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Micro-Macro limit of a non-local generalized Aw-Rascle type model

FELISIA ANGELA CHIARELLO? JAN FRIEDRICH? PaoLA GOATIN'
SIMONE GOTTLICH?

January 16, 2020

Abstract

We introduce a Follow-the-Leader approximation of a non-local generalized Aw-Rascle-Zhang
(GARZ) model for traffic flow. We prove the convergence to weak solutions of the corresponding
macroscopic equations deriving L* and BV estimates. We also provide numerical simulations
illustrating the micro-macro convergence and we investigate numerically the non-local to local
limit for both the microscopic and macroscopic models.
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1 Introduction

The first macroscopic traffic model was introduced more than sixty years ago by Lighthill, Whitham
and Richards (LWR) in [22, 23]. Since then, different ways to describe traffic flow phenomena have
been developed, using microscopic, mesoscopic and macroscopic modelling approaches.

In this work, we will consider generalizations of the LWR model. This is a first-order macro-
scopic model consisting of one scalar hyperbolic equation, that expresses the conservation of mass.
One well-known extension is the Aw-Rascle-Zhang (ARZ) model [2, 26], that is a macroscopic
second-order model, consisting of two hyperbolic equations expressing the conservation of mass
and momentum. In contrast to first order traffic flow models, second-order models consider differ-
ent velocity curves for different drivers. The ARZ second-order model has been improved in recent
years by the generalized Aw-Rascle-Zhang (GARZ) model [13]. The GARZ model is characterized
by a general relation between the traffic density and the empty road velocity. In particular, unlike
the classical ARZ model, one can define this relation in such a way that all drivers have a unique
maximum density at which they stop.

Other extensions of the LWR model involve non-local speed dependencies. In recent years, non-
local conservation laws have become of interest in modelling traffic flow [3, 5, 6, 14]. These models
take into account the look-ahead distance of drivers, such that vehicles adapt their speed with
respect to the downstream traffic. In literature, two different modelling approaches are proposed:
either drivers react to the mean downstream traffic density [3, 6], or to the mean downstream
velocity [5, 14]. The well-posedness of these models is proved in [6, 14].

Besides, the corresponding non-local microscopic models are investigated in [7, 16, 24]. In particu-
lar, [16] provides a rigorous micro-macro convergence proof, while [7, 24] analyze the convergence
of travelling waves and stationary wave profiles to the macroscopic models.

Microscopic traffic flow models are based on modelling each individual vehicle trajectory via a
system of Ordinary Differential Equations (ODEs). First order microscopic models are considered
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in [9, 15] and a second order microscopic model is introduced in [1] with a formal proof of its limit.
The rigorous proofs of convergence of the microscopic models to their macroscopic equivalent have
been obtained more recently, see [18, 12] for the LWR model and [11] for the ARZ model.

In this paper, we introduce a microscopic second order model with non-local interaction, we
derive the corresponding non-local macroscopic equations, resulting in a non-local GARZ model,
and we prove rigorously the micro-macro convergence. The paper is organized as follows. In Section
2, we describe a non-local microscopic second order model and we provide some relevant estimates
and properties. After that, we derive the corresponding macroscopic model in Section 3. Then, in
Section 4, we prove the convergence of the microscopic model to the macroscopic one. Finally, we
provide numerical tests illustrating the micro-macro convergence and analyzing the limit models
(micro and macro) as the look-ahead distance tends to zero.

2 Non-local GARZ follow-the-leader model

Non-local microscopic traffic flow models were introduced in [16, 24]. In these non-local FtL (Follow-
the-Leader) models the speed of the i—th car depends on a weighted mean downstream velocity
or downstream density, where the average is computed over an interval of length 7 in front of the
i—th car. Here, we focus on the model with a weighted downstream velocity [24], which reads

. Np,—1 1 .
Ti(t) =320 i (t)v (N(xi+j+1(t)—:ci+j(t)> , 1=0,...,N—1

2.1
-i'N(t) = VUmax; ( )

where x;(t) represents the position of the i-th car at time ¢, N + 1 is the total amount of cars and
1/(N +1) can be interpreted as the length of each car. In addition, v(-) € C? is a velocity function
satisfying

v(0) = Umax, V(pmax) = 0 and v'(p) < 0 for p € [0, pmax)-

Formally the microscopic model (2.1) corresponds to the following macroscopic equation:

z+n
@ﬂ+®<p/ KMy—wW@@wD@>=O,
x
for n > 0 and the following assumptions on the kernel function K,:
n
K (x) < 0 and continuous on ]0, 7], /0 Ky(z)de =1, Ky(xz)=0Vz¢]|0,n. (2.2)

The relation between the microscopic weights v; ; and the kernel function K, is expressed by the
following equation:

S Ky (y — ai(8)dy, it i< N_L
Vi () = fri;(qt{):;](t),zi(t)m} Ky (y — zi(t))dy, ifi+j5=N, (2.3)
0, ifi4j> N,

with the abuse of notation that [ K,(y)dy = 0. In addition N, in (2.1) is chosen in such a way
that z;4n, —x; > 0, e.g. N, can be the smallest integer such that N, > (N + 1)n. Note that the
weights can be zero for j large (even if i + j < N).



