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A SEMI-LAGRANGIAN SCHEME FOR
HAMILTON-JACOBI-BELLMAN EQUATIONS ON NETWORKS *

E. CARLINI , A. FESTA #, AND N. FORCADEL §

Abstract. We present a semi-Lagrangian scheme for the approximation of a class of Hamilton-
Jacobi-Bellman (HJB) equations on networks. The scheme is explicit, consistent and stable for large
time steps. We prove a convergence result and two error estimates. For HJB equation with space
independent Hamiltonian, we obtain a first order error estimate. In the general case, we provide,
under a hyperbolic CFL condition, a convergence estimate of order one half. The theoretical results
are discussed and validated in a numerical tests section.
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1. Introduction. The interest in the study of linear and nonlinear partial dif-
ferential equations on networks raised consistently in the last decades motivated by
the modeling of various networked systems like roads, pipelines, electronic and infor-
mation networks.

In particular, an extensive literature has been developed for vehicular traffic sys-
tems modeled through conservation laws. Existence results can be found in [19], and
some partial uniqueness results (for a limited number of intersecting roads) in [18, 2].
In many cases, the lack of uniqueness on the junction points obliges to add some spe-
cial conditions which may be ambiguous or difficult to derive. More recently, models
based on Hamilton-Jacobi (HJ) equations have been proposed. In these models, the
density of the cars is obtained as the derivative of the solution of the HJ equation
(see [25]). The main advantage of this framework is to include an optimality prin-
ciple on the model, solving some of the ambiguities in the junction points without
the introduction of additional conditions. However, the relationship between the two
approaches is still under investigation.

The theory of HJ equations on networks is very recent. In general, these equations
do not have regular solutions, and the notion of weak solution (viscosity solution) need
to be extended on the junction points. So far several proposals have been made. The
early attempts are contained in the works [1, 7, 21, 22, 27], where the authors introduce
new definitions of weak solutions and prove the well-posedness of the problem. We
highlight the paper [10] where the authors discuss the differences among the models.
We also refer to the most recent works [5, 24] for simplified proof of uniqueness.

Regarding the numerical approximation, there are very few schemes and only
some of them are supported by theoretical results. Let us mention the finite differences
scheme proposed in [7, 11] and the paper [20] in which some error estimates are proved.
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In this paper, we adopt the framework and the notion of weak solution as intro-
duced in [21].This framework has the advantage to include very general models. Here,
the Hamiltonian is convex with respect to the gradient variable. At the junction, it
can be discontinuous with respect to the space variable, and may depend on a fluz
limiter.

We propose a semi-Lagrangian (SL) scheme for this kind of equations by dis-
cretizing the dynamic programming principle presented in [21]. The scheme general-
izes that introduced in [8], and enables discrete characteristics to cross the junctions.
This property makes the scheme unconditionally stable, allowing for large time steps.
This is the main advantage compared to finite differences and finite elements schemes.
With almost standard techniques, it is possible to prove consistency and monotonicity,
which imply the convergence of the scheme.

We prove two convergence error estimates: for state-independent Hamiltonians,
where optimal controls are constant in time, and for more general Hamiltonians.
In the first case, we obtain a first-order convergence estimate depending only on
the space step. In the second case, we prove a general convergence result and, in
the case of Courant number less than one, an error estimate which, for constant
Courant number, gives order of convergence 1/2. The proof is obtained applying
some techniques derived from papers on regional optimal control problems [4, 5] and
it improves the results presented in [20] in the case of finite differences schemes.

For the sake of clarity, we consider a simplified network (a junction), but the result
can be extended to more general networks, with more than one junction, as we show
in the last numerical test.

Structure of the paper: in Section 2 we recall some basic notions for junctions and
we build the optimal control problem on these domains. In Section 3, we derive the
scheme and prove its basic properties: consistency, monotonicity, and regularity. In
Section 4, we present the main results concerning convergence and error estimates.
Finally, in Section 5, we show some numerical simulations.

2. An optimal control problem on networks. A network is a domain com-

posed of a finite number of nodes connected by a finite number of edges. To simplify
the description of such system we focus on the case of a junction, which is a network
composed of one node and a finite number of edges. We follow [21] and the notations
therein to describe the problem.
Given a positive number N, a junction J € R? is a network of N half lines .J; :=
{ke;,k € Rt} (where each line is isometric to [0,+0c0) and e; is a unitary vector
centered at the origin) connected in a junction point that we conventionally place at
the origin. We then have

J = U Ji, Jind;={0}, Vi#j, i,j€e{l,.,N}
i=1 N

We consider the geodesic distance function on J given by

] |x—yl if z,y € J; for one i € {1,..., N},
d(z,y) = { lz] + |y, otherwise.

For a real-valued function u defined on J, d;u(x) denotes the (spatial) derivative of u
at x € J; and the gradient of u is defined as:

| Oiu(x) if x € JF = J; \ {0},
(1) Ua 1= { (Oru(@), pu(@), ., Onulz))  ifa =0,
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Fic. 1. Junction with N =5 edges.

We describe a finite-horizon optimal control problem on the network J. For a more
extensive description of the problem, see [21].

Let us define the set of admissible dynamics on the network J connecting the point
(s,y) to (t,x) as

(X(),a()) € Lip([s, t]; J) x L>([s, t]; RN*1)
(2) Fi’)’; =4 X(r)=U(X(1),a(1)), TE€]s,1] ,
X(s)=y, Xt)==x

where for any (t,x) € [0,7] x J and a = (ag, ay, ...,ay) € RN

oy i e Jf
U(x,a){ao if x=0. }
We define the cost function,

L Li(I,Ozi) ifze Ji,
L($7a) T { L()(Oéo) ifx = 0,

where the functions L; : RT x R =+ R for i = 1,..., N satisfy:
(A1) L; are strictly conver (w.r.t. the second argument) and uniformly Lipschitz
continuous,
(A2) L; are strongly coercive w.r.t. the second argument uniformly in x
(Li(z, ) /|a;| = +o0 for |a;| — +oo uniformly in z € RT),
(A3) for all > 0 there exists C, > 0 such that

sup
zeJ;

inf Li(JZ,Oéi) S C#.

aie[illﬂﬂ]

In addition, Lo : R — R is defined as

. Eo if ap =0,
LO(O‘O) = { +00 otherwise,

for a given Ly € R. The walue function of the optimal control problem is

(3) u(t,z) = inf inf {uo(y) + /Ot L(X(T),Cv(’]’))d’r} :

VES (X(-),a(-)ery?
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REMARK. We stress on the generality of the model in treating the junction: an
optimal trajectory chosen in (2) is evaluated by the functional (3) where the cost does
not have any regularity passing through the junction. The trajectories have also the
possibility of waiting in the junction paying a specific constant cost Ly per time unity.

It has been proved in [21] that the following dynamic programming principle
(DPP) holds.

PROPOSITION 2.1 (Dynamic programming principle). For all x € J, t € (0,T],
s €0,t), the value function u defined in (3) satisfies

(4) u(t,z) = inf inf {u(s,X(s)) + /St L(X(7), a(T))dT} :

YEJ (X (),a())ersy

A direct approximation of the DPP (4) is the basis for the scheme which we
describe in the next section.
The following Theorem characterizes the value function (3) as the solution of a HJB
equation (for the definition of viscosity solution and the proof, see Appendix A and
[21]).

THEOREM 2.2 (HJB equation satisfied by the value function u). Given a function
ug, globally Lipschitz continuous on J, the value function u defined in (3) is the unique
viscosity solution of

5 opu(t,z) + Hi(z,ur(t,2)) =0  in (0,T) x Jf,
(5) { Opu(t, z) + Falug(t,z)) =0 in (0,T) x {0},

with initial condition u(0,x) = uo(x) for x € J, where

H;(x,p) := sup {a; p— Li(x, )},
a; ER
with p;(x) chosen such that H; is non-increasing in (—oo,p;(x)] and non-decreasing
in [p;(z),00). The operator Fa : RN — R on the junction point is

(6) Fa(p) := max (A, _max H (O,pi)) , with A = —Lyg,

where

_ . Hi(z,p) forp<pi(x)
Hi (z,p) = { Hi(z,p;) forp> pila).

REMARK. In the vehicular traffic flow models, the function H™~ can be related,
with suitable transformations, to the demand and supply functions, introduced in [23].
This relation has been observed in [22]. In this setting, the constant A is known as
the flux limiter at the junction. In fact, the lower the cost at the junction L is, the
longer the vehicles will stay at the junction and so the bigger is the flux limiter.

