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MEASURE-VALUED SOLUTIONS TO NONLOCAL TRANSPORT
EQUATIONS ON NETWORKS

FABIO CAMILLI, RAUL DE MAIO, AND ANDREA TOSIN

ABSTRACT. Aiming to describe traffic flow on road networks with long-range driver interactions,
we study a nonlinear transport equation defined on an oriented network where the velocity field
depends not only on the state variable but also on the distribution of the population. We prove
existence, uniqueness and continuous dependence results of the solution intended in a suitable
measure-theoretic sense. We also provide a representation formula in terms of the push-forward
of the initial and boundary data along the network and discuss an explicit example of nonlocal
velocity field fitting our framework.

1. INTRODUCTION

In recent times there has been a considerable amount of literature devoted to the study of
evolution equations in measures spaces. Indeed the measure-valued approach presents, with re-
spect to other approaches based on classical and weak solutions, some significant advantages: the
population is represented by a probability distribution, providing a unified framework for both
discrete and continuous models; short and long range interaction mechanisms are efficiently de-
scribed by taking a velocity field depending on local terms, determined by the geometry of the
space, and nonlocal terms, regulated by the position of the other individuals, hence on the whole
measure; aggregation phenomena that in a classical setting lead to blow-up of the solution are
plainly taken into account by the measure setting. The by now classical reference for evolution
equation in measure spaces is the book [I], while we refer to [3| [7, [0, [16] [I7] for various applica-
tions to the study of complex phenomena. However most of the literature about measure-valued
equations considers these problems in the full space, because their study in bounded domains
poses additional difficulties due in particular to the interpretation of the boundary conditions. For
the specific case of a bounded interval, an interpretation of the boundary condition in a measure
sense has been pursued in [8 @], while in [I5] a measure-valued transport equation on a sequence
of intervals with a transmission condition at intersection points is considered.

Motivated by pedestrian and vehicular traffic modelling in urban areas, several models have been
proposed for traffic flow on road networks, see [2 [I1, 2] and references therein. Most of these
models are based on a fluid-dynamical approach and take into account only local interactions
among drivers, the main purpose being to find appropriate rules at the junctions, namely the
vertices of the network, to optimize the traffic flow.

In order to extend the measure-valued approach to networks, in [4] it was studied the linear
transport equation

(1.1) om + Oy (v(z)m) =0 inT x[0,T]

where IT' is an oriented network. Existence, uniqueness and continuous dependence results for the
measure-valued solution to (LI were provided, along with a local representation formula on each
arc. Even if this simplified model already presents some interesting peculiarities and difficulties
due to the presence of the junction conditions, nonlocal driver interactions were not included in
the model since v was assumed to depend only on the space variable.

The aim of this paper is to study measure-valued nonlinear transport equations on networks
where the velocity field depends on the measure itself. More precisely, we consider the nonlinear
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transport equation
(1.2) Om + 0, (v[me)m) = 0, inT x[0,T]

where the velocity v still depends on the z-variable, but also on the vehicle distribution m; at
time ¢. To explain the main difference between (L) and (L2) we observe that (L)) is formally
equivalent to a system of equations, one for each arc, coupled via the transmission conditions
at the vertices. Instead, in (L2) the evolution equation in each arc does not only depend on
the distribution of the vehicles flowing into the arc from the junction but also on the (global)
distribution m; at time ¢t on I.

To show the well posedness of ([2]) we approximate the nonlinear transport equation by a
sequence of linear problems obtained via a semi-discrete-in-time approximation of (L2]). We
define a partition of the time interval [0,7] in a family of subinterval [t;,t; + At] and on each
of these intervals we solve the linear problem (LI]) with the nonlinear velocity v[m;] replaced
by the linear one v[my,]. In such a way we obtain a sequence of measure {m“*} defined on
[0,T). Using the results on the linear problem, we prove that for At — 01 the sequence {m**}
converges (upon subsequences) to a measure m € M™(I' x [0,T]) which is a solution of (L2). A
continuous dependence result and a representation formula in terms of the push-forward of the
initial and boundary data along the admissible paths on the network complete the study of (L2)).
We also analyze a specific example of velocity field to show that the measure approach allows us
to consider some significant aspects in the model such as local and nonlocal interactions, source
data, statistical knowledge of the driver behaviour at junctions.

In more details, the paper is organized in the following way. In Section [2] we recall some basic
notations and preliminary definitions, while in Section [l we review the results proved in [4]. In
Section M we introduce the semi-discrete approximation scheme and prove its convergence. Finally,
in Section Bl we analyze a specific velocity field suitable for vehicular traffic over a road network
and satisfying the setting of the paper.

2. NOTATIONS AND PRELIMINARY DEFINITIONS

This section is devoted to notations and definitions that we shall use in the sequel. Some of these
definitions are classical but not necessarily standard, thus we recall them for reader’s convenience.

In our model, the distribution of particles on the network is represented by a positive measure,
hence we introduce an appropriate topology for the space of measures. Let T be a topological
space endowed with a distance d : T x T — R. Define the norm | - || g1 as

16llL = [|6llc +[6]L,

where
_ [6(z) — ¢(y)|
T#Y

and let BL(T) be the Banach space of bounded and Lipschitz continuous functions equipped with
the norm || - || pr.. Let moreover M(T) denote the space of finite Radon measures on 7. We define
a norm on this space by

(2.1) lellpr = sup [{u, @)l
¢EBL(T)
l¢llsL<1

It is easy to see that if 4 € MT(T) then ||u||; = u(T). Moreover, even if the space (M(T), ||| 5)
is in general not complete, the cone M¥(T) is complete since it is a closed subset.

We observe that other norms on M(7), such as the total variation norm, may not be well suited
for transport problems where one wants to measure the distance between flowing mass distribu-
tions. Indeed with these norms the distance between two distinct Dirac masses is independent of
the distance of their supports.



In the following we will employ the property that a measure p € M (7)) can be represented as
a (continuous) sum of elementary masses in the form

uz/T%du(w),

where [ is intended as a Bochner integral (see [8, [9]). Actually the previous formula suggests
that to obtain some properties of a measure-valued solution to an evolution problem it is sufficient
to study the corresponding propagation of a Dirac measure.

