ESAIM: PROCEEDINGS AND SURVEYS, September 2014, Vol. 45, p. 456-466
J.-S. Dhersin, Editor

MODELING OF MOVING BOTTLENECKS IN TRAFFIC FLOW: A PDE-ODE
MODEL WITH MOVING DENSITY CONSTRAINTS *

MARIA LAURA DELLE MONACHE!

Abstract. In this article we study a strongly coupled PDE-ODE problem from an analytical and
numerical point of view. This model describes a moving bottleneck that can be produced by the
presence of a bus on a road network. The PDE is a scalar hyperbolic conservation law describing the
traffic flow while the ODE, that describes the bus trajectory, is intended in Carathéodory sense. The
moving constraint is given by an inequality on the flux which accounts for the bottleneck created by the
bus on the road. We give an existence result and introduce a finite volume scheme. The algorithm uses
a locally non-uniform moving mesh which tracks the bus position. Some numerical tests are presented,
in order to describe the behavior of the solution.

Résumé. Dans cet article nous étudions un modele couplé EDP-EDO d’un point de vue analytique
et numérique et nous vérifions le caractere bien posé de ce probleme. Le modele a été introduit pour
décrire un goulot d’étranglement mobile. En particulier, il peut décrire le mouvement d’un bus, qui
roule & une vitesse inférieure & celle des autres voitures, réduisant la capacité de la route et générant
un rétrécissement mobile de la chausée. L’EDP est une loi de conservation scalaire avec une contrainte
mobile sur la densité et TEDO décrive la trajectoire du bus. Nous présentons un résultat d’existence
des solutions du modéle, obtenu par la méthode d’approximation de suivi des fronts, et nous montrons
des simulations numériques obtenues avec une méthode “front-capturing”.

INTRODUCTION

In the 1950s Lighthill and Whitham [17] and, independently, Richards [18] proposed the first macroscopic
model for traffic known as the LWR model. They were the first ones to consider traffic flow as a fluid and to
use fluid dynamics to describe its behavior on a single road. The traffic evolution is described with a non-linear
scalar hyperbolic partial differential equation (PDE). In the last decade, several authors proposed different
models to track the movement of a single car or a single vehicle among traffic, see [2,5,8, 16] and references
therein. In all these works the dynamics of the single vehicle is described by an ordinary differential equation
(ODE).

In this article, we focus on a strongly coupled PDE-ODE problem that was introduced in [13] to describe the
effects of urban transport systems in a road network. The main traffic is described with a non-linear transport
equation while the bus trajectory is described with an ODE and with an inequality constraint which describes
the drop in the capacity of the road due to the presence of the slower vehicle, for example a bus. The solution
of the ODE will be intended in Carathéodory sense. Compared to the previous models, the present one gives a
more realistic description of the velocity of the slower vehicle and it is easier to handle both from the analytical
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and the numerical point of view.

This model can be considered a generalization of the model with fixed constraint studied in [1,6,7] to model
toll gates and pedestrian flow. Subsequently, some numerical methods have been developed, see [9,10,12].

In this article, we give an existence result for the Cauchy problem with BV data and provide a finite volume
algorithm which tracks the bus at each time step using a non-uniform moving mesh.

The article is developed as follows. Section 1 gives a description of the model from an analytical point of view.
Section 2 is dedicated to the solution of the Riemann problem and Section 3 shows the existence of solutions for
the Cauchy problem. Section 4 and 5 are dedicated to the numerical scheme and show some numerical tests.

1. MATHEMATICAL MODEL

The goal of this work is to describe the phenomena caused by the presence of a bus in a car flow. Since the
macroscopic description of the traffic does not allow to consider single vehicles, we consider the bus as a mobile
obstacle that reduces the capacity of the road generating a moving bottleneck for the surrounding traffic. The
traffic evolution is described by a scalar hyperbolic conservation law

atp + arf(p) =0, (1)

where the main quantities are the mean traffic density p = p(¢, ) € [0, R] which is the scalar conserved quantity,
with R being the maximal density allowed on the road and the flux function f : [0, R] — R* which is a strictly
concave function such that f(0) = f(R) = 0, see Figure la. It is given by the following flux-density relation

fp) = pv(p),

where v is a smooth decreasing function denoting the mean traffic speed and here set to be v(p) = V(1 — &),
V' being the maximal velocity allowed on the road.

f(p) f(p) Two lanes
L
One lane
0 P R P 0 Pacr Per « R P
(A) One lane (B) Several lanes