Our aim is to extend the first order microscopic model (2.1) and to derive a second order
model. Therefore we introduce the Lagrangian marker w for each individual as a new variable into
the velocity function. The Lagrangian marker can be interpreted as an empty road velocity, which
might differ depending on individual driver types [13]. Here the classical Aw-Rascle-Zhang (ARZ)
model is extended by choosing a more general velocity function, obtaining the so called generalized
ARZ (GARZ) model.

We consider the following assumptions on the velocity function V(p,w), as in [13]:

V(p,w) >0, V(va) = w, V(P, 0) =0, (243)
2

for Q(p,w) = pV(p,w) we have gg(p,w) < 0 for w > 0, (2.4b)
P

ov

a—w(p,w) > 0. (2.4c)

As stated in [13], the first assumption in (2.4a) ensures that vehicles never travel backwards,
while the second one shows why w can be interpreted as the empty road velocity. (2.4b) implies
%—‘p/(p,w) < 0 for w > 0, if V is a C? function in p, see also [13, Lemma 1]. The assumption (2.4c)
means that a faster empty road velocity results in a faster velocity for all possible densities.

The main reason of introducing this more general velocity functions is to overcome a shortcoming
of the ARZ model. In fact, this latter model has a family of velocity curves and there is not a unique
maximum density at which the velocities are zero. Since the maximum density is a property of the
road, it should not depend on the velocity assumed by drivers. The GARZ model generalizes the
relations between density, Lagrangian marker and velocity, in order to ensure a unique maximum
density. In this way, we can choose a velocity function, for which there exists a unique maximum
density R, such that all cars stop at this density independently of their empty road velocity, i.e.

dR>0: V(R,w)=0, VYw>0. (2.5)
During our work we will assume (2.4) and instead of (2.5) a weaker assumption, namely
Vw>0 FR,>0: V(Ry,w)=0. (2.6)

Inspired by the first order microscopic equations in (2.1) and introducing a constant in time La-
grangian marker for each individual driver w; (see also [11]), we consider the following microscopic
equations for N + 1 vehicles to recover a second order model:

. Np,—1 .
0i(t) = 0, i=0,...,N

where we define the velocity V; ; as follows

1 o
v (N(Ii+1+j(t)—$i+j(t))’wiﬂ(t)) , foritjsN-1

Vij(t) = o
V (0,wn-1(t)) = wn—1(t), fori+j>N—1,
with the weights defined as in (2.3) and the assumptions (2.4) and (2.6) on V. For some strictly
positive constants wy, . ..,wy, we can write the model also as follows
Ny—1
zi(t) = > %iOVig(t), i=0,...,N (2.8)
5=0

3



and the velocity V; ; simplifies to

fori+j5<N-1

L . .
‘/’L](t> = V (N(Ii+1+j(t)7zi+j(t))7w2+]> ,
, WN-1, fori+j >N —1.

In the following we will show some properties of the microscopic model (2.8). These properties
are necessary to prove the convergence to the macroscopic model derived in Section 3.

2.1 Construction of initial positions

In order to solve the microscopic equation (2.7) (and also (2.1)) initial vehicle positions z((0) <
-++ < xn(0) have to be prescribed. We define 2¥ := ;(0).

Since we are interested in the convergence to a macroscopic model we describe how to create the
initial positions for a given initial density po(z). We assume that the initial datum satisfies

po(z) € BV(R), po(x) < R, supp(pg) compact and connected. (2.9)

For simplicity, we normalize the total initial mass so that

/po(x)dmzl.
R
0 0 ]

Now we define moving vehicles, which follow our micro dynamics (2.7). Therefore, we set [z .., Tpax
as the closed convex hull of supp(pg) and for a fixed integer N we split up this interval into N
smaller intervals, such that the integral of py over each interval equals 1/N, i.e. :U8 = 20 and

