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A HAMILTON-JACOBI APPROACH TO JUNCTION PROBLEMS
AND APPLICATION TO TRAFFIC FLOWS*

CYRIL IMBERT!?, REGIS MONNEAU® AND HASNAA ZIDANI?

Abstract. This paper is concerned with the study of a model case of first order Hamilton-Jacobi
equations posed on a “junction”, that is to say the union of a finite number of half-lines with a unique
common point. The main result is a comparison principle. We also prove existence and stability of
solutions. The two challenging difficulties are the singular geometry of the domain and the discontinuity
of the Hamiltonian. As far as discontinuous Hamiltonians are concerned, these results seem to be new.
They are applied to the study of some models arising in traffic flows. The techniques developed in the
present article provide new powerful tools for the analysis of such problems.
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1. INTRODUCTION

In this paper we are interested in Hamilton-Jacobi (HJ) equations posed on a one dimensional domain
containing one single singularity. This is a special case of a more general setting where HJ equations are posed
in domains that are unions of submanifolds whose dimensions are different [8]. An intermediate setting is the
study of HJ equations on networks, see in particular [1]. We will restrict ourselves to a very simple network:
the union of a finite numbers of half-lines of the plane with a single common point. Such a domain is referred
to as a junction and the common point is called the junction point. We point out that getting a comparison
principle is the most difficult part in such a study; it is obtained in [1] for similar special networks (bounded
star-shaped ones). Our motivation comes from traffic flows. For this reason, it is natural to impose different
dynamics on each branch of the junction. Consequently, the resulting Hamiltonian is by nature discontinuous
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FIGURE 1. A junction.

at the junction point. Together with the singularity of the domain, this is the major technical difficulty to
overcome. The analysis relies on the complete study of some minimal action (or metric) related to the optimal
control interpretation of the equation [16,33]. We prove in particular that this minimal action is semi-concave
by computing it.

We first present the problem and the main results in details. Then we recall existing results and compare
them with ours.

1.1. Setting of the problem
In this subsection, the analytical problem is introduced in details. We first define the junction, then the space
of functions on the junction and finally the Hamilton-Jacobi equation.

The junction. Let us consider N > 1 different unit vectors e; € R? for i = 1,..., N. We define the branches
Ji =10,4+00)-e;, JF=J\{0}, i=1,....N

and the junction (see Fig. 1)
J= J 7
i=1,..,N

The origin « = 0 is called the junction point. It is also useful to write J* = J \ {0}. For a time T > 0, we also
define

Jr = (0, T) X J.
The reader can remark that we chose to embed the junction in a two-dimensional Euclidean space. But we could
also have considered an abstract junction, or we could have embedded it for instance in a higher dimensional
Euclidean space. We made such a choice for the sake of clarity.

Space of functions. For a function u: Jr — R, we denote by u’ the restriction of u to (0,7) x J;. Then we
define the natural space of functions on the junction

Ci(Jr)={ueC(Jr), v e€C'(0,T)xJ;) for i=1,...,N}.

In particular for v € C}(Jr) and x = x;e; with z; > 0, we define
up(t,x) = —(t,xie;)  and  ul(t,x) = —(t, x:€;).

Then we set .
r) = uy(t, z) if x#0,
,0) = u{s( 70))j:1,...,N if z=0.
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HJ equation on the junction. We are interested in continuous functions u: [0,7) x J — R which are viscosity
solutions (see Def. 3.2) on Jr of
uy + H(z,uz) =0 (1.1)

submitted to an initial condition
uw(0,2) = up(x), x€.J. (1.2)

Because of the optimal control problem we have in mind (see Sect. 1.1 below), we restrict ourselves to the
simplest case of discontinuous Hamiltonians; precisely, we consider

H;(p) for peR if zelJ!
max;—1,. ~H; (p;) for p=(p1,...,pn) € RN if z=0

H(z,p) = {
where H; are convex functions whose Legendre-Fenchel transform is denoted by L;. We recall that

H;(p) = L} (p) = sup (pq — Li(q))

geR
and
H;,=1L;. (1.3)
We also consider
H; (pi) = sup (piq — Li(q)) - (1.4)
g<0
Therefore equation (1.1) can be rewritten as follows
ul 4+ Hi(ul) =0 on (0,7)x Jr for i=1,...,N, (15)
ur +max;—1, Ny H (ut)=0 on (0,T)x {0}. ’

The optimal control framework. In this paragraph, we give an optimal control interpretation [4,7,26] of
the Hamilton-Jacobi equation. We define the set of admissible controls at a point = € J by

Re;, if zeJr,
A(x) ; { Ui:l,w,N Rte; if z= ().D
For (s,y), (t,x) € [0,T] x J with s < ¢ (the case s = ¢ being trivial and forcing y = ), we define the set of

admissible trajectories from (s,y) to (t,z) by

X(r)edJ for all T € (s,t),
A(s,yit,z) = < X € Wh([s, t;R?): | X (1) € A(X (7)) for ae. 7€ (s,t) ¢ . (1.6)
X(s)=y and X(t) ==z

For P = pe; € A(x) with p € R, we define the Lagrangian on the junction

L(z,P) = {fo(é’))) e (1.7)

with
L = in  L;(p).
o(p) = min L;(p)
The reader can be surprised by the definition of L(z, P) for x = 0. In fact, if one considers only trajectories
that do not stay at the junction point, then the ones staying at 0 are approximated by those staying very close
to 0 on a branch i € Iy and moving “slowly” (X =~ 0).
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1.2. Main results

We make the following assumptions:

(A0) The initial data ug is Lipschitz continuous.
(A1) There exists a constant v > 0, and for all i = 1,..., N, there exists C?(R) functions L; satisfying
L! >~ >0, such that (1.3) and (1.4) hold.

Theorem 1.1 (existence and uniqueness). Assume (A0)-(A1) and let T > 0. Then there exists a unique

viscosity solution u of (1.1)~(1.2) on Jp in the sense of Definition 3.2, satisfying for some constant Cp >0
lu(t, z) —uog(x)| < Cr  for all (t,x) € Jp.

Moreover the function u is Lipschitz continuous with respect to (t,z) on Jrp.

On one hand, we will see below that the existence of a solution can be obtained with Perron’s method under
weaker assumptions than (A1) (see Thm. A.2). On the other hand, we are able to get uniqueness of the solution
only under assumption (A1) and this is a consequence of the following result:

Theorem 1.2 (comparison principle). Assume (A0)-(A1). Let T > 0 and let u (resp. v) be a sub-solution
(resp. a super-solution) of (1.1)~(1.2) on Jr in the sense of Definition 3.2. We also assume that there exists a
constant Cp > 0 such that for all (t,x) € Jr

u(t,z) < Cpr(1+|z|) (resp. wv(t,z) > —Cp(l+ |z])).
Then we have u < v on Jr.

In order to prove this strong uniqueness result, we will use in an essential way the value function associated
to the optimal control problem described in Section 1.1: for ¢ > 0,

Uoe(t, ) = inf {uo(y) + /Ot L(X(T),X(T))dT} (1.8)

yeJ, XeA(0,y;t,x)
where L is defined in (1.7) and \A(0, y; ¢, x) is defined in (1.6).

Theorem 1.3 (optimal control representation of the solution). Assume (A0)-(A1) and let T > 0. The unique
solution given by Theorem 1.1 is u = Uoc With ue. given in (1.8). Moreover, we have the following Hopf-Lax
representation formula

toe(t,) = inf {uo(y) + D (0., )} (L9)

with

D(0,y;t,x) =  inf ){/OtL(X(T),X(T))dT}.

XeA(0,yt,>
The comparison principle is obtained by combining

e a super-optimality principle for super-solutions v, which implies v > uc;
e a direct comparison result with sub-solutions u, which gives uy. > u.

We finally have the following result which shed light on the role of the junction condition (see the second line
of (1.5)).

Theorem 1.4 (comparison with continuous solutions outside the junction point). Assume (A0)-(A1) and let
T > 0. Let uw € C([0,T) x J) be such that u(0,-) = ug and for each i € {1,..., N}, the restriction u* of u to
(0,T) x J; is a classical viscosity solution of

ul + Hi(ut) =0 on (0,T)x J;.

Then u is a sub-solution of (1.1)~(1.2) on Jr in the sense of Definition 3.2, and u < Uoc.
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An immediate consequence of Theorem 1.4 is the fact that the optimal control solution u. is the maximal
continuous function which is a viscosity solution on each open branch.

We apply in Section 2 our HJ approach to describe traffic flows on a junction. In particular, we recover
the well-known junction conditions of Lebacque (see [22]) or equivalently those for the Riemann solver at the
junction as in the book of Garavello and Piccoli [17]; see also [18].

1.3. Comments

We already mentioned that the main difficulties we have to overcome in order to get our main results are on
one hand the singular geometry of the domain and on the other hand the discontinuity of the Hamiltonian.

Discontinuity. Several papers in the literature deal with HJB equations with discontinuous coefficients; see
for instance [6,9,12,13,28,34,37-39]. Note that in these works the optimal trajectories do cross the regions
of discontinuities (i.e. the junction in the present paper) only on a set of time of measure zero. In the present
paper, the optimal trajectories can remain on the junction during some time intervals, and the results cited
above do not apply then to the problem studied here.

On the other hand, the analysis of scalar conservation laws with discontinuous flux functions has been
extensively studied, we refer to [3,10,32] and references therein. We also point out that a uniqueness result is
proved in R in the framework corresponding a junction with two branches [21]. To the best of our knowledge, in
the case of junctions with more than two branches, there are no uniqueness result. Moreover, the link between
HJB equations and conservation laws with discontinuous has been seldom investigated [29].

The main differences between the study in [1] and the one carried out in the present paper lie in the fact
that in [1] the Lagrangian can depend on z and is continuous with respect to this variable, while we consider
a Lagrangian which is constant in z on each branch but can be discontinuous (with respect to x) at the
junction. We point out that we cannot extend directly our approach to Lagrangians depending on z since we
use extensively the representation formula “a la Hopf-Lax”. In order to generalize results in this direction, the
semi-concavity of the “fundamental solution” D should be proved without relying on explicit computations.
This question is very interesting but is out of the scope of the present paper.

Networks. It is by now well known that the study of traffic flows on networks is an important motivation
that give rise to several difficulties related to scalar conservation laws with discontinuous coeflicients. This topic
has been widely studied by many authors, see for instance [10,15,17] and the references therein.

However, the study of HJB equations on networks has been considered very recently; the reader is referred
to [11,31] where Eikonal equations are considered. A more general framework was also studied in [1,2] where a
definition of viscosity solutions on networks, similar to Definition 3.2, has been introduced.

It would be interesting to extend the results of the present paper to more general networks but the obstacle

is the same than the one to be overcome if one wants to deal with Lagrangians depending on x: for a general
network, the complete study of the fundamental solution is probably out of reach. This is the reason why we only
consider the very specific case of a junction in order to be able to overcome the difficulty of the discontinuity of
the Lagrangian.
The optimal control interpretation. As explained above, the comparison principle is proved by using in
an essential way the optimal control interpretation of the Hamilton-Jacobi equation. The use of representation
formulas and/or optimality principles is classical in the study of Hamilton-Jacobi equations [19, 20,27, 35, 36].
More specifically, it is also known that a “metric” interpretation of the Hamilton-Jacobi equation is fruitful [33].
Such an interpretation plays a central role in the weak KAM theory [16].

