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Preface

The monograph is dedicated to a class of models of optimization of trans-
portation networks (urban traffic networks or networks of railroads and
highways) in the given geographic area. One assumes that the data on dis-
tributions of population and of services/workplaces (i.e. sources and sinks of
the network) as well as the costs of movement with and without the help
of the network to be constructed, are known. Further, the models take into
consideration both the cost of everyday movement of the population and the
cost of construction and maintenance of the network, the latter being de-
termined by a given function on the total length of the network. The above
data suffice, if one considers optimization in long-term prospective, while
for the short-term optimization one also needs to know the transport plan
of everyday movements of the population (i.e. the information on “who goes
where”). Similar models can also be adapted for the optimization of networks
of different nature, like telecommunication, pipeline or drainage networks. In
the monograph we study the most general problem settings, namely, when
neither the shape nor even the topology of the network to be constructed is
a priori known.

To be more precise, given a region 2 C RY, we will model the transporta-
tion network to be constructed by an a priori generic Borel set X' C (2. We
consider then the mass transportation problem in which the paths inside and
outside the network X are charged differently. The aim is to find the best
location for X, in order to minimize a suitable cost functional §F(X'), which
is given by the sum of the cost of transportation of the population, and the
penalization term depending on the length of the network, which represents
the cost of construction and maintenance of the network. To study the prob-
lem of existence of optimal solutions, we present first a relaxed version of the
optimization problem, where the network is represented by a Borel measure
rather than a set, and we prove the existence of a relaxed solution. We will
study then the properties of optimal relaxed solutions (measures) and prove
that, under suitable assumptions, the relaxed solution solve the original prob-
lem, i.e. in fact they correspond to rectifiable sets, and therefore can be called
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classical solutions. However, it will be shown that in general the problem
studied may have no classical solutions. We will also study some topological
properties of optimal networks, like closedness and the number of connected
components. In particular, we find rather sharp conditions on problem data,
which ensure the existence of closed optimal networks and/or optimal net-
works having at most countably many connected components. Finally, we will
prove a general regularity result on optimal networks. Namely, we will show
that an optimal network is covered by a finite number of Lipschitz curves
of uniformly bounded length, although it may have even uncountably many
connected components.
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Chapter 1
Introduction

The present monograph treats one particular class of mathematical models
arising in urban planning, namely, the models of optimization of transporta-
tion networks such as urban traffic networks, networks of tram or metro
lines, railroads or highways. The optimization is performed so as to take into
account the known data of the distributions of the population and of ser-
vices/workplaces (or, more generally, sources and sinks of the network), the
costs of the transportation with and without using the network to be con-
structed, and the budgetary restrictions on construction and maintenance of
the network, as well as, in certain cases, the transportation plan of everyday
movement of the population. As an illustration, see the distribution of pop-
ulation as well as the railroad network in Italy (Figure 1.1). The functional
to be minimized corresponds to the overall cost of everyday transportation
of population from their homes to the services together with the cost of
construction and maintenance of the network. It is important to emphasize
that the shape and even the topology of the network is considered a priori
unknown.

From the most general point of view such models belong to the class of eco-
nomical optimal resource planning problems which were first studied in [44].
In the simplest cases under additional restrictions on the network such prob-
lems reduce to problems of minimization of so called average distance func-
tionals (see [20]), and are similar to the well-known discrete problems of
optimization of service locations (so-called Fermat-Weber, or k-median prob-
lems) studied by many authors (see, e.g. [7, 68, 69, 51]). Similar as well as
slightly different models have been proposed for telecommunication, pipeline
and drainage networks in [11, 41, 47], and are recently subject to extensive
study (see, for instance, [8, 9, 10, 17, 27, 34, 48, 55, 56, 62, 66, 52, 73, 74]. The
common kernel of all such models is the general (i.e. not necessarily discrete)
setting of the Monge-Kantorovich optimal mass transportation problem (see,
e.g. [42, 43, 67, 1, 36, 35, 60, 25, 38]); we give now a short description
of the mass transport problem, a more complete discussion is given in
Appendix A.

G. Buttazzo et al., Optimal Urban Networks via Mass Transportation, 1
Lecture Notes in Mathematics 1961, DOI: 10.1007/978-3-540-85799-0_1,
(© Springer-Verlag Berlin Heidelberg 2009
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Fig. 1.1 Density of population (left) and railway network (right) in Italy

The mass transportation problem was first proposed by Monge [49]. Using
a modern language, this can be restated as follows: we are given a metric
space (X,d) and two finite Borel measures f* and f~ with the same total
mass || f1]| = ||f7||- A Borel map T : X — X is said to be a transport map if it
moves fT on f7, that is, if T4 f* = f~ being T the push-forward operator
(see Appendix B.2). We are also given the cost function, which is a lower
semicontinuous function ¢ : X x X — R™; its meaning is very simple, namely
c(z,y) is the cost to move a unit mass from x to y. In the original setting of
Monge ¢(x,y) = d(z,y), more generally one is often interested in c(z,y) =
d(x,y)?P. The Monge transport problem consists then in determining, among
all the transport maps, the optimal transport maps, that is, those maps which
minimize the total transportation cost given by

/ c(x, T(x)) df*(z).
X

It may easily happen that there are no transport maps at all, namely when the
measure f' has singular parts; it may also happen that, even thought there
are transport maps, the existence of optimal transport maps fails. Also for
this reason, it reveals of primary importance to consider the relaxed form of
the problem proposed by Kantorovich (see [42, 43]). The idea of Kantorovich
is to define transport plan any positive measure v on X x X such that the
two marginals of v are precisely f* and f~; the meaning is quite intuitive:
such a measure -y is to be interpreted as the strategy of transportation which
moves a mass ¥({(z,y)}) from x to y; more precisely, it moves a total amount
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¥(C x D) of mass from the set C' to the set D. An optimal transport plan,
then, is any transport plan v minimizing the cost

//XXX c(a,y) dy(z,y).

It is to be noticed that the transport plans are a generalization of the trans-
port maps: indeed, given a transport map 7' the measure vy := (Id, 7)) f"
is a transport plan, and moreover by definition

//Xxx C(w7y)dvT(fv7y)=/ ez, T(x)) df*(z);

X

so, the search of optimal plans is a generalization of the search of optimal
maps. The power of this new definition is evident: while, as we said, it may
happen that there are no transport maps, or no optimal transport maps,
there are always transport plans, as for instance f™® f~. Moreover, there are
always optimal transport plans, since the function c is lower semicontinuous.
A more detailed introduction to mass transportation problems is given in
Appendix A.

In this monograph we consider a problem of urban planning, in which
we take as ambient space a region {2 C RY, with N > 2 since the one-
dimensional case is in fact trivial; the measure f represents the density of
the population in the urban area {2 and the measure f~ represents the density
of the services or workplaces. We also consider a Borel set X C (2 of finite
I length, which represents the urban transportation network that has to
be constructed to minimize the cost of transporting f* on f~ according to
some suitable cost functional.

Once the set X' is given, the cost dx(z,y) to be paid in order to connect
any two points x and y of (2 is defined as the least “price” of moving along
a Lipschitz curve connecting = and y given by the number

55(0) :== A( 0\ 2)) + B(A' (0N Y)).

The functions A and B are two given nondecreasing functions from R* to
R* with A(0) = B(0) = 0, A being continuous and B lower semicontinuous:
A(s) is the “cost” of covering a distance s by own means, that is a number
including the expenses for the fuel, the fare of the highway, the fatigue of
moving by feet, the time consumption and so on; on the other hand, B(s)
represents the cost of covering the distance s making use of the transportation
network (i.e. the “cost of the ticket”).

In this monograph, we assume the point of view of an “ideal city”, where
the only goal is to minimize the total expenses for the people; therefore, the
number B(s) should be regarded just as a tax that people pay to contribute to
the cost of the network when they use it, and the case B = 0, corresponding
to a situation where everybody can use the public transportation for free, is
the simplest (and most common in the literature) choice in this ideal setting.



4 1 Introduction

An opposite point of view, where the owner of the network aims to maximize
his total income by choosing a suitable pricing policy B, has been studied
in [18].

Having fixed the set X, the population will naturally try to minimize
its expenses, that is, people choose to move following a transport plan -~y
minimizing

1s0) = [ dsemdre)

among all admissible transport plans, and we denote by M K (X)) the respec-
tive minimum (or the infimum if the minimum is not achieved). We want to
find a network X' minimizing the total cost for the people. However, M K (X))
is not the only cost to be considered: otherwise, a network of infinite length
covering the whole 2 would be clearly the optimal choice. We will then con-
sider also a very general cost function H (. 1(2)) for the maintenance of
the network, that will depend on the length 777 1(2 ) of X and that diverges
if the length goes to co. For instance, one can set

0, ifl <L,
H(D) '—{+oo, ifl> L,

which corresponds to a situation where one is allowed to build a network of
total length not exceeding L. Our goal is then to find an optimal network
Yopt which minimizes ¥ — MK(Y) + H(%I(Z)) among the admissible
sets X,

The above problem can be considered as a long-term optimization model.
In fact, in this case while choosing the optimal network X one is allowed to
change freely the transportation plan ~ (i.e. it is supposed that people may
consider it more convenient to choose different destinations for their every-
day movements, e.g. change the shops they usually use or even change their
workplace, in view of the cost of transportation), which is only reasonable in
a quite long-term prospective. On the contrary, the reasonable model for the
short-term prospective is obtained by considering given the transport plan v
(i.e. the information on “who goes where” in the everyday movements) and
thus minimizing X' +— 12(7)+H(<7“f1 (X)) among the admissible sets X. How-
ever, it is easy to notice, similarly to [18], that the short-term optimization
problem is in fact simpler than the long-term one. Hence in this monograph
we concentrate on studying the latter with all the results applying also to
the former.

Plan of the Monograph

In Chapter 2 we define the general problem setting without additional as-
sumptions on admissible networks. The simplest case, when X' is a priori
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required to be connected, will be considered in Chapter 3, and some known
facts about this problem will be reported. In this case, by a suitable use
of the Hausdorff convergence on connected sets, we show the existence of an
optimal network. A particular situation happens when the goal of the planner
is simply to transport the source mass f* to a network X' in the most efficient
way, that is f~, instead of being a priori fixed, is chosen in an optimal way
among the probabilities with support in 2. This problem then corresponds
to the minimization of the functional

F(X) ::/QA(dist(m,Z)) df*(z). (1.1)

We will refer to the minimization problem for the functional F defined
by (1.1) as the irrigation problem in view of the natural interpretation of
the cost (1.1) as the total effort to irrigate the mass distribution f* us-
ing a network Y. It is assumed that the effort to irrigate the point z € 2
depends on its distance ¢ from the network X' through the function A(t).
Taking A(t) := ¢t we have the minimization problem for the average distance
functional

min {/ dist(z, X)df*(z) : ¥ C 2, ¥ connected, ' (X) < L} ,
2

that has been studied in several recent papers (see, e.g. [17, 21, 19, 20, 54]).
On Fig. 1.2 below we show the plot of two cases when (2 is the unit bi-
dimensional disc, f* is the Lebesgue measure over 2, and X varies among
all connected sets of length L, with two different choices of L.

It is immediate to see that dropping the connectedness assumption leaving
the cost functional as in (1.1) would give zero as the minimal value of F', since
the set X would have the interest to spread everywhere on {2. This is why the
particular situation considered by functional (1.1) is meaningful only in the
connected framework.

Fig. 1.2 Optimal irrigation networks for L = 0.5 (left) and L =1 (right)
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In Chapter 4 we show that without extra assumptions on the functions A,
B and H there may be no optimal networks. Therefore, we introduce a relaxed
version of the problem, where the sets are replaced by Radon measures, and
in particular each set X' corresponds to the measure 57 D> Then, we show
the existence of optimal “relaxed networks”, and in particular we prove that
optimal measures g on 2 of the form p = a(z) 'L ¥ for a one-dimensional
rectifiable set X and a Borel function a : X' — [0,1] always exist. Roughly
speaking, this means that there is an optimal transportation network concen-
trated on a Borel set X, but it has a pointwise density in [0, 1]: the density
1 corresponds to a standard railway, where covering a path of length [ has
a cost B(l). In general, covering a path of length [ on a network of density
0 < p <1 costs A((l — p)l) + B(pl), as if one covers a length pl on the
network, and the remaining (1 — p)! by own means. Moreover we show that,
under suitable assumptions, there are also “classical solutions”, that is, op-
timal networks which naturally correspond to sets (in other words, relaxed
solutions with the coefficient a(z) above taking only values 0 and 1). However,
we give counterexamples showing that this does not always occur.

In Chapter 5 we consider two questions, namely whether or not there ex-
ists an optimal classical network which is closed, or which has only countably
many connected components. We present counterexamples to show that this
is not always the case, even when classical solutions exist. However, we are
able to find conditions under which one has the existence of an optimal clas-
sical network that is closed or has countably many connected components.

In Chapter 6 we prove that, under suitable hypotheses, there is a classical
optimal network that is covered by a finite number of Lipschitz curves of
uniformly bounded length, even if it may still have infinitely many (even
more than countably many) connected components.

Finally, the monograph is concluded by two appendices, which present
with more details the general mass transportation problem and some tools
from Geometric Measure Theory, among which the Disintegration Theorem
and the I'—convergence, which are used through the volume.



Chapter 2
Problem Setting

In this chapter we introduce the notation and the preliminaries to rigor-
ously set the problem of optimal networks. The formulation in the sense of
L. Kantorovich, by using transport plans, i.e. measures on the product space
2% §2, will be presented together with a second equivalent formulation where
the main tools are the so-called transport path measures that are measures on
the family of curves in (2. This seems to be a very natural formulation that
has already been used in previous papers (see for instance [24, 65, 6, 58]) and
that allows to obtain in a rather simple way existence results and necessary
conditions of optimality.

2.1 Notation and Preliminaries

In this monograph the ambient space (2 is assumed to be a bounded, closed,
N —dimensional convex subset of RY, N > 2. equipped with the Euclidean
distance; the convexity assumption is made here only for simplicity of presen-
tation; in fact, all the results are still valid in the more general case of bounded
Lipschitz domains. For any pair of Lipschitz paths 6y, 65 : [0,1] — 2, we in-
troduce the distance

do(61,02) = inf { max|61(1) — Ba( (1), -

¢ :[0,1] — [0,1] increasing and bijective} ,

where | - | is the Euclidean norm in RY. We define then © as the set of the
equivalence classes of Lipschitz paths in {2 parametrized over [0, 1], where
two paths 6; and 6, are considered equivalent whenever dg(6;,65) = 0: it is
easily noticed that © is a separable metric space equipped with the distance
de. Moreover, simple examples show that the infimum in (2.1) might not
be attained. It will be often useful to remind that, given any sequence {6, }

G. Buttazzo et al., Optimal Urban Networks via Mass Transportation, 7
Lecture Notes in Mathematics 1961, DOI: 10.1007/978-3-540-85799-0_2,
(© Springer-Verlag Berlin Heidelberg 2009



8 2 Problem Setting

of paths in @ with uniformly bounded Euclidean lengths, by Ascoli-Arzela
Theorem one can find a § € © such that (possibly up to a subsequence)
0, 9o, 9. This implies, in particular, that the corresponding curves 6,,([0, 1])
converge in the Hausdorff distance to 0([0, 1]), while the converse implication

is not true. Notice that

6, 20 — (6(0,1])) < liminf 22" (6,(0,1])),

n—o0

where 7" denotes the one-dimensional Hausdorff measure.

In the sequel, for the sake of brevity we will abuse the notation calling
0 also the set 0([0,1]) C 2, when not misleading. We call endpoints of the
path 6 the points 6(0) and (1), and, given two paths 6,60, € © such that
01(1) = 65(0), the composition 6y - 05 is defined by the formula

61 - O(t) = 0,(2t)  for0<t<1/2,
P72 1 0y(2t — 1) for 1/2 <t < 1.

As already introduced in Chapter 1, we let now A, B : R™ — R* be the costs
of moving by own means and by using the network, i.e. A(s) (resp. B(s)) is
the cost corresponding to a part of the itinerary of length s covered by own
means (resp. with the use of the network). This means that, if the urban
network is a Borel set X' C (2 of finite length, the total cost of covering a
path 6 € © is given by

55(0) := A0\ ) +B(A(ONY)), (2.2)

since the length 7" (0\ X)) is covered by own means and the length 7" (6N Y)
is covered by the use of the network. Concerning the functions A and B, we
make from now on the following assumptions:

A is nondecreasing, continuous and A(0) = 0; (2.3)
B is nondecreasing, l.s.c. and B(0) =0. (2.4)

Note that these hypotheses follow the intuition: the meaning of the assump-
tions A(0) = 0, B(0) = 0 and of the monotonicity are obvious, while the
continuity of the function A means that a slightly longer path cannot have
a much higher cost, and it is a natural assumption once one moves by own
means. On the contrary, a continuity assumption on the function B would
rule out some of the most common pricing policies which occur in many real
life urban transportation networks: for instance, often such a pricing policy
is given by a fixed price (the price of a single ticket) for any positive distance,
or is a piecewise constant function.

We define now a “distance” on {2 which depends on X' and is given by the
least cost of the paths connecting two points: in short,

ds(z,y) :=inf{0x(0): 0 €O,00) ==z 0(1)=y}. (2.5)
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The infimum in the above definition is not always attained, as we will see in
Example 2.8. Moreover, it has to be pointed out that in general the function
dx is not a distance; for instance, with A(s) = B(s) = s? it is easy to see that
the triangle inequality does not hold. However, when A and B are subadditive
functions, i.e.

(51) + A(SQ) for all sy, s9 € R ,
(s1) + B(sz) for all s1, s5 € R,

and they are strictly positive on (0,+00), then an easy computation shows
that dy is in fact a distance (the strict positivity is needed to ensure that
dx(x,y) = 0 implies 2 = y). Nevertheless, with an abuse of notation, we will
call dy; a distance in any case.

A(s1 + s2)

<A
B(s1+s) <B

Lemma 2.1. For any 0 € © and any € > 0, there is a path 0. € © such that

0-(0) = 6(0) 6.(1) = 0(1), do(0,6.) < e,
0 < HHO) + ¢, H0.NnX)=0.

Proof. Since 2 C RY and N > 2, we can take a more than countable family
{0;}icr of elements of © such that

e 0;(0)=06(0) and 6;(1) = (1) for each i € I;
o do(8, 0;) < e and S (0.) < " (0) + ¢ for cach i € I;
o for all ¢, j € I with i # j, 6; N 0; consists of finitely many points.

The proof of this assertion is trivial if the curve 6 is given by a finite union
of segments, as Figure 2.1 shows. The general case is now easily achieved
approximating any path 6 by a finite union of segments as needed.

The thesis can be then proved making use of the paths 6;: since
A (X)) < 00, the condition 7 (6;1X) > 0 may occur at most for a countable
set of indices ¢ € I; one then concludes just by taking one of the remaining
paths 6;. O

Corollary 2.2. For any 0 € ©, ¢ > 0 and | < %1(9 N X)), there is a path
01 € O such that

6(0) 0(1)

Fig. 2.1 The path 6 and some paths 6;
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el,f(o) = 0(0) ) 91,8(1) = 9(1) ) d@(ea el,ﬁ) < 87
A0 < AHO)+e, AH'Or.nE)=1.

Proof. This follows easily by Lemma 2.1: let ¢ € [0, 1] be such that
A (0((0,4))) =1,

and define 6; to be the restriction of € to [0,¢] and 02 to be the restriction of
0 to [t, 1], so that

0="06,-6,, AN =1.

It suffices then to apply Lemma 2.1 to 65 and to compose #; with the resulting
path. |

Proposition 2.3. The function ds : 2 x 2 — RT is continuous.

Proof. This is a consequence of (2.3): take (z,y) € §2x §2 and a path 6
between x and y with
05 (0) < ds(z,y)+e.

Then, given any pair (Z,7) € {2 x {2, we can define a path between Z and
§ by setting 6 := « - - 3 for any choice of paths a and 8 connecting # to
z and y to y respectively. Thanks to Lemma 2.1, we may choose a and
having 7" -negligible intersection with X and length less than |z — Z| + ¢
and |y — 7| + € respectively. We infer thus

ds(2,9) < 0s(0) <A O\ D) + |z — & + |y — §| + 2¢) + B(H' (90 2))
=05(0) + A(H O\ D) + |z — |+ |y — §| +2¢) — A0\ D))
<ds(x,y) +e+ AAO\ D)+ |z —F| + |y — 7| + 2)

— A0\ D)),

and the upper semicontinuity of dy follows since € > 0 is arbitrary and A is
continuous.

Concerning the lower semicontinuity of dy, suppose that =, — =, y, — y
and that dx(z,,y,) — d as n — oo. This means that there exist paths 0,
connecting x, to y, and satisfying dx(0,) — d. Composing as before 6,,
with short paths «,, and (3,, connecting z to x,, and y, to y respectively, and
having

H(anNX) =" B,NE)=0,
we find the paths 6,, between z and y satisfying

55:(0n) = 05(0,) + A(H (0, \ 2) + H (an) + H(8n)) — A(H (0,\ 2)) .
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Since 0x(0,,) — d and since
T (o) + A () =0,

the conclusion follows if 7" (6,,\ %) is uniformly bounded, because A is con-
tinuous hence uniformly continuous on compact sets. At last, if S (6, \ X)
is not uniformly bounded, then

O, \5) > |z —y|+1

for n arbitrarily large; in this case, we could directly take a path 6 close to
the segment connecting = to y and having negligible intersection with X', so
that

05(0) = A(A(0)) < A(lz —yl +1) < A(H (0, \ X)) < 0x(0n),

and hence, the thesis follows in this case too. a

The problem we want to study is to find the best transportation network X'
to move the population from their “homes” to their “workplaces”. To set the
problem, we consider two probability measures f, f~ on {2 describing the
distributions of homes and workplaces respectively. The following notion is
often used in transportation theory; throughout the monograph, m; : 2x 2 —
(2,1 =1, 2, stands for the i—th projection, and for a Borel map g : X — Y
the push-forward gx : M1 (X) — MT(Y) is defined by

gup(A) = pu(g ' (A)) for any Borel set ACY,

where M™(Z) is the space of the finite positive measures on a generic space
Z (see Appendix B.1).

Definition 2.4. A transport plan is a positive measure v € M T (2 x £2), the
marginals of which are f* and f~, i.e.

Ty =f", Touy = f .

One can intuitively think that (z,y) is the number of people moving from
x to y, or, more precisely, that v(C' x D) is the number of people living in
C C 2 and working in D C 2. To each transport plan v we associate the
total cost of transportation according to the formula

Is(v) = //dez(x,y) dy(z,y) - (2.6)

The Monge-Kantorovich optimal transport problem consists in finding a
transport plan ¥ € M™ (2 x ) (which is usually called optimal transport
plan) minimizing Iy .
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It is important to notice that the transport plan v gives no precise in-
formation on how the mass is moving (i.e. which trajectories are chosen for
transportation). To be able to recover such an information we will make use of
the following definition, already used in [58] (a quite similar idea was already
used elsewhere, for instance in [24, 65, 6]).

Definition 2.5. A transport path measure (shortly t.p.m. in the sequel) is a
measure 7 € MT(6O) with the property that its first and last projections are
fTand f7,ie.

pogn = f" pgn=f", (2.7)
where for ¢t = 0,1 we denote by p; : ©@ — 2 the function p;(0) := 6(t).

It is important to understand the meaning of the above definition: roughly
speaking, if 7 is a t.p.m., then 7(f) indicates the amount of mass to be
moved along the path 6; more precisely, (E) is the mass following the paths
contained in £ C @. The meaning of condition (2.7) is then clear, since pyyn
and p; 7 are respectively the measure from which 7 starts and the measure
to which it is transported.

We are now able to define the total cost of transportation associated to
any t.p.m. by the formula

Csn) = [ ds(0) n(). (28)
Finally, we denote by M K (X) the infimum of the above costs, namely,
MK(X):=inf{Cx(n) : nisat.pm.} . (2.9)

The purpose of this monograph is to study the problem of finding the best
possible network X: in other words, we want to find a set X' having mini-
mal total cost of usage (defined below). To do that, as already discussed in

Chapter 1, we consider a function H : RT — EJr, where H(I) represents the

maintenance cost of a network X of length .7’ 1(2 ) = I. We assume on H the
natural conditions

H is nondecreasing, l.s.c., H(0) =0 and H(l) - oo asl —oco.  (2.10)
Finally, the total cost of usage of X is defined by the formula
§(2) = MK(2)+ H (' (%)). (2.11)

Our goal is to study the problem of minimizing the functional §.
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2.2 Properties of Optimal Paths and Relaxed Costs

In (2.5) we defined a distance in {2 as the infimum of the costs of the paths
connecting two given points. We show now the possibility to choose a Borel
selection of paths which have almost minimal costs in the sense of proposition
below.

Proposition 2.6. For any € > 0 there is a Borel function q. : 2 x 2 — O
such that q-(z,y) is a path connecting x to y with

05 (g:(z,y)) < ds(a,y) +e. (2.12)

Proof. Fix a p > 0 and let {z;} be a finite set of points in 2 such that

UB(ﬂ%P) 210.

Let then Cj; C 2 x {2 be pairwise disjoint Borel sets covering {2 x (2, each
contained in B((xi, xj), 2p). Now, given 7, j, let 0;; € © be a path connecting
x; to x; and having a cost minimal up to an error p, that is

52(9ij) < dg(xi,xj) +p.
We claim that the conclusion follows if for every = € (2 there is a Borel map
oy B(xz,2p) — ©

such that a,(y) is a path between z and y with length less than 4p and
having ¢ 1—negligible intersection with X. Indeed, defining on each C;; the
function ¢. by the formula

—

qg(x,y) = Qg (‘T) : aij T Qg (y)

(where 0(t) := 6(1 —t)), one has that ¢. is a Borel function; moreover, if p is
sufficiently small, one gets (2.12) by the continuity of A. It suffices therefore to
prove the existence of such an «, (observe that Lemma 2.1 already provides a
map satisfying all the required conditions except for the Borel property). For
this purpose, we begin defining «,(y) as the line segment between z and y.
Since X is rectifiable, such a segment has .57 1—negligible intersection with
X unless y is contained in one of countably many radii {Rj}ren of the ball
B(x,2p). For each k € N, choose arbitrarily a two-dimensional halfplane IT
containing Ry on its boundary; then, for y € Ry, define a,(y) as the half
circle joining x to y and lying on I1,. Arguing as before, it is clear that such
a path has 7 1—negligible intersection with Y except for countably many
points y € Rj. Finally, for each of these latter y, by Lemma 2.1 we may
arbitrarily select a path o, (y) connecting = to y which is shorter than 4p and
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has 1—negligible intersection with Y. The resulting function «, has the
required properties and so the proof is completed. a

Corollary 2.7. For any € > 0 there is a Borel function ¢. : 2 x 2 — O
such that ¢.(x,y) is a path connecting x with y and satisfying

A (ge(z,y)) <y — x| +e, A gz, y) N E) = 0.
Proof. Consider the case when
A(s) =s, B(s) = diam 2 + 2¢

for every s > 0. By Lemma 2.1 it is clear that dx(z,y) = |y — x| and that
55(0) = A" (9) whenever S (0N X) = 0. Apply now Proposition 2.6 to find
a map ¢. such that

0x(ge(z,y)) <ds(w,y) +e=ly—al+e.

If
AN (z,y) N Z) >0,

then
6x(ql(z,y)) > diam 2+ 2e > |y — z| + ¢,

and this gives a contradiction. Thus,
AN (x,y) N Z) =0
and, as a consequence,
A ge(@,y) = 5(dt(w,y)) < |y — x| +e;
hence the thesis follows. O

We see now an example, showing that the infimum in (2.5) may be not a
minimum, and that d5, may be not lower semicontinuous.

Example 2.8. Let £2 be the ball in R? centered at the origin and with radius

2,let ¥ =[0,1] x {0}, A(t) =t and B(t) = 2t; let moreover 6 and 6,, be the
paths connecting (0,0) to (1,0) given by

(t,0), 0,(t) == (t, Ht‘”) .

n

0(t) :

Then one has that 6,, converges to 6 in (0,dg), dx(0) = 2, while §x(0,) — 1:
therefore, 05 is not l.s.c. Moreover, it is clear that

dE((O’ 0), (170)) =1,



2.2 Properties of Optimal Paths and Relaxed Costs 15

but dx (o) > 1 for each path o € © connecting (0,0) and (1,0). Hence, the
infimum in (2.5) is not a minimum.

Since Jx is not, in general, l.s.c., we compute now its relaxed envelope
with fixed endpoints,

5s:(6) = inf{liminfég(en) L 0,(0) = 0(0), 0,(1) = 6(1), 6, 2 9} . (2.13)

n—o0o

Notice that dx < &y, and that the infimum in (2.13) is a minimum. Thanks
to the standard properties of relaxed envelopes (see [16]), we are allowed to
rewrite (2.5) obtaining

ds(z,y) =inf {6x(0): 6 €6,000) ==z, 0(1) =y} . (2.14)
Proposition 2.9. The function 65 : © — R is Ls.c.

Proof. Let us take 6,, — 6 in ©: then, without loss of generality, we may
assume

10,(1) = 0(1)] <

S|
3\'—‘

16.(0) = 6(0)] <

Following (2.13), we choose én having the same endpoints as 6,, and such
that

do (0, 0,) < (2.15)

3\*—‘

Take now, according to Lemma 2.1, two paths «,, and (3, connecting 6(0)
with 6,,(0) and 60,,(1) with 6(1) respectively, with the properties

2
n’ (2.16)
0

Define then 6,, := an-én~ 0B, so that {gn}neN is a sequence of paths connecting
6(0) to (1) which still converges to 6. For any n € N, by (2.15) and (2.16)
we have

65:(0n) = A(A" 0.\ 2)) + B(A 0,01 %))
(A (0L an LB\ D))+ B(A (0,0 5))
<650, )+A<3‘f1(0n\2)+4/n)—A(%”l( L\z))

0,
< d5(0 )+1/n+A<%”1(9 \Z)+4/n)— ( 1(én\2)).
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Since the paths {6, } have uniformly bounded lengths, by the uniform conti-
nuity of A in the bounded intervals and by (2.13) we infer

§(0) <liminf§5(0,,) < liminf éx(6,,),

n—o0 n—0o0

so the proof is completed. a
Corollary 2.10. The l.s.c. envelope of dx in (©,dg) is 0.

Proof. The ls.c. envelope of 6x in (6,dg) is lower than §yx, as a direct
consequence of the definition (2.13). On the other hand, it is the greatest .s.c.
function lower than dy, thus it is also greater than dx by Proposition 2.9. O

Corollary 2.11. The infimum in (2.14) is actually a minimum.

Proof. Let us choose x and y and take a minimizing sequence 6,, for (2.14): if
the Euclidean lengths of 6,, (possibly up to a subsequence) are bounded, then
the result immediately follows from the lower semicontinuity of §s and by
Ascoli-Arzela Theorem. Otherwise, since X' has finite length, it would follow
that

limsup 7" (0, \ ¥) = oc;

in this case, take a path 6 joining x to y with %”l—negligible intersection
with X' and with finite length: since A is nondecreasing, this path provides
the minimum in (2.14). O

More precisely, we see that one can somehow “pass to the limit” in Propo-
sition 2.6. Throughout the monograph, we will call geodesics the paths € such
that

5(0) = dx(6(0),0(1)) .

Corollary 2.12. There is a Borel function q : 2 X {2 — © such that q(z,y)
is a path connecting x to y with cost dx (q(:my)) =dx(z,y).

