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Abstract

We prove the convergence, in some strong sense, of a Markov process called “a misanthrope process” to the
entropy weak solution of a one-dimensional scalar nonlinear hyperbolic equation. Such a process may be used
for the simulation of traffic flows. The convergence proof relies on the uniqueness of entropy Young measure
solutions to the nonlinear hyperbolic equation, which holds for both the bounded and the unbounded cases. In
the unbounded case, we also prove an error estimate. Finally, numerical results show how this convergence result
may be understood in practical cases.

Keywords: misanthrope stochastic process, non linear scalar hyperbolic equation, entropy Young measure solu-
tion, traffic flow simulation, weak BV inequality

1 Introduction

Some recent models of traffic flows [8] are based on the notion of misanthrope process, introduced in [6, 1]. Such
a process is a stochastic Markov jump process (1;):>0, usually defined on NZ, which models the time evolution of
occupation of discrete sites by a collection of identical objects. The random variable 7;(n) represents the number
of objects at site n € Z at time ¢. Jumps of this process consist of jumps of an object from one site n € Z to the next
one n + 1 with a rate denoted b(n,n 4+ 1) > 0. The aim of this paper is to prove that the values of a misanthrope
process at time ¢ may approximate the entropy weak solution u(x, t) of a non linear hyperbolic equation, first on a
bounded interval (A4, B) of R (the bounded case), then on R (the unbounded case).

In the bounded case, the non linear equation is

Oyu(x,t) + 0, (f(u))(z,t) =0 ze€ (A B), teRT, (1)

for given reals A < B, where the partial derivatives of u with respect to time and space are respectively denoted
by dyu and J,u, with initial data
’LL(I, 0) = ulnl("L‘)7 z 6 (A7 B)7 (2)

and some boundary conditions which are formally:

u(At) =T(t), t € R, 3)

and
u(B,t) =7u(t), t € RT. 4)

In (1)-(4), we denote by u™ a bounded measurable function defined for all z € (A, B), and by %, u bounded
measurable functions defined for all £ € R*. We assume, without restricting the generality, that these three
functions are a.e. valued in [0, U], for a given U € R*. Note that the weak sense of the boundary conditions
(3)-(4), deduced from Otto’s works [20], is precised below (in this paper, the regularity on the limit is not sufficient
for using the strong sense for these boundary conditions given in [4]).



In the unbounded case the non linear equation is
Opu(z,t) + 0, (f(u))(z,t) =0 z€eR, teRT, ®)

with initial data )
u(x,0) =ui(x), xcR, (6)

where 1™ denotes a bounded measurable function defined for all x € R, a.e. valued in [0, U].

Such studies of limit of stochastic process to the solution of hyperbolic equations are called “Euler hydrodynamics
of attractive particle systems” in [2], [15], [3], [12]. Indeed, as described in [3], a misanthrope process (77;)¢>0 on
E = [0, K]? is said to have Euler hydrodynamic limit u(z, t) if, for all continuous function ¥ from R to R* with
compact support, we have, forall ¢ > 0

lim E %Zm\”(y) U (%) = /R\Il(x) u(z,t) de. ™

N—o0
YyEZL

We may remark that, defining the real process vy (x,t) by vy (z,t) = nni(y), forall z € [y/N,(y + 1)/N),
y € Zand t € RT, (7) is equivalent to the convergence for the weak-x topology of L>°(R), and for all ¢ € R™, of
the function E(vy (-, t)) to u(-,t) as N — oo.

It is then proved that the Euler hydrodynamic limit u(z, t) of a misanthrope process is the entropy weak solution
of (5) such that the function f must check the condition

f(o) = / b(n(0), n(1)) duy(n), ¥p € R,

where R is the largest subset of [0, K] such that, for any p € R, the set of all measures  on E, which are invariant
for the process and shift-invariant with [ 7(0)du(n) = p, has an extremal element denoted by 1, (recall that a
measure (4 is invariant for the process if the process with initial distribution x has the distribution g for all ¢ > 0);
note that R is closed and necessarily contains 0 and K, but, as mentioned in [3], the relation [0, K] = R remains
an open problem.

In this paper, although our starting point is also the notion of misanthrope process, we use a different way to
approximate equations (1) and (5), with different definitions for both the limit sense and the function f. Let us
first emphasize that we will handle the bounded case (A, B) as well as the unbounded one (in the first case, the
study of the boundary terms has to be done). In the bounded case, we define, for N € N*, h = (B — A)/N
and we discretize the interval [A4, B] in constant size intervals (A + (n — 1)h, A+ nh), n € {1,...,N}, each
interval corresponding to a site for the stochastic process. In the unbounded case we discretize R in intervals
((n — 1)h,nh), n € Z of size h, each interval corresponding to a site for the stochastic process. In both cases,
we discretize the continuous interval of possible values [0, U] of u(x,t) in discrete values (ki, i = 0, ..., K) with
K € N*and k € Rsuch that k = %

For a given function g such that

e gis Lipschitz continuous from R? to R*, hence it is assumed to be nonnegative (we denote in this paper M
the smallest Lipschitz constant of g)

o g(z,y) =0forall (x,y) € (] — 00,0] x R)U (R x [U,+0o0]),

e (z,y) — g(z,y), from [0,U]? to RT, is nondecreasing with respect to 2 and nonincreasing with respect to
y7

e the function f occurring in the nonlinear hyperbolic equation (1) is such that f(z) = g(x, z), forall z € R,

we define the jump rate of the process by

1
b(z,y) = Wk g(z,y), Vz,y € R. 8)



Thanks to the hypotheses on the function g, we get b(0,.) = 0 and b(.,kK) =0

In the bounded case, we define a non-homogeneous Markov jump process on E = (k[0, K])[*N1 with the fol-
lowing possible jumps and the associated rates defined at time ¢ by:

e jump from 7 to T%*(n) with T%(n)(1) = n(1) + k and T%1(n)(j) = n(j) forall j = 2,..., N, and rate
b(u(t), n(1)),

e jump from 7y to 7" 1 (n) forn = 1,..., N—1, with T""* 1 (n)(n) = n(n)—k, T (n)(n+1) = n(n+
1) +kand T™"+1(n)(j) = n(j) forall j = 1,..., N different from n and n + 1, and rate b(n(n), n(n+1)),

e jump from 1 to TNV N+1(n) with TVN+1(n)(N) = n(N) — k and TVN*1(n)(5) = n(j) for all j =
1,...,N — 1, and rate b(n(N), u(t)).