As far as our problem is concerned, we are not able to prove uniqueness of viscosity solutions by using
the classical techniques of doubling variable. The idea used here is based on the equivalence between the
viscosity super-solution and the super-optimality principle (also known as weak-invariance principle), and by
using representation formulas for the viscosity sub-solutions. This representation seems to be new for HJB
equations with discontinuous coefficients, see for instance [14].
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We would like next to be a bit more precise. The technical core of the paper lies in Theorem 4.2. This result
implies that the function

D(57y§t7$):(t—5)'DO< y x )

t—s't—s

is semi-concave with respect to (¢, ) and (s,y) and, if there are at least two branches (N > 2), that D satisfies

D:+ H(z,D,) =0,
_Ds + H(y, —Dy) =0

(in a weak sense made precise in the statement of Thm. 4.2). In the case where the Lagrangians coincide at
the junction point (L1(0) = ... = Lx(0)), it turns out that the restriction D' (y,z) of Dy to J; x J; belongs
to Cl(Jj x J;) and is convex. A more general case is considered in this paper: Lagrangians can differ at the
junction point and in this case, the functions Dgi are not convex nor C'!' anymore for some (i,7). Let us point
out here that the assumptions on the Hamiltonian H;, and in particular the fact that it does not depend on the
space variable x, plays a crucial role to establish the properties satisfied by the minimal action function D.

Generalization and open problems. Eventually, we briefly mention natural generalizations of our results
and some important open problems. First of all, it would be natural to extend the results of this paper to more
general setting where the Hamiltonians H; depend on the space variable x. Moreover, it would be interesting to
consider general networks with several junction points. Dealing with non-convex and non-coercive Hamiltonians
is quite challenging and would require first to have a direct proof of the comparison principle which does not need
to go through the interpretation of the viscosity solution as the value function of an optimal control problem.

Organization of the article

Section 2 is devoted to the application of our results to some traffic flow problems. In particular, the HJ
equation is derived and the junction condition is interpreted. In Section 3, the definition of (viscosity) solutions
is made precise. In Section 4, the first important properties of optimal trajectories are given. Section 5 is
devoted to the proof of the main results of the paper. In particular, the comparison principle is derived by
proving a super-optimality principle and by comparing sub-solutions with the solution given by the optimal
control interpretation of the equation. Section 6 is devoted to the proof of the technical core of the paper,
namely the existence of test functions for the minimal action associated with the optimal control interpretation.

Notation

Distance and coordinates in the junction. We denote by d the geodesic distance defined on J by

d(z,y) = |z — vyl if x,y belong to the same branch J; for some i,
Y =Y |zl + ]yl if 2,y donot belong to the same branch.

For x € J, B(x,r) denotes the (open) ball centered at x of radius r. We also consider balls B((¢,z),r) centered
at (t,z) € (0,400) x J of radius r > 0. For € J, let us define the index i(x) of the branch where z lies.

Precisely we set:
i(z) = {zo it zelJ;,

0 if x=0.
Up to reordering the indices, we assume that there exists an index ko € {1,..., N} such that
Lo(0) = L1(0) = -+ = L, (0) < Liy41(0) < -+ < Ly (0). (1.10)
We also set

I():{].,...,ko} and IN:{l,...,N}.
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i=m+1
i=1 i=m+2
i=2\ \
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1 1
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. i=m+n

FIGURE 2. A traffic junction.

Functions defined in J2. For a function ¢ defined on J x J, we call ¢¥ its restriction to J; x J;. Then we

define the space -
CL(J?)={peC(J?), ¢7eC'(JxJ;) foral i,jely}.

We also call for = x;e; with x; > 0 and y = y;e; with y; > 0

, g A o ..
Opp(w,y) = m—p" (zies,y) and 55@(w7y)=a—y@1j(w,yjej)
J

aZL'Z‘

and )
dpp(z,y) if zelJ;,

am 5 = .
o(z,y) { (agj@(x,y))i:lmN if =0

and similarly

9 p(x,y) if yelJs,

BySO(w,y) = { (8Z<P(-T,y))j=1 N it y=0.

.....

We also set ‘

yoyp(x,y) = y;0)p(x,y) if yeJ;.
2. APPLICATION TO THE MODELING OF TRAFFIC FLOWS

In this section we present the derivation of the Hamilton-Jacobi formulation of traffic on a junction. We also
discuss the meaning of our junction condition in this framework and relate it to known results.

2.1. Primitive of the densities of cars

We consider a junction (represented in Fig. 2) with m > 1 incoming roads (labeled by the index i =1,...,m)
and n > 1 outgoing roads (labeled by j = m + 1,...,m +n = N). This means that the cars move on the
incoming roads in the direction of the junction and then have to choose to go on one of the n outgoing roads.
We assume that the proportion of cars coming from the branch ¢ = 1,...,m is a fixed number ; > 0 (which
may be not realistic for m > 2), and that the proportion of cars going on each branch j € {m+1,...,m+n}
is also a fixed number v; > 0. We also assume the obvious relations (for conservation of cars)

Z v =1 and Z v; = L.
i=1,...,m

j=m+1,..., m4+n

We denote by p¥(t, X) > 0 the car density at time ¢ and at the position X on the branch k. In particular, we
assume that the traffic is described on each branch k by a flux function f*: R — R. We assume

each function f* is concave and has a unique maximum value at p = p¥ > 0. (2.1)
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The typical example of such flux function is given by the LWR model (Lighthill and Whitham [25] and
Richards [30]), with
f(p) = pu(p) with the velocity v(p) = Vinax(1 — p/pPmax) (2.2)

where Vinax and pmax are respectively the maximal velocity and the maximal car density in the model). In this
model the critical car density p. where f is maximal, is equal to % Pmax-
We assume that the car densities are solution of non linear transport equations:

{pé-l—(fi(pi))xzo, X <0, for i=1,....m

M 2.
ol +(f1(p)x =0, X>0, for j=m+1,....m+n (2:3)

where we assume that the junction point is located at the origin X = 0.
We do not precise yet the junction condition at X = 0, and we now proceed formally to deduce the Hamilton-
Jacobi model of such a junction. For a function g, that will be defined precisely later, let us consider the functions

Uit X) = g(t)+ & [ oY) dY, X <0, for i=1....m, 2.4
Ui(t,X) =g(t) + %fOXﬁ(t,Y) dy, X >0, for j=m+1,...,m+n. '
Then we can compute formally for j =m+1,....m+n
) 1 rX .
Ui =g+ [ eley)ay
v Jo
P B B
—d()-— [ (PP EY)x dY
7 Jo
= P X) g (1) + P (1,07)
This shows that for j=m+1,...,m+n
1 , .
Ui + gfj (7U%) = W (t) (2.5)

where
Bi(t) == g'(t) + %fj(pj(t,()*))-

Remark that we can show similarly that (2.5) is still true for the index j replaced by ¢ = 1,...,m with
_ 1 .
RU(t) = g'(t) + 5]“(,01(15,0 ))-

In particular, this shows (at least when the quantities in (2.5) are well defined) that we can choose g such that
the total flux —g'(¢) is given by

—g't)= > [(p'(t07)) (2.6)
i=1,....m
and then we have
R*t)=0 for i=1,....m+n

if and only if

{f%w,(t,o—)):vi(—g'(t)) for i=1,....m a
PP (8,07) =4 (~g/(1)) for j=m+1,...,m+n |
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which is exactly the expected condition which says that the proportion of incoming cars going in the junction
from the branch 7 is 4% and the proportion of cars getting out of the junction which choose to go on the branch
jis 7.

Let us notice that if we choose the initial condition g(0) = 0, then we deduce from (2.6) that we have for

l=1,....m+n .
_U(t,0) = —g(t) = / S Fipi(n,07)) dr
0 i=1,...,m

which shows that —U!(¢,0) can be interpreted as the total quantity of cars passing through the junction point
X = 0 during the time interval [0,t). As a consequence, the quantity —U}(t,0) can also be interpreted as the
instantaneous flux of cars passing through the junction point.

We now give a further interpretation of the problem in the special case m = 1. In the special case m = 1,
imagine for a moment, that we come back to a discrete description of the traffic, where each car of label k£ has
a position xy(t) with the ordering xy(t) < xx41(f) < 0. We can be interested in the label k of the car z;(t) <0
which is the closest to the junction point X = 0. Let us call it K (t). We can normalize the initial data such
that K(0) = 0. Then the quantity of cars that have passed through the junction point X = 0 during the time
interval [0,¢) is equal to —K (¢), which is the exact discrete analogue of the continuous quantity —U*(¢,0).

On the other hand the number of cars between the positions a = x4(t) and b = xp(t) is obviously equal to
B— A, and its continuous analogue on the branch i = m = 1 with 4! = 1, is f; pt(t, X) dX = U(t,b) - U(t,a).
This shows that U!(t, X) can be interpreted as the exact continuous analogue of the discrete labeling of the
cars moving in the traffic.

This interpretation is also meaningful on the “exit” branches, i.e. for j € {m+1,...,m + n}. Indeed, for
such j’s, UJ(t, X) is the continuous analogue of the discrete label of the car that have decided to choose the
branch j and which is at time ¢ close to the position X > 0.

2.2. Getting the Hamilton-Jacobi equations

We now set

ui(t,X) = -Ut,—X), X>0, for i=1,....,m 28)
w(t,X)=-Ui(t,X), X>0, for j=m+1,....m+n .
and we define the convex Hamiltonians
Hi(p):—% ‘(y'p) for i=1,...,m 2.9)
Hj(P):—ﬁfj(—vjp) for j=m+1,..., m+n. '
Then we deduce from (2.5) that we have
uf + Hy(u%) =0, X >0, for k=1,....m+n (2.10)

with equality of the functions at the origin, i.e.
uF(t,0) = u(t,0) forany ke {l,....m+mn}.
Notice that for the choice Vipax = 1 = pmax in (2.2), we get with f*(p) = f(p) = p(1 — p) for all k € I, that

ref()_i( +Q)
Li(q) = () for 1=1,...,m
Li(q) = ef(—q) for j=m+1,....,m+n.

In particular this shows that the Lk(O) are not all the same, even in the simplest case.
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2.3. The junction condition and its interpretation

A junction condition is still needed so that the solution of (2.10) be uniquely defined. Indeed, at first glance,
one may think that u.(¢,0) is equal to —¢’(t) which is given by (2.6) (where we have assumed (2.7)). The point
is that this condition can not be satisfied for every time. One way to be convinced oneself of that fact is to
consider the case m = n = 1 with f! = f2 = f. Then, we look at solutions u of the Hamilton-Jacobi equation in
R with the artificial junction. We can simply associate with it the classical conservation law on the whole real
line. We can then consider a single shock moving with constant velocity for the conservation law. When this
shock will pass through the junction point (let us say at time tg), this will mean that w(to,-) is discontinuous
in space at the junction point. In particular the formal computations of Section 2.1 are no longer valid at that
time tg, even if they are valid for ¢ # t(. For a general problem, one may expect that our formal computations
are only valid for almost every time (even if it is not clear for us).

