consider a second
order Godunov scheme, in both time and space. For a higher order explicit time
integration we can employ Runge-Kutta method. Obtaining second order in space
needs, instead, higher order interpolation of the cell values, in order to obtain
second order accurate left and right states for the Riemann solution. It is clearly
out of the competences and the aims of this thesis.

87






Bibliography

L. Ambrosio. “Lecture Notes on Optimal Transport Problems.” In: 1812.6 (2003),
pp. 1-52.

J. W. Barrett and L. Prigozhin. “A mixed formulation of the Monge-Kantorovich
equations.” In: Math. Model. Num. Anal. 41.6 (2007), pp. 1041-1060.

M. Beckmann. “A Continuous Model of Transportation.” In: Econometrica 20.4 (1952),
pp. 643-660.

M. Beckmann et al. “Studies in the economics of transportation.” In: Econ. J. 67.265
(1957), pp. 116-118.

J. D. Benamou and Y. Brenier. “A computational fluid mechanics solution to the
Monge-Kantorovich mass transfer problem.” In: Numer. Math. 84.3 (2000), pp. 375—
393.

T. Bhattacharya, E. DiBenedetto, and J. Manfredi. “Limits at p — oo of Apu = f
and related extremal problems.” In: Rend. Sem. Mat. Univ. Pol. Torino (1989).

P. Billingsley. Convergence of probability measures. Second. Wiley Series in Probability
and Statistics: Probability and Statistics. A Wiley-Interscience Publication. New York:
John Wiley & Sons Inc., 1999.

G. Bouchitté and G. Buttazzo. “Characterization of optimal shapes and masses through
Monge-Kantorovich equation.” In: J. Fur. Math. Soc. 3.2 (2001), pp. 139-168.

G. Bouchitté, G. Buttazzo, and P. Seppecher. “Shape optimization solutions via
Monge-Kantorovich equation.” In: C. R. Acad. Sci. Paris Sér. I Math 324.10 (1997),
pp. 1185-1191.

S. Boyd and L. Vandenberghe. Convex Optimization. New York, NY, USA: Cambridge
University Press, 2004.

L. Brasco and M. Petrache. “A continuous model of transportation revisited.” In:
ArXiv e-prints (2012).

L. Brasco. Geodesics and PDE methods in transport models. 2010.

L. Brasco, G. Carlier, and F. Santambrogio. “Congested traffic dynamics, weak flows
and very degenerate elliptic equations.” In: J. Math. Pure Appl. 93.6 (2010), pp. 652—
671.

Y. Brenier. “Décomposition polaire et réarrangement monotone des champs de vecteurs.

In: C. R. Acad. Sci. Paris Sér. I Math. 305.19 (1987), pp. 805-808.

H. Brezis. Functional Analysis, Sobolev Spaces and Partial Differential Equations.
1st ed. Universitext. Springer-Verlag New York, 2010.

V. I. Burenkov. Sobolev spaces on domains. Rechtswissenschaftliche Veroffentlichun-
gen. B. G. Teubner Gmbh, 1998.

G. Carlier, C. Jimenez, and F. Santambrogio. “Optimal transportation with traf-
fic congestion and Wardrop equilibria.” In: SIAM J. Control and Optimization 47.3
(2008), pp. 1330-1350.

Y. Chen, T. T. Georgiou, and M. Pavon. “On the Relation Between Optimal Transport
and SchroDinger Bridges: a Stochastic Control Viewpoint.” In: J. Optim. Theory Appl.
169 (2016), pp. 671-691.

F. Clarke. Functional Analysis, Calculus of Variations and Optimal Control. 2013th ed.
Graduate Texts in Mathematics. Springer, 2013.

89

”



BIBLIOGRAPHY.

[20] B. Dacorogna and J. Moser. “On a partial differential equation involving the Jacobian
determinant.” In: Ann. Inst. Henri Poincaré. Analyse Non Linéaire 7 (1990), pp. 1-
26.

[21] L. De Pascale and A. Pratelli. “Sharp summability for Monge Transport density via
Interpolation.” In: ESAIM Control Optim. Calc. Var. 10.04 (2004), pp. 549-552.

[22] G. L. Delzanno and J. M. Finn. “The fluid dynamic approach to equidistribution
methods for grid adaptation.” In: Comput. Phys. Comm. 182.2 (2011), pp. 330-346.

[23] I. Ekeland and R. Témam. Convex Analysis and Variational Problems. Classics in
Applied Mathematics. Society for Industrial and Applied Mathematics, 1999.

[24] L. C. Evans. Partial Differential Equations. Graduate Studies in Mathematics. Amer-
ican Mathematical Society, 1998.