Note that the process is a homogeneous Markov jump process for almost everywhere constant boundary conditions.
Using the following notation

n:(0) = (1) and e (N + 1) = T(t), ¥t € BT, ©)

the corresponding Chapman-Kolmogorov equation reads:

dm ) _ <Z b(re(n), me(n + 1)) ($(T"" () — wm)) VteRY, Yy eD, (10

where D is the set of all functions v from E to R*. -
We associate to the process 7; the real process v(z, t) defined from (A, B) x RT to [0, U] by

v(z,t) = ni(n) Vo € [A+ (n—1)h, A+nh), Vn € [1,N], Vt € RT. (11)

The final result for the bounded case (Theorem 2.2) is the convergence of

T
/ / (|v(z,t) — u(x,t)]) dxdtz/ > / E (|n:(n) — u(z,t)]) dzdt
0 1<nen J[A+(n—1)h,Atnh)

to zero as h and k/h simultaneously tend to zero, where u(z,t) is the entropy weak solution of equation (1),
assuming that v(z, 0) converges in some sense to u'"!(z) as h and k/h simultaneously tend to zero. Note that this
limit sense is stronger than that provided by (7), since it implies that E(v(z, t)) converges in L*((A, B) x (0,T))
to u (although it would be possible, we do not consider here the framework C°(0,T’; L' ((A, B))) for the sake of
simplicity). The proof of these results are closely related to the methods involved in the convergence proofs for
numerical schemes [5, 9, 19] (further works for providing an error estimate might also be done).

In the unbounded case, we define an homogeneous Markov jump process on E = (k[0, K])Z with the possible
jumps from 7 to T™"+1(n) for n € Z, with T""*1(n)(n) = n(n) — k, T (n)(n + 1) = n(n + 1) + k and
T+ (n)(5) = n(j) for all j different from n and n + 1, and rate b(n(n), n(n + 1)).

The corresponding Chapman-Kolmogorov equation reads:

ol (me ntn+1>>(w<T"7”+1<m>>—w<m>)>,wemtvwen, (12
nez

where D is the set of all bounded functions v from E to R depending on a finite number of coordinates.
We associate to the process 7; the real process v(z, t) defined from R x R* to [0, U] by

v(z,t) = (n) Vo € [(n — 1)h,nh), Vn € Z, Vt € RT. (13)



In the unbounded case, we prove a similar convergence result to the bounded case, and moreover prove in Theorem
3.4 that, for given R and T, for a suitable initial value v(z,0) close from u'™(z) (assumed to have bounded
variations) and for k = h?, if u(x, t) is the entropy weak solution of equation (5), we have

T R
/ / E ([v(z,t) — u(z, £)]) dedt < Coh}, (14)
0 —R

where C, only depends on R, T, g and u'™!. Inequality (14) can be equivalently written

’

which brings into play values 7;(n) of the process at a finite number of sites n.

/ E (|n:(n) — u(z,t)|) dedt < Cehd (15)
{n€z/Inh|<R,|(n—1)h|<R} * [(M=Dhnh)

So we obtain an approximation of the entropy solution of (1) and (5) with the help of a misanthrope process in a
different way than Euler hydrodynamic. The sense of the limit is different and the relation between the function f
in the hyperbolic equation and the misanthrope process is explicitly given by f(z) = g(x, z). Note that different
functions g(., .) could match a given function f(.) with respecting the above hypotheses (see also [13], [17] and
references therein):

o the Godunov numerical flux: introduced in [14], it may be summarized by the following expression.

_J min{f(§),€ € [a,b]}ifa < b,
g(a,b) = { max{f(£),€ € [b,a]} if b < a. (16)

e the splitting numerical flux: assume f = f1 + f2, with f1, fo € CY(R,R), f{(s) > 0 and f}(s) < 0 for all

s € [0,U] (such a decomposition for f is always possible, see the modified Lax-Friedrichs numerical flux
below), and take

g(a,b) = fi(a) + fa(b).

Note that if f/ > 0, taking f; = f and fo = 0, the splitting numerical flux boils down to the upwind
numerical flux, i.e. g(a,b) = f(a).

e the modified Lax-Friedrichs numerical flux, also called the Rusanov numerical flux in different frameworks:
take

stay = L@ 10

with D € R such that 2D > max{|f’(s)|, s € [Um, U]}.

+ D(a—b), (17)

We remark that in the last two examples the functions defined above can be negative. We could easily extend the
definition of the misanthrope process by assuming that, if b(n,n 4+ 1) < 0, then —b(n,n + 1) denotes the rate of
jump of such an object from the site 7 + 1 to the site n. Then all the results of this paper would hold as well. But,
for the sake of simplicity, we only consider here positive jump rates.

This paper is organized as follows: the second section is devoted to the bounded case, while the third section deals
with the unbounded case; numerical computations on the Riemann problem are presented in section 4. Some tracks
for further research are finally shown in a short conclusion.



2 The bounded case

In this section, our aim is to prove that the misanthrope process, defined by the Chapman-Kolmogorov equation
(10) and a given initial probability measure on D, converges to an entropy weak solution in some sense. Let us
recall this notion in the bounded case as given in [20].

Let us denote a T b the maximum of a and b, a_Lb the minimum of @ and b, for all real values a, b, and C} ([A, B] x
R+, RT) the set of the restriction to [A, B] x R* of the non-negative C'! functions with compact support from R?
to RT.

Definition 2.1 (Entropy weak solution) Let f € C*(R,R) (or f : R — R Lipschitz continuous) be given, let
u™ € L®°((A, B)), and u,u € L (R") be given functions. We say that u is a weak entropy solution of problem
(1)-(4) if:

o uc L¥((A,B) x (0,00)),

e there exists M > 0 such that, for all functions (" (s) = s Tk —kand F' (s) = f(sTk) — f(k) with k € R,
we have for all ¢ € CL([A, B] x Rt RT)

e B
/ / (CT (w)dpp(x,t) + F T (u) Opip(z, t)) dadt

B o (18)
M / (¢ @) 0 + T @B )+ [T ple,0) do > 0
A
e the same inequality as (18) holds replacing (" (s) by (*(s) = k — sk and F'(s) by F*(s) = f(r) —
f(sLk).

We have the following fundamental theorem [20].

Theorem 2.1 Let f € C°(R) be Lipschitz continuous , u™ € L*((A, B)), u,u € L (R"), then there exists a
unique entropy weak solution in the sense of Definition (2.1) to Problem (1).

Remark 2.1 The solution of (18) does not depends on the choice of M (the value M is chosen in this paper as the
Lipschitz constant of g). A uniqueness result on a larger class of objects (Young measures instead of measurable
functions) is used in this paper for the proof of convergence (this result is proved in [22] for the purpose of the
convergence study of a numerical scheme [10]). It is interesting to remark that if one replaces in (18), the set of
function (T or ¢ by the set of all entropies |u — k| (as done in the unbounded case, see Definition 3.1), one has
an existence result (since |u — k| = sTk — £+ k — s_Lk) but no uniqueness result, see [22] for a counter-example
to uniqueness.

2.1 Estimates

The first step is to obtain a discrete entropy inequality for the misanthrope process.

Lemma 2.1 (Discrete entropy inequalities) Ler ( € C?(R) be a convex function (i.e. (" (k) > 0 for all k €
R). Let 1 be the misanthrope process defined by the Chapman-Kolmogorov equation (10) and a given initial
probability measure on D. Then the following inequalities hold:

dE (¢(m:(n))) = "
h—ar TE (Ge(me(n),ne(n + 1)) = Ge(ne(n —1),me(n))) < kg(U,0) 33%] ¢"(s), (19)

Yne{l,...,N},
denoting G¢ = GZ or Gé,for given X <0< U <Y, where

GT fX ¢"(s)(g(zTs,yTs) — f(s)) ds + g(z, ) (X), Vz,y€[X,Y],

J_ // / (20)
G¢ =[x C"(s)(f(s) — g(xLs,yLs)) ds + g(z,y)'(Y), Va,y € [X,Y].