We now gives some useful results on the Hamiltonian H.

PROPOSITION 2.3 (Properties on H). Under assumptions (A1)-(A3), the fol-
lowing assertions hold true:
i) for every x € RT U {400} and bounded p, a; € argsup,, cg{aip — Li(z, o)}
is bounded.
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i1) the nonincreasing part of H;(xz,p) with respect of p; is given by
H; (z,pi) = sup{aip; — Li(z, ;) }.
O(iSO

i1i) (Regularity). For all M > 0 there exists a modulus of continuity wys such
that for all |p|,|q| < M and x € J;

|Hi(z,p) — Hi(z,q)| < wm(lp—al);

in addition, H;(-,p) is Lipschitz continuous w.r.t. the space variable.

i) (Uniform coercivity). H;(xz,p) — +oo for |p| — +oo uniformly for every
z € J;U{+x},i=1,..,N;

v) (Convezity). p— H;(z,p) is convex for every x € J.

vi) (Uniform bound of the Hamiltonian for bounded gradient). For all M > 0,
there exists Car > 0 such that

sup ‘H(l‘,p” SC]\/[a
pE[—M,M], z€J*
where J* := J \ {0}.
REMARK. The previous proposition implies in particular the well-posedness of (5)
(see [21])
Proof. From assumptions (A1)-(A2), a;p — L;(z, ;) is a continuous function

(negatively) coercive, therefore there exists a compact interval [—u, p], p € R, such
that

sup {a;p — Li(z,0;)} = sup {ajp— Li(z,0;)}.
a; €R o €[—p,p]

Since p is bounded, @) holds. Assertion i) follows from Lemma 6.2 in [21].
From i), we have
Hi(x,p) = Hi(x,q) < alp —q|

where @ is the minimizer in H;(z, q). Exchanging the role of p, q, we get iii).
Taking o = 1 in the Hamiltonian we have

Hi(z,p) > p— Li(x,1).

The same argument for o« = —1 gives H;(x,p) — 400 for |p| — +oo, then iv) holds.
Finally v) holds since H; is the upper envelope of convex functions and vi) follows
directly from assumption (A3). |

We now give regularity results for the value functions.

PROPOSITION 2.4 (Regularity of the value function). Under assumptions (A1l)-
(A2), the value function u defined in (3) is Lipschitz continuous in space and time.

Proof. First, we remark that for C > Cy, with Cy defined as in vi) of Prop. 2.3
with L =0, ug(x) £ Ct are respectively subsolution and supersolution of (5). Using
the comparison principle, we deduce that

ug(z) — Ct < u(t,z) < wug(x) + Ct.

Let h > 0 and define u"(¢,z) = u(t + h,z) — Ch. The previous inequalities implies
that
ul(0,2) = u(h,2) — Ch < u(0,z).
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The equation is invariant by translation in time and by addition of constant (which
implies that u” is a subsolution of (5)), then we get by the comparison principle that

ul(t, x) < u(t, x).

This implies that
u(t + h,x) — u(t, )

<cC.

The reverse inequality can be proved in the same way (using that u(t + h,z) + Ch is
a supersolution), so we deduce that

|ut| < Ca

since h can be chosen arbitrary small. Hence u is Lipschitz continuous in time. We
know that u is a viscosity solution of (5), therefore it satisfies in particular (in the
viscosity sense) for each i € {1,...,N}:

Hi(x,uy) <C on(0,T)x J;.

Using the coercivity of H, this implies the existence of a constant C' such that (in the

viscosity sense) 3
lug] < C on (0,T) x J;.

Therefore, u is Lipschitz continuous also with respect to the space variable. 0

REMARK. Note that in the classical setting (i.e., without junction), this type of
results can be obtained more directly using the definition of the value function and
the dynamic programming principle (obtaining first the regularity in space and then
in time). But the arguments use in this setting rely on the Lipschitz continuity of the
coset L which is no longer true at the junction. This is the reason why, in this proof,
we have to used viscosity techniques.

3. A semi-Lagrangian scheme for the approximation of the solution.
Let us introduce a uniform discretization of the network (0,7") x J. The choice of
a uniform discretization is not restrictive, and the scheme can be easily extended to
non-uniform grids. Given At and Az in Rt we define A = (Az, At), Ny = |T/At]
(|-] is the integer part) and

G~ ::{tn:n:0,...,NT}><JA””

1
n=0,..., Ny and we derive a discrete version of the dynamic programming principle

(5) defined on the grid G4. To do so, as usual in first-order SL schemes, we discretize
the trajectories in Fijfylx by one step of Euler scheme. For i € {1,...,N}, let x € J;
and let o € RN*! be such that a; At < |z|, then the approximated trajectory gets

where JA? = Uiz~ JAT JAT = [kAxe; : k € N}. We define t,, = nAt for

T~y + a; At

In this case, the discrete backward trajectory z — Atq; remains on J; and, applying
a quadrature formula, a discrete version of (4) at the point (¢,41, ) is

w(tni1, @) = ulty, z — a;Ate;) + AtLi(x, o).

Instead, if «;At > |z|, the discrete trajectory reaches the junction at a time in-

cluded in the interval [0, At]. Denoting by sg € [0, At — i|] the time spent by the

\
23
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trajectory at the junction point, J; the arc from which the trajectory comes, and

t:= (At —s9— m) the remaining time on a new arc J;, the approximation of (4)

(27
at the point (t,+1,2) becomes
. . x
U(tpg1, @) = u (tn, —ajte;) + € L;(0, ;) + soLo(ao) + |cT-|Li(I’ a;).
K3
We denote B(J2%) and B(G*) the spaces of bounded functions defined respectively
on JA* and on G®. We approximate the value function on the feet of the dis-
crete trajectories, which in general are not grid nodes, by a standard piecewise linear
Lagrange interpolation I[d](z), where @ € B(JA%) and z € J;, i.e.

a((i 4+ 1)Aze;) — u(iAze;)
A:EGJ' ’

I[a](z) :== a(iAze;) + (2 — iAzej)

for z € [iAxe;, (i + 1) Aze;).
Finally, we define a fully discrete numerical operator S : B(G2) x JA% — R as, if
T € J;
min I[0](x — a;Ate;) + AtLi(x, o),

<l

S[](z) ;= min{ min  min  min {]1[@} (_ (At—so—a%) ajej)

ai> i Soé[oyAt—%] g, <0

+ (At — So — \x\) Lj(()? ij) + S()L()(Ck()) + L%ILZ(ﬁE, CYZ)} s

and, if x =0,
U = mi i Ijo] (— (At — e
S[o](z) Jmin g&gt]{ [0] (—( s0) aj€;)
+ (At — 80) Lj (0, Oéj) =+ SoLo(Oéo)} .

Then, the discrete solution w € B(G?) solves
(7) w(tyi1,x) = S[W")(z), n=0,...,Np—1, z € JA

where 0" 1= {w(tn, z)}pejae for n =0,..., Ny — 1 and ©° = {ug(x)}yesae-
3.1. Basic properties of the scheme. We prove some basic properties of (7):

PROPOSITION 3.1 (Monotonicity and stability of the scheme). We assume that
(A1)-(A3) hold. Then, the numerical scheme (7) is
i) monotone, i.e. given two discrete functions vi,ve € B(JA%) such that vy < vo

we have
Slin](x) < S[do)(x), Va € JA.

i1) invariant by addition of constants, i.e. S[@ + C](z) = S[@](z) + C for any
constant C.
i) stable i.e. there exists a positive constant K such that for any (t,,z) € G&

|w(tn,x) — up(x)| < Kty

Proof. To prove monotonicity, let us fix a z € J2%. We focus on the difficulty due
to the junction. More precisely, we assume that the trajectory related to vy passes
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through the junction and the one related to v does not. The other cases are easier
and they can be treated in a similar way. Let us denote (&, 50, 7, @j,qp) the optimal
strategy contained in v, and let us denote &; the optimal control of vs. The optimal
controls are bounded by Prop. 2.3. We have

Son](w) = L[n] (— <At — 50 — (f') ajej) - (At — 50— '(f') L;(0,a;)
+ 50[/0(@0) + %Ll(x,dl) S ]I[@l](x - dlAtel) + AtLZ(ZL', OA[Z) = S[’f)g](fb)’

7

which proves the monotonicity.
The point i) is a straightforward verification. The stability property éii) follows

directly by i) and i) with K > sup,¢ ja. W. For the proof see [12] . O

We now give a regularity result for the solution of the scheme. This is the discrete
analogue of the Lipschitz estimate in space of the value function. This will be used
in the proof of the error estimate.

