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Abstract

In this paper, we propose a simple fully discrete hybrid model for
vehicular traffic flow, for which both the macroscopic and the microscopic
models are based on a Lagrangian discretization of the “Aw-Rascle”
(AR) model [3]. This hybridization makes use of the relation between
the AR macroscopic model and a Follow-the-Leader type model [15, 22],
established in [2]. Moreover, in the hybrid model, the total variation
in space of the velocity v is non-increasing, the total variation in space
of the specific volume 7 is bounded and the total variations in time of
v and 7 are bounded. Finally, we present some numerical simulations
which confirm that the models’ synchronization processes do not affect
the waves propagation.
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1 Introduction

Most of the vehicular traffic models are either macroscopic [3, 12, 18, 25, 30, 33,
34, 36, 37] or microscopic [15, 22]. When following a macroscopic approach, one
focuses on global parameters such as traffic density or traffic flow. In general,
from a macroscopic perspective vehicular traffic is viewed as a compressible fluid
flow, whereas a microscopic approach describes the behavior of each individual
vehicle. Macroscopic models allow to simulate traffic on large networks but with
a poor description of the details. On the other hand, microscopic models can
cover such details, but they are intractable on a large network.

However, a typical road transport system or a road network includes obstacles,
different road geometries and configurations, (intersections, roundabouts, mul-
tiple lanes etc.) as well as control features, like traffic lights and crossings, which
have a non negligible impact on traffic in the whole network. Therefore, none of
the two approches is separately able to capture real traffic dynamics. A natural
strategy is therefore to combine macroscopic and microscopic models, depend-
ing on the amount of details that we need . This hybrid approach has recently
received a considerable interest in traffic modeling [1, 7, 6, 19, 21, 27, 31]. In-
deed, such models enable to take into account the most important details of the
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traffic, but still allow for descriptions of the traffic on a large network. However,
they require strong consistency and compatibility between macroscopic and mi-
croscopic models to be coupled [20, 31].

Here, our macroscopic description is based on the “Aw-Rascle” (AR) model
[3] whereas the microscopic model is a Follow-the-Leader type model (FLM)
[15, 22]. In [2], Aw et al established a connection between the two classes of
models. More precisely, the macroscopic model can be viewed as the limit of
the time discretization of a microscopic FLM type model when the number of
vehicles increases. This can be done via a (hyperbolic) scaling in space and time
(zoom) for which the density and the velocity are invariant.

Our aim in the current work is to propose a simple and fully discrete hybrid
model for which both the macroscopic and the microscopic parts are based on
the Lagrangian dicretization of the AR second order model of traffic flow.

The outline of this paper is as follows: Sections 2 and 3 provide respectively some
details on the discretizations of the macroscopic and the microscopic models.
Section 4 describes the relations between the two models. Section 5 is devoted
to the presentation of the hybrid model. In Section 6, we establish estimates
on the total variation both in space and time for the velocity v and the specific
volume 7 in Lagrangian coordinates. These estimates are of course the main
ingredient to study the convergence of our hybrid scheme to a suitable initial
boundary value problem, which we will investigate in a forthcoming work. Fi-
nally, in Section 7, some numerical simulations of the hybrid model confirm that
this micro-macro description allows for a very nice description in both regimes.

2 The AR macroscopic model

We are concerned with the “Aw-Rascle” (AR) macroscopic model of traffic flow.
It consists in the conservative form (in Eulerian coordinates) of the two following
equations

{3tp+3z(fw) =0, (21)

Dh(pw) + D (pow) =0,

where, p denotes the fraction of space occupied by cars (a dimensionless local
density), v is the macroscopic velocity of cars and for instance w = v + p(p).
Many other choices could be considered as well. In the sequel, we will assume
for concreteness that

~
et (J’—) , >0,

plp)=4q " " (22)
_Urefln (;;%) ) Y= 0,

with v,.f a given reference velocity and p,, := pmqer = 1 is the maximal density.
Let 7 = 1/p be the specific volume and denote by (X, T) the Lagrangian “mass”
coordinates. We have

0. X = p, 0t X = —pv, T =+t.



We recall that p is dimensionless, thus X = [ “ p(y,t)dy describes the total
length occupied by cars up to the point z, if they were packed “nose to tail”.
The system (2.1) can be rewritten in Lagrangian “mass” coordinates (X,T') as

OrT —0xv =0
TT XV ) (23)
8Tw = 0,
with now, w = v+ P(7) :==v +p (L) (we set 7y, 1= Tynin == pim = pn}az =1).

Away from the vacuum, the system (2.3) is strictly hyperbolic and is equivalent
to the system (2.1). Its eigenvalues are

)\1:PI(T)<O and Ay =0.

Moreover A\; is genuinely nonlinear and As is linearly degenerate. The Rie-
mann invariants associated with the two eigenvalues \; and Ay are v and w,
respectively.

2.1 The Riemann Solver

Let us consider the following Riemann Problem

O —Oxv =0
tT XU ) (24)
8{(0 = O,
with the initial data
UH(X,0)=(rT,wh) if X >0, (2.5)
U~ (X,0)=(77,w™) if X <0, '

The natural solution U(X,t) to the Riemann problem (2.4)-(2.5) involves two
waves: a rarefaction or a shock wave associated with the first characteristic field
A1 followed by a contact discontinuity associated with the second one As.