Proof of Lemma 2.1

Since we have ¢ € C? (R), we get for all n € E and for a given n € {1,..., N}, that there exists s (1) €
(n(n) — k,n(n)) such that

L(COntm) ~ B — () = ~C'Cn(m)) + 5¢" 57 (m),

and that there exists s;7 () € (n(n),n(n) + k) such that

]‘ ! k 1"
7 () + k) = C(n(n))) = ¢'(n(n)) + 5¢" (57 (n)-
Hence, from Chapman-Kolmogorov equation (10), we obtain, choosing, for n € {1,..., N}, ¢ € D such that
Y(n) ={(n(n)) foralln € E,
 dEC(m(n))

B () (g(me(n),m(n +1)) = g(me(n = 1), me(n))))

k

= B (s ()9 (ne(n), me(n+ 1)) + ¢ (557 (m)g (e (= 1), e (n))), ¥n € {1, N}

Thanks to the monotonicity properties of g, we have the properties, for z,y, z,s € R (defining sign™ (s) = 1 if
s > 0, 0 otherwise):

sign™ (y — 5)(9(y, 2) — g(s,5)) > g(yTs,2Ts) — g(s,5),
and

sign® (y — 5)(g(s,5) — g(2,9)) > g(s,5) — g(xTs,yTs),
and therefore

sign™ (y — s)(9(y, 2) — g(x,y)) = g(yTs,2Ts) —g(s,s) +g(s,s) —g(xTs,yTs),

easily checked by considering all cases. Since we may write,

Y
) = [ ¢osien’ (v - ) ds+ C(X),
X
we get, using (20) and "’ (s) > O for all s € R,

W9y, 2) — g(x,y)) = Gl (y,2) — G{ (2,y),

thanks to Definition (20) of G, which concludes the proof of (19) in this case. Turning to the case Ge = Gé, we
write, for z,y, z, s € R (defining sign™ (s) = —1 if s < 0, 0 otherwise):

sign™ (y — $)(g9(y, 2) — g(s,8)) > g(s,8) — g(yLs,zLs),

and
sign”™ (y — s)(g(s,8) — g(,y)) > g(zLs,yLs) —g(s,s),

and therefore

sign” (y — s)(9(y, 2) — g9(z,9)) > g(s,5) — g(yLs,2Ls) + g(zLs,yLls) —g(s,s),

again verified by considering all cases. Since we may write

() = /X ¢"(s)sign™(y — 5) ds + (),



we get, using (20) and ¢'(s) > O forall s € R,

thanks to Definition (20) of G+, which concludes the proof of (19) in this case. [

Let us write the following lemma, which provides an inequality used in the convergence proof playing the same
role as the so-called “weak BV inequalities” in the case of deterministic numerical schemes (see [5, 9, 11] for the
use of such inequalities).

Lemma 2.2 Let T' > 0. Let 1 be the misanthrope process defined by the Chapman-Kolmogorov equation (10)
and a given initial probability measure on D. Then there exists C € R, only depending on T, U, g such that,
assuming % <1,

/ (n)om(n+ 1)) < = @1

where H is defined by
H(a,b) = d) — d) — f(d)|, Va,b e R 22
(a,b) (Cﬁdgré%}gmb)lg(c, ) f(0)|+(c7dr)g%>(<ayb)lg(c, ) — f(d)], Ya,b € R, (22)

denoting, for all a,b € R, by C(a,b) = {(c,d) € [aLb,aTb]?; (d —c)(b—a) > 0}.

Proof of Lemma 2.2

In this proof, we shall denote by C; (¢ € N) various quantities only depending on g, U, T.
Applying the Cauchy-Schwarz inequality to the left hand side of (21) yields

</ H(ne(n),n:(n +1))) dt) < 2T(N +1 / Z]E(H2(77t(n)v77t(n+1))) dt
=0

with

Hsy(a,b) = .d) — 2 ,d) — f(d)?, Ya,b e R.
2(a,b) " dr)ré%’b)(g(c ) — f(e)” + (C,dr)ré%?a,b)(g(c ) — f(d)”, Va,

Thanks to the monotonicity properties of g (and using the fact that g(s, s) = f(s)), the following inequality holds,
for any (¢, d) € C(a, b):

b d d
/(f(S)—g(avb)) dSZ/ (f(S)—g(aab))dSZ/ (f(s) = g(c,d)) ds > 0. (23)

Let us remark that the following property

1
\/ )) ds| > 5G —(6(d) — 0(c))?, Ve,d €R. (24)
holds for all monotone, Lipschitz continuous function 6 : R — R, with a Lipschitz constant G > 0. Indeed, let us
assume, for instance, that # is nondecreasing and ¢ < d (the other cases are similar). Then, one has 6(s) > ©(s),

for all s € [c, d], where p(s) = 0(c) for s € [¢,d — ] and ¢(s) = O(c) + (s —d + )G for s € [d — [, d], with
IG = 0(d) — 0(c), and therefore:

d d
[ 06) = 0100 ds = [ (et5) = 01 ds = 5(61) ~ 010) = 55(61d) ~ D(0))”
Applying (24), we can notice that

[ 6 =gty ds = [ (gles) = gle.dds = 5 (7(6) - e, ) 25)



and

d d 1
[ 06 = ste.d)ds= [ otsid) = gled)ds = 5 (7d) = gled). 26)

Multiplying (25) and (26) by 1/2, taking the maximum for (¢, d) € C(a, b), and adding the two equations yields,
with (23),

b
[ ) = sta.) ds > e @

So we have to find a bound for
T N

le/o >

ne(n+1)
E </ (f(s) —g(m(n),m(nJrl)))dS) dt
n=0 e (n)

If ® is a primitive of the function () f’(-), an integration by parts yields, for all (a, b) € R2,
ne(n+1)

B((n +1)) — B((n)) = / T

= mn+ )(f(ne(n+ 1)) = glm(n),me(n+ 1)) = ne(n)(f(ne(n)) — g(ne(n), me(n + 1))

ne(n+1)
- / U gl + 1) s 28)
7]1, n

and we can write 17 = T3 + 15 with

g ne(n),ne(n 4 1)) — f(ne(n)))
/ ZE( Fe(n+ 1)(F e (n + 1)) — glme(n), me(n + 1)) ) a,

and

T, = / : ﬁ E(@(m(n) -~ ®(m(n+1))) dt = / TE(WW — ©((1) ) d.

It is clear that T < (.
Using Chapman-Kolmogorov formula (10) with ¢(n) = n(n)? forn € {1,..., N}, we have

N

~h) E(m(n)?)

n=1

N
n=1

E (n:(
N
/Z B = 200 (m)g (e (), me(n + 1)) + (k + 200(m)) g (e — 1), () .

Then we get

N N
hZE (me(n)?) —hZE(no(n)2)
n=1
:2/ kZE ne(n+1))) dt

- / E ((20(N + 1) + K)g(ne (V). eV + 1)) + (k — 20 (0)) g (e (0), (1)) dt

+2/0 (ne(N + 1) f(n:(N + 1)) = 1:(0) f(,(0))) dt — 2T5.