A network T' = (V, £) is given by a finite collection of vertices V := {x;},c; and a finite
collection of continuous non-self-intersecting arcs € = {e;};es whose endpoints belong to V.
Several parametrizations of the arcs in I' can be introduced; for our purposes every bounded arc
e; € € is parametrized by a smooth injective function m; : [0, L;] C R — RY, where L; € R*.
Alternatively, if e; is an unbounded arc terminating in a vertex V' we parametrize it by a smooth
injective function 7; : (—00,0] — R? such that m;(0) = V; if instead it is an arc originating
from V we define the parametrization on [0,400) in such a way that m;(0) = V. We assume
that I' is connected and oriented and that the maps {m;};cs comply with the orientation of T,
ie. if x;,x; € V are the vertices of an arc e, € & oriented from x; to z;, then m(0) = z; and
7, (L) = ;. To each function ¢ defined on defined on ][ .. ; e; we associate the projection (¢;);es
defined on the parameter space as

dj(s):==o(m;(t))  s€[0,L;], je

The integral of ¢ on I' is naturally defined as

/F¢(x)dx = Z/ o(z) de = Z/OLj 6, (s)ds.

jeg e jeJ

JjeJ

We provide T' x [0, T'] with the distance
dr(z, y) + |t — s/, (z, 1), (y, s) €T x [0, T|

where dr is the minimum path distance on the network I', and we consider the spaces M™ (I x
[0, T]) and M™(T") endowed with the corresponding norms defined in (Z). Throughout the paper
we consider measures without Cantorian part, so that for u € M+ (T") the pairing

(. 6) = / o(2)dpu(z)

is well defined for every ¢ € BV(I'). The Cantorian measures are excluded because, for the
application we are considering, this kind of measure does not have any significant interpretation.

Given a vertex x; € V, we say that an arc e; € & is outgoing (respectively, incoming) if
x; = mj(0) (respectively, if x; = m;(L;)). We denote by Out(z;) and d; the set and the number
of outgoing arcs and by Inc(z;) and d7* the set and the number of incoming arcs in x;. We set
d® = d]' +dj; and we say that a vertex z; is internal if d* - dj; > 0, a source if djj = d** and a
sink if d7' = d®*. Moreover, without loss of generality, we assume that for each source there exists
a unique outgoing arc, i.e. dj = 1.

In the model discussed in the paper the sources represent the vertices where the particles enter
the network while the sinks are the vertices where they leave the network. Since the velocity may
depend on the distribution of the particles on the whole network, in order to simplify the notation
we prefer to consider a network without sinks, i.e. such that the terminal arcs always have infinite
length. In any case, at the expense of a heavier notation, it is not difficult to include in the model
also the contribution of the sinks.

From now on we denote by S the subset of sources. These vertices represent the boundary of
the network and we prescribe a boundary measure

= g o

;€S



4 FABIO CAMILLI, RAUL DE MAIO, AND ANDREA TOSIN

where o € M*({z;} x [0,T]). We also prescribe the initial mass distribution of the particles in
I' as a positive measure
moy = Z mé

JjeJ
with supp m% Cej.

Remark 2.1. Instead of the of’s, another possibility is to consider as boundary data the flow
measures g} = v} - 04 € MT([0,T] x {x;}), where the v{’s are the velocities in BV ([0, T];R™) at
the sources.

As usual when dealing with differential equations on networks, the transition conditions at the
vertices play a crucial role since they model the different behaviour of the particles at the junctions
(e.g., traffic lights, priority rules). We consider a J x J distribution matriz {px; (t)}',ij:1 such that
P(t) is a stochastic matrix for every t € [0,T], i.e.

J
(2.2) 0 < pg;(t) <1, ;pkj(t) =1

prj(t) =0 if either ex Ne; = 0 or ej — e.

where e; — e, means that e; comes before e;, in the assigned orientation of the network. Here
pi;j(t) represents the fraction of mass which at time ¢ flows from the arc ey to the arc e; and
(22) implies that the mass cannot concentrate at the vertices. Since we consider measures m €
MT(T x [0,T]) without Cantorian part, we assume that py; € BV ([0,T]) so that py; - m has no
Cantorian part as well.

In order to describe the transport of the measures on the network, we introduce a nonlinear
velocity field v : M™(T') x I' — R with the following properties:

(H1) v is nonnegative and has a maximum value V4. > 0;
(H2) v is Lipschitz continuous with respect to the state variable, i.e. on each arc e; € £

lu[m](z) —v[m](y)| < Llz —y|, Ym e MT(T), 2,y € e;.
(H3) v is Lipschitz continuous with respect to the measure, i.e.
lvmi](z) — v[ma)(z)| < Lllm1 —ma||, Vo €T, my,mg € MT(T).

It is important to observe that we do not require the continuity of the velocity field on the whole
network but only inside the edges. Note also that the dependence of v on the measure m is global,
i.e. the velocity depends on the entire support of m on I'.

When considered on a single arc isomorphic to R, the previous assumptions coincide with the
ones for the corresponding nonlinear transport model in [7]. Moreover, for a fixed m € M™(T),
the velocity field v[m] satisfies the hypotheses of the linear transport problem considered in [4].

We conclude this section with a notion of p-moment for finite measures on networks. This is
a straightforward generalization of the corresponding concept in the Euclidean space and we give
some details for the reader’s convenience.

Definition 2.2. Let p € Nand z € I'. The p-moment centered at z of a finite measure m € M™*(T)
is defined by

(23) (m, dr(a)?) i= [ de(y,apdm(y).
r
Lemma 2.3. A finite measure m € M™(T') has finite p-moment if and only if it has finite p-

moment on every arc ej € € such that L(e;) = +o0.

Proof. Assume without loss of generality that x = x; € V and set d(-) = dr (-, z;). Given a measure
m € M*(T), m =3, ;m’ with supp{m’} C e;, we can write

(md?y = " (mhd)+ Y (mlid).
jeJ jeJ
£(E) oo 26 oo



If e; € £ has finite length, then d(-) has its maximum value d; on e;. Then for

d:= max Ej
jeJ
L(ej)<+o0
we have

E (m?;dP) < E dj-m?(ej) < d-m(D).
jeJ jeJ
L(ej)<+oo L(e)<+oo

On the other hand, if L(e;) = 400 and e; = 7,([0,+00)) with zx = 7;(0) € V, by Jensen’s
inequality we have

(s d) = /[O’m)um + d(ex))Pdm ()

<ot [ () + 2w mey)
[0,+00)
By the last inequality, the statement easily follows. (I

The finite p-moment property of a measure m is clearly independent of the point x € I' fixed
in the definition (Z3)).

3. THE LINEAR TRANSPORT PROBLEM

The aim of this section is twofold. In the first part, we briefly review the results for the linear
problem in [4], since they are an important tool for developing the theory of the nonlinear problem
via an approximation procedure. Hence, we give a new representation formula for the measure-
valued solution of the linear problem (afterwards extended also to the nonlinear problem), which
generalizes the well-known push-forward formula to the network setting.