Proposition 2.1. The solution of the Riemann Problem (2.4)-(2.5) is con-
structed as follows. First, we connect U™ with an intermediate state U* =
(7%, w*) (such that v* = w* — P(t*) = vt and w* = w™ ) by a 1-shock wave (if
vt < w7 ) or a I-rarefaction (if vt > v~ ). Then, U* is connected with U™ by a
2-contact discontinuity (see Figure 1).

Through each wave, the specific volume T and the velocily v are monotonous
functions of X/t. Therefore, away from the vacuum, the solution U(X,t) re-
mains in the bounded invariant region R defined below in (2.6), i.e.

U(X,t) = (r,w), where 7 =P~ (w —v)

and
(v,w) € R = {[v™™, v™*] x [w™", w™**]} N {w > v}, (2.6)

where v™" W™ > 0 and v™ W™ < 400 (see Figure 2).

In the (w,v) coordinates, see Figure 2 we have

U* = (w*,vF) and U* = (w™,v"). (2.7)
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Figure 1: Riemann Problem in (p, pv) and (z,t) planes.
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Figure 2: Riemann Problem. The above triangle (0, A, Wmaz) is an invariant region
in the (w,v) plane.

2.2 Lagrangian discretization of the AR macroscopic
model

Many approximate methods for (2.3) are based on solutions to the Riemann
Problem. Here, we are particularly interested in the Godunov scheme. In order
to define the Godunov scheme associated with the above Riemann Solver, we
introduce grid points in space X; := jAX, j € Z and in time ¢, = nAt, n € N.
Let h := (AX,At) tend to (0,0), with 7 :== £f = constant and assume that
V (AX, At) the CFL condition is satisfied:

o (gngm) <1, (2.8)

Ue

where R is the invariant region defined in (2.6), containing the initial data
U(x), ¥V x € R. Moreover, we assume that R does not touch the vacuum, i.e.

inf{w — v, (v,w) € R} > 0.

Then, the Lagrangian Godunov discretization of the AR macroscopic model
(2.3) (see [2] for more details) is given by



+1 _ At
{7-.7?I - TJn + AX (’U;LﬂLl - ’U;L) ’ (29)

with initial data

no (2.10)

Proposition 2.2. Starting with arbitrary initial data for the Godunov scheme
Un(X,0) = (73, wp),
with (V) = w) — P(1)),wY)) € R (defined in (2.6)), the solutions
Un(X,t,) = (13, w})
constructed by the Godunov scheme satisfy
(v = wp — P(13}),wp) € R.
Therefore the region R is also invariant for the Godunov scheme.

Proof. In each cell I; = [X;_1/2, X;11/2],the variable w is constant whereas

the velocity and the specific volume 7 are monotonous, by Proposition 2.1.
Therefore, in each cell, U(X,t) = (7,w)(X,t) remains in the same bounded
region R which is thus invariant for the Godunov scheme. (|

We are going to use the following results, see [4], Theorem 3.1 and [2], Theo-
rem 1.

Proposition 2.3. [4] Assume that the sequence v) is in BV (R), that is the
total variation in space is bounded: there exists a constant Cy < 400 i.e. its

TVx (v R) = Y |vfq —0f| < Co.
JEZ
Let
(X, 1) = 07+ (t— 1) (T — o) /AL (2.11)

be the linear interpolation in time of vy, on I; between t,, and t 1 and similarly
for .
Then, ¥V n €N, for all h = (AX, At), we have

(i) The total variation in X of v,(.,t) is nonincreasing in time and the total
variation in t of Up(.,.) is bounded on R x [0,T]:

sup TVx (vp(.,t) = sup TVx (v;,; R)

t>0 neN
2.12
:supZ’v}Zrl — | < TVx (v, R) < Co, (212)
neN "~
JEZ
TV (on(.,.); R x [t,t']) < Cmax(|t' — t], At)Co; (2.13)



(11) The total variation in X of m,(.,t) on Ujezl; and the total variation in
t of Tn(.,.) on R x [0,00] are bounded uniformly in h, i.e. there exists a
constant C' independant of h such that

supsupZTVX (., 1);1;) < C'Cy, (2.14a)
hot20

vt € [0,t'], supTVi(7n(.,.); R x [t,t']) < C"max(|t' —t|,At)Cp.(2.14b)
h

We recall that I; is the open interval ( 1/2,Xj+1/2). Moreover, if we
assume that wy, cmd T are initially in BV(R) then (2.14a) can be replaced

by the stronger result

supsup TVx (71 (., 1); R) < C'Cp. (2.15)
ho >0

3 The microscopic (FLM) model

The microscopic model that we consider is a Follow-the-Leader type model
[15, 22]. In such a model, the basic idea is that the acceleration at time ¢
depends on the relative speeds of the vehicle and its leading vehicle at time ¢ as
well as the distance between the vehicles. Therefore the dynamics of a vehicle
7 is given by the two equations

daj .
a — Ui
{ﬂ —p (%‘H*m]‘) (UJ‘H*%‘) (3.1)
= AX AX )
where z;(t) and v;(t) are respectively the position and the velocity of the ve-
hicle j at time ¢ and AX its length. Here, p; := @ﬁi)ﬁm) is the normalized
J J
local density (more precisely the fraction of space occupied by a vehicle) of this
vehicle. Therefore the speciﬁc volume is 7; = pl—j = % and the maximal
density pm = pmaz = =—— = 1:= T— In this Section, contrarily to Sections 5

and 6 below, the car (j T 1) is the leader of car j. A prototype is the case where
v
P(r)=p(L) = =< (L) (with vye¢ a given reference velocity and v > 0 a