In view of Theorem 1.4, if we restrict our attention to continuous solutions u, then we will have u < g
where u,. is the solution associated to the optimal control problem. This shows in particular that we have

u(t,0) < upc(t,0)

which means (in view of (2.8) and the interpretation of —U’ given in Sect. 2.1) that we have a universal bound
on the total amount of cars passing through the junction point during the time interval [0,¢). If we assume
moreover that this amount of cars is maximal, then we can choose (and indeed have to choose) u = u,. and the
natural junction condition is then

u(¢,0) + ,max H (u(t,0%)) =0 (2.11)
with
H, (p) =sup (pq — Li(q)) and Ly(p) = sup (pq — Hi(q)) -
q<0 q€R
Using our assumption (2.1) on the functions f*, let us define for k = 1,..., N the Demand functions

£ () = fEp)  for p<pk
PR for p> gk

and the Supply functions
k(o k k
keoy— § Fo(pg)  for p<pg
fS(p)_{f’“(p) for p> pk.

From assumption (2.1) on the functions f*, we deduce that

{H{(p):—ﬁfis(vip), for i=1,....,m

H;(p):—%fé(—vjp), for j=m+1,....m+n=N.

Condition (2.11) means that

—~U(t,0) = u(t,0) = k_r{linN —H, (ub(t,07))

— i NI : I P P
—mln<i=rlr}}_{{m?fp(p 00, min LR07). (2.12)

Notice that from (2.7), it is natural to compare

L 07) and (7 (,07),
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Then condition (2.12) is nothing else that the Demand and Supply condition of Lebacque, which claims that
the passing flux is equal to the minimum between the Demand and the Supply, as it is defined in [23] (at least
in the case m = 1).

In the special case m = 1, it is explained in [24] that this condition (2.12) is also equivalent to the condition
defining the Riemann solver at the junction point in the book of Garavello and Piccoli [17]. Let us notice that
this condition is also related to the Bardos et al. [5] boundary condition.

3. VISCOSITY SOLUTIONS

In this section, we consider a weaker assumption than (Al). We introduce the following assumption:
(A1’) For each i € Iy,

e the function H;: R — R is continuous and lim,|_ 4. H;(p) = +00;
e there exists p) € R such that H; is non-increasing on (—oo, p§] and non-decreasing on [pf), +00);

When (A1’) holds true, the function H; is defined by H; (p) = inf,<o H;(p + ¢). We now make the following
useful remark whose proof is left to the reader.

Lemma 3.1. Assumption (A1) implies Assumption (A1°).

Next we give equivalent definitions of viscosity solutions for (1.1). We give a first definition where the junction
condition is satisfied in “the classical sense”; we then prove that it is equivalent to impose it in “the generalized
sense”. It is essential if one expects solutions to be stable.

We give a first definition of viscosity solutions for (1.1) in terms of test functions by imposing the junction
condition in the classical sense. We recall the definition of the upper and lower semi-continuous envelopes u*
and wu, of a function w: [0,7T") x J:

u*(t,x) = limsup u(s,y) and wu.(t,x) = liminf wu(s,y).
(s,y)—(t,x) (s,y)—(t,x)

Definition 3.2 (viscosity solutions). A function w: [0,T) x J — R is a sub-solution (resp. super-solution) of
(1.1) on Jp if it is upper semi-continuous (resp. lower semi-continuous) and if for any ¢ € C!(Jr) such that
u < ¢ in B(P,r) for some P = (t,x) € Jr, r > 0 and such that v = ¢ at P € Jr, we have

Oty x) + H(z, o (t,2)) <0 (resp. > 0),
that is to say
o if x € J7, then
oi(t, ) + Hi(pa(t,z)) <0 (resp. > 0);

e if x =0, then _
Bu(t,0) + max Hy (61,(1,0) SO (resp. > 0). (3.1)
1elN

A function u: [0,T) x J — R is a sub-solution (resp. super-solution) of (1.1)—(1.2) on Jr if it is a sub-solution
(resp. super-solution) of (1.1) on Jr and moreover satisfies u(0, ) < ug (resp. u(0,-) > ).

A function u: [0,T) x J — R is a (viscosity) solution of (1.1) (resp. (1.1)~(1.2)) on Jr if u* is a sub-solution
and wu, is a super-solution of (1.1) (resp. (1.1)—(1.2)) on Jr.

As mentioned above, the following proposition is important in order to get discontinuous stability results for

the viscosity solutions of Definition 3.2.

Proposition 3.3 (equivalence with relaxed junction conditions). Assume (A1°). A function u: Jp — R is a
sub-solution (resp. super-solution) of (1.1) on Jr if and only if for any function ¢ € CL(Jr) such that u < ¢
inJr and uw= ¢ at (t,x) € Jr,
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o ifx € J, then
¢u(t, ) + Hi(d2(t,x)) <0 (resp. > 0);

e if © =0, then either there exists i € I such that
d¢(t,0) + Hi(¢2(t,0)) <0 (resp. > 0)
r (3.1) holds true.

Proof of Proposition 3.3. We classically reduce to the case where the ball B(P,r) is replaced with Jp.
The “if” part is clear. Let us prove the “only if” one. We distinguish the sub-solution case and the super-
solution one. We start with the super-solutions case since it is slightly easier.

Case 1: super-solution case. We consider a test function ¢ € C!(Jr) such that u > ¢ in Jr and u = ¢
at (to,zo). There is nothing to prove if zy # 0, so we assume zp = 0. We have to prove that ¢.(tp,0) +
sup;ery H; (¢4 (t0,0)) > 0. We argue by contradiction and we assume that

K3

b1 (to,0) + sup H; (¢ (t,0)) < 0. (3.2)

i€ln
Then it is easy to see that there exists a function gZ) € Cl(Jr) such that ¢ > gZ) with equality at the point
(to,0) and such that B ‘ ‘ }

¢:.(to,0) = min(¢, (t0,0),py) and  ¢i(to,0) = Pi(to,0). (3.3)

Notice that _ _ '
Hi (¢,(t0,0)) < Hi(;(t0,0)) < Hy (,(to,0)). (3.4)
The first inequality is straightforward. To check the second inequality, we have to distinguish two cases. Either
we have ¢L (to,0) < ¢%(to,0), and then ¢’ (to,0) = pj and we use the fact that the minimum of H;  is H;(p). Or
®%(to,0) = ¢ (to,0) and then this common value belongs to the interval (—oo, p§] on which we have H; = H; .

Since u > ¢ in Jr and u = ¢ at (to,0), we conclude that either

&t(t070) =+ sup Hi_(q;;(to,O)) >0

i€l
or there exists ¢ € Iy such that - _
i(to, 0) + Hi(¢(to,0)) = 0.
In view of (3.3) and (3.4), we obtain a contradiction with (3.2).
Case 2: sub-solution case. We consider a function ¢ € C'(Jr) such that u < ¢ in Jr and u = ¢ at

(to,xo). There is nothing to prove if z¢p # 0 and we thus assume zy = 0. We have to prove that ¢;(tp,0) +
sup;ery H; (6% (t0,0)) < 0. We argue by contradiction and we assume that

K3

b1 (to,0) + sup H; (¢ (t,0)) > 0. (3.5)

i€ln
In order to construct a test function gzNS, we first consider I; C Iy the set of j’s such that

H;(qﬁfﬁ(to,O)) < sup H; (¢ (to,0)).

i€ln

Since H; is coercive, there exists ¢/ > p) such that H;(q/) = SUDje H; (¢.(t0,0)).

7

We next consider a test function ¢ € CL(Jr) such that ¢ < ¢ with equality at (o,0) and such that

é;;(tom:{E??ﬁ?%ft°’o)’qz) st and Gt 0) = 6ulto,0). (3.6)
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Notice that for all j € I,

H; (¢ (to,0)) > sup H (¢L(to,0)) = sup H; (¢l (t,0)) (3.7)

i€ln i€ln

where for the inequality, we have in particular used the fact that Hj is non-decreasing on [p%, +00).

Since v < ¢ in Jr and u = ¢ at (to,0), we conclude that either

gZ)t(to,O) + sup Hi_(gzgﬁc(to,())) <0

i€ln

or there exists j € Iy such that

¢t(t0a 0) + Hj((bg:(tov 0)) < 0.
In view of (3.6) and (3.7), we obtain a contradiction with (3.5). This ends the proof of the proposition. O

We now prove Theorem 1.4.

Proof of Theorem 1.4. Let us consider a function ¢ € C!(Jr) such that u < ¢ with equality at (to,0) with
to € (0,7). Modifying ¢ if necessary, we can always assume that the supremum of u — ¢ is strict (and reached
at (to,0)). For n = (n1,...,nn5) € (RT)V, we set

M,=  sup (u(t,x) — p(t,x) — 77_7) .

(t,x=xje;)€r ‘xj‘
Because u is continuous at (g, 0), we get for n € (R})Y that

M, — My =0 e .
{ (t7 &1) — (1o, 0) ‘ as soon as one of the component 7;, — 0. (3.8)
where (", z") € Jr is a point where the supremum in M, is reached.

Moreover given the components n; > 0 for j € In \ {io}, we can use (3.8) in order to find 7;, > 0 small
enough to ensure that 2" € J7. Then we have in particular the following sub-solution viscosity inequality at
that point (¢7,2"):

Nio
¢t +HZ() (¢ZE - xn|2> S 0'
Therefore passing to the limit n;, — 0, we get
o+ Hy (63) <0 at (to,0).
Because this is true for any ig € Iy, we finally get the sub-solution viscosity inequality at the junction:
¢y +max H; (¢1) <0 at (t,0).
i€ln

Now the fact that u < uc follows from the comparison principle. This ends the proof of the theorem. O

4. THE MINIMAL ACTION

We already mentioned that the optimal control solution of the Hamilton-Jacobi equation defined by (1.8)
plays a central role in our analysis. We remark that for z € J and ¢t > 0,

toe(t,) = inf {uo(y) + D(O,s . ) (4.1)



142 C. IMBERT ET AL.

where

t
D(0,y;t,x) = i L(X(7), X (7))dr.
Outa) = min | L)X (r)ar

More generally, keeping in mind the weak KAM theory, we define the so-called minimal action D : {(s,y,t,x) €
([0,00) x J)?, s <t} — R by

t
D(s,y;t,x) = XeAi(Islfy-t z)/ L(X (1), X (7))dr. (4.2)

Tt is convenient to extend D to {s =t}. We do so by setting

0 if y =z,

Dw%u@={+m ity £ 2.

Remark 4.1 (dynamic programming principle). Under assumptions (A0)—(A1l), it is possible (and easy) to
prove the following dynamic programming principle: for all x € J and s € [0, ],

uoc(t7 1‘) = ;25 {uoc(Sv y) + D(Sv y; t, l‘)} :

Notice that a super-optimality principle will be proved in Proposition 5.1.

The following result can be considered as the core of our analysis. The most important part of the following
theorem is the fact that the minimal action is semi-concave with respect to (t,z) (resp. (s,y)).