In this section we assume that the velocity field v is independent of m, i.e. v[m](z) = v(z), and
we consider the linear transport problem

Oem + 0, (v(z)m) =0 inT x[0,T]
(3.1) =0 = 1o

My=g; = O'(i), Ve, €S
M)y = D hetne(en) Phi - Mhes;, Vi € VS, Ve € Out(z;),

with v, mg, o¢ satisfying the assumptions set in Section

To explain the meaning of an initial/boundary condition for a measure solution, we recall
that, owing to the disintegration theorem (cf. [Il Section 5.3]), we can decompose a measure
m € M™(]0,00) x [0,00)) by projections on the coordinate axes:

e Using the projection with respect to = we can write
(3.2) m(dx dt) = dm(z) ® dt,

where dt is the Lebesgue measure in time in R{ and dm; € MH(R{ x {t}) = MHT(R{)
for a.e. t € Rz{ . Hence assigning an initial condition at ¢ = 0 amounts to prescribing the
trace of m on the fiber Rf x {0} according to the decomposition (3.2).

e Similarly, projecting with respect to ¢, we can write

dm(t)
v(z) ® dz,

where dz is the Lebesgue measure in space in Rj and dm, € M*({z} x Rf) = M+ (Ry)
for a.e. x € RS‘ . Hence assigning a boundary condition at x = 0 amounts to prescribing
the trace of m on the fiber {0} x R according to the decomposition (B.3).

(3.3) m(dzdt) =
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In order to give a suitable notion of measure-valued solution to ([B1), we preliminarily introduce
integration by parts formulas. Let C§°(T" x [0,T7]) be the space of continuous functions in I" x [0, T]
which are infinitely differentiable in e; x [0,T] for each j € J and vanish for x = m;(t) — 400
(in local coordinates) if e; is an unbounded arc. Then, given m € M™ (T x [0,7]) and f €
C5 (T x [0,T7), we define

<atma f>::_<m atf> <mTaf>_<m0a f>

(34) //at £, t)dmy(x dt+/szme /f:cOdmo z);

and
<8m(v(x)m), f> = )0y f> <00a f>
(3.5) )0y f (2, t)dmy (x)dt — x;, t)dol (t).
// slotdma)ie = 3 [ stow a0
In particular if f € C§° (T x [0,T]) and supp{f} C ex x [0,T], then the last formula reads as
(Ox(v(@)m), f) = —(m", v(2)0u f) + (Mi_y,, [) = (Mi_s,, ) =
(3.6)
)0y xtdmt + i, Izt— xj, zmt,
/ / fletyimb @)+ [ pimt 0~ [ 0im, 0

where z; = m1(0), Tj = Wk(Lj) ev.

Definition 3.1. A measure-valued solution to (3] is a finite measure m € M™ (T x [0,T]) such
that for every f € C3(I' x [0,77]),
<mt:T — Ty, f> - <005 f> = <m) atf + U(‘T)amf>a
andV z; € V\ S, Ve; € Out(z;),
<mjx-::ni7 f> = Z <m§:zi7 pk]f>
k€Inc(x;)
Remark 3.2. In Definition Bl a Neumann-type boundary condition on the sinks of W is implicitly
assumed. Another possibility is that of sticking boundaries considered in [8] [9].
In the next theorem we summarize the main results proved in [4].

Theorem 3.3. There exists a unique measure m € M™ (T x [0, T]) which is a solution to (3]
in the sense of Definition[31. Moreover:

i) Given initial data m$,m3 € MT(T x {0}), boundary data of,0% € M*(S x [0, T]) and

denoted by my,mg € MT(T x [0,T]) the corresponding solutions, there exists a constant
C = C(T) > 0 such that

% * *
oup I = il < € ([P = mil[, + 78— o3l
i) There exists a constant C = C(T) > 0 such that
s = il + N[0, 1] = vicl0, €)1, < Clt =] + 00 ((#, 8)
forallt', t €10, T] with t' < t.
The next result is a representation formula which characterizes the solution m of (B.]) in terms

of the distribution matrix P(t) and of the push-forward of the initial and boundary data on the
paths of the network.

Definition 3.4. Given x € T, a path v starting from z is a sequence of edges (€jy,€5,,.-.,€j,,..-)
where e;, Nej,,, = {z;,} € Vandej, —¢;,, fori=0,1,2,...; ej, is the sub-edge with endpoints
x and xj, € V; the length L(v) of « is infinite. We denote by A(z) the set of paths ~y starting
from .
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Since the network I' is oriented and £ finite, a path -~y is necessarily of one of the following two

types:

e v is composed by a finite number of arcs and the last one e;, has infinite length;

e 7 is composed by an infinite number of arcs and there exists ng, kg € N such that for

n > no, v is given by a cycle (e, ;... €j, 4 ) With e;, ., =ej, .

We denote by ®7 the flow map associated to the velocity field v restricted to v, i.e. ®Y(x,s) =
x and there are ty := s < t; < --- < t, < ... such that for every m = 0,1,... we have
DV ([t tm+1]) C ej,, and

(3.7) %@7(:0 s) = v(®](z, s)), t € [tm,tm+1)-

We define the exit times from the arc e;, = mj, ([0, L;,]) of v as
0g (x,5) = inf{t > s+ ®7(x,5) = 7, (Ljo)},
0)(x,s) =inf{t >0 |(z,s): ®(z,s) =7, (L;,)}, k>1

and we associate to each (z,s) € T' x [0,T] and to each v € A(x) a coefficient p,(z,s) € [0,1]
defined by

(38) p,y(:C,S) = Hpjkjk+1 (92(5675))7
k

where pj, j,., are the entries of the distribution matrix P defined in (Z2). The coefficient p,(z, s)
can be interpreted as the fraction of the total mass transported along the path v. Due to the
properties of P, it follows that

py(x,5) €[0,1], Z py(z,s) = 1.
vEA(z)

Theorem 3.5. If m € M1(I' x [0,T)) is a solution of [B.1), then for anyt € [0,T], m; is given

by
(39) mye :/F Z 5((I>’Y (z,0), t)p,y(:c 0 dmo Z / Z 5(¢?(075)1t)p7(0,S)dO’é(S).

vEA(x) z;€8710, t] vE.A(z )

In order to prove the representation formula (3] we preliminarily recall a characterization of
the traces of the solution m of ([B]) on the fibers e; x {t} and {x;} x [0, ¢], where ; = 7;(L;), in
terms of the transport of the initial and boundary data inside e; (see [4]).