PROPOSITION 3.2. (Almost Lipschitz Regularity in space of w) Let w(t,,z) be a
solution of (7). If ug is uniformly Lipschitz continuous then for x,y € J*% there
exists a C' > 0 such that

The proof is postponed to Appendix B.

REMARK. (Bounded control) By Prop. 3.1 i), w solution of (7) is bounded and
then the discrete problem (7) is well-posed. We observe also that the same argument
of Proposition 2.3 (based on (A2)) can be used to prove that the control o in (7) is
bounded. We define

” p= swp o wmax el
(z,t)€Tx(0,T] t=1ssN

the maximal absolute value of the optimal control.

3.2. Consistency of the scheme. We now focus on the study of the consistency
properties of the scheme. First of all, we recall the definition of consistency, (the class
of test functions C2(J) is defined in Appendix A).

DEFINITION 3.3 (Consistency). Letx € J and (Axy,, Aty) — 0 asm — oo. Let
Ym € JATm be a sequence of grid points such that y,, — = as m — oo. The scheme S
is said to be consistent with (5) if the following properties hold:
i) If x € J;, for all test function p € C?(J), we have

(9) @(Ym) — S[P1(Yym)

AL — Hi(z,p:(x)) asm — oo,

i) If © = 0, for all test function ¢ € C2(J) such that d;p(0) = pr° for i =
1,..., N, where piL0 € R are such that Hi(O,piLO) = Hj'(O,piLO) = —Lg and
Hj'(:z:,p) = SUPaizo(aip — Li(z,)), we have

©(Ym) — S[P1(Ym)

(10) Al

— F_r,(pz(x)) ==Ly asm — oo.
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DEFINITION 3.4 (Consistency estimate). Let x € J2% and Az, At > 0. We say
that the scheme S satisfies a consistency estimate &(Ax, At) > 0 if for all test

function ¢ € C?(J) with bounded second order derivatives, the following holds
i) If z € JA%\ {0}, we have

(11) - At Hi(z, 02(2))| < [[¢zalloc E(AT, At);
it) If x =0, we have

a2)  [POID g o @) < lparlle £(02, A1)

REMARK. Let us remark that, due to the particular form of the test function in
(10), if the scheme admits a consistency estimates £(Ax, At) — 0, then the scheme
is consistent in the sense of Definition 3.3. Indeed, if Y, — 0 as m — 400, with
Ym € JF and p € C%(J) with 9;p(0) = pfo, then the consistency estimate implies

¢ (Ym) ;tsww — H;(0, 9,(0)) = H;(0,p"°) = — Lo

We begin to prove some consistency estimates for the numerical operators.

PROPOSITION 3.5. Given At >0 and Az > 0, let us assume the CFL condition

(13) ug <1, (with p asin (8)),
then for any ¢ € C?(J) the following estimates hold for (7):
R N U e )
2
< K| @l <At +min(Az, AAxt)) :
it) if x =0, ‘W = FLO(%(%))’

Az?
< K||@zzlloo | At in(Az,—) |,
< Kllpusloe (At-+min(as, 57))

where K is a positive constant.

REMARK. (Small Courant number) In the case very small Courant number are
considered, u% < Az, the estimates in Prop. 3.5 ensure consistency error of order

1. These estimates improve the classical estimate AAQ”: + At for first order semi-
Lagrangian scheme, and have first been proved in [14].

Proof. i) Let x € JA% \ {0}. We remark that the condition (13) implies in
particular that the scheme reads

S[gl(x) = mi‘n‘ [[o](x — Atoye;) + AtLi(z, ;) = mi% I[@](z — Ataye;) + AtLi(z, o).
i<zt i€

By using recent estimates proved in [14, 15], we have

(14) [[@](x — Atase;) = p(x — Ataye;) + K| @za oo min(Amz, AtAz),
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then by standard Taylor expansion we get the result.
1) Let = 0. In this case
S[2)(0) = min  min {I[g](—(At — so)a,e;) + (At — s0)L;(0, ;) + soLo(ao)} -
s0€[0,At] j,a; <0
Let us define Ka; := 3%, since so € [0, At] we have Ka; € [0,1]. Again by Taylor
expansion, by Prop. 2.3 and by the interpolation error (14), we have

#(0) — S[£)(0) n(Ar. AT
max Ar + K||pzzlloo | At + min(Ax, AL )

=— min min (—(1 - Ka)a;0;0(0) + (1 — Kat)L;(0,a5) + KarLo(ao))

Kat€[0,1] j,0; <0

—— im0 Ka) min (~a5036(0) + L5(0.05)) + Karmin (Lo(a)|

= (1= Ko o (@5036(0) ~ L5(0,05)) + Kasmax (- o))

= 1-K H7(0.0:0(0)) — Kas L
Kftlg[}é,l]{( At)mjax J (0,0;(0)) At 0}

= max (mJaXHj(O,aj-@(O)), —L0> .

This ends the proof of the proposition. ]

The case that we study behaves differently from classic SL schemes, where the
consistency error estimate is not limited by a CFL condition. This difference is due
to the presence of discontinuities on the Hamiltonians at the junction point.

It is worth to underline that consistency (in the sense of Definition 3.3) holds even
without (13), and consequently the scheme is convergent without any CFL condition,
as we show at the beginning of Section 4.

PROPOSITION 3.6 (Consistency of the scheme).  Assume min(AA'T:,Ax) — 0.

Then, the scheme (7) is consistent according to Definition 5.5.

Proof. Let us consider a sequence y,, such that y,, — x as A, = (Azy,, At,,) —
(0,0). For notational convenience we drop the index m of the sequence of grid points.
In case the limit point x is not on the junction since z is fixed for every sequence
(Az, At) — (0,0), y eventually verifies |y| > uAt independently from the rate At/Awx.
Then, the consistency follows as Case 1 in the proof of Prop. 3.5 (without the
condition At/Ax < 1/u).

The situation is more complex when the limit point = is 0. If y = 0, this case is
equivalent to Case 2 in the proof of Prop. 3.5. If y is such that y — 0 and y # 0, up
to a subsequence, we can assume that y € J;, for some ¢ independent of m. In that
case, the optimal trajectory can cross the junction in one time step. Let ¢ € C%(J)
such that 9;¢(0) = p* for i = 1,..., N and let us define the two quantities:

7y = min (I[¢](y — Ataze;) + AtLi(y, o)),

<Lyl
i<Ar

min min ‘min {H[@] <— <At — 50 — y|) ajej>
a0 > W soef0,at— 1) ;<0 @i

@

IQZ

K2

+ (At — S0 — Ej) L;(0, ;) + soLo(ag) + %Li(y, ai)} :
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We remark that S[¢](y) = min(Zy,Zz). We begin with the term Z;. Evaluating the
interpolation error and using a Taylor expansion, we get

I, =
mi‘n‘ {o(y) — a; Atd;0(y) + AtLi(y, i)} + K|zl o (min(Az?, AtAz) + At?)
algﬁ
= (y) — At max {;0;0(y) — Li(y, @) } + K||pzz|loo (min(AxQ, AtAz) + At2)
a-gﬁ

Using the inequality

= Hi(y,0ip(y)) = —Lo + o(1),

we deduce that
(15) I > o(y) — AtA + Ato(1) + K|zl (min(Az?, AtAz) + At?) .

For the term Z,, we add into the argument of ¢ the term y — %aiei = 0. Using the
Taylor expansion twice and the interpolation accuracy, we obtain

I[¢] (— (At — S0 — f') aj@j) =p(y) - %‘ai@iw(y) - (At — S0 — f') a;0(0)

K3 K3

+ K| o2z ||loo (min(AwQ, AtAx) + AtQ) .
The equation above implies

Iy + K| szl (min(Az?, AtAz) + At?)
= min min {min min {— (At — 50 — y|) (;05(0) — Lj(07aj))}
ai> M socfo,at—1u] L7 <0 Q;

+o(y) — L%'(aiai@(y) — Li(y, i) + SoLo(Oéo)}

K2

~lyl

Qg

— o)+ min  min { (udiply) — Laly, aw)) + soLoao)

a;i> el soeo,at— 1]

_ (At — 50— y') max max {(a;0;0(0) — L;(0, 7))} }

Q; J oS
~yl

= p(y) + min min {
Q

a;i> el soefo,at— 1]

- (At 8o — g') m]aXHj_(O,ajw(O))}.