FicUrE 1. Fundamental Diagram

Every road has a specific fundamental diagram. For example, for roads with different number of lanes we can
consider as a first approximation that the fundamental diagrams are not affine and in a ratio that depends on
the maximal capacities of the different lanes, see Figure 1b. The bus does not behave like cars hence, it cannot
be modeled in the same way. We represent a single bus such that we can track its trajectory at all times. When
it is possible, the bus will move at its own maximal speed which, we denote as V}, < V. When the surrounding
traffic is too dense the bus will adapt its velocity to the one of the cars, so it will not be possible for the bus to
overtake the cars. From a mathematical point of view, the velocity of the bus can be described by the following

function: .
[V ifp<p=R(-%),
wip) = { v(p) otherwise, (2)



458 ESAIM: PROCEEDINGS AND SURVEYS

and the bus trajectory is described by the following ODE

y(t) = w(p(t, y(t)+)) 3)

where y denotes the position of the bus.

To describe the interaction between the bus and the traffic we consider the bus as a mobile obstacle, i.e., as a
moving restriction of the road. The situation is the following: upstream and downstream with respect to the
bus, the cars behave normally while on the side of the bus the road capacity is reduced, generating a bottleneck,
see Figure 2.

FI1GURE 2. Moving bottleneck

This discontinuity moves at the bus speed. To better capture the influence of the bus, we choose to study the
problem in the bus reference frame. This means setting X = x — y(¢). In this coordinate system the velocity of
the bus is equal to zero. As a consequence the conservation law can be rewritten as:

dp+ 0x (f(p) —9p) =0, (4)
with a corresponded a constraint on the flux that can be written in the following way

F(plt.y(0) = #(E)p(t y(1) < S (v = (1))? ()

4V
with the constant coefficient « € ]0, 1] giving the reduced rate of the road capacity due to the presence of the
bus. This constraint is obtained setting

Flp(t,yt))) —gpt,y(t) < fal(pa) — Upa (6)

where fo(p) = p(1—£) is the smaller fundamental diagram in Figure 3 and p, = % (1 —g) the point that
satisfies f!(pa) = Vb. This constraint is always satisfied if §(¢) = v(p) since the left hand side is 0. Moreover,
it is well defined because of the Rankine-Hugoniot conditions. This constraint describes mathematically the
reduction of capacity of the road due to the presence of the bus.

For our purposes, it is not restrictive to assume that R =V = 1, so that the full model writes

Oip + 02(p(1 - p)) =0, (t,z) €RT xR,
(O x):po(x), o z eR,
p(t:y(1)) = 9(B)p(t,y(1) < Fa = 7(1=5(1))%, t €RY, (7)

I
E)) ((7 )+)), t e RY,

The above model was introduced in [13], in an engineering framework, to study the effect of urban transport
systems in a road network. Its analytical properties were addressed in [11]. Here we show some results but we
refer the reader to [11] for a detailed explanation and proofs.
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2. THE RIEMANN PROBLEM WITH MOVING DENSITY CONSTRAINT

Consider (7) with the particular choice of initital data

B _ PL if$<05
1Yo =0 and P()(@—{pR if x > 0.

(®)

We are now ready to define the Riemann solver for (7), (8) following [13, §V]. First, we recall the definition for
a classical Riemann problem

Definition 2.1. The classical Riemann solver R for (1),with initial datum

B PL if z <0,
pO(x) - { PR if z > 0. (9)

is the (right continuous) map (t,7) — R(pr, pr)(§) that gives the standard weak entropy solution to (1). It is
defined as follows. If p;, < pgr, then the entropy-admissible solution is given by the shock wave

_fopr ifz <AL,
p(t,z)—{ pr if x> At

flpr) = flpr)

PR — PL
admissible solution to the Riemann problem is given by the rarefaction wave

(10)

where, by the Rankine-Hugoniot condition we get A = . If, instead, pr > pgr the entropy-

oL if x < f'(pr)t,
plt.x)=q (f)71(F) if f'(pr)t <z < f'(pR)t, (11)
PR if z > f'(pr)t.

Vo

Pmax P

Vep

(A) Fixed reference frame (B) Bus reference
frame for y =V,

FicURE 3. Flux functions. The big fundamental diagram describe the whole road and the
smaller one the piece of road on the side of the bus.