Lemma 3.6. Lete; € £, then

(3.10) m{ = / 0o, (z,0) dmé(z) + / 03,(0, s) dmi:m(o)(s)
[0, max{0, 7=1(¢)}] (max{0,s=1(¢)}, t]
311)  mi_ z/ Or(z) dmé(iﬁ)Jr/ Oc(s) M ) (9),
(max{0, 7=1(¢)}, L;] [0, max{0,s—1(¢)}]

where ® is the flow map associated to the velocity v over e; € £ and T, ¢ are defined as
(3.12) T(xz) =1inf{s >0 : ®4(x,0) = L;},
¢(t) =inf{s > ¢ : ,(0,t) = L;}.

Proof of Theorem [Z3 We can observe that, since the velocity v is uniformly bounded on T', we
can restrict the proof to the case of networks with a single junction. The general case can be easily
obtained adding new arcs and repeating the same argument.

Hence, we consider a simple network with V given by two vertices {5, V'}, where S is a source
and V is an internal vertex, and £ given by an arc e; connecting S to V and by n — 1 unbounded
arcs e € Out(V'). Due to this choice, we observe that all the paths v € A(z) are subsets of (ey, ex)
if z € e1, otherwise they are subsets of ey if x € ey.

The solution can be written as m = fOT 8z tydme(x)dt, where my =1 my.
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If k=1, by BI0) with S = m1(0) and V' = m1(Lq), the solution restricted to e; is given by

1_
m; =

5@51 (z,0) dmcl)(z) + / 5@51 (0, s) doo(s);

/[0, max{0, (71) ' (¥)}] (max{0, (1)~ *(t)}, ¢]

otherwise for k € {2,...,n}, by BI0) with V = m;(0), on ey, it is given by

k _
my; =

(Sq):k (v, O)dmlg (.T) + / 6q>?c (0, s)dmszv(s).

/[Ovmax{oa(m)l(t)}] (max{0,(sk) (1) },t]

Observe that the first term at the right hand-side of the previous equation is the push-forward of
the mass m% which at time ¢ = 0 is in ej; the second term is a percentage of the mass in e; which
flows in ey.

Using the transmission condition mk,v = p1x - ml_,, and recalling that by B.II) we have

mi:V = / 57.1@) dmé(:c) +/ 5§1(s) dO’()(S),
(max{0, (71) =1 (1)}, L1] [0, max{0, (1) ~*(T)}]

we get

/ F@5(0,5), )dm!_y (s)
max{0,(sx) 1(t)} t]

/ F@5(0,71(2)), pae(ry () dmd (x)
(max{0,(71)~1(t)},L1]

/ @50, 61(5)), i1 (5))doo(s)
[0,max{0,(s1)~1(¢)}]

+

(3.13) -/ F@(@51 ) (2,0, 7 (@), ) pus (7 (@)} ()
(max{0,(m1)~1(¢)},L1]

_|_

/ f((I)fk (‘I)gl(s) (0, S), Cl(S)); t)plk(§1 (S))dUO(S)
[0,max{0,(s1)~1(¢)}]

- / (@] (,0), Dpre(y () dm (x)
(max{0,(71)~1(t)},L1]

/ F@7(0, 8), )pu(s1 () doro (s),
[0,max{0,(s1) =1 (¢)}]

Lastly, we observe that m; can be split in n — 1 parts according to the distribution terms piy.
Indeed, if we write m} =7 _,(p1x 0 03) - m;, then

=my Jrzmt *Z p1k093)~m%)+mf).
k=2

Concerning the first term, observing that 71 (z) = 6] (z,0) and <i(s) = (0, s), we compute for
any f € C*(T' x [0, T])

(pak o 67)ml, 1) = / (B (,0), )pue (6 (,0))dim ()

[0,max{0, (1)~ " (£)}]

_|_

/ f((I)fl (O’S)at)plk(eg(o,S))dO'()(S)
(3.14) max{0,(s1) = (t)},1]

- / F@ (2, 0), O)ps (71 (2))dmi ()
[0,max{0,(71) =1 ()}]

+

F(@51(0,5), t)pur(<i(s))doo(@).
(max{0,(s1)~* ()}



By (313), (314) it follows that, from the parametrization used for each arc,
(o) -t )+ ok 1) = [ 1007 2.0), 00 05w, 0)mi@) + | 1@ 2.0). )0 x)
+ o F(@7(0,s),t)p1x (03 (0, s))doo (s).
If we sum the previous formula over7 er € Out(V) we have
319) (mo )= [ 30 S@10.9. 000,900+ [ 30 S0 ). O)dmo(w)
01 yea@ veA()

Hence we have proved formula (BI5) in the special case of the simple network as above. If we
consider the same network with multiple sources, we sum ([B.I3]) over ; € S and have the thesis.

Finally, the case of more complex networks can be addressed by replacing in the last part the
arc i in v = (z, e, V,1) with another part and then repeating the argument used in this proof. O

Remark 3.7. We observe that formula (3] is equivalent to the superposition principle introduced
in [I]. Indeed, assuming for simplicity that & = @, there is a bijective correspondence among paths,
as in Definition B4 and trajectories in (1): given v € A(z), then v = ®Y(x, [0,T]). Therefore

A(z) = {® € AC([0,T],T) : @ satisfies 3.7}
Let us define 7, € MT(A(x)) by

Z Pa(a,0,7)) (5 0) 00 (2,0)-
deA(x)

Then () can be written as

mt:// 08, (2,02 (®)dmo ()
I JA(x)

:/ / S(woc)(a.0) e (®)dimo ()
rJAz)
= / S (2,0 d(ec#n),

'x A(T")

where e; is the evaluation in ¢, i.e. e;(®) = @, and n € MT(T x A(T)) is defined by n = mg & n,.
This is exactly the form of the superposition principle mentioned above.