[25] L. C. Evans, M. Feldman, and R. F. Gariepy. “Fast/slow diffusion and collapsing
sandpiles.” In: J. Differential Equations 137.1 (1997), pp. 166—-209.

[26] L. C. Evans. “Partial Differential Equations and Monge-Kantorovich Mass Transfer.”
In: 1997 (1997), pp. 65-126.

[27] L. C. Evans and W. Gangbo. “Differential equations methods for the Monge-Kantorovich
mass transfer problem.” In: Mem. Amer. Math. Soc. 137.653 (1999), pp. 1-66.

[28] H. Federer. Geometric measure theory. Classics in mathematics. Springer, 1996.

[29] G. B. Folland. Real Analysis: Modern Techniques and Their Applications. 2nd ed.
Pure and Applied Mathematics: A Wiley-Interscience Series of Texts, Monographs
and Tracts. Wiley-Interscience, 1999.

[30] W. Gangbo and R. J. McCann. “The geometry of optimal transportation.” In: Acta
Math. 177.2 (1996), pp. 113-161.

[31] J. Jacod and P. Protter. Probability essentials. 2nd ed. Universitext. Springer, 2003.

[32] L. V. Kantorovich. “On a problem of Monge.” In: Uspekhi Mat. Nauk. 3 (1948),
pp. 225-226.

[33] L. V. Kantorovich. “On the translocation of masses.” In: C. R. (Doklady) Acad. Sci.
USSR 321 (1942), pp. 199-201.

[34] R.J. Leveque. Numerical Methods for Conservation Laws. 2nd ed. Lectures in Math-
ematics. Birkhauser, 1992.

[35] S. Lisini. “Characterization of absolutely continuous curves in Wasserstein spaces.”
In: Calc. Var. Partial Differential Equations 28.1 (2007), pp. 85-120.

[36] R. J. McCann. “A Convexity Principle for Interacting Gases.” In: Adv. Math. 128.1
(1997), pp. 153-179.

[37) G. Monge. Mémoire sur la théorie des déblais et des remblais. De 'Imprimerie Royale,
1781.

[38] T. Roughgarden. Selfish Routing and the Price of Anarchy. The MIT Press, 2005.

[39] W. Rudin. Real and complex analysis. 3rd ed. McGraw-Hill, 1987.

[40] M. Sakarovitch. Linear Programming. Jointly published with Dowden & Culver1983.
Springer Texts in Electrical Engineering. Springer New York, 1983.

[41] F. Santambrogio. Optimal Transport for Applied Mathematicians: Calculus of Varia-
tions, PDFEs, and Modeling. 1st ed. Progress in Nonlinear Differential Equations and
Their Applications 87. Birkhduser Basel, 2015.

[42] D.W. Stroock. A concise introduction to the theory of integration. 2nd ed. Birkhauser,
1994.

[43] V. N. Sudakov. “Geometric problems of the theory of infinite-dimensional probability
distributions.” In: Proc. Steklov Inst. Math. 141 (1979), pp. 1-178.

[44] R. Vanderbei. Linear Programming Foundations and Extensions. 3rd ed. International
Series in Operations Research & Management Science. Springer, 2010.

[45] A. M. Vershik. “Long History of the Monge-Kantorovich Transportation Problem.”
In: Math. Intelligencer (2013).

[46] C. Villani. Optimal Transport. Vol. 338. Old and New. Berlin, Heidelberg: Springer
Science & Business Media, 2008.

90



BIBLIOGRAPHY.

[47] J. G. Wardrop. “Road paper. Some theoretical aspects of road traffic research.” In:
P. I. Civil. Eng. 1.3 (1952), pp. 325-362.

91



	Abstract
	Introduction
	Chapter 1. Notation and some preliminary results
	1. Notation
	2. Elements of Real and Functional Analysis
	3. Elements of Probability Theory
	4. Elements of Linear Programming
	5. Elements of Convex Analysis

	Chapter 2. The Monge-Kantorovich Mass Transfer
	1. Formulation of the problem
	2. Kantorovich formulation: Relaxation and Duality
	3. Introduction to the L1 case and some first results
	4. Existence of an optimal mass transport map

	Chapter 3. Other formulations of the mass transfer problem
	1. A fluid-dynamic version of the optimal transport problem
	2. Beckmann's problem
	3. Relationship between different formulations

	Chapter 4. Supplementary analysis of the results obtained
	1. Optimal densities solving dynamical problems
	2. More on the relation between (B') and (DYN1)
	3. Some simulations and numerical results

	Bibliography