Let p, and po, with po < pa, be the two values of the density among which the flux constraint acts (see
Figure 3) then, we can define the following.
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Definition 2.2. The constrained Riemann solver R® for (7), (8) is defined as follows.
(1) It f(R(pLa PR)(%)) > FCE + ‘/bR(vapR)(‘/b)a then

«@ R 5 Aa if © < Vt,
R o)) = { i) R0 gty = v

(2) ¥ WR(pL, pr)(Vs) < f(R(pL, pr)(Vb)) < Fa + ViR(pL, pr)(V), then
R*(pr,pr) = R(pr,pr) and y(t) = Vit.
(3) If f(R(pL, pr)(Vb)) < VsR(pL, pr)(V3), then
R*(pr: pr) = R(pr, pr) and y(t) = v(pr)t.

Note that, when the constraint is enforced (point (1) in the Definition 2.2), a non-classical shock arises, which
satisfies the Rankine-Hugoniot condition but violates the Lax entropy condition.

3. THE CAUCHY PROBLEM: EXISTENCE OF SOLUTIONS

The aim of this section is to study the existence of the solutions of problem (7). We will prove existence of
solutions of both the conservation law with the constraint and the ODE, at the same time.
As seen before, the bus influences the traffic along the road but it is also influenced by it. The bus position
y = y(t) solves

y(0) = yo-
Solutions to (12) are to be intended in Carathéodory sense, i.e., as absolutely continuous functions which satisfy
(12) for a.e. t > 0. We give our definition of solution.
Definition 3.1. A couple (p,y) € C° (RT;L* N BV(R; [0, R])) x WEH(RT;R) is a solution to (7) if

(1) pis a weak solution of the conservation law, i.e., for all ¢ € CL(R?;R)

{ (1) = w(p(t,y(t)+)), (12)

/ / (pOrp + 1(p)0atp) e it + / po(@)p(0, z) dz =0 ; (13a)
R+ JR R

moreover, p satisfies the Kruzhkov entropy conditions [15] on (R x R) \ {(¢,y(¢)): t € R*}, i.e., for
every k € [0,1] and for all p € CL(R%;RT) and ¢(¢,y(t)) =0, t > 0,

/ / (1o — k|oup + sgn(p — k) (f(p) — (k) daip) da dt + / po— Klp(0.2) de>0;5  (13b)
R+ JR R

(2) y is a Carathéodory solution of the ODE, i.e., for a.e. t € R

¢
u(t) w0+ [ wlplo,y(s)+) ds (130
0
(3) the constraint is satisfied, in the sense that for a.e. t € R*

xlif([i)i (f(p) = yp) (t,x) < Fia. (13d)

Remark that the above traces exist because p(t,-) € BV(R) for all t € RT.
The following theorem ensures the existence of solutions.
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Theorem 3.2. Let pg € BV(R; [0, R]), then problem (7) admits a solution in the sense of Definition 3.1.

In the rest of the section we give a sketch of the proof of Theorem 3.2. In particular, we will explain how to
construct a sequence of approximate solutions via the wave-front tracking method, and prove its convergence.
Finally, we will check that the limit functions satisfy conditions (13a)-(13d) of Definition 3.1. For the detailed
proof we address the reader to [11].

3.1. Wave-front tracking

To construct piecewise constant approximate solutions, we adapt the standard wave-front tracking method,
see for example [3, §6]. Fix a positive n € N, n > 0 and introduce in [0, 1] the mesh M,, defined by M, =
(27"NN[0,1))U{pa, pa }, modified in order to include the critical points p, po. Moreover, let f™ be the piecewise
linear function that coincides with f on M,,, and let pg = > P05 X[z; 1,25 be a piecewise constant function with
values in M,, which approximates po in the sense of the strong L! topology and such that TV (p§) < TV(po).
We set xg = yo.

For small times ¢ > 0, a piecewise approximate solution (p™,y,) to (7) is constructed piecing together the
solutions to the Riemann problems

Op+0: (f7(p)) " 0,< Oip+0x (f"(p)) = 0
_ ) poo itz <yo, oife <
0,z) = . _J Poy U i
p( ) Po,1 if x> %5)7 p(ojér) £0,j+1 if x> Zj, (14)
F(p(,0)) = gnp(t,0) < Z(1 = gn)? j#0,

where y,, satisfies
{ Un(t) = w(p"(t, yn(t)+)), (15)
yn(()) = Yo-
The approximate solution p™ constructed above can be prolonged up to the first time ¢ > 0, where two waves
collide, or a discontinuity hits the bus trajectory. In both cases, a new Riemann problem arises and its solution,
obtained in the former case with R and in the latter case with the constrained Riemann solver R%, allows to
extend p™ further in time.