4. THE NONLINEAR TRANSPORT PROBLEM

This section is devoted to the study of the nonlinear transport problem, i.e. the transport
problem with the velocity field depending on the distribution of the particles on the network.
We consider the problem

m ~+ Oz (v[mylm) =0 in T x [0,T]
(4.1) =0 = mo
My=g, = 0} Vz; €8

mg;:%_ = Zkelnc(mi)pkj . mﬁ:zi Va; € V\S, Ve; € Out(z;)

with v[m], mo, o satisfying the assumptions stated in Section 2l Concerning the interpretation
of the initial/boundary conditions and the definition of solution, we argue as in Section Bl In
particular, thanks to the integration by part formulas F4)-B3) (with v(x) replaced by v[m|(x))
we can state:

Definition 4.1. A measure-valued solution to (I is a finite measure m € M™(T" x [0,T]) such
that for every f € C3(T x [0,77]),

(mi=r —mo, f) — (00, f) = (m, O f + v[m]0:f),



10 FABIO CAMILLI, RAUL DE MAIO, AND ANDREA TOSIN

and Vz; € V\ S, Ve; € Out(z,),
(4.2) My, £) = Y (mia, paif).

e €Inc(x;)

To prove the core result of the paper, i.e. the existence of a measure-valued solution to (1), we
introduce a semi-discretization-in-time procedure which allows us to approximate the nonlinear
problem by a family of linear problems: we define a partition of the time interval [0, T] in a family
of subintervals [tx, tx + At] and on each of these intervals we solve the linear problem ([B.I)) with the
nonlinear velocity v[m;] replaced by the linear one v[my,]. In such a way we obtain a sequence of
measures {m?*} defined on [0, T]. Using the results of Section [3] we prove that for At — 0% this
sequence converges (upon subsequences) to a measure m € M™(T' x [0, T7]), which is a solution of
(&) in the sense of Definition [£.1]

Let N € N, set At :=T/2" and define a partition of [0, T] by the intervals IY := [t]'; ¢)V, ),
where tY := nAtN n = 0,...,2" (in the following we will write ¢, in place of t2 when the
dependence on N is clear by the context). We consider the 2V problems iteratively defined by

Oym + Oz (v[my, Jm) =0 inl x IY
Mi=g, = My,
Myes = ool LY
My, = D ketne(as) Phi -mb_, Ve; € Out(z;), Va; € V\S,
where ool is the restriction of o to the interval I)Y. We point out that the velocity v[m;,] is

linear on T' x IV for every n = 0,...,2% — 1. Therefore, owing to Theorem 3.3, there exists a
unique measure m™" € M*(T x IV) satisfying

N
tn+1

(4.3) <7n§V;N+ —m f) = (oo, f) + / (my", (9% +v[mi"1,) - f(-,1))dt
n+1 n tn]\,[ n

and

(44) (MmN, LY, f) = Z (g (m™N)E_, LIY, f),  Vej € Out(x;), Va; € V\S

k€lnc(x;)

for every f € Cg°(I" x 72[)
We now denote by m® : [0,7] — MT(T') the map defined by
(4.5) md =m) " forteI¥, n=0,...,2".

We first give some regularity properties of m™ (the proofs of the next two results are postponed
to the Appendix [A).

Proposition 4.2. For any t € [0,T], the measure mi" is bounded in (MT(T), || - ||%5;), uniformly
in N, i.e. there exists a constant C = C(T) > 0 such that

(4.6) [m 5L < Cllmollse +llool), ¥t € [0,T].
Moreover, there exists a constant C > 0 such that

(4.7) lmy" —m |5y < oo(ls, 1) + Clt — s,
forevery0 <s<t<T.

Proposition 4.3. Assume that

(4.8) mo has finite p-moment on ', p=1,2.

Then mY¥ has finite p-moment, p = 1,2, on T for all t € [0,T]. In particular, there exists a
positive constant C = C(T, Vina, |mollsr, llooll) such that

(myY, d?) < C,

for every t € [0, T] and every N € N.
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Inequality (7)) shows that the map t — m{" is in general not Lipschitz continuous in ¢ if the
source measure o is not absolutely continuous with respect to the Lebesgue measure. To prove
the convergence of m”, we need to assume that op € MT(S x [0,T)) is absolutely continuous
with respect to the Lebesgue measure L£(dt) on [0,T) for every source z; € S, i.e.

(4.9) ol < L(dt) Vaz; €S,

but see Remark below for the case in which oy contains a finite number of atoms.
We have the following existence result for (€.I]):

Theorem 4.4. Assume [@8) and @EQ), then the sequence {m™ }nen defined in ([AH) converges
(upon subsequences) to a map m : [0,T] = M™*(T) in C([0,T]; MT(T)). In particular,
(4.10) lim  sup ||m) —m¢|5 =0.

N—+oc0 tE[O,T]

Moreover, the measure m := fOT fF d(z,pydmy(x)dt is a solution to [&I]) in the sense of Definition
[£.1

Proof. We proceed in several steps.

Step (i): Convergence. To show that {m” }yey is relatively compact in C([0, T], MT(I)), it is
sufficient to check that the sequence satisfies the conditions of the Ascoli-Arzela criterion in the
space of measures (see [1]): equicontinuity, tightness and uniform integrability. Equicontinuity is
a consequence of Proposition E22] taking into account that by @), @J) {m" }ney is uniformly

Lipschitz continuous in t. The other two properties, tightness and uniform integrability, are

equivalent to uniform estimates of the first and second moments of the measure m. These

estimates are proved in Proposition Hence we conclude that that, upon subsequences, there
exists m € C([0,T], M™(T")) such that

(4.11) mYN —m; Vte[0,T]

for N — oo.
Step (i): m is a solution. We now show that the measure m € M™ (T x [0,T]) defined by

T
(4.12) m(dxdt) == my(dx) @ dt = / / O(z,0ydmy ()dt,
o Jr

where the m; is as in ([£11]), satisfies

(4.13) (mp —mo, f) — (00, f) :/O (me, Oif (1) + v[mi] 0 f (-, 1)) dt

for every f € C§°(I' x [0, T]). Denote v2 = v[m/%]. Summing over n the identities ({3) and ([{4),
we get that the measure m” (dzdt) = m¥ (dr) @ dt € M+ (T x [0, 7)) satisfies

2N 1

(1.14) = ma, f) = (o) = Y [ w0+ uYon) - £
n=0 I
for every f € C§°(I"' x [0,T]). Passing to the limit for N — +oo in (I4]), we first observe that by
(EI0) we have for the left hand side
(my —mo, f) = (mg —myg, f) for N — oo.

To show the convergence of the right hand side of (&I4), we claim that

S [ (i 00 Y 0u) ) = G, 0 olmid0.) - 1)
(4.15) "0

- / (md — me, O+ olmis) - FC )+ 3 / (¥, (o — olma])d, - £, 0))dt
Iy n=0 Iiv

n
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tends to 0 for N — oo. Indeed for f € C§°(T x [0,7T]) by (@I0) we have, when N — oo,

Z / —ml¥, (9 +vlmid) - f(,)dt

(4.16)
<T sup |[(my —my, (0, + v[m)dy) - f(-,1))| < CT sup |lm}Y —my|5, — 0.
t€[0,T] te[0,T]
Moreover, for every fixed n =0,...,2¥ —1,t € IY and z € T we have
(4.17) [on (2) — vime](2)] < Lllmfy —melly, < Lllmiy —m{ 5y, + Lllmg — mell..