(i0ip(y) — Liy, a:)) + soLo(o)

Using max; H; (0,0;¢(0)) = max; min, H;(0,p) =: HO, and Lo(ag) = Lo, we deduce
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that (we use H° < —Ljg)
Ty + K||¢za|l oo (min(Az?, AtAz) + At?)

— p(y)+ min { W i) - Lily )

aiz% Qi
g oo (- 2y
SOE[O,Atf%] Qi
(16) = o(y) + H;i‘ri‘ { - %(aiaﬁp(y) = Li(y, i) + (At - ZU|) LO}

= At Lo+ ¢(y) — max {|y|(ai8¢<p(y) — Li(y, ;) + LO)}.

We use Lll < At in the last sup, and we observe that a;0;¢(y) — Li(y, o) + Lo < o(1)
getting

(17) Ty + K|z |loo (min(Az?, AtAz) + At?) > +At Lo + ¢(y) + Ato(1).
Finally, via (15) and (17), we obtain
(18)  S[el(y) = min(Zy,I5)

> +AtLy + ¢(y) + Ato(1) + K||¢az oo (min(AwQ, AtAz) + At?).

Now, we need to show that this inequality is in fact an equality. We denote by &; the

solution of
glgﬁé{alaz@(y) - Ll(ya ai)}v

and distinguish two cases. Firstly, we consider the case a; < %' This implies in
particular that

max {a;0;p(y) — Li(y, ;) } :g:gﬁé{aiaw(y) — Li(y,a:)}

o<
=Hi(y, 0ip(y)) = —Lo + o(1).
Using (5), we deduce that
Iy = AtLo + ¢(y) + Ato(1) + K|zl (min(Az?, AtAz) + At?)

and so (18) is an equality.
We now consider the case a; > %. We define

7, := max {g(aiaigo(y) —Li(y, o) + LO)}.

Ato(1) > I, >At{ max {W(a¢8i¢(y) - Li(%ai)} + LO}

=At(Hi(y, 0i(y)) + Lo) = Ato(1).

This implies again that (18) is an equality and completes the proof. O
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4. Convergence and convergence estimates. In this section, we introduce
the main results of the paper. First of all, the convergence of the scheme can be
proven with a standard argument based on the monotonicity:

THEOREM 4.1 (Convergence). Assume that min(Ax?/At, Az) — 0 and let T >
0 and ug be a Lipschitz continuous function on J. Then the numerical solution w
of (7) converges uniformly on any compact set K of (0,T) x J as A — (0,0) to the
unique viscosity solution u of (5) , i.e.

limsup  sup  |w(t,x) — u(t,z)| = 0.
Az, At—0 (t,z)eKNGA

Proof. Since the scheme is consistent (Prop. 3.6) for a subsequence verifying
min(Az?/At, Az) — 0, monotone and stable, we can follow [6, 11, 21] and obtain the
result. Note that the choice of the test functions in the definition of the consistency
at the junction uses Theorem A.2 ii) |

Once shown the convergence of the scheme, we want to provide also some conver-
gence estimates. This is a less easy task. We need to take into account two different
scenarios: for the special case of space independent Hamiltonians, i.e. assuming the
following additional property

(A4) the Lagrangians L;(z, ;) = L;(y, ;) =: L; () for every choice of z,y € J;,

it is possible to prove an error bound, independent of the time step. We observe that,
as consequence of the structure of the costs, the optimal control &; is constant in time
and no restriction on the time step is required.

THEOREM 4.2 (Rate of convergence in the case of space independent Hamiltoni-
ans). Let (A1),(A2),(A4) be verified. Considered u a viscosity solution of (5), and
w a solution of the scheme (7). Then, there exists a positive constant C depending
only on the Lipschitz constant of u such that

(19) sup Ju(t,z) —w(t,x)| < CTAx.
(t,x)ega

The proof is contained in Appendix C.

For more general Hamiltonians (i.e. without assuming (A4)), we prove an error
bound that applies to any stable, monotone scheme for which a consistency estimate
is valid.

THEOREM 4.3 (Rate of convergence). Assume (A1)-(A8). Letu be the viscosity
solution of (5), w be the solution of a scheme for which Prop. 3.1 holds and assume
that the scheme satisfies a consistency estimate E(At, Ax) as in Definition 3./. Then,
there exists a positive constant C' independent of At and Ax such that

At, A
(20)  sup |u(t,z)—w(t,z)| < CT (M + vAt) + sup |ug(z) —w(0,x)|.
(t,w)EgA V At reJAz

By applying the previous Theorem, we get an error estimate for scheme (7) under
a restriction on the time step, given by assumption (13) .

COROLLARY 4.4 (Rate of convergence for (7)). In the specific case of the scheme
(7), assuming (13), we have
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1 Ax?
21 sup |u(t,z) — w(t, x) SCT( At—f—min(,Am)).
@) s fultn) - u(n) < o7 (VAT o

REMARK. (CFL condition and error estimates) The CFL condition (13) is needed
to prove the error estimate (21), and it is not assumed to prove the convergence result
in Theorem J.1. If the assumption (A4) holds, no CFL condition is needed to prove
the error estimate (19).

Proof. As standard in this kind of proof, we only prove that

(22) wu(t,x) —w(t,z) <C (5(%/1%?11) + \/Kt> + 21;127 lug(x) —w(0,z)| in G,

since the reverse inequality is obtained with small modifications. Assume that T' < 1
(the case T > 1 is obtained by induction).

Forie{l,...,N} and j € N, we set x; = jAxe;, and we define the extension in
the continuous space of w as

Wy (tn, ) = T (tn, -))(2).
Firstly, we assume that
up(z%) > wy(0,25) forallie{0,...,N}andj €N,

and we define
0 < pp = su8{|u0(:z:) —wx(0,7)|},
S

assuming without any restriction that po < K. For every 3,1 € (0,1) and o > 0, we
define an auxiliary function, for (¢,s,2) € [0,T) X {tn, : n=0,...,Np} x J

(t—s)?
2n

P(t, s, ) == u(t,z) — wx(s, ) — — Blz|? — ot,

Using Prop. 3.1 i), the inequality |u(z,t) — ug(x)| < Cr (which holds for the
continuous solution, see Theorem 2.14 in [21]), we deduce that ¥(¢,s,z) — —oo as
|z| = 400 and then the function 1 achieves its maximum at some point (tg,3g,Tg).
In particular, we have

(T, 353, T5) > 1(0,0,0) = ug(0) — wx(0,0) > 0.

In the following, we denote by K several positive constants only depending on the
Lipschitz constants of w.
Case 1: Tg € J; \ {0}.
In this case, we duplicate the space variable by considering, for € € (0, 1),
(t — 8)2 d(:C, y)2 ﬂ 2 2
t =u(t,z) — - — _k ot
1/)1( asaxay) ’LL( 71') w#(say) 277 % 2(‘LE| +|ly| ) o
— é |2 p
2

L5 = Do — 5P,
for (t,s,2,y) € [0,T) x {tn:n=0,...,Np} x J x J.

_ B _
o = Ts]* = Sly — 2s
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Using Proposition 3.1 #ii) again, the inequality |u(z,t) — ug(z)] < Cr, and the fact
that ug is Lipschitz continuous, we deduce that ¥ (¢, s, z,y) — —oc as |z|, |y| = +0o0
and then the function ; achieves its maximum at some point (¢,3,Z, ), i.e.

wl(f?gajvy) Z wl (t7 S, T, y) fOI' aH (ta l‘), (57y) € [07T> X J.
It is also easy to show that ({,5,%,y) — (ig,58,T3,Tg) as € goes to zero and so
Z,7y € J; \ {0}, for € small enough.

Step 1. (Basic estimates). The maximum point of ¢ satisfies the following
estimates:

(23) d(z,y) < Ke, [t—73] < Kn.

24)  B(ZP+ 1Y) <K, B(z—zsP+g—z* +1t—ts>+|5—-55*) <K

From

(12 — 26 + |5 — 25° + [T = Ts° + |5 — 55°)
(25) <u(t,z) —wx(5,79) < uo(Z) —wy(0,y) + Kt + K5 < K(1+|z| + |g])

where we used Proposition 3.1 i) (extended to all the points of J thanks to the mono-
tonicity of the interpolation operator), [21, Theorem 2.14] for the second inequality,
and the fact that T' < 1 for the last one. Using Young’s inequality, (i.e. the fact that
|Z| < 1/8+ B/4|z|* since (3/2|Z] — 1)? > 0) (25) implies in particular that

2
Sttty < & (1 24 2+ ).

Multiplying by S and using 8 < 1, we finally deduce that

Blz], Bly| < K.