3.2. Bounds on the total variation

Due to the presence of non-classical shocks, the total variation may increase at interactions. To provide an
uniform bound, we introduce the following Glimm-type functional. Given an approximate solution p™ = p™(t,-)
constructed by the wave-front tracking method, we define

Y(E) ="TE"t) =TV(") +7=>_|pf1 — )] +7 (16)
J
where v is given by
0 if p"(t, yn(t)=) = Pas P, Yn(t)+) = Pa
1= =9 . i)
2|pa — Pl otherwise.

The value of v is chosen to have the following uniform bound on Y.

Lemma 3.3. For any n € N, the map t — Y(t) = T(p"(t,-)) at any interaction either decreases by at least
27", or remains constant and the number of waves does not increase.

Lemma 3.3 in particular implies that the total number of waves is finite and therefore the wave-front tracking
procedure can be prolonged to any time 7' > 0. Moreover, it holds TV (p"(t)) < ~(t) < v(0) = TV (p§) +
2|pa — Pol. For the proof we refer the reader to [11].
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3.3. Convergence of approximate solutions

In this section we prove that the limit of wave-front tracking approximations provides a solution (p,y) of the
PDE-ODE model (7) in the sense of Definition 3.1.
The following Lemma states the convergence of the wave-front tracking approximations.

Lemma 3.4. Let p" and y,, n € N, be the wave-front tracking approzimations to (7) constructed as detailed in
Section 3.1, and assume TV(pg) < C be bounded, 0 < pg < 1. Then, up to a subsequence, we have the following
convergences

ph—p in Ligo(R* x R); (18a)
yn(-) = y(*) in L°([0,T7), for all T > 0; (18b)
Un() = 9(") in LY([0,T)), for all T > 0; (18¢)

for some p € C° (RT; L' N BV(R)) and y € WHH(RT).

Proof. (18a) is recovered using a standard procedure based on Helly’s Theorem (see [3, Theorem 2.4]).

(18b) is given by an application of the Ascoli-Arzela Theorem.

In order to prove (18¢), we show that TV (§,;[0,7]) is uniformly bounded.

For further details on this proof, we refer the reader to [11]. O

Proof of Theorem 3.2. Since p™ converge strongly to p in Ll (R* x R), therefore it is straightforward to pass

to the limit in the weak formulation of the conservation law, proving that the limit function p satisfies (13a).
Kruzhkov entropy condition (13b) can be recovered in the same way.
To prove 13c we need to show that

lim p"(t,yn(t)+) = p*(t) = p(t,y(t)+) for ae. t € R (19)
n—oo
holds. At this purpose, we use the weak convergence of measures in [4, Lemma 15] and we proceed like in [4, §4],
for the details see [11]. Combining (18¢) and (19) we get y(t) = w(p(t, y(t)+)) for a.e. t > 0.
In order to verify that the limit solutions satisfy the constraint (13d), we can use directly the convergence result

proved in the previous section.
O

4. NUMERICAL SCHEME

In this section we present a numerical method to compute solutions, including non-classical ones, to strongly
coupled constrained PDE-ODE problems. We apply a front tracking capturing method which uses a Lagrangian
algorithm in which the interface is tracked, such as the one in [19], together with a numerical method that tracks
at each time step the slower vehicle trajectory, as in [5].

4.1. Godunov-type scheme for hyperbolic PDEs with constraint

We use the following notation: x;‘ L1 are the cell interfaces at time t" with n € Nand j € Z. A computational

2

cell is given by [9:;1_ L ] where 27 is the center of the cell and A’ = x . —af, is the cell width at time
2 2 2
t™. Since we know the exact solutions of the Riemann Problem we develop a Godunov-type scheme. Classical

Godunov scheme [14] can be expressed in conservative form as

Nl=

At
n+1l __ n n n n n
vy =Uj 7E(F(Uj’ i) = F(Uf, Uj )), (20)
where F(U, V) is the numerical flux. Boundary conditions are imposed on the left and on the right ends of the
computational domain. Classical Godunov scheme does not represent all the characteristics of the solutions,
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failing to represent non-classical shocks.