7\ pm
given parameter) and w; = v; + P(7;). Then system (3.1) writes:
dry _ (vge1—vy)
Tt T

The explicit first order Euler time discretization (with step At of system (3.2)
is then

T =T S (0 )
n+1 n (33)
wy; =Wy,

with

n+l _  n+1 n+1
i =wi T — P(Tj ))



and initial conditions

0.< 0;(0) = o0 < w; — Pry). (3.4)

{Tj(O):TJQZ L =7, =1,
J

As in the macroscopic scheme, we can define (75,,0p) by (2.11). Since system
(3.3) is exactly the same as (2.9), 7, and ¥y, satisfy the same BV estimates as
in Proposition 2.3.

4 Link between the macroscopic and micro-
scopic model: The scaling

We now consider a large number of vehicles on a long stretch of road. Let us
introduce now in the AR macroscopic model (2.3) a scaling (zoom) such that
the size of the considered domain and the number of vehicles tends to infinity,
whereas the vehicle length tends to 0. Let e be the scaling parameter. For
some given Eulerian or Lagrangian coordinates (x,t) or (X,t), we consider the
rescaled coordinates

(@', t") = (e, et); (X', ') = (eX, et).

Consequently, the length of a vehicle is now AX’ = ¢eAX. The parameter € is
proportional to the inverse of maximal possible number of vehicles per new unit
length. However, in the new coordinates (X’,t’), the variable 7 (resp p) and the
Riemann invariant (v, w) remain unchanged, that is

7' =7 (resp. p' = p), v =0, W =w.

Thus the system (2.3) becomes

or _ Ov_
gt~ ox (4.1)
atr — Y
Using the same scaling for the microscopic model, (3.2) now writes
de 1
—r = Aax7 \Uj+1 —Vj),
{g&j 7AX ( J+1 J) (4'2)
ar

Both in the original and in the rescaled coordinates, the standard first order
explicit Euler discretization of the microscopic model (3.3) is equivalent to the
Godunov discretization (2.9) of the macroscopic model, see (7.1), (7.2), (7.3)
and (7.4).

5 Hybrid Lagrangian model

In order to construct our hybrid Lagrangian model, we want to combine a macro-
scopic description away from the junctions, traffic lights etc. .. and a microscopic
view near these obstacles as shown in Figure 3.

Thanks to the equivalence established above between the two models, we expect
to get rid of the usual compatibility problems encountered when developing a
hybrid model.
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Figure 3: Hybrid Lagrangian model.

5.1 Description of the two Lagrangians models

Since the macroscopic model is shown to be the limit of a large number of ve-
hicles on a long stretch of road (away from the vacuum), we may consider that
a Lagrangian macroscopic (moving) cell (or the corresponding moving Eulerian
cell) contains a “long vehicle” made by juxtaposition of several (say N ) ordinary
vehicles, whereas in the microscopic model, a Lagrangian cell contains a single
ordinary vehicle, as depicted in Figure 3. Obviously macroscopic Lagrangian
cells are much larger than microscopic ones. In Eulerian hybrid models, see e.g.
[7, 6,19, 21, 27, 31}, the “microscopic region” is fixed in Eulerian coordinates. In
contrast, here, this “actual microscopic region (AMR)” (see Figure 3) is piece-
wise constant in Lagrangian coordinates. It is moving in Eulerian coordinates
and is periodically refreshed in order to always contain a fixed Eulerian region:
the “minimal microscopic region (MMR)” (see Figure 3) around the junction,
traffic light, ..., in which our description will always be microscopic.

5.2 Model synchronization

In this section we show in detail how to pass from the macroscopic to the
microscopic description and vice-versa. Here and in the next sections, we order
the cells and the cars by calling (¢ — 1) the leader and i the follower.

5.2.1 From the macroscopic to the microscopic model

When a macroscopic Lagrangian cell enters the “minimal microscopic region
(MMR)”, we split the “long vehicle” (which is is nothing but a juxtaposition
of N cars) into N different microscopic cells and we uniformly distribute these
cars over the length L of the macroscopic cell, as shown in Figure 4. Here, all
our vehicles are supposed to have the same length. In principle, we could also
cover the case of vehicles with different lengths, see Remark 5.1 below.
This splitting does not modify the specific volume 7. Indeed, in the macroscopic
cell i, we have
L;
NAX - Tmac'
When this cell ¢ becomes microscopic, the distance between two successive cars
(4,7) (the follower) and (i,j — 1) (the leader) is
L.

(xi7j—1 — l'iJ) = NZ (52)
Therefore the microscopic specific volume in each of these microscopic cells is
now

(5.1)

T, =

L;/N

Ax = Tmac (5.3)

Ti,j = Tmic =
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Figure 4: From the macroscopic to the microscopic model: before (above) and after
(below) the synchronization.