Proof. Using the classical results in [28], it is sufficient to show that the subset
G of © given by the geodesics is closed and there is at least one element of
G connecting any couple of points in {2 x {2. The second fact follows from
Corollary 2.11, while the closedness of G is a direct consequence of the lower
semicontinuity of 4y and of the continuity of ds. O

Lemma 2.13. For any € > 0, there is a Borel function o : © — O such
that for any 6 € © one has

(e=(6))(0) = 6(0), (=) (1) =0(1), do(ac(0),0) <e,
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Proof. Our argument is quite similar to the one in Proposition 2.6: fixed
L > 0 and fixed arbitrarily a path 6§ € © with A (0) < L, we know by
definition of d5; the existence of a path 6 with

6(0) = 6(0), f(1) = 6(1), do(6,0) < <,
o R o 4@
ANO) < A0) + 7, 35(0) < b65(60) +

o] M

We take now a number § < £/8 such that

A(s+40) — A(s) <

N ™

for any 0 < s < L, which is possible by the continuity of A; moreover, since
the Euclidean length and the map §5 are l.s.c., we can also assume that § is
so small that

A o) 2 H0) - 3.
_ _ e 4 whenever dg(,0) <4§. (2.18)
(52(0) Z 52(9) — Z’

If we can define a Borel function a. : Bg(6,d) — © as in the claim of this
corollary, this will show the thesis: indeed, since the subset @, of © made by
the paths of Euclidean length bounded by L is compact, it can be covered by
a finite number of balls Bg(0;,9;), so that we infer the existence of a Borel
function a. : O — O as in the claim; finally, it is immediate to conclude
the thesis covering © with countably many sets Oy, for a sequence L; — oo.
Summarizing, we can restrict our attention to a ball Bg(6, ).

Define now the Borel function i : Bg(6,d) — O as

Bi(o) = q5((0),60(0)) ,

where ¢j is as in Corollary 2.7: then §(c) is a path connecting o(0) with
0(0) such that

A (Bilo)NE) =0, A (Bi(0)) <|o(0) —0(0)|+6<25.  (2.19)

Similarly, we let 85 : Bo(6,0) — © to be a Borel function such that §s(o) is
a path connecting (1) with o(1) satisfying

A (Bo(0) N X) =0, A (Bs(0)) <26 (2.20)
We finally define (o) := f1(0) - 0 - 32(c): by construction, the map

Bo(0,0) 3> 0 — a.(0) € ©
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is Borel; moreover,

a:(0(0)) = 0(0), as(o(1)) =o(1).
In addition, minding (2.19), (2.20) and (2.17), we get
do(0(0), ) < do(ac(0),0) + do(0,6) + do(6,0) <26+ 5 +6 <=
Again by (2.19), (2.20), (2.17) and (2.18) one has
S (0e(0)) < 46 + A 0) < 46 + Z + AN0) < A (o) + .
Finally, by (2.19) and (2.20) we know that
Ho(0)NX) =" 0N %)
so that again (2.19) and (2.20), together with (2.17) and (2.18), yield
5 (a:(0)) < A(H O\ ) +46) + B(A' (00 %))
<Ox(0) + A0\ X) +48) — A0\ D))
<0n(d)+ 5 <0n(0) + S <Fnlo) + e

hence, the proof is complete. a

Now, generalizing (2.8), set

Con) = [ 5s(0)an(o). (2.21)
e
Proposition 2.14. The following equalities hold

inf {Cx(n): nisatpm.}=min{ls(y) : v is a transport plan}

=min {Cx(n): nisatpm.} (= MK(X)). (2.22)

Before giving the proof, we point out the following remark.

Remark 2.15. The equality (2.22) ensures the existence of at least one optimal
transport plan Ype and one t.p.m. 7,y optimal with respect to C's, which
satisfy the equality Is(Yopt) = Cx(Mopt). On the other hand, the infimum
in (2.22) needs not to be achieved: for instance, just consider the situation of
Example 2.8 with f* := §() and f~ := dq,9).

Concerning the equality between the two minima in (2.22), in particu-
lar, if ot is an optimal transport plan then guvopt is an optimal t.p.m.,
where ¢ is defined in Corollary 2.12. Conversely, if 7o, is an optimal t.p.m.
then (po, p1)#nopt 1S an optimal transport plan, where py and p; are as in
Definition 2.5.
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Proof (of Proposition 2.14). First of all, note that the set of all transport
plans is a bounded and weakly* closed subset of M™*(£2 x 2); hence, it is
weakly* compact by tightness (see Appendix B.1). Moreover, Iy is a contin-
uous function on M({2 x 2) with respect to the weak® topology thanks to
Proposition 2.3. Therefore, the existence of some optimal transport plan is
straightforward.

Given now a t.p.m. 7, one can construct the associated transport plan
v = (po,p1)#n, and from (2.5) we get Ix(y) < Cx(n). On the other hand,
given any transport plan v and € > 0, we can define 7 := ¢, where ¢. is
as in Proposition 2.6; we obtain Cx(n) < Is(v) + &, thus the first equality
in (2.22) is established.

Concerning the second one, using (2.14) in place of (2.5) in the previous
argument one gets

min{/x(y)} <inf{Cx(n)}.

But since C'z; < Cx (because 65 < §x), it is also true that

inf{Cx(n)} < inf{Cx(n)}.

We derive min{Ix(v)} = inf{Cx(n)}, so to conclude we need only to prove
that the last inf is a minimum. To this aim, it suffices to take an optimal
transport plan 7.p, and to define 7 := qu Yo, Where ¢ is as in Corollary 2.12:
by definition of ¢, one has Cs(n) = Is(Yopt), SO 1 minimizes C'sx and the
proof is achieved. O

From now on we will often say that a set A C © is bounded in © by L
if for any 6 € A we have e%ﬂl(ﬁ) < L; we will also say that A is a bounded
subset of @ if it is bounded in @ by some constant L. Notice that this last
definition does not coincide with the usual boundedness in @ with respect
to the distance dg, which we will never consider; in fact, this last notion of
boundedness would be useless, since the whole set © is clearly bounded with
respect to dg by the diameter of 2. We recall that, as already mentioned
at the beginning of Section 2.1, the bounded subsets of © are sequentially
compact with respect to dg; this becomes particularly helpful once we know
that a t.p.m. is concentrated on a bounded subset of ©, which is the argument
of Corollary 2.17 below.

Lemma 2.16. If A(s) is not constant for large s (for instance, if A(s) — oo
as s — o0), then there is a constant L € R such that the Euclidean length
%1(9) of any geodesic 0 is bounded by L. Otherwise, if A(s) is constant for
large s, it is still true that for any pair (z,y) of points in {2 there exists some
geodesic of length bounded by L. In both cases, the constant L depends only
on A, 2 and A (X) (but not on X).

Proof. Suppose first that A(s) is not constant for large s, and let L be a
sufficiently large number such that

AL - () > A(diam 2 + 1) .
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Take now a path 6§ € © with I (9) > L and let 0, according to Lemma 2.1,
be a path with length less than

|0(1) — 0(0)] + 1 < diam 2 + 1
connecting 0(0) to (1) and having .#"' —negligible intersection with X. Since
HNO\X)>H0)—H(2)> L—AH(5),

we immediately get §x(0) > dx(0), so that 0 is not a geodesic and the first
part of the proof is achieved.
Consider now the case when A(s) is constant for large s, and let

L= " (%) + diam 2 + 1.

Arguing exactly as in the first part of the proof, we see that for any path 6
there is a path  with 7" (f) < diam 2+ 1 and with d5(f) < 65(0) (the only
difference is that this time the strict inequality dx(f) < dx(6) in the case
' (0) > L may be false). Hence, it is not true that all the geodesics have
Euclidean length less than L, but that for any pair (z,y) € {2 x {2 there is
at least one geodesic between x and y of Euclidean length less than L. a

Corollary 2.17. If A(s) is not constant for large s then the support of any
t.p.m. 1 which is optimal with respect to C's is bounded in © by L, where
L is as in the previous Lemma. Otherwise, if A(s) is constant for large s, it
1s still true that there exists some optimal t.p.m. n the support of which is
bounded in © by L.

Proof. Recall that, thanks to (2.22), any t.p.m. optimal with respect to C's
is concentrated in the set of all geodesics; this set is closed, as already noticed
in Corollary 2.12, hence the whole support of any optimal t.p.m. is made by
geodesics and the first part of the proof is trivial.

Concerning the second claim, we recall that Corollary 2.12 implies that
the set G of all geodesics is a closed subset of © containing at least one path
which connects any given pair of points in {2 x {2. The same property is true
for the set

Gr:=Gn{heco:7'0) <L},

by the above lemma and since the Euclidean length is l.s.c. with respect to
the distance in ©. Therefore, arguing as in Corollary 2.12, we find a Borel
map ¢ : 2 x 2 — O such that ¢(x,y) is a geodesic between x and y of
FEuclidean length less than L. This easily gives also the second part of the
thesis: arguing as in Proposition 2.14, taken any optimal transport plan =,
one has that the t.p.m. gxv is as required. O

We present now a useful exact formula for .
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Proposition 2.18. The following equality holds:
ox(0) = J(A O\ %), A (0Nn2)), (2.23)
where the function J: R™ x Rt — R is given by
J(a,b) :=inf {A(a+1)+B(b—1): 0<1<b}. (2.24)

Before giving the proof, we shortly discuss the above formula.

Remark 2.19. The meaning of (2.23), as one can understand comparing
with (2.2), is that, roughly speaking, one can “walk on the railway”: in other
words, the cost dx of some path € is not necessarily given by the cost of mov-
ing by own means out of the network and by train along it, but moving by
own means out of the network and possibly in some part of it, and by train
along the remaining part. The basic idea of the proof is then easily imagined:
instead of walking on the network, one can just walk very close to it, which
is possible since the dimension N is larger than 1.

Proof (of Proposition 2.18). Set a := ' (0 \ X) and b := " (0 N X)), then
take an arbitrary sequence #,, of paths having the same endpoints as 6 and
converging to 6. It is known that

A (0) < liminf S (6,), (2.25)
A0\ D) <liminf A7 (6, \ 2); (2.26)

the first inequality is the classical lower semicontinuity of the length, the sec-
ond is a recent generalization of the Golab theorem that we state in Theorem
3.6 (see also for instance [14] and [30]).

For a given n € N, assume that

A0, NE)>HONX) :
then, taking | = 0 in (2.24), we obtain

J(a,b) < A0\ D)) + B(A' (00 %))
<A O\ D) +B(A0,NnY)) (2.27)
<05 (0n) + A0\ D)) — A (0,\ D)) .

On the other hand, if
H0,NE) <A ON5)

then, taking
L:='0N%)— A 0,05
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in (2.24), we obtain

J(a,b) < A(SN0) — A (0,0 D)) + B (0,0 2))
< 6z (0) + A(S(0) — A (0, N X)) (2.28)
— A(H(0,) — A (0,N5)).

Recalling now that A is nondecreasing and continuous, combining (2.27)
with (2.26) and (2.28) with (2.25) gives J(a,b) < liminf d5(6,,), and therefore
J(a,b) < 0x(0).

To prove the opposite inequality take 0 < [ < ' (0 N %) and let {6, }
be, according to Corollary 2.2, a sequence of paths connecting 6(0) and 6(1)
such that

0, —0, H0,)—H0), H'O,NY)=H"0BNY)-1YVneN.
Hence, making use of the continuity of A, one gets
35 (0n) = A(S (0,) — (A (ONE) 1))+ B(b—1) —— A(a+1)+B(b~-1).

Thus for every 0 <1 < b one has

dx(0) <A(a+1)+B(b-1),
so the inequality J(a,b) > 65 () follows taking the infimum on /. O

It is also convenient to introduce an auxiliary function, namely
D(a,b) :== J(a,b—a); (2.29)

indeed, the above proposition tells us that

ox(0) = J(A O\ %), 0N D)),

or equivalently that

3x(0) = D(H0\ 2), 7 (9)). (2.30)

In other words, we can express 05;(6) in terms of the length 7" (6\ X)) outside
of the network and of the length 77 ! (/N Y) inside the network if we make use
of J, or in terms of the length 7" (6\ X) out of the network and of the total
length 7" (0) if we make use of D. The advantage of the second possibility,
i.e. the advantage of (2.30) with respect to (2.23), is that the variables 7 (6\
Y) and " (6) satisfy the useful liminf inequalities (2.25)—(2.26), while the
same is not true for 7' (6 N X); on the contrary, for 7' (6 N X)) the limsup
inequality is true, as one can immediately deduce by Lemma 4.1. Another
easy interesting property of both D and J is the following one.
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Proposition 2.20. The functions J and D are nondecreasing in each of their
variables.

Proof. Consider first J: take b > 0 and @’ > a > 0; for 0 < I < b one has
Ala +1) < A(d' +1), so by (2.24) one gets J(a’,b) > J(a,b) and thus J is
nondecreasing in its first variable. Concerning the second one, take a > 0 and
b > b > 0: one has

Ala+1)+B@W —1) > Ala+1)+B(b—1) > J(a,b) V0O<I<b;
on the other hand, one has
Ala+1)+ Bl —1) > A(a+b) + B(0) > J(a,b) Vh<I1<U.

It follows that J(a,b’) > J(a,b), so J is nondecreasing also in its second
variable.

Consider now D: first of all, we rewrite (2.29) in a more convenient way
as

D(a,b) =inf{A(a+1)+Bb—a—1): 0<I<b—a}

=inf {A(l) + B(b—1): a<1<b}. (2:31)

Then, take b > 0 and @’ > a > 0: if @’ < [ < b then a fortiori a < [ < b,
hence one gets D(a,b) < D(d/,b) directly by (2.31), and consequently D is
nondecreasing in its first variable. Finally, concerning the second one, take
a>0and b >b>0:ifa <l<bthen

A+ B —1) > A(l)+ B(b—1) > D(a,b);
on the other hand, if b < <V’ then
A(l)+ B —1) > A(b) + B(0) > D(a,b).

It follows that D(a,b’) > D(a,b), so D is nondecreasing also in its second
variable and the proof is completed. a



Chapter 3
Optimal Connected Networks

In this chapter we consider the problem of finding an optimal network under
the additional constraint that the admissible networks are assumed con-
nected. This extra connectedness assumption enables us to obtain the nec-
essary compactness to ensure the existence of an optimal network. We recall
that this case has been extensively studied in [13, 14, 17, 21], where sev-
eral necessary conditions of optimality have been found; therefore we limit
ourselves to recall briefly the main known results. In the last section of this
chapter we show some numerical plots of the optimal networks in a slightly
simpler situation, where instead of transporting f* onto f~, the goal of the
planner is to transport f* on the network in the most efficient way.

3.1 Optimization Problem

The optimization problem we consider in this chapter is

min{F(¥) : ¥ C 2, X connected}, (3.1)
where §p, is the cost functional defined in (2.11) with H(s) = 0 for s < L,
H(s) = oo otherwise. More generally, one may consider the optimization
problem

min{MK(X) : ¥ C (2, ¥ connected} (3.2)

where the function dy appearing in (2.5) is now given by

ds(z,y) == inf {@(%1(9 \ D), 0N 2)7%1(2))
(3.3)
0c0,00)=uz (1) = y},

G. Buttazzo et al., Optimal Urban Networks via Mass Transportation, 25
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and @ : (R")? — [0, +00] is a function satisfying the following conditions:

e @ is lower semicontinuous;
e @ is continuous in its first variable;
e & is nondecreasing in each of its variables, i.e.

a1 <ag, by <bsy, c1 <o = P(a1,b1,c1) < DP(as,ba, 2);

e P(a,b,c) > H(c) with H(c) — 0o as ¢ — 0.

For instance, taking
P(a,b,c) := A(a) + B(b) + X (c),

where X, (c) is the function which takes the value zero if ¢ < L and oo
otherwise, gives the problem (3.1).

Under the connectedness requirement, the existence of an optimal network
always occurs, as the below theorem states.

Theorem 3.1. Under the assumptions above on the function @, the opti-
mization problem (3.2) admits a solution Y.

The proof of the above theorem is given in [14]. Here we will sketch its
main steps. First of all we equip the admissible class

{2 cn X connected}
with the topology induced by the Hausdorff distance
dp (X1, X5) = sup {dist(z1, o) + dist(zs, X1) : 21 € X1, 35 € 3o}

where by dist(z, X)) we denoted the minimal distance from the point z to
the closed set Y. It is well-known that the this topology (called Hausdorff
topology) is compact and that the Hausdorff limit of a sequence of connected
sets is still connected. Moreover, the following result, known as Gotab theorem
(see for instance [5, 37]) holds.

Theorem 3.2 (Golab). If X, is a sequence of connected closed subsets of
2 which Hausdorff converges to a set X, then
H(X) < liminf #(5,).
n—oo

Remark 3.3. More generally, the above result on lower semicontinuity of the
one-dimensional Hausdorff measure J#" still holds, if we assume that the
number of connected components of X, is a priori bounded by a fixed con-
stant. On the other hand, it is very easy to find counterexamples which show
that the Golab theorem fails when the connectedness assumption is com-
pletely removed.
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By an approximation argument similar to the one we used in the proof
of Proposition 2.18 we can compute the relaxed form of the distance dy
appearing in (3.3). In other words, if convenient, we may approximate a curve
0 passing through the network X by a sequence of curves 6,, converging to
# uniformly and not passing through Y. More precisely, the following result
holds.

Proposition 3.4. For every closed connected subset X of £2 we have

ds(z,y) = inf {J(%ﬂl(a \ ), 20N 2),%1(2))
(3.4)
0o, 0(0)==x, 0(1) = y},

where the function J is given by
J(a,b,c) :=nf{P(a+t,b—t,c) : 0<t<b}.

It is now convenient to change variables using . (6) instead of 7" (0N X):
since

HONE)=H0)— A0\ X)),

the function J can be replaced by the new one
D(a,b,c) = J(a,b—a,c) (3.5)

and formula (3.4) becomes

ds(z, y) inf{D(%I(G\E),%l(e),jfl(ﬂ)) :
(3.6)
0co,00) =z 0(1)= y} .

The advantage of using the new function D in (3.5) consists in the following
monotonicity and lower semicontinuity property (the proof of the first part
is very similar to the one of Proposition 2.20).

Proposition 3.5. The function D defined in (3.5) is monotone nondecreas-
ing and lower semicontinuous in each variable.

The proof of the existence Theorem 3.1 uses also the following general-
ization of the Golab Theorem, the proof of which can be found in [14], also
obtained by Dal Maso and Toader in [30] for different purposes, related to
the study of models in fracture mechanics.

Theorem 3.6. Let X be a metric space, {Iy}nen and { X, }nen be two se-
quences of compact subsets such that I, — I' and X, — X in the Hausdorff
sense, for some compact subsets I' and X. Let us also suppose that I, is
connected for all n € N. Then
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AN\ 2) <liminf (T, \ 2,,). (3.7)
n—0o0
By using the above extension of the Gotab theorem and the monotonic-
ity result of Proposition 3.5 it is not difficult to obtain the following lower
semicontinuity property for the function dy;.

Proposition 3.7. Let {z,}nen and {yn}nen be sequences in {2 such that
Tp — 2 and Yy, — y. If { X, nen is a sequence of closed connected sets such
that X, — X in the Hausdorff sense, then

ds(z,y) <liminfds, (zn,yn)- (3.8)

In particular, for every closed connected X C {2 the function dx is lower
semicontinuous on {2 X (2.

The proof of Theorem 3.1 can be now obtained by putting together the
above results. In fact, if {X,} is a minimizing sequence of the optimization
problem (3.2), by the compactness of the Hausdorfl convergence we may
assume, up to a subsequence, that X, — X for a suitable closed connected
X} C (2. The optimality of X' then follows by the lower semicontinuity of the
functional X' +— MK (X) in (3.2) with respect to the Hausdorff convergence.
This lower semicontinuity in turn follows by Proposition 3.7 together with
the observation that, if 7, are optimal plans with respect to X, and ~,—>,
then ~ is an optimal plan with respect to X'. All the details of the argument
above can be found in the paper [14], to which we refer the interested reader.

3.2 Properties of the Optimal Networks

In this section we collect the results of [19, 20, 54] regarding the case of
optimization problem (3.1) in the particular case when A(t) = ¢, B(t) = 0
and X' is a priori required to be connected. Since the results we present here
are not used elsewhere in this monograph, we give only the outlines of the
proofs of some of the most important results. For the details the reader is
referred to the aforementioned papers.

First, we recall the following basic results regarding topological structure
and regularity of optimal sets.

Theorem 3.8. Let in problem (3.1) A(t) =t and B(t) =0, and assume that

fH o< LY and f+ + f~. Then every closed connected ¥ C RN solving

this problem has the following properties.

o H'(X)=L.

e X contains no closed curve (a homeomorphic image of S'). In particular,
RN \ ¥ is connected.
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If, moreover, f*, f~ € L*(£2), then the following additional properties hold.

o X is Ahlfors regular in the sense that for every x € X and r < diam ¥
one has

cr < %I(EOBT(:E)) < Cr
for some constants ¢ > 0 and C' > 0 independent both on x and on r > 0.

Remark 3.9. The results of the papers [19, 20, 54] are in fact a bit sharper
than what claimed above. For instance the first two statements are valid
even if the dimension of the measures f*, f~ (defined in a suitable way) is
sufficiently high. Further, the Ahlfors regularity of optimal sets is known to
hold when f*, f~ € LP(£2) where p = 4/3 when N =2 and p = N/(N — 1)
otherwise (although it is not known whether such assumption is sharp).

We provide here just the general outline of the proof of the first two state-
ments above omitting technical details. The principal technical tool is given
by the proposition below in which a set X' is modified with the addition of
a piece of small length to obtain a new set such that all points which were
not too close to X' become closer to the modified set (see Proposition 4.1
from [54]).

Proposition 3.10. Let X C RN be a compact connected set with %”1(2) <
+oo and r > 0 be some given number. Then for each ¢ > 0 there erists a
compact connected X' C RN, X' D X, with ' (') < (%) + ¢ and such
that for every y € RN satisfying dist (y, X) > r one has

dist (y, X') < dist (y, ) — C,

where C' > 0 is some constant depending on X, r, ¢ and the space dimension
N but independent of y.

Now, with the help of the above Proposition 3.10, the proof of the first
assertion of Theorem 3.8 becomes quite simple.

Outline of the proof of ,%”1(2) = L. Suppose the contrary, i.e. that
T 1(2) = L — c for some ¢ > 0, where X' is a connected set solving prob-
lem (3.1). Let now I" € RY x R¥ be the set of those pairs (z,y) such that
dx(x,y) < dy(z,y), hence the segment [z, y] is not a geodesic between x and
y. If now ~ is an optimal transport plan, we set ¢ the measure

w = 7T1#(’}/|_F) —|—7r2#(’yl_F) .

It is easy to show that then X minimizes the average distance functional

Y= F, (X)) := /Qdist (z, X) dp(x)

over closed connected sets satisfying the length constraint .7¢ 1(2 ) < L. We
choose an r > 0 such that
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o(D;) >0, where D, := {y € RV : dist (y, ¥) > r}.

Such an r > 0 exists since otherwise ¢ would be concentrated over X, which
cannot happen since ¢ < f* 4+ f~ and [T+ [~ < 2N Consider now a
set X provided by Proposition 3.10, so that %1(2’) < L. Besides, for every
y € RN one has

dist (y, X") < dist (y, %)

since X C Y, while
dist (y, X') < dist (y, X)) — C

for some C' > 0 (independent of y) whenever y € D,. Hence, minding the
strict monotonicity of A, we get

Fo(X') :/RN\D dist (y, 2') ds@(y)+/ dist (y, X') dp(y)

"

= /]RN\D,,. dist (y, X) dep(y) +/ (dist (y, &) — C) de(y)

r

< /R b, dist (y, X) de(y) + /D ) dist (y, X) de(y)
= F@(E)v

contradicting the optimality of X. O

To outline the proof of the fact that optimal connected sets do not contain
closed curves (homeomorphic images of S'), we recall briefly the following
topological notions which will be used in the sequel.

Definition 3.11. Let X be a connected set. Then x € X is called noncut
point of X if X\ {z} is connected. Otherwise, x is called cut point of X.

Let us recall that according to the Moore theorem (Theorem IV.5 from
[46, § 47]), every continuum (i.e. compact connected space) has at least two
noncut points. We also need the following statement from [21].

Lemma 3.12. Let X C RN be a closed connected set satisfying (%) <
+00 which contains a closed curve S. Then F*-a.e. point x € S is a noncut
point for X.

With the help of the above Lemma 3.12 we are able to prove the following
quantitative result (see Lemma 5.4 from [54]), which says that if X' contains
a closed curve, one can almost everywhere take away a small piece of it such
that the remaining part is still connected (it is here that Lemma 3.12 is
invoked), while the increase in average distance functional F, is small (with
the quantitative estimate).
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Lemma 3.13. Suppose that X C RN is a compact connected set satisfying
A (X) < +00 and containing a closed curve S. Given 3 € (0,1] and r > 0,
Jor ' -a.e. T € S there exists a p € (0,7) and a closed connected set X' C
RN such that

o H(Z) < H(E)— p/2+ Cafp,

e ¥\ 5 C B(z.p)

e X'\ ¥ C B(z,32Np),

o dist (y, X') < dist (y, X)), for all y & B(z,64N V' Np),
o dist (y, Y") < dist (y, %) + p, for all y € B(z,64NV'Np),

where Cy > 0 is a constant depending only on N.

Outline of the proof of absence of loops in optimal sets.

Let again X be a solution to (3.1) (hence a closed connected set minimizing
F,). Since ¢(X) = 0, there exists a compact set K, disjoint from %' and such
that ¢(K) > 0. Let

1 . .
R.:imm{dlst(y,ﬂ). yGK}>O

and let H be the R-neighborhood of X.
Suppose by contradiction that there exists a simple closed curve S C X.
Given z € X, define
p(B(z,p))

w(x,p) = —

Since ¢(S) = 0, as direct consequence of [2, Theorem 2.56], for #'-a.c. z € S
one has

lim w(z, p) = 0.

p—07F

Let r > 0 to be chosen later. We apply therefore Lemma 3.13 with § small
enough to find a point Z € S with w(z,t) - 0ast — 07, a p € (0,r) and a
connected set X’ such that

H(E) S HUE) — p/2+ Cofp < A (E) — p/d, (3.9)

while
Fy(X') < Fo(X) + pp(B(2,64NVNp))
< F (%) + 64NV N p*w(z, 64NV Np).

We now need the following geometrical result, see [54, Lemma 3.5].

(3.10)

Lemma 3.14. Let | > 0 be given and let H and K be two Borel subsets of
RN such that o(K) > 0 and

s:=inf{dist (y,H) : y € K} > 0.
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Then given any compact connected set A C H with %I(A) <, one has for
all e < s/\/ﬁ the existence of a compact connected set A" DO A such that

H(A) < A (A) + 2Ne,

) (3.11)
Fw(A') < F,(A) - Cie”,
where ()
P
=N

Applying Lemma 3.14 with € := p/8N (which is admissible provided r,
and then p, is small enough), A = ¥, s = R and [ = L (mind that " (') <
A (X) = L), we find a connected compact set X" := A’ D X’ such that,
by (3.9)

A" < AN (X)) +2Ne < HN(X) — p/A+2Ne = A (),
while, by (3.11) and (3.10),

F (X" < Fy (X)) — Oy
< F (X)) + 64NV N p*w(, 64NV Np) — 640;72

= Fy(2) — Cp* + o(p?).

0’ (3.12)

where C is the constant introduced in Lemma 3.14, and C := C;/64N2.
Hence, choosing a sufficiently small » > 0 and minding that p < r, we get
from (3.12) that F,(X") < F,(X), contradicting the optimality of X. |

To discuss deeper properties of optimal sets, we need to recall some topo-
logical notions from [46].

Definition 3.15. Let X be a topological space. We will say that the order of
the point x € X does not exceed n, writing ord, 2 < n, where n is a cardinal, if
for every € > 0 there is an open subset U C X' such that z € U, diam (U) < ¢
and #90U < n, # standing for the cardinality of a set.

The order of the point x € X is said to be n, written ord, Y = n, if n is
the least cardinal for which ord, Y <n.

If ord, Y = n, with n > 3, then = will be called a branching point of X,
while if ord, X = 1, then x will be called an endpoint of X.

The following results hold (see [19, 63, 66]).

Theorem 3.16. Let in problem (3.1) N = 2, A(t) =t and B(t) = 0, and
assume that f*, f~ € LY3(2), with f* # f~. Then every closed connected
X C RN solving the problem has the following properties.

o ord,Y <3 for all x € X, and, further, the number of endpoints and that
of branching points (which hence are all triple points) is finite.
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o the generalized mean curvature H of X, defined to be the vector-valued
distribution

(H,X) = /Z div® X dA" for all X € C°(RY, RN,

is a Radon measure and H({x}) = 0 whenever x € X' is a branching point.
Here div” stands for the tangential divergence operator with respect to X
(see [2]), i.e. in other words, the projection of the usual divergence on the
approximate tangent space to X, the latter defined H' -a.e. on X. This
property may be interpreted as a “weak form” of the assertion that every
branching point is a “reqular tripod”, i.e. a triple point where three smooth
branches meet with angles of 120 degrees.

o for any point x € X there is a number ro > 0 such that for any arc 6 C X

starting at x we have
#O0NOB(z,r) =1

for any r € (0,7¢].

o If f£ € L>(92), then for every branching point x € X there is § > 0 such
that the set X N Bs(x) consists of exactly three CY'-arcs starting at x.

o If ff € L™(2) and x € ¥ is not a branching point, then the Hausdorff
dimension of the set k(x) is at least 1, where k : R?* — X stands for the
projection map on X defined a.e. on R2.

Since the proof of the above statement is quite involved and is not the
principal subject of this monograph, we only give few of its basic ideas. In
fact, to prove that the number of endpoints (hence that of branching points) is
finite, one shows that for every endpoint z € X' the mass 1)({z}) transported
to to it is nonzero, and, moreover, 1)({z}) > ¢ for some ¢ > 0 independent
of z. This is achieved by contradiction using an argument vaguely similar
to that of Section 6.1 in the sequel. Once one knows that the number of
branching points is finite, one proves that the latter are, in a certain sense
regular tripods, by means of comparing X with X', where X’ is obtained
by substituting, in a sufficiently small neighborhood of a branching point,
the part of X with the Steiner minimal tree connecting points of 3 on the
boundary of this neighborhood. The rest of the results are obtained by fine
blow-up arguments. For the details the reader is referred to [19, 63, 66].

3.3 Average Distance Problem

We consider in this section a slightly simpler situation which occurs when,
instead of transporting f* onto f~, the goal of the planner is to transport f*
on Y in the most efficient way. This corresponds to minimizing the total cost
over all the measures f~ concentrated on X and with ||f~|| = ||f*]; thus,
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denoting by MK (X, f*, f~) the cost of transportation of f* onto f~ with
network X, introduced in (2.9), the problem is simply

min { ME(Z, 5, f7) ¢ £~ € ME(@), 171 = 17 ) spt S~ € 2

We denote the latter minimum value as M (X). We are interested in min-
imizing the quantity M (X) over all admissible sets Y. In particular, when
A(t) = t, this leads to the so called average distance problem, formulated as
follows:

min{/ dist(z, X)f* () de : X C 2, X connected, S (X) < L)}7
7

which corresponds to finding a network X,,; for which the average distance
for a citizen to reach the closest point of X, is minimal. Notice that, since
there is no “movement” on X, the above problem does not depend on the
choice of the function B. Problems with a similar functional, with a fixed
set X also intervene in the study of equilibrium configurations of growing
sandpiles (see for instance [26]).

Although all the results of Section 3.2 cannot be just formally applied to
this problem, the techniques of the proof still work, and hence, the existence
result and the necessary conditions of optimality from Section 3.2 still hold.

We provide some numerical plots of the optimal network X, in the aver-
age distance case. In Figures 3.1 and 3.2 the set {2 is the unit square in R?
and f* = 1, while in Figures 3.3 and 3.4 the set 2 is the unit ball in R? and
again f* =1 (the dark dot is the center of the ball). All these plots are taken
from [17] and, since the problem has a great number of local minima, have
been obtained by using an Evolutionary Algorithm (EAs) with an adaptive
penalty method. For more details we refer the reader to [17].