Q Y . and we define recursively

TN = Tmax
z 1
z = sup l‘GR‘/ po(x)de < b, i=1,.. N-1
x9 N

min

i—1
The initial Lagrangian marker for each driver is obtained from an initial condition wgy(x) by

w! = esssup (wo), i=0,...,N—1

[ac?,x%_l}

2.2 Weak Maximum Principle for the GARZ non-local micro-model

Let us denote by R; the solution to V(R;,w;) = 0 for a given positive constant w;. Due to assumption
(2.6), R; exists and can be interpreted as the individual maximum discrete density at which driver ¢
comes to stop. In addition, we denote by L; := ﬁ the individual minimum distance each car
keeps to the car in front of it. We will now prove that cars cannot overtake each other.

t),. .,mN(t))
N —1, then

e

Proposition 1. Consider a sequence z) < 29 < ... < 2%, and denote with z(t) = (xo(
the solution of (2.8). Let us assume (2.2) and (2.4). If 29, — a9 > L; for alli =0, ..
it holds x;41(t) — x;(t) > L; for all times t > 0.

Proof. We prove that if for some t > 0 there holds ;11 (t) — 2;(t) = L; and z1(t) — x;(t) > L;
for j > ¢, then @41 (t) — ;(t) > 0. If i = N — 1, we have

1
N(zn(t) —2n-1(t))

tn_1=n-1,0V( ywN—1) + (1 —yn-10)wn—1 S wNn—_1 = TN,



since V(p,w) <w. If i < N — 1, observing that Vi1 ;(t) = Vi j+1(t), we have

Ny—1 Ny—1

Tiy1(t Z Vi (OVir1g(8) = D 7i(OVi ()
=0

Z Yirtjo1(t) = i (1)) Vi () = vi0(t)Vio(t) + Yi1,5,—1 () Vin, (1)
j=1

Under our hypothesis all coefficients of V; ;(t) are positive and also the velocities. In addition, we
have

1
Vio(t) =V (NLi’%) =V(Rj,w;) =0
so that we can conclude that
Tiv1(t) — @i (t) > 0.
O

Remark 1. If we assume in addition to (2.2) and (2.4) also (2.6), the previous proposition implies
that the micro model has a unique mazimum density R.

2.3 BV estimates for the GARZ non-local micro-model

Since we consider microscopic interactions between vehicles, it might be reasonable to assume that
the initial density is greater than zero in the interval between the position of the first vehicle and
the last one. We need this assumption to prove uniform BV bounds.

Assumption 1. We assume there exists pmin > 0 such that po(x) > pmin for all z € supp(po).

Lemma 1. Under Assumption 1, we obtain

N(@is1(0) —2:(0)) < —

Pmin

Proof. From the definition of the initial conditions, following the computations in [10]

z 1
xi+1(0):sup{xER:/ po(z )d:r:<}
xZ(O)

§sup{xER:/ pmmdw<}
z;(0)

1
< sup {x eR: (x - $z‘(0)>Pmin = N
B 1
N Npmin

+ :Ez(())

This gives the desired estimate. O

We want to obtain a bound on the distance between two consecutive cars by using Gronwall’s
inequality. For readability, let us define

R= max R;, VUnpax= max w;.
i=0,...,N—1 i=0,...,N—1



Lemma 2. The following estimate holds for every t > 0:
zip1(t) — zi(t) < (2i41(0) — 24(0)) exp (tvmax Ky (0)), i=0,...,N—1

Proof. We have

Ny—1
g (t) — &:(t) = D (iyrg—1(t) = v () Vig () = .00 Vio(t) + Yit1.5-1(O)Vin, (1)
N, -1
< Umax Z (Yit1,5-1(t) =75 (t)) + vir1,n,—1(t)
j=1
Ny—1 Ny—1

= Umax Z 7i+1,j(t) - Z ’Yi,j(t)
7=0 J=1

= Umax (1 -(1- ryi,o))
= Umax"7i,0
zip1(t)
= Umax/ Kn(y - $Z(t))dy
:l‘l(t)
< UmaxKn(O) ($Z+1(t) - ml(t)) ’

(2.10)

where we used the monotonicity of the kernel function. Applying Gronwall’s inequality, we get the

statement.

An immediate consequence of the two lemmas above are the following bounds:

N (xiJrl (t) — -Tz(t)) < exp (tUmaXKn(O))’

Pmin

N (#i41(t) — @4(t)) < Ky(0)vmax exp (tomax Ky (0)) '

Pmin

Let us now define the microscopic density as

1
N(wip1(t) — 2i(t))’

and the corresponding piece-wise constant function

pi (1) =

N-1

pN(t7$) = Z piv(t)X[;ti(t),le(t)[(x)'
=0

Proposition 2. Let pg satisfy (2.9) and Assumption 1. Then, for every N € N one has
t
TV (1) < TV eo | [ Cryar)
0

where C(t) = vmaxKn(O)RM, forT > 0.