Theorem 4.2 (key inequalities for D). D is finite, continuous in {(s,y;t,x): 0 < s < t,x,y € J} and lower

semi-continuous in {(s,y;t,x): 0 < s < t,xz,y € J}. Moreover, for all (so,yo) and (to,x0) € (0,T) x J, s < to,
there exist two functions ¢, € CL(Jr) and r > 0 such that

e ¢ >D(s0,Y0;,) on a ball B(Py,r) with equality at Py = (to,x0) and
¢t + H(zo,¢2) >0 at  (to,zo); (4.3)
e 1 >D(-,to,x0) on a ball B(Qo,r) with equality at Qo = (so,yo) and

_'(/Js + H(y07 _¢y) S 0 at (507y0) Zf N 2 2a (4 4)
—ts + Hi(—¢y) <0 at (s0,v0) if N=1 '

Moreover, for all R > 0, there exists a constant Cr > 0 such that we have

d(yo,x0) < R = |du(to,xo)| + 1y (50, 90)| < Ckg. (4.5)

Remark 4.3. As we shall see when proving this result, we can even require equalities instead of inequalities in
(4.3) and (4.4).

Since the proof of Theorem 4.2 is lengthy and technical, we postpone it until Section 6. When proving the main
results of our paper in the next section, we also need the following lower bound on D. We remark that this
bound ensures in particular that it is finite.
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Lemma 4.4. Assume (A1). Then

~y
4(t — s)

D(s,y;t,x) > d(y,2)* — Co(t — s)

where Cy: = max(0, —Lo(0) + 773), v appears in (A1), vo = max;ery |L5(0)] and Lo(0) is chosen as in (1.10).
Moreover,
D(s,x;t,x) < Lo(0)(t — s).

In particular, if (tn,xn) — (t, ), then D(ty, Tn;t, xn) — 0 as n — oo.

Proof of Lemma 4.4. We only prove the first inequality since the remaining of the statement is elementary. We
have

2
Li(p) 2 5#° + Li{0)p + Li(0) 2 3 = 0lpl + Lo(0) = 7 + Lo(0) — 2

This shows that N

Thus we can write for X () € A(s, y;t, ),

t t
[ 1. Xm)ydrz ~cot -5+ 7 [ (kprar
Then Jensen’s inequality allows us to conclude. O

5. PROOFS OF THE MAIN RESULTS

In this section, we investigate the uniqueness of the solution of (1.1)—(1.2). In particular, we will show that
the solution constructed by Perron’s method coincide with the function u.. coming from the associated optimal
control problem.

5.1. super-solutions and super-optimality

In this subsection, we will show that a super-solution satisfies a super-optimality principle. For the sake of
clarity, we first give a formal argument to understand this claim. We consider the auxiliary function, for s <'t,

Uta(s) = inf {u(s,y) + Ds, y;t, 2)} (5.1)

and we are going to explain formally that it is non-decreasing with respect to s as soon as u is a super-solution
of (1.1). We call this property a super-optimality principle. Notice that this is strongly related to the fact that
the quantity Uy ,(s) is constant in s if u is equal to the optimal control solution uec.

Assume that the infimum defining U is attained for some g € .J. Then we write

Ut/,x(s) = Osu(s,y) + 0sD(s,y; t, x)
8wu(57 g) = _8yD(3a ga ta 'T)

Moreover assuming D to be smooth (which is not the case), we formally get from (4.4) the fact that
0sD(s,7;t,x) > H(y,—0,D(5,7;t,x)) (at least in the case N > 2). Hence

U{ ,(s) > dsu(s, ) + H (i, 0ru(s,y)) > 0.

We thus conclude that Uy . is non-decreasing if u is a super-solution of (1.1). We now give a precise statement
and a rigorous proof.
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Proposition 5.1 (super-optimality of super-solutions). Assume (A1). Letu: [0,T)xJ — R be a super-solution
of (1.1) on Jr such that there exists o > 0 such that for all (t,x) € Jr,

u(t,z) > —o(1l 4 d(z,0)). (5.2)
Then for all (t,z) € Jr and s € (0,1],
u(t.) > inf {u(s.y) + Dis, i) (5.3
y
Assume moreover (A0) and that u is a super-solution of (1.1)~(1.2) on Jp. Then we have u > uoe on [0,T) x J.

Proof of Proposition 5.1. The proof proceeds in several steps.

Step 1: preliminary. Notice first that from (6.7), we get

u(s,y) + D(s,y;t,x) > d(y,z)* = Co(t — s) — o (1 + |y]).

~y
4(t — s)

Using the lower semi-continuity of D, we see that the infimum in y of this function is then reached for bounded
y’s. Moreover by lower semi-continuity of the map (s,y;t,z) — u(s,y) + D(s,y;t,x), we deduce in particular
that the map (s;¢,2) — Uy z(s) (and then also s +— Uy 5(s)) is lower semi-continuous.

Step 2: the map s — Uy «(s) is non-decreasing. We are going to prove that for s € (0,t), U ,(s) > 0 in the
viscosity sense. We consider a test function ¢ touching Uy , from below at § € (0,¢). There exists § such that

Ut,2(8) = u(5,9) + D(5, 7 L, ).
We deduce from the definition of Uy , that

¢(s) = D(s, y;t,x) = [p(5) = D(s, g3 1, )] < uls,y) —u(s,7).

By Theorem 4.2, there exists a test function 1 such that 1 > D(-,-;t,x) on a ball B(Q,r) with equality
at Q = (3,7). Hence, we can rewrite the previous inequality by replacing D with 1. We then obtain that
(s,y) — p(s) —(s,y) is a test function touching u at (3, 7) from below. Since w is a super-solution of (1.1), we
have in the cases N >2or N =1and g # 0

'(5) 2 1s(5,9) — H(g, —0y¥(5,7)) = 0
and in the case N =1and y =0
¢'(5) = ¥s(5,9) — Hy (—0y9(5,9)) = ¥s(5,9) — Hi(=0y(5,9)) = 0

where we used the properties of the function ¢ given by Theorem 4.2.

Step 3: conclusion. Let us define for (¢, z) € Jr the following kind of lower semi-continuous envelope (for the
past in time)

w(t,x) = Uminf{u(t,, ) : (tn, xn) — (8, ), t, < t}.
Let us notice that we have

u, =u,=u on Jr. (5.4)

Given a point (t,z) € Jr, let us consider a sequence (t,, z,) — (t,z) such that

ult, @) = T ultn, ).
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Using Lemma 4.4, we have for any s < ¢, <t
Uta,(5) < Upg, (tn) <ultn,zn) + D(tn, Tn, t, n) — ult, z).
Therefore from the lower semi-continuity of U, we get
Ui o(s) < ult, x).

Again from the lower semi-continuity of the map (¢, x) — Uy »(s), we get passing to the lower semi-continuous
envelopes in (¢, z):
U o(s) <u,(t,z) =ult,x)

where we have used (5.4). This shows (5.3) for 0 < s < ¢. This is still true for s = ¢ by definition of D. The
proof is now complete. 0

5.2. Comparison with sub-solutions

Proposition 5.2 (comparison with sub-solutions). Let u: Jp — R be a sub-solution of (1.1)~(1.2) on Jr, such
that there exists o > 0 such that for all (t,x) € Jr,

u(t,z) < o(l+d(zx,0)). (5.5)
Then we have u < uge on Jrp.
In order to prove Proposition 5.2, we first state and prove two lemmas.
Lemma 5.3. Assume (A0)-(A1). Then the function uo. defined in (1.8) satisfies
[toc(t, ) — up(x)| < Ct.

Proof of Lemma 5.3. We first get a bound from below. Using (6.7), we deduce (denoting by L., the Lipschitz
constant for ug):

uo(y) + D(s,yi ) 2 uo(e) + 17(d(y,2))* — Cot — Luy(y, )

Z ’uo(l’) - Cgt
with

a€[0,4+00)

—Cy = inf {%a2 —Cy — Luoa} > —00.
This implies that
Uoe(x) > up(z) — Cot.
We next get a bound from above. We have
Uoc(z) < up(x) + D(0, 25t x) < ug(xz) + Mt
with

M = sup L;(0).
i€ln

This ends the proof of the lemma. O

Lemma 5.4. Assume (A0)—(A1). Let u : [0,T) x J — R be a sub-solution of (1.1)—(1.2) on Jr, satisfying
(5.5). Then there exists a constant C' > 0 such that

u(t,z) <wup(z) +Ct  forall (t,x) € Jp. (5.6)
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Proof of Lemma 5.4. Using the Lipschitz regularity of ug, we can easily consider a smooth approximation u( of
ug such that uj > ug and |u] — wuo|r~(s) — 0 as 7 — 0. Then consider the following supremum for 1, a > 0

Npo = sup u(t,z) — uf(x) — Ct — ad(x,0)* — 7t
(t,x)€[0,T)x J T—1t

We claim that N, o < 0 for some C' large enough independent on 7, > 0 small enough. The lemma will be
obtained by letting o and 7 go to 0. We argue by contradiction and assume that N, o > 0. Thanks to (5.5), the
supremum N, . is attained for some (¢,2) € [0,T) x J. If £ = 0, we have N, o < 0. Therefore ¢ > 0 and we can
use the fact that u is a sub-solution to obtain for z = z;e;

] / n
- _ . < — ) <
T2 + C ;’IEIE}.I)V( LJ (0) T2 + C -+ H(l’, axuo (SL’) -+ 2C¥.’EZ) 0

where we have used assumption (A1) to estimate H from below. Notice that we have also made use of a slight
abuse of notation in the case x = 0. Choosing C' = max;ey, |L;(0)| allows us to conclude to a contradiction.
This ends the proof of Lemma 5.4. O

We now turn to the proof of Proposition 5.2.

Proof of Proposition 5.2. The proof proceeds in several steps.

Step 1: preliminaries. Let us consider

M = sup {u(t, ) —uoc(t,x)} .
(t,x)€[0,T)xJ

From Lemmas 5.3 and 5.4, we deduce that we have M < 2CT < +o00. We want to prove that M < 0.
To this end, we perform the usual corrections considering the following supremum for 7, a > 0

Mo = sup {u(t,x) — Uge(t, ) — ad(z,0)% — L} }
(t,2)€[0,T)x J T —¢
As it is proved classically, we also have that M, o — M, o as « — 0 where
My o= n
7,0 = sup u(t, ) — Uoc(t, ) — 0
(t,z)e[0,T)xJ —

We argue by contradiction by assuming that M > 0 and then M, o > M/2 > 0 for n > 0 small enough and
fixed for the rest of the proof.

Step 2: reduction to t > 0. Notice that the supremum M, ,, is achieved for points (¢,z) € [0,7") x .J. Using
again Lemmas 5.3 and 5.4, we also deduce that

M/2 < Myo < My.o + 0a(1) < 20T

and hence ¢ > % > 0 for a small enough.

Step 3: a priori bounds. Using the argument of Step 1 of the proof of Proposition 5.1, we see that there
exists g € J such that
Uoc(ta f) = UO(y) + D(Oa y; t, i')

Therefore we can rewrite M, . as

Mn,a = sup {u(tax) - UO(y) - D(O,y;t,l’) - ad(xa 0)2 - L}v
0<t<T,x,ycJ
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and the supremum is achieved for (¢,2,%) € (0,T) x J2. Notice that this supremum looks like the classical one
for proving the comparison principle for viscosity solutions, with the usual penalization term (y —x)? /e replaced
here by the function D(0,y;t,x).
In view of the bound (6.7) from below on D and (5.6), we derive from M, o > 0 that
n

T_7 + ad(z, 0)2 +

4lt_d(g, 7)? < Cot + Ct + Lyyd(3,7)

where L,,, denotes the Lipschitz constant of uy. We conclude that there exists C'r such that
ad(z,0)> < Cr and d(y,7) < COr (5.7)

where Cr depends on 7', Cy,C, L,, and 7.