We conclude this section by pointing out the question of studying the
regularity of optimal solutions X, under the connectedness assumption.

— || =

Fig. 3.1 Plot of X, with L =0.25 (left) and L = 0.5 (right).
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Fig. 3.2 Plot of X, with L =0.75 (left) and L = 1.25 (right).

Fig. 3.4 Plot of Xy with L = 0.25 (left) and L = 0.5 (right).

Even if we assume that all the data are extremely smooth, this revealed
to be a rather difficult issue, and very little is known, apart the Ahlfors
regularity of minimizers provided by Theorem 3.8 as well as the rather weak
regularity result given by Theorem 3.16. Nevertheless, one may expect that
every minimizer Y, is a finite union of (at least) C' curves; in other words,
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it is meaningful to conjecture that X, is (at least) C! regular outside a finite
number of branching points, any of which, at least in the case N = 2, is a 120
degrees regular tripod. For a more detailed discussion of the problem, as well
as for a list of open problems and conjectures regarding the case of optimal
connected networks, we refer the interested reader to [17, 19, 20].



Chapter 4

Relaxed Problem and Existence
of Solutions

In the general setting that we are considering, the existence of solutions (i.e.
Borel sets X' minimizing the functional § defined in (2.11)) may fail, as we
will see in the example of Section 4.3; this is why we introduce a relaxed
version of the problem. This relaxation is very convenient for a number of
reasons: first of all it deals, instead of Borel sets, with Radon measures, which
have a considerably better structure and nicer properties; moreover, it easily
admits solutions and, as we will see, it is possible to study these solutions and
to understand whether or not they are classical, i.e. of the form 7 'L X for
a set Y. Finally, we will give an interpretation of the meaning of the relaxed
problem, and generalize all the definitions that we presented in Chapter 2
for the classical setting. In Section 4.1 we introduce the relaxed optimization
problem and we show that it always admits a solution. In Section 4.2 we show
some properties of the relaxed solutions, in particular that there is a solution
1 € M*(£2) such that for some rectifiable set X one has p = a(z). " L X,
where a : X' — [0, 1] is some density; the relaxed solution p is then classical if
and only if a(x) = 1 for u—a.e. z € 2 and, in this case, u corresponds to the
rectifiable set {z : a(z) = 1}. In Section 4.3 we present a class of examples in
which all the solutions are not classical. Finally, in Section 4.4 we show that
there are classical solutions if the function D defined in (2.29) is concave in
the first variable, and that all the solutions are classical if this concavity is
strict.

4.1 Relaxed Problem Setting

First of all, we need to recall an easy abstract result.

Lemma 4.1. Let {C,,} be a sequence of closed sets of some metric space X
converging in the Hausdorff distance to C. Let moreover {v,} C MT(X) be
a sequence of measures weakly* converging to v € M1 (X). Then, one has

G. Buttazzo et al., Optimal Urban Networks via Mass Transportation, 37
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v(C) > limsup v, (C,) .

Proof. Since {C,,} converges in the Hausdor{f distance to C, having fixed any
¢ > 0 one has C,, C B.(C) for n large enough, where

B.(C)={z e X :dx(z,C) <e};
therefore, since B (C) is a closed set, one has

v(B:(C)) = limsup v, (B.(C)) > limsup v, (Cy,) .

The proof is completed noticing that V(BE(C)) N\ v(C) for e N\, 0. O

We now notice a couple of properties of dy and §: the first one is the lower
semicontinuity of dx; with respect to the weak™ convergence of the measures
ALY ; as a consequence, we can also show the lower semicontinuity of
the functional § with respect to the same convergence. Before showing these
properties, we define formally the convergence we are going to use.

Definition 4.2. Given a sequence {X,,} of Borel sets of bounded length, we

say that {X,} converges in the J' sense to X, shortly ZnﬁZ, if the
measures .7 L X, weakly* converge to the measure " L X in M* ().

Proposition 4.3. Let {¥,} ‘ﬁ X and 0, — 6 uniformly: then

n—oo

Moreover, for each z,y € {2

dx(z,y) <liminfdy, (z,y).

Proof. Applying Lemma 4.1 with C,, = 0,,, C = 0, v, = H' X, and
v = "L X, one obtains

AN %) > limsup S (0, N X,).
Therefore, setting
a:=H0\%), b:=H0ON%), l,:=H0ON%)—H0,n5,),

one has that [, < b and liminfl, > 0. Recalling then formulas (2.23)
and (2.24) for 0y, and the facts that A and B are nondecreasing, we obtain
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liminfdys, (0,) = liminf A(S'(0,) — A (0, N 2,)) + B(H (0,0 )

n—00 n—0o0

n—0o0

= Timinf A (" (0) = A0, 0 D)+ A0 0 D)+ A0\ 5) = A (0))
+B(%1(002) — (A 0N D) —%1(0nm2n)))

= liminf A(a + 1, + AN0,) — A 0)) +B(b—1,)

> liminf Aa +1n) + B(b — In)

>inf {A(a+1)+B0b—1): 0<1<b} =J(a,b) =0d5(0),

where the first inequality is due to the fact that a 4, is bounded, and hence
A is uniformly continuous, and to the inequality

A (0) < liminf S (0,,) .

Thus the first part of the claim follows. Concerning the second part, we argue
by contradiction: if it were not true that dy < liminfds , then there would
exist a pair x, y € £2 and £ > 0 such that

dEn (ZL"y) S dE(x7y) — €

for countably many n € N. According to Corollary 2.11 and Lemma 2.16, for
any n we select a path 6,, with

%l(en) S Lv 6271 (a’ﬂ) = dEn (x7y) :

Hence, up to a subsequence we can assume that #,, — 6 uniformly and that

0x, (0n) <ds(z,y) —¢

for any n. The first part of the proof ensures that

62(9) S djj(l’,y) —e< dﬂ(xay)a

which gives the desired contradiction and so also the second part of the claim
follows. a

The assertion below is a consequence of the previous proposition.

Corollary 4.4. The functional § is l.s.c. with respect the convergence in the

1
IO sense.

Proof. Tt {X,} jﬁ X, then

HN(E) =lim A (2,) < +0o.
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Further, by Proposition 4.3 one has
oy < I — liminfggn ,
and hence, by Lemma B.20 of the Appendix one has
Cx(n) <liminf Oy, (1)

whenever 7,—=7 in the weak® sense of measures. According to
Proposition 2.14, we may take 7, such that MK(Y,) = Cx, (n,); since
by Corollary 2.17 one may assume that the supports of 7,, are bounded in ©
by some constant L independent of n, minding that

1l =) = 1 a2y < +o0,

we get n,——n for some t.p.m. n up to a subsequence. Hence

MK(X) < Cxs(n) <liminfCyx, (n,) = liminf MK(X,);

moreover, from (2.10) we deduce
H(AN(%)) < liminf H(H'(2,))
and finally, by the definition (2.11) of the functional §, we deduce
§(2) < liminf F(Z,).
O

Let us finally introduce the relaxed version of the problem: we consider
as relaxed admissible networks all the nonnegative measures p € M*(£2),
identifying any classical network X with the measure .7¢ 'L ¥. In a standard
way, we define then the relaxed functional (using the same symbol with a
slight abuse of notation) as

F(p) == inf {hminf&'(ﬂn) : e%ﬂll_ﬂng*u} , (4.1)

n—o0

so that the relaxed optimization problem now reads
min{F(u) : p € M (2)}. (4.2)

It is worth remarking that, thanks to the lower semicontinuity proved in
Corollary 4.4, one has F(¥) = F(A"' LX), which justifies the above abuse
of notations.

We list now some properties of the relaxed functional §.

Proposition 4.5. The following three properties hold:

i) § is coercive, that is, §(in) — o0 if ||pn|| — o0;
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ii) § is l.s.c. in M™*(82) with respect to the weak* convergence;
iil) min {F(p): pe MT(2)} =
inf {S(Z) : X is a Borel set of finite length} .

Proof. This is a standard fact in relaxation theory, which follows for instance
from Proposition 1.3.1 and 1.3.5 of [16]. O

4.2 Properties of Relaxed Minimizers

In this section we show some properties of an optimal measure y, which exists
thanks to Proposition 4.5; first of all, we establish the existence of an upper
bound for the length of the paths contained in the support of optimal t.p.m.’s
related to a minimizing sequence of sets X, .

Lemma 4.6. There is a constant L > 0, depending only on A, 2 and H,
such that the following holds: given any minimizing sequence { X} for §, for
any n € N sufficiently large there is a t.p.m. n,, optimal for the functional
C's, , whose support is bounded in © by L. It is also possible to find a sequence
of t.p.m. {n,} with supports bounded in © by L, such that

Cs, () < MK(Z,) + ¢,

with £, — 0 (in the following, such a sequence is referred to as “almost
optimal with respect to Cx, 7).

Proof. Keeping in mind Corollary 2.17, to show the first assertion it is enough
to check that, for each sequence {X,,} minimizing § and n large enough, the
length %I(En) is bounded by a constant depending only on A, {2 and H.
To this aim, take [ > 0 such that

H(l)— 1> MK(®) =F0),

and notice that [ depends only on H, {2 and A but not on B. If %1(2) >1,
one has

3(D) > HA () > H() > §(0) + 1 > min{3(u) : pe M (2)} +1.

Therefore, if {X,,} is a sequence minimizing §, then ffl(ﬂn) < [ for n large
enough.

To show the second assertion for a sequence of t.p.m.’s almost optimal
with respect to C;, , we apply Lemma 2.13: taking, for each n € N, a t.p.m.
7, with support bounded in © by L and optimal with respect to C'x, , the
t.p.m.’a ae, 47, are almost optimal with respect to C'y, and their supports
are bounded in @ by L + &,,. O
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Our next aim is to study the properties of the optimal measures u: in par-
ticular, we want to determine whether or not a relaxed solution p corresponds
to a classical solution X.

Definition 4.7. A measure p optimal for the relaxed functional § is called
manimal if any measure v < u, v # 1 is not optimal for F.

Remark 4.8. Notice that, thanks to the lower semicontinuity and the coer-
civity of §, proven in Proposition 4.5, the existence of an optimal measure
for § is straightforward. In particular, the set of these optimal measures is
a non-empty, bounded and weakly* closed subset of M™(§2); therefore, since
the map pu — ||u| is weakly” ls.c., among the optimal measures p there
are those minimizing the norm |/u||. Finally, an immediate application of
Zorn’s Lemma gives us the existence of minimal optimal measures; more pre-
cisely, for any optimal measure p there exists a minimal optimal measure

wo<

A first property that we are now able to show is that any minimal optimal
measure is absolutely continuous with respect to .77 ' in fact, in most of the
cases all the optimal measures are minimal, see Proposition 4.20.

Lemma 4.9. Each minimal optimal measure is absolutely continuous with
respect to I

Proof. We argue by contradiction assuming the existence of a set B such that
A (B) = 0 but pu(B) > 0. Take a sequence {X,,} of Borel sets such that

X, = L 1

and §(X,,) — §(u), which is possible in view of the definition (4.1) of §. Fixed
now ¢ > 0, by definition of the Hausdorff measure we can take countably many
open balls B; with radii r;, such that S, := UB; contains B and Y r; < e.
Define then

Zn,e =2, \ Se, Hn,e = %H_Enﬁ .

Choose now an arbitrary path 6 € ©: we claim the existence of a path
a(#) having the same endpoints of § and such that

)\ S. €O\ S., A (a(0) N S:) < 2.

To show this fact, define 0; := 6 if 6 N B; = ); otherwise, fixed an arbitrary
parametrization of 6, let ¢; and ¢y be the first and the last instant such that
0(t) € By, and define 6; to be the path that equals 6 in [0,#] U [t2, 1], and
that is the line segment connecting 0(t) to 6(t2) in [t1, ). In this way,

0, \B1 CO\ B, A0, N By) < 2ry .
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Note that the map 0 — 6, is Borel since it is continuous on each of the sets
{0 €O :0nB #0}, {0eO:0nB =0}.

In the same way, replacing 6 by 6, and B, by By, we define 65 so that
03\ By C 0, \ By, A (0,1 By) < 2ry .
Analogously, the map 6 — 65 is continuous on each of the four sets

{0€60:0NB #0,0NBy#0}, {0€6 :0NB =0,0NBy # 0},
{0€0 :0NB=0,0NnBy#0}, {#€6 :0NB, =0,0NBy =10},

and hence is Borel. Iterating this procedure, we find a sequence {6,,} of paths
connecting #(0) and 6(1) and, by construction and recalling that >, r; <,
we deduce that the paths 6,, uniformly converge to a path a(#) which equals
0 outside of S. and with

AN a(0)NS) <D 2 <26,

so that our claim is proved. Moreover, each map 6 +— 0,, is Borel and hence
so is their pointwise limit « : @ — © (in fact, © is the countable union of
Borel sets on each of which the map « is continuous).

Applying now Lemma 4.6, we find a t.p.m. 1, whose support is bounded
in © by L and which is optimal with respect to Cx, . Since A is uniformly
continuous on [0, L], we denote by w its modulus of continuity. Then, for
every 6 € sptn,, one has by construction

AN a(0)N D) < A0 5,)
and
A (a(0)\ Eno) < A0\ 5,) + 2¢,
so that

05, . (a(0)) < 9z, (0) +w(2e);

as a consequence,

S(M’n,&) < 52,“5 (a#nn) + H(”Nn,e”) < 6En (Mn) +w(2e) + H(||tn)

— §(m) +w(22). (43)

since ftn e < p, by definition and H is nondecreasing. Since p,—=p and
tne < [n, Up to a subsequence we can assume that p, .— p. with p. < p.
In particular,

/’(‘E(B) < ME(SE) =0,

since S. is open and i, (S:) = 0 for any n € N.
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We select now a sequence €; \ 0, finding the measures y.; as shown above;
we can choose the balls By, related to each ¢; in such a way that Sg, C S,
whenever ¢ > j: as a consequence, we have

Hn,e; 2 Pne; whenever i>37.

Hence, passing to a weak® limit as n — oo (choosing a common subsequence
of indices), we have ., > pe; for i > j. Therefore, j +— pu., is an increasing
sequence of measures bounded by p and with the property that p., (B) = 0
for any j. We derive that p., converge strongly as j — oo to a measure fi
with

i<y, i(B) =0, F(m) < F(w);

the latter property immediately follows by (4.3) recalling the lower semicon-
tinuity of §, the fact that F(u,) — F(u), and passing to the limit in (4.3)
first as n — oo, and then as € \ 0.

The measure [ is then optimal because so is p; but

i(B) =0 < pu(B),

hence i # p; this contradicts the fact that p is a minimal optimal
measure. 0

We are able now to prove a stronger result, namely, that the minimal
optimal measures for § are concentrated on one-dimensional sets.

Lemma 4.10. Every minimal optimal measure p for § has the form
=o' L%
for a suitable Borel set X and a Borel function ¢ : ¥ — R™T.

Proof. Let u be a minimal optimal measure, so that thanks to Lemma 4.9
we have y < ", Thanks to Theorem 3.2 in [64], the thesis is achieved if

1(B(z,¢))
€

07 (i, ) := lim sup >0 for p—a.e. x. (4.4)

e—0

We prove now (4.4) by contradiction; to this aim, take a sequence
pin = HLZ,

such that

P S(p) =1limF(2y) .
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If (4.4) does not hold, there is a constant C' such that p(X) > C > 0, where
X ={x: 6f(p,x) =0}.

Fixed now a small § > 0 (that we will eventually send to 0), we know that
,u(X‘S) > (), defining
X0 = {x: 0(u,x) <d}.

We deduce that p(X?) > C for e small enough (depending on 4), where
X0 = {z: u(B(z,e)) < de}.

Note also that, since we used closed balls B(x,¢), the set X? is open.
Keeping fixed ¢ and ¢, for n large enough we define

Y=, \ X0

and fi, := "L X,,. We aim to show the existence of some K (§) — 0 such

that B
F(itn) < F(pn) + K(3). (4.5)

We claim that (4.5) implies the thesis. Indeed, let ps be a weak* limit of a
subsequence of {fiy}: since fi,, < py, and p1,—*> 1, one has ps < p; moreover,
since ji, (X?) = 0 and X? is open, we obtain us(X?) = 0 while u(X?) > C,
so that

sl < lull = C.

As a consequence, a weak* limit i of a subsequence of {us} as § \, 0 sat-
isfies @ < p oand ||g|| < ||p]] = C, hence i # p. But if (4.5) is true, as in
Lemma 4.9 §(7z) < §(u) and this contradicts the fact that p is a minimal
optimal measure. _

In order to get (4.5), since J#' (Xn) < Vi (Xn), recalling (2.11)
and (2.22), it suffices to show that for n large enough (depending on §) one
has

ds. (x,y) <ds,(z,y) + K(0) V(z,y) € 2 xN. (4.6)

By Lemma 2.16, we get that the functions d 5. and dy, are equi-uniformly
continuous over {2 x {2, since their moduli of continuity can be estimated by
means of the modulus of continuity of A in [0, L]. Therefore, by the bound-
edness of £2, it suffices to verify the inequality (4.6) for a finite number of
pairs (x;,y;), and hence for a given pair (x,y).

Let now (z,y) € 2 x £ be fixed and choose paths 6,, almost optimal
between x and y with respect to X, in the sense that

1
6271. (en) < d;n(x,y) + E .
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It suffices to show that
b5 (0n) < 0x,(0n) + K(9) (4.7)

for all n large enough. To show (4.7), we consider 6,, as parametrized by
constant speed and we recall that by Lemma 2.16 one can assume 2 (6,,) <
L for n large enough; hence, up to a subsequence, the paths 6#,, uniformly
converge to some path 0. We claim that there exists an n = n(d,z,y) such
that for every ¢ € [0, 1] and n > 7 one has

i (B(0n(t),£/2)) < p(B(0n(t), €)) + b . (4.8)
In fact, for each fixed ¢ € [0, 1] we have
un(g(ﬂn(ﬂ,%a)> gu(ﬁ(on(t‘),ge)) + e, (4.9)

whenever n > n(t,d,z,y). Since the paths 6,, are parametrized by constant
speed and have length bounded by L, then

F(@n(t), %6) c E(en@, % 5) 7 E(en(f), g g) c F(@n(t),e) . (4.10)
whenever -
[t —1] < oL

From (4.9) and (4.10) we deduce the validity of (4.8) for all n > n(t,d,z,y)
and for all ¢ satisfying
-
t—t| < —.
t=t <o
Hence, by compactness of [0,1], we get the validity of (4.8) for all n >
(0, x,y) (i.e. with i independent of ¢).
Take now n > 7(6, z,y) and t € [0,1] such that 6,,(t) € X?2: the definition
of X? and the above estimate ensure that

tin (B(6,(t),2/2)) < 26¢.

Setting then
D, =t —¢e/(2u,),t +¢/(2v,)],

where

vn = A0 (0,) = 10,,(1)]
for every ¢ € [0,1], one has that JZ" (6n(Dy)) = €, while
A5, (00(Dy)) < 1 (B(0n(t),2/2)) < 20 = 205" (0,(Dy)) -

Now we can cover 6,'(X?) by a finite number of intervals of the form of
D; in such a way that no instant ¢ € [0, 1] belongs to more than two such
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intervals. As a consequence, we immediately infer

A0,y > 7 E B0 XD)

> = (4.11)

so, defining
a:z%l(ﬂn\ﬂn), b::%ILEn(GnﬂXS), c:ze%ﬂll_in(ﬁn),
we may summarize what obtained by the equalities
05,(0n) = A(a) + B(b+¢), 05 (6,) =A(a+b) +B(c);  (412)
moreover,
at+b+c=wv, <L.
Finally, (4.11) and the definition of a, b and ¢ give

a+b+c>£
~ 45

This implies that b < 46 L and hence, by (4.12) and by the uniform continuity
of A on the compact set [0, L] C R, we get
05, (0n) = 02, (0n) = A(a +b) + B(c) = A(a) = B(b+¢)
< A(a + b) — A(a) <wa(44L),

where wy stands for the modulus of continuity of A over the interval [0, L].
Hence, (4.7) is proved with

K(0) :=wa(46L),
which therefore concludes the proof. a

We can go now further, showing that the set X in last lemma can be chosen
rectifiable.

Lemma 4.11. Any minimal optimal measure is concentrated on a rectifiable
set M.

Proof. Let us take an arbitrary optimal measure 3 and a minimizing sequence
B, = ALY, for the functional §, i.e. B,—=3 and F(B,) — F(3). The
strategy to achieve the conclusion will be to construct an optimal measure
1 < 3 concentrated on a rectifiable set: by Definition 4.7 of minimality of an
optimal measure, this yields the thesis.

If §(B) = F(0), there is nothing to prove. Otherwise,

K:=3(0)-3(8) >0,
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so that for n sufficiently large one has

50) 56 > 5

According to Proposition 2.14, for n large enough we take a t.p.m. 7, such
that

Cs, (1) — MK(X,) < F(0) —§(8n) — K/2.
Therefore,
| A ©) = A0 01 5,)) dn, >
A(NO) — (A O\ 20) + B(A (00 2,)) ) dn

C@( ) Cx, ()
((Z) 77n> >3(Bn) — MK(X,) + K/2
32 ) K(S,)+K/2 > K/z.

Y
@

(4.13)

Recalling that all the t.p.m.’s have unitary total mass, since

£ =1r1=1,

we deduce the existence of paths 6,, € sptn,, such that

A(S(00)) — A(H(0,\ ) = (4.14)

K
5
By Lemma 4.6, since 6,, € sptn, and the sequence {n,} is almost optimal
with respect to Cx;, , we may assume that

A (0,) < L

thus, thanks to the uniform continuity of A in [0, L], from (4.14) we infer that

Bn(0r) = ,%”II_Z( ) = (0,0 5,) = I (0,) — H (0, \ Sn)
“H(K/2),

where w stands for the modulus of continuity of A in [0, L], and w™!(K/2)
stands for the biggest number z > 0 such that w(z) < K/2 (this is a slight
abuse of notations, since w may be not strictly increasing). Since {6,} is a
sequence of paths of Euclidean length bounded by L we may assume, up to
a subsequence, that the paths 6,, uniformly converge to some path 6 € O,
thus in particular the respective traces 6,,([0,1]) converge in the Hausdorff
distance to C; = 0([0,1]). Again up to a subsequence, we assume that

ﬂn L ené* M1
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so that, since C is closed, we deduce that uy is concentrated in Cy: in fact,
for every open set U such that dist (U, Cy) > 0 one has

w1 (U) < liminf 5,0, (U) =0.

Thanks to Lemma 4.1, we have
laill = W (K/2).
Noticing that p; < 3, we obtain the estimates
B(C1) > m(Cr) > w H(K/2) > 0.

We want now to iterate the above argument: to this aim, we call

Y =2\ 0,

so that R B
B = A T8 — .

We use now an argument similar to the previous one: if (1) < §(5), then
11 is an optimal measure and we conclude. Otherwise,

K':=%(m) - 3(8) >0,

so that for n sufficiently large

!

pn = BB L 0) — §(B) — 5= >0

indeed, we know that §(3,) — F(3) and by lower semicontinuity of § one has

liminf §(8,L60,) > §(m) -

Arguing as in (4.13), choosing the sequence {n,} almost optimal for Cx (9,
is possibly different from the ones of the first step), noticing that

BuLb, = A" L(Z,N6,)

and recalling that

(X)) > A2, N0,

for any n, one has the relationship

Cs,n0, (M) — Cx, (M) > MK(X, N 0,) — MK(X,) — pn
= (L N6,) = H(A (2,00,)) = F(Z0) + H(A(Z0)) — pu
>8(2nNbp) —F(Zn) —pn = K,/2'
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Therefore, for n large enough, one has
/ A0\ D)+ 0N 2,0\ 0,) — A0\ 2,)) dny,
e
2/ (A O\ Z) + A7 (00 0\ 6,)
(]
+ BN S,) - ANON D, \ en)))
~ (A(ANO0\ Z) + B (90 50)) ) dnn

_ /@ (4@ O\ (Zan6.))

~—

+ B(AN0N (50 00,))) ) - 05, (6) di,

| X

= Csz,00,(1n) = Cs, (M) =

As before, we deduce the existence of a sequence of paths {0,} € sptn, of
lengths bounded by L and with

A(H 00\ Z0) + H (00 N S\ 02)) — A(H (00 \ 2)) >
so that

Bulon) = A (o, N T\ 6,) > w H(K'/2).

Again, by Lemma 4.1 we find a measure o concentrated in a curve Cy € @
of length bounded by L (Cy is the Hausdorff limit of the traces o,([0,1])),
such that

Bl o= pia and g2l = W™ (K" /2).

Recalling that £,—= 8 — p1, we deduce pq + po < .
We iterate this argument, finding measures u; concentrated in curves Cj
and such that

fin i= pir + p2 + o

is an increasing sequence of positive measures with /i, < 3; since || 5] < +o0,
we deduce that fi,, converges strongly to a measure pio, with puy < 5. Now,
by construction we have that

st = ]| = s} = & (i) = §(8)) /2)
but since fi,, — pi~ strongly, we infer that

Hﬂn+1 - ﬂn” — 0,
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then
o (§() —§(9)) /2) — 0.

Keeping in mind that w is the modulus of continuity of the function A in
[0, L], we infer that §(i,) — F(8) so that, by lower semicontinuity of §, the
measure i, is an optimal measure less than (3, as we were looking for. a

Summarizing, we know that there exists an optimal measure p concen-
trated in a l—rectifiable set X', and absolutely continuous with respect to
A" Tt follows that p = @' X, so we found a relaxed solution which is,
in a certain sense, similar to the classical one: if ¢ = 1, we have indeed a
classical solution. We will prove in a moment that ¢ < 1: this is quite rea-
sonable, since we can imagine that covering a path with ¢ > 1 has a cost
strictly greater than covering the same path with ¢ = 1: even though this
argument is far from being formal, this is more or less the idea of the proof
of Theorem 4.14. On the other hand, the case ¢ < 1 is not meaningless: in
fact, following a path of length [ on a network where ¢ = p € [0,1] can be
interpreted as covering a length pl by train and the remaining (1 — p)l by
own means, which may be, in some cases, better than covering the whole
length [ by train. More precisely, one can imagine that in some situation this
is indeed the best case, which is exactly what we will prove in the exam-
ple of Section 4.3. This intuitive discussion will become clearer in light of
Proposition 4.15.

In the sequel, we will use for simplicity the following notation.

Definition 4.12. We denote by M (£2) the set of those measures p €
M () which can be represented as

p=pA' LY,

where X' is the union of countably many Lipschitz paths of uniformly bounded
length, and
p: X —10,1]

is a Borel function.

Definition 4.13. Given a path 6§ € ©, and given two points of ¢, namely
P =46(s) and Q = 6(t) with ¢ > s, we will denote by PQ the path 0L [s,t] €
©; we will use this notation only when the particular path 6 containing P
and @ will be clear from the context.

We show now, as anticipated, the existence of an optimal measure p with
@ < 1. In view of Definition 4.12, we can equivalently say that there exists
an optimal measure u € M (£2).

Theorem 4.14. There is an optimal measure p € M (£2); more precisely,
each optimal measure (. which is minimal in the sense of Definition 4.7 be-
longs to M{ (£2).
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Proof. Let p be a minimal optimal measure, which is concentrated in a rec-
tifiable set
Y = Uient;

where the paths 0; € © have lengths bounded by a constant L by Lemmas 4.6
and 4.11. Let {X,,} be a minimizing sequence in the definition of F(u), that is,

M = %1I—En$ﬂ

and F(in) — F(u). We claim that u € M7 (2): if it were false, there would
be an index ¢ € N and a Lipschitz path

Ay=PQCO;CX

such that pu(Ag) > A (Ay).

In order to find a competitor to u, that will lead to a contradiction, we
fix an € > 0 (that we will eventually lead to 0) and we let C. to stand for
the open e—tubular neighborhood of Ay, that is the set of those points of {2
the minimal distance of which from 6; is strictly less than € and is reached at
some point of Aj. Notice that, up to an arbitrary small movement of P and
@, Ay can be chosen in such a way that, for all € > 0 except for countably
many,

n(0C:) =0, and VneN, pu,(0C.) =0. (4.15)

In the rest of the proof, we deal only with numbers £ > 0 for which (4.15)
holds.
We now set, for any n,

e = (2, \ Co) U Ay, fine =T (4.16)

In short, from every X,, we drop the whole tubular neighborhood C., and
then we add the curve 4.

We want now to check that §(X, ) is not much larger than F(%,). To
this aim, we fix a § < €2 and we define Ds C C. the d-tubular neighborhood
of the part of Ay having distance more than e from both P and Q; formally,

Ds = {m €Q:3yc Ay, H(Py) >e, A YQ) > ¢,
dist(z, Ag) = ly — x| < (5}
(see Figure 4.1). Notice that, since p is a finite measure, we have

w(Ce) = pu(Ao) + Ki(e)

with K (e) — 0 and, exactly as in (4.15), for all but countably many ¢ one
£—

has
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C:
N Q
. ~
Fig. 4.1 Construction of the proof of Theorem 4.14
,u(@DE) =0, and VneN, u, (aDE) =0. (4.17)

Moreover,
Yo == Ns>0Ds

is a Lipschitz path (since it is contained in Aj), namely the part of Ay made
by those points having distance more than ¢ from both P and Q: therefore,
for any 6 > 0 one has u(Ds) > p(X.). Since

(X)) /" p(Ao) as e\ 0,

it follows that

pu(Ce\ Ds) < pu(Ce) — p(Xe) = Ki(e) + p(Ao) — p(Ze) = Ka(e) ,

where again Ks(¢) - 0. Recalling that p,—=>pu, (4.15) and (4.17), we
E—
derive that
Hn (Cs \Dé) - .U(Cs \D(S)

as n — 0o, and hence, for n large enough, one has
Ln (C’E \ Dg) < 2K5(e). (4.18)

Using the projection map from the tubular neighborhood C; onto Ay, which is
defined for all sufficiently small £, we may define a Lipschitz map «s : 2 — (2
such that (recall that § < £2)

i)ag=Id in 2\C.;
i) as5(x) € Ay Va € Ds;
iii) for a.e. 7 € 2, [Vas(z)| < (1 + 3¢);
iv) |as(z) —z| <eVz e (2.
We want now to define a Borel map r : © — © such that r(6) is a path with

the same endpoints as 6 and with the property that, if %1(9) < L and n is
large enough,
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6x,.(r(0) <éx,(0) + K(e) (4.19)

for some K(¢) — 0. To do that, we set

r(0) =01 (as00) -0y,

where 0; and 0 are the segments connecting 6(0) with as(6(0)) and as(6(1))
with 6(1) respectively. Therefore, by construction and recalling the proper-
ties iii) and iv) above, one has

A (r(0)) < 26+ () +3Le = S (0) + K(e) (4.20)
where again K3(e) — 0. Write now 6 = 6, U 0, U 6., where
eagg\caa HbgCE\D(S) ech(S:

we consider now separately 6,, 8, and .. Concerning 6, by the property i)
we have as(0,) = 0., so that by (4.16)

A (5(0a) \ Tne) = A (0 \ Z) - (4.21)
Concerning 6, by (4.18) we know that
T (50 N O) = pin (0p) < 2K5(e)
then, also by property iii), one has

A (05(80) \ D e) < (L4 32) 7 (8) < A (60) + 3Le

) (4.22)
<A (0, \ Xn) +2Ks(e) + 3Le.
Finally, concerning 6., we know by ii) that
046(90) g AO g En,s
so that
A (as5(0:) \ Tpe) = 0. (4.23)

Recalling now that
7(0) = as(0a) U as(0p) U as(6e) U b1 U 0
and putting together (4.21), (4.22) and (4.23), we derive that

A (r(0)\ Bn) < O\ 50) + Kale),
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where again K, —0> 0. As a consequence,
E—

0<l:= (jfl(e \ S)— A (r(0) \ Z)+ Ks(e)+ K4(5)) NS (0) N S.2)
<A (rO)NZ,.).