(recall that we denote by 7;(0) = u(t) and n,(N + 1) = u(t)). We have
/kxm (). m(n+1))) dt < Csk(N + 1) < 8
h
This gives, using simple bounds for n(n), u, u that
T35 < C + %

‘We can then deduce :

1 (T Cik
m/o %E(Hg(nt(n),vlt(n+1))) dt <O+ —=+C> < . (29)

This completes the proof of Lemma 2.2.
L]

Let us recall that v(x, ) is a function from R x R to [0, U] associated to n; by v(x,t) = n;(n) if x € [nh, (n +
1)h). The following lemma proves an entropy inequality associated to v(x, t).

Lemma 2.3 Let 1y be the misanthrope process defined by the Chapman-Kolmogorov equation (10) and a given

initial probability measure on D. Let v be the real process defined by (11). Let k € [0,U] be given and (' (s) =
sTk —kand F'(s) = f(sTk) — f(k). Then the following inequality holds:

+oo
T T 1n1
/ /OO (¢"(v(z,t)) Opp(z,t) daici:—i—/ ¢ ( Yo(z,0) do
+M/ Mﬂ&+M/ CT @) (B, 1) dt
+oo —+00 o0 o
/ / (FT (v(2,1))) Dusplw, 1) dadt > — / (A, 1)dF(t) — / (B, 1)dR(t)

- / (. 0)dp™ (z) — / (e, Oy, ) — / (Bep(a, )] + Baipla, B))dpan (2, 1),
A (A,B)xR+ (A,B)xR+

(30)
forall p € C*(R x R, R") (recall that M is a Lipschitz constant for g).
The same inequality holds replacing T (s ) by ¢t(s) =K —slrand FT(s) by F(s) = f(k) — f(sLk).
In (30), the measures [, pi1, fi, fi and ™ verify the following properties:

1. Forall T > 0, there exists Cy depending only on T, g and U such that

NO([A7B] X [OvT]) +ﬁ([0=T]) +ﬁ([07T]) S CO(k + \/E) (31)

2. Forall T > 0, there exists C depending only on g, w™ U and T such that, for h < R,

pi([A, B] x [0,T]) < Ci(Vh + \/E) (32)

3. The measure (™ is the measure of density Elu™(.) — v(.,0)| + C”“\/; with respect to the Lebesgue

measure, where C'™ only depends on T, g and U.
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Proof of Lemma 2.3

We remark that we cannot directly apply Lemma 2.1 to ¢ = ¢ T since Lemma 2.1 involves C2(R) convex functions.
Therefore, we approximate the function ¢ T, fora given k € [0, U], by a regular function (J , defined, for a value
e € (0,1) which will be chosen later, and for a mollifier p (defined as a nonnegative element of C°(R) with
support included in [—1, 1] and integral equal to 1), by

@)= [wTr=rmo ) dy

€

We then get that, for given X < —1 < U + 1 <Y, we have (¢ )'(X) = 0and (¢ )'(Y) = 1, and

1 —
@ -C@I< [ly-azp ™y <e vaek ()

Let us denote G the function GQTET as defined by (20). We have, for z € [X,Y], (/)" (z) = Lp(*=%), which

€
leads to
1

T = [

x € €

S — K

Yg(zTs,yTs)— f(s))ds, Va,y € [X,Y].

We define G T (z,y) by
G (z,y) = g(xTr,yTr) — f(K), Va,y € [X, Y],

and we get, since M is a Lipschitz constant for g,

ﬂ)

Y
1
GT(z,y) = Gl (2,y)| < 2M/ |s = &l —p( ds < 2Me, Va,y € [X,Y]. (34)
X

We have, for z, 2’ € [X,Y], that

' —y

@ =@ = [wTe=nzo = ay= [Tr=mo—) .

Hence, changing y in the second integral in y — x + 2/,

1 xz—
(yTr—r) = ((y—2+2)Tr— )| =p(*—2) dy
g 3
_ (35)
’ r—=Yy
—al-p(—=)dy =[x
9 9

/

@ - <[]
< ||z — .

It leads to

Y Y

1 y—«r 1 y—=r

| 2o - Ty dy < [ oMy - eldy < Me, (36)
x € g x € e

(recall that M is also a Lipschitz constant for f).

Let o € C°(RxR,RT) be given. Applying Lemma 2.1 to ¢ = ¢, we multiply Inequality (19) by + f(zh—nh o(A+

x,t) dz, sumover n = 1,..., N and integrate the resulting equation with respect to ¢. This gives
T+ Ty < T, (37)

with

too &L dE (¢ (me(n))) 1 "
T :/ Zhdth/(n_l)hgo(A—I—x,t) dzdt,

n=1

4o N . . 1 nh
T = /0 ;E (G2 (e(n),me(n + 1)) = G2 (ne(n = 1),me(n))) 5 /(n—l)h (A +z,t) dedt,



and

o 1 nh
T3 = C’Z/ max (¢ "(s)kg(U,O)E/ o(A+ z,t) dzdt.
(n—1)h

s€[X,Y]

We may write
400 B dE T t
T :/ / AE (e @) iy by dadt,
0 A de

which provides, thanks to an integrate by parts with respect to time,

B

/ +OC/ 1) duplz ) dadt - / E (¢ (v(,0)) ¢(x,0) da.

A

We have

+oo
/ / E(¢ T (v(x,1)) )8t<pxtd:cdt7/ ¢ (™ (x))p(x,0) dz + Ty + Ts + Ts,

with Ty, T and Tg such that

T - /+°° / 1) — T (vl 1)) Buplr, ) e,

Ty = /A E (¢ (" (2)) — T (v(2,0)) (2, 0) da.

B . N
Ts = /A (CT(U”“(I)) — C;r(ulnl(z))(p(x70) .

“+o00 B
mi<e [ [ oo it
0 A

We get from (33) that

and
B
7ol << [ olz,0)da,
A

and, from (35), we may write

B

|T5| < / E|lu™(z) — v(x,0)| p(z,0) dz.
A
Turning to the study of 75, we can write
To=T; —Ts+ (To — To) + (To — T1o + T3) + (Tho — T7),

with

/*‘X’/ v(z, 1) Tr) = f(K))Dep(x,t) dedt,

/ T (), me(n + 1)) — FT ((n)) 9(A + nh, 1) dt

+<>oN

+oo
Ty = / (E(GT (1(0), 7 (1)) 04, 1) — GT (e (V). e (V + 1)) o((B. ) i,
400 N
/ SOE (T (n(n) — GT (me(n — 1), m(n))) 9(A + (n — 1), ) dl,

11

(38)



and

“+o0 B
Tio = _/o /A E (FJ(V(x,t))) Orp(x,t) dadt,

where F. is the function defined by

Y
1 —K
FT@ = [ 2o 5 aTo) - F)dy. Yo € R,
In order to compare T, with Ty we write
+oo N 1
/ Sm(n),me(n+1)) = E (me(n E/ 0(A+z,t) dedt
(n 1)h
+oo N 1
+/ Z E (FET(nt(n)) — Gz(nt(n —1),m:(n f/ o(A+ z,t) dedt.
0 n=1 h Jn— 1)h
Using the inequalities
1 nh nh
psnh -3 [ parandil s [ opata ol
R J(n=1)n (n—1)h
1 nh nh
et -Dh - ¢ [ pasandl< [ a0l
(n—1)h (n—1)h
Gl (z,y) = F/ ()| < 2H(2,y), |Gl (z,y) — F. (v)] <2H(x,y)  Va,y € [X,Y],
we get
400 N nh
Ty - T < 2 / mln)mln 1)+ HlnGn = Do) [ 104 + 1) da
(n—1)h