Step 4: getting the viscosity inequality. Since ¢ > 0, we have in particular that

ult, ) — (D(O,y;t,x) + ad(z,0)? + TLJ <u(f, 1) - (D(o,y; 7,7) + ad(z,0)? + TL_E> :

By Theorem 4.2, there exists a test function ¢ such that ¢ > D(0,%;-,-) on a ball B(P,r) with equality
at P = (,7). Hence, we can rewrite the previous inequality by replacing D with ¢. We then obtain that
(t,z) — ¢(t, 2) + ad(x,0)? + 7 touches u from above at (£,Z) with £ > 0. We use next that u is a sub-solution
of (1.1) and get for T = T;e;
.
T2

where we have made use of a slight abuse of notation in the case £ = 0. On the other hand, we have

+ ¢¢(t,T) + H(T, ¢ (t,T) + 2a;) < 0

(bt(t_v i') + H(i‘v d)x(t_v j)) > 0

therefore

% + H(i'v sz(: f) + 20“%1') - H(i.’ ¢I({’ i.)) < 0.

On the one hand, from (5.7), we have 0 < az; < /aCp. On the other hand, we can use (5.7) and (4.5) in order
to conclude that

|62(t,7)] < C
for some constant C' which does not depend on a. We can now use the fact that the Hamiltonians are locally
Lipschitz continuous in order to get the desired contradiction for o small enough. This ends the proof of the
proposition. O
5.3. Proof of the main results
In this subsection, we prove the main results announced in the introduction.

Proof of Theorem 1.2. We simply apply Propositions 5.1 and 5.2 and get u < w1, < v which implies the
result. O

In order to prove Theorem 1.1, we should first prove that solutions are Lipschitz continuous.

Lemma 5.5. Assume (A0)-(A1). Let u be a solution of (1.1)~(1.2) on Jp. Then wu is Lipschitz continuous
with respect to (t,x) on Jr.
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Proof of Lemma 5.5. We first recall (see Lem. 3.1) that (A1) implies (A1’). We know that the solution u = u*
given by Theorem A.2 satisfies for some constant C' > 0 and all (¢,z) € Jr,

lu(t, z) — ug(z)] < Ct.

From the comparison principle (Thm. 1.2), we deduce that u = u* < u, and then the solution u = u* = w, is
continuous.
For hg > 0 small (with hg < T'), we now consider h € (0, hg) and

v(t,z) =u(t+ h,xz) — itelg(u(h, x) — up(x)).

This new function satisfies in particular v(0,z) < ug(z). Therefore v is a sub-solution of (1.1)—(1.2) on Jp_p,.
We thus conclude from the comparison principle that v(t,z) < u(t,x), which implies

u(t+ h,z) <wu(t,x) + Ch forall (t,x) € Jp_p,.

Arguing similarly, we can prove that u(t + h,z) > u(t,z) — Ch. Because hg can be chosen arbitrarily small, we
conclude that u is Lipschitz continuous with respect to time on the whole Jr.
Since u is a viscosity solution of (1.1), it satisfies in particular (in the viscosity sense) for each i € I:

Hi(uy) <C on (0,T)x Jr.
This implies that there exists a constant C' such that (in the viscosity sense)
lug| <C on (0,T) x J*.

This implies that u is Lipschitz continuous with respect to the space variable. This ends the proof of the
lemma. Il

We now turn to the proof of Theorem 1.1.

Proof of Theorem 1.1. The uniqueness of the solution follows from Theorem 1.2. The existence is obtained
thanks to the optimal control interpretation (uqe is a solution). The Lipschitz regularity was proved in Lemma 5.5
above. The proof of Theorem 1.1 is now complete. O

Proof of Theorem 1.3. The fact that the solution is equal to ue. follows from Propositions 5.1 and 5.2. The
representation formula (1.9) follows from (4.1). O

6. A COMPLETE STUDY OF THE MINIMAL ACTION

6.1. Reduction of the study

We start this section with the following remark: the analysis can be reduced to the case (s,t) = (0,1).
Precisely, using the fact that the Hamiltonian does not depend on time and is positively homogeneous with
respect to the state, the reader can check that a change of variables in time yields the following

Lemma 6.1. For all x,y € J and s < t, we have
Y x
D T =(t—s)D(0, —:;1,—— | - 6.1
(S7y’ 7'T) ( 8) (7t_87 7t_8) ( )

This is the reason why we consider the reduced minimal action Dy: J? — R defined by
DO(yv l‘) = D(Oa Y; 1a .’L‘)

Thanks to the previous observation, it is enough to prove the following theorem in order to get Theorem 4.2.



A HAMILTON-JACOBI APPROACH TO JUNCTION PROBLEMS AND APPLICATION TO TRAFFIC FLOWS 149

Theorem 6.2 (key equalities for Dg). Let us assume (A1). Then for all y,x € J, the Dy(y,x) is finite. It
is continuous in J* and for all y,x € J, there exists a function ¢y € CL(J?) such that @9 > Dy on J?,
wo(y,x) = Do(y, x) and we have
if © #0: (po — 2020 — ydypo)(y, x) + H(x, Duipo(y, ) = 0 (6.2)
if £ = 0: (o — 20z — YOypo)(y,0) + Sup H; (9,0(y,0)) =0
teln

and if y # 0,
(o — 20up0 — ydywo)(y, ) + H(y, —0ypo(y,x)) =0 (6.4)
and if y =0, A
(o — 2020 — ydy0)(0, @) + supjcr, H; (=0500(0,2)) =0 if N = 2, 65)
(vo — 2000 — Y3y 0)(0,2) + H1 (=00 (0, 2)) = 0 ifN=1. '
Moreover, for all R > 0, there exists Cr > 0 such that for all z,y € J,
d(y, ) < R = [0xpo(y, )| + [0y0(y, )| < Cr. (6.6)

Remark 6.3. If Iy = Iy, then we have Dy € C}(J?). This good case corresponds to the case where all the
L;(0)’s are equal.

We can interpret Lemma 4.4 as follows.
Lemma 6.4. Assume (A1). Then

Do(y; ) > ~d(y, ) — Co (6.7)

2

where constants are made precise in Lemma 4.4.

6.2. Piecewise linear trajectories

We are going to see that the infimum defining the minimal action can be computed among piecewise linear
trajectories, and more precisely among trajectories that are linear as long as they do not reach the junction
point. This is a consequence of the fact that the Hamiltonians do not depend on x and are convex (through
Jensen’s inequality).

In order to state a precise statement, we first introduce that optimal curves are of two types: either they
reach the junction point, or they stay in a branch and are straight lines. This is the reason why we introduce
first the action associated with straight line trajectories

L; (xz_yz) if (y,ac) € J?\{(0,0)},
Dstraight(yv 1') = LO(O) if Yy = 0= €T,
400 otherwise

and the action associated with piecewise linear trajectories passing through the junction point

Diunction(y,@) = | _inf _ {€1(71,9) + Ea(72,0)}

where

nL;j (_E_Q —71Lo(0) fory=y;e; #0,m1 #0

Ei(m,y) =190 for y =0

400 form; =0,y #0

and
(1—7)L; (1?%2) +72Lo(0), for x = wie; # 0,7 # 1
Ex(mo,x) = Lo(0) forz =0

400 for = 1,2 # 0.



150 C. IMBERT ET AL.

Remark 6.5. By defining the &;’s in such a way, we treat the degenerate cases: x = 0 or y = 0. Indeed, 7
(resp. T2) measures how long it takes to the trajectory to reach the junction point (resp. the final point ) from
the starting point y (resp. the junction point).

The following facts will be used several times.
Lemma 6.6. The function & (resp. E2) is continuous in (0,1] x J* (resp. in [0,1) x J*).
Lemma 6.7. The function &;, i = 1,2 are lower semi-continuous in [0,1] x J.

Proof. Consider the function defined for (7,y) € [0, 1] x J by

TLi(—%) if y =yie; 0,7 #0
g9(1,y) = ¢ TLo(0)  ify=0
+00 ify#0,7=0.

From the inequality for 7 > 0 (consequence of (4.6)):
v lyl?
> —=— —C
g(Tv y) =4 7 07,

we deduce that ¢ is lower semi-continuous. Consequently, the map &; is lower semi-continuous. We proceed
similarly for &s. g

We first show the main lemma of this subsection.
Lemma 6.8. The infimum defining the reduced minimal action Dy can be computed among piecewise linear
trajectories; more precisely, for all x,y € J,
DO (% 1') = min (Dstraight (% 1')7 Djunction (ya 1')) .

Proof. We write with obvious notation Dy(y, ) = infxec 4,(y,) £(X). In order to prove the lemma, it is enough
to consider a curve X € Ay(y, z) and prove that

5(X) > min(Dstraight (y7 .’E), Djunction(ya 1'))

To do so, we first remark that the uniform convexity of L; implies that for all pg € R, we have

Li(p) = Li(po) + Li(po)(p ~ o) + 5 (» — p0)* (6.8)

We now consider an admissible trajectory X : [0,1] — J and we treat different cases.

Case A: X((t1,t2)) C J;. We assume that a curve X stays in one of the branch J;* on the time interval (t1,t2)
with t1 < to. In such a case, we consider the curve X with same end points X (¢1) and X (t2) in J; but linear.
If pg € R is such that poe; = X(T) for 7 € (t1,t2) and pe; = X (1), we deduce from (6.8) that

ta

| rxe Xz [CLEe. X+ ] [ ke - Xopar (6.9)

t1 t1 t1

Case B: X ([t1,ts]) C J; with X (t1) = X (t2) = 0. In that case, let us set X(7) = 0 for 7 € [t;,t5]. Using (6.8)
with po = 0 and the definition of Ly as a minimum of the L,’s (see (1.10)), we get that

Li(p) 2 Lo(0) + Li(0)p + 3°

from what we deduce that (6.9) still holds true.
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Case C: the general case. By assumption, we have X € Aq(y;z) C C([0,1]). We then distinguish two cases.
Either 0 ¢ X ([0, 1]), and then we define X as in Case A. In this case, (6.9) implies that

S(X) > Dstraight (y7 .’E)

Or 0 € X([0,1]), and then we call [7y, 2] C [s,t] the largest interval such that X (7) = 0 = X (m2), and define
X as follows: it is linear between 0 and 71, and reaches 0 at 71; it stays at 0 in (71, 72); then it is linear in (72,1)
and reaches x at ¢ = 1. Using again the continuity of X, we can find a decomposition of [r1, 72| as a disjoint
union of intervals Z;, (with an at most countable union)

[r1,72) = Zw
!

iuch that for each k, X (Zy) C J;,, for some iy, € Iy and X = 0 on 0Zj,. Using Case A or Case B on each segment
T, we deduce that

S(X) Z Djunction(va)' O
6.3. Continuity of the (reduced) minimal action

Lemma 6.9 (continuity of Djunction). The function Djunction S continuous in J2.

