Electronic Journal of Differential Equations, Vol. 2015 (2015), No. 74, pp. 1-12.
ISSN: 1072-6691. URL: http://ejde.math.txstate.edu or http://ejde.math.unt.edu
ftp ejde.math.txstate.edu

SOLVABILITY OF A FREE-BOUNDARY PROBLEM
DESCRIBING THE TRAFFIC FLOWS

ANVARBEK MEIRMANOV, SERGEY SHMAREV, AKBOTA SENKEBAEVA

ABSTRACT. We study a mathematical model of the vehicle traffic on straight
freeways, which describes the traffic flow by means of equations of one-dimensional
motion of the isobaric viscous gas. The corresponding free boundary problem

is studied by means of introduction of Lagrangian coordinates, which render
the free boundary stationary. It is proved that the equivalent problem posed
in a time-independent domain admits unique local and global in time classical
solutions. The proof of the local in time existence is performed with stan-
dard methods, to prove the global in time existence the system is reduced to

a system of two second-order quasilinear parabolic equations.

1. INTRODUCTION

This article is devoted to study one of the mathematical models of the vehicle
traffic on straight freeways. This is a phenomenological macroscopic model which
describes the traffic flow by means of equations of motion of a viscous gas. The first
model of this type was proposed in [9, [12] where the flow of vehicles was considered
as the one-dimensional flow of a compressible fluid. This model is often called LWR
model. The underlying assumptions of this approach are

(1) a bijective relation between the velocity v(z,t) and density p(z,t) of the
fluid expressed by the condition

’U(J,‘,t) = V(ﬂ(x7t))v (1.1)

(2) the mass conservation law (the number of vehicles does not change with
time).
It is assumed that the function V satisfies the condition V'(p) < 0.

Let us denote by Q(p) = pV(p) the intensity of the flow of vehicles (the number
of vehicles passing through a given cross-section per unit time) and claim that
Q"(p) < 0 for the single-lane traffic. The assumption of mass conservation is
expressed by the equality

t+A t+A

b b
/ plo,t+ A)da — / plaadr == [ Qb+ [ Qo(a ).

t
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It follows that for every rectangular contour I' in the half-plane ¢ > 0,2 € R with
the sides parallel to the coordinate axes one has

§ ola.t) — Qo(z. )it =0, (1:2)
r
At every point where p(¢,x) is smooth

o o) _0p  OVip)o)
ot Oz ot ox '’

that is,

dp n 9Qp) _ (1.3)

ot ox
Equation (|1.3)) is endowed with the initial conditions of Riemann’s type:
P—> rT<x_,
p(0.2) = { pola), @ <@ <y, (1.4)
P+ T 2Ty,

where p* is a constant.

The Cauchy problem , arises, for example, in the mathematical de-
scription of traffic congestion. A number of model problems for the conservation
law , such as the problem of traffic lights or evolution of local congestions, is
considered in [g].

It turns out that equation (1.3)) always has a solution that satisfies equation
and the initial condition ([1.4)) in a suitable weak sense, but this solution need
not be unique. In 1963, Tanaka proposed another definition of V'(p) for the single-
lane traffic (see [4]). Let us assume that the velocity of vehicles can not exceed a
threshold value v,,q, and represent the density by the formula

p(v) = ﬁ

where d(v) = L + c1v + cov? is the average (safe) distance between the vehicles
at a predetermined velocity of the flow v, L is the average length of the vehicle,
c1 is the time that expresses the driver reaction, co is the factor of proportionality
for the stopping distance. From the formulas for d(v) and p(v) one can derive the
dependence for V(p), which satisfies the condition V’(p) < 0. The model of
Tanaka is a LWR model with the state equation of a special form, this model
plays a very important role in the contemporary studies of the traffic flows [4].