Since our aim is to track the trajectory of the bus, and, also, represent non-classical solutions, a Lagrangian
algorithm with a moving mesh is used. In particular, we develop an algorithm which follows at each time step
the bus trajectory and modifies the mesh when the constraint enforces, that is when

F(R(pL, pr) (Vb)) > Fo + ViR(prL, pr)(V3)- (21)

To keep non-classical shock on cell interfaces, we shift grid points locally and, as a consequence, we have a
locally non-uniform mesh due to a cell interface moving with the bus trajectory. We use the superscript new to
indicate the quantities that are modified at time ¢™ with the grid. Assume that at time ¢", y" is the bus position
and y" € |z 1 T, 1 ] for some m. When the constraint (21) is enforced, the algorithm for the adaptive mesh
reads as follows:

oIf‘ mt1

cells m — 1 and m from the formula

n
% then move the point z7 1 to z7*, = y" and recompute the cell averages in the
2

A, Uy + (@) — 2l )R
e = e (22)
" Ay,

n
x .
m—3

with Azpe, = ",
m—1
%L 2

m

h
+1 —y ’ < —/— we adjust the location of the point Ty such that ety = y" and then we
2 2

new, - 'We then compute the new cell

place the point 27", at the middle distance between z7" 5 and 2" 1
-2 2

averages in the cells m and m 4 1 from the formulas

n _ gphew Un new _ e U’ﬂ
new (;er% L — ) —1 7T ( meF%) mn (23)
m Axnew
m

nyrn new n

e _ Ax"U. m—+1 + ( 5 xm+%)Um
m Azt 2

with Azl = xzej_“% - ﬂﬁf,fi"% and Azt = xnm% - xm_g

Each time the constraint is enforced the bus position follows the non-classical shock trajectory: y"*t! = xfnlll =

ze? + VpAt™. The other cell interfaces are kept unchanged.
2
An explicit formula for the scheme can be derived and looks as follows

n+1l _ A i n AQ?;L o n n n n
U AI;H—lU - AQJ;H_l [(/tn f(R(U j+1)) - VIJR(Uj ) j+1))dt

tn+1

_(/t JREU,, UP) = ViR(UF 1, U7 ) dt]. (25)

For simplicity we introduce the notation F(U) = F(U) — V3U. Notice that in our case F corresponds to the
F,, when the constraint is active and to F(U) with V; = 0 when the constraint is not enforced. Moreover, one
needs to be careful when the bus trajectory is dealt with. In fact, the cell size changes as time increases. In
fact, after the mesh has been resized and adjusted, we update the cell averages for all cells with the following
conservative formula:

Aglew At™ -
n+1 n n n n
Ut = AxfmUj - Axn+1( (U7 Ujy) = F(U;,, Uj ))- (26)

J J



464 ESAIM: PROCEEDINGS AND SURVEYS

04 05 06 04 05 06
“Time= 0.0089554 Time= 007679

0 01 02 03 04 05 08 08 09 1 0 0l o0z 03 04 05 08
Time= 0.3525 Time=0.70619

FIGURE 4. Evolution of the density at different times corresponding to initial data (27) and a
mesh grid of 500 points.

4.2. Numerical method for the ODE

At each time t" we determine the position y” of the driver by studying interactions between the bus trajectory
and the density waves within a fixed cell. We distinguish two cases:

e Constraint (21) is satisfied. Then the bus moves always at velocity V;, and the bus position is updated
yn—i-l — ‘/Z,At" + yn.
e Constraint (21) is not satisfied. In this case we implement the tracking algorithm introduced in [5].

5. NUMERICAL RESULTS

In this section we present a numerical test performed with the scheme previously described. We display some
numerical results obtained applying the modified Godunov scheme to problem (7). Here we deal with a road of
length 1 parameterized by the interval [0,1]. In all the simulations we fix V, = 0.3, @ = 0.6. We consider the
following initial data

0.8 ifx<0.5,
p(0,2) = { 053 ifz>05 =05 (27)
The values of the initial conditions create a rarefaction wave followed by a non-classical and a classical shocks
on the density, as illustrated in Figure 4 and 5. Note the non-classical downward jump at the bus location.

6. CONCLUSIONS

This article introduces a strongly coupled PDE-ODE problem with a moving density constraint which can
model the presence of a moving bottleneck on a road network. We proved the existence of solutions for general
BV data for the Cauchy problem and proposed a Lagrangian finite volume scheme that is able to display
non-classical solutions. Stability of the problem and a conservative numerical method are under study.
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FIGURE 5. Density and bus trajectory in a « — ¢ plane corresponding to initial data (27) and
a mesh grid of 500 points.
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