So the specific volume does not change when passing from the macroscopic to
the microscopic model. Notice that in the Godunov scheme the Lagrangian
variable w does not change in time inside a cell 4: wﬁjl = w;';. Therefore,
in the microscopic cells w; ; will be the same as in the macroscopic cell i.e.
w; ; = w;. Consequently, the velocity also does not change:

v =w;; — P(7,;) = w; — P(;) = v;, for all microscopic car j in this cell 1.

Remark 5.1. In the case of vehicles with different lengths, we need to keep the
order of vehicles and their respective lengths, in each macroscopic cell. Since
there is no possibility of overtaking (our model is in principle a one lane model),
this order remains constant in time. Let us consider a macroscopic cell i of total
length L; and let AX; ; be the length of the microscopic vehicle j in this cell.
When this cell becomes microscopic, we need to distribute uniformly the cars over
the length L;. In the synchronization macro-micro, we distribute uniformly the
specific volume among all the vehicles of this cell:

SR L Rk * R R VE SUL S AP

i,j mic AX; ' Zj\le AX; mac, V] ) ) (5.4)
Therefore, we compute the distance l; ; = (xij—1 — ;) V j = 2,...,N by
solving the following system

lij l

An—;(i,j:A;(IjiN Vj=1,....N, (55)
> iy =Li '
j=1

5.2.2 From the microscopic to the macroscopic model

When the last (say the (i, N)") vehicle has completely left the “minimal mi-
croscopic region”, we do exactly the converse, i.e. we aggregate the N vehicles



to form a new macroscopic “vehicle”. We set l; ; = x;j_1 — x;; with x; ; the
position of vehicle (4, j) as indicated in Figure 5.

Minimal
Microscopic
Region (MMR)
—

C(i+1),2 [i41),1

1 [

Macroscopic ell
NAX

il

Figure 5: From the microscopic to the macroscopic model: before (above) and after
(below) the synchronization.

The macroscopic specific volume will be

N N
- Lzl _ LZ it
‘T ONAX T NZAX

The Lagrangian variable w; ; is conserved, since according to Subsection 5.2.1
the N vehicles have the same Lagrangian variable w; ; = w;. Thus, averaging
in Lagrangian coordinates, we have

1 & 1 &
N ;wm = N ;wl = W;. (57)

Therefore, the corresponding macroscopic velocity is v; = w; — P(7;).

In this case, the macroscopic model does not inherit exactly the microscopic pa-
rameters but only the average values for 7 and w, and the above corresponding
velocity. In spite of this change of parameters, we will prove in the following sec-
tion that in the hybrid model the total variation in space of v is non-increasing,
the total variation in space of 7 is bounded and total variations in time of v and
T are bounded.

1 N
= N ZTi’j' (56)
7j=1

6 Estimates on the total variation in the hybrid
model

In this section, with the above synchronizations between the macroscopic and
the microscopic models, we show that in the hybrid model: the total variation
in space of the velocity v is non-increasing, the total variation in space of the
specific volume 7 is bounded and the total variations in time of v and 7 are
bounded.

10



First, the following type of results is classical. Its proof is recalled below for
convenience of the reader.

Lemma 6.1. Let U = (u1,ug,...u,) € R" and @ € R such that
m = min(u;) < @ < max(u;) = M.

Then,
n—1
Va,BeR |la—al+ -8 < |a—u1|+Z|ui—ui+1|+|un—ﬁ| (6.1)
i=1
Proof.

o —al+|a— 6| =|a—u +u1 —al + |t — up + up — )

<la—uf + |ug —u| + @ — un| + [un — 6]
n—1

Now let us prove that |u; — a| 4+ |a — u,| < Z [u; — wig1] = TV (u;)i=1,....n-

i=1
Since the function {4 — |uy — @|+|a@ — uy|} is convex, its maximum is attained
at an extremum point uy equal to m or M, therefore,

lur — | + |2 — up| < max (Jlug — M|+ |M —uy|,|ur —m|+ |m — u,|)
< fun — ] + Jur, — un|
<|up —wo| 4 ..o+ |ug—1 — ug| +
+uk — Upgr| F oA U1 — Uy

= Z?:_ll |ug — wip1| =TV (ui)i=1,..n

I
Let us denote by v}* (resp. 7') and v}'; (resp. 7]';) respectively the macroscopic
and the microscopic velocities (resp. specific volumes) at time ¢,,. At time ¢ = 0,
the velocities are in BV (R) in both models, therefore in the hybrid one.
According to Sections 2 and 3, the results of Proposition 2.3 hold, both in
the macroscopic and the microscopic models, away from the synchronized cells.
Therefore, we focus on the synchronization process, i.e. when passing from one
representation to another.
Passing from a macroscopic cell to several microscopic cells does not change the
velocity and the specific volume, therefore does not change their total variation.
On the other hand, when we convert N microscopic cells into a macroscopic
one, the total variation of the hybrid model can change. We are going to show
that nevertheless: the total variation in space of the velocity v is nonincreasing,
the total variation in space of the specific volume 7 is bounded and the total
variations in time of v and 7 are bounded.
Let us denote by T'Vx and T'V% the total variation in space respectively before
and after this micro-macro synchronization. Since inside the synchronized cell
(say Isyne = 1;), 7 = = Z;V 7j, U = w — P(7) and P is non-increasing, we have,
by Lemma 6.1:

11



TV (Th (o tn), Loyne) = |7y — 7 + |77 — Tﬁrl,l‘

<y =i+ 05 T = Tl + Iy = T

= TVX (Th(., tn)u Isync)u
and similarly

TV, (0n(stn), Lsyne) = |vfy — 07| + |07 — Uzn+1,1’

<oy — o]+ S5 oy — o]+ ol — o

= TVX (’Uh(., tn)u IsynC)'

Therefore, after any (micro-macro or conversely) synchronization process,
the total variation in space of v is non-increasing and the total variation in
space of T is bounded.