Pmin

O]

(2.11)

(2.12)

(2.13)

(2.14)



Proof. To simplify the notation, we will drop the index N in p2(¢). Following the computations in
[10], the total variation is given by

TV (pN(t,-) =po(t) + pn_1(t) + Z |pit1(t) — pi(t)]
N—
Z (sgn(pi(t) — pi-1(t)) — sgn(pi1(t) — pi(t)) +
=t —uns(t)
po(t) (1 —sgn(pi(t) — po(t))) +on-1(t) (1 + sgnlpn—1(t) — py—2(t)) -
=:po(t) =:un-1(t)

Therefore, we obtain

N-2
d . .
aTV pi(t)pi(t) + po()po(t) + pn—1(t)pN-1(t).
=1
By (2.13), we get p;(t) = —Np;(t)? (i+1(t) — @(t)). Obviously, we have
_J0, if p1(t) > po(t)
po(t) = :
2, if p1(t) < po(t).

In addition, recalling the definition of 7 o given by (2.3) and the monotonicity of the kernel function

po(t) = —=Npo(t)po(t) (@1(t) — @o(t))

Ny—1

= Po(t)m ; (70.(t) = 71,5-1(1)) Voi(t) +70,0(8)Vo,0(t) — 71,5,-1(6)Vo,n, ()
<0

< po(t) ! Y0,0(t)Vo,0(t)

l’l(t) — l’o(t)
< PO(t)Kn(O)Umax-
Similarly, we have
0 if py_1(t _o(t
MN_l(t):{ i pnalt) < pya()

2, if pnv-1(t) > pv—2(t),
and

pn-1(t) = =Npn_1()pn-1(t) (En(t) — in-1(t))
- xN(tp)N;(;)l(t) (YW=1,0(6)VN—1,0(t) + (1 = yv—1,0(t))wn—1 — wn—1)
pN—-1(t)
a N (t) — TN-1

< pN—l(t)Kn(O)vmax-

0 Yv-1,0(t) (Vn-1,0(t) — wn—1)

Finally,

N-1 N-2
> wi®ait) = 3 wilt)pilt) (~pi(ON (di1() — (1)) ) -
i=1 =1

i

=:I;



Following the computations above and applying (2.11) and (2.12), we obtain

|Ii| < RilN |&41(t) — (1))
S RiKn(O)UmaXN ($i+1(t) — xz(t))
< Ry (0) i P (PomexFn(0))

Pmin

which gives

d
@TV(/)N(Y% )) SCHTV (PN (L))
with
tUmax Kn(0
C(t) = vmaXKn(o)ReXp( Up & 2(0) (2.15)
Applying Gronwall’s inequality, we get the desired BV estimate. 0

Remark 2. The proof of the mazimum principle and the BV estimates are also valid in the case
wi =w Vi =0,....,N —1. This case corresponds to the first order setting of [24]. Therefore,
following the proof in section 4, an analogous convergence result can be obtained for the first order
non-local microscopic model (2.1).

Before giving the rigorous convergence proof in section 4, we derive the corresponding macro-
scopic model.

3 Formal derivation from microscopic equations

In the following, we formally derive the macroscopic system corresponding to the microscopic
dynamics (2.7). We will refer to the resulting macro model as “non-local GARZ model”. This is

given by
pt + (p (Kn*V(p,w)))x:O 3.1)
wy + (K77 * V(p,w)) we =0,

where K V(p,w)(t,2) = [T Ky(y — 2)V (p(t, y), w(t,y))dy.
Setting g = pw, the model can be written in conservative form for p # 0 as

pt+<p<Kn*V<p
Qt+<Q<K77*V<p

where the convolution product is defined as above.
Since the derivation of such macroscopic equations is not unique and straightforward, we present
our approach below, following mainly the ideas presented in [4, 19].

ReYCS]

@ (3.2)

SRS



3.1 From microscopic model to macroscopic model in Lagrangian coordinates

In addition to the microscopic density (2.13), we define

yi(t) = () N (i (t) — xi(t)) -

Now let us consider the weights defined in (2.3) for the case i + j < N — 1, where we have
Tipjr1(t)—zi(t)
i (t) = / Ky(y)dy.
i (1) =4 (t)

By having a closer look at the difference of x;4; and x; we obtain

j—1
1
it ( Tij—k(t) = Tipjop1(t) = ) .
) Z - ] ) et Npi+jfk71(t)
Now we define the discretization for z, the Lagrangian coordinate, as z; = ﬁ € [0,1],i=0,...,N,

and the mapping
N-1
,O(t, Z) = Z pi(t)X[zi,zHﬂ(Z)’
i=0

in order to derive the limit of this piecewise constant function as in [19]. In this setting, z represents
the continuous number of a car and so p(t, z) the density at the car z. In addition p(t, z) = 0 for
z > 1. Therefore, we have

i-l I eatG-Rx ntiy
_ Z/ LR :/ LI
o NPH—] Npisj—k-1(t) =)ot -r-1) % P(t,2) 2 p(t, z)

We define now the Lagrangian marker and the velocity with respect to the Lagrangian coordinate
z, i.e.