Making use of the formula for dx given in Proposition 2.18 and also by (4.20),
we deduce (recall that 7" () < L and denote as usual by w the modulus of
continuity of A in [0, L])

dx, . (r(0)) < A (r(0)\ Zne) +1) + B(A (r(0) N Zne) — 1)
S A0\ D) + Ks(e) + Ka(e))
+B(0v (A (r(0)) = A0\ Ta) — Ksle) — Ka(e) ) )
A0\ 30)) + w(EKs(e) + Ka(e))
+B(0v (%1(902 — Ky(e ))
< 65, (0) + w(IKs(e) + Kile)) -

then we finally proved (4.19) with

K(e) = w(Kg(a) + K4(5)) .

Take now any t.p.m. n such that ,%”1(9) < L for all # € sptn. By construc-
tion rxn is another t.p.m., so recalling Proposition 2.14 and thanks to (4.19)
we derive

MEK(Zhe) < Cx, (rgn) < Cx, (n) + K().

As we already noticed in Lemma 4.6, one can take such a t.p.m. n with
Cx, (n) arbitrarily close to M K (X,,), therefore we deduce

MK (Y,.) < MK(X,)+ K(e). (4.24)
Due to (4.15),
lim g1, (C2) = p(Ce) = p(A) > A (A) .
Hence, at least for n large enough, one has
S (Zne) < H(5y)

(recall the definition (4.16) of X, o). Together with (4.24), this ensures that
for n large enough one has

F(Zhne) <8(Zn) + K(e).
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Up to a subsequence, we may assume [, c—— .. Thus, minding that
n—0o0

,U/n,e S Mn V (%II—AO) )

we get
pe < pV (AL A).

In particular,
pe(2\ C:) < pu(2\ Ce),
and also 11:(0C:) = 0. On the other hand, the latter fact implies
MS(CE) = lim Nn,e(cs) = %I(A())a

n—oo

while u(C.) > p(4p). Therefore,

el < pe(2\ C:) + <%01(A0) < |lull = pu(Ce) + <%I(AO)

. (4.25)
< |l = 1(Ao) + 2 (Ao) -

Finally, by the lower semicontinuity of § and since §(u,) — §(u), we know
that

B(1e) < liminf §(pm o) < liminf F(pn) + K (€) = §(1) + K (<)

Let us call now 1y a weak™ limit of some sequence p., with €; — 0 for
j — oo: since K(g;) — 0 we have, again by the lower semicontinuity of §,
that §(vp) < F(p), and hence vy is optimal. On the other hand, since

pe < pV (AL A),
by (4.25) and the lower semicontinuity of the norm one has
v SpV (LAY, ol < llull = p(A0) + A (M) (4.26)

Summarizing, starting from a Lipschitz path Ay such that u(4g) > %I(Ao),
we constructed a measure vy which is optimal for § and verifies (4.26). In
the very same way, the construction above also works if 4 is replaced by a
finite union of disjoint Lipschitz paths. We are then going to define a sequence
{ Ak }ren of finite unions of disjoint Lipschitz paths contained in Ay: to this
aim, for every integer k, we divide 4y = Fé in k subpaths A¥ i =1,... &k
of the same length t%”l(ﬁ@)/k‘, and we define Ay, as the union of all A¥ for
which
wAL) > (A

As already said, we can repeat the construction above with Ay in place of
Ay, obtaining a measure v, which is optimal for § and such that
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ve S pV (A LA,

4.27
lall < llull = p(Ax) + A7 (Ar) < |l = w(A0) + A (Ao) 2

where the last inequality follows from the fact that
A\ Ap) < A (Ag\ Ay).

Finally, passing to the limit as k — oo, there is a measure v such that, up to a
subsequence, vy—=v. By lower semicontinuity the measure v is optimal for J;
moreover, writing p = .7 'y according to Lemma 4.10, by construction
one has

LN Az € PQ: p(z) >1}.

Hence, the limit in (4.27) gives
v < uV (A Up(@) > 1)) =, vl < lull = p(do) + 27 (A0) < lull,

so we found the desired contradiction to the fact that p is a minimal optimal
measure. 0

We give now a useful representation of §(u) for a measure u € M (£2).

Proposition 4.15. For any u € M{(2) one has

S(p) = ME(p) + H([|l) (4.28)
where
MK (p):=inf {Cy(n) : nis a t.p.m.}, (4.29)
Cutni= [ 5.(0)dn(d). (430)
8,(0):=A(H"(0) — u(0)) + B(1(0)) . (4.31)

Remark 4.16. We point out that equations (4.28), (4.29), (4.30) and (4.31)
are the generalizations of (2.11), (2.9), (2.8) and (2.2) respectively. Note also
that, in order for these equations to make sense, it is necessary that u €
M), ie. p= oA"Y with ¢ < 1. Otherwise, if 4 has parts of dimension
lower than one, or with dimension one but density greater than one, then
' (0) — u(0) could be negative, which is meaningless. On the other hand,
if 4 has parts of dimension greater than one then those parts have no effect
in (4.31), and so we implicitly need to make use of Lemma 4.11. We also
remark that the above result is extremely useful: in fact, it allows to evaluate
the cost § of any measure p making use of the transport path measures,
exactly as one does for the sets X, instead of working with optimal sequences
of sets as we needed to do until now.
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We may now prove Proposition 4.15.

Proof (of Proposition 4.15). Having taken (4.29), (4.30) and (4.31) as defini-
tions, we need to establish (4.28).

First of all, it is useful to compute, exactly as in (2.13) and (2.21), the
relaxed envelope Su of 6,, with fixed endpoints, and the corresponding gener-
alized cost C,,, as well as to generalize the definition (2.5) of the distance in
(2 and of the cost I5; in the obvious way:

5,(0) := inf {liminf 5,(0,) = 0,(0) = 0(0), 0,(1) = 0(1), 0, 2 9};

n—:o0

Col)i= [ 6,(0)an(0):
(4.32)
dy(z,y) =1inf{6,(0): 6 €6O,000) ==z, (1) =y};

(7) //m du(z,y) dy(z,y).

Then, as in Proposition 2.14, one shows that

MK (u) =min{I,(y) : v is a transport plan}
=inf{C,(n): nisat.p.m.} (4.33)
=min{C,(n): nisat.pm.};

moreover, as in Proposition 2.18 one has
5,(0) = inf {A(%l(e) —u(0) +1) + B(u(®) —1): 0<1< u(e)}

4.34
:mf{A(%l(e) -)+B(): 0<i< u(e)}. .

Consider now any sequence of closed sets {¥,} such that 7 1I_Z‘né*u:
given any sequence of paths 0,, — 6, we claim that

0,(0) < liminf o, (6) - (4.35)
In fact, by Golab Theorem we know that
A (0) < liminf 52" (6,),
and on the other hand by Lemma 4.1 one has

1(0) > lim sup f%”ll_En(Hn).

This gives (4.35), since recalling (4.34) we get
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5.,(0) = inf { A(S(0) 1) + (l) 0<1<u0)}
< liminf mf{A(,%ﬂl +B(1): 0<1< o) Affl(on)}
< liminf inf {A(%”l ) +B(l): 0<1< p(0) A ffl(%)}
< timinf inf { A(A"(02) — 1) + B(1) : 0<1< u(0) A AL S0 (0) }
= liminf inf {A(A"(6,) — 1) + B(1) : 0<1< L5, (0)}
= liminf 5, (6).

Hence, we proved the I" — liminf inequality (4.35). Take now any sequence
of t.p.m.’s n,, optimal for C'y_, and let n be a weak* limit (possibly, up to a
subsequence) of {n,}. By Lemma B.20, we have

MK () < Tyuln) = /@ 5,(6) dn(6)

< / liminf &5, (0) dn(6) gliminf/ S, () dn,(0)
e 6

=liminf C's, (n,) = liminf MK (X,).
n—o0

n—0o0

Since it is also true that
H(|lp)) < liminf H (7" (5,))
because H is l.s.c. and nondecreasing and since
|| < liminf || L X,|| = liminf 52" (%,),
it follows that

M (1) + H () < liminf ME(S5) + H(| Sal]) = liminf §(5)

Recalling the definition (4.1) of § for general measures, we get

§(p) = MK () + H([|ul]) ,

so that the first inequality in (4.28) is shown.

We show now the opposite inequality: thanks to Lemma 4.18 below, there
exists an optimal t.p.m. 7 for p (that is, a t.p.m. n with C,(n) = MK (u))
with sptn contained in the subset of ©® made by all the paths of length
bounded by L. Then, since p € M7 (£2), we can write u = AL X, and we
can consider X to be the countable union U;0; where each 6; is a Lipschitz
path of length bounded by L. We define then Y, as follows: we take the paths
0; for i = 1,2, ..., n, we divide each of them in the union of n subpaths
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01, 0i2, ..., 0;, of length %I(Hi)/n, and finally we let 5, be the union of
n? closed connected subpaths, each of which is contained in 6; ; for (i,j) €
{1, 2, ..., n}* and with length u(6; ;). Note that this is possible thanks to
the hypothesis ¢ < 1, since it implies L%”I(HM) > (i)

One notices that the characteristic functions x s, | &~ — R converge to ¢
weakly* in L>(X)), thus for any 6 € © one has

ffll—En(ﬂ)=/2X2n(8)xe(8)dﬁfl(8)H/Zw(S)Xg(S)dﬁl(S)Zu(@,

and hence - -
limsupdx, (0) < 0,(0).

n—0o0

We use now the Dominated Convergence Theorem, which is possible since,
on the set of paths of length less than L, dx;, is bounded by a constant that
does not depend on n (indeed, &5, () < A(c%”1 (6)) < A(L)); we obtain that

liminf MK (%,) < liminf Cy, (1)

n—o0 n—0o0

n—=o0 n—o00

= liminf/ Ss, (0)dn < / limsup s, (0) dn (4.36)
e e
< [ 8.0)dn =Tyl = ME ).
Since by construction
AN (2n) = |l VneN
and "L X,—> p, from (4.36) it follows

§(n) < liminf §(£,) = lim inf MK (Z,) + H(A(2,))

n—o0

= liminf MK (X)) + H(||u|)
<MK (p) + H(||lpl) -

The second inequality in (4.28) is then shown, so the proof is complete. 0O

We prove now the generalizations to the relaxed functional § of some
properties that we already encountered for the original functional in Propo-
sition 2.3, Lemma 2.16, Corollary 2.17 and Proposition 4.3. All these proper-
ties can be obtained in a very similar way to those of the original functional.
It is convenient to introduce for this purpose the new set of measures

M;,o(@) = Argmin{C,(n) : n a t.p.m.}.

Lemma 4.17. For any measure y € M{(£2), the following properties hold:
i) the distance d,, is continuous;
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it) there exists an optimal t.p.m., that is a t.p.m. Nopt € M;MQ);
iii) for any Nop, € M:,O(@), one has that spt e is contained in the set of
all geodesics with respect to d,,.

Proof. By construction, the function 6 — §,(6) is lower semicontinuous: as
a consequence, for any pair (z,y) € 2 x {2 the distance d,(z,y), introduced
in (4.32), can be equivalently defined as the minimum of 6,(f) among the
paths 6 € © connecting x and y; as in the classical case, we will call geodesics
these minimizers. Recalling again the lower semicontinuity of 4, it follows
also immediately that the set G of the geodesics is a closed subset of @, as
well as the lower semicontinuity of d,,. The proof of the upper semicontinuity
of d, is identical to the classical case, making use of the continuity of A and
of Lemma 2.1 (which clearly holds also when X' is a countable union of paths
of uniformly bounded length); hence, i) holds.

Concerning the existence of an optimal t.p.m. , this is also obtained exactly
as in the classical case: the existence of an optimal transport plan o, i.e. a
measure v minimizing I,,(y) as defined in (4.32), is again standard. Moreover,
the closedness of G and the existence of geodesics for each pair in 2 x 2
ensures again the existence of a Borel map

q:2x2—6

associating to any pair of points a geodesics connecting them; finally, the
t.p.m. g4Yopt is clearly an optimal t.p.m. thanks to (4.33); therefore, also ii)
is shown.

Finally, the property iii) is proved again as in the classical case: thanks
to (4.33), any optimal t.p.m. is concentrated in the set G of the geodesics;
therefore, since this set is closed as already remarked, the whole support of
any optimal t.p.m. is contained in G. g

Lemma 4.18. Given any p € M{ () there exists a constant L depending
only on A, 2 and ||u|| such that for any pair (z,y) € 2 x 2 the FEuclidean
length 7" (0) of some geodesic 0 connecting x and y (in particular, of each
geodesic if A is not constant for all values large enough) is bounded by L.
In addition, there exists an optimal t.p.m. n for 6# (in particular, each op-
timal t.p.m. if A is not constant for all values large enough) such that sptn
s contained in the set of paths 0 with Euclidean length bounded by L.

Proof. For the first part, one can simply adapt the proof of Lemma 2.16 to
this case; one only has to notice, as we already did, that Lemma 2.1 is true
also in the case when X' is the union of countably many paths of equibounded
length.

The proof of the second part, also in light of Lemma 4.17-iii), can be made
exactly as the proof of Corollary 2.17. O

Proposition 4.19. Given u € M{ (£2) and a sequence {u,} € M{(£2) such
that p,—= p, one has that
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0, <I'—liminf o, ,

that is - -
0,(0) <liminfo,, (6,)

whenever 6,, — 0 uniformly. As a consequence, d,, <liminfd, .

Proof. Take any sequence 6,, of paths uniformly converging to some path 6;
therefore,

1(0) > limsup g, (0,)
by Lemma 4.1, and on the other hand

() < liminf A7 (6,,)

by Gotab Theorem. We can argue exactly as when we showed property (4.35)
in the proof of Proposition 4.15 to obtain

5,(0) <liminfé,, (6,),

so the first part of the proof follows.

Concerning the second one, given any pair (z,y) € {2 x {2, we can choose
according to Lemma 4.18 paths 6,, having Euclidean length less than L and
being geodesics with respect to d,,,, that is 0., (6,) = d,, (z,y). As usual,
we can assume up to a subsequence that 6, — 6 uniformly as elements of
C([0,1], £2) and in the Hausdorff distance as closed subsets of 2. Recalling
the I'—liminf inequality shown above we conclude, since

du(z,y) <6,(0) <liminfé,, (0,) =liminfd, (z,y).

n—o0 n—o0

O

We remark now what follows: in Lemmas 4.9 and 4.11 and Theorem 4.14,
we showed the existence of some optimal measure respectively which is abso-
lutely continuous with respect to ¢’ 1, which is concentrated in some count-
able union of curves of uniformly bounded length, and which belongs to
M (2). In fact, we were able to prove that the above properties are satisfied
by any minimal optimal measure. Roughly speaking, if p is an optimal mea-
sure and y’ < p is minimal and optimal, we proved that the part u—u' of the
optimal measure is “useless”; formally, we can say that the part u—p' < p is
useless if d,, = d,y, and then MK (pu) = MK (1) and F(p) > F(i'). It is now
quite easy to guess that, often, a stronger assertion than the one of the above
lemmas is true, namely that all the optimal measures possess the desired
properties: this holds whenever the presence of a useless part of an optimal
measure is impossible, that is, when each optimal measure is minimal. This
is certainly true, for instance, in the two situations considered in the next
proposition.
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Proposition 4.20. All the optimal measures are minimal in each of the fol-
lowing cases:

e the function H is strictly increasing; (4.37)
B'(s) < A'(t) for every s € RT, 0 <t < diam (£2) and

4.
fT = [ is not concentrated on a set of finite H' -measure . (4.38)

Proof. The first situation is clear: indeed, as noticed before, if there is a
non-minimal optimal measure p, and so a non-null useless part p — g/, then
MK (u) = MK(i'); by the strict monotonicity of H, H(u') < H(u), which
leads to the contradiction §(u') < F(p).

Let us then consider the case (4.38), and assume by contradiction the
existence of a non-minimal optimal measure p, and then the existence of
an optimal measure ' strictly less than p: take then an optimal t.p.m. 7
and notice that the conclusion is proved if the set of the paths 6 such that
w'(0) < 36”1(0) is not n—negligible. Indeed, in this case, we could replace
1 — i/ by the measure HO 0, — ul_6y, for a suitable 6, € © satisfying

0 < A" (0p) — p(B0) < |l — 1] -

Hence, thanks to the assumption B'(s) < A’(t), this would provide a strictly
positive gain because an n-nonnegligible set of paths can be changed so as
to strictly decrease their costs (this can be made rigorous arguing as in
Lemma 6.9 below). We can then assume that for n—a.a. paths 6 we have
1(0) = A (0) so that, denoting by X the set where y/ has "' —density
equal to 1, one has " (0) = "' (§ N X); the contradiction with (4.38) will
now follow by proving that f™ — f~ is concentrated on a set of finite length.
To this aim, we select paths 6, € @ almost maximizing

Vi (9 \ u;;—;ei)
among all paths for which 7' (\ ¥) =0, i.e.

HN0,\2) =0,
1

A (0a\Ui205) Zsup {7 (0\ Uz30,), A0\ D) =0} — o

Setting now X' := U6, up to adding to X the " —negligible set U, 8, \ X,
we can assume that X’ C Y. Moreover, by construction of X’ we have that
HN(Z) < AHN(D) < ||| < +00,

0N s — (4.39)
0\ X)) =0 for n—a.a. 0 € 6.

Notice now that X’ is a countable union of pairwise disjoint and pathwise
connected components X, (each X, is the union of some of the paths 6,,).
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Now, we say that the pair (X, X;) is connectible if there is a path 6;; € ©
such that

%1(6‘”\2/):0, %1(9¢jﬂ2i)>0, %1(01‘jﬂ2j)>0.

If (X, %)) is connectible, adding to X’ the A" —negligible set 0; \ X' we
have that X; and X; belong now to the same connected component of X'
Iterating countably many times this procedure, we end up with a set X"
for which (4.39) still holds; but by construction X” is made by countably
many connected components (since so is X'), still denoted by X;, and no pair
(X, X;) is connectible; again up to adding to X" a S —negligible set, we can
also assume that all X; are closed. As a consequence of (4.39) and of the fact
that the different connected components of X" are not connectible, n—a.e.
path 0 is entirely contained in a single X;; hence, recalling the definition of
t.p.m., we deduce that f© — f~ is concentrated on the set

{9(0)u9(1); JieN, 6C Ei} cx

of finite length. The desired contradiction to (4.38) then is found, and the
proof is completed. O

Summarizing, we know now the existence of optimal measures u € M7 (£2):
any such measure can be written as u = @77 'L X with X a rectifiable
Borel set and ¢ : ¥ — [0,1] a Borel function. In particular, the measure
corresponds to a set if and only if

pz)=1 for p—a.e. x € £2.
Definition 4.21. The set
M3 (£2) S M (£2) € M™(02)

is defined as the set of all measures 7' X for some set ¥ contained in a
countable union of Lipschitz paths of uniformly bounded length. Therefore,
1= o LY belongs to M (£2), if and only if p(z) = 1 for p—a.e. z € 2.

As we discussed before Definition 4.12, one can expect the existence of
optimal measures contained in M7 (£2) \ M3 (£2). Indeed, as we anticipated,
there are situations in which some optimal measure (or even all the optimal
measures) are contained in M7 (£2)\ M3 (£2): we give such an example in the
next section. In that example, as in many others through the monograph,
the situation is basically one-dimensional; this means that f*, ¥ and almost
all the paths 6 are contained in the same segment. However, recall that the
ambient space is always at least two-dimensional, as we explained in the be-
ginning of the monograph. We point the reader’s attention to the importance
of this fact: indeed, even in these essentially “one-dimensional” situations, the
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fact that the ambient space has a higher dimension is crucial; otherwise, the
setting of the problem should have been different in order to be meaningful.
Roughly speaking, if the space is one-dimensional then one cannot walk “close
to the railway” because there is no room to do that; thus, however expensive
the train ticket is, the passenger has no choice and is forced to buy it.

4.3 Non-existence of Classical Solutions

In this section we present a situation in which no optimal measure p corre-
sponds to a set, that is & M3 (£2) for any optimal measure u. More precisely,
it will appear that whenever A and B are strictly convex, one should expect
that no optimal measure corresponds to a set, so that the cases when there
is an optimal measure pu € M; (£2) will be exceptional.
To do that, we take
2 =10,2]* CR?,

we assume that A = B is a strictly convex and C! function, that H(s) = 0
for all s € [0,1] and H(s) > 0 for any s > 1, that

fH <L (0,2 x {0}),
and that
F1([0,5] x {0}) > ([0, s] x {0}) V0o<s<2. (4.40)

We will denote for brevity by f* and f~ also the densities of f* and f~
with respect to 7, and we will write for convenience z = (z,0) € 2 for any
real number z € [0, 2]; finally, we assume that f* and f~ are strictly positive
inside [0,2] x {0}. It is clear that all optimal measures p are concentrated
n [0,2] x {0}: otherwise, projecting p on [0,2] x {0} would provide a lower
value in the cost §.

Take now an optimal measure

p=p(x) 2 L[0,2] € M{(2)

and notice that, for any <y in [0, 2] one has

W@ = gy A=)+ B0 (4.41)
CAy—a—0)+AQ),  where 1= YT au(ng).

Since the map
t—Aly—z—1t)+ B(?)
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has its absolute minimum at ¢t = (y — x)/2, from (4.41) we get

e A(157) 5(157) =24(57).

(4.42)

Note that in the above calculations we used the convexity of the function A;
moreover, the inequality (4.42) holds strictly if and only if

due to the strict convexity of A.

We present now a well-known property of the transport problems, namely
the cyclical monotonicity, which is introduced and shown, for instance,
in [1, 36, 60]: this property says that, whenever v is an optimal transport
plan,

(4.43)

du(p.q) +du(p',q) < dulp,d)+du(',q0) Y(p.q), (', q) €spty.

The following property is a consequence of the cyclical monotonicity.

Lemma 4.22. In the hypotheses of this section, for any optimal transport
plan v one has

whenever

T < T2 == Y1 < Yo (Z1,71), (T2,72) € spty. (4.44)

Proof. First of all, we underline that since v is an optimal transport plan
then for any (z,y) € spty one has < y thanks to (4.40): this is a stan-
dard and well-known fact, since otherwise one can easily find a contradiction
with (4.44). Therefore, to show the claim of the lemma it is sufficient to take

0<r <o <y<2

and to show that

adu — =7 8du =
83} (xlay) > ay (x27y)a

denoting by 9d,,/Jy the partial derivative of d,(Z,y) relative to the vector
(1,0) in the variable g. To show (4.45), keeping in mind (4.41) we define

(4.45)

y’*xl =
5 A ([T, Y']) s

Y —
2

I := l~1::y'—z1—ll7

Iy : A p([@2,9]), ly:=y —x9— 1y,

so that

d.(@1,y') = A(l) + B(Ly) and

ol

d.(72.y) = A(l) + B(l) . (4.46)

Again using (4.41), recalling that z1 < x9 it is immediate to deduce that
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Zl Z ll and ZQ Z ZQ; (447)
lh > 1, I > 1y and at least one of the inequalities is strict: (4.48)

the last assertion is obvious since
htlh=y—az1>y —a0=1l+1D.

Up to an error o(e) we can now write, using (4.41) and (4.48), the following
estimates:

4T TFE) — T ) = (1= ) K@)+ AW) +0(0) (44
du(@z,y +€) — du(T2,y) =e((1 — c2) A'(l2) + 2 A'(I2)) + o(e) ’

where the constants ¢; and ¢, are defined by

- o(x) ifl1<l:1, o o(x) iflg<l:2,
b () A1/2 ifly =1y, e ()A1)2  ifly =1,

notice that 0 < C1, C2 < 1 since n e M7 ($2)). Fi lally, we conclude consid-
1
ering separately the three possibﬂities:

Case I. ¢y = ¢ .
In this case, (4.45) follows directly from (4.49) recalling (4.46), (4.48) and
the fact that A’ is strictly increasing since A is strictly convex and C'.

Case Il. c; < c3.
As in the first case we have

(1 =) A (L) + e A'(l) > (1 — ) A'(ly) + e A'(Iy) 5
with the hypothesis ¢; < ¢g, by (4.47) we deduce
(1—61)A(l1)+61 A/(ll) (1_C2)A/(Z1)+CQA,(Z1),

and therefore (4.45) is proved also in this case.

Case III. ¢; > ¢ . B
Recalling the definition of ¢; and cg, this case is possible only if Io = [5; but
then by (4.47) and (4.48) we infer that

L>lh>l=1,

so that (4.45) follows immediately by (4.49) and the fact that A’ is strictly
increasing. a

We point out now another well-known fact, i.e. that there is a unique
optimal transport plan 4 between f* and f~ fulfilling property (4.44), hence
by Lemma 4.22 a unique optimal transport plan. Otherwise, there would be
two optimal transport plans v and 72, a number x € [0,2] and two numbers
y1 < y2 € [0,2] such that
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(Z,71) € spty, (Z,72) € spty2 \ sptyr .

By (4.44) and recalling that f* and f~ are assumed strictly positive in [0, 2] x
{0}, it follows the existence of some =’ > x and y; < 3 < yo such that
(Z',7') € spty1. By the linearity of the cost (2.6) with respect to v, it follows
that also

_mt7
7T
is an optimal transport plan; but (7, %:) and (¥',7') are two pairs in spt~y
against (4.44); therefore, the uniqueness of the optimal transport plan 7 is
established.
Set now t(x) =y for x € [0, 2], where y € [0, 2] is the unique number such
that

Fr([0,2] x {0}) = £ ([0,5] x {0}).

This is a well-defined continuous function thanks to the assumption that f~
is strictly positive, and moreover one has t(0) = 0, ¢(2) = 2 and t(z) > = for
0 < z < 2 by (4.40). The unique optimal transport plan 7 is given by

3= (Id, D) f*,

where £ : [0,2] x {0} — 2 denotes the map #(Z) := t(x). Moreover, from the

equality
T t(x)
| rrwas= [ e

and the strict positivity of f~, one has that the derivative ¢'(x) exists and
is strictly positive for a.e. 2 € [0,2]. In words, the transport plan moves the
mass from each point

z €]0,2] x {0}

to the corresponding point

t(z) = t(x) € 10,2] x {0} :

the fact that, in this case, the unique optimal transport plan is ¥ = (Id, )& f*,
is again well-known (see for instance [1, Theorem 3.1]). Note that we found the
unique optimal transport plan without knowing anything about the measure
w: in other words, for any measure p € M7 (§2), the same plan 7 is the unique

minimizer of
I.(v) = // dyu(p,q) dy(p,q) -
02x0

Thanks to (4.42) and the fact that H(1) = 0, the measure

fi = %%IL([O,Q] x {0})
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is optimal, since

dp(@,9) =2 4(*57)

for any 0 < x < y < 2. Then, we have found an optimal measure which is
not classical, that is, an optimal measure

fi € M (2)\ M3 (92);

we want now to show more, that is, that there is no classical optimal measure
€ M3 (£2). First of all, we need to establish the next result.

Lemma 4.23. In the assumptions of this chapter, if p is an optimal measure
then
p((z,t(@)]) = —5— vz e[0,2]. (4.50)

Proof. Recalling (4.42) and the fact that & is optimal, since u is optimal we
immediately know that the inequality

n(lz, @) > L= (4.51)

holds for any 0 < x < 2; we suppose then the existence of a point 0 < z( < 2
such that the strict inequality

t(iﬂg) — X

p([Zo, t(20)]) — 5

=:p>0

holds, and we aim to find a contradiction. Let us define, starting from xzg, a
two-sided sequence {z.} with z € Z by induction setting xp+; = t(xp,) (this
defines z, for any z € Z since t is continuous and strictly increasing thus
invertible). Since ¢ is strictly increasing in (0, 2), we have

lim x, = 2, lim z,=0.
By the fact that for any z € Z the inequality (4.51) holds, for any z < 0 < m
we have

Tm —

#([z2, Zm]) 2 ——7;EZ-+p~

Letting m — oo and z — —o0, the preceding inequality ensures
[ul =1+ p;

but then
H([|pll) > 0=H([gall),

hence §(f) < F(p) against the optimality of p, and we found the desired
contradiction. O
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We can now prove, as a consequence of (4.50), the claim that we already
stated before, that is, that no optimal measure is classical (i.e. belongs to

M3 (£2)).

Lemma 4.24. In the assumptions of this chapter, there are no optimal mea-
sures p € My (£2).

Proof. Take any optimal measure p, and let 2z € (0,2) be a point such that Z
is a point of density 1 of  and the derivative ¢'(x) exists. By (4.50), one has

p([z, 1)) = t(x)T_x WEFE 1) = t(w +a)2— (z+¢) |
This implies
p([t@), tz + o)) — p(lz, 7 Fe)) = t(z +e) ;t(x) —c

But
p([z,z+¢e]) =e+o(e),

because T is a point of density 1; moreover
tx+e)=t(x)+et'(x) + o(e)
since t'(x) is defined. It follows

w([f@. i@ + @) = L o),

and so the density of p at t(x) is

t'(z)+1
2t (x)

Analogously, if the density of p at T is 0, then the density at ¢(z) is given by

t'(z) —1
2t (x)

If the measure p belongs to MJ (£2), then the density of p at a.e. point
Z € [0,2] x {0} is either 0 or 1; since, as already pointed out, the derivative
t'(x) exists and is strictly positive at almost each x € [0, 2], we deduce that
it should be () = 1 for a.e. x € [0,2]. But this would imply ¢ = Id,
hence f* = f~, which gives a contradiction with (4.40), which concludes the
proof. O

Summarizing, for any choice of f* and f~ as in the assumptions of this
chapter all the optimal measures do not belong to M3 (£2), while for instance
the measure
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AL ([0,2] x {0})
2

fi= € M{(2)\ M3 (92)

is always optimal.

4.4 Existence of Classical Solutions

In the previous section, we noticed that the existence of classical solution
(more precisely, of solutions 1 € M3 (£2)) may fail when A and B are con-
vex; on the other hand, we show now that when the latter functions are con-
cave, this existence is guaranteed. Indeed, we will prove Theorem 4.26, which
provides the existence of optimal measures in M3 (£2) when the function D
defined in (2.29) is concave in the first variable. In particular, in Lemma 4.25
below we show that the latter concavity condition holds, for instance, when
both A and B are concave. In the following claim, we denote by ¢/, (s) the
left and right derivative of any function g : R — R at s, which always exist
when g is concave.

Lemma 4.25. If both A and B are concave, then the function D defined
in (2.29) is concave; moreover, D is strictly concave if, in addition, either A
or B is strictly concave and

B’ (0) < A" (diam £2) .
Proof. Assume that both A and B are concave. Then so is the function

lHA(a;”H>+BG—“;a—Q. (4.52)

As a consequence, the infimum of this function in the interval

a+a

0<Ii<b-—

(which equals D((a+a)/2,b) by definition) is a minimum, and it is attained
either at I =0or at [ =b— (a + a)/2. In the first case, we have

D(a;—&,b) :A<a—;d> +B<b—a;d>
. Ala) + A@ + B —a) + Bb-d) (4.53)
>D@®+D@®2
= 2
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On the other hand, in the second case one has

b (a ; d’b> _ A(b) + B(0) > D(a,b) v D(a,b) > 2\%) ;D(a,b) |
(4.54)

Hence, we have proved the concavity of D(-,b), minding that it is a continuous
function.