TV)/((vh('v tn)v jsym) S TVX(vh('a tn)v IsynC)- (62)

We recall that in each macroscopic cell 7, vy, and 73, are monotonous in time in
[tn,tnt1), that is
min(v;’, vjy ;) < ot < max(vl, Vi) (6.3)

and similarly for 7. Therefore vy, 7, and their linear interpolations in time vy,
7, defined in (2.11) satisfy (2.14a) (or (2.15)) and (2.14b), see Proposition 2.3.
Moreover, as we said in Sections 3 and 4, the macroscopic and microscopic
models are essentially the same. In particular, the same BV estimates hold in
microscopic cells for (Op,, 7).
According to the monotonicity property of v (see (6.3)), we have

’,U;H-l

— v |+ o = = ol —of (6.4)

Let us denote respectively by M™ and p™ the sets of indices of macroscopic
cells and discretized macroscopic cells (i.e. split into microscopic cells) at time
tn. Therefore M™ U "™ = Z.

From (6.2) and (6.4) we have
TVx(vn(stn),R) < TVx(vp(itn1),R) < ... < TVx(vp,R) =Cy.  (6.5)

In each cell I, 7,(X,t) = P~ (wy — vp(X,t)) with P~1 Lipschitz-continuous.
Therefore

TVx(Th(tn), {UL;k € M"Up") = > TVx(ma(.ta), Ix) < C1Co.
keMmupn
(6.6)
where Cy := ||(P_1)’||Loo.
Now, let us study how the total variation in time evolves in our hybrid model.

12



TVi(Tn () R x [t,#]) < > (An + B, +Cy + Dy)

t—At<nAt<t'+At

with

A, = " — U NAX,
Z ’ % 4

ieMrNMn—1

N
B, = Z Z’TZ}—TZJL—*WAX,

ieprnun—1 j=1

N
G- Y Slm-nax,

ieprNMn—1 j=1

N
Dn= > > |m -t Ax

iEM"ﬂM"71 7j=1

(6.7)

Note that in (6.7) the summation involves all the times t = nAt between

times ¢t and ¢'.

We recall that we have respectively in the macroscopic model (see (2.9)) and

the microscopic model (see (3.3)) the following:

At

n _ _n—1 n—1 n
T =T, _NAX(ZH —vi)and
At
n _ ., n—1 =" n—1 _ . n
Tig =T T OAX (”ij+1 ”ij) :

Ay = ALY o [0l — o2 |, by (6.8a)
S ALY e [Ui — 0, due to (6.3)

SAt Y ieq |oin =i

= At TVX(Uh(.,t ) ) < At TVX(’Uh, ) = AtCy.

By =AY pnmun—t Sopey [0l — vE], by (6.8b)
< At ZZEM"QM" 1 Z] 1 }’UUJ,_l ’j_l|’ due to (63)

1
< At Z’LGZ Z] 1 ‘Ulj-i-l Z

= At TVX(’U}L(.,tn_l),R) S At TVX(Ug,R) = AtCO.

N —
C’ﬂ = AX Z'L‘G,U.nﬂ./\/["71 ijl ’T;; - T’Ln 1’

13
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SAX Sicymanens it (175 =77+ | =)

= AX Y e momnat Sy [T — T

1 n

(since 7'37 =7 ~!according to the macro-micro synchronization process)

= At Zze,u"ﬂ/\/(" 1 Z] 1 ‘Ungrl ij‘
< At EZEM"QM" 1 Z] 1 }’0134_1 ’j_1|’ due to (63)

1
< At Z’LGZ Zj 1 |U1J+1 Z

= At TVX(’U}L(.,tn_l),R) S At TVX(’Ug,R) = AtCQ.

D, _AXZzeM"ﬁ,u" 123 1}7 =1

N — N _
<AX EieM"ﬁunfl Ejzl ‘Tin - Tm +AX ZieM"ﬁunfl Ejzl |Tz7; =Ty '

=: D! + D2,

N —
DY = AX Y pnmnt S [T — 7]

< AX EiEMnﬁun71 N max; |ﬂ" - Tm

n
Tisl>

SNAX Y e pmnppn— 1Ty
(since min; (%) = 772 < 7 < max;(7]}) = 7/1)

< NAX TVx(1n(.,tn),Uiezl;) by the same argument as in
the proof of Lemma 6.1,

< NAX TVx(v),R H = NAXC,Cy, due to (6.6)

Tl

szz =AX EzeMnmun 1 E; 1‘ o

= At ZlGM"ﬂ,u" 1 Z] 1 |U1J+1 Z‘

(6.3)

N n—1 -
S At Z’L‘G/\/["ﬂ,u"il ijl Uij-‘,—l - U’ij
n—1
< Atzzez E] 1 z]+1 — Vi

= At TVX(Uh(.,tn_l),R) S At TVX(’Ug,R) = AtCO.
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So, D,, < NAXC,Cy + AtCy.