Then using this in (25), we have

o 1
B (12— 5" + 17 — Zsl> + [T~ sl + |5 — 5512) SK(HB)

and, in particular,

B2 — x| + |y —Tp| + [t — 5] + 1[5 —55]) < K.

26) "I < ez @)+ D5~ 17 + D sl 17— 7l?)
< Kd(@,9)+ 5 (3] + (. 5) + 517~ 251 + |y - 25)d(@.9) < Kd(z.5)
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which implies the first estimate of (23). The second bound in (23) is deduced from
¥(t,35,7,7) > ¥(5,5,T,7) in the same way.
If we include the estimate

in the first part of (25), we finally deduce (24).
Step 2. (Viscosity inequalities). = We claim that for o large enough, the
supremum of ¢, is achieved for ¢ = 0 or 3 = 0. We prove the assertion by contra-

diction. Suppose ¢ > 0 and 5 > 0. Using the fact that (¢,z) — 1(t, 5, z,7) has a
maximum in (Z,?) and that u is a subsolution, we get

d(z,y)

(27) t_ns+a+ﬁ(t‘—fﬁ)+ﬂi< +ﬁ|m|+ﬁ(|x—xlg|)) <0

Since 5§ > 0 we know that (¢, 5, gj) > 1(t,5 — At, Z,y) for a generic y and, by
defining (s,y) = ((t U 4 At
that, for a generic y,

U)#(§7 g) - 90(57 g) § w#(.§ - Atay) - 50(5 - Atvy)'

In particular, we have that for any z € JA%

g |y|2 B|y —zg)* + §|8 — §ﬂ|2>, it implies

w#(gv g) - ‘10(57 g) < ’LU(§ - Atv Z) - 90(5 - Atv Z)

By the monotonicity of the scheme and the fact that the scheme is invariant by
addition of constants, adding wx(8,9) — (5, 9) we get, for any z € JA,

w(8, z) = S[w(s — At)](z) > S[p(5 — At)](z) + C.
By the monotonicity of the interpolation operator, this implies
wy(5,9) = 1[w(s,)](y) = 1[S[H(5 — A]()]() + wy(5,9) — (5, 7).

Simplifying by wy(8,y), we obtain
- Z ¢i(7)S[¢(s — At)](yi) = —I[S[@(5 — At)]()](H) = —(5,9),

where ¢; are the basis functions of the interpolation operator. Adding and subtracting
I[&(3, ))(7) — I[@(5 — At, )](7) and dividing by At , we get

Z¢ (5 — At,yi) = S[p(s — ADNyi) | 2(5.41) — (5 — Aty i)
! At At
-0 <Ax > ’
€
where we have used ¢,, = (’)(%) together with the properties of the interpolation

operator. We observe that W = ¢s(5,y;) + O(At/n), then, using the
consistency definition (Def 3.4), we obtain

3

At Ax2) E(At, Ar)
+ + .
n €

D 6i§) (—ps(5,9:) + Hilpa(s — AL, yz)))>(’)(
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By the regularity of ¢ and H (Lipschitz continuous) and the interpolation error for
Lipschitz function, there exists a positive constant K such that

At Az2> E(At, Ax)
+ +

(28) sos@,y)wi(%(gAt,g»zK(n -

3

We subtract (28) to (27) and use the explicit form of ¢, obtaining

o+ 55— 53) + 0~ 1)+ # (P22 4 plal + 51z — s )

L (d@*‘” — Blgl - B(lg - f:m)) < K (ff ‘ A) IRCUr

9 19

Then, using that H; is Lipschitz continuous and the basic estimates of the Step 1, we
arrive to

At Az? At, A
(29) o<K¢B+K(nt+ :)+g( LAT) _

3

Therefore, we have that for a ¢ > ¢* at least one between ¢ and 5 is equal to zero.

Step 3. (Conclusion). If ¢ =0 (a similar argument applies if § = 0) we have

Taking o = ¢, we obtain
B , _ . _

ult,z) —wy(t,w) = 5 (|2 + 1y + |z = 2o + |y — 2p + |t = T + |s — 55/%)
At Ax? E(AL, A

—<K\/B+K< + :>+ ( : $)>

T
Where, sending 5 — 0 and choosing ¢ = = v At, we get the desired estimate.

T < Ke+ Kn+ po.

Case 2: 73 =0.
Firstly we observe that assuming

(30) o>K\B+K <5(Ai’ Az) At AI)

9 9

(which is compatible with o > 0*) then, there exists a A € R such that
55— 1 E(AL, A At - 83—t
(31) Sﬂnﬁ—K((;x)Jrs) +K\/B>A> %Tﬁ—au(\//?.

Using the fact that (¢,z) — 9(t, 55, 2) has a maximum in (¢g,Zg) and that u is a
subsolution, we get

£~ ]
(32) F o Foy (Oap(E,0)) <0,

with p(t,2) = we(Ss,z) + % + Blx|? + ot and from (32) and (31),

(33) A>F_p, (026(t5,0)) -
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We use (33), the definition of F_j,, and the coercivity of the Hamiltonians to obtain
the existence of values \; such that

(34) Hi(N) = Hf(\) = A

(cf. Fig. 2) that will be useful in the remaining part of the proof.

A2 A1 A3 p

FiG. 2. An example of Hl+ functions.

Now we pass to identify the right test function to treat this case. We duplicate
the space variable differently than in Case 1. We consider, for € € (0, 1),

nltos,.9) = ult, ) — wg(o,) - L - AU Bap gy
ot~ (h(a) +h(w)) ~ Dt~ 15)? — D (s~ 5)%

for (¢,s,2,y) € [0,T) x {tp, :n=0,...,Np} x J x J.

where h(z) = Nz if ¢ € J; and the \; are defined in (34).

We denote by (¢,35,T,7) the maximum point of 12 (we keep the same notation
than the previous case, but they are possibly different points). We remark that
(fa§7f,y) - (fﬁa§ﬁ7fﬁvjﬁ) as e = 0.

Step 2. (Viscosity inequalities). We claim that for o large enough, the
supremum of v, is achieved for ¢ = 0 or s = 0. We prove the assertion by con-
tradiction. Suppose ¢ > 0 and 5 > 0. We can have different scenarios: if T and 7
belong to the same arc (junction point excluded) the case is contained in Case 1. If
instead z € J; \ {0}, § € J; (Z and g belong to different arcs), we can repeat the same
argument to obtain (27) with the test function v¢». We have:

t—35

+B(E—1ts)+ o0+ H, (d(i’ Y 42817 + Ai) <0.

Observing that the argument inside the Hamiltonian is bigger than A;, we use (34)
arriving to

P
0>""°%

o fs—3 ,
+B(t—t5)+o+Hi+(>\i):BTSB+U+A+K\/,
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which contradicts (31). Then, this case cannot occur.

We pass to the last case to consider: £ =0, g € J; \ {0}. First of all, we notice
that the basic estimates (23)-(24) are still valid for (£,3,Z,7) maximum point of 1)y
since the added terms h(z), h(y) are easily included in the other linear elements of
the estimates.

In this case, the difficulty comes comparing two Hamiltonians evaluated, respec-
tively, on the junction point and on one arc. Using the subsolution property with the
test function vy, we have as first equation:

(35) t=s

(E—EB)+J+FLO< ] +>\> <0,

Py () = (w117 (=2 +0) ) )

From the definition of F4 it is also valid

where

F_s

(36) "

(t—tg)+o+H,; (|y|+>\i> <0.
€
Since g € J; \ {0} with the same argument to obtain (28) (but for the test function
19) and using the consistency result, we have
F_3
n

<E(At, Az) At sz)
f+7+7 .

(s — )+H< £ 2By+Ai>2K
€ n €

Now recalling that H1(\;) = A,

P L
778 (5—38p) + H; ("y—wyﬂz»)—

2
i (S(At,Ax) N At N Az )

€ n €
[~ At Az) At As?
<! S+,3(5—83)+Hi+()\i)—K<w+t+x)
77 e N e
£y — 5 . At Az) At As?
stﬁnsﬁ+K\/ﬁ+A—K(W+;+:><o

for £ small enough, where we used 3(5 — 53) < K+/f (basic estimates). We can claim
that

F_s _
(37) TS+6(§ S5) + H; ( ly| 2By+/\)

(S(At, Azx) At sz)
=)
£ 7 €

Finally, we subtract (37) to (35), obtaining the desired estimate on o

(38) o< K\/B+ K( Atm)+it+ix>:—a*.