We define the measure 17 by
[ vt due
+

400 N nh
—c [ S REHmM), mn+ 1)+ Hinln — 1), m(n)) /( 1050, )|,

n—1)h

which is, thanks to Lemma 2.2, such that (32) holds.
‘We have

+oo
Tio—Ty = /0 (E(G] (ne(0),m:(1))p(A, £) = G (ne(N), (N + 1))p(B, 1)) dt.

then using (34), we get
+oo
[Ty~ T+ Tl <2Me [ (olA,0) + o(B.1) dt.
0

We now remark that

G (a,b) = g(aTr,bTk) — f(r) < glaTk, k) — f(k) < M(aTk — K),

and that
—G"(a,b) = f(r) —g(aTr,bTK) < f(k) — g(k,bTK) < M(bTkK — k).

12

(39
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This leads to oo
T [ (C@0)RAD + T @O)R(B.1) dt

Besides, we have, using (36),

+oo B
|T7 — Tyo| < QME/ / |05 (z, t)|dzdt.
0 A

Turning to the study of 75, we finally write that

k TT +oo B
T3] < Ckg(U,0) / / o(x,t) dadt.
ch 0 A

We then define the measure p by

/RXR+ Y(x,t) dpo(z,t) = (5—1— Ck:gi}l{,())) /OJFOO/ABW%t) dudt,

and we choose ¢ = \/% .

Gathering all the above results, and doing similarly for the “bottom” case, this completes the proof of Lemma
2.3. ]

2.2 Convergence study

We now state and prove a convergence result.

Theorem 2.2 Let us consider a sequence (h;, k;)icn with h; — 0 and k;/h; — 0 as i — oco. Let us denote by
vi(x,t) the process v(x,t) associated by (11) to the misanthrope process, defined by the Chapman-Kolmogorov
equation (10) and a given initial probability measure on D, with parameters h;, k;. If we assume that

B
ZlirgloIE (/A ‘ui“i(x) — vi(,0)] dx) =0,

the process v;(x,t) converges to the unique entropy weak solution u(x,t) of the equation (1), in the sense that for
allT >0

lim E (lvi(x,t) — u(z,t)]) dedt =0
t7700 J[A,B]x[0,T)

Proof of Theorem 2.2

Let us define the Young measure p;, for any ¢ € N, by

/RC(S) dpi(z,t)(s) = E(((wilw,1))), t €RY, z € R, V¢ € CO(R).

We first remark that there exists a subsequence, again denoted 1;, and a Young measure p limit for the nonlinear
weak-* topology, that is

lim go(:z:,t)/((s) dp;(z,t)(s) dedt
i—00 J[ A, B]xR+ R

- p(.0) [ 6(s) dn(e0)(s) dadt, Yo € OFF (R x BRF), ¢ € CO(R).
[A,B]xR+ R

In order to justify this, let us develop in the framework of this paper an argument which is classical in the L
framework [7]. There exists a sequence (;);en of elements of C°([0,U]), dense in C°([0, U]) for the uniform
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convergence topology. Then the sequence ( [, ¢1(s) dpi(x,t)(s )) is bounded in L>°((A, B) x R™). Then there
exists a subsequence and g; € L*°((A, B) x R*) such that [, (1(s) dp;(z,t)(s) converges to g; for the weak-%
topology of L>°((A, B) x RT). By a diagonal process, we may extract a subsequence again denoted (u;);en such
that for all j € N the sequence of functions (z,t) — [, ¢;(s) dui(z,t)(s) tends to g; for the weak- topology of
((A B) x R™). By density, for all ¢ € CO([O U]), there exists a function gc € L>((A, B) x RT) such that
Jg ¢(s) dpi(z, t)(s) converges to g¢(x,t), as i — oo, for the weak- topology of L>°((A4, B) x RT). Now, by
cons1der1ng the Lebesgue points of all functions (g;)jen, we build a subset of (A4, B) x RT whose complementary
in (A, B) xR has zero Lebesgue measure. For (z, t) in this subset, we may consider the application ( — g¢(z, t),
checking that (z, ) is a Lebesgue point as well for any function ¢ € C°([0, U]). This application defines a Young
measure on (A, B) x RY since it is continuous.
For a given k € R, we pass to the limit ¢+ — oo in (30). Hence we get that p is such that

/m/ / (sTk = k) dp(z,t)(s) ep(x,1) dxdt—i—/ (W™ (2) Tk — K)p(z,0) dz

+M/ (AL 1)@ ()Tﬁ—n)dt+M/+oo (B, ) @(t) Tk — k) dt
+oo
/ / / f(sTk) (k))dp(z,t)(s) Ozp(x,t) dedt > 0.

We have also the same inequality with functions k — s_Lx. Then y is an entropy Young measure solution (also
called “process” solution in [22]) of the problem. Thanks to the uniqueness result, given as Theorem 2 in [22], we
know that this entropy Young measure solution resumes to the entropy weak solution u(zx, t). We then have

71— 00

lim o(z,t) / s2dpi(x,t)(s) dedt = / o(x, t)u(z, t)>dzdt,
[A,B] xR+ R [A,B] xR+

and

11— 00

lim o(z, t)u(z,t) / sdpi(z,t)(s) dedt = / o(z, tyu(z, t)dxdt,
[A,B] xR+ R [A,B] xR+

which shows that
lim gp(w,t)/(s — u(x,t))?dp,(z,t)(s) dedt = 0.
[A,B] xR+ R

11— 00

Hence we conclude the proof of the theorem taking ¢ = 1 on ((A, B) x [0,7]) and using the Cauchy-Schwarz
inequality. |

3 The unbounded case

In this section, we now aim to prove that the misanthrope process, defined by the Chapman-Kolmogorov equation
(12) and a given initial probability measure, converges to some entropy weak solution that we have to define in the
unbounded case (this is simpler than in the bounded case).

Definition 3.1 (Entropy weak solution) Let f ¢ C'(R,R) and ™ € L>(R). The entropy weak solution to
Problem (5) is a function u such that

o uc LR x RT),
e the following inequality holds

/ iz, t) — K|Oro(z, 1) dida + / (£t 0TR) = flule, 01 10)) ool ) dtde 0
+ [g [u™(2) — K|p(x,0) dz > 0, Vo € CHR x RT,R),Vk € R.
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We have the following fundamental theorem [16] (let us observe that the unbounded case has been solved a long
time before the bounded one).

Theorem 3.1 Let f € C°(R) be Lipschitz continuous , u'™ € L>®(R), then there exists a unique entropy weak
solution to Problem (5).