[, B el

Using this we obtain

Np—1 min{N—-1—¢,N,—1}
D vtVig(t) = > Yij (E)Vij (t) + vin—i(t)Vin—i(t).
=0 =0

We note that if N —i > N, then N —i > nN and therefore xn(t) — z;(t) > n and v; n—;(t) = 0.
Now we will deal with the first term:

min{N—-1—4,N;—1}

> Vi)

j=0
min{N—1-i,N,~1} ) zzf(ﬂﬁ% s
S i) [ s
]:0 le P(tvz>dz



min{N—-1—¢,N,—1}

S (k) [T s ([ )
= 1% aa+j)/ K. / s | dy
= N) Javir pty) "\ s pltss)

/ bl 1 / "L ) Vg
= S ta y)ay,
. p(ty) "\ )., plt,s)

. i+N, .
where 2;, n, is defined as above as z;yn, = HN 1 so it can be greater 1 and represents the number

of the car, which is at least 1 away, if such a car exists. The second term can be written as

n N —1
o NV —i(t) = / ()dyV(t S )
min{z(¢,1)—xz(t,z;),n}
n

-/ K, () V(. 1)dy

min{z(t,1)—x(t,2;),n}

_ / ! Koy(y)V (0, w(t, y(t,1)))dy,

min{xz(t,1)—x(t,z;),n}

where x is the corresponding Eulerian coordinate of car z.
From the microscopic system (2.7), it follows that

{yxt) = NSV (i (Vi (6) = vig (OVis (1)
wi(t) =0.

Passing to the limit N — +o0o, we obtain that this is only a rough semi-discretization of the
following

Ouy(t,z) = 0. ([0 LK (fY s ds)V (ot ), o(t, ) dy
+fmin{x(t,1)—x(t,zi),n}K ( )V(O w(t y( )))dy)
ow(t,z) =0.

Using again the substitution rule and recalling that for an initial condition of compact support the
density is zero outside and the Lagrangian marker should be constant to its last value, when the
compact support of p ends, we get

Oy(t,2) = 0. [S T Ky (y — w(t, 2)V (p(t, (8, ), w(t, 2(t,y)))dy,

Juw(t,z) =0, (3:3)
where we used the following relation for the substitution
1
0,z = m
3.2 From Lagrangian to Eulerian coordinates
For brevity, let us define v := K, * u. We can transform the macroscopic system (3.3) that we

obtained in Lagrangian coordinates (¢, z) to Eulerian coordinates (¢, z) with
d.x=y, 0.t'=0, du=v, O =1
Then, we obtain

Oyt 1) = Opy Ot + Oy Oy = Opy + Oy v,

10



ot x) = Opv Ot + Opv 0,2 = Opry,
Ow(t',x) = Opw Opt’ + Opw Oz = Opw + Opw .

Observing that
p(t',2)(Opw + Opw v) + w(t', 2)(Opp + Ox(pv)) = Oy (p(t', 2)w(t', ) + Ou(p(t', x)v (', 2)w (¥, 1))

and t' = t, we get the following Eulerian system

{atp + 0x(pr) =0,

(3.4)
O(pw) + Oz (pwr) = 0.

which is equivalent to (3.2).

4 Convergence

In the following we show that the micro dynamics (2.7) converges to a weak solution of the macro-
scopic equation (3.2). Weak solutions are intended in the following sense.

Definition 1 (Weak solutions). Let (p°,¢") € BV(R). We say that a couple (p,q) of functions
p,q € L>®([0,+00[xR) N C([0,00[; LY(R)) is a weak solution of (3.2) if, for any test function
v € C([0,+oo[xR;R) and n > 0, it satisfies

/W/R o1+ (Kn*v <p,Z>> o | - <Z> dxdt+/Rgo(o,x). (ZE) dz = (8) (4.1)

In addition to the microscopic density (2.14) let us define analogous functions for the Lagrangian
marker and the conserved variable ¢:

N—-1
2) =) WiXmaenm(@)  and  ¢V(62) =D wipi(OX e @(@). (42)
] =0

Theorem 1. For any N € N, let (pN,qN) be defined as in (2.14) and (4.2) and let n > 0 be a
fized value independent of N. Then (pV,q"™) converges up to a subsequence in C([0, +oo[; L1(R))
to a weak solution (p,q) of (3.2) coupled with an initial datum (p°,q°) € BV(R).