Proof. We first prove that Djunction is lower semi-continuous. We know from Lemma 6.7 that the function
G(mi,m2y;52) = E1(71,y) + Ea(T2, )

is lower semi-continuous for y,z € J and 0 < 71 < 75 < 1. Therefore the function

Djunction(%x) = 0<Tlir<1f;2<1 G(7177'2§ Y, )

is also lower semi-continuous (since the infimum is taken over a compact set). Besides, the infimum is in fact a
minimum.

We now prove that Djunction 18 Upper semi-continuous at any point (y, z). Consider first (71, 72) € [0, 1]* such
that

Djunction(ya 1') - Sl (7_17 y) + 52 (7—23 .’E)

Given any sequence (y*, 2%) — (y,z), we want to show that
Djunction(ykv l'k) S Djunction(ya 'T) + Ok(l)' (610)

We use
Djunction(yka xk) < 51 (T{Cv yk) + 82 (TQka xk)
with an appropriate choice of (7, 75).

Case 1: y € J7, x € J;. In this case, we choose (F,75) = (11, 72) € (0,1)? and we use Lemma 6.6 in order to
get

gl(lea yk) - 61 (Tla y)
and

Eo(1h,2%) = E(m2, ).

Hence we conclude that (6.10) holds true.
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Case 2: y = 0, x € J;. We choose (f,75) = (|y*|, max(r2, [y*])) € [0,1)%. We still have 75 — 72 and we can
use Lemma 6.6 in order to get

E(ry,2") = &, ).
We also have (if y* € .J;)

k
y,
&l yF) < |yF|L, (——|y§€|> — |y*|Lo(0) — 0 = &1 (71,0). (6.11)

Hence we conclude that (6.10) holds true.

Case 3: y € J;, = 0. We choose (7F,78) = (min(r1, 1 — [2%]),1 — |2¥|) € (0,1]> We still have 7§ — 7 and
then
&, y*) — &i(m,y)
(since &; is continuous in (0, 1] x J*). We also have (if 2% € J;)
k

Ex(8,2%) < |2¥| Ly <|ik> + (1 —|z*)Lo(0) — Lo(0) = E(79,0). (6.12)

Hence we conclude that (6.10) holds true.

Case 4: y = 0, x = 0. We choose (7F,7%) = (|y*|,1 — |2¥]) € [0,1) x (0, 1]. We deduce (6.10) from (6.11) and
(6.12). O

Lemma 6.10. The function Dy is continuous in J2.

Proof. Since Dgiraight is lower semi-continuous, we can use Lemmas 6.8 and 6.9 in order to conclude that Dy is
lower semi-continuous.
Consider (y,x) € 9(J; x J;) \ {(0,0)}. Then either x = 0 or y = 0. Moreover for y = y;e; and © = z;¢;,

o Ei1(Ly) + &E(L,x) if 2; =0 o
Djunction(y, ) < {51(07y) +&(0,z) ify; =0 < Li(zi —yi)-

Therefore for each i € Iy, we have for (y,z) € d(J; x J;),
,Djunction(yv 1‘) < Dstraight (y, -T)
Therefore we have with y = y;e;, * = x;e;

min(Djunction (¥, ), Li(z: — i) if (y,2) € Ji x J;

DO(vaL’) = Djunction(yvx) if (yvl') € a(JZ X Jz) (613)
Djunction (Y, ) otherwise.
This implies that Dy is continuous in .J2. g

6.4. Study of Djunction

In view of (6.13), we see that the study of Dy can now be reduced to the study of Djunction. The function
Djunction is defined as a minimum over a triangle {(r1,72) € [0,1]* : 71 < 72}. We will see below that Djunction is
defined implicitly when the constraint 7 < 75 is active (Dimplicit) or defined explicitly if not (Diinear). In other
words, it will be linear “as long as” trajectories stay some time (72 — 73 > 0) at the junction point.

We first define for (y,z) € J2,

Dimplicit(y, T) = OSiITﬂ;1 {&i(T,y) + E(T2)} - (6.14)

The continuity of Dimplicit Will be used later on.
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Lemma 6.11 (continuity of ’Dlmphm) The restrictions D’ of Dimplicit are continuous in (J; x J;)\ {(0,0)}

and continuous at (0,0) if j € Ip ori € Iy.

implicit

Proof of Lemma 6.11. From Lemma 6.7, we deduce that ’Dijélphcit is lower semi-continuous on J; x J;. We now

show that Dlmphm is upper semi-continuous at any point (y,z) € (J; x J;) \ {(0,0)} and also at (0,0) if j € Iy
or i € Iy. We first consider 7 € [0, 1] such that
Dl (y,z) = E1(r,y) + E(r,x) with 0<7 <1,

implicit

For any sequence (y*,2%) — (y,z) with (y*,2%) € J; x J;, we want to show that

Dljrlnphmt(yk - ) < Dlmphmt(y’ ) + Ok(l) (615)

Arguing as in Lemma 6.9, we use
Dty %) < E1(7F,yF) + Ea(7F, )

and we choose 7% as follows

ifyeJrxel;: " =1€(0,1),
ify=0,z€J;: ™ = |y € [0,1),
ifyeJre=0: ™ =1—|2% € (0,1],
ifex=0,j€l: ™ =1—|2% € (0,1],
ify=02=0,icly: 7" =|y*| €0,1).
This ends the proof of the lemma. O
We next define for (y,z) € J7 x J*
Do ¥ @) = —L5(&5 )y + Li(&N)a + Lo(0) (6.16)

where & are defined thanks to the following function (for I € I)

Ki(§) = Li(§) — €Li(€) — Lo(0).

Precisely, £ = (K7)71(0) # 0 when [ ¢ Iy (see Lem. 6.17 below). We will see that K; plays an important role
in the analysis of Djunction. In particular, it allows us to define, when ¢ ¢ Iy and j ¢ I, the following convex
subset (triangle) of J; x J;:

A =d(ya)ye i x g, —-L<1y.
& &

It is convenient to set A" = () if i € Iy or j € Iy. We next state a series of lemmas before proving them.

Lemma 6.12 (hnk between Djunctiona Dlineara Dimplicit)-

( ) { Dljllnear( l‘) Zf (y, l') c ATl
y - ..
Dljrilphmt(y’x) Zf (y,ﬂC) € (J] X Jz) \ A,

Ji
junction

(6.17)

Lemma 6.13 (the equations in the interior). The functions Dl Tunction” lenear are convex and C*

in JI x JI and, if D is one of them, it satisfies for (y,x) € J7 x Jf

and D%

implicit

{f)(y, x) — x@xf?(y, x) — yay'[)( x) + H; (0, ?(y r)) = 0 (6.18)

Dy, ) — 20:D(y, x) — yd,D(y, ) + H;(~,D(y,)) =
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Lemma 6.14 (study of Dimpiicit). For (y,x) € J; x J;, there exists a unique T =T(y,z) € (0,1) such that

DI i W5 2) = E1(7,y) + Ea(7, ).

Moreover,

{8 Dljrilphmt( ) L/ (59”) with gx = lfTJEy,z)’
0 Dljrilphmt(y ) = _L; (fy) with gy - _T(_z,z).

Lemma 6.15 (study of T'). For (y,z) € (J; x J;) \ {(0,0)}, there is a unique 7 = T'(y,x) € [0,1] such that
Dl picie(t: %) = E1(7, ) + E(7, 7).
Moreover T € C(J; x J; \ {(0,0)}) and
max (0,1 &) if (@) € ({0} x Jp) \ A%,
T(y,x)=1 N ) .
min (1,—§> if (y,x) € (J; x{0})\ A"

Lemma 6.16 (DJ;

junction

at the boundary). Then we have DIt

junction

S OI(J]‘ X JZ) with

{ a DJunctlon( ) L/ (gﬂ?) (619)
0 Djjtzmctlon(y ) = _LS (fy)
where & < 0 < &, satisfy
(et ). E(&)) i () € ({0 x i) \ A
&) if (y,x) € ({0} x Ji) N A"
(Eo &) = (i, > (K (6,), — max(y,—€))if (5.3) € (J; x {0])\ A% (6.20)
&€ if (y,x) € (J; x{0}) N A7
Moreover we have
Djjlzmctlon(O?x) - % (Ll(gﬂf) - LO(O)) + LO(O) f07’ HAS Ji* (6 21)
Djjlinctlon(yvo) = _% (Lj (fy) - LO(O)) + LO(O) for ye€ J; .

and

Djjllmctlon(w y) 1’8 Djjunctlon( ) ya Dunctlon(x y)

_ {LO(O) + K;(max(z, &) if (y,x) € {0} x Ji, (6.22)
Lo(0) + K;(—max(y, —¢;)) i (y,2) € J; x{0}. 7

Before proving these lemmas, the reader can check the following useful properties of the function K; that will
be used in their proofs.

Lemma 6.17 (properties of K;). Assume (A1). Then for anyl € Iy, we have
K((§) 2 7[¢]  for &€ (—00,0),
Ki(§) < =gl for €€ (0, +00).

We define (K; )~! as the inverse of the function K; restricted to (—o0,0], and (K;')~! as the inverse of the
function K; restricted to [0, +00). We set
& = (K7)7(0).
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Then we have

+6E =0 if lel,
+65 >0 if 1€ In\I.
Moreover we have
Ki(§) = —Hi(Li(€)) — Lo(0).
Proof of Lemmas 6.12-6.14. The proof proceeds in several steps.

Step 1: first study of Dl Let us define

junction®
G(Tla 72,Y, l‘) = 51(7—17 y) + 52(7-2’ 'T)

For 11,7 € (0,1), and setting

Y T
fy - ’7'1’ gx - 1 o
and V,, = (&,,0,1,0) and V,, = (0,&;,0,1), we compute
L/-/ L//
ot = By By s

T1 y v 1—7‘2
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(6.23)

(6.24)

Therefore G is in particular convex on (0,1) x (0,1) x J5 x J. Because G is in particular lower semi-continuous

on [0,1] x [0,1] x J5 x JF, and
G(0,79,y,2) = +oo = G(m, 1,y,x) for (y,x) € J; x J],

we deduce that

Dy nction (Y T) = 0<TlirS1fT2<1G(Tl,Tg,y,x) for (y,x) € J; x J;.
This implies that D)y ., i also convex in J; x J. Notice that in particular

2
Y
.D72'1T1G(T1)7_2)y71.) = T_f’L;/(é-y) >0

and
-D2 G(TlaTQava) =

T2T2

(1;@77_2)3”/(51) > 0.

The map (71, 72) — G(71,72,y,x) is then strictly convex on the convex set

{(r1,72) € (0,1)*, 11 <7},

(6.25)

Therefore using again (6.25) and the lower semi-continuity of G, we deduce that it has a unique minimum that

we denote by (71, 72) satisfying 0 < 73 < 7o < 1.

Step 2: study of Dijélpncit' Let us consider the following function

6(7—’ y’ :L.) = G(T’ T? y’ x)’

For 7 € (0, 1), setting
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and proceeding similarly as in Step 1, we can deduce that

Df;lphm(y, x) = Tei%f:l)e(r,y,x) for (y,x) € J; x J;

and that Dfm licit 18 also convex on J¥ x JI. We can also deduce that the map 7 — e(r,y, x) is strictly convex

n (0,1) for (y,x) € J; x J7 and that it has a unique minimum that we denote by 7 € (0, 1) such that

Dljrznphmt (y’ ZL’) = 6(7_3 Y, 1')

Using the derivative with respect to 7, we see that 7 is characterized by the equation

T 1—7

F=0 with F(r,y,z):=K; (—y)—Ki< z ) (6.26)

Moreover
0, F(1,y,2) = D _e(1,y,x) > 0.