It was mentioned yet in 1955 but rigorously formulated only in 1974 by J.
Whitham, [I3], that the farsightedness of the drivers can be taken into account
in the following way:

o(t,2) = V(pla, 1)) — 2002:) 9p(@, 1)

with D(p) > 0.

p(x,t) Ox
Substituting this expression into the conservation law for the number of vehicles,
dp  9(pv)
-r =0 1.5
o "o (1:5)

we arrive at the Burgers equation

o 0Qp) _ 0 ) 0p

o T or 22 PW@a,) (1.6)
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which expresses the conservation law. The novelty of equation consists in the
fact that the driver reduces the velocity with the increment of the traffic density in
front of his vehicle and increases the velocity otherwise. The hydrodynamic model
, , is called the Whitham model.

Another model was proposed by Payne in 1971 [I1I]. The model relies on the
conservation law with an independent of p velocity v, which means that the
desired speed of the vehicle is not attained immediately. The following relation
between the desired and the real velocity is accepted:

7=t og =0 (V- 22 8),

where v is a real speed, while

p Ox

v(p) - 20 0
p Ox
is the desired speed. The parameter 7 is of order 1 sec., it expresses the rate of
convergence. The resulting system of equations reads

w(0) (ot D)3 ()2 (0) oo

The system is strictly hyperbolic because the matrix of % has different real eigen-
values.

In 1995, Daganzo [I] pointed out several shortcomings of Payne’s model, as well
as of some models proposed later. It was shown, in particular, that the strong
spatial inhomogeneity of the initial density may lead to negative velocities. These
drawbacks were corrected in the recent modifications of the model.

In conclusion, let us mention the Helbing-Fuler-Navier-Stokes third-order model
proposed in 1995, [5, [6]. In this model, the Payne system is complemented by the
energy conservation law, which is represented by an equation for a new unknown
0 that describes the dispersion of velocity about some mean value. The second
equation of system , understood as an equation for the mean velocity, includes
an additional term which depends on 6.

2. FORMULATION OF THE PROBLEM

2.1. Euler variables. Our model of the traffic of vehicles relies on the hypotheses
of continuum mechanics, that is, it is assumed that the traffic flow is continuous and
possesses the principal characteristics of continuous media such as density, pressure
and velocity. It is to be noted here that if the initial velocity of a gas equals zero,
the motion may be caused by the inhomogenuity of density. Unlike gas dynamics,
the initially motionless vehicle can start moving only if an exterior force is applied.
Since in the system of equations of a viscous gas the gradient of the pressure is
the only component that makes the gas moving, to avoid the vehicle motion in the
absence of exterior forces one has to assume that the pressure is constant, i.e., the
gas is isobaric. For this reason we regard the traffic flow as the one-dimensional flow
of an isobaric viscous gas. The flow is described by the system of two differential
equations for the velocity u(z,t) and density p(x,t)
dp 0
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9 o . 0. ou
E(PU) + %(PU ) = %(MP%) + pF (2.2)

on the interval —L < o < L for t > 0. Here p = const > 0 is the viscosity of the
flow, F'(u) denotes a given external force (acceleration), which is assumed to satisfy
the following conditions:

F e C?*(—o0,00), F(u)>0,
F(u) = Fy = positive const. for — oo < u < uyx — 0,
F'(u) <0 for uy — 8§ < u < uy, and F(u) = 0 for u > u, = positive const..
System 7 is complemented by the initial and boundary conditions
u(£L,t) =0, (2.3)
u(z,0) = uo(z), p(z,0) = po(z),
where
0<up(x) <ue, 0<po(x) <pt = const. (2.5)
The study will be confined to the special situation when the initial density pg has
the form
po(x) =0 for—L<a<0,
0<p <po(z)<pt, p =const. for 0 <z < 1, (2.6)
po(£)=0 forl<a< L.
The aim of the work is to find a weak solution of system 7 such that
plx,t) =0 for — L <z < Xp(t),
0 < p(x,t) <oo for Xo(t) < z < X4(t), (2.7)
plx,t) =0 for Xy(t) <z < Lforall0<t<T,
where x = X(t), * = X1(¢) are a priori unknown boundaries of supp p(z, t).
Conditions imply discontinuity of the density p(z,t) across the boundaries
x = X;(t), for this reason the motion of the medium should be understood in a
generalized sense, see, e.g., [10]. Since equations , have the form of conser-

vation laws, the Rankine-Hugoniot jump conditions on the surfaces of discontinuity
x = Xo(t), x = X1(¢t) read