From Proposition 2] it results
Imix —mi 5L < oo([tn 1) + Clt = £,

therefore

tN + ALY
/t (¥, (o — vlmd))0u (- 1))dt

tN 4 At
< /t [Crloo([tn', 1) + [t =t + Imf" — me| L) (i, 0af(,1)] dt

N
n

1 % *
< (UO(L]}V)NN + §(AtN)2 + AN sup [y — mt||BL> sup mi 5L,
tel] tely

where Cy = max{L,CL}. Again by Proposition [L2] we have the estimate

SUP Hmt 5L <D
tel0,T

for a positive constant D independent of N. Hence

1
[ @ ol )it < DCLARY (aouff )+ 3O sup my) - mtn;;L) ,
v tellN

n

and therefore by @10

Z N mt s at ( [ t])a )f(at»dt
(4.18) E

tel0,T

< DC; (At ao(]0, T])—|— AtN +T sup |[m¥ mt||*BL> —0 for N — 4o0.

By (£I6) and (£I]) we get (£15). Hence the measure m satisfies the transport equation (d.I3)).
Step (i1i): Vertex condition. To conclude that m deﬁned in ([@I2) solves ([@I]) we further need

to show that there exist boundary measures {m?_ o }z ev’ defined by
T
(4'19) <mgn:xia f> = /0 <mga (at + U[mt]az)f>dt - <m%“ - mé, f)a
if e; € Inc(z;), or
(4'20) _<mgc:zia f> = /0 <mi’ (at + U[mt]az)f>dt - <m%’ - mjoa f>a

if e; € Out(x;). Then, we need to prove that the vertex condition [@2) is satisfied.
Let f be a C§°(T x [0,T]) function such that there exists a unique vertex x; € V which belongs
to the support of f(-,t), for every ¢ € [0,T]. We have previously seen that

2N _1

(mf =i’ f) = (o0, P+ 3 / T (04 olmd¥10,) - £, £)dt:
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then, taking into account that the support of f does not contain source vertices, we have

2N -1
(my" —mo, f Z (M, (O + vy 02) f (-, 1))dt
IN
By @.4), if e; € Inc(x;) then
2N -1
(4'21) < my= xlaf Z mt o (at+v 3 )f>dt_<mT,J_mO’ f>7
IN

otherwise, if e; € Out(z;) then

2N—1 . . .
(4.22) N / (m, (@, + oN O )t — (mT —md | f).

n=0 ITJIY

Passing to the limit for N — 400 in either ([@21)) or [@22]), by (11 we get that there exist meas-
ures mi,_,. € M({x;}x[0,T]) which satlsfy (E139) or (£20) and such that [|[m2-7, —mi_, |5, —0

for N — +oo Since by construction m Zkelnc(l ) Phe =M mi! ljw we get, that the same trans-
mission condition (2] is satisfied by the hmlt measure m. O

We now extend to the nonlinear transport problem (&) the representation formula for the
solution of the linear problem (B.1)) proved in Theorem(35). Given m € M™(T'x [0, T]), we denote
by ®7 the flow map associated to the velocity field v[m;] restricted to v, i.e. ®Y(x,s) = x and there
are tg:=s <ty <--- <t, <...such that for every m = 0,1,..., we have ®7([tym, tm+1]) C €j,.
and

d o ¥
E(I) (x,8) = v[ms](P] (x, 8)), t € [tm,tm+1)-

Proposition 4.5. If m € M™(T x [0,T]) is a solution to &I then m; is given by

(4 23) my = / Z 5((1;.7 (z,0), t)p’y(l' 0 dmo Z / Z (S(q;.’v(o s), t)p,Y(O S)dO’O( )
~yEA(z) ;€S 'VE.A(ac

for every t € [0,T], where the coefficients p., are defined as in (B.8).

Proof. We observe that from ([@I7) it follows

sup |’UJN(:L') —v[m](z)] = 0 for N — +o0, j € J.

rEe;

The previous estimate implies the uniform convergence of the respective flow maps on a given
path 7, hence the convergence of (3.9) to (£23)). O

Proposition 4.6 (Continuous dependence). Given initial data my, mg € MT(I'x{0}) and bound-
ary data o},08 € MT(S x [0, T)) satisfying the assumptions @ES) and @EJ), let m' and m? be
the corresponding solutions. Then

sup Imi —mill5L < K([lmg —mglls. + llog — o5lliL),
te|0,

where K = K(T') > 0 is a constant.

Proof. For a fixed z € T' we consider a path v € A(z) starting from z and the flow maps ®!7, &7
associated to v[m}], v[m?], respectively.
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Let f € BL(T" x [0,T]) with || f||5; < 1, then by formula (@23) we have

(m} —m2, ) = / S H®L(w,0), ps (2)dmi (x)

YEA()

> @ (,0),t)py ()dmi (z)
YEA(x)
(4.24)

+> / > F@ (@i, 5), )py (:)do} (s)

zies \"OT] Jea(zy)

/OT Z f(e x“) )p’y(zz)d(f (s)

’YEA(I

To estimate the right-hand side in (£.24)) we rewrite the first term as

/F Z F(@;7(2,0), t)ps (x)dmg (« /Z F(@77 (x,0), t)py (x)dmg ()

yEA(z ~yEA(x)
/Z F(@37(2,0), )p, (2)d(mb — m3) ()

vEA(x)

F X (A0 ~ £ @.0).0) py ()i o)
vEA(x)

Since |||, <1 and 3 ¢ 4,y Py(x) =1 for every x € I, we have the estimate

(4.25) / S F(027(2,0), 1)y (2)d(m} — m3)(z) < [md — mB| 5.

YEA(z)

Moreover ,

(@07 (2,0),8) = F(277(2,0), )] < d(®y7(2,0), 877 (2, 0)) < dy (€7 (x,0), 9} (2,0))),
where d, is the path distance d restricted to 7. It follows

dy ()7 (2,0), 77 (2,0)) / [u[mi] (217 (2,0)) — v[m?2) (237 (2,0))]| ds

< [ 1 lnt =l + (0,00, 02 ,0)) s
By Gronwall’s inequality,
(@17 (0.0) 020 < 1 [t =2
0
and consequently
F@F7 (2,0),8) — F(O27(,0),)| < L ( / md m§|ngs>
0
The previous inequality implies

[ (10 @000 - 182 @.01) pr @)dmd(a)

YEA(z)

<1 ( / m? — m§|ngs> e md s
0
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Proceeding in a similar way for the second term in (£24]), we obtain the inequality

(4.26)

/OT Z f(® ’V (@i, 8), t)py (i) da /OT F(@77 (4, 8), t)py (24)doy, (s)

;€S 'yG.A zi) 'YE.A(II
< o = ol + £ ([ Im = s ) e ol
0

Using (£28)-{26) in (L24) we get

1

t
(mg —m3, f) < llmg —mil5L + llog — o35 +C/O lmg —mZ| 5 ds,

where C = Le"T(|m{ |5, + llodlly)- Taking the supremum with respect to f we get

lmy —millpy < (Img —mgllpL + log — ogll5L) + C/ [ — mZ||ds.
0
Finally, applying again Gronwall’s inequality we obtain
c
[mi —m{ 5L < (lmg —milliL + llog — ogl5L)e". 0

As an immediate consequence of the continuous dependence result stated in Proposition 4.6 we
have

Corollary 4.7. The solution of the nonlinear transport problem (&I is unique.