3.1 Estimates

Estimates in the unbounded case are obtained in a similar way as in the bounded case. The next lemma is similar
to Lemma 2.1 and is proved using G¢ = %(GZ + Gé‘)

Lemma 3.1 (Discrete entropy inequalities) Ler ( € C?(R) be a convex function. Let 1, be the misanthrope
process defined by the Chapman-Kolmogorov equation (12) and a given initial probability measure on D.
Then the following inequality holds:

p L) 4 g (G () + 1)) — Gl — 1), () < kg(T.0) max ¢ (w), Y € 7,
(41)

denoting, for given X <0< U <Y,

¢(X)+d(Y)

/ ¢"(k)(g(xTh,yTr) — g(x Lk, yLk))ds + g(z,y) 5

, Ve,y € [X,Y]. (42)

The next lemma is similar to Lemma 2.2. The differences come from the fact that, in the unbounded case, one
needs in introduce arbitrary bounds, related to the support of test functions in the entropy formulation.

Lemma 3.2 Let 1y be the misanthrope process defined by the Chapman-Kolmogorov equation (12) and a given
initial probability measure on D. LetT > 0, R > 0, A, B € N such that R < Bh < R+ 1and —R > Ah >
—R — 1. Then there exists C' € R, only depending on T, R, U, g such that, for h < R, assuming % <1,

TBl

/ ) m(n+ 1) dt < <

— 43
N (43)

with H defined by (22).
One more time, the next lemma is similar to Lemma 2.3.

Lemma 3.3 Let 1, be the misanthrope process defined by the Chapman-Kolmogorov equation (12) and a given
initial probability measure on D. Let v be the real process defined by (13). Let & € R be given. Then the following
inequality holds:

+oo
/ / v(z,t) — K|) Owp(x,t) dxdt—l—/ |u™ (x) — K|p(x,0) dz
/ / v(x,t)Tk) — f(v(z,t) LK) Opp(z,t) dadt > (44)
] P00 (@)~ [ plotduotet)~ [ (Ol + ol O e,
R RxR+t RxR+

forall p € C®(R x R,RT), and where the measures jig, py and ('™ verify the following properties:

1. Forall R > 0and T > 0, there exists Cy depending only on R and T, g and U such that

:U'O([_Ra R] X [OvT]) < CO\/E 45)
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2. Forall R > 0and T > 0, there exists C1 depending only on g, w™ U, R and T such that, for h < R,

pi([-R, B % [0.7]) < Co(Vh + \/f» (46)

VKR

3. The measure ™ is the measure of density E|u™ (.) —v(.,0)|+ with respect to the Lebesgue measure,

where C™ only depends on R and T, g and U.

3.2 Convergence study

The following convergence result may be proved as in the bounded case, its proof relies on the preceding lemma
and on the uniqueness theorem given in [7].

Theorem 3.2 Let us consider a sequence h;, k; with h; — 0 and k; /h; — 0. Let us denote by v;(x,t) the process
v(x,t) associated by (13) to the misanthrope process defined by the Chapman-Kolmogorov equation (12) and a
given initial probability measure on D with parameters h;, k;. If we assume that for all A < B

B
lim E (/ ‘ui“i(x) — vi(,0)] d:v) =0,
71— 00 A

the process v;(x,t) converges to the unique entropy weak solution u(x,t) of the equation (5), in the sense that for
allT > 0andall A < B

lim E (lvi(x,t) — u(z,t)]) dedt =0
=0 J1A,B]x[0,T

3.3 Error estimate

Let us finally provide an error estimate in the unbounded case, the proof of which is inspired by that of error
estimates for deterministic numerical schemes [9]. To this purpose, we assume that u™ has locally bounded
variations (that we denote by u™ € BV, (R)), which simply means that its derivative in the distribution sense is
a measure which is not necessarily finite (for example, u™ = 0 on [2k, 2k + 1) and ©™™ = 1 on [2k + 1, 2k + 2),
for all k € Z).

Lemma 3.4 Let u™ € BVj,.(R) N L*(R). Let v be a stochastic process on R x R¥, valued in in a bounded
subset of R, such that there exists measures jig, j11 on R x R and ;'™ on R such that

+oo
/ / lv(z,t) — K|Owp(z,t) + (f(v(z,t)TK) — f(l/(x,t)J_/{))am<p(x,t)>dxdt
[u™(2) = Klp(z, 0)dx
R

> [ (00 + oot t) ) nt) ~ [

RxR+t

o 47
(s )dpioa, £) — /R (2, 0)dyi™ (2),

Vk €R, Vp € C°(R x RT,RT).

Let u be the unique entropy weak solution of (5) in the sense of Definition 3.1.

Let ) € C(R x RT,RT) be given, and let S = {4 # 0} = {(z,t) € R x Rt; ¢(z,t) # 0} and Sy =
{¥(-,0) # 0} = {x € R; ¢)(x,0) # 0}. Then there exists C only depending on ||{)| o rxr+), |06 Lo ®xR+)s
1029 oo (rxr+), fr S, So and u™, such that

“+o0
/ / (a) = e 1000 (a,0) + (S Tl ) = F0(0) Lol ) Qev(ant) s
(S0) + () + (1 + 1) (5)).
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Proof of Lemma 3.4

The main tool of the proof (the so-called Krushkov’s “double variable technique”) is to take k = u(y, s) in (47),
k = v(z,t) in (40) and to introduce mollifiers in order to have y close to  and s close to t. Let p € C°(R, R)
satisfying the following properties:

supp(p) = {z € R; p(x) # 0} C [-1,0], (49)

p(x) >0, Vz e R,

/]Rp(x)dx =1

For example, one might define p by p(z) = exp(—1/(1 — (2z + 1)?)) for z € (—1,0) and 0 elsewhere, and
plx) = p(x)/ fi)l p(y)dy. Forr € R, r € [1,+00), one defines p,(z) = rp(rx), for all € R.

Lety € C*(R x RT,R*),and let ¢ : (R x RT)? — R* be defined by:

QD(xvt’ya S) = ¢($at)Pr($ - y)pr<t - S)'

Note that, for any (y,s) € R x RT, one has ¢(-,-,y,s) € C(R x R*,R") and, for any (z,t) € R x RT, one
has p(z,t,-,-) € C°(R x RT,RT). Let us consider, in (40) (in which we denote the space and time variables
by (y,s)), ¢(x,t,-,) as test function, and x = v(x,t). We then take the mean value and integrate for (z,t) €
R x R*. We thus get, remarking that, thanks to (49), ¢(z,t,y,0) = 0 forall t > 0,

/OOO/R/OOO/RE[ lu(y, s) — v(z,1)|0sp(z, t,y, 5)

(S, ) Tr(, 1) = Fluly, s) L@, 6) ) dyp(a, .y, 5)] dydsdadt > 0,
Vk €R, Vp € CX(R x RT,RT).