Concerning the strict concavity, notice that the first inequality in (4.53) is
strict if either A or B is strictly concave; but the inequality (4.54) may fail to
be strict even if both A and B are strictly concave. For instance, if B'(s) >
A'(l) for any s and [, then D(«,b) = A(b) + B(0) for any «, and then the
concavity of D(-,b) is not strict. On the other hand, if B/ (0) < A’ (diam (2),
then the infimum in (4.52) is always attained at [ = 0: the meaning of this fact
is that, if the ticket is sufficiently cheap, then for each path it is convenient
to use as much as possible of the public transportation network, or in other
words 6, = 6, for each measure p. Since the inequality (4.53) is strict if
either A or B is strictly concave (both being concave) then D(-,b) is strictly
concave and the proof is achieved. a

Theorem 4.26. If the function D(-,b) is concave (resp. strictly concave) for
any b € RT, then there exists an optimal measure p in M3 (£2) (resp. any opti-
mal measure i € M (£2) belongs to M3 (£2)). In particular, by Lemma 4.25,
there is an optimal measure p € M3 (82) if both A and B are concave; more-
over, each optimal measure p € M (82) belongs to M3 (£2) if both A and
B are concave, at least one of them is strictly concave and, in addition,
B’ (0) < A’ (diam £2).

Proof. Assume the existence of an optimal measure
a8 = p e M (2)\ M5 (0),

where, as usual, X is a rectifiable set and a : X' — [0, 1] a Borel function;
since ;1 & M3 (£2) we have that 0 < a(z) < 1 in a set of strictly positive
length. As an immediate consequence, we can find £ > 0 and two sets X, Xy
such that

w(Zr) = p(Z2) >0, 2Ny =0,
e<a(z)<l—e foranyze X3 UX,.
We define therefore
fs = p+ s(pl Xy — plXo);

by construction, for any —e < s < ¢ one has pus € M{(£2) and ||ps|| = ||p/-
Take now any 6 € ©: since s — u,(6) is a linear map, then

s D(A(0) = ps(0), 7 (0))

is concave or strictly concave if so is D in the first variable. By the defini-
tion (4.32) of ¢,,, the equality
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3,(0) = D(A(0) — p(0), .7 (9))

holds; in particular, it can be obtained in the same way as formula (2.30).
Therefore, for a generic path § € © the map s+ ¢, L@) is concave or strictly
concave. Take now an optimal t.p.m. n for the cost C,,, and observe that

the map s +— C,,_(n) is concave (or strictly concave) if so is D(-,b). (4.55)

We now consider the strictly concave case: by (4.55) and the fact that ps
is defined for s in a neighborhood of zero we derive the existence of some
—e < § < e such that C,,,(n) < C,(n). Since 7 is an optimal t.p.m. for C,,,
it follows

MK (ps) < Cpui(n) < Cu(n) = MK (),

and since ||ps| = [|pll;
H([|ps |l = H[|l])

and hence F(us) < F(p) against the optimality of . This contradiction shows
that any optimal measure p € M7 (£2) belongs to M3 (£2) in the strictly
concave case (in particular, this means that any optimal measure p belongs
to M3 (£2) under the assumptions of Proposition 4.20).

Let us consider now the concave case: it is still true by (4.55) that s —
éus (n) is concave for —¢ < s < €; hence, for any given optimal measure p,
either there exists some § such that C),_(n) < C,(n), and then we conclude
as in the previous case, or one has

éus (n) = 6#(77) for each —e < s < ¢. (4.56)

We denote by A the set of all the optimal measures belonging to M7 (£2),
and consider the auxiliary problem of minimizing, over A/, the functional §
corresponding to the choice

A(t) =1, B(t):=0.

Since § is l.s.c. and coercive by construction, the set A/ is a bounded and
weakly* closed subset of M™(£2), hence it is also sequentially compact with
respect to the weak” convergence. As a consequence, since § is also l.s.c. and
coercive, there is a measure y minimizing § over N.

As noticed before, since p minimizes § then (4.56) holds; thus all the
measures ji; belong to A for —¢ < s < . By Lemma 4.25, D is strictly
concave in its first variable; therefore, the above arguments give the analogue
of (4.55), so that the map s +— F(us) is strictly concave: hence, there is some
—& < § < ¢ such that %(/J/g) < %(u) Since ps € N, this gives a contradiction
with the fact that g minimizes 3 over \. So, we deduce the existence of some
optimal measure p belonging to My (£2). O



Chapter 5
Topological Properties of Optimal Sets

In Chapter 4 we proved the existence of relaxed solutions to our network
optimization problem, and gave conditions on the existence of classical so-
lutions. Under such conditions, it becomes important to study some quali-
tative properties of an optimal set X, and in particular its closedness and
connectedness.

For this purpose we introduce the idea of “transiting mass”, that is the
total mass passing through a single point. Even though the case we will
mainly concentrate our attention on is when A(t) =t and B(t) = 0, for the
sake of generality we first present this definition in a more general framework.

5.1 Transiting Mass Function

In order to define and study the properties of the “transiting mass”, we need
to introduce a suitable set @, of paths.

Definition 5.1. For every measure 1 € M (12), we define @, as the subset
of © made by all the paths 6 € @ satisfying

(I (0) - u0), w(0)) = A(JE'(9) — u(0)) + B(u(6)) .
where J is given by (2.24).

In other words, ©,, is the set of those paths for which §,(0) = §,(0), i.e. the
most convenient choice for a passenger traveling along 6 is to use the network
as much as possible. Note that ©, = © if A(t) =t and B(t) = 0, or more
generally if A > B.

Definition 5.2. Assume that A and B are C! functions and let n be a t.p.m.,
the support of which is made of paths of uniformly bounded lengths, and
minimizing the cost C,,. We define the generalized transiting mass as the
function a, : 2 — R given by

G. Buttazzo et al., Optimal Urban Networks via Mass Transportation, 75
Lecture Notes in Mathematics 1961, DOI: 10.1007/978-3-540-85799-0_5,
(© Springer-Verlag Berlin Heidelberg 2009
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an(e) = [ (400~ u0) - B (0) ) xoe) o).

n

In particular, when A(¢) =t and B(t) = 0, we have
ap(z)=n{l€O: b}, (5.1)
which justifies the name of transiting mass function.
Remark 5.3. Note that the function
v(0) == A' (A (0) — u(8)) — B (u(6))

is non-negative for any 6 € ©, such that p(6) > 0. Indeed, if p(6) > 0
and v(f) < 0 then the minimum in the definition (2.24) is not achieved at
I = p(0), contradicting the assumption 6 € 6,,.

We now show the upper semicontinuity of «, and the fact that every
optimal X' must be an upper level of a,.

Lemma 5.4. The function o, is u.s.c.
Proof. We write

oy (z) = /@ Xo ()0 (8) dn(9)

and the thesis follows by Fatou’s Lemma. Indeed,

Xy () > limsup X, (2n)

whenever x,, — x, since a path 6 containing infinitely many x,, must also con-
tain their limit 2. Moreover, 6 — v7 () is a positive Borel function uniformly
bounded from above since A and B are of class C* and 7" (6) is uniformly
bounded over sptn by assumption. a

Theorem 5.5. Let € MY (£2) be an optimal measure and let n € M, ((O)
be an optimal t.p.m., the support of which is made of paths of uniformly
bounded lengths. Then p is an upper level of o), in the sense that

,%”ll_{an(x) >r} Suﬁ%ll_{an(x)ZT}. (5.2)
Proof. We start defining
pre = pV (A L)
for a small number €, where Y. is a Borel set chosen in such a way that

e — pl = €.
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In order to evaluate C),_(n), we notice that for any 6 ¢ 6, one has by
definition 6,_(0) = 6,(0) for € < £(#). Defining then
OL:={0e€O0\0,: c<&0)}, 0!:=(0\6,)\0.,
and recalling that " () is bounded for 6 € spt7, one finds
6. (0) = 6,(0) on OL, 0. (0) = 6,(0) +O(e) on 67, (5.3)
n(07) = o(1), '

the second equality being true due to the fact that A, B € C!, and the third
equality being true due to the fact that ©7 \ ) as ¢ — 0 (all the infinitesimals
here and below are to be intended for ¢ — 0, and are always uniform with
respect to 6). On the other hand, we claim that

UL(@4@—%w»mmn:[;—wwx%wwwWMdmm+d@.&4
Indeed, by definition of J,, we easily obtain that
5,(0) = A(A(6) - 1u(6)) + B(u(6))
and that
5,.(0) = A(S(8) — u(6) = X6)) + B((0) + A0))

for some
0 < A(0) < pie(0) — u(6) <=

Thus, recalling that A and B are C! functions, we get

Oy, (0) = 0u(0) = —A(0) (v(0) + 0(1)) (5:5)

as € — 07, the infinitesimal in the above formula being uniform with respect
to # because the function 6 +— 7 1(9) is uniformly bounded over sptn by
Lemma 4.6 and p(0) < ||p||. Notice now that if v(6) > 0 then

A(0) = pe(0) — p(0)

for e sufficiently small depending on 6; analogously, if v(0) < 0, then A(§) =0
for e small enough. Hence, the two integrands in formula (5.4) coincide at 0
whenever ¢ is small enough (depending on ), and are of order O(e) uniformly
with respect to 6 due to (5.5) and to the fact that v(6) is bounded. Therefore,
(5.4) follows.
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Making use of (5.3) and (5.4), we can now evaluate

Ql

Cp (1) — Coln) = /é (5, (6) — 5,.(0)) dn(6)

(5, (8) — 3,(8)) dn(6) + /

0\0,

/ / ) dn(8) d(pe — u)(x) + o(e)
__/ o (0) d(pte — p)(x) + ofe)
e

Analogously, we define

pt= = (pl X7)
for a set X’ such that p(X.) = . A similar computation as above allows to
evaluate

Cur(n) = Culn) = / ay () d(p — p2) () + o(e) - (5.6)

Finally, we set
' =pv LS, — 5!

where Y. and X, are two sets as before and having empty intersection. We
deduce

Conn) = Cul) == [ @) lue = )(a)+ [ (o)l i) (o) + o).

€

where
po o= p vV ALY, pli=p— (ul 7).

We conclude by pointing out that, if X' does not satisfy (5.2), then there exist
two numbers r > s > 0, and two sets

Y. C{x s ay(z) >1}, YL C{r s ay(z) < s}
with u(X%) = ¢ and

plLy. <AL 3., A LE —puL s, =¢
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for € > 0 small enough. Hence, with the above notation
- [ an@ e —wia@)+ [ ay@dlu— i) < -

for

r—s

0= 5 >0
and for all € > 0 small enough. Since ||u|| = ||pZ|| and by the fact that n is
an optimal t.p.m. for p, this gives §(u’) < F(u) for € small enough, against
the optimality of u. O

Remark 5.6. 1t is clear that among the numbers r > 0 satisfying (5.2) there
is a maximum one.

Lemma 5.7. Given an optimal measure p and an optimal t.p.m. n, for any
r >0 such that p > S, where

S = {ay(z) >},

one has that S is contained in countably many geodesics 6 € sptn (up to an
A —negligible set).

Proof. Consider first the case > 0. Take ¢; which “almost maximizes”
HONS)
among all paths 6 € sptn in the sense that
A ONS) <2 (0,0 S) V6 € sptn.

Let us now define, inductively, 0,11 € sptn as a path almost maximizing
| h
A (o0 (s U, )
in spt 7. We claim that S is f%”l—essentially contained in Upenfp, that is,
H(S\ Sy) =0, where So =80 (Unen ) -

Indeed, since oy, > 7 > 0 inside S, assuming A (S\ Sy) > 0 one would have
0< / o () dA (@ / / dn(0) dA ()
S\So S\Sﬂ
_ / Xo ()0 (0) dA () dn(6) .
S\S,
Therefore, there exists 6 € sptn such that

X, ()0t (8) dA (z) > 0

S\So
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and hence

= (0N (S\ S)) > 0.
By construction, 8, # @ for all h € N, and consequently for any h € N

i (53U, ) >

This would give .77 1(S ) = oo, which is a contradiction since by hypothesis
A (S) < ||p), thus the proof is achieved for the case r > 0.
If » = 0, note that S := UxSy, where

Sk 1= {an(x) > %}

and g > LS implies p > 'L S}, for each k € N. Hence, as proved
above, each Sy is contained in a countable number of geodesics of sptn, and
hence so is S. g

From now on, we will consider a particular situation, i.e.
At) =t, B(t)=0. (5.7)

This is the simplest case, and it has been already considered in many works
with the further assumption that X is connected (see e.g. [19, 20]). By the
convexity of A and B and by Theorem 4.26, we already know that there exists
an optimal measure p = ' X € M3 (£2), even though there may be also
optimal measures not contained in Mj (£2); indeed, one has D(a,b) = a, so
that D(-,b) is concave but not strictly concave. Moreover, one has clearly
5# = ¢, for any measure p by definition of &L given in (4.32). Hence by
Lemma 4.17-ii) we infer the existence of optimal t.p.m.’s for C,,, and not just
for C,; more precisely, (5.7) implies that C,, = C,.

We underline that, since A and B are now fixed, the hypotheses of the
following results will be only about H. Notice that until now, we have not
yet given any hypothesis on H. This is due to the fact that, in all the proofs
of the previous chapter, starting from an optimal measure p we have always
built a “competitor” u' having the same total mass: therefore, since

H(|lull) = H(IL1)

the function H played no role. On the other hand, in the rest of the mono-
graph we will often consider competitors having a different total mass, so
that the hypotheses on H will become of primary importance.

Note that the hypothesis B = 0 means that “moving by train is free of
charge”. Then, for people who need to move from/to places not so far from
the network, the most convenient thing should be to reach the network, take
a train until they arrive close to their destination, then reach the latter by
own means.
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We stress that, since we are assuming (5.7), one has ©, = O for any g,
which makes the Definition 5.2 of the transiting mass more significant; in
particular, as already remarked, a, is given by

ap(z)=n{0€O: zcb}.

Therefore, we can give the following useful calculation for C\,(n) = C,(n),
which shows that p — C, () is a constant plus the integral of a given function
in dpu.

Culm) = [ (50) = 1(®)) dn(®) = Coon) — | @) dnto)
== [ ([ xot)duta)) anto)

== [ ([ xola) an(®)) duta)
= o) = [ agfe)duto).

We conclude this chapter with a couple of remarks: the first one is a
consequence of Lemma 5.7 and of the above calculation of C),(n).

Remark 5.8. Let p be an optimal measure and 7 be an optimal t.p.m. As an
immediate consequence of Lemma 5.7, we obtain that the measure

p = pl{ay(x) >0}

is concentrated on countably many geodesics 6 € sptn. By (5.8), we obtain
that

amm:OAm+[;m@mw7uM@:cum.

Hence, minding that ' < u, and thus H(||¢/||) < H(||x]]), one has that also p/
is an optimal measure and that 7 is an optimal t.p.m. also with respect to '
As discussed in Proposition 4.20, we obtain that ' = p whenever either (4.37)
or (4.38) occurs. Summarizing, in either of these cases we have obtained
that any optimal measure p is concentrated on countably many geodesics
contained in the support of an optimal t.p.m.; otherwise, an optimal measure
1 < p is concentrated on countably many geodesics, and the remaining part
w— ' is completely useless.

Remark 5.9. It is worth noticing that, if one is given a t.p.m.  which is known
to be optimal with respect to some unknown optimal measure, there is an
easy method to determine this measure, or more precisely to determine all
the measures p which are optimal and with respect to which 7 is an optimal
t.p.m. Indeed, for any [ > 0 define M, to be the subset of M (£2) made by
all those measures which are upper levels in the sense of (5.2) and with total
mass equal to [. An immediate consequence of (5.8) and of the formula
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+00
/ andu:/ p({z: o) > t})dt
Q 0
is that for p € M; one has

Cu(n) = Cy(n) = B(1)

for a function (1) which depends on I but not on u: more precisely, 3 is given
by the following formula (to be intended in the weak sense, or in the classical
sense up to countably many points)

B(0) =0, .

F(l) = inf {t: A ({: aylz) > 1)) gz}. (5.9)
Arguing as in Theorem 5.5, we know that for any measure u € M7 (£2) with
||| = I one has

Cu(n) = Cy(n) — B(1),

and the inequality is strict if and only if © € M;. Notice also that the function
I — B(1) is concave thanks to (5.9); more precisely, the left and the right
derivative of § at [ coincide respectively with the maximum and minimum
numbers 7 (1) and 7~ (1) such that (5.2) holds for a measure u € M;: hence,
r(I) depend on [ but not on the choice of u € M,, and r~(I;) > r*(ls)
whenever 1 < [s.

It is now clear that for any u € M; one has

§() < Co(n) = WU + H(),

and the inequality is in fact an equality if and only if 7 is an optimal t.p.m.
with respect to p. Consider now the function ! — H(l) — (I): since H and [
are positive functions, H(0) = 3(0) = 0, H(l) — oo when | — oo while 5(1) is
bounded by Cy(n) thanks to (5.8), we deduce that Argmin(H — ) is a non-
empty compact subset L of R*. Since we know that 7 is an optimal t.p.m.
for some optimal measure p, we finally conclude that the optimal measures
for which 7 is an optimal t.p.m. are precisely the measures belonging to some
My with [ € L.

5.2 Ordered Transport Path Measures

In this section, we introduce the notion of ordered transport path measures,
which are t.p.m. with additional useful properties. First of all, we select an
optimal measure p € M7 (£2); then, we notice that by the lower semicontinu-
ity of § the set szo(@) of optimal t.p.m.’s is a non-empty, weakly* closed
and convex subset of M (0). We define then the following two sets.
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Definition 5.10. Let

M, 1(O) =Argmin{/

(6) dn(0) : ne M ,(0)}, (5.10)
e

M;Q(@) = Arg max{ /2 () A" (z): ne M;l(@)} , (5.11)

-/ o) ar
0

is the parametric length of 6. The elements of M/ ,(6) will be called ordered
transport path measures.

where

Remark 5.11. Notice that, similarly to M}/ ,(©), also M ,(0) and M}, ,(O)
are non-empty and weakly* closed subsets of Mt (O9). In fact, 6 — 5(9)
Ls.c., hence the map 7 — f@ ) dn is 1.s.c., which implies the claim concern-
ing M“ 1(©). Moreover, the map n — a,(z) is u.s.c. for any z € X' by (5.1)
since the set

{6co: z€6)}

is closed, while
an(z) <n(@) =7,
and hence the fact that M:LQ(@) is weakly* closed and non-empty fol-

lows with the help of Fatou’s lemma. Moreover, clearly both M;yo(@) and
M 1(©) (but not M ,(6)) are convex sets.

As we will see in the sequel, the elements of M:,Z(Q) have rather particular
properties among the optimal t.p.m.’s. For this reason, in what follows we
will restrict our attention to the ordered t.p.m.’s.

We notice first an easy consequence of Lemma 4.1.

Corollary 5.12. For any t.p.m. n € M;O(@) there is a path o mazimizing
01— pu(0) =" 0N
within sptn.

Proof. Just take a maximizing sequence {6, }, extract a subsequence converg-
ing to a path 6 with respect to dg (this is possible since all these paths have
uniformly bounded Euclidean lengths), notice that 6 € sptn because spt 7 is
closed by definition, and finally apply Lemma 4.1 with X := @, C,, := 0,
and v := p. O

We show now the following geometric property of the paths belonging to
sptn with n € M, 4(O).
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Lemma 5.13. Let n € M;,O(Q) and let 0 € sptn be a path such that

,u(@([tl,tz])) =a>0

for some 0 < t; < ty < 1. Then for any € > 0 there is p > 0 such that
the following holds: given any T € sptn N Be (H,p) and considering on T a
parametrization such that |7(t;) — 0(t;)| < p fori =1, 2, one has

w(r([t1,t2])) >a—e.

In particular, the above statement with ¢; = 0 and ¢2 = 1 implies the lower
semicontinuity of 6 — p(#) in sptn. Since the upper semicontinuity holds in
the whole © by Lemma 4.1, we derive that the quantity of network taken by
the paths, that is 6 +— (), is a continuous function in spt .

Proof (of Lemma 5.13). By the lower semicontinuity of the Euclidean length,
we know that c
1 1
H (9|[t17t2]) <H (T\[tlatz]) + 97
provided that p is sufficiently small. We claim that if the assertion is not true,
that is, if

(5.12)

p(7([t1,t2]) <a—e, (5.13)

then 7 is not a geodesic between 7(0) and 7(1): since 1 is an optimal t.p.m.,
this will give a contradiction with Lemma 4.17-iii), hence concluding the
proof.

To show the claim, define 7 as the path that equals 7 outside of [¢;, t5] and
that is defined as follows between ¢; and ¢9: a segment connecting 7(¢1) to
0(t1), then the path 0, ,,) between 6(¢;) and 6(t2), then the segment connect-
ing 6(t2) to 7(t2). Figure 5.1 shows the situation, where 7 is the upper path,
0 the lower one, and 7 the dark shaded one. Then, minding that by (5.13)
one has

8u(Ftnta)) = H (T ) — @+ €, (5.14)
7(t1)
- 7(t2)
(1) F
0 0(t2)

Fig. 5.1 Situation in Lemma 5.13
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we find

w(Ti0,61) + 04 (Tt 20) + 0 (Tt 1))
1 (To,61) + 20 + 00Oty 151) + 00 (T)185,17)

=94 )

<46 )

= 0u(Tp,e) + 20+ " (Ofe1) — @ + 0T, 1))

Su(To,e) + 20 + A (T ) +€/2 — a+ 8,u(Tj) (b (5.12))
O (To,t)) + 20+ 0 (Tt 1) + @ —€/2 — a4 0, (Tt,1)  (by (5.14))
1)

provided p < £/4, which, recalling that §, = J,, thanks to (5.7), gives the
desired contradiction. a

Corollary 5.14. In the hypotheses of Lemma 5.13, for any € > 0 there is a
p > 0 such that for any T € sptn N Bg (O,p) one has

w(([tr,ta]) N O([t1, t2])) > a—e.

Proof. Assume that the thesis is not true, i.e. there exists an ¢ > 0 such that
for every p > 0 there is a 7, € sptn N Be (6, p) with

(o ([trs t2]) N O([tr, 1)) < a—e.

Then, by Lemma 5.13 then there exists a p; > 0 such that, taking

T I= Tp, € sptn,

one has

u(ni([tr, t2])) > a— % ;

so that

u(ra(lta, ) \ Ot ta])) > 5

Suppose now that for some k € N and for each n < k we constructed a
pn < pn—1 and a path

Tp = T,, € Bo(0, pn—1) Nsptn

such that
u(ma(it )\ (U m(ltn ) ub(n,e))) > —.  (515)
Mind that

w(rp([tr,t2]) \ 0([t1, t2])) — 0 as p—0
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since

lir?j(?p w(Tp([t1, t2])) < p(O([t1,2]))

by Lemma 4.1. Therefore,

E
(@ \oeel) 0 (UL m(ina)) ) —o
as p — 0. Then there exists a p41 < pp such that, taking 744, := 7,,,,, one

has

g
+2°

(e o e n (U D)) < 5 -
while .
(i1 ([tr, £2])) > a — 5

by Lemma 5.13, so that

(et \ (U 7l ) U001 2D)) =
(i1 ([t 22])) = p(Tera ([t t2]) N O([t1, 22]))
— (el D)\ Ot D) 0 (U 7, 2D) ) >

g
k+2°

By induction we have found therefore two sequences p, — 0 and 7, — 0
such that (5.15) holds for all n € N. This leads to a contradiction since the
harmonic series diverges, while ||| < oo. |

We can now find a stronger consequence of the definition (5.10), namely
that different paths cannot cross in different directions as the following lemma
ensures.

Lemma 5.15. If n € M;’I(Q), then for no couple of paths 0, T € sptn one
has (with suitable parameterizations) 0(t1) = 7(t2) and 0(ta) = 7(t1) for two
time instants 0 < t1 < to < 1.

Remark 5.16. Notice that this assertion says, in words, that if two different
paths in spt 7 pass through the same two points, they must do it in the same
order. In particular, taking § = 7, one gets that each 6 € spt# is an arc (an
injective curve), which also implies that £(0) = 7" (0); in other words, there
are no paths in sptn with loops.

Note that, as in Lemma 4.17-iii), Lemma 4.18, Lemma 5.13 and Corol-
lary 5.14, the most important part of this assertion is that we can establish
the announced property for any path 6 € spt 7, and not only for n-almost any.

Proof (of Lemma 5.15). Assume by contradiction that there are 0 and 7 as
in the assertion being proved. Hence, 0([t1,t2]) and 7([t1, t2]) are contained in
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X, since otherwise we would find a contradiction to the cyclical monotonicity
property (4.43) with

x:=60(0), y:=0(1), 2’ :=71(0), y =7(1)

and the optimal transport plan v = (py, p1)4n associated to 7.
By Corollary 5.14 there is a p > 0 such that for any

0 sptnﬁB@(Q,p)

and
T Esptnn B@(ﬂp)

one has, minding that 7' > u and that 0([t,, t5]) and 7([t1, 2]) are contained
in X, the relationships

A (0([t1, t2]) N O([t1, ta])) = p(0([t1, t2]) N O([t1, t2])) > %N(Q([tl,tﬂ))
3

S A CHAN

A (F([tr, ta]) N 7 ([t 1)) = p(F([tr, t2]) N 7([tr, t2])) > EN(T([%M))

= 2 (11, 1a])
(5.16)

with suitable parameterizations of § and 7. Let t% and t§ (resp. t] and ¢7) be
the first and the last instants in [t;, t] when 6 (resp. 7) touches 6 (resp. 7). We
denote then by 0; the shortest arc connecting 0(t1) with (t?) inside 0([t1, ts]),
and by 0, the shortest arc connecting 0(t§) with 6(t) inside 0([t1,t2]) (resp.
by 71 the shortest arc connecting 7(¢1) with 7(¢]) inside 7([t1,%2]), and by 7»
the shortest arc connecting 7(¢3) with 7(t;) inside 7([t1,5])): see Figure 5.2.

We now define in the obvious way «(@,7) connecting 0(0) with 7(1) and
(0, 7) connecting 7(0) with 6(1): formally,

a(0,7) = g4, - 01 - 72 Ty » B(0,7) == T F1- 02 Oy 1y -

Fig. 5.2 Situation in Lemma 5.15
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In particular, the couple («(6,7),5(0,7)) is given by the formulae

= Ojjo,t,] * T[t,1) 5 B =T0t1) - Oype,1) -

The functions «, 8 are clearly Borel. Note also that

0 (0) +0,(7) = 6, (a8, 7)) + 0, (6(6,7)) , (5.17)
since 6([t1,t2]) and 7([t1,t2]) are contained in X. On the other hand,
U(0,7)) + (B, 7)) < £() + (7). (5.18)

in view of (5.16). We consider now two measures 7; and 7, concentrated on
sufficiently small balls centered in 6 and 7 respectively, so that «(f,7) and
B(6,7) are defined for any 0 € sptn;, T € sptny, and with the property that

Imll = llnell =: ¢ >0, mtn <.

Thanks to the classical results on the isomorphism of measure spaces (see
Theorem 2 in [53], or also Theorem 9 [61, Chapter 15]) we can take two Borel
maps @; : [0,e] = O, i =1, 2so0 that ;4% . = n;, where £, stands for the
Lebesgue measure on [0,¢]. Let us then consider the maps &, B [0,e] — ©
given by

a(t) == a(pi(t), e2(t)), B(t) := Blei(t), pa(t))

and finally define

fimn—m—m+apLe+ pLe.

By construction 7 is an admissible t.p.m. and is contained in M;,O(Q)
by (5.17); moreover

/ «(6) dif(6) < / ((6) dn(6)
€] e

due to (5.18), which gives a contradiction with the definition (5.10). O

Now, we see the importance of the maximization in (5.11), which provides
a sort of “solidarity” between different paths in spt .

Lemma 5.17. Ifn € M;Q(@), given two points x # y € 2 such that
n({oE@ : x,yeg}) >0,

then n—a.e. path passing through both x andy contains the same subpath o,y
between x and y.
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Proof. Denote
sz::{ae@: x,yeg}g@,

and for each o0 € @, Nsptn let ¢ be the subpath of ¢ connecting x and
y. Due to the assumption (5.7), for any o € Oy, N sptn the subpath & is
a geodesic between x and y, so that §,(5) is a constant depending only on
x and y (i.e. independent on o). We obtain the thesis showing that, by the
maximization in (5.11), one of these geodesics is chosen by n-a.e. path in O,,.
To this aim we first show that there is a constant ¢ such that J“i”l(&) =c
for n-a.e. o € B4y. In fact, otherwise there would exist two constants ¢; < ¢
such that

n({ae@my:%l(&):q})>0, 1=1,2.
Define the function f: ©® — © according to the relationship

01,0 € Oy ﬁsptn,,%”l(ﬁ) =y,
= : 1
f(o) { o, otherwise, (5.19)

where o1 € @4, Nspt7 is some chosen path with ,%”1(6) = ¢1. We have then
that ' := fyn is still an optimal t.p.m., but clearly

/@%ﬂl(e)dn’</9%1(9)dn,

contradicting the assumption 1 € M ,(6) (recall that A (0) = €(0) for all
0 € sptn according to Lemma 5.15).

Now, since both §,(¢) and %1(&) are n-a.e. constant for o € Oy, we get
that so is

(&) = A (E) - 5,(5).

Choose now an arbitrary
o' € Oy Nspty

and let 77 be the t.p.m. that leaves all the paths of sptn unchanged, except
those connecting = and y, the latter being forced to follow ¢ between x and y.
Formally, we define the function g: © — © by setting g(o) for o € O, Nsptn
to be the composition of the arc of o between o(0) and z, ¢’, and the arc
of o between y and o(0) (for all the other paths o we set g(o) := 7). A
straightforward computation ensures that

0= gyn € M, 1(0),

while since o is just a redistribution of «,,, one has using the strict convexity
of a,(x)? that

/Eaﬁ(z)Qd%/ﬂl(z)</ ay(2)? dA (),

x
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T Yy

Fig. 5.3 Situation in Example 5.19

unless 7-a.e. path connecting = and y already follows a unique path, which
concludes the proof. O

Remark 5.18. Notice that the path o, is well-defined only for such pairs
(x,y) that the set O, in the above proof is not n-negligible. Moreover, if o,
is defined and z, w € o4y, then 0., is defined as well and it is the subpath
of o4, connecting z and w.

As the Example 5.19 below shows, the above result is not true for all the
paths in spt 7 connecting x and y, but only for n-a.e.. This is in contrast with
all the other properties enlisted before, which were true for all the paths in
sptn, and not just for n-almost all.

Example 5.19. Consider the following situation, shown in Figure 5.3: let
fr=0"L_A+6,+Mb, f~ =26, + Médy;

here A is a segment of unit length, having x as a right endpoint. The geometry
is chosen so that
z =yl =le—a'[+]y—vy].

If M is large enough, it is easy to define H in such a way that the unique
optimal measure is p := 'L X, with ¥ := [2/,y/] being the line segment
connecting z’ to ¢/, and that there is a unique optimal t.p.m. € M:ﬁl(Q)
(hence n € M;; ,(0)) which moves the mass as follows:

o M6, goes on M, along X

e 0, goes on ¢, via the line segment [z, y]: using X' would have the same cost
but would contradict the fact that n € M (), namely the minimiza-
tion (5.10);

o 'L A goeson J, moving each point z € A along the line segment [z, z'],
then following the network between 2’ and y’, and finally along the line
segment [y, y].

By construction, the path 6 connecting x to y and passing through X' belongs
to the support of 7, since spt 7 is closed and = € A. On the other hand o, is
the line segment [z,y]. This shows that the assertion of Lemma 5.17 cannot
be strengthened replacing “n-a.e. path connecting  and y” with “each path
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in sptn connecting x and y”. However, notice that o, coincides with the
restriction of 6 between ' and 7/, according to Lemma 5.20 below.

Nevertheless, we can show that a sort of everywhere solidarity, i.e. that
all the paths in sptn (instead of n—almost all) follow the path o,, between
z and y, is true where there is some railway. In the following, when a path
f € © and two points z, y € 6 are given, we will write Ty to denote the
subpath of # connecting x to y.