In this case we obtain a contradiction with (30): since, assuming o > ¢*, at least one
between ¢ and 5 is equal to zero.

Step 3. (Conclusion). We obtain the same estimate as in Case 1.

It just remains to prove the general case (for which we do not assume that u°(z) >
wy(0,2),Vo € JA%). Remarking that @ = u + py with p; = sup,¢ jas (wg(0,z) —
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Fic. 3. Initial condition and numerical solution at time t = 0.2 (left) and at time T = 2 (right),
computed with parameter Lo = 0,0.2,0.4,0.6.

up(x)) is a solution of the same equation of u but satisfying @(0,z) > wx(0,z), Ve €
J2% we deduce that @ satisfies

sup  (u(t,z) + p1 —w(t, x))

(t,x)eGA
E(At, Ax)
gc( ’ +¢m>+sw|ww>uummmL
VAL reJjAe
which implies (22) ending the proof of the Theorem. |

5. Numerical tests. In this section, we present some numerical simulations to
show the features and the convergence properties of the scheme proposed. In the first
two tests Assumptions (A1)-(A4) are verified, while in the last test (A4) does not
hold.

Test 1. We consider a basic network composed by two edges connecting the
nodes (—1,0) and (1,0) with a junction in 0. This case can be seen as an 1D problem
inI'=T3UTly =[-1,0]U[0,1] = [-1, 1] with a discontinuity on the Hamiltonian at
the origin. Despite its simplicity, this tests helps us to understand the effect of the
flux limiter contained in the operator F4.

We consider the following Hamiltonian on T:

21
Hap)={ g & 900
%—1, x €.

This example has been used as a benchmark also in [20]. Using the Legendre trans-
form, we rewrite (5) as

2
1
max <a1p—al>— x ey,

_ a€R 2 2’
H(l‘ap) - Oé% . eT
me(eor =5 ) =1 el

where we can deduce Li(a1) = (o +1)/2 and La(az) = (a2 + 2)/2. We choose
as initial condition ug(x) = sin(n|z|), and we impose Dirichlet boundary conditions
u(t,—1) = u(t, 1) = 0. The Dirichlet boundary condition are implemented numerically
by truncating the characteristics that cross the boundary, as in [15].
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F1a. 4. Graphic of EOAo with respect the space step, together with the line KAx. Left Lo = 0,
with K = 3.7, right Lo = 0.2, with K = 3.9.

In Fig.3, we show the numerical solution at time ¢t = 0.2 and 7" = 2 computed with

parameter Ly = 0,0.2,0.4,0.6. We can observe as the asymmetry of the Hamiltonian
with respect to the origin induces an asymmetric behavior of the solution. We can
also highlight how the choice of parameter Lg influences globally the value function
of the problem. In fact, when Ly = 0 the optimal control in = 0 is simply a9 = 0
that corresponds to a zero cost, and since uy(0) = 0, the solution u(¢,0) = 0 for each
t € [0, 7). This explains the choice of the name fluz limiter for Lg: in this case the
parameter blocks the passage of information between the two arcs which could be
solved separately. In the case of Ly > 0 the situation is different: the control ag = 0
does not correspond to a null cost. A trajectory, which remains on the junction
point, entails a cost. Furthermore, we observe that for values of |Lo| sufficiently
large, the behavior of the solution does not change anymore with respect to Ly. This
happens because remaining on the junction point is no more a convenient choice,
i.e., the transition condition (6) is reached only by one non-increasing Hamiltonian.
Therefore, the flux limiter is not active anymore.
In Figure 4, we show the convergence rates in the case of Ly = 0 and Ly = 0.2. In
absence of an analytic exact solution, we compare the approximated solution w(T, x)
with an approximation u(7,x) obtained on a very fine grid with Az = 10~* and
At = 2.5Az. The error is evaluated with respect to the uniform discrete norm defined
by

(39) E2 = max (Jw(T,z) — u(T, z)]).

zeJA

The error EOAO as a function of Ax is represented in Figure 4, for the choice Ly = 0
(left) and Ly = 0.2 (right), the final time T and the time step are fixed to T" = 0.2
and At = 2.5Axz. We observe in the case Ly = 0 a linear decay of the E% error,
in particular, the EZ errors fit with a linear regression curve of ratio K; = 3.7. We
also observe the same convergence order in the case Ly = 0.2, with almost the same
ratio K71 = 3.9. In this case, since Theorem 4.2 holds, their rate of convergence is 1
independently of the choice of At, so large time steps are allowed (cf. [15] where a
similar property is discussed for Euclidian domains).

Test 2. We consider a simple junction network composed by three edges connect-
ing the nodes (0,1), (—1,—1), (1,—1) with the junction point placed in (0,0). We
denote by J; the edge connecting (0,1) to (0,0) and by Js, J3 the edges connecting
(0,0) to (1,—1) and (—1,—1), respectively. The cost function L;,7 = 0,1,2,3 are
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time=0 time=0.5

0.5 05

0 0

05 / \ 05 05 \ 05
-1 0 -1/ 0
-1 0.5 05 1 -1 K 0 0.5 1
time=1 time=1.5
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1 1

0

0.5 0.5

05 05 05 05

,1/ 0 4/ 0
3 05 0 Rt 05 0

0.5 1 05 1

F1G. 5. Projection on the state coordinate plane of the Initial Condition (top left), numerical
solution at time t = 0.5 (top right), t =1 (bottom left) and t = 1.5 (bottom right).

defined as follows

1 ifi=1,3,
o? e -
Li(a;) = 5 +2 ifi=2,
2 if 1 =0, and ag =0,
+00 if i =0, and ag # 0.

We impose Dirichlet boundary conditions on the boundary nodes:

(o0 if 2 ={(-1,-1), (1, -1)},
u(t,z) = { V241 ifz={(0,1)}.

The initial value wug is chosen as the restriction of 1 + zo on J, where we denote
(z1,22) = . In Figure 5, we show the color map of the initial condition and of the
numerical solution at time ¢t = 0.5, 1, 1.5, projected on the state coordinate plane. It
is possible to observe that the initial datum uo (Fig. 5 left/top) quickly evolves to
the stationary solution (Fig. 5 right/bottom), which represents a weighted distance
from the boundary points, with exit costs equal to the boundary values.

We compare the approximate solution at T = 1.5 with the exact solution of the
corresponding stationary problem; this makes sense since the approximate solution
has already reached the steady state. The exact steady state solution is

V2 + x, if x € Jyp,
(40)  wu(z) ={ min (2\/(z1 — 12+ (z2+ 1)2,V2+2¢/22 + z%) , ifx € g
\/(1'1+1)2+((E2+1)2, ifxe Js3.
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Fic. 6. Graphic of EOA<> with respect the space step, together with the line KAx with K = 6.5.

In Figure 6, we show the behavior of the error (39) for various values of Az, setting
At = 2.5Ax. We observe as in the first test a linear decay of the E£, allowing large
time steps.

Test 3. We conclude this section treating a more complex network. We consider
a network formed by 4-junctions and 8-arcs, defined in (x1,22) € R? and connecting
the points V1 = (7270)7 Vo = (7130), Vs = (032)7 Vi= (071)7 Vs = (27O)a Ve = (170);
Vr = (0,-2), Vg = (0,—1). We define the edges J; = V1Va, Jo = VoVy, J3 = VoV,
Jy = V3Vy, Js = VuVs, Jg = V5V, J7 = VVs, Js = VzVs. We choose the costs on
each arc as

M)

Li(z,0;) =

N

{ O (24 m)?,  fori=1,234,

S+ (—2+zp)? fori=5,6,7,8.

We set the costs on the junction points V; with ¢ = 2,4, 8 (when the relative control
ap is null) equal to L(V;,a) = 4, and on Vg equal to L(Vs, @) = 0.4. We impose zero
Dirichlet boundary conditions on the boundary points V; with ¢ =1,3,5,7.