Using the regularity C2 of L; given in assumption (A1), we see that the unique solution 7 = T'(y, x) of F(7,y, ) =
0 is continuously differentiable with respect to (y,z). Therefore we deduce that Dfélphm € C’l(JJ’-k x JF).
We have

DI e, 7) = E(T(y,2),y) + E(T(y, 2), ), (6.27)
0y Dl vricie (0, ) = (0,€1) (T (y, ), y) = —L}(&,), (6.28)
02D prieis (U, ) = (0262)(T(y, ), ) = Li(&y). (6.29)

Writing 7 for T'(y, z), and using the optimality condition (6.26), we get

1—7

— K, (—g) + Lo(0) = —H; (L3‘ (_%»

= —H; (=0, D))

_ K, (1f >+L0(0) Hi(L2<1fT>>

=—H, (a Dlr;p11c1t(y’$))

.. y x
(Dljmph(nt xaxpijlznplimt ya Dlmphmt)(y’ 'T) = TKj (_;> + (1 - T)KZ ( ) + LO(O)

where we have used (6.23) in the second and in the fourth line. Hence Dijrilplicit satisfies (6.18) on J; x J}.

Step 3: further study of D/’ We concluded at the end of Step 1 that for (y,z) € J¥ x J; we have

junction®

Djjtzmctlon(y’ ) 81 (7_17 y) + 52 (TQ? .’E)
with 0 < 71 < 79 < 1. Then we can distinguish two cases.
Case 1: 11 < 7». In that case this implies that

87'151(7—1a y) = Oa 8T252(T2?'T) =0

which can be written as
Ki(&) =0, Ki&)=0 (6.30)
with &, <0 < ¢, defined in (6.24).
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Using Lemma 6.17, we conclude that (6.30) holds true if and only if K;(0) > 0 and K;(0) > 0; i.e. j,i € Ix\Io.
In this case we have §, = ¢;" and &, = fj‘ and then

Yy €T

ne-L on-i-f (6:31)

]Z
Moreover, we have in this case Djunctlon( x) =Dy .. (y, ).

Using Legendre-Fenchel’s equality together with K;(§;") = 0 and K;(&") =0, we have

Dlpear (%) = Y0y Dl (4, ) — 202 Dfy e (4, ) = Lo(0), (6.32)
and
Hi(02 Dionr (0, 0)) = Hi(Li(6)) = & L&) = Li(&") = —Lo(0),
Hj (= 0y Dljenr (0, 0)) = Hj (L3(€7)) = & Ly(&7) = Ly (&) = —Lo(0).
Hence DJ . satisfies (6.18) on Jr x Jf.

Finally we deduce from (6.31) that the condition: 0 < 71 < 7o < 1 is equivalent to (y,z) € A N (J*)? and

then by continuity of D Junctlon and Dhnear, we get
Ji _ pit ji
Djunctlon Dlmear on A’

Case 2: 7y = 1. If for (y,z) € J; x J we have

Djjlincmon(y’ ) & (7—17 y) + & (T2’ 'T)

with 71 = 73, then we have seen that (y,z) € (JF x J7)\ 47" and Dﬁncmon(y,x) = Dfmphm(y,x). From
Lemma 6.11, we also have that Dfrlnphm € C(J; x J;) if j € Ip or i € Iy and in that case A" = ). On the other
hand, we have D!

Tmplicic € C((J; X Ji)\{(0,0)}) if j,i € In \ I with {(0,0)} € AU in that case. Therefore in all
cases we have
DI’

implicit

€ O((J; x J;) \ AT,

Now from the continuity of Djunction, we deduce that
DIt =D oon (JjxJ)\ A%

junction implicit

Step 4: on the boundary (9A7)N(J*)2. We already know that Djunction is continuous, therefore if j, i € In\Io:

Dljlznear - Dijrlnplicit on {(y,l’) € JJ X Ji’ —_ T = 1} .

& &
On the other hand, recall that (y,z) € JF x J, the real 7 € (0, 1) is characterized by (6.26), i.e
. Yy z
K; (gy) = K; (fac) with fy =—=, &= : (6.33)
T 1—7
Notice that if we choose
)
&
we deduce from ;ﬁr — gi_ =1 that
' & =6 and & =& (6.34)

which are obvious solutions of (6.33). Therefore we conclude that this is the solution. Using (6.28)-(6.29) and

the expression of Dhnear, (6.34) implies the equality of the gradients of fonear and Dfmphmt on the boundary
(A7) N (J*)2. Finally this shows that Djlinctlon € C'(Jy x J;). This ends the proof of the lemmas. O
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Proof of Lemma 6.15. The proof proceeds in several steps.

Continuity of T'. We set for (7,y,z) € [0,1] X J; x J;
€(T, Y, l‘) = 51(Ta y) + 62(7-7 l‘)
From Proposition 6.12, we already know that there exists a unique 7 € [0, 1] such that

ik (y,x) =e(r,y,z) if (y,x)€ J;.‘ x J7.

implicit
On the other hand, we have
e(r,y,z) = (L=7)Ls (ﬁ) +7Lo(0) if (y,2) € {0} x J7 (case 1), (6.35)
TLj (—4) + (1 = 7)Lo(0) if (y,2) € J; x {0} (case 2).
Notice that in Cases 1 and 2, there is a unique 7 € [0, 1] such that
Dij;ilplicit(y’ 'T) = 6(7—7 Y, 'T) (636)

and 7 € [0,1) in case 1, 7 € (0,1] in case 2. Then the continuity of 7 = T'(y,z) in (J; x J;) \ {(0,0)} follows
from the lower semi-continuity of e on [0, 1] x J; x J; and the uniqueness of 7 such that (6.36) holds.

Computation of T'. We distinguish cases.
Case 1: (y,z) € ({0} x J;7)\ A%". Notice that we have

((97—6(7',0,.%) = _Kz(gz) with gz = :

1—7'.

If 2 > &, then d-¢(7,0,2) > 0 and T(0,z) = 0.
If v < &', then & = & is a solution of d,e(7,0,2) = —K;(£,;) =0 and T(0,2) =1 — =

T -
i &

Case 2: (y,z) € (J; x {0}) \ A7". Notice that we have

Ore(1,y,0) = K;(§) with &, = —

REES

Ify > —¢;, then Ore(r,y,0) <0 and T(y,0) = 1.
If y < =&, then § = & is a solution of d-e(7,y,0) = K;(§) = 0 and T'(y,0) = —5%. This ends the proof
of the lemma. ’ O

Proof of Lemma 6.16. The proof proceeds in several steps.

Step 1: continuity. From Proposition 6.12, we already know that Dfénction
holds true with B
{fz =15, §=-% if (y,2)c (J; x JF)\ A

&L=&  &=¢& if (y2) e

where 7 = T'(y,x) in the first line. Therefore, in order to prove that Dj{inction € CY(J; x J;), it is sufficient to
prove that if (y,z) € (9(J; x J;)) \ A% = ({0} x J;) x (J; x {0})) \ A% and if (y*,2*) € (J7 x JF)\ Allis a

sequence of points such that (y*, 2*) — (y,z), then we have with 7% = T'(y*, z*)

e CY((J; x JF)U A7) and (6.19)

k k

Yy
- — and
Tk &y

% e (6.37)
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where (&,,&,) is given by (6.20). Let us recall that 7% is characterized by the equation

K; (-f—:) ~ K, (1 f;) : (6.38)

We will assume (up to extract a subsequence) that 7% — 75 for some limit 7y € [0, 1]. Because we have
|2%|2 + |y*|? < R?, it is easy to deduce from (6.38), that there exists a constant Cr such that

< Cp. (6.39)

k
y
—=|+

1—7k

This can be proved by contradiction, distinguishing the cases 79 = 0, 70 = 1 and 79 € (0,1). Up to extract a
subsequence, we can then pass to the limit in (6.38) and get

Kj (&) = Ki (&) with & <0<&. (6.40)

In the following cases, we now identify one of the two quantities &, or &, the other one being determined by
(6.40).

Case 1: (y,z) € ({0} x J}) \ A%, From Lemma 6.15, we know that 79 = max (0 1- 5—) and then

& = max(z, &), & = (K;) 7 (Ki(&))
and from (6.35), we get
Dl (0,z) =

junction

fx( i(€x) = Lo(0)) + Lo(0). (6.41)

Case 2: (y,z) € (J; x {0}) \ A7". From Lemma 6.15, we know that 79 = min (1, —gi__), and then

—& =max(y, —&;), & = (K)7H(K;(&))
and from (6.35), we get
Djjllmctlon(y’ 0) - fy ( (fy) ( )) + LO(O) (642)

Case 3: (y,x) € {(0,0)} \ A%’ This case only occurs if j € Iy or i € Ip. Moreover at least one of the two

quantities ——: and kk tends to zero.
Ife, =0, then K; (fz) = K;(0) and hence

§& =0 = Li(0) = L;(0) = Lo(0).
If & =0, then K;(&,) = K;(0) and hence

& =0 = L;(0)>L;(0) = Lo(0).
This implies that

C=& =0, &=¢ <0, if Li(0) = Lo(0) < L;(0),
=& >0, &=¢ =0, if Li0) > g(O) = Lo(0),
L=¢&=0, & =¢ =0, if Li0)=L;(0) = Lo(0

).
junction € Cl(‘]j X J) and (6 20) holds.

Step 2: checking (6.35) and (6.22). From (6.41) and (6.42), we deduce (6.35) on ((J5 x{0})U({0} x ;"))\ A7".
From Djlinctlon =Dj .. on AV we deduce that (6.35) is also true on ((J3 x {0}) U ({0} x J;)) N AT

Then (6.22) follows from a simple computation for (y,x) # (0,0). This is still true for (y,z) = 0, because
Dl is C''. This ends the proof of the lemma. O

junction

By the uniqueness of the limit, this finally shows that D?’
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y € J; yed;
J#i 1
! 0
0.~ Y ’
y 0
IEJJ' IEJZ'

FIGURE 3. 7 € Iy or j € Ij: trajectories never stay at the junction point.

6.5. Study of Dgiraight

The following lemma will be used below. Since it is elementary, its proof is omitted.

Lemma 6.18 (properties of 'Dgtimight). For j =i € In, we have for (y,x) € J; x J; with (y,x) # (0,0) if
j=ielIn\Io:

Dgtiraight (y7 l‘) - ‘Taxpgtiraight (y7 l‘) - yaypgtiraight (y7 l‘) = LO (0) + KZ('T - y)
= _Hi(angtzraight (y’ $)) - Hj (_ayDgtzraight (yv $))
and

azIl)gtiraight (y’ ZL’) = L;(.’E - y)’ a"L/,Z)g‘tiraight (y7 .’E) = _L; (.’E - y)

6.6. Proof of Theorem 6.2

We are now in position to prove Theorem 6.2. We prove several lemmas successively.

Lemma 6.19 (properties of D)'). For (y,z) € J; x J;, we have

Li(z —y) if i=j € ly,
Dél (y,z) = Dj?lzlnctiql_l(y’ ) if i# 7,
min(Dijchtion(yv .’E), LZ(:E - y)) Zf i=j€ln \ Io.
In particular D) € C(J; x J;) in the first two cases.