Lemma 5.20. Let 1) € M ,(0), let 6 € sptn be a path such that p(6) > 0,

and let ' and y' be such points that zf"\gj’ is the shortest subpath of 6 satisfying
,u(:v’y’) = u(0). Then, for any two points x, y belonging to the open subpath

2y, the path o4y introduced in Lemma 5.17 is well-defined and coincides
with Ty.

Proof. Let us define

IN

B := {265’5’: lim inf (i € Bo(0h1/n) : 2€ 0}) 1}

n—00 n(Be(6,1/n)) 2
the set of “bad” points of :;’\y/’ , i.e. those points in 1?’7/ such that it happens
that only few paths close to € pass through them. Thanks to Corollary 5.14
we have p(B) = 0. Indeed, if (B) > 0, then by definition there is a sequence
pv — 0 and a constant C' > 0 such that

(foeaw Mgl sl )

for all v € N, which contradicts Corollary 5.14. Therefore, for .72 "_ae. point
z € 2'y’ N X, more than 50% (with respect to 7) of the paths which are close
to 6 pass through z. Take then two such points x and y: for any p > 0 the
measure 7 of the paths in Bg (9, p) passing through both x and y is strictly
positive. Then o, is well-defined. We prove now o, = zy. Indeed, if it were
not so, then one would have

de (Eg,aw) =:p>0

which leads to a contradiction, since by Lemma 5.17, n-a.e. path passing
through both z and y must follow o4, which is impossible for the paths
belonging to Bg (0, ,0/2)7 that are not n-negligible. Finally, since the points x
and y can be chosen arbitrarily close to ' and 4’ by the definition of 2’ and
y' and by the fact that pu(B) = 0, the thesis follows by Remark 5.18. O



92 5 Topological Properties of Optimal Sets

5.3 Closedness of Optimal Sets

In this section we derive the closedness of an optimal set X' by the concavity of
H. More precisely, we show that if H is concave (resp. strictly concave) then
there exists a closed optimal set X' (resp. any optimal measure corresponds
to an essentially closed set). Moreover, we present an example showing that
the concavity of H is crucial for such results. Recall that we are assuming
that A(t) = ¢ and B(t) =0 for all t € R™.

Theorem 5.21. If H is concave, then there exists a closed optimal set X.
Moreover, if H is strictly concave then any optimal measure pi corresponds to
an essentially closed optimal set (in particular, every optimal set is essentially

closed).

Proof. Take an optimal measure ;4 and a t.p.m. 7 minimizing C,,, and de-
fine, in accordance with Theorem 5.5, r > 0 to be the maximal constant
satisfying (5.2). By the maximality of r, for any £ > 0 the set

Y= {ay(x) >2r+e}

is such that u — L. > 0. Defining then p. := J'_ Y. and recall-
ing (5.8), we immediately deduce

Cu.(n) < Cun) + = pell(r +¢) - (5.20)

On the other hand, since H is concave we can evaluate

H(AN(22)) = H(llpll = (e = pel)) < H(|ull) = H-(lul) e = el s (5:21)

where H' (s) is the left derivative of H at s € RT, which is well-defined
since H is concave. Since MK (u) = C,(n) because 7 is an optimal t.p.m.,
§(p) < F(pe) because g is an optimal measure, and MK (u.) < C,_(n), we
deduce by (5.20) and (5.21) that

re > H ([ull).
Since ¢ is arbitrary, we obtain
H-(||ull) <7 (5.22)

Let us define now o
XY= {an(m) > r},

which is a closed set by the upper semicontinuity of «,,; notice that X contains
the support of u, but it may also be strictly bigger. Let also i := I L X if
|t — p|| = 0, then X is an optimal closed set and hence there is nothing to
prove. Otherwise, again by (5.8) we know that
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Coln) = Col) = [_a(@) = (a).

By definition, a, > 7 on spt (@t — p1), so that the last estimate becomes

Cu(n) < Cu(n) —rllp—pll-

On the other hand, again by the concavity of H one has

H(A(E)) = H(|al) < H(lul) + B (lul) 17~ pll- (5.23)

Summarizing, we obtain

§(p) < Caln) + H(A (X))
Cu(m) + H(|ull) + (H(lpll) =) |12 = pell (5.24)
=§(p) + H (|pll) =) |7 = pll < T(w),

the last inequality being valid in view of (5.22). Since u is optimal, we have
proved that also g = 77 ' ¥ is an optimal measure and then that X is a
closed optimal set: thus the existence of some closed optimal set is established.

Concerning the second part of the claim, if H is strictly concave and
||i—p|| > 0 then the first inequality in (5.23) becomes strict; as a consequence,
also the inequality (5.24) is strict and this gives a contradiction with the
optimality of . Hence, we may conclude that u = i and therefore a generic
optimal measure corresponds to a closed optimal set. a

Recall that Theorem 4.26 already ensures that all the optimal measures
are represented by sets if D(-,b) is strictly concave. The above Theorem 5.21
says that in the case A(t) =t, B(t) = 0, in which D(a,b) = a is not strictly
concave, it is still true that all the optimal measures are sets whenever H is
strictly concave.

The following example shows that the hypothesis of concavity of H in
Theorem 5.21 is essential.

Ezample 5.22. Let
2:=1-2,2] x [-1,1] CR?,

and let a,, < b, be such that all the open segments (a,, b, ) are disjoint, and
their union D := Uj(a;,b;) contains the set of all the rational numbers in
[—1,1] and has length 1. Define now

= Z 27"6(a,,0) 5 = Z 27"6,,,0) 5
neN neN

let 6,, be the line segment connecting (a,,0) to (b,,0), and let  be any t.p.m.
related to f* and f~. Since for any n one has



94 5 Topological Properties of Optimal Sets

F([-2,an]) = Z 277 = Z 277 > Z 9-J

{j:a;<an} {j:a;<by} {j:bj<an}
= fi([_2aan]) )

there must be some 6 € sptn connecting some a; < a,, to some b; > b,,. This
implies that the projection on the first axis of the set

Sy=|J 0CR

fOesptn

contains the whole segment [a,,, b,]. Let now

n = 22_n(59n ,

neN

which is clearly a t.p.m. related to f* and f—, let ¥ := U,en0, and define
the function H by the relationship

0,1<1,
H{(1) :{oo [>1.

Obviously, H is not concave. Notice that C'x(77) = 0 and that H (€' (X)) = 0,
so that F(X) = 0. Consider now any p < /" such that F(u) = 0. One has
then ||u|| <1 and Cy(n) = 0 for some t.p.m. 7. This implies p(6) > H(0)
for n-a.e. & € ©, and hence, minding the semicontinuity of y and 77 ' over
O, actually for all 8 € sptn. Therefore, one has

pl =210, for all 0 € sptn

(because p < jfl). Since for any n there is a path 6, € sptn connecting
some a; < a, with some b; > b,, then calling 7 the projection on the first
axis one has

1> |l = 10(Unby) = H (Unbr) = H (1(Unbn)) = H Uy [an, ba))

:Z\bn—an|:1,

from which we derive that g = J#' L %. Summarizing, F(u) > 0 for any
w # 'L X. This shows that 7' L X is the unique optimal measure, so
that X is the unique (up to a an J¢ 1-negligible set) optimal set; however,
this set is not essentially closed: indeed, it is an open set of length 1 dense in
[—1,1].
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5.4 Number of Connected Components of Optimal Sets

As already pointed out, it would be interesting to understand if there is an
optimal set X having finitely many, or at least countably many, connected
components. We however can immediately notice that this is not always the
case, according to the following counterexample similar to Example 5.22.

Example 5.23. Let 2 = [-2,2] x [-1,1] C R2 Consider now the following
construction of a Cantor-type set in [0,1] having strictly positive length.
Given a sequence {py, }neny with 0 < p, < 1/2 for any n, we first divide [0, 1]
in the three segments

[a11, Bia], [Bi1,a12], [a1,2, B1,2]

having length py, 1 — 2p; and p; respectively, defining

o :=0, B = p1s a1 :=1-—pi, Bro:i=1.

We continue by induction, defining «,, ,, and B, ,, for any n € N and any
1 < m < 2" in such a way that any segment [a, m, Bn,m] is divided in the
three segments

[OénJrl,mela ﬁn+1,2mfl] s [ﬁn+1,2m713 Oén+1,2m] s [anﬂ,zm, 5n+1,2m] s

the lengths of which are in the ratio p,+1, 1 —2p, 1 and p, .1 respectively. We
define then K, as the closed set given by the union of the 2™ closed segments
[@n.ms Bn.m] and K as the intersection of the sets K,,. Notice that the classical
Cantor set corresponds to the choice p, = 1/3 for any n. Similarly to the
Cantor set, K is a closed set containing more than countably many points
and is totally disconnected, that is, all the connected components of K reduce
to a single point. Moreover,

HNK) = lim A (K,)

n—0o0

and
<%ﬂ1<f(—n+1) = 2pn+1%1(Kn) 5

so that a suitable choice of the coefficients p,, allows J#" (K) to be any number
in [0,1). We consider then a sequence {p,} such that " (K) = 1/2. Now,
we define f* and f~ as follows:

A DD DIE R TR D DRD DL TR

neN 1<m<27 neN 1<m<2n

It is easily noticed that f™ and f~ are two probability measures and that,
setting 6, ,,, to be the segment [cv, m, Bn.m], the measure
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n:zz Z 4_n(59n1m

neN 1<m<2n
is a t.p.m. related to f* and f~. We set now

0 for0<s<1/2,
H{(s) '_{oofors>1/2.

It is immediate to notice that any optimal measure p must be supported in
[0,1] x {0}. Moreover, arguing as in Example 5.22, one has that given any
measure £ supported in [0, 1] x {0}, all the paths 6,, ,, € spt# for every t.p.m.
7', and hence, the t.p.m. 1 defined above is optimal for the cost C),. It is also
clear that the function «,, achieves its maximum exactly in the set K. Hence,
the measure py := 3 ' K is the unique optimal measure, by Theorem 5.5
and by the choice of H. Therefore, K is an optimal set which has more than
countably many connected components, since it is totally disconnected and
uncountable. The optimal sets are exactly those coinciding with K up to
H 1—negligible sets; it is easily noticed that any such set K’ is still totally
disconnected.

Remark 5.24. By a more careful construction, replacing Dirac masses in the
above example by smooth functions with “small” supports, it is possible to
obtain a counterexample as before with absolutely continuous measures f*
with densities belonging even to C*.

We give now conditions for the existence of an optimal set having finite
or countably many connected components: as in Theorem 5.21, a concavity
hypothesis on H will be essential. First, we prove the following a posteriori
result.

Lemma 5.25. Let p be an optimal measure, n an ordered optimal t.p.m. for
1, and assume that the constant r satisfying (5.2) is not unique. Then,

p=s01Y%

for some closed set X such that XN6 has finitely many connected components
for all 0 € spt.

Proof. First of all we stress that, since the constant r in (5.2) is not unique,
then p corresponds to a set: indeed, (5.2) is satisfied by all 7 < r < rq, so
that
1
H ({oy(z)=r}) =0

for any such r and thus p = 'L ¥ with ¥ = {ay(x) > r}. Notice that X
is closed since, by Lemma 5.4, oy, is u.s.c..
Take now a single path 6 € sptn: we define ¢ as the shortest subpath of ¢
such that
cnX=0Nnx.
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We claim first that the function
anoo:tel0,1] — a,(o(t))

has bounded variation. This amounts to proving that the weak derivative
(v, 0 0) is a finite measure, where the derivative (o, o o) is intended as the
weak limit of
an(a(s +¢)) = an(a(s))
€

as ¢ — 0. Define for this purpose @' to be the set of all a € sptn such that
u(ano) > 0. By Lemma 5.20 we deduce that, for n-a.e. « € @', defining p(«)
and ¢(a) to be the first and the last point of « intersecting o respectively, the
subpath pg of a connecting p(«) and ¢(«) is entirely contained in o. In other
words, there are almost no paths entering in o, then exiting, then entering
again, according to what we called “solidarity” in Section 5.2. As an easy
consequence, for any x and y in o,

ay(y) —ay(z) =n({a @ : pla) e xy}) —n({ae @ : q(a) e zy}),

that is,
o, = Dyt — Q41 -
Hence, (o, 0 o)’ is a finite (signed) measure and the claim is shown.

Now, take r; > 79 such that (5.2) is satisfied both for r; and for 79, and
take a point = € 8(2 N U) where 9 stands for the boundary relative to o.
Since = belongs to the relative boundary of X in o, then for any € > 0 there
is a point z. € 0 N X and a point w. € o \ X having distance less than &
from x. Using (5.2) with the points z. and w,, and the constants r; and ro
respectively, we notice that «,(z:) > r1 and that a,(w.) < rs. Since ¢ is
arbitrary, it follows that c,, has, at the point x, a jump of at least r — 7o,
ie.,

|(ay00) ({2})| =r —rs.

Since, as proved above, o, o o is a function of bounded variation, we have
that 9% contains only finitely many points. Therefore, X’No has only a finite
number of connected components and the proof is concluded. a

Corollary 5.26. If i is an optimal measure, n is an ordered optimal t.p.m.
for p, and the constant r satisfying (5.2) is not unique, then p = ALY
for some closed set X having countably many connected components.

Proof. By the non-uniqueness assumption, (5.2) holds with some r > 0.
Hence, by Lemma 5.7, p is concentrated in the union of at most countably
many geodesics, which are Lipschitz curves of uniformly bounded length.
Therefore, X' is contained in the (at most countable) union of 6;, where each
0; is contained in spt7 and S (X N 6;) > 0 for any i. The conclusion now
follows directly from Lemma 5.25. O
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Remark 5.27. Arguing as in Corollary 5.26, we can deduce that X' has a finite
number of connected components, instead of a countable number, whenever
we know that Y is contained in finitely many geodesics with respect to dy.
For instance, this is the case when the conditions of Theorem 6.1 hold: in this
case X' is contained in finitely many geodesics, and hence the non-uniqueness
of r allows us to obtain that X has finitely many connected components.

We prove now a result ensuring the existence of at most countably many
connected components of an optimal set X whenever H is concave.

Theorem 5.28. If H is concave, then there exists an optimal set X having
at most countably many connected components. Moreover, if H is strictly
concave, then any optimal measure p corresponds to an optimal set having at
most countably many connected components.

Proof. Consider an optimal measure u, an ordered optimal t.p.m.  for C),
and a constant r satisfying (5.2). We show the first part of the claim consid-
ering separately three possible cases.

Case I. H' (||p]]) <.
Let us write

H ([lpl)) =7~
with some € > 0: we claim that the measure
= {reQ:r—c<a,z)}
coincides with u. Indeed, clearly g > p. Moreover, if
A —pll=6>0,

then by the concavity of H one has

H(||al)) = Hllpl) < (r —€)d,

while on the other hand, by (5.8) we deduce

Ci(n) < Culn) = (r—€)s.

Summarizing, we have §(f) < F(u) which contradicts the optimality of u.
Therefore, we obtain that g = p, but then any constant between r — ¢ and r
suits for (5.2). Thus Corollary 5.26 ensures that ;1 corresponds to a set with
countably many connected components.

Case II. H' (||pl]) > r.
This case is analogous to the previous one: we write

H. ([ul)=r+e
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for some € > 0 and set
=N {zeX: r+e<a,T)}.

This time i < p, and exactly as before we find that i = p since otherwise
i1 would be strictly better than the optimal measure pu. Again, the constant
suitable for (5.2) is not unique and Corollary 5.26 allows to conclude.

Case III. H'(||p|) = .

In this last case, we can assume that y = ' ¥ for some Borel set X thanks
to Theorem 4.26. Noticing that » > 0 since by hypothesis H is concave and
unbounded, we may argue as in Corollary 5.26 and deduce that

ZgUiGi

for countably many geodesics 6; € spt7. Denote by o; the smallest subpath
of 6, such that
ag; nxy = 9, n 2,

and write X7 to denote the interior part of X N o; relative to o;. Define then
the “boundary” 9% of X to be the union of the boundaries ' N o; relative
to 0. Take then a point © € 0% with «,(z) # r: arguing as at the end of
the proof of Lemma 5.25, we deduce that it is a discontinuity point for a,.
But since o, is a function of bounded variation on each o;, we know that it
can have at most countably many discontinuity points, and hence we deduce
that a,(z) = r for " —a.e. point of d¥. Considering then ¥° := X\ §%
and writing 0 := " (X N ), one has

H((2°) < H(A (D)) =16
again by the concavity of H. Moreover

Cse(n) = Cx(n) + 74,

and therefore we find F(X°) < F(X). Hence, X° is an optimal set. But for
each ¢ the set X7 is open relative to ; and, since X° = J; X7, then X° is a
countable union of open subpaths of the curves ;. Therefore X° is an optimal
set having at most countably many connected components.

We have then shown the first part of the Theorem. Consider now what
happens if H is strictly concave: we need to prove that in this case the
generic optimal measure j corresponds to a set, and that this set has at most
countably many connected components. If one of the two cases I or II above
occurs, we have already shown that p corresponds to a set with countably
many connected components without any need of the strict concavity of H,
hence there is nothing to prove. We need therefore to consider what happens
in the case ITI. We affirm what follows:
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If H is strictly concave and the case III above occurs, then
1
HC ({ay(z) =7}) =0.
Notice that this claim will give the thesis: indeed, if
1
H ({ay(z)=r})=0
then
{ag(@) =7} = {ay(z) > r}
in the /7" —sense, so by (5.2) we deduce that p = " L X with
Y = {ay(z) >r}.

In particular, since we proved above that «,(z) = r for all but countably
many x € 0%, one has

{an(@) > 1} € 57 C {ay(@) 2 v},

where the first inclusion is true up to a countable (hence ¢ -negligible) set.
Thus, one has
T ={ay(@) 2r} = {ay(@) > r} =5

where the equalities are understood up to an ¢ 1—negligible set, and hence
1= A" X° which gives the thesis.
We are then reduced to prove the above claim. For this purpose, we assume

A ({ay(x) =7}) >0

and we find a contradiction in the following two cases, at least one of which
has to occur.

Case IILA. || A" {ay(x) =r} Apl|=6>0.
In this case, define

= — (c%”ll_{an(x) =r}Ap).
One has that

Cu(n) = Cu(n) +rd, and H([|al)) < H([|ul)) —rd,

because H is strictly concave and ¢ > 0. This implies §(f) < F(u) which is
a contradiction.

Case IILB. | A" {a,(z) = r} — pl{a,(z) =7} =6 > 0.

In this case, define

= A" L{ay,(z) > r}.
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One has that
Cu(n) = Cu(n) —rd, and H(||A]) < H([|pll) +rd,

because H is strictly concave and ¢ > 0. This implies §(f) < F(u) which is
a contradiction. O

Remark 5.29. In the case when H is strictly concave, applying to an arbitrary
optimal measure p both Theorems 5.21 and 5.28 one finds that p = ALY
with X closed and p = 57 'L X with X having countably many connected
components. Clearly, one has then

H(DAX) =0,

but X and X’ could be different. Indeed, consider the classical Cantor “middle
third” set

C:=[0,1] \ U(ai,bi) c [0,1],

where (a;, b;) are the “middle third” intervals, and set

S = U(ai, a; + 87i) U (bz — 87i, bl) .

=1
Then .
ngUU{ai+8’i7bi—8’i}UC,
=1

and hence, 7' (S) = " (S). Further, every singleton {z} with

S C \ Ul{az,bz}

is a connected component of S, and therefore, S has more than countably
many connected components. Now, in a way similar to Example 5.30 below,
one can find two measures f concentrated on the set

Ufai} x {0}
i=1

and f~ concentrated on the set
Utbi} x {03,
i=1

and a function H, such that the only optimal measure is given by

p="L_5=x"_%,
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where X := S x {0}. On the other hand, X' has countably many connected
components but is not closed, and its closure X' = S x {0} has more than
countably many connected components.

The following example similar to Examples 5.22 and 5.23 shows that the
result of the above Theorem 5.28 is optimal in the sense that in some situ-
ations no optimal set has finitely many connected components, even if the
function H is strictly concave.

Example 5.30. Let 2 C R? be a domain containing the segment [0,1] x {0},
and define f* and f~ as follows:

1 1
fr= 55(0,0) + Z Wfs(w:;n,o) ;

n>1

1 1
= §5<1,0) + Z W((S(l/:s”,()) + 6(3/3”70)) :

n>1

We will choose later a strictly concave function H such that H'(s) > 0 for all
s > 0. As in the previous examples it is easy to deduce that all the optimal
measures must be supported in [0, 1] x {0}. Moreover, there is a t.p.m. which
is optimal for all measures supported in [0, 1] x {0}, and hence for all optimal
measures. Such a t.p.m. is given by the formula

1 1
=7 d,1 + Z onie (0123 n 337 + O2.3n1) + Sjo3)) 5

n>1

where dj, ;) is the Dirac mass concentrated on the element of © given by the
segment connecting (p, 0) to (g,0) (note that for every measure p supported in
[0,1] x {0} there must be an optimal t.p.m. which moves f* along [0, 1] x {0}
from left to right, and that 7 is the unique t.p.m. with the latter property).
One can then write down the function «,,, which is given by «,,(z,y) = 0 for
any y # 0, and

1 1
§_W fOr1/3n§$§2/3”7
ap(z,0) = ) 1 (5.25)

Keeping in mind Remark 5.9, and in particular the formula (5.9) for 3, we
deduce that

1 1 1_1/3n—1 1_1/3n
5 on+2 for 2 2 ’
1
2

<s<

B'(s) =

an an—1
for 1+12/3 <s< 1+1/23 )
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Notice that § is concave according to Remark 5.9. We can now define H
setting H(0) := 0 and H'(s) equal to

1 1 3" 1-1/3" 1—1/3"1 1—1/3"
§+2n+2 2n+2( 92 _5”) forfgng,
1 1 3" 1+1/3" 1+1/3" 1+41/371
5_2n+3 _2n+3(x_ 2 ) fOI‘ 9 SSS 9 —

According to the definition above, H is a strictly concave function. Moreover,
one has H'(s) < #'(s) for all 0 < s < 1/2, while H'(s) > '(s) for all s > 1/2.
Therefore, the function s — H(s) — (s) has a unique minimum in s = 1/2.
Recalling Remark 5.9 and the fact that 7 is an optimal t.p.m. with respect
to any optimal measure u, we derive that the optimal measures are exactly
the elements of M, ;. Finally, formula (5.25) for c, ensures that the unique

element of My is p = H'L X, where

2= (U [3058]) < 100

which clearly has countably many connected components. It is worth noting
that X := X U {0} is still an optimal set having countably many connected
components and is also closed. However, there is no optimal set with only a
finite number of connected components, since for every Borel set

X' C0,1] x {0}

with such property one has %I(ZAE’) > 0.



Chapter 6

Optimal Sets and Geodesics
in the Two-Dimensional Case

This chapter is dedicated to the analysis of the two-dimensional case under
the assumptions A = Id, B = 0 and with no extra requirements on the func-
tion H. We will prove that in this case, if fT, f~ € L>(£2) (i.e. the measures
fT and f~ are absolutely continuous with respect to the Lebesgue measure on
R? and their densities, that we still denote by f* and f~, belong to L>(£2)),
then every optimal set X is contained in a finite number of geodesics with
respect to dy. Note that this result cannot be considered an improvement
of Theorem 5.28, since we will not show X' to have finitely many connected
components, but only to be contained in a finite union of connected paths.
In fact, in Example 5.23 we have shown a situation in which the optimal set
X is contained in the single geodesic [0, 1] x {0}, but is totally disconnected.

Theorem 6.1. If A(t) =t, B(t) =0, 2 C R? and f* € L®(2), then any
optimal set X is contained in a finite number of Lipschitz paths of bounded
lengths, which are geodesics with respect to Y. More precisely, there exists
an ordered optimal t.p.m. n such that X is contained in finitely many paths
0 € sptn.

To prove this result, we first fix an optimal set X' and denote y := AL
Then, given any optimal ordered t.p.m. n € M} ,(0), we recall that by
Remark 5.6 there is a maximal constant r > 0 satisfying (5.2), so that one
has in particular

{ay(z) >r} C X2 C{ay(z) >7r}.
Our first goal is to show the following result.

Proposition 6.2. With the above definitions one has r > 0.

This is a crucial step to obtain Theorem 6.1. The proof of Proposition 6.2
is quite involved; we dedicate the whole next section to show that the as-
sumption » = 0 leads to a contradiction.

G. Buttazzo et al., Optimal Urban Networks via Mass Transportation, 105
Lecture Notes in Mathematics 1961, DOI: 10.1007/978-3-540-85799-0_6,
(© Springer-Verlag Berlin Heidelberg 2009
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6.1 Preliminary Constructions

In this section we show that the hypothesis » = 0 leads to a contradiction.
To do that, we perform a careful analysis of the consequences of this case.
We stress that all the results of this section strongly use the (contradictory)
assumption 7 = 0, hence they may not hold true in general. Recall that
throughout this section we assume fixed an optimal t.p.m. n € M;’Z(Q), )
that MK (X) = Cx(n).

Lemma 6.3. Under the (contradictory) assumption r =0, given a path o €
sptn such that pu(o) > 0, and defining ' and y' as in Lemma 5.20, the whole

open arc x'y' is contained in .

Proof. Recalling the proof of Lemma 5.20, we have that in particular
an(z) >0 Vzeay .

Indeed, for any such z, an n—positive quantity of paths close to o passes
through z. By definition of r and since r = 0, it follows that

ze X Vze ;’\y/’ .
So the claim follows. O

Remark 6.4. We notice that Y is contained in countably many paths belong-
ing to spt n: this follows by Remark 5.8 since in the hypotheses of Theorem 6.1
condition (4.38) holds. Therefore, by Lemma 6.3 we infer that X is made by
countably many connected components {X;};cn; in particular, any path in
sptn may intersect at most one of the sets X;.

It is well-known that " (X) = "' (2) whenever ¥ is a connected set.
Hence, denoting by X;, ¢ = 1,2, ... the connected components of X', we may
consider each X; to be closed. Define now

O;:={0 €esptn : 0N X; £ 0}, i=1,2,...,
Q() = Spt’l]\UiQi

(observe that all ©;, i # 0, are closed since so are assumed X;). We obtain
from Lemma 6.3 that all ©; are pairwise disjoint, so that one can write

o0
n= Zm, where n; :==nl_6;.
i=0

Note that each path 6 € spt 1 is a line segment connecting 6(0) to (1) (since
S0 is every 0 € 6y, because such a path by definition does not touch X and
is a geodesic). On the other hand, every path 6 € spt7; is made by three
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parts: the first one is a line segment connecting (0) to the point s(0) € X;
where 6 touches X for the first time, the second part is a path inside J;,
and the third is a line segment between a point of X and 6(1). Notice that
the function s : sptn; — X; is well-defined and measurable. It is also worth
observing that s(f) is one of the points of X; of least distance from 6(0). We
can then define a sort of “entry measure” by setting

1/) = Syn; € M+(ZZ) .

Note that 1) measures the mass entering inside X;, and the above definition
makes sense only thanks to the (contradictory) assumption r = 0: in fact, in
the above construction, we used in a crucial way Lemma 6.3 which implies
that each path of sptn may intersect only one of the connected components
;i of X)) while this property may be not true if r» > 0.

Lemma 6.5. The measure v is non-atomic.

Proof. Suppose by contradiction that there exists a z € X; such that

¥({z}) > 0.

Since 7 = 0, we can take X’ C X such that %1(2 \ Z’) =¢ and

ap(z) < m for any x € X'\ X' (6.1)
(notice that we do not require X'\ X’ to be contained in X;). We define
now the set A, drawn in thick lines in Figure 6.1, as the union of the circle
centered in z of radius /(27 4 1) and a radial segment connecting the circle
to z. Then "' (A) = ¢, so that X" := X’ U A has the same length as X.
We introduce now a new t.p.m. 7 := pxn with the following Borel function

p:O—6:
o if 0 € sptn;, s(f) = z and

16(0) — 2 >

€
or 41’

Fig. 6.1 Definition of A in Lemma 6.5
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then p(@) is the path following € until it reaches the circle, then moving
inside A € X to reach the point z, and finally following again # from z
to 6(1);

e otherwise, p(0) := 0.

Let us compute now Cx(7}): for any path 6 such that p(6) = 6 one has
52// (p(@)) S 62/(9) B
while if € belongs to the set

I:={0: p(0) # 0},

then
€
2r+1°
To verify the latter equality, just recall that each 6§ € I" between 6(0) and
s(0) = z is a line segment. We have

dsr (p(0)) = d5:(0)

Cn(if) = /@ 550(0) dpyn(0) = /@ 55 (p(0)) dn(6)

< [ a5 @dn®) ~ 7= () (62)
= Cw(n) = 5= (D).

Now we compare C;(n) and Cx(n). By definition of X" and recalling (5.8)
and (6.1), we obtain

Cn() = Coln) = | (o) 8 (0)

4

= Gyl - /E () A () + /2 a(@)dA () (63)

\5
<Cx(n)+ —22’/;(7;{1})1) €.

Finally, we need to estimate n(I"). By definition, we have

n() = (=) = £ (B(ee/2n +1)).

and hence, since f7({z}) = 0, we can choose ¢ small enough in such a way
that

This, together with (6.2), (6.3) and the fact that " () = S (X"), gives
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F(E") < Con(if) + H(A(2))
< Cxi(n) - () + H(A (X))

g
2r+1
< Cx(n)+ zé(w{i})n €— 27T€+ . n(I) + H(A (D))
<Cs(n)+H(A(D) =32,

which leads to a contradiction since p = JOL Y was supposed to be an
optimal measure. a

Remark 6.6. Notice that the proof of the above lemma did not use the hy-
pothesis that the measures f*, f~ belong to L*, but only that they be
non-atomic.

We fix now arbitrarily two orthogonal axes é; and é; in R2. Let k: R? — X;
stand for the Borel projection map onto X; (the latter is well-known to be
defined for jZ—a.e., hence for f*-a.e. x € R?, namely, for all z € R?, for
which the distance function 2 — dist (x, X;) is not differentiable). Let x € X;
be such that the set k~!(x) belongs to some line [ and is not reduced to a
point. Let then

w(z) € [-7/2,7/2)

stand for the angle between [ and é;. We show now the following assertion.

Lemma 6.7. The entry angle w: X; — [—m/2,7/2) coincides —a.e. with a
Borel function.

Proof. Consider a point y € X;: the set K(y) of all the points x € 2 such
that
dist(z, X;) = |z — y|

is convex, since it is the intersection of the half-planes
{ze:|z—y| <|z—2z|}

with z € X;. By construction, for any point z in the interior U(y) of K(y),
the point y is the unique point of X; where dist(x, ;) is attained; therefore,
all the sets U(y) are disjoint. Finally, for any y € X;, we have:

e cither K (y) is a segment of nonzero length, and then w(y) is well-defined;

e or U(y) has a strictly positive Lebesgue measure, which may happen for
at most countably many points y (and hence, on a t-negligible set by
Lemma 6.5);

e or K(y) reduces to a point, which happens only for such points y € X,
that if there is some 6 € sptn, s(8) = y, then 6(0) = y (recall that 6 is a
line segment between 6(0) and s(6)).
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Therefore, the set A C X; of the latter points has
P(A) = fT(A) < fH(Z) =0

since ft < & ?. The Borel property for w easily follows by taking a Borel
selection S : X; — ©; such that

s(S(y)) =y for ¢y —a.e. y e X;

and noticing that

(y — (S())(0),e1)
ly — (S(y))(0)]

for ¢p—a.e. y. O

cosw(y) =

In the sequel we will write w(f) instead of w(s(d)). By the above lemma,
in this way w is defined for n;-a.e. § € ©. Summarizing, we know now that
for 1-a.e. point z of X; there is a line passing through z and containing
0(0) for each path 6 € sptn; such that s(d) = z. The angle between the

oriented segment 6(0)s(¢) and the direction é;, which we further will call
“oriented entry angle”, must be either equal to w(f) or to w(f) + m. We
will then say that a path 6 € spt; “enters in Y; from the left” (resp. from
the right), if the oriented entry angle associated to 6 belongs to [r/2,3/2m)
(resp. to [—7/2,m/2)). We will then write n; = n; + 1, where n—a.e. path in
the support of 7; (resp. n,.) enters from the left (resp. from the right). As a
consequence, we can write ¥ = ¥; + 1., where

Yy = spmr, Yy = Suny .