(50)

We now consider, in (47), (-, -, y, s) as test function and x = u(y, s). We then integrate (47) for (y,s) € R x RT.
We then get

/OOO /R /OOO /R E( v(z,t) — uly, s)|0wp(z, t,y, s)

+(fw(@, ) Tuly, s)) — f(w(z,t) Lu(y, 5))) 0 p(z, 1, y, S)>dwdtdyds

v L " (1) — u(y, )|, 0.y, s)dadyds >
OOo RJR

- (1000, ., )| + 10usp(a, .y, )]s (2, 1)y (51)
Ooo R JRxR+

- / // cp(x,t,y,s)duo(:r,t)dyds
0 R JRxR*

- / (2,0, , 5)|du™ (2)dyds,
0 RJR

Adding the two inequalities (50) and (51) and using s (z, t,y, $) + Orp(x, t,y, 8) = Optb(,t) pr(x —y)pr(t—8)
and 0, 0(x,t,y, s) + Oyp(a, 1.y, ) = Outp(@, V) pr(x — y)pr(t — ), yield

Eu+ Eip+ By > —Es, (52)

where
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By = / / / / ) — uly, ) (x, 1)p, (z — y)p,(t — )] dedidyds,

Ba= [ [ [ / (e, ) Tuly,5)) — F((z, ) Luy, )

Outb(,)pr(z — y)py(t — 5)|dudtdyds,

Bu= [ [ 1) = a0t 0.0 = ) (~s)apasda

and

By — / h / / (ot =)@ 0pr(t = )+ 0l )0l 1 = )
Flpr(t — 8)(Butb(z, t)pr (2 — y) + ¥(z, ) pl(a — ))\)dul(:v,t)dyds

/ //RX]RJ’T x —y)Y(x, t)p,(t — s)dpo(x, t)dyds
//W’ 2,0)p,(z — y)p,(—s)|dp™ (x)dyds.

Let us now study the four terms of (52). In the following, the notation C; (¢ € N) will refer to various real quantities

only depending on [|9[| L (& xr+), ||3t¢||Loo(RxR+) ||3r¢||Loo(RxR+), f, S, Sp and uini,
Equality (53) leads, thanks to [, \pr ds =7 [51p'(s)|ds, to

(53)

By < (1 + 1)Crp1 (S) + Cop™ (Sp) + Capio(S). (54)
Let us handle the term E1;. For all z € R and for all £ € R™, one has, using (49),

/ / pr(® = y)prr(t — s)dsdy = 1.
RJO

Then,
400
\Ei /OOO /R]E[h/(x t) — u(z, )0 (x, t)} dadt| <
/O /R/O /R[\u(x,t) —u(y, $)||0vp(z, )| pr(z — y)pr(t — s) |dadtdyds < [|0p)]|sce(r, S),
with
e(r,8) = sup{lju — u(- + .+ T)lusgs), Il < 7,0 <7< 1), 63)

Since u'™ € BV (R), the function u belongs to BV (Rx (=T, T)), forall T > 0, setting, for instance, u(.,t) = u™
for ¢t < 0 (see [16] where this result is proved passing to the limit on numerical schemes).
Then,

g(r,S) < % (56)
T
Hence,
+oo C4
|Bry f/ / V(@ t) — u(z, 1) (, t)} dadt| < =, (57)

In the same way, using | f(aTb) — f(aT¢)| < M|b—c| and |f(aLb) — f(aLlc)| < M|b—¢| forall a, b, ¢ € [0,U]
where M is the Lipschitz constant of f in [0, U],
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+oo
| B 7/ / vz, ) Tu(z, 1)) — fr(z,t) Lu(z, t))) .
O (x, t)dadt| < Cse(r, 5) <

In order to estimate E'4, let us take in (40) (in which we denote the space and time variables by (y, s)), for z € R
fixed, ¢ = ¢(x, -, -), with

P(o.y.5) =l O)prla ) [ " (),

and k = u™(z). Note that (x,-,-) € C2°(R x RT,RT). We then integrate the resulting inequality with respect
to x € R. We get

—FEi14+ Ei5 + Ei6 > 0,

Frs = / / / / T(2)) - f(uly, 5) Lu™ (@)

O)pr (x — y)p,(—7)drdydzds,

with

E_/// (i, 0)p, (& — y)pr (—7) ™ () — u™ (y)|drdyda.

To bound FE;5, one introduces F15;, defined as

sy = / / / / $Tu () — f(uly, 5) Lu"(y)))

w(:v 0)pr.(x = y)pr(—7)drdydads.
Integrating by parts for the x variable yields

sy = / / / / S Tu(y)) — Fluly, s) Lu(y)))

ml/}(ac 0)pr(z — y)pr(—7)drdydads.
Then, noting that the time support of this integration is reduced to s € [0, 1/7], one has

C
Eysp < == (59)

Furthermore, one has

Eys — Eusp| < Cia / / / / i () — 0™ ()| — )[4, 0)py (—7)drdydads,

which is bounded by Cj3eo(r, Sp), since the time support of the integration is reduced to s € [0, 1/r]|, where
eo(r, Sp) is defined by

ini 1
go(r; So) = sup{ g [u™(2) = u™ (z + n)|dz; [n] <~ (60)

Since u!™ € BV (R), one has (7, Sp) < C14/r and therefore, with (59), E15 < Cy5/r, and one also has that the
term F6 is bounded by Cy6/r. Hence, since E14 < Eq5 + Eqg,

By < — (61)
Using (52), (54), (57), (58), (61), one obtains
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+oo
| [B[tet) =~ utw 0000 + (£ Tutw, ) = Fvla,0) Lute, ) s (o, 0)|dods
0 R

. C
> —Ci(r + D (S) = Co(w™(S0) + () = =2,
which, taking r = 1//p1(S) if 0 < p1(S) <1 (r — oo if p1(S) = 0and r = 1if 1 (S) > 1), gives (48).
This concludes the proof of Lemma 3.4. ]

Theorem 3.3 Let u™ € BVj,.(R) N L>®(R), let u be the unique entropy weak solution of the problem. Let us
assume the same hypotheses as in Lemma 3.4,

Then, for all R > 0 and all T > 0 there exists C, and R, only depending on R, T, f and u™, such that the
following inequality holds:

Proof of Theorem 3.3

Let R > 0and T > 0. Let M be a Lipschitz constant of f in [0, U] (indeed, since f € C'(R,R), one has
M = sup{|f'(s); s € [0,T]).

Let p € CL(RT,[0,1]) be a function such that p(r) = 1if r € [0, R + MT], p(r) = 0ifr € [R+ MT + 1,00)
and p’(r) <0, for all » € Rt (p only depends on R, T, f and u!™).