We choose as discretization steps Az = 0.013, At = 0.065 and as the initial condition
ug = 2— (22 +x3)/2. We observe that the CFL condition (13) is not verified, however
we have convergence since Th. 4.1 holds (but the estimate Th. 4.3 does not hold).
In Figure 7, we show the initial value function and its evolution at different times. We
observe that the value function starts from a symmetric configuration and it looses
its symmetry since the costs are not constant on the various edges of the network and
they also depend on . We highlight also that an optimal trajectory does not stop on
junction points since it would run into a cost considerably higher than elsewhere in
the network. The only exception is in V§, where the waiting cost is 0.4, and it is where
the value function assumes a local minimum. Clearly, for ¢ — 400 such minimum
tends to disappear since the cost is positive. In Figure 8, we also compare the value
function at t = 1.4 with the value function computed with same data except than the
cost in Vg, which is set to L(Vs,a) = 4. We observe that, since in this case the cost
to stop in Vg is higher, the local minimum disappears.

Choosing an effective Courant number is not a trivial task. In particular, large
Courant numbers can considerably increase the complexity of the scheme near the
junctions. In contrast, the opposite can produce low accuracy for long time approxi-
mations due to numerical diffusion effects.

In Table 1, we show the CPU times of a code implementing the proposed method for
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Fic. 7. Evolution of the value function at times t = 0,0.26,0.52,1.04.

Test 3. The code is written in MatLab_R2018a and runs on a MacBookPro 2017 2.5
GHz Intel Core i7. The variable nc represents the number of points used to compute
the minimum by comparison, with respect to the time sg, in (3).

The second and third columns show that the minimum complexity is reached when
At = Ax/8, which corresponds to the case when the discrete characteristics do not
cross the junctions. Choosing a time step lower than Az/8 is no more convenient
in terms of computational time. In the last column, we consider the case when
L(V;,a) = 4 for i = 2,4,6,8. This choice corresponds to the case in which the char-
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Fic. 8. Comparison between the value functions varying the cost in Vg, L(Vg, o) = 0.4 (above)

L(Vs,o) =4 (below) at time t = 1.04.

acteristics never stop on the junctions. Therefore the minimization with respect to sg
is not necessary, and nc is set to 1. In this case, the minimum complexity is reached
using the largest time step.
In conclusion, Table 1 shows that large time steps may imply higher complexity due to
the cost of exploring all the arcs and computing the minimum of the waiting time sq
on the junctions. However, in semi-Lagrangian schemes, large time steps correspond
to less diffusive numerical approximations. Still, very large time steps can imply a
low accuracy in the approximation of the characteristics (when the characteristics are
not straight lines). The best choice, in term of accuracy, may consist in choosing a
time step which optimizes the consistency error proved in Prop. 3.5.

L(Vs,a) =04 | L(Vs,a) =4
At nc =3 | nc =6 | nc =1
4Ax 10.4 19.4 3.7
2Ax 9.8 19.0 3.7
Ax 9.6 18.0 3.9
Az/2 | 8.8 15.6 4.1
Az/4 | 8.3 13.2 5.2
Ax/8 | 7.4 7.5 7.2
Az/16 | 147 | 148 | 144
Az/32 | 29.5 30.0 28.5
TABLE 1

CPU times in seconds for Test 3, computed with Ax = 0.013

Appendix A. Definition of viscosity solution.

Let us introduce the class

of test functions. For T' > 0, set Jp = (0,T") x J. We define the class of test functions
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on Jr and on J as
C*(Jr) ={p e CJr), p € C*(0,T) x J;, Vi=1,...,N)},

C*J)y={peC()), pcC*"(J),Vi=1,...,N}.

We recall also the definition of upper and lower semi-continuous envelopes u* and wu.
of a (locally bounded) function u defined on [0,T) x J,

u*(t,x) = limsup u(s,y) and w.(t,z) = lminf wu(s,y).
(s,y)—=(t,x) (s,y)—(t,x)

We say that a test function ¢ touches a function u from below (respectively from
above) at (¢,x) if u — ¢ reaches a local minimum (respectively maximum) at (¢, x).

DEFINITION A.1 (Flux-limited solutions). Assume that the Hamiltonian satisfies
some standard hypotheses of reqularity, convexity and coercivity and let u : [0, T)XJ —
R.

i) We say that u is a fluz-limited subsolution (resp. fluz-limited supersolution)
of (5) in (0,T) x J if for all test function ¢ € C1(Jr) touching u* from above
(resp. u. from below) at (to,xo) € Jr, we have

@t(to, zo) + Hi(xo, vz (to, o)) < 0 (resp. >0) if xg € Jy,

(41) wi(to, o) + Fal(ps(to, o)) <0 (resp. >0) if 1o = 0.

it) We say that u is a fluz-limited subsolution (resp. fluz-limited supersolution)

of (5) on [0,T) x J if additionally
(42) u*(0,2) <wug(x) (resp. us(0,2) > ug(x)) for allx € J.
it1) We say that u is a fluz-limited solution if u is both a fluz-limited subsolution

and a fluz-limited supersolution.

In [21], an equivalent definition of viscosity solutions for (5) is proved. We use
this equivalent definition in particular in the definition of the consistency in Section
3. In the following theorem, we adapt this result for Hamiltonians depending on =x.
The proof is a straightforward adaptation of the one in [21].

THEOREM A.2 (Equivalent definition for sub/supersolutions).
Let H® = max; min, H;(0,p) and consider A € [H°,4+00). Given solutions p/* € R of

(43) H; (0,p7") = H* (0.pf') = A
let us fir any time independent test function ¢°(z) satisfying, fori=1,..., N,
9i¢°(0) = pi.

Given a function u: (0,T) x J — R, the following properties hold true.
1) If u is an upper semi-continuous subsolution of (5) with A = Hy, for x # 0,
satisfying

(44) u(t,0) = limsup  u(s,y),
(5,9)—=(t,0), yeJ;

then u is a Ho-flux limited subsolution.
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it) Given A > Hy and tg € (0,T), if u is an upper semi-continuous subsolution of
(5) for x # 0, satisfying (44), and if for any test function ¢ touching u from above at
(to, 0) with

(45) p(t,x) = Y(t) + ¢° (),
for some 1) € C2 ((0,+00)), we have
(pt""FA (@m) SO at (to,O),

then u is a A-flux limited subsolution at (tg,0).

iii) Given tg € (0,T), if u is a lower semi-continuous supersolution of (5) for
x #£ 0 and if for any test function ¢ satisfying (45) touching u from above at (tq,0)
we have

¢t + Fa(pz) >0 at (to,0),

then u is a A-flux limited supersolution at (tg,0).

REMARK. In fact this theorem shows that, at the junction, it is sufficient to test
with test function having the form (45).

Appendix B. Proof of Prop. 3.2.

Proof. In this proof, we denote by C' a constant that depends only on L; and that
may change line to line and with L¢ the Lipschitz constant of a generic function f.
Let just assume that z,y € J; N J2*. The latter is not restrictive since if z €
Jin JA% gy e JyNJA® with j # i, we come back to the case of a comparison between
point belonging to the same arc writing

|w(tn, #) = w(tn, y)| < |w(tn, x) = w(tn,0)| + [w(tn,0) — w(tn, y)|.

We denote @; the optimal control of S[w"~!](y) associated to the i-arc. We consider
three different cases:

1) &; < |y|/At with y # 0.
In this case, we consider «; such that x — Ata;e; = y — Ataye;. This means that

|z -y

4 i — Q4| =
(40) -l =

Using the suboptimal control «; for S[w"~1](z) yields

w(tn, ) — w(tn,y) <IT" (= (z — Ate;)) + AtLi(x, o)
— H[Qf)n_l] (— (y — diAtei)) — AtLi(y, @i) < AtLLi|Oéi — 65i| < LLi|$ — yl

2)0 < % < @;. In this case the discrete trajectory starting from y passes through
the junction. We denote by (a, 50, @0,J,@;) the optimal control associated with
S[w"~1](y). We distinguish two subcases:

2.1) z = 0. In this case, we choose the suboptimal control (.§O+%, ag, j, az) (if ag # 0,



28

E. CARLINI, A. FESTA AND N. FORCADEL

we replace it by 0 in order to stay in the origin) obtaining

w(tn, ) — w(tn,y) < T (— (At — 50 — |Ozj|> ajej> + (so + g') Lo(ag)
+ (At—so—g') L;(0,a5) — 5

@) — T[] (— (At - |y|) ;363>

If a; > 1, using that L; is Lipschitz continuous, we get that there exists a constant C
(depending only on L;(y,0) and the Lipschitz constant of L;) such that

Injecting the estimate above in (8) and using that Lo (0) is bounded, we deduce

W(tn, 2) — w(tn,y) < Cly| = Cd(z,y).