Proof. For readability, we introduce the notation DT h; = h;;1 — h;. Observe that ,oN is in Ll(R),
since it is positive and

2iia (t N-T

d

1=0

due to the definition of p; in (2.13).
Let ¢ = ¢(t, z) be a smooth test function with compact support in [0, +o00[ XR. Defining ¢(t, ;) =
vi(t), we can compute

/R+/RPN(75, x) pi(t, x) d:zdt—i-/R oM (0,2) (0, 7) d

11



xi11(t)
= ; e X N X T X
—/R ‘ pz<t>/% oult ) d dt+/Rp (0,2) p(0,2) d
= S -td re) t.x)d (VD (i:(H); (1)) | dt N 0.2)d
L3 g ([ elta)dn) =poD* @) | i+ [ 00,0 p(0.2) da

0
N-1 eaigq(t) N-2
- /R+ { / pit)e(t @) dw — D (pi(t)) dit1(t)pira(t)

i(t) i=0
+pon-1(t)EN(t)en(t) — Po(t)iﬂo(t)@o(t)] dt. (4.3)

Observing that p;(t) = —p2(t) N (&41(t) — @(t)) , we can write

Nl wiy1(t)
= 2 T; — T x)dx
wn=[ ¥ ! L0 PN a0 i) ott. )

N-2
+ > DT (pilt)) dir1 () pirr(8) — pv—1 (DN (D)en () + po(t)do(D)po(t) | dt.  (4.4)
i=0

We note that for ¢(¢,2) with compact support in ]0, +00[ xR the above equation simplifies to

/ / PV (t, ) i(t, z) do dt = (4.4).
R+ JR

Choosing ¢(t, ) = X[t 1) (t)¥(2) for 0 < t; < t2 < 400 and a smooth test function ¢ with || < 1,
let ;11 = ¥ (zit1), using (4.3)-(4.4), we can write

/R (PN (b2, 2) — " (11, 2))(z) de

N-1 N-2

t2 zit1(t)
/ { 2 / (t) PEON (#i1(t) = 3:(0)) Y(@) da+ 3 D* (pilt)) desa(t) i
t i—o it paar

= pn-1()EN(E)YN + Po(t)fﬁo(t)%] dt

tz N-—1 xi+1(t) N—-2
< / / PIE)N |dig1 (1) — 23(8)] [0 (2)] dz + Z 1D (pi () | |Zis1(E)] [ Wil
| =0 Joi®) i=0

+ pnv—1(B)|EN )] [N+ po(t) |[Zo(t))] ¢0] dt

to N-1 wi+1(t) N—2
< /t / . P (E)N |dip (t) — 44(t)| do + Z D (pi()) || (8)]

+ pn_1(t) N (t) +po(t):i:o(t)] dt

12



N-2

zit1(t)
/ o pi(t)C(t) da + vmax | > [DT (pi(1)) |+ pn—1(t) + po(t) | | dt
zi(t i=0

IN

1
t) + UmaxTV(PN (t, )) dt

IN

[
to

J,

t1

< C(tg) + ’UmaXTV(po) exp ( 0t2 C(T)dT) (tQ — tl),

where C(t) is given by (2.15), see also (2.12), and we applied Proposition 2 to estimate the total
variation.

Approximating the characteristic function x[s, t,; with a smooth function, and taking the limit, we
still obtain the above estimate. This implies

RG] .

to

0

= sup /(PN(tzyﬂf) —pN(t1,2) ¥(x) de < (ta — t1) | Clt2) + vmaxTV (po) exp (
[¥|<1J/R

C(T)dT)

Now we can apply [17, Theorem A.8] to conclude that there exists a sequence {N;} 1.
as j — +00, and a function p such that

j= 1, Nj — 400

pi = pin C([0, +oo[; LY (R)), as j — +o0 in LYy, (4.5)

In order to prove the limit lim ¢V = ¢ € C([0, +oo[; L*(R)), in L}, we have to observe that

N—+o0
according to [11, Proposition 1], we have

Nt x) = w € L) (RT x R) as N — 400, in L1,..
In particular, this holds for every subsequence. In this way, considering (4.5), we can conclude that
"1 =whipNi — g = wp in C([0, +oo[; L*(R)), as j — +oo in LY.

Therefore, the convergence of (p”, ¢™V) to (p,q) up to a subsequence is ensured. Now we are left to
show that the limit is a weak solution of (3.2). Let us define with some abuse of notation

N—1Np—1

(Ky = V)N =0 YOV (O X o (6) 0 (1) ().