Remark 4.8. For traffic models on road networks, it is reasonable to consider measures without
Cantorian part but the assumption (@3] is quite restrictive since it also excludes the presence of
atomic terms in the source measure og. Recall that (@3] gives the uniform continuity with respect
to t of the map m, t € [0, T], which is necessary in order to apply the Ascoli-Arzela criterion. We
now explain how to bypass this difficulty and to extend the results of this section, in particular
Theorem [4.4], to the case of a source measure of the type

oo = Z (Tae0 + 05%0)s

x, ES

where 0% o < L(dt) and o}, is an atomic finite measure in M (S x [0,77]) with a finite number
of atoms.

Consider first the case of a source measure o9 = (4, ), for z; € S and 7 € (0,T). We can apply
Theorem 4] in [0, 7] where op = 0 is absolutely continuous with respect to £(dt) to obtain the
existence of a solution m to (1)) in [0, 7]. Then we consider (&) in [r, 7] with initial condition
My + (g, ) and boundary measure (0o)(7,T] = 0. Again, since o = 0 is absolutely continuous
with respect to £(dt) in [r,T], we obtain a solution of the problem in [7,T]. Gluing together the
solutions previously obtained in [0, 7] and [, T|, we obtain a piecewise continuous solution of ([{.Tl)
on [0,T]. Clearly this procedure can be repeated if the source measure oy contains a finite number
of atoms. The resulting solution of ([4.J]) is piecewise Lipschitz continuous on a finite number of
disjoint intervals in [0, T].

5. A MULTISCALE MODEL FOR TRAFFIC FLOW ON NETWORKS

In this section we describe a nonlocal velocity v[m] suitable to describe and predict the evolution
of traffic flow on a road network.

There exists a wide literature on nonlocal fluxes for vehicular and pedestrian traffic: for example
in [5] a nonlocal term is used to modify the direction of motion of pedestrians and in [6] to
describe interactions among different populations. An interesting possibility for vehicular traffic
is proposed in [I3| [I4], where nonlocal terms are used as parameters to select the right flux in
classical hyperbolic models.
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Taking inspiration from similar models describing collective dynamics of crowds, see [7], we
consider a positive velocity fields given by

(5.1) v[m](z) := vf(x) — vilm](z)

where vy : ' — R* is the desired velocity, or free flow speed, representing the speed of a vehicle
in a free road, and v;[m](x) is the interaction speed due to the presence of a vehicle distribution
m € MT(T) on the network I'. Our aim is to identify an appropriate expression of v[m](z)
consistent with the traffic flow model and satisfying the hypotheses (H1)—(H3).

Concerning the free flow speed vy (z), which depends only on the state variable z, we assume
that this function is positive, bounded and Lipschitz continuous on each arc of the network I.
Hence (H1)—(H3) are easily verified.

Since for every x € T' the interaction velocity is a function v;[-](z) : MT(T') — R™, it is natural
to define v; as the functional

vi[m](x) ::/FK(x,y)dm(y),

with interaction kernel K € BV(I" x I'). If K is nonnegative and bounded by a positive constant
C, then for every x € I it results
vi[m](z)| < Cm(I),
hence (H1) is satisfied.
Given e; € £ and z € e;, for every m, u € M™(I') we have, by the boundedness of K,

[v[m](z) — v[p](z)] = I/FK(w,y)d(m*u)(y)l < Cllm — v

therefore also (H2) holds.

The Lipschitz continuity with respect to x is more delicate. In [7, Section 5], with reference
to the whole Euclidean space R?, the authors consider a kernel for the interaction velocity of the
form K(z,y) = k(| — y|)Xp(2)(y), where k : RT — R is a Lipschitz continuous non-increasing
function, xp(s) is the characteristic function of the set D(x) and D(x) is the visual field of a car
driver at x defined as

D(x) := {y € R? such that |z — y| < R}
for a given visual radius R > 0.

In order to generalize this approach to the case of networks we consider an interaction kernel

of the form

K(z,y) = k(dr(z,9))n2(y),

where k, again Lipschitz continuous and non-increasing, represents the interactions among the
vehicles on the network as a function of the distance. The crucial point is to properly define the
function 7, (y) representing the visual field of the drivers. We assume that a driver has a knowledge
only of the distribution of the vehicles on the roads adjacent to his/her current position and, on
the basis of this information, he/she gives a certain priority to a possible route. After defining the
visual field as

D(x) = {y > z such that dr(x,y) < R},

where y > z is meant with respect to the orientation of the network, we assume that
R < min L(e;).
< min £(e;)
Hence, given x € ey, if #; = mp(Lk) € V we have D(z) C e U (U, cout(s;) €5)- Moreover, for any

e; € Out(x;), a weight ay; is prescribed with the properties

J
0<oay; <1, Zoékj =1,
i=1

ag; =0 if either e Ne; =0 or e; — eg.

We point out that the difference between the coefficients py;(t) in (2:2) and ay; is that the former
represents the capacity of the junction e, Ne; to allocate the traffic distribution while the latter
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translates the preference assigned to a given route by the drivers depending on the observed traffic
distribution. With the previous definitions, we consider an interaction velocity at x € e given by

wlml(@) = Y- ats [ kel )Xo 1)dm).
ejeé’ r
Note that the support of xp(z)n(e,ue;) 18 given by
{y € er Ue; such that z — y, dr(z,y) < R},

which is isomorphic to a classical visual field for each e; for which ay; # 0.
To prove the Lipschitz continuity of v;[m] in the z-variable it is enough to check this property
for the term

/Fk(dF(z;y))X'D(m)ﬂ(ekUej)(y)dm(y)'

Without loss of generality, we work directly with a parametrization of e Ue; and we assume that
ey is parametrized as [0, Li] and e; as [Lx, Lr + L;]. In these terms,

D()N(exUej) ={y€ [0, Ly + R C[0,Lr+ L;] : z =y, |z —y| < R} =: A(z).