Finally, we get

TVi(7n (., ); R x [t,t']) < (|t —t| + 2A8)(NAXCy + 4At)Co. (6.9)

We recall that we study the limit when AA—;( is constant and satisfies the CFL
condition (2.8).
In each cell, the specific volume 7, is monotonous and wy, is constant and the
velocity is

Vp = Wh — P(Th)
where P is a monotonous lipschitz continuous function. Therefore, 3 Cy < 400
such that

TVi(0p (., ); R x [t,]) < (|t — | + 2A8)CoCp. (6.10)
We summarize the above results in
Theorem 6.1. Assume that the sequences (v9, 17 ), respectively the initial data

forv and T (and therefore for w), are in BV (R), i.e. there exist some constants
Cy < +00 and ¢ < +00 such that

N
TVx(v);R) = Z v —vi | + Z Z |vg; = Vi1 |+ bo < co, (6.11)
1EMO iepd j=1

N
TVX(T}?,R): Z ‘T?_T7;0+l‘+ZZ’T%_T%+1‘+I)TSCT’ (612)
i€ MO iepl j=1

where b, and b, are the boundary terms (for instance b, = ‘vg — v?j‘ with

ke M® andl=k+1¢€u°).
Moreover, assume that the CFL condition (2.8) is satisfied, and let At, AX and
NAX be constante with AA—;( = constant. Then,

(i) In the macroscopic region (2.9) (resp. the microscopic region (3.3)), we

have (see [2],[4]):
a) the total variation in X of vy (.,t) (resp. int of vp(.,.) and therefore
of vp(.,.) ) is non increasing in time (resp. is bounded on R x [t,t'] );
b) the total variation in X of m,(.,t) on Ujezl; (resp. in t of Tn(.,.)
and therefore of m,(.,.), on R x [t,t")) is bounded (resp. is bounded).

(i1) During the synchronization process, at each time t,, the total variations
i X of vy, and 1, do mot increase and their total variations in time are
controlled from above.

(iii) Therefore, in the whole hybrid model we have

a) the total variation in X of vy (.,t) (resp. int of vp(.,.) and therefore
of vp(.,.)) is non increasing in time thanks to (6.5) (resp. is bounded
on R x [t, t'] thanks to (6.10));
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b) the total variation in X of m,(.,t) on Ujezl; (resp. in t of Tn(.,.)
and therefore of T,(.,.) on R x [t,t')) is bounded thanks (6.6) (resp.
is bounded thanks (6.9)).

We are now in position to establish the convergence of the discrete solution
constructed by our hybrid scheme. Let us first recall the following:

Definition 6.1. [2/, [4]
(i) A L function
U:=(r,w): RxR; — R?
is called a weak entropy solution to the Lagrangian system (2.3) if
it is a weak solution, see (ii) below and if for any entropy-flux pair

(n(r,w), q(1,w)) with n(T,w) convex in T, and for any ¢p(X,t) € C§°(R x
Ry), ¢ >0, we have

/ / U)dyo + )8X¢)dth+/n(UO(X))gb(X,O)dXZO. (6.13)

R

(ii) U is called a weak solution to (2.3) if the above inequality holds (and
therefore is an equality) for the trivial entropy flux pairs (n, q) := (£, Fv).

Adapting the results of [4], it is easy to show that any entropy n(7,w) is
convex in 7 if and only if the associated entropy flux ¢ = ¢(v) is concave (in v),
and that there is an associated L' contraction principle “4 la Kruzkov”, which
implies the uniqueness. Consequently, we obtain:

Theorem 6.2.

(i) The sequence (Up = (Th,wp)) in the hybrid model (given by the Godunov
scheme (2.9) of the AR model and the Euler discretization (3.3) of the
FLM model) is therefore a sequence of approximate weak entropy solutions
to (2.3), associated with the initial data U) = (12, wY).

(i) Consequently, a subsequence (Uy) — in fact, by uniqueness, the whole se-
quence — converges to the unique weak entropy solution to (2.3), with the
same wnitial data.

Proof. First, since 0y, —Oxvp, =0, for t,, <t < t,,+1, for any smooth function
(X, t) with compact support, we have:

/ h / (Thh6 — vnOx 8) (X, t)dX dt + / 0(X)o(X,0)dX

R

—ZZ[/ThXt (Xt)dxyjuz:/rh 0)dX

n>14i€Z Ii

S Z/m D) (X b dX+ZZZ/ (m (X, 1) = T2)B(X, £)dX

n>1ieMm n>1iepm™ j=1

+ 0> /Th B(X,0)dX =: Ay,

ieEMnupm™ Ii
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Now, since the test function ¢ is C' and compactly supported, using a Taylor
expansion of ¢ on each interval, we get

[AR|< (AX)? |0xll e D > TVx(mu(t); 1)

n>0ieMnuun

T
< (AXP L [0x0ll e swp S0 TVx(m(0): 1)

T
NS A7 ieMP U

< (57 )axTloxsl,w s 3 V(0

At T
NS AT ieMrupn

2
_ <A_X) AtTHanbHL,,O sup Z TVx(tn(.,t); 1;).