One takes, in (48), ¥ defined by

P(x,t) = p(|lz| + Mt) TR, forz € Rand t € 0,7,
(x,t) =0, forxeRandtZT

Note that p(|z| + Mt) = 1, if (z,t) € [-R, R] x [0, T].
The function 1) is not in C° (R x Rt R™), but, using a usual regularization technique, it may be proved that such
a function can be considered in (48), in which case Inequality (48) writes, with R = R+ MT + 1,

/ / [1v(2.1) — u(a t>|(EMp’<|x|+Mt> — Lollal + M) +
vz, ) Tu(z, b)) — fu(z,t) Lu(z, t))) p(a] + M) & ]dxdt >
*C( "([~R, R]) + (u1 ([~ R, R] x [0, ]))% (ul + po) ([~ R R] x [0,77)),

where C only depends on R, T', f and ™,
Since p’ < 0, one has

(i@, Tule,0) = fv(z,t) Lu(z, 1)) bpﬂmmxﬁ)) <
(@, t) — u(z, )| M (=p' (| + M),
and therefore, since p(|z| + Mt) = 1,if (z,t) € [-R, R] x [0,T],
T
[/ o E@D) e D10 < CTGR(=RUR) + (=R R x 0,7}
+(M1 + NO)([_RJR] x [07T]))'
This completes the proof of Theorem 3.3. |

We then deduce the following theorem.
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Theorem 3.4 Let 1, be the misanthrope process defined by the Chapman-Kolmogorov equation (12) and the initial
probability measure given by the Dirac measure on the function defined, for all n € 7, by the closest element of

kZ to %f(zh—nh u™(z) da. Let v be the real process defined by (13). For all R > 0 and T > 0, assuming

u™ € BVioc(R) N L®(R), taking k = h?, then there exists C,, only depending on R, T, g, u™, such that the
following inequality holds:

T R
/ / Elv(z,t) — u(z,t)| dedt < Ceht. (62)
0 —R

4 Numerical computations on the Riemann problem

For a given U > 0, one considers Problem (1)-(4) with (A, B) = (0, 1), assuming that '™ is defined, for given

real values u;, u, € [0,U] and o € (0, 1), by

ini _ uy if x < o
u™(z) _{ u, otherwise (63)

and that the functions % and % are respectively defined by %(#) = w; and %(t) = u,. for all £ € R* (this problem is
the generalization of the Riemann problem to the bounded setting since this boundary condition allows to reproduce
the unbounded solution at least for a finite time which is not precisely given in the examples below).

In the linear case f(u) = vu, v € R, the entropy weak solution to Problem (1)-(4) (which is also in this case the
unique weak solution) is then obtained by translation of the initial condition:

u(z,t) = u™(z — tv) = { i %f T =t <2

ur if z—tv>xg
If the flux function f is non-linear, the entropy weak solution shows shock or rarefaction waves: shock waves
are discontinuity lines between two density levels, that propagate over the time. Rarefaction waves are regular
transitions between density levels. The entropy condition allows to specify the unique physical solution. When f
is strictly convex or concave, the solution is deduced from the sign of u; — w,-.
Assuming f strictly convex (resp. strictly concave), u; > u, (resp. u; < u,) and denoting

 fluy) — )

Up—up

then the entropy weak solution u of Problem (1)-(4) is the shock wave starting at z( and propagating at the constant
speed o
o ow i (z—x0)/t <o,
ulz, 1) = { up if (x—x0)/t > 0.

The solution is a shock wave starting at o and propagating at the constant speed o.
If one assumes f strictly convex (resp. strictly concave) and u; < w, (resp. u; > u,) then the entropy weak
solution of Problem (1)-(4) is the rarefaction wave given by

U if (x—m)/t < f(w),
u(z,t) = Gz —=z0)/t) if [f'(w) < (x—z0)/t < f'(ur),
Uy if (x—mo)/t > f'(ur),

with G is the reciprocal function to f’, which means that, for a given value ug € [u;Lu,, u; Tu,], then u(xg +
tf/(UO), t) = Ug.

In the application of this model to traffic flow [18, 21], the flux function f is assumed to be concave. The
nondecreasing part of the function corresponds to a free traffic state into which traffic characteristics propagate
down-stream. The nonincreasing part describes an interactive or congested traffic state. For this traffic state, the
characteristics propagate up-stream. These aspects are observed on real traffic data [8].
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With the aim to model traffic flow, one considers henceforth the two following positive and concave flux functions:

U 0<u<1/2

fl(u){l—u 1/2<u<1 ©4)

and
fo(u) = u(l —u). (65)

Hence f; € C°(R) is a triangular and piecewise linear flux function while fo € C°°(R) is a regular polynomial
one.

One proposes to numerically approximate the solution of Problem (1)-(4) by using the misanthrope process 7,
defined on E = (h?[0, N?])["N with N € N* and h = 1/N (one assumes with the previous notation that
k = h2%, U = 1 and therefore K = U/k = N?). The process is characterized by the Chapman-Kolmogorov
equation (10).

The jump rate of the process, given by (8), depends on the numerical flux function. One uses and compares two
numerical fluxes in the numerical experiments: the Godunov numerical flux (16) and a modified positive Rusanov
(or Lax-Friedrichs) numerical flux given by

(fla)+ f(0) +a—b),,

N | =

g(a’ b) =

z ifx>0

0 otherwise (see figure 1 and 4).

with (z)4 = {

One uses an event-driven evolution scheme to simulate the stochastic process 7. Each site occupied by at least
one particle has an exponential clock giving the jump time of a particle towards the next site, or creation (resp.
deletion) of a particle for the first (resp. last) site. The exponential times are calibrated by the jump rate function b.
The process is simulated as follows. At the initial time, one calculates the jump time of each site according to their
jump rate. Then, at each step (i.e. at each jump), one has to:

1. Select the site with the minimal time;

2. Transfer a particle from this site to the next one, or create or delete a particle;

3. Update the global time of the system with the jump time of the section selected;

4. Calculated the new jump times of the sections whose jump rate has been modified.
In the simulation experiments, one considers two initial conditions:

Exp. 1 leading to a rarefaction wave,

’U,ini(l‘) _ u =08 ifx<xzg=0.5
| u, =0.2 otherwise,

(see Figures 2 and 5);
Exp. 2 leading to a shock wave,

uini(x) o =04 ifx<xzyg=028
“ | w,=0.7 otherwise,

(see Figures 3 and 6).

One compares the numerical approximations respectively obtained using the Godunov and Rusanov numerical
fluxes. The simulation are done for different values of the parameter £ (equal to 0.05, 0.02 and 0.01).

One observes that the precision of the approximations is similar for the two numerical fluxes when the flux function
is triangular since the jump rate functions are close. The approximation solutions are more accurate when using
the Godunov numerical flux than the Rusanov one if the flux function is the polynomial f : u +— u(l — u). As
expected, in all the cases, the approximations are more and more accurate as h tends towards 0.
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5 Conclusion

We show the convergence of a misanthrope process to the entropy solution of a hyperbolic equation, both on a
bounded and a non-bounded space. The proof of the convergence is based on the Chapman-Kolmogorov equation
and on the uniqueness of the entropy Young measure solution. In the non-bounded case, we provide an error
estimate through a method close to those involved in the convergence proofs for deterministic numerical schemes.
The use of this framework enables a strong limit sense of the stochastic process to the entropy weak solution
of the problem (note that, even in the linear case, one should use the nonlinear framework for proving such a
convergence).

From a numerical point of view, the stochastic continuous-time misanthrope process might be compared to first
order deterministic discrete-time numerical schemes, in particular from the points of view of the computing time
and the accuracy. It seems clear that the error estimate provided in this paper is not sharp, in a similar way to that
obtained for deterministic numerical schemes. The error estimate including boundary terms remains to be studied.

Finally, the results given in this paper show the close relation between modeling traffic flows using misanthrope
processes and using the limit nonlinear scalar hyperbolic equation. Large work remains to be done for improving
the accuracy of these models.
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Figure 1: Jump rate function for the triangular flux (64). Left, case of the Godunov numerical flux and, right, case

of the modified Rusanov
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