We prove now the crucial property that ¢, = 1), that is for ¢)—a.e. point of
X; the mass entering from the left and the mass entering from the right are
equal.

Lemma 6.8. One has iy, = ;..

Proof. Fix an arbitrary injective path 7 C X; and any point x € 7. Letting ¢
be the instant such that 7(#) = x and considering T as parametrized at speed
one (that is, |[7'| = 1, at least in a neighborhood of t), we denote by z,, the
point 7(t + o), so that

A (z35) = |o].

Choose now ¢ > 0, N = N(¢) € N and 6 = d(¢,N) > 0 and change X; as
follows. First of all, we cut the subpath z_.z. of 7 joining z_. and z. and
shift it leftwards (that is, in the direction of —é;) by §. Since in this way 7 is
divided in three parts, to keep the connectedness of 7 we add two horizontal
segments of length J. Moreover, we notice that in this way X; can become
disconnected because the affluents entering in 7 between z_. and z. (a priori,
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X X

Fig. 6.2 Construction of X’ from X' in Lemma 6.8

there could be countably many of these affluents) may remain disconnected
after this change. Hence, we choose N — 2 of these affluents, namely those
carrying more mass, and we connect them too with the new path 7, by means
of N — 2 horizontal segments of length §. In this way, starting from X we
have built a new set X’ satisfying

AN < A (D) + N6§.

Figure 6.2 illustrates the above construction (the N segments added in X’ are
drawn darker than the rest of the figure). We want to compare now MK (Z" )
to MK(E). To do that we use an argument similar to the one of Lemma 6.5,
but a bit more involved: we choose an optimal t.p.m. 7 € ./\/1372(@), so that

MEK(X) = Cxg(n)

and we construct the new t.p.m. ' = pxn, where the map p: sptn — O is
defined as follows. First of all, if 8 does not intersect the arc z_.z., then
simply p(0) = 6, and hence

5 (p(0)) < 5(6). (6.4)

Otherwise, we decompose 6 = 6 -0 -03, where 0, is the part of 6 between 6(0)
and the first point of contact with the arc z_.z., 6, is the part of 8 between
its first and last point of contact with the arc z_.z., and, finally, 63 is the
part of @ between its last point of contact with the arc z__z. and 6(1). We
write then p(0) == 0 - 0, - ég, where the paths 0, are defined as follows. The
path 6 is the leftwards shift by ¢ of the part of the arc T_.7. between 65(0)
and 05(1), so that )

55 (62) = 65 (62) = 0. (6.5)

Concerning 0y, there are four possibilities.
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(i) If 0 enters in T_.x. from x_. or z., then 6, is defined as the composition
of 6; with a horizontal segment of length & connecting 6, to 6y, and
therefore )

55 (61) = 6:(61). (6.6)

(ii) If 0 enters in Z_.x. from one of the biggest N — 2 affluents, then we let
01 to be again just the composition of 8; with a horizontal segment of
length §, and hence by construction of X’ one still has

s (61) =05 (61). (6.7)

(iii) If 0 enters in f:;—x/g from an affluent which is not among the biggest
N — 2, then we let 8 to be still #; composed with a horizontal segment
of length ¢ connecting 6; to 65, but this time the segment we added is
not inside Y’, and therefore

s (601) < 05 (61) +6. (6.8)

(iv) If 6 enters in X; directly in the open arc Z_.z., then 6; is a line segment
with endpoints 0(0) and s(0) = 62(0). In this case we simply let 0, be the
line segment between 6(0) and 65(0). By a straightforward computation
we can compare the lengths of #; and #; by means of the entry angle w
(recall that the latter is defined in s(6) for n-a.e. 0): in fact,

d5(01) < 60(0)82(0) = 0(0)02(0) £ 6 cosw(s(6)) + dog(1) (6.9)
=6x(61) £ 0 cosw(s(8)) + dog(1),

w_»

where the sign is if 6 enters from the left and “4” if 6 enters from
the right, and where for any 6 the quantity og(1) vanishes as § — 0 (not
necessarily uniformly in 0) and |og(1)] < 1.

The way to define 0y is completely symmetric.

Recalling the definition of p(f) and the estimates (6.4)—(6.9), one can im-
mediately notice that

MK(X') < Cx(n)

< Cx(n)+ 5(MN - /N

T_oTe

cosw(a)d(u — b))+ [ on(1)dn)

O,

= MK () +5(My — [ cosw(@)iin - v)(a) +

0g(1) dn) .
T oT. O
Here My stands for the mass of the paths entering in Z_.x. from the “small”
affluents, plus the mass of the paths exiting from them, 6, is the set of paths
as in (iv), and the last equality is due to the fact that M K(X) = Cx(n) in

view of the optimality of . We claim that
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A= /N cosw(z)d(¢; — ) (x) <0. (6.10)

Indeed, assume by contradiction that A > 0; by construction, for any fixed ¢,
one has My — 0 as N — oo, so we may fix an integer N large enough such
that My < A\/3. Moreover, since by the Dominated Convergence Theorem

/@ ou(t)dn

tends to zero as § — 0, we may take J small enough so that

/ op(1)dn < \/3.

Therefore
MK(X) < MK(X)-Cé
for some constant C' > 0 which depends only on e. Summarizing, if (6.10)

is not true then starting from the set X' we would be able to find, for §
arbitrarily small a set X’ satisfying

AN < A (D) + N6, MK(Y') < MK(¥) -0

with suitable constants N, C' > 0. But this leads to conclude that r > C/N,
which is impossible since we are assuming r = 0. In fact, if »r < C'/N, then
one can find, for § sufficiently small, a subset

AC X n{a, <C/N}
of length N§, so that by (5.8) for the set X7 := X'\ A one would have
MK (") < MK (X) while ' (£") < 4" (X), against the optimality of ¥.
Therefore, (6.10) holds.

In the very similar way, moving the arc z_.z. rightwards rather than
leftwards we conclude the opposite inequality, and therefore

/N cosw(z)d(; — ) (z) =0.

T_ T

Analogously, moving the arc upwards and downwards, we obtain
__sinw(@)d(Pr — ) (z) = 0.

T_oXe

This concludes the proof since the arc 7_.z,. was arbitrarily chosen in Y. 0O

Lemma 6.9. There exists a constant C' such that for all sufficiently small e
there exists a set A satisfying

HH(A) =¢, MEK(XUA) < MK(X) - Ce?.
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w
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" R A z
l

Fig. 6.3 Construction in Lemma 6.9

Proof. Since f(X) = 0, there exists a connected component X; of the op-
timal set X' and a point € spt (moyn) \ 2, where 7 is an optimal t.p.m.
associated to X. Take a path 0 € sptn; with 0(0) = z, and denote

z:=s(0) € X;.

Consider now a thin rectangle R with sides | < 7z and £/3 < [ having a
corner in x and a long side contained in the segment xz. Divide then R in
two rectangles of sides [/2 and /3 and let R be the right one: in Figure 6.3,
the rectangle R is the wide one, while R is its shaded right half. Let now

Y =XYUA,
where A = zw is a segment of length € contained in the middle of the
segment xz.
Take now

y € RNspt (moun:),

a path 7 € sptn; with 7(0) = y, and let w := s(7). By the optimality of 7
and since X; is connected, we already know that 7z < Tw as well as yw < yz.
Denote by 1/ the projection of y onto zz. Then, whenever [ is small enough
with respect to Tz, and ¢ is sufficiently small so that 3’ belongs to the segment
zz and does not belong to A, one has the series of estimates

&
dsi(y,2) < 3t ly' —z| —¢

3
— Stz -la—yl-e

3
o 2|~ o — | - =
=lz—z—-|lz—-Yy|— =
yi—3
2e
<lz—w|—|z—9y|-=
<| =z =y -3

2e

SIx—yIJrIy—wI—Izv—y/\—g

€
Sle—yl+3+ly—wl=le—y|-=

3
=ly—ul - S =ds(yw) - .
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To conclude, it suffices now to notice that the area of R is proportional to
¢ (since z, 6 and | < Tz have been fixed), and, moreover, up to a suitable
choice of z, 6 and [, we can assume that mn;(R) > K$2(R) with a small
constant K not depending on ¢ (here we use the assumption f € L*). We
define ' := p4un, where p(#) := 6 unless 6 € sptn; and #(0) € R, in which case
p(0) replaces the line segment 0(0)s(#) by the composition of three segments
0(0)z, zw and ws(f). The conclusion now follows because

MEK($UA) < Csualy) < Cs(n) — KL*(R) %
= MK(Z) — EEQ.
O

Remark 6.10. An inspection of the proof of Lemma 6.9 shows that the con-
stant C' can be estimated from below as

fH(z)dist(z, X))
0> R

where () is a geometric constant depending only on diam {2 and z is any
Lebesgue point of .

Finally, we can find a contradiction using Proposition 6.11 below, which
will show that the assumption » = 0 cannot hold true and hence conclude
the proof of Proposition 6.2.

Proposition 6.11. There exists a set X such that

HN(E) =H(D), MK(X) < MK(X)
(so that S(f‘) < S(E) against the optimality of X).

Proof. Thanks to Lemma 5.15, X; can be endowed with the partial order
generated by the relation given by z < y € X; whenever there is a path 0 €
spt n; passing through = and, afterwards, through y. Therefore, for almost all
¢ small enough (almost all is intended with respect to the Lebesgue measure
on R), it is possible to find a point x. such that

(X)) =¢ where X.:={zeX;: z<ua.}, (6.12)

so that
{J; el x< xE}

is contained in the ball of center x. and radius €. By Lemma 6.7, again for
almost all ¢ we know that the entry angle w(z.) is well-defined. Moreover, as
a consequence of Lemma 6.9, we may prove that at least a mass Ce passes
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through X.: in other words,
PY(Xe) = sgni(Xe) > Ce, (6.13)

the constant C' being that of Lemma 6.9, thus independent of . Indeed,
applying Lemma 6.9 find the set A, and denote by ' the t.p.m. built in the
proof of the lemma: by (6.11) we know that

Cxua(n) < MK(X) — Ce2.

If we now set
= (EUA) \ X,

which satisfies 7 (X') < " (%), then by construction of 7' one clearly has

Cx(n') < Csualn') +ep(Xe).

Hence, by the optimality of X we conclude

MK(¥) < MK(X) < Cs(n) < Csualn) +e(X.)
< MK(X) - Ce*+ep(X.),

thus (6.13) is established. Let us now set

C
K:=/——-—.
\ 87l Sl

Since f*(B(z., K\/€)) < Ce/8, while by (6.13)

fP({z € 2:30 €sptn,;,0(0) =z, s(0) € X.})
> n({9 € sptn; : s(0) € Xg}) =(Xe) > Ce,

recalling also Lemma 6.8 we deduce that £ can be chosen with the addi-
tional property that there are two paths fp and fg in sptn; entering in Y;
respectively from the left and from the right in such a way that

s(0p) = s(6q) = z.

and both the points P = 6p(0) and Q = 0o(0) are outside the ball
B(z., K\/2). For simplicity, we assume that z. = (0,0) and that w(z.) = 0.

Since each path enters in Y; at a point of least distance from its first
extreme, Y; intersects neither the open ball B(P, Px.) nor the open ball
B(Q,Qz.). Thus, X, is constrained in the shaded region of Figure 6.4. We
claim now that the entry angle w(z) is “small” for most of the points z € X,;
more precisely one has
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Fig. 6.4 Situation in Proposition 6.11

¢<{x € X.: |w(x)] > 2%}) < %5. (6.14)

In fact, take a point x € X, such that

Ve

lw(z)| > 2 %

we will say that « € X, if z is above z. and w(z) > 0 or if x is below z. and
w(z) < 0 (the figure shows this second possibility), while we will say that
x € Xp otherwise. By construction, if z € X, (resp. © € Xg) then the line !
passing through x with slope w(z) intersects the horizontal axis at a point z

in the interior of the ball
B (:1: K\/E ) ,
2

and z is in the left (resp. right) of z.. Since for any 6 € sptn;, s(6) is the point
of X; closest to 6(0), the segment Pz. cannot intersect the segment 6(0)x
whenever 6 € sptn; and #(0) = . For any such 6, the point #(0) belongs to
the line ! by definition of the entry angle w(x), therefore if x € X (resp.
x € Xp) and 0 enters at = from the left (resp. from the right), then 6(0)
belongs to the segment zz, thus to the ball B(x., K+/¢). We have then

V(X)) + ¢ (Xg) = ni({H € sptn : s(0) € XL} U {9 € sptn, : s(0) € XR})

gf*(B(xE,KM)) < %6.



118 6 Optimal Sets and Geodesics in the Two-Dimensional Case
Recalling that ¢; = ¢, by Lemma 6.8, we deduce
Y(Xe) = Yi(Xp) +r(X1) + e (XR) + i(XR)

<2(u(XL) +r(XR)) < %6

and thus (6.14) is proved.

In order to define the competitor Yto X , we divide R? in four regions;
since these regions are symmetric with respect to the horizontal axis, we draw
only the bottom half in Figure 6.4 to avoid confusion. The region F is the ball
B(z., K+/¢); the region H is made by such points £ ¢ F below (resp. above)
the horizontal axis, such that the angle between the segment connecting & to
the point (0, —¢) (resp. (0,¢)) and the horizontal axis has the absolute value
greater than /£/2K. The regions E and G are the left and the right side of
the remaining part of R2. For simplicity of notation we denote by m(E) the
value

n({0 €ni: 6(0) € E}),
and we adopt the analogous notation for the regions F', G and H. Further,
without loss of generality, we assume m(G) > m(E).
We now define the competitor X: consider the segment y,y, (drawn in
bold in the figure), where

K € K €
ylz(g\[—?o)a y2:(§ﬁ+§70),

we let then

Y= (Z\ X)) Uyiye.

By (6.12), we have %1(5’) < %1(2), so we only need to check that
MK(S’) < MK(E) to find the desired contradiction.

As in the last lemmas, to show that MK(E) < MK(E) we will provide
a suitable t.p.m. n' := pun with Cx(n') < Cx(n). In order to construct the
map p: O — O, we first set p(0) := 0 for every

0 ¢ 0. :={0csptn,, s(d) € X.}.

For 6 ¢ O., of course we have 05 (p(f)) < 0x(8). Concerning now the case
0 € O, if 0(0) € F' we again let p(6) := 6, so that

0(0) € F = 55 (p(0)) < 65:(0) +e. (6.15)
If 0(0) € H, we still let p(6) := 6 and by construction, we have

0(0) € H=>65(p(0)) < 6s(0) +e¢. (6.16)
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We call now
t=1(0) := max{t: 0(t) € X.}.

If 0(0) € E, we set p(f) to be the path obtained joining the line segment
0(0)0(t) to the curve OL[t,1]. By definition of the set E, a simple geometric
estimates ensures

0(0) € E = 65(p(h)) < 6x(0) + 6(0)8(f) — 6(0)s(8)
< 85(0) + esin (vVE/2K) + O(e*?) (6.17)
=0x(0) +o(e),

where o(¢) depends only on ¢ and not on . Finally, if §(0) € G, we define
p(0) as the path joining the line segments 0(0)ys, y2y1, and y10(¢) to the curve
OL[t,1]. Another easy geometric argument gives

0(0) € G =5 (p(0)) < 6x(0) —e+O(*?) < dx(0) —c+o(c). (6.18)
Now, (6.15)—(6.18) together yield

MK (Z) < MK (S) +m(F)e+m(H)e (6.19)
+m(E)o(e) —m(G) e+ m(G) o(e) . .
By (6.13), we know that
m(E) +m(F)+m(G)+m(H) > Ce.
By (6.14), we know that
m(H) < é(]e;

by definition, we know that

m(F) < lC’a.

Hence, since we are assuming m(G) > m(F), we find

m(G) > < Ce.

ool w

Therefore, (6.19) gives us that

MK (Z) gMK(2)+5(;LC—gC’+Co(1))7

and then, provided ¢ was chosen sufficiently small, we get MK(X) <
MK (X), hence the required contradiction that completes the proof. ]
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Now, it is immediate to conclude the validity of Proposition 6.2

Proof (of Proposition 6.2). If » = 0, then the claims of Lemmas 6.3, 6.5,
6.7, 6.8, 6.9 and of Proposition 6.11 hold true; hence, there is a set X' with
F(X) < F(X), against the optimality of X. O

6.2 Proof of the Main Result

We can finally give the proof of Theorem 6.1, which makes use of the technical
results of Section 5.2 and of the fact that r > 0 for any n € M;; ,(©) which
we have shown in the previous section.

To prove Theorem 6.1 we need to select a special t.p.m. n € M3 (£2). To
this aim, let us first arbitrarily fix a function « : ¥ — R such that there
exists some 7 € M ,(6) for which o, = a. We solve then another auxiliary
maximization problem.

Lemma 6.12. Defining Fi(n) := max{u(0),0 € sptn}, we have that the set
M, 51(0) == Argmax{Fl(n) DN EM,;,H(0), ay = a} (6.20)

is non-empty and convez.

We recall that the functional Fi(n) is well-defined for all n € M ,(0) by
Corollary 5.12.

Proof (of Lemma 6.12). Consider a maximizing sequence {n,} C M, ,(6)
for the functional F under the constraint o, = a, and define

7]::227"77”.

neN

By Corollary 5.12, there is a path #,, maximizing the length
01— p(d) =" ONX)

within spt7,. Since the Euclidean length of the paths 6,, is bounded thanks
to Lemma 4.18 and since 2 is bounded, up to a subsequence we can assume
that 6,, — 6 for some path 6 € O. Notice that, since sptn is closed and
contains 6, by construction, we obtain 6 € spt 7. Since we already know that
0 — () is an u.s.c. function, we obtain

limsup Fy () = limsup u(6y,) < p(0) < Fi(n) .

n—:o0 n—o0

Therefore, n € M, ;,(0) and we have proved that the set M, ;,(0) is
non-empty. The convexity of this set follows immediately by noticing that a
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convex combination of elements of M;7371(@) is a measure, the support of
which contains all the supports of the elements. a

Notice that the existence of solutions for the maximization problem (6.20)
cannot be shown in the same way as done for M}, (©) and M ,(O) in
Remark 5.11, where one had to deal with integral functionals and therefore
it was sufficient to check the lower (or upper) semicontinuity of the integrands.
Recall that in those cases, moreover, the standard direct methods of the cal-
culus of variations also gave the weak* closedness of M |(0) and M ,(0).
On the contrary, it is fundamental to notice that (in general) M ; (0) is
not weakly* closed; indeed, if n,,—=n, 0,, € sptn, and 6,, — 0, then in general
it is not true that 6 € sptn. For this reason, to extract a particular t.p.m.
in M::M(@) in the sequel we will not take a weak® limit of some optimizing
sequence, since it may happen that this limit does not belong to M:,B,l(@);
instead, we will repeat the method already used in the proof of Lemma 6.12,
which only needs the convexity of M:“(@) in place of the weak* closedness.

In the sequel, we will often use a t.p.m. n € M;&l(@) together with a
path 6, providing the maximum in F}; therefore, it is useful to set

10 = {(1,60) € MJL5,(0), u(6r) = Fu(m)} }-
Let us now prove a “second-order” version of Corollary 5.12.
Lemma 6.13. For any (n,0,) € II, there exists a 7 € © mazimizing
T AL (2N 61)(7)
within sptn.
Proof. Fix (n,0,) € IT;, take a sequence {7, } maximizing
T AL (2N 61)(7)

within spt 7, and assume without loss of generality (thanks to Lemma 4.18)
that 7,, — 7 in 6. As in Corollary 5.12, we conclude applying Lemma 4.1
with X :=6,C), =6, and v = := S (2\91); indeed, the lemma gives

fi(7) = limsup fi(7y) ,

n—oo
and this clearly concludes the proof. a

We define
Fy(n,6,) := Inax{j(fll_ (E \ 91)(7'), T € sptn};
Mﬁ,m(@) = ArgmaX{F2(77,91)7 (n,01) € Hl} ;

I = {(1,61,82) = (1,01) € My 5,(O),
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0y € Argmax{%ll_(Z’ \ 61)(7), T € spt n}} ;
I, = Argmax{,u(t%), (n,01,0-) € ﬁz};
M;52(0) = {n € My 5,(8): 301,02 € 0,(n.01,0) € II}.

We underline the meaning of the sets we defined. Recall that our aim is
to cover X with paths, possibly in an efficient way; therefore, we defined
M, 51(0) to be the set of the optimal measures 1 € M, ,(0), having a,
fixed, the longest path of which inside X' has the maximal possible length.
The elements of II; are the pairs of such particular optimal measures and
their paths using Y as much as possible. To proceed covering X, we find
now the “second longest path”, namely the path in spt 7 having the maximal
length inside X\ 6;. Hence, M, ;,(6) are the pairs (1, 6,) € I} maximizing
this new length that is possible to gain by this second longest path, and ]~72
are the corresponding triples given by the pairs

(n,01) € Mj; 5,(0)

together with a second path 0, maximizing the new length. For reasons that
will become clear during the proof of Theorem 6.1, among those triples we
have the convenience to make a further choice: for all the triples

(777 91762) S ﬁ?

the length
AL (2 6:)(62)

is the same, and it is the maximal possible; we then select those triples for
which
w(0:) = "L 5(60)

is maximal. In words, among the different paths maximizing the new length
that one can gain by 6y, we choose those maximizing also the total length
1(0). Those particular triples are collected in ITy, and finally M;B,?(@)
consists of the optimal measures 7 which belong to I, together with some
pair of paths (0;, 6,) € sptn.

We now extend Lemma 6.12 to M, ;,(0).

Lemma 6.14. The set M, 3,(0) is non-empty and convex.

Proof. We first show that M;)g,Q(@) is non-empty: let (n,,0:.,) be a max-
imizing sequence for the functional Fy in II;. In particular, according to
Lemma 6.13, one has

F2(77n791,n) = %1 L(E \ el,n)(éQ,n)
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for some ég’n € sptn,. Then, as in Lemma 6.12, we define

= Z 27"y,

neN

and we let #; and ég be the limits in @ of ¢, , and égm respectively (up to a
subsequence). We claim that

(777 91552) € ﬁ? ) (621)

hence in particular M:,M(@) contains (7, 01), so it is not empty.
To show (6.21), we notice that n € M, ,(©) and a;, = a as in Lemma 6.12;
moreover,

w(61) > limsup u(6;.,,)

n—o0

by upper semicontinuity (recall Lemma 4.1). Then, since in this case all the
paths 6, have the same, maximal, length in X', we deduce that the above
inequality is actually an equality, so that (n,60;) € II;. To show (6.21), we
only need to prove that

limsup 7' L (Z\ 01,0) (02,0) < L (2 6,)(6s),

n—o0

which is equivalent to

limsupu(ézn \ Hl,n) - H(éQ \ 91) <0.

n—o0

In view of the inclusion
(A\B)\ (C\D)c (A\C)u(D\ B),
one has

0\ 01.0) — B\ 02) < (B2 01,)\ (B2, 01))
< ‘u(én,z \ 52) + ,u(t91 \en,l) )

so that it suffices to show that the limsup of the right hand-side is zero.
Concerning ,u(@n,g \ 92), it is immediately seen that its lim sup is zero thanks

to Lemma 4.1 with v = 7' (2\ 65). In fact,

(6.22)

M(énﬂ \ é?) = I/(én,Q)
and of course v(6,) = 0. Concerning 1(61\ 0,.1), by the equality

\w(A) — u(B)| = |u(A\ B) — u(B\ A)],
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valid for any measure p and sets A and B, one has

|1(01) = 1(On1)| = |1(01 \ O 1) — 1(0n 1 \ O1)] -

As we already noticed,

1(60) = 1(6)) ¥neN;

moreover,

N(on,l \91) - 0

exactly as previously done for 0~2 and émg. Then, it follows that also

(61 \ 0n1) — 0

so that the lim sup of the right hand-side in (6.22) is zero, thus (6.21) follows:
as noticed before, this gives that M:,3,2(@) is non-empty.

Moreover, MZ,?)J(@) is also convex, as one can immediately deduce exactly
as done for M, 5 ,(0) at the end of Lemma 6.12.
Concerning /\/1;7372(@), the convexity can be deduced again in the very

same way as for M/ 3 ,(0) and M ;,(0). To show that M} ;,(0) is non-
empty, we will check that so is IT5. In fact, it suffices again to take a sequence

{(Wn, 01,1, GZ,n)} C Il

such that 65, is a maximizing sequence for p. Then define, possibly up to a

subsequence,
= Z 27",
neN

and ¢, and 6, to be the limits in © of 6, ,, and 6, respectively. By the same
arguments as before we have

(1,61,6,) € I,
and moreover

p(62) > limsup p(62,,)

by upper semicontinuity again. Then IT, # §) as (1, 61,65) € II5 and the proof
is concluded. O

We define now by induction, for any n € N,

Fu(m,01, - 0n1) := max{"' L (Z\ (61 U---Ub, 1)) (1), T € sptn}
'//\;[/;,371’7,(@) = ArgmaX{Fn(na 017 ey anfl) : (777 013 ey anfl) S anl};

11, = {(77,91,...97,,1,@”) : (n,01,...,0, 1) € M, (O),

y3,m
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AOU(EN (01U Uy 1)) (0n) = Fn(n,ah...,en,l)};

11, = Argmax{y(@n) :(n,bh,...,0,) € ﬁn},
M (6) = {neM;ﬁ,n,l C 30, 0,€0: (1,01, ..., 0,) eHn}.

Further, set

Hm;:{(n,el,...,en,...); VneN, (n,61,...,0 )eMWn}
M, (O) = {neM;Q(@): 61, .. 0O
(n,el,...,on,...)enw}.
We have the following result.

Lemma 6.15. All the sets M, 5, (0) are non-empty and convez, as well as

MZ,3,%( )

Proof. The first part of the statement can be obtained exactly as in
Lemma 6.14 via an inductive procedure. Concerning the second part, it can
also be obtained in a similar way: take a sequence {n,} € M} ,(0) with
oy, = « and paths 0,, , € © with m < n such that for any n € N one has

(nn, 9177“ Ceey Gnm) (S Hn .

By a standard diagonal argument, we can assume that for any m € N one
has 0,, ,, — 0, as n — oo, and we define as usual

ni=y 27"n;

neN

then, arguing as in the above lemmas we derive that

(777617"'7 )EMHSm VmeN,

so that
(77791)"'30717"')61700

Hence, the fact that M’ 3, +(©) is non-empty is established. The convexity

of M 5 (O) is straightforward. Indeed, for any
m, n2 € Mu 3, oo( )
and any 0 < t < 1 one has

spt (tm + (1 — t)m2) 2 spt .
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Thus, if (n,61,...,0n,...) € I, one has also

(tm + (1 =), 01, ..., Op,...) € I
by definition of I1. O

Proof (of Theorem 6.1). Take an optimal set ¥ and a t.p.m. n € M}, (O)

with

,3,00

(77’91>---,9n,---)61130

for a suitable sequence {6, } C spt#. The thesis will be achieved once shown
that
YChubu---Ub,

for some n € N. If this is not true, then one has u(6;) > 0 for all i € N. We
define now x; and y; those points of 6; such that z;; is the shortest subpath
of 0; with u(z;y;) = p(0;). Now, the proof follows in five steps.

Step I. For any it € N, there is at least a mass r > 0 passing through x; (resp.
y; ) and following the path 0; for a while after x; (resp. before y; ).

Fix ¢ € N, and define

O, = {9 Esptn: Ity < to, t) < th, O(t)) =y,

0(ta) # 1, OLI 1) = L[4, 14]},
O, = {9 €sptn: Ity < by, t) < th, O(ts) = yi,

0(t1) # yi, OL[t1,t2] = ‘9¢|—[t,17t,2]} )

so that ©; are precisely those paths passing through z; and then following 0;
for at least a while, and ©; are the paths passing through y; having followed
0; for a while. The claim of this step is then n(©;) > r and n(©;) > r.

By definition of x; and y;, we have a sequence {z,} of points contained
in z;y;, converging to z; and belonging to X. By (5.2), one has ay(2,) > r,
which can be rewritten as

n(6-,) >, (6.23)

where

O,:={0ecO: z€0b}

for any z € (2. Suppose now by contradiction that
?7(81) =r—90
for some 0 > 0; then, by (6.23) one has

n(6:,\6;) > 6 Vn € N. (6.24)



6.2 Proof of the Main Result 127

We remark now that, by construction and thanks to Lemma 5.20,

0 =UU..N,., 0 (6.25)

up to negligible sets. Moreover, again by Lemma 5.20,
{6..n6.,}

is an n—essentially decreasing sequence (more precisely, the sequence of sets
0., NO, Nspty is decreasing). Therefore, also the sequence

{(6.,n6.,)\6;}

is n—essentially decreasing and its intersection must be n—negligible
by (6.25). This implies the existence of an integer n > 1 such that

n((@zl ﬂan> \ @i) < n(@zl \@z> —9.

So we assume without loss of generality (up to redefining the sequence {z,})
that

n((0:,N6.,)\60;) <n(0.,\6;) —4.
(the right hand-side of the above inequality is a positive number by (6.24).
Applying (6.24) to n = 2 gives

77((821 U 622) \ @1) = n(@zz \@1) + 77(821 \ @z) - 77((8,21 N @zz) \ @1) >26.

Arguing in the same way, for any n € N we can obtain
n((ezl UO,U---Ue..) \91) > nd.

Since of course this is not possible for n > ||n||/d, the contradiction shows
that 7(0;) > r; in the very same way, n(6;) > r).

Step IL If z; # x; (resp. y; #y;), one has O;NO; =0 (resp. ;N O; = ).
Assume that this is not true, so take § € ©;NO;, with j > i and with z; # ;.
Suppose that 6 passes first through x;, than through z;. Then, since 0 € 6;
there is an interval [t,t] such that

G(tl) = Gz(tl) =T

and
QL[tl, tg] = 91 L[tl, tg] .

Moreover, since 6 has passed through z; before passing through z; (and
recalling that § € ©;) we have

1(0([0,11])) > 0= p(6:([0, t1]))



128 6 Optimal Sets and Geodesics in the Two-Dimensional Case

by construction. We aim now to find a competitor to n proving that n & I1;,
finding then a contradiction. The idea is to modify # and 6;: more precisely,
we define R

0 .= GL[O, tl] . 91 L[tl, 1]

as the path which follows 6 from 6(0) to xz;, and then follows 6; from x; to
0;(1), and analogously we define

07; = 01 L[O, tl] . 9|_[t1, 1]

as the path following 6; from 6;(0) to x; and 6 from z; to 6(1). Then, we
may define a modification 7 of n as follows: we take an n—positive quantity
of mass contained in a neighborhood of 6; in © and passing through x; (this
is possible thanks to Step I), and an equal mass contained in a neighborhood
of  in © and passing through x; (this is possible by Corollary 5.14 and
Lemma 5.17). As in the proof of Lemma 5.15 we define 77 swapping the ways
of the paths when they meet at x;, and leaving all the other paths unchanged.
Therefore, 6 and 6; belong to spt 7. It is immediately seen that

Cx() = Cx(n),

so that 7 is still an optimal t.p.m. Moreover, 61,605, ...,60; 1 belong to spt 17,
provided we have chosen the neighborhoods of 6 and 6; in the construction
above small enough. Recall also that

rne;, XN :
therefore, we obtain that

(ﬁ,@i,ﬁg, .. .,91_1,9) = ﬁl R

moreover, since 1(0) > u(6;), we have a contradiction with the assumption
(77791'7 027 e 701;71’ 61) S Hz .