At n< X7 ieMrUpn
Therefore, thanks to the BV estimates in Theorem 6.1, |A,| — 0 as At — 0

AX
(or AX — 0), since —— is constant.

We proceed similarly with the entropy production term. On the one hand, the
approximate solutions Uy, are weak entropy solutions on any [t,,t,+1), and on
the other hand, by Jensen’s inequality, any convex entropy does not increase
at time ¢, in the Godunov averaging step as well as in the macro-micro or
micro-macro synchronization. Consequently, for any entropy n(7r,w) convex
with respect to 7, associated with the flux ¢, V¢ € C°(R x Ry), ¢ > 0, we have

/0 N / (1) -+ (U)X, Xt + [ 00X, 0)0(X. 00X

R

>3 [ @) - nwme ax

n>1ieMn

N
22 Z/lu(”(“h(‘x’ tn)) = n(u))¢(X, tn)dX > 0.

n>liep™ j=1 J
I

Naturally, the above BV estimates are the crucial ingredient to show the con-
vergence of such a hybrid scheme to the unique globally defined weak entropy
solution of a class of initial boundary value problems for a road with traffic
light(s) or a road network in the spirit of [24] or [23], see also [10]. We will
investigate this in a forthcoming work.

7 Numerical simulations

In this Section, we are concerned with the numerical investigation of the hybrid
model. We consider the equations given by the explicit Euler time discretiza-
tion of the microscopic model or equivalently the Godunov discretization of the
macroscopic model in Lagrangian mass coordinates, which is itself equivalent
to the Godunov discretization in Eulerian coordinates, in Lagrangian (moving)
cells. We set the number of vehicles in the macroscopic cell to N := 10 and
the length of a vehicle AX := 5 m. In order to show how information travels
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through the different parts of the hybrid model, we have fixed the minimal mi-
croscopic region (MMR) to a distance of 200 m (i.e. 100 m on both sides of
the obstacle), which corresponds to the grey rectangle in Figures 6, 7 and 8. In
order to get a better insight in the use of the hybrid model, we consider two sce-
narii and in each case we compare the densities given by the fully macroscopic
model, the hybrid model and the fully microscopic model.

The vertical line at x = 0 in Figures 6, 7, 8 and 10 is thickened to emphesize
the state of the traffic light.

7.1 Case 1: The same time step in the whole hybrid
scheme

This case corresponds exactly to the assumptions of the theoretical analysis
of sections 5 and 6. We consider the same time step for the macroscopic and
microscopic parts of the hybrid model. Therefore at time ¢,1, we have

n+l _ _n At n )
Ty =T+ ax o — o), (7.1)
w T = wn '
ij — Wi
in the microscopic part and
n+l _ _n At no_,n
= gy (V- vg), (7.2)
w;H_l = wy,

in the macroscopic part. The time step At is chosen such that the CFL condition
(2.8) is satisfied in both models. Obviously, the more drastic condition is the
microscopic one, and thus we also expect too much numerical diffusion in the
macroscopic part. For the simulations below the time step At is such that the
Courant number is equal to 1 in the microscopic part.

The position of the vehicles is computed as follows

x%"'l =z + Atof;, with v = w: — P(TZ) (7.3)

0T =2 4 At with o = wl — P(1]"). (7.4)

K2

First, we simulate the hybrid model in a free flow situation. Trajectories of the
“vehicles” in space and time for this case are plotted in Figure 6. In Figure 7,
we plotted the “vehicles” trajectories when a “shock wave” appears at t =5 s,
followed by a “rarefaction fan” at ¢t = 40 s in the minimal microscopic region
(e.g. at a traffic light). Finally, Figure 8 shows the vehicles trajectories when
a shock wave appears at ¢t = 40s followed by a rarefaction fan at ¢ = 70s both
downstream in the macroscopic regime (typically an incident on a highway).
These “shocks” or “rarefaction waves” are produced numerically by forcing the
leading vehicle to brake or accelerate. The simulations of these three situations
shows that the model synchronization does not perturb the wave propagation,
and allows for a nice description in each regime. In Fugure 9, for the same
situation (first a shock wave and then a rarefaction fan both downstream of
the minimal microscopic region), we plot the density for the fully macroscopic
model, the hybrid model and the fully microscopic model, respectively. The fully
microscopic model gives a more precise description (but would be intractable
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for a large road network). In contrast, the description given by the macro-
scopic model is rather coarse to describe precisely the details in the minimal
microscopic region. We also note that the shock is completely smoothed out
by the numerical diffusion since the macroscopic CFL condition is 1—10. Finally,
the hybrid scheme gives an intermediate description, which is only precise in
the region in which the details are important, in particular here in the minimal
microscopic region [—100m; +100m] (MMR).