Lemma 6.20 (singularities of the gradient of Dy). In the case i = j € In \ Iy, we have

DIy, z) = Dl in a neighborhood of ((J; x J;)) N Ai?,
0 Li(z —y) in a neighborhood of (0(J; x J;)) \ Adt;

(6.43)

moreover, in this case there exists a curve I''* such that DY € CY((J; x Ji) \ (I'"* U {Y}, X;})). This curve
connects Y; = (—§;,0) and X; = (0,&7) and is contained in (JF x JF)n AT

The results of these two lemmas are illustrated in Figures 3 and 4.



A HAMILTON-JACOBI APPROACH TO JUNCTION PROBLEMS AND APPLICATION TO TRAFFIC FLOWS 161

yeJ; yeJ;
_5]_— j#i
I =3 .
X
N 0 2 0
SN y 0 =z Vi
2N E %o, 1 x
v %, N Y
Ny %,
1 &
0o/
0 =z 0
Y xr e Ji y T x € ’]i
£+ 5:’

i

FIGURE 4. i,j € In \ Ip: trajectories do stay at the junction point if (y,z) ~ (0,0).

Proof of Lemma 6.19. We only have to treat the case i = j. The convexity of L; implies that for 7 € (0,1):

e(r,y,x) = TL; (_g> 4 (1- 1)L, (1 x

— T

) > Li(z —y).
Therefore for (y,z) € J; x J; with j =i, we have
]Z o . ) .
Dlmphmt(y? ) - 0<1£_1£1 €(T, y7 l') Z Lz(l‘ y)

D Jt

implicit

When i = j € Iy, we have Dflzmctlon( ) =

(y,x), and then

D_‘]jlllnctlon(y’ ) > LZ ('T - y) = Dgfraight (y’ x) = Déz (y’ x)
for (y,z) € J; x J; and then also for (y,z) € Jj x J;, by continuity of the functions. O

Proof of Lemma 6.20. We first prove (6.43) and then describe the curve I ;.
Proof of (6.43). Combining (6.13) and (6.17), we obtain

Dél (y,x) = min(Djjlinction(yv z), Dgtlraight (y,2))

= {Dg‘ﬁzralght(:% ) = Lz(l‘ - y) for (y,ac) € (J] X JZ) \ Aji’

. /| 6.44
(DL (9, 2), DIy (9:2))  for (y,2) € AT (6.44)

On the other hand, we have (a strictly convex function being above its tangent) for z # & and y # =3
Li(x) > Li(§") + (@ — N Li(&") = (f*) + Lo(0) = Dff (0, 2)

Li(=y) > L;i(& ) + (—y = &) L5 ) Li(&57) + Lo(0) = Dijyer(4,0).

This shows that
N > Dt

straight linear

We see that (6.44) and (6.45) imply (6.43).

on (8(JJ X JZ)) ﬂAji. (645)
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_ fDJZ

o g i
Description of {D straight

linear —

} N A%, Notice that

{Dljllrlear(()?g;r) = £+L/(§+) + LO(O) = Ll(g ) Dgtlralght(oagj)a
Dear(=657:0) = & L5(&7) + Lo(0) = Lj(&)) = D pigne (=&5, 0)-

This means that the functions D?°

linear a0d ’Dgtimight coincide at the two points X; = (0,£) and Y; = (=¢;,0).
Therefore we have

ji ; .
Ditraight < Dlmear on the open interval X, Y[
ji . . . B
because Dlmear is linear and Dstm ght 1S strictly convex as a function of y — x.

The function (y, z) — Dstralght (y,z)— D}

L ear(Y, ) being convex because Dhnear(y, x) is linear, we can consider
the convex set

Kji = {(y,f) € Jj x Ji, Dstlr"ught( ) Dljllnear( .’E)} :

Then for ¢ = j € Iy \ o, the set

it — {(y,x) c Aji7 pli

linear \Y

( ) Dstzralght (y7 l‘) }
is contained in the boundary of the convex set K7¢. More precisely, we have
= (0K NAT) C J; x J}

which shows that 7% is a curve and
It ="y {X,,Y;}. O

Lemma 6.21 (the equations for Dy). For all i,j, and x,y where Déi is C1:
(D — 20, DY =y, DY)y, w) = —Hi((2:D')(y, x)) = —H;((—=9, Dy )(y, 7)) (6.46)
Moreover for all x € J; (withx # & if j=1i¢€ In\ Io)
(D — 20.D —y0,D§)(0, ) = Lo(0) + K;(max(z, ")) (6.47)
and for all y € J; (withy # —&; if j=1i € In \ lo)
(DY — 20D} — y0, DY) (y,0) = Lo(0) + K;(— max(y, —&; ). (6.48)

We also have B )
9Dy’ (y,2) = Li(&),  0yDy'(y,2) = —Lj(&y) (6.49)
for all (y,z) € O(J; x J;) except fori=j € In\ Iy for which we exclude points (y,z) € {Y;, X;}.
Moreover for j =i € Iy, we have
& =& =x—y foral (y,x)e€d(J;xJ;) (6.50)

and j =1 € Iy \ I, we have

{§y=w y, &=x—y

&y ) §x = fj for  (y,x) € (a(Jg x J;)) N Ade. (6.51)
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Lemma 6.18 for D!

straight’

and (6.32) for D}

linear

Proof. Using Proposition 6.12 for Dl

junction? and the property
(6.43), we get

Lo(0) + K;(max(z, £)) it i
(D — 20Dy 42, DY) (0,) = § (OL0) 5 il . Fisieh
Lo(0)+ Ki(z) if x>¢ eIy \ 1
Lo(0) if z<&h J & AN Ao
which implies (6.47). Similarly we get
Lo(0) + K;(—max(y, =¢;7)) it iy
i i i Lo(0) + K;(~y if i=jel
ji ji i _ j
(Dy" — 20Dy’ — 90, Dy’ ) (y,0) = {LO(O) + Kj(—y) if y> —& = jelv\1
Lo(0) it y<-—¢g SRR

which implies (6.48). Relations (6.46) and (6.49) follow both from Proposition 6.12 and Lemma 6.18. Finally
(6.50) and (6.51) follows from the previous results. This ends the proof of the lemma. O

We now can check the equations satisfied by Dy at the boundary.

Lemma 6.22 (boundary properties of Dg). At any point (y,x) € {0} x J; with x # & if i € In \ Iy, we have
forany j €Iy

— MaXgery HI:( 8yplgz(y7x)) Zf N > 2a

(=9, D} ly. ) F No1 (6.52)

(0 0,0 0,0 ).) = {
Lemma 6.23 (boundary properties of Dy (continued)). At any point (y,z) € J; x {0} with y # —&; if
Jj € In\ In, we have for any i € Iy

(DY — 29, DY — yd, DY )y, x) = — max Hy; (0:DY (y, ). (6.53)

Proof of Lemma 6.22. We first remark the general fact that
Hy.(Ly, () = Hy (L () if £<0.
On the one hand, from Lemma 6.19, we have for points (y,z) € {0} x J; where DE* is C*
~(D§' — 20, D5" — 40, D) (y, x) = H(~0,D§' (y,2)) > Hy (=9, D5 (y, )

and this common quantity is independent on k. Therefore to conclude to (6.52) in the case N > 2, it is enough
to show that there exists at least an index k such that

Hi(=0,D§' (y, ) = Hy, (=0, Dg' (y, x)). (6.54)
Case 1: N > 2 and k # i. Then we have {, < 0 and then
Hy(=0,Dg' (y, ) = Hy(L}(&y)) = Hy (Ly(&y)) = Hy (=0,Dg' (y, x))-

Therefore (6.54) holds true for k # i.
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Case 2: N =1and k =i =1 € Iy. Then we have
Do(y, z) = Dg' (y,2) = Li(z —y)
and by Lemma 6.18, we have for
(D' — 20Dy = ydyDg')(y, @) = —Hi(=0,Dg’ (y, )

which is in particular true for y = 0. This shows (6.52) in the case N = 1. g

Proof of Lemma 6.25. From Lemma 6.19, we have for points (y,z) € J; x {0} where ng is C'*
~(D3 — 20, D} — y0, D)y, x) = He(0:D3" (v, )) > Hy (0: D3 (y.v))

and this common quantity is independent on k. Therefore to conclude to (6.53), it is enough to show that there
exists at least an index k such that

Hi (0D (y, %)) = Hy (0: D8 (3, 2)). (6.55)
Case 1: j € Iy. Then from Lemma 6.19, we have with k = j
0. D) (y,x) = Li(&) with & =z —y <0. (6.56)
Therefore (6.53) holds true for k = j.
Case 2: j € Iy \ Ip. We distinguish sub-cases.
Subcase 2.1: y > —¢;. From Lemma 6.19, we still have (6.56) with k = j, which again implies (6.53) for k = j.

Subcase 2.2: y < —¢; . Then we choose an index k € Iy, and Lemma 6.19 implies that
0.4 (y,0) = L&) with & =& =0
which again implies (6.53) for such k € Iy. This ends the proof of the lemma. O

We can now prove Theorem 6.2.

Proof of Theorem 6.2. From Lemma 6.19, we know that Dy has the regularity C! except on certain curves
I u{Y;, X;} for j =i € In\ Iy. Soif (y,z) is a point of local C} regularity of Do, then we simply set

wo =Dy locally around (y, z).
If (y,z) is a point where Dy is not C!, then we have Dy (y, ) = Dijunction(¥, ), and we can simply set
Yo = Djunction on J2

The required equalities follow from Lemmas 6.19, 6.22 and 6.23. Estimate (6.6) follows from the fact that
Dy is the minimum of Djunction € C1(J?) and of functions in C*(J?) for some . This ends the proof of the
theorem. O

APPENDIX A. STABILITY AND PERRON’S METHOD

This section contains classical results from viscosity solutions, whose statements are adapted to the equation
studied in the present paper.
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A.1. Stability results

In view of Proposition 3.3, the following stability results are classical in the viscosity solution framework. See
for instance [7].

Proposition A.1 (stability). Assume (A1°) and let T > 0.

e Consider a family of sub-solutions (resp. super-solutions) (uq)aca of (1.1) on Jp such that the u.s.c. (resp.
l.s.c.) envelope u of
. inf
Sup tiq (resp égAua)
is finite everywhere. Then u is a sub-solution (resp. super-solution) of (1.1) on Jp;
e consider a family of sub-solutions (resp. super-solutions) (uc)ee(o,1) of (1.1) on Jr such that the upper (resp.
lower) relaxed semi-limit u is finite everywhere. Then u is a sub-solution (resp. super-solution) of (1.1) on
Jr.

A.2. Perron’s method

In this subsection, we state the existence of a solution of (1.1)—(1.2) which can be constructed by using
Perron’s method. This method is the classical way to get existence in a viscosity solution framework.

Theorem A.2 (existence). Assume (A0)-(A1’) and let T > 0. Then there exists an upper semi-continuous
function u: [0,T) x J — R which is a viscosity solution of (1.1)~(1.2) on Jr and satisfies

lu(t, z) —uo(z)] < Ct  for (t,x)€[0,T)x J.
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