=0 k=0

We compute

/+00/pN(t,:z:) Nl (KW*V)N%(t,x) doe di
0o I N ()
oo T 1 xi11(t)
- it 4t Lt 2 dz dt
[ T O e

=0

oo N—1 1
_ /0 > pilt) (w) @i(t) DT (i(t)) dt

=0
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N-2 1
> D (pxt) <w> obi(t)) pirn (1)
=0
— pN-1(t) <w;_ N-1¢N(t) + po(t) (Cj()) éto(t)@o(t)] dt
too | N=2 paipq(t
— _/0 { Z / p2(t) i) ND™ (&(t)) iv1(t)
(
1
WN—

)

i=0 @il < !
ND* (Pi (i)) Tip1 Pig1 t)] dx

)

< En-1(t)en(t) + po(t) (;()) jfo(t)sf)o(t)} dt.

Following the calculations we used to obtain (4.4

9
+ pi(t)

)
— pN-1(t)

, we similarly get

+o0
/ / (t,z) <wN . ) or(t, a;)dxdt—i—/R PN (0, ) (wN(l(),x)> (0, z) dz
oo | V=1 paiiq(t)
:/0 {; /mm P7 (t) (i) N (Fp41(t) — @4(t)) o(t, @) da

N—2
T Z Dt (Pz‘(t) (L)) Zi1(t) piv1(t) — pnv-1(t) (w;1> En (t)pn (L) + po(t) < ! ) jfo(t)%(t)] dt.
i=0

wo
Then adding up both equations gives us

/+<><>/ Ny 4+ o (Ky *u) @ (t, x))( )dmdt+/RpN(O,x) (wN(lO,x)> ©(0,x) dx

+oo | N1 ziy1(t)
/ > ( ) (1) = () [ (plti2) = plt,zinn)) do| de]

(1)

Now we observe that

wiy1(t)
/ ) (@(tax) - gD(t, xi—i—l)) dx
x;(t

Using this we obtain

/+°°/ Ny +pV * u) Sﬂz) ( 1 ) d:cdt+/RpN(0,x) (wN(l(),x)) (0, ) dz

/+°° iy max{l vmax}

< ezt oo ($i+1(t> - mi(t))z .

1 max
Cwlferte. )|t < = rem) sup o),
te[0,7)
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where T' > 0 is such that supp(¢) C [0,7] x R. Obviously the right hand side converges to zero as
N — 4o00. In this way, we can conclude that (p,q) is a weak solution. O

Remark 3. We note that we have not only shown that the micro model (2.7) converges (up to a
subsequence) to a weak solution of (3.2), but also existence of weak solutions of the macro model.

5 Numerical simulations

5.1 Numerical schemes

We shortly present the numerical tools used to solve the microscopic equations (2.7) and the macro-
scopic system (3.2).

Since the microscopic equations (2.7) are just a system of ordinary differential equations we solve
this systems by solvers provided by MATLAB, e.g. ode45.

For the macroscopic equations, we recall that the system (3.2) is given by

pe + <p (%, *V(p,g)))x —0
q + <q (Kn * V(p, g))>$ =0.

Therefore, the two equations are only coupled via the non-local term, which has to be computed
for each time step. The two equations can then be approximated separately. This leads to consider
the upwind-type scheme introduced in [14]. The upwind flux is given by

pT.L
n _ _yn '
=)

B [n/Az]-1 @i (k+1)Az
Vo > V| pikrr, and =/ Ky(y — z)dy.
k=0 Pitk+1 kAz

where

The complete scheme is then given by

'I’L+1 n
Pi Y =(Pi)—x(F, —F 1
()= () - (). o

We note that this scheme is also in line with the Roe scheme presented in [25].
As CFL condition we choose an adaptive step size control determined by the maximum non-local
velocity, i.e. At" < Ax/max; V"

5.2 Micro to macro convergence

In this section we will numerically analyze the convergence of the micro dynamics (2.7) to the
macro model (3.2).

Here and in the following we will restrict ourselves to the velocity function V(p,w) = w— P(p) with
P(p) = 6p. Therefore, we analyze a non-local version of the ARZ model. The initial conditions are
Riemann initial conditions with the discontinuity being at x = 0 and

o =0.05 p, =005 w =0.35 w =0.58.
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Figure 1: Solution of the microscopic for different N and macroscopic model at T' =1

Table 1: L! errors and convergence rate (c.r.) to a reference solution for the density p

n | 0 1 2 3 4 5 6
Ll-error | 3.30e-03 4.90e-04 3.16e-04 2.05e-04 1.31e-04 8.09e-05 4.52e-05
C.T. - 2.75 0.63 0.62 0.65 0.70 0.84