Vehicles trajectories
90 [

60 -

Time [s]
w
[=)

N

\

L L L
-800 -400 400 800

(=]

Position[m]

Figure 6: Case 1. The same time step in the microscopic and macroscopic regime:
Free flow traffic.
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Vehicles trajectories
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, / /

\Minimal Microscopic
-1500 -1000 -500 500 1000

AN

Time [s]

Em

Region (MMR)

o

Position[m]

Figure 7: Case 1. The same time step in the microscopic and macroscopic regime:
First a shock wave and then a rarefaction fan, both produced in the microscopic region,
propagating backward in the macroscopic region.

7.2 Case 2: Different time steps in the hybrid scheme

This case is not exactly covered by the the assumptions of sections 5 and 6,
even though the same ideas could in principle be extended to this situation. We
consider different time steps in the two parts (microscopic part and macroscopic
part) of the hybrid scheme, in order to have a Courant number (CFL condition)
smaller than 1, but as large as possible in each region. Let Atyic and Atpyac,
be respectively the time step in the microscopic part and the macroscopic part.
In the microscopic region the updating takes place at each microscopic time
tn+1 =ty + Atmicv i-e-v

T = e (v — o)

wii™ = w, (7.5)
ot = 2+ Atmicv]

’U;;-Jrl _ w;;—ﬁ—l o P(TZLJ-+1)

with Atmic chosen in such a way that the CFL condition (2.8) is satisfied in the
microscopic model;
In contrast, in the macroscopic region, the updating takes place at each macro-
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Figure 8: Case 1. The same time step in the microscopic and macroscopic regime:
First a shock wave and then a rarefaction fan, both produced in the macroscopic
region, propagating backward in the microscopic region.

scopic time t, 11 = £, + Almac, i.e.,

n+l _ _n At n n

T =+ S (v o),
n+1

i

n+1l __

3 = Q:? + Atmac”?a

I =t - P

9

g

j— n
=wy,

(7.6)

8

<

with Atpac chosen such that the CFL condition (2.8) is satisfied in the macro-
scopic model. Moreover, Atymac = kQtmie with 1 < k& < N and in general
k=N.

One of the severe test cases is to handle the propagation of a strong shock,
produced e.g. at a (red) traffic light. In order to better track the propagation
of this strong shock, we could use a front tracking method, which is a com-
pletely different numerical strategy. Here, we have used the following numerical
procedure: At the macroscopic-microscopic interface, we include the following
procedure to treat the case of a strong shock,as it happens at a traffic light. As
soon as the last microscopic vehicle of a microscopic cell (i —1) stops, the macro-
scopic cell ¢ just behind this vehicle is tracked at each microscopic time step,
until the time at which the “macroscopic vehicle” in cell ¢ gets nose to tail with
the microscopic vehicle ahead. Let ¢ be this time. If {5 does not correspond to
a macroscopic time, then we shift the macroscopic time step, not only for the
macroscopic cell ¢ but, exceptionally, for all the macroscopic cells behind cell 4,
which are updated at this time ¢, using (once) the time step Atmac = (ts —tn),
where 1,, is the last macroscopic time before t,. Thereafter, the time ¢, becomes
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the begining of the macroscopic time step for the cells behind cell i. We also
recall that ¢, <t, <t, + Atmac = tni1-

For the numerical simulations plotted in Figures 10 and 11, we consider the
CFL condition (2.8) with equality in both microscopic and macroscopic parts,
and we set Atpac = NAtyie. As in the previous case, the fully microscopic
model gives a more precise description (still too heavy for a large road network).
In contrast, the description given by the macroscopic scheme is still a bit coarse
to describe precisely the details in the minimal microscopic region, but on the
other hand, the shock is now much sharper even on this relatively coarse grid,
thanks to the much better macroscopic CFL condition. Finally, the hybrid
model gives an intermediate description which is very precise in the minimal
microscopic region, and still tractable elsewhere. Note in particular that the
numerical propagation speed of the shock is quite well preserved in each regions.
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8 Conclusion

Traffic investigation has simultaneously progressed both on the macroscopic
and microscopic front. However, each description has its own limits. The recent
success of hybrid models is due to their ability to capture traffic dynamic in a
large domain with enough details near the obstacles.

In this paper, we propose a simple hybrid model based solely on a Lagrangian
discretization of both macroscopic and microscopic models, coupled through
Lagrangian interfaces periodically refreshed in order to always contain a fixed
Eulerian region near an obstacle. As shown in the above numerical examples,
the waves produced in either region nicely propagate through the other region.
In particular, by this construction, the mass is automatically conserved through
the interfaces.

This approch, which establishes a link between microscopic and macroscopic
models and allows to carry out simultaneous macro-micro simulations could be
hopefully a promising way to treat road intersections, in particular on urban
road networks.
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Figure 9: Case 1. The same time step in the microscopic and macroscopic regime:
First a shock wave and then a rarefaction fan, both downstream from the minimal
microscopic region ([—100m,100m]): (a) The density in the macroscopic model, (b)
the density in the hybrid model, (¢) the density in the microscopic model.
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Figure 10: Case 2. Different time steps in the microscopic and macroscopic regime:
A shock wave produced in the macroscopic region, propagating backward in the mi-
croscopic region.
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Figure 11: Case 2. Different time steps in the microscopic and macroscopic regime: A
shock travelling from downstream to upstream coming from downstream of the min-
imal microscopic region ([—100m, 100m]): (a) The density in the macroscopic model,
(b) the density in the hybrid model, (c) the density in the microscopic model.
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