Taken x1, x5 € [0, Lg] with 2o — z1 and denoted h := |zo—x1]|, we observe that A(zq) = A(x1)+h;
then

(y) = 1 ify—heAlxy)
X)W =9 otherwise,
hence

XA(z2)(¥) = XA@) (Y — h) = (XA@1) © T-1) ()

where T_p, is the translation by —h. Tt follows
[ bl = oy w)dm() = [ ko = ) xacen )dmo)
= [ ko = Dt W)dmls) = [ (o1 = (= WD) (0~ W)dm(y)
= [ o1 = sixaen®) = (lln = Do) () o 7 (w)] din(y)

= [ ko = )t ) = 7o) 1)
< |lm = 1on#tmlpL = Kh = K|z — 21,

whence the Lipschitz continuity with respect to x as desired.
Notice that (B.I) does not guarantee the positivity of v. However, if we consider the velocity

field
v[m](x) = max{vy(z) — vilm](z),0}

then the boundedness and the Lipschitz continuity with respect to x and m are preserved and
moreover v is nonnegative.
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APPENDIX A. PROOFS OF THEOREMS OF SECTION [4]

Proof of Proposition[{.3 Let t € [0,T] and n € {0,...,2¥~1} such that ¢t € IY. Then, by the
representation formula ([3.9), we write

(myY, / Z F(® (x,tn), t)py (x)dmy) ( Z F(®7 (xi,8),t)py (i) da(s).
vEA(e z;es5 7/ [0T] »yeA
Hence, for every f € BL(F x [0, 7)) such that ||f||pr <1 it follows

o 1< [ 1Sls | 3 pa@) | @)+ 30 [ flsn | D0 pate) | dois)

YEA(z) ;€S ~EA(z:)
< lmi 15z + Y 00t Ul = Imi 5z + 1 (00)c (tn, Al 5L,
;€S

where we have used the property > vEA(x) py(xz) = 1 for all z € T'. Taking the supremum over
f € BL(T' x [0,T]) we get
Imi s < llme, 5L+ ll(o0)(ta, 1L
Applying the previous inequality recursively for m € {0,...,n} we get (L4).
We now prove [L7). Let N € N and s,¢ € [0,7] such that s < t with s € I}V, t € IN for n # k
in {0,...,2¥ —1}. This means

by <8 <ty <...<tp <t<tp.

Clearly
k
mp —ml = (m —ml) + (m , —mI)+ Y (mi) —mp),
l=n+1
which implies
(A.1) ImfY = m 5 < Imi —mi 5y + Imi,, —mY e+ Y lmy),, —mi) |5

l=n+1
Therefore we need to estimate ||mé\lf+1 my || 5. Let f € BL(T x [0,T]) such that || f||5, < 1.
Then, for every ¢t € IV,

n

o =m0 [ X @ at).0) = Fat)dm (@)

YEA(z)

> /(tmt] J(®¢(zi,5), t)dog(s)

z, €S

+

< / Y py(@) | [d@](z,t0),@) + [t = tal)dm{ () + [[(00) (b, ]| -
P \reaw

By definition of ®7, it follows d(®] (x, t,), ) < ft N(®Y(x,tn))ds < [t—tu|Vinaz. Then, applying
(#8) and taking the supremum over f 6 BL(I‘ x [0, T]) such that ||f||pz < 1, we can write
(A.2) [y —m) 5, < Clt = ta] + 00((tn, 1)),
where C = (1 + Vinaz)(|mollL + llooll5) > 0. Using (A22) in (A), we get (@1). O
Proof of Proposition [{.3 For simplicity, in this proof we denote v[m ﬁ,] by v and d( ):=dr(-,V)
for a fixed V € V. Let N € N, t € [0,T] and n € {0,... — 1} such that ¢t € I} ;. By Lemma
23 mY € M*(T) has finite p-moment over T if and only if it has finite p- moment on every arc
e; € € such that L(e;) = +oo.

We consider first the case p = 1. If e; € Inc(V) U Out(V) C &, such that L(e;) = +oo, there
are two possibilities:
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i) e; € Inc(V);

i) e; € Out(V).
If i) occurs, we parametrize e; € € as (—o0;0]. For every ¢t € IV |, we denote by ®;’ the flow map
in e; produced by the velocity v}Y_;. By the definition in B.I2), we have

TN (t) = nf{t > 850 : &) (2, 1) = m;(0)}.

Then the first moment in e; of m¥ can be estimated as

[ i = [ et e, @
(—o0;0] (o0 N (B)]

n,

< /( ) |:E|dmi\i’jl(z) + mﬁtfl((*ooﬁrf,}v(t)])VmMAtN
7OO;Tn,N t

< /( ) |:c|dmi\i’fl +mé\i’fl(ej)AtNme.

Applying iteratively the previous argument for k € {0,1,...,n — 1}, we get

n—1

/|z|dm£v(z) < /|:c|dmé(:c)+VmazAtNZmé\£(ej)
e € k‘ZO
2N 1

; T
< [ laldn(z) + Vi gy 3 mi (c5).
€ k=0

By Lemma we have
(A.3) / ldm? (2) < / (@|dm? () + Vinas TC.

For the measure m "%, € M*([0,T]), namely the projection of m™+7 at x;, by BII) we estimate
Nj | Nj j j
(A4) my 2y I = my 2y ([0, T7) < mig((—=Vinea T, 0]) < mp(ej).

If ii) occurs, we have a similar proof. Indeed, thanks to the characterisation (BI1l), we can
write

[ elami@ = [ jep G toland @+ [ (808 (o).
[0,400) [0,+00) [s; ' (1).1]

The first integral at the right-hand side can be estimated like in ([A3]), while for the second one
we have

@50, 9)|dmd_y (5) < Vinar [ [t—s|dmi_(s)
[oat(t),2] oo (t),1]

S VmazAtNmi:V (1711\[71)’

which, thanks to (A4)) and Theorem [3.3] is finite and bounded by a constant which depends on
ImollBL, lloollr, Vinae and T
To conclude the proof, we need to show an analogous statement for p = 2. However, we can
observe that
@7 (2, tn-1)* = |2* +

t
12l / o (B (2, 1))

tn—1

: 2
/ o (@ (2, 151)
tj—1

< 22+ (Vinaw AN )? + 2Vina0 AN 2],

and, for s € [gjfl(t),t],

2

t
1B (0, 5)[2 = /vﬁl(qmo,s))du < (Vinan APV)2,
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Then, taking advantage of the uniform bound on the first moment, we repeat the argument used

for p = 1 to obtain the uniform bound also on the second moment. (I
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