This test case corresponds to one of the examples presented in [1, 11].
We consider a linear kernel function and n = 0.1 for our test cases. We are interested in the solution
at the final time 7' = 1.
In Figure 1, we can see the solution in the interval [—1, 1] for different numbers of vehicles and the
macroscopic solution obtained by the scheme (5.1) for Az = 1073, The number N corresponds to
the number of vehicles initially distributed in the interval [—1.5,1.5]. In order to compare it to the
macroscopic model, we consider a zoom on the interval [—1,1]. In addition, we set the velocity of
the leading vehicle equal to V(0.05,0.8), such that the leading car has the velocity given by the
Riemann problem. As we can see the micro model converges to the solution of the macro model.
In addition, we analyze the convergence of the macroscopic scheme. Therefore, we compute a
fine reference solution with Az = 1072 - 278 and determine the experimental order of accuracy in
the L norm for Az =1072-27", n=0,...,6. Due to the discontinuity of the Lagrangian marker
we restrict ourselves to the density. The error terms can be seen in Table 1 and demonstrate that
the numerical scheme (5.1) converges. In addition this justifies that we only consider the macro
solution for a fixed and small Az in the micro to macro convergence above.

5.3 Limits of the look ahead distance

For non-local traffic flow models the limit for 7 — 0 is of special interest, since the question of
convergence to classical traffic flow models is still unanswered, see [8]. For first order traffic flow
models, numerical examples suggest this convergence, see e.g. [14], but no general results can be
proven, since the BV estimates blow up (see [20] for a proof in the case of monotone initial data).
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Figure 2: Convergence for 7 — 0 of the microscopic model

Similarly, in the microscopic model, the estimate of Proposition 2 blows up for 7 — 0. On the other
hand for n < 1/N the convergence is obvious since the non-local microscopic model is equivalent
to the corresponding local model. For this reason, we consider n > 1/N and n — 0 for a fixed
N in the following and compare it to the local model. In addition, we show the behavior of the
macroscopic model for n — 0.

We consider N = 500, Az = 10~* and 5 € {0.4,0.2,0.1,0.05,0.025}. Figures 2 and 3 show the
results for the microscopic and macroscopic model, respectively. As can be seen in Figure 2, the
convergence can be observed for both the Lagrangian marker and the density for n — 0. The
solution of the microscopic ARZ model is computed by using the atomization scheme presented in
[11, Section 3|. In order to obtain the solution of the ARZ model, we use the Godunov scheme
presented in [21]. Similarly to the microscopic case, the macroscopic model seems to converge to
the solution of the ARZ model, see Figure 3.

Another interesting limit is the case  — +o0o as analyzed in [6] for a first order model. In
contrast to the limit n — 0, the BV estimates in Proposition 2 are still valid. Especially the C(t)
in (2.15) converges to 0 for n — +00, such that the classical estimate is obtained. In order to study
the convergence, we consider now an initial condition with compact support, i.e.

po(r) = 0.05 - 11_g50.5(x).

Due to the high computational cost, we consider Az = 1072 and N = 100 for the simulations. The
empty road speed outside the compact support of the density is assumed to be the velocity of the
leading vehicle.

The Lagrangian marker exhibits the same discontinuity as in the examples above. In the first order
case, non-local traffic flow models tend to a classical LWR equation with maximum velocity. A very
similar convergence result can be obtained for both the microscopic (Figure 4) and macroscopic
level (Figure 5). We note that, in Figures 4 and 5, the x-axis are different, since the microscopic
density cannot be computed outside the compact support of the solution. In order to get more
meaningful figures, we zoom in for the microscopic solution. We obtain that the model converges
to the transport equation with the velocity given by the Lagrangian marker for z > 0, i.e. w, = 0.8.
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Figure 4: Convergence for n — oo of the microscopic model

6 Conclusion

Inspired by a first order microscopic model for non-local traffic flow and by the second order macro-
scopic GARZ traffic model, we derived a second order microscopic non-local traffic model. This
model inherits a maximum principle. Under suitable assumptions on the initial condition, we
proved that the corresponding discrete density function has bounded total variation. Therefore,
we could prove the convergence to a weak solution of a new macroscopic non-local second order
GARZ model, for which we thus prove existence of weak solutions. Numerical examples sustain the
theoretical results about the micro to macro convergence. In addition, we show the behavior of the
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Figure 5: Convergence for n — +o0o0 of the macroscopic model

micro and macros models when the look-ahead distance goes to zero. Similarly to the first order
case, the model seems to converge to the corresponding local model. If the look-ahead distance
goes to infinity under suitable assumptions on the Lagrangian marker, the model seems to converge

to the solution of two linear transport equation.
Future works will include a deeper analysis of the second order non-local GARZ model and exten-

sions to networks.
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