If @; < 1, since Lo(0) and L;(&;) are bounded, there exists a constant C' such that
w(tn,x) — (n,y)<0| Yl < CAt.

We finally get that in all the cases, w(t,,z) —

w(tn,y)
2.ii) |x| > 0. In this case, we choose «; such that | ‘ =

Z

< C(At+d(z,y)).

Iyl
&

This implies in particular

lal el e
€T — Qi€ =Y — i€q
Q; i
and so L2 lo; — @;| = |# — y| = d(z,y). Using the suboptimal control («;, 30, &, 7, a;)
for S[w"~t](z), we have
w(tn,x) — w(ty,y)
An— — € _ _ €T _
< Iw 1] (_ (At — 50 — |OzJ> a;e;) + (At — 50 — |Olz> LE(O, 5)
x
+ S0 Lo() + J=|

_ y
ai) Li(0,0lj) - SoLQ(Olo) — ‘ |

2 a0 - 110 (- (a0 =50 - ) a5
(Apﬂ y

Li(y, a;)

7

o~ a) < Lud(,y)
(6%

3) y = 0. We denote by (50, &g, j, @; ;) the optimal control associated to the operator
S[w™ Y (y). We distinguish two ﬁubcases again:
3.1) : 50 = At. We choose «; > max(1, %) and the suboptimal control («;, 50— lz|

oTi’O_éO)
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for S[w™~!](x) obtaining

w(ty, ) —w(tn,y)

SMWlW@%%GW—EULM%%+SEK%m)—MWIHW—@ﬂd%)

% i

x _
< (1 (e00) ~ Lo(ao)) < Lu,d(ey)
Using that L; is Lipschitz continuous, we get that there exists a constant C' (depending
only on L;(0), Ly(0) and on the Lipschitz constant of L;) such that

|Li(x, &;)| + [Lo(ao)|

— < (C.
|evi

This implies that w(tp4+1,2) — w(tnt1,y) < Clz| = Cd(x, y).
3.ii): 59 < At. We choose o; > max(1, |a;[) such that

At — 5 At — 5
(47) lal At=%0 g AR a <.
Q 2 At—§0 — t%‘
At—35g

We also set a; = ﬁai, which satisfies in particular o; > |a;[. Taking the
—S0— &

a

suboptimal control (c, 5o, 520,5,043) for S[w™ ] (x), we get

(48)  w(tn, @) —w(tn,y) < Mw" 1] <— (At — 5 — ‘d) ozjej>

X x
+ (At — 80 — |Cv> L;(0,0x;) + goLo(@o) + uLz<.’E, Oéi)

—I[" ] (= (At — 5o) aze;) — (At — 50) L;(0, ;) — 50Lo ()

||

< — (LZ(I, Oéz') - L;(0,0x;)) + (At - 50) (L’(O, Oéj) - L"(O, O_é’))

J J J

xr
< u (Li(l‘, ;) — L;(O, 043)) + (At — EO)LL5|045 — 07*<|.

Q5 J

Using that «; > 1, we get that % < C. In the same way (using that a; > a3)

L:(0, az 1
5091 1 (120,04 Ly agl) < £;(0,0) + L,

|o; ]
«; (67} Q;

<C.

Finally, using the definition of a;, we observe that
, _ |
(At —50)la; — &3] = [o] 2! < |a.
a;

Injecting these estimates in (48), we obtain w(t,,z) — w(t,,y) < Clz| = Cd(z,y). O
Appendix C. Proof of Theorem 4.2.

Proof. The proof is made by induction assuming that for n > 1

(49) W' (x) — u(tn_1,2)| < (n—1)CAz Vz e JA7.
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Note that the thesis is clearly satisfied for n = 1. We then want to show that
|w"(x) — u(ty, z)] < nCAz V€ JA.

From Proposition 2.1, we know that

tn
(50) u(tn, ) = inf inf u(tn—1,y) + / L(X(7),a(r))dr p .,
yeJ(X(.),a(.))eriszy .
bn—1

where we use the notation L(X (1), a(7)) = L;(ay) if X(7) € J;, (see (A4)).

We denote a = (@g, a1, ...,ay) and 3¢ the optimal argument of S[w"~!](x) and
we treat only the case where z € J;\{0} and |x|/&; < At (this corresponds to the
more difficult case in which the optimal trajectory crosses the junction). We also
denote by X (t) (with ¢ € [t,_1,t,]) the trajectory obtained applying the control a.

Clearly such trajectory belongs to I‘t’“aj K1) with X (t,_1) = (At — 50 — M) e;
and
X(t)eJ;, forte [t Ly )
(51) X(t)=0 forte{tn—%—Eo,tn—%>,
X(t)ed, forte [tn_l,tn — =l 50} .
Therefore,

u(ty, ) —w™(z) =

tn
inf inf u(tn-1,y) + / L(X(7),a(r))dr| — S[w"]|(z)
yeJ (X,a)el—‘:z:rlfy .

<ultnr, X(t_1)) + / " L(X(r), a(r))dr — Sjw")(z)

tn—1

<ultn-1, X (tn-1)) = Iw" (X (tn-1))|
|z]

+ /OM__SO L(X(7),a(r))dr — (At — 30 — g') Lj(a;)

At*% At
+ / L(X(r), a(r))dr — soLo(do) + / L(X(ﬂ,amw—%w».
At—go—% At—%

Since L(.,«) is constant in time, the cost terms cancel. Moreover, using standard
interpolation operator properties and (49), we observe that

u(tn—1, X (tn—1)) = w1 (X (tn-1))l
=u(tn—1, X(tn-1)) = Lutn—1, )[(X(ta-1)) + (n = 1)CAz
+M[ultn_1,-) — (n — 1)CAZ)(X (tn_1)) + " (X (tn_1)) < nCAz,

and consequently
U(tn, ) —w"(z) < nCAz.
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For the inverse inequality, we invert the whole argument. An additional difficulty
comes for the choice of the good control for the S[w"™~!] term. We proceed considering
a continuous optimal control a(-) for u(t,,z) in (50). Without loss of generality we

assume that the associated trajectory X (t) is such that

):((t) S Ji, for t € (EZat7J 5
(52) )g(t) = 0, for t € (El,fg] s
X(t) € Jj, fort e [tnfl,tiﬂ s

Indeed, we can exclude that an optimal trajectory passes in another arc or touches
multiple times the junction point thanks to the convexity of the functions L. In fact,
in such case, it would be necessary for an optimal trajectory to pass twice for the
same point, i.e. X(t;) =& and X (fs) = &, with X (¢) # & for ¢ € (f1,%2). This means
that since X (t) = a(t), we have that

Then, the average control on [f1, 5] is zero. Using the strict convexity and the Jensen’s
inequality, we find that the optimal control & should be zero. This contradicts the
definition of X.

We can now build a discrete control and an associated trajectory (d,f( ) for
S[@](z) such that

. || 1 /tn _ o
. — = — . d s = t —t s
O Tk Jfy, M =R

1 b
b= —— a;(T)dr.
J tl _tnfl \/tn1 ]( )

Then, by construction X (t,_1) = X (t,_1) and

S[w" Y (x) = ultn, ) = S Y(2) — ultn_1,y) +/ L(X(r), a(7))dr

" At
<Iw" (X (ta-1)) — ultn-1, X (ta—1)) + (At — t2) Li(G;) — : L(X(7),a(r))dr
+ ((tg — )L _/tQL(X(T),a(T))dT> + <t1Lj(ozj) —/tl L(X(T),&(T))dT) .

Using Jensen’s inequality knowing that the L-functions are convex, we get

tle(ézj)—/l L(X(7),a(r))dr

tn—1

_ 1 h
:tle - /
tl - tn—l t

n—1

o_zj(T)dT> —/1 Li(a;(r))dr

< / " L) - / " L@, =0

tn—1 tn—1
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The two others cost terms can be treated in a similar way. Using that

Iw" (X (ta-1)) = ulta—1, X (ta-1)) < T (X (t0-1))

—Tu(tn-1,") + (n = DOAZ|(X (tn-1)) + Iutn-1, )(X (tn-1))
+ (n—1)CAz — u(tp_1, X (tn_1)) < nCAx

for the basic properties of the interpolation operator and (49), we can claim that

w™(x) — u(ty, ) < nCAx

and this concludes the proof. 0
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