Summarizing, we finally found a contradiction assuming that § passes through
x; before than through x;.

If 0 passes through z; before passing through z;, a completely similar
argument gives again a contradiction at the j—th step: in fact, an analogous
change of the t.p.m. allows to assume that sptn contains the path

0:=0L[0,t,]-0;L[t,1]

which follows 6 between 6(0) and x;, and 6, between x; and 6;(1). Therefore,
at the j—th stage, it would be more convenient to select ¢ instead of 6, since

N2> xrnd; :
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we again found a contradiction, so that the property
e, N 9]' =0

is proved. Concerning L

o;N Qj =0,
the argument is of course exactly the same. Then also this step is concluded.
Step III. If x; = x; (resp. y; = y;), then either ©;NO; = or ©; = O; (resp.
cither ©; N 6; =) or O; = 6,).
Also for this step, we will only proof the first case, being the second completely
similar. To achieve the step, we will show that if @; N ©; # ), then 0; and

0; coincide for a while after z;; formally, this means that if x; = 2; and
©; N O; # () then one has

6,(1s,1]) = 0,(15',¥]) 2 {1} (6.26)

with
91(5) = Gj(s’) =T, =Ty .

This will immediately conclude the step by definition of ©; and ©j, so it is
enough to establish (6.26). To this aim, suppose that it is false: then there
must exist a path § € ©; N O;, and 0 should pass twice from z;: once in
order to follow 6; for a while, and one to follow 6; for another while. But this
would mean that the path 6 contains a loop, which is impossible thanks to
Remark 5.16. Notice that here it is crucial that the claims of Lemma 5.15
and of Remark 5.16 have been established for all the paths 6 € spt 7, and not
just for n—almost all.

Step IV. If O; = O, and ©; = O; (and so x; = x;, y; = y; by Step II), then
0; and 0; coincide between x; and y;.

By Step III we already know that, for suitable tj, ¢}, 1 < h < 4, one has

0, L[t1,ta] = 0;L[t, 5], 0, L[ts,ts] = 0;L[t5, ¢,
0;(t1) = x4, 0:(ts) =i .

On the other hand, applying twice Lemma 5.20 we know that
0: Llta, t3] = 0o, (t,)6.(t) = T, (150, (t,) = 05 L[t t3],

and so ¢; and 6; coincide in the whole part between z; and y;.

Step V. Conclusion.

Since ||n]| = 1, Steps I, IT and IIT ensure that there can be at most 1/ different
sets ©; and at most 1/r different sets éi, hence at most 1/r? different pairs
(@i,éi). Since X is trivially contained in the countable union of the arcs
Z;7;, and since by Step IV these arcs are in fact a finite number, we have
concluded the proof. a



Appendix

A The Mass Transportation Problem

The mass transportation problem was first proposed by G. Monge in 1781 [49]
as follows: “Etant donnés dans lespace, deux volumes egaux entr’eux, & ter-
minés chacune par une ou plusieurs surfaces courbes donnés; trouver dans
le second volume le point ou doit étre transportée chaque molécule du pre-
mier, pour que la somme des produits des molecules multipliées chacune par
l’espace parcouru soit un minimum”. In modern language, we can rewrite his
question as follows: given two sets A, B C R? with the same volume, we look
for a measurable map 7' : A — B which describes a way to transport the set
A onto B, and so that the cost

/ |T(x) — z|dx (A1)
A

is minimal. Saying that T “describes a transportation” means that, by mov-
ing the mass on A according to T', we completely cover B, that is, for any
measurable set £ C B one must have

meas({x €A:T(x) e E}) = meas(F). (A.2)

A first generalization that can be done is to consider a density of the material
which may be non-constant or even singular; then, instead of two sets, we
can consider two positive Borel measures f* and f~ over a Polish space X
which have the same total mass, that is || fT|| = || f7||. Usually, one assumes
this total mass to be unitary for simplicity. A Borel map 7' : X — X is
then called a transport map if Ty f* = f~, where Ty stands for the push-
forward operator defined in Appendix B.2; equivalently, we can say that T is
a transport map if for all Borel sets £ C X one has

f*({x €X:T()e E}) — 7 (B),

which is the exact analogue of (A.2) with f* =X, and f~ = x 5.
131



132 Appendix

Another possible generalization is to consider a cost function ¢ : X x X —
R* such that c(x,y) represents the cost to move a unit mass from z to y.
Therefore, the cost associated with the transport map 7' is simply

/ (. T(x)) df* (x). (A3)
X

which again generalizes (A.1) with c¢(z,y) = |y — x| when X = R? and
f+:XA> f7:X13~

Despite the simplicity of the problem considered, it reveals to be very hard
to attack. The main reasons are two: first of all, the set of the admissible maps
has no good structure; indeed, even in the simplest case considered by Monge,
the admissibility of 7" relies on the validity of the highly non-linear equation

|Det DT'| = 1.

A second reason is that also the cost given by (A.1) or (A.3) depends in a
quite involved way on the map T so again there is no kind of linearity giving
some help.

We can also note that, in general, the problem of finding a minimizer of
the cost has no solution, and it can also easily happen that there are no
admissible transport maps at all. For instance, if f* = §, is a Dirac mass at
a point z, then for any map T': X — X one has T f* = 0p(,); therefore,
there are no transport maps at all unless f~ is a Dirac mass itself. In fact,
the only obstacle to the existence of tranport maps is the presence of Dirac
masses in f1: indeed, the following theorem is well known (for a proof in the
general case of Polish spaces one can refer to [59]).

Theorem A.1. Let X be a Polish space and f, f~ be two positive Borel
measures on X with the same total mass. If ft is non-atomic (that is, for
any x € X one has f*({z}) = 0) then there exist transport maps from f*

to f~.

Even if the set of transport maps is nonempty, the existence of optimal
transport maps may fail: consider for instance the case when X = R?, f*
is the Hausdorff one-dimensional measure with density 1 on the segment
{0} x [0,1], and f~ is the Hausdorff one-dimensional measure with density
1/2 on the two segments {£1} x [0, 1]; consider also the easiest cost function
c(x,y) = |y —|. In this case, it is immediate to understand that the infimum
of the cost of the transport maps cannot be achieved, since otherwise an
optimal transport map should split every point in the support of f™ and move
half of it in the left segment of the support of f~ and half in the right one.

The first big step forward in the study of the mass transportation is due to
the work by Kantorovich [42, 43]; to explain it, let us start from the consider-
ation that, in both of the above examples, the obstacle was the impossibility
to split the masses by a map. The idea of Kantorovich, then, was to allow
this possibility; hence, the mass which is initially at x, should not be entirely
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transported to a point T'(z), rather it may be distributed on the support of
f~. Formally, this means that a new notion of transportation is introduced.

Definition A.2. A transport plan is a positive measure v € M ™ (X x X) such
that the two projections 7,y and 794 coincide with f* and f~ respectively,
where 7, and w9 are the projections of X x X on the first and second factor
respectively.

It is important to notice the meaning of the above definition: the measure
~ corresponds to transporting a mass v(C x D) from the set C' to the set D for
any choice of the sets C, D C X. Hence, every transport map 7' correspond
naturally to a transport plan vy, namely

T = (IdaT)#f+ :

It is easy to generalize the cost of a transport map to transport plans: indeed,
we will say that the cost of the transport plan ~ is

//XXX c(z,y) dy(w,y).

With this definition, the cost of the transport map 7' equals the cost of the
transport plan 7, so that the Kantorovich setting of the problem is indeed
a generalization of the one by Monge.

It is immediate to see that both of the above mentioned difficulties for
transport maps are immediately solved for transport plans: indeed, the trans-
port plans form a bounded, convex and weakly™* closed subset of the measures
on X x X, so they have a very good and perfectly known structure; in addi-
tion, the cost of the transport plans is linear with respect to =.

Hence, in this new formulation, the existence of transports and of optimal
transports always occurs. Indeed, the set of transport plans is nonempty,
since the measure f* ® f~ is always an admissible transport plan. Moreover,
also the existence of optimal transport plans (i.e. those minimizing the cost)
becomes very easy: in fact, if ¢ is a lower semicontinuous function on the
Polish space Y and p,— p are Borel measures on Y then

/ o(y) du(y) < liminf / o) din(y)
Y

Y

Therefore, provided that ¢ is lower semicontinuous, the problem of finding
an optimal transport plan is trivial: it suffices to take any weak® limit of any
minimizing sequence of transport plans.

Even if the Kantorovich formulation of the problem always admits optimal
solutions, deducing the existence of transport maps remains a difficult issue.
The main idea to show the existence of transport maps was found in the 70’s
by Sudakov [67]: indeed, in the case ¢(x,y) = |y — x| with ambient space
X =R", it is known that any optimal transport plan moves the mass along
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non-intersecting segments. More precisely, if v is an optimal transport plan
and (x1,y1), (22, y2) belong to the support of 7, then the segments z1y; and
Toys cannot cross except in a common endpoint. Then R™ can be filled by
non-intersecting segments (called transport rays) so that all the mass can
be moved by the optimal transport plans only along those rays. Since it is
possible to determine these segments knowing only f* and f—, the idea of
Sudakov was to consider the transport problem on each of these rays and
then “glue” all the information found. This argument would reduce the mass
transportation to one-dimensional problems, which are easily discussed, so
this provides a possible strategy to show the existence of transport maps.

Nevertheless, two decades passed before the Sudakov argument were rig-
orously completed by means of fine tools of Geometric Measure Theory. One
of the technical difficulties was the following: as we saw, the presence of Dirac
masses can prevent the existence of optimal transport maps; however, even
if fT is absolutely continuous with respect to the Lebesgue measure in R™,
in principle it may happen that its “restrictions” to the transport rays have
Dirac masses. By the way, also the definition of this restrictions needs to be
carefully precised by means of measure disintegration. Anyway, Sudakov’s
formal idea has given a powerful strategy to attack the problem in the last
years, and all the different proofs now available concerning the linear cost
(i.e. ¢(z,y) = |y — x|) rely somehow on this idea.

The first proof of the existence of optimal transport maps was given inde-
pendently by Brenier and Knott—Smith in the ’80s [22, 23, 45], but instead
of the Monge case of the linear cost, the quadratic one was considered.

Theorem A.3. Consider the case X = R™ with the quadratic cost ¢(x,y) =
ly—z[2, and assume that f+(S) = 0 for any set S such that "' (S) < +oo.
Then there is a unique optimal transport plan, which in particular corresponds
to an optimal transport map.

In the following years this result has been widely generalized to other cases
of strictly convex cost functions such as, for instance, c¢(z,y) = |y — «|P with
p > 1; some references for these results are for instance [60, 40, 71].

The situation in the original Monge case is completely different, mainly due
to the fact that the linear cost ¢(x,y) = |y — x| is convex but not strictly con-
vex. The first existence result for this case was given by Evans and Gangbo in
1999 in [36], and in the following few years their result was generalized in other
papers [1, 70, 25]. We can summarize all their results in the following one.

Theorem A.4. Assume that X = R" and that c¢(x,y) = |y — x|, and let [T
be a measure with compact support and absolutely continuous with respect to
the Lebesgue measure. Then there exists an optimal transport map.

We emphasize the big difference between the results for the linear and the
quadratic costs. First of all, with the quadratic cost (or generally, with many
strictly convex costs) one has the uniqueness of an optimal transport plan,
which is also a map; on the other hand, with the linear cost there are many
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optimal transport plans, and many of them (but not all) are in particular
transport maps. Moreover, while in the strictly convex case the essential as-
sumption is that f* does not charge (n — 1)—dimensional sets (in the sense
of Theorem A.3), in the linear case it is essential that f be absolutely con-
tinuous: the fact that this stronger assumption is indeed necessary is shown
by a counterexample given in [4].

Also for the linear case many subsequent generalizations have been shown:
the case where the ambient space X is a manifold and c(z,y) = d(x,y) is the
distance on the manifold is considered in [39], while the case when X = R"
and c(z,y) = |ly — || for a convex norm || - || different from the Euclidean
one is considered in [25, 4, 3].

For the interested reader, there is a large number of books and wide surveys
about the mass transportation problem from many different points of view.
A very short list can be given by [71, 72, 60, 1, 4, 57].

B Some Tools from Geometric Measure Theory

In this chapter we present some well known results about the definition
of measures and their main properties and about some specific tools from
Geometric Measure Theory, such as the Disintegration Theorem or the
I'—convergence; more precise and detailed results can be found in many com-
plete books on these subjects, for instance in [33, 2].

B.1 Measures as Duals of the Continuous Functions

We start from the following definition.

Definition B.1. A topological space X is called a Polish space if it is sepa-
rable and metrizable with a distance making it complete.

Recall that a space is said to be metrizable if it can endowed by some
distance inducing the same topology; note also that the completeness, but not
the separability, depends on the distance. In this paper, we always consider
each Polish space endowed with its Borel o—algebra, denoted by Z (X).

Given a Polish space X, we consider the space M T (X)) of the finite positive
Borel measures on it, which is defined as the set of all countably additive
functions from # (X) to RT. It is well known that M™(X) is a (strongly)
closed subset of (Cy,(X ))/, the dual space of the space Cp(X) of the continuous
and bounded real functions on X, endowed with the norm

HUHCb(X) = sup {|u(z)|, T € X}.
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We denote by (-,-) the duality between Cp(X)" and Cp(X), and hence, in
particular, the duality between M*(X) and C,(X). Even though M™(X) is
not a linear space because we deal only with positive measures, we endow it
with the norm induced by the inclusion in Cp(X)’, that is

lellaves ) == sup {{p,w), lulle,x) = 1} = p(X).

The subspace of Cyp(X)" made by the increasing functionals, i.e. all those
p € Cp(X) such that (p,u) > 0 whenever v > 0, is denoted by Cy(X)',: of
course, the inclusion M (X) C C(X)’, holds.

We can also consider on M (X) the weak* convergence induced by Cp(X):
we say that a sequence pu, € M (X) weakly* converge to p, and we write
P> i

(fpy u) — {p, u) for each u € Cp(X).

Definition B.2. Given a positive measure n € M™(X), we define the set
A ,(X) of the measurable sets with respect to 1 to be the smallest o —algebra
containing both the set # (X) of all Borel sets and the set of all the 7-
negligible subsets of X. Moreover, we say that a set B C X is universally
measurable if B € % ,(X) for any positive measure 7).

Definition B.3. Given any positive measure p € M (X) we define the sup-
port of u, written spt u, to be the smallest closed set K C X such that

(X \ K) =0.
More in general, one says that the measure u is concentrated on I if
(X \I)=0.

For any measure g, the support spt o is a well-defined closed set of full
measure; in particular, it is the smallest closed set of full measure; on the other
hand, there are in general many sets on which u is concentrated. However,
it is often very useful to select some set of full measure for p with particular
properties, which may also differ from the support. In particular, a measure
can be concentrated in a set much smaller than its support: if for example
X=Rand p=Y,2""5, where Q = {g;} is the set of the rationals, then p
is concentrated in the countable set Q but its support is the whole R.

A first result on Polish spaces is given by the following

Theorem B.4 (Ulam). Given a Polish space X and p € M1 (X), there is
a o—compact set in which u is concentrated.

This result is of primary importance, and can be found for example in [33];
one can refer to the same book for the proof of the following very important
theorem.
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Theorem B.5 (Prokhorov). A bounded set {u;, i € I} in MT(X) is
weakly” sequentially relatively compact if and only if for any € > 0 there
s a compact set K. C X such that

pi(X\K.) <e for anyie I. (B.1)

The property (B.1) is called tightness of the set {u;}; hence, Prokhorov
Theorem says that a bounded set of measures is weakly* sequentially rela-
tively compact if and only if the tightness property holds.

As we mentioned before, any measure is an element of Cy(X)',; however,
it is fundamental to know when the opposite is also true: in fact, it is very
often useful to define a measure p by specifying the value of (u, u) for any u €
Cy(X). When doing so, it is sufficient to check that (u, -) is linear, continuous
and increasing to derive that p belongs to Cy(X)',, (and this usually follows
trivially from the definition); but on the other hand, to establish that p is
in fact a measure is often not straightforward since the inclusion M*(X) C
Cy(X)', may in general be strict for Polish spaces.

Hence, we collect now some results which give necessary and sufficient
conditions for an element of Cy(X)’, to be in M™(X). We will notice that
these results cover many important situations, in particular by Corollary B.8
they always apply to transport plans. The most important result to deal with
the question whether an element of Cj,(X)’_ is a measure is given by Daniell’s
Theorem.

Theorem B.6 (Daniell). Let p € Cy(X) : then p € M™(X) if and only
if for every sequence {h,} C Cy(X) such that h,, \, 0 (i.e. h, is pointwise
decreasing to 0) one has (u, hyp) — 0.

Note that, in the hypotheses above, (u, h,) is a real positive decreasing
sequence, then (u, hy,) — [ for some [ > 0; the Theorem claims that x is a
measure if and only if this limit [ is never strictly positive. Once again, one
can find the proof of a more general assertion in the book [33]. We remark
now some easy consequences of Daniell’s Theorem.

Proposition B.7. Let pn € Cy(X), : then p € M*(X) if and only if for
each € > 0 there is a compact set K such that (u,u) < ellullc,x) whenever
ue Cp(X),u>00nX,u=0on K.

Proof. f p € M™(X) then the stated property immediately follows from
Ulam’s Theorem. On the other hand, assume that the property holds and
take a sequence hy,, \, 0 as in Daniell’s Theorem: to show that u € M™(X)
it is sufficient to check that (u,h,) — 0. Fix then ¢ > 0 and consider the
corresponding compact set K.

Since K is compact, there is an integer m such that h,, < ¢ on K; let
then U be an open neighborhood of K such that h,, < 2¢ on U. Notice that
this is possible since h,, is continuous, and that the open set U depends on
g, on K and on m. Take now a partition of the unity {y1, w2} associated to
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the open sets U and X \ K, i.e. ¢; : X — [0,1] is a continuous function for
i=1,2,¢1+¢s =1, and p; (resp. p9) is positive only inside the open set U
(resp. X \ K). We recall that this is always possible, since X is metrizable:
for example, if we denote by d;(z) and da(x) the distance of z from X \ U
and K respectively, it suffices to note that d; and dy are continuous, that
dy + ds is everywhere strictly positive and finally to define

e A )

Now we write h,, = g1 + g2, where g; = p;h,,: then we note that g; < h,, on
U and g; = 0 outside of U: consequently ||g1]/¢c,(x) < 2¢. On the other hand,
g2 = 0 on K and, of course, ||g2]|c,(x) < [[hm| < ||h1]], since the sequence
{hn} is decreasing. Then, thanks to the hypothesis, we can evaluate

(b o) = (1, 1) + (1, 92) < 2 [lplleyxy, + ellhalle,xy, < e(@llpll + llhall)-

Since the sequence {h,} is decreasing and by the generality of ¢ we deduce
(i, hy,) — 0 and then the thesis follows by Daniell’s Theorem. O

We can derive the following very useful corollary.

Corollary B.8. Assume that v € Cp(X x Y and that my € M (X) and
moy € MY(Y). Then v € MT(X xY).

Proof. By Proposition B.7, given an € > 0 there are two compact sets K1 C X
and Ky C Y such that (mvy,v) < g||v|| (resp. (moy,w) < e||lw]|) whenever
veECyX),v>00nX,v=0o0n K; (resp. w € Cp(Y),w>0onY, w=0
on Ks). We consider then the compact set K = K7 x K in X x Y: given any
u € Cp(X xY) such that u > 0 on X and u = 0 on K, and given a § > 0,
we can find an open neighborhood U; x U; of K such that 0 < u < § in
U, x U,. Moreover, arguing as in Proposition B.7, we can find two functions
v:X — [0,lul|] and w : Y — [0,]|ul|] such that v = 0 on K;, w = 0 on
Ky, v = |jul| out of Uy and w = ||ul| out of Us. Since v(z) + w(y) > u(x,y)
whenever (z,y) ¢ Uy x Uy and (v, v(z) +w(y)) = (my,v) + (w7, w), arguing
as in Proposition B.7 one derives

(v, u) < 2ellul +6lyl;
by the generality of §, the thesis follows from Proposition B.7. O

The corollary above is very important in mass transportation problem:
in fact, it implies in particular that any continuous and linear functional on
X x Y with marginals f* and f~ is in fact a measure, and hence it is a
transport plan.

Let us now briefly discuss the problem whether or not the inclusion
MT(X) C Cy(X)', is strict: first of all, we have an immediate result.
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Lemma B.9. If X is compact, then M*(X) = Cy(X)',..

Proof. This trivially follows from Daniell’s Theorem, since a sequence of con-
tinuous functions pointwise decreasing to 0 in a compact space is easily seen
to be converging uniformly. O

However, the result above cannot be extended, as the following example
shows.

Ezample B.10. Take X = R, define uyg = 1 and for any integer n > 1 let
u, : R — [0,1] be a continuous function such that w, = 1 on [—n,n| and
u, = 0 outside of (—(n+1),n+1). Define D to be the span of {u,, n > 0},
that is a subspace of Cp(X). Let moreover i be the linear functional on D
given by (fi,up) = 1 and (f1,u,) = 0 for any n > 1, which is easily checked
to be continuous and to have unit norm. By Hahn-Banach Theorem, there is
an element ;o of Cp(X), extending fi. Since the functions h, = uy — u, are
as in the claim of Daniell’s Theorem but (u,h,) = 1 for any n, p is not a
measure, then p € Cp(X)" \ M (X).

The example above can be clearly extended to cover all the non-compact
Polish spaces, therefore in Lemma B.9 the opposite implication is valid too,
so that M*(X) = Cy(X)/, if and only if X is compact.

Remark B.11. Recall that Riesz Theorem claims that M™(R) is exactly the
set of all increasing linear functionals on C.(R). In general, using C.(X) in
place of Cp(X) to define a duality on M™*(X) has the advantage that Riesz
Theorem, which states that M*(X) = C.(X)',, is true in a wide generality:
for example, making use of Daniell’s Theorem, one can quite easily show that
this is true whenever X is a countable union of open sets {U,, } with compact
closures {K,} such that K,, C U, for any integer n; in particular, Riesz
Theorem is true whenever X is a locally compact Polish space. Notice in
particular that, since C.(X) C Cy(X), whenever Riesz Theorem holds for X
one has that for any p € Cy(X)', there is a i € M™(X) for which one has
(u,u) = (1, u) for every u € Co(X).

However, it is often preferable to use the duality with C,(X) whenever one
wants to deal with non compactly supported measures. In this book, the two
choices are equivalent since we assume our ambient space to be a compact
subset of R™.

We conclude this section by stating two other important results about
Polish spaces, which can be found for example in [28] (in a more general
version).

Theorem B.12 (Measurable selection). Let X and Y be two Polish
spaces, and let ) be a Borel measure on X. If A C X XY is B ,(X)@% (Y)-
measurable and the projection of A on X is a set of full n—measure, then there
exists a measurable selection of A, i.e. an n—measurable function o : X —Y
such that for n—a.e. x € X one has (z,0(z)) € A.
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Theorem B.13 (Projection). Let X and Y be two Polish spaces, and let
A C X XY be a Borel set; then the projection of A on X is universally
measurable.

B.2 Push-forward and Tensor Product of Measures

Given a measurable function ¢ : X — Y, we may define a linear and mass-
preserving operator ¢z : MT(X) — M™(Y) (by mass-preserving we mean
that ||l v x) = llogmllme(v)), according to the following formula:

pui(B) = p(p™'(B) VAeZ (V).

It is easily noticed that @upu € MT(Y), and in particular for any a € Cp(Y)

() = /Y o(y) dpyuly) = /X o (o)) du(z).

An immediate but very useful consequence of the definition is that for any
p: X—=Yandy:Y — Zitis

(Yo p)pp = Py (pph). (B.2)

Given two measures € MT(X) and v € MT(Y), we define the tensor
product of p and v, p @ v € M (X xY), as the unique measure on X x Y’
satisfying

p®v(Ax B):=p(A) v(B) VAe B (X), Be B (V).

The fact that there is a measure satisfying the above property follows from
Fubini-Tonelli Theorem, while the uniqueness occurs because the smallest
o—algebra containing all the sets A x B with A € # (X), B€ % (Y) is the
whole # (X x Y). In particular, the marginals of ;4 ® v are

Tig(p®v) =vY)u, Top(v @ p) = p(X)v.

An interesting particular case is when p and v are probability measures;
so, the projections of ;® v are precisely p and v: this is particularly useful in
the study of the mass transportation, since if ||/ || = ||/ || = 1 then fT ® f~
is always a transport plan between f* and f~.

B.3 Measure Valued Maps and Disintegration Theorem

Here we briefly introduce a couple of tools concerning the measure-valued
maps and then present the Disintegration Theorem.
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Definition B.14. A map 7 : X — M™(Y) is called Borel measure-valued
map (resp. p—measurable measure valued map, where p € M™ (X)) if for any
Borel set B C Y the function x — 7(x)(B) is Borel (resp. u—measurable).
Equivalently, 7 is said to be Borel (resp. p—measurable) if for any bounded
Borel ¢ : X x Y — R the function

- /Y (e, y) dr () (y)

is Borel (resp. u—measurable).

Thanks to the notion above, we can generalize the idea of a tensor product
between two measures: consider a measure v € M*(Y) and a v—measurable
measure valued map y — 7, with v, € M*(X). We define the tensor product
between {7, } and v to be the measure v € M™(X) given by the formula

() = /Y (s ) dir(y)

for any ¢ € C,(X). We always denote this measure by
V=Y @1

We can now present the Disintegration Theorem: this result allows to
decompose a measure 7y over the space X with respect to a Borel function
a : X — Y, where this “decomposition” is intended as a tensor product
between suitable probability measures and the push-forward of . The proof
of this Theorem can be found, for instance, in [2] or [33].

Theorem B.15 (Disintegration). Let a : X — Y be a given Borel map
and v € M1(X) is a given measure, and define p € M*(Y) by setting
w = ay. Then there exists a p—measurable measure valued function y — 7,
such that v, is a probability measure on X for any y and

(@) Y=
(13) ~yy is concentrated on {z : a(z) =y} for p—a.e. y €Y.

Moreover, the measures 7y, are uniquely determined by (i) and (ii) for p—a.e.
yevY.

We state and prove now a useful consequence of the above theorem.

Lemma B.16. The operations of disintegration and of composition com-
mute, i.e. if

Y=Yy O agy
is the disintegration of v € M™(X) with respect to some o : X —Y and a
function B : X — Z is given, then

Buy = Byry @ agy. (B.3)
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In particular, if « = o 3 for some § : Z — Y and

By = 11y ® 64 (By7) (B.4)
is the disintegration of By~ with respect of §, for a.e. y € Y it is
Hy = ﬁ#'yy- (B'5)

Proof. The first part is easy: for any ¢ € C.(Z), recalling the properties of
the push-forward one has

Berne) = [ eldenir@ = [ ([ o) in@) )
= [ ([ 1By () dvt) = By 920,

thus the claim follows.

Concerning the second part, by the properties of disintegration (B.3)
becomes

Byy = Bary © (04847).

Recall now the disintegration (B.4): according to Theorem B.15, for a.e. y € Y
the measure p, is concentrated on the set {z € Z : §(z) = y}; analogously,
7y is concentrated on the set {z € X : a(z) =y} ={z € X : §(6(z)) = y}.
But then (47, is concentrated on

({xGX 58 —y}) {ZEZ o(z —y}

moreover, agy = 0x(Bxy) by (B.2). Then, by the uniqueness part of
Theorem B.15, we infer the validity of (B.5) and hence also the second claim
is achieved. 0

B.4 I'—convergence

In this section we briefly recall the definition and the main properties of the
I'—convergence; for a more complete and precise reference we address the
reader to the books [29, 12].

The notion of I'—convergence, first proposed by De Giorgi in [31, 32],
is the following: let X be a metric space, and assume that we are given a
sequence of functionals g, : X — R and a functional g : X — R. We say that

gn I'—converges to g, or g, L g, if the following hold:
(i) Va, V{z,} =z, g(x)<liminfg,(x,);
n—o0

(i) Vo, Hoad—a: g(@) > limsupga(wa).

n—o0
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The first property is usually called the liminf inequality and the second one
limsup inequality. Note that thanks to (i), one could simply write in (ii)
g(z) = lim g,,(x,,) instead of g(x) > limsup g, (z,). Moreover, given an = €
X, any sequence {x,} — z for which the property (ii) is fulfilled is called
recovery sequence. The first fundamental property that one can immediately
notice is the following.

Proposition B.17. If g, EAN g and there exists a compact set K C X so that
for any n € N one has infx g, = infx g,, then g admits a minimum and
inf g, — min g. Moreover, for any sequence x,, such that g, (x,) —inf g, — 0
and that x,, — T, one has that T is a minimum point for g.

Proof. Tt suffices to take x,, € K so that g,(x,) < infg, + 1/n; by the
compactness of K we know the existence of a subsequence {n; };en such that
p, — Z for a certain # € K: moreover, we can also assume that

9n; (Tn,) — liminfinf g, .
1—00 n—oo X

By the liminf property we know then that

9(z) < liminf g, (z,,,) = liminfinf g, . (B.6)
4300 n—oo X
On the other hand, take any £ € X: by the limsup property we know the
existence of a sequence x,, € X for which z,, — & and

9(Z) > limsup g, (2,,) > limsup i%f In - (B.7)

From (B.6) and (B.7) we deduce that Z is a minimum point for g, as well as

that infx g,, converges, for n — oo, to minx g. The thesis then immediately
follows. O

We claim now the second property, which is also very important, namely
a compactness result for I'—convergence.

Theorem B.18. Assume that X is separable. Then, for any sequence of
functions g, : X — R, there exists a subsequence g, which admits a I'—limit.

The above result is very strong: indeed, given any sequence of functions,
it allows us to assume, up to a subsequence, that they I'—converge to some
limit.

We present now the definition of the I' — liminf and I" — limsup of a
sequence of functions. Given a sequence {g, }, we define

I' — liminf g, (z) := inf { liminf g, (z,) : @, — 2} ;
n—o0 n—oo B.8
I' —limsup g, (z) := inf { limsup g, (z,,) : @, — x}. (B-8)

n—oo n—oo
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It is clear from the definitions that one has always
I' — liminf g, < I' — limsup g, ,
and that the sequence I'—converges (to a function g) if and only if
I' —liminf g, = I' — limsupg, (=g).

Proposition B.19. One has

I' — liminf g, = sup (env(infmz,l gm)> , (B.9)
where env(p) denotes the lower semicontinuous envelope of any function ¢ :
X — R. In particular, I' — liminf g,, is always lower semicontinuous in X .

Proof. The equivalence (B.9) is verified directly from the definition (B.8).
The lower semicontinuity of the I" — liminf follows from (B.9) once one re-
minds that the supremum of lower semicontinuous functions is still lower
semicontinuous. a

Finally, one can show an important property of the I' — liminf of the
sequence gy,: it is the infimum of all the possible I'—limits of subsequences
of {gn}; analagously, the I" — limsup is the supremum of all the possible
I'—limits of subsequences of {g,}.

We conclude this section pointing out an useful consequence of (B.9) in
the setting of the weak® convergence of measures.

Lemma B.20. Let X be a Polish space, {v,} € M*(X) a sequence of mea-
sures weakly® converging to v, and {gn,} : X — R a sequence of l.s.c. func-
tions. Then

/ I' — liminf g, dv < liminf [ g¢g,dv,.
X

n—0o0 n—o0 X
Proof. Defining for simplicity
Ty = env(infmZn gm) ,

we fix 7 € N and evaluate

lim inf/ n dvy, > lim inf/ (infm>j gm) dvy,
X X -

n—oo n—oo

> lim inf env( inf,,>; gm) dvy,
n—oo b'e -

:liminf/ Tj dvy, Z/ 7 dv.
n—oo Jx X

Since this is true for any j € N, by the Lebesgue monotone convergence
theorem and (B.9) the thesis follows. |
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