[p(u—X;)] =0, i=0,1, (2.8)
. ou )
lou(u = Xi) = ppz-1=0, i=0,1. (2.9)
Applying we find that
w(Xi(t),t) = X(t), i=0,1, (2.10)
ou )
%(Xi(t),t) =0, i=0,1. (2.11)

The problem consists in finding a solution of system (2.1))-(2.2)) satisfying the initial
conditions , and the boundary condition @ This is a free
boundary problem that describes the motion of a group of vehicles initially located
within the interval (0, 1).
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2.2. Lagrangian variables. Let the pair p, u be a classical solution of problem
(2.1)-(2.11). Let us introduce the new independent space variable

y= / p(s,t)ds. (2.12)
Xo(t)

On the plane of variables (y,t¢) the unknown domain Q(t) = {z : Xo(t) < = <
X1(¢)} for t > 0 transforms into the time-independent domain Q = {y : 0 < y < y.}
Indeed: by @7

with
X1 (t) 1
y*:/ p(a?,t)dm:/ po(z)dx.
Xo(t) 0
Xl(t

/ @da;Jer t)p(X1(t),t) — Xo(t)p(Xo(t), )

Xo(t)
X1(t) .
= —/X " 8z(PU)dx+X1( )P (X1(t),t) —Xo(t)p(Xo(t),t)

= (pu) (X1 (t),t) — (pu)(Xo(t), 1) + X1 (t)p(X1(t),t) — Xo(t)p(Xo(t),t) = 0.
The function z is considered as a function of the variables (y, t). Differentiating the
second equality of (2.12)) with respect to y we find that x,(y,t)p(z(y,t)) = 1. This
equality defines the first sought function J = x,(y,t). The second unknown is the
velocity of the flow:

dy* B

V) = ), T ) = s,

It is easy to calculate that
Oy = yaza = pa
Let us take two arbitrary points y1,y2 € (0,1). By (2.12] -

z(y2,t) Y2
Yo — Y1 = / p(s,t)ds = / p(z(y,t),t)J(y,t) dy = const.

m(yht) Y1
Differentiating this equality in ¢ and using ([2.1) we find that

0=4( / (v 1).0)] ) dy

Y2
= / ((pt + powe + pua)J + (pJ — puaJ)) dy

Y1

= /y2 ((pt + (pw)a)J + (pJi — pugJ)) dy

Y1

Y2
= / p(Jy —vy) dy.
Y1

Since y1,y2 € (0,1) are arbitrary, it is necessary that J, = v,,. Now we may compose
the system of equations for defining J and v as functions of Lagrangian coordinates

(y,1):
oJ  0Ov

ol _ v 2.1
ot~ 9y (2.13)
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v d ,u v

T + @(ﬁ@) in Qr =Q x (O,T). (2-14)

The initial and boundary conditions transform into

%(O,t) = %(y*,t) =0, (2.15)

v(y,0) = vo(y) = uo(x), (2.16)
1

J(y,0) = Joly) = PRER (2.17)

It is clear that every classical solution of problem (2.13))-(2.17) generates a classi-
cal solution to the problem (2.1)-(2.11]) and vice versa, which means the equivalence
of the problems in Euler and Lagrange formulations.

3. MAIN RESULTS

Let us denote
Qr = Uo<t<1Q(1).
Throughout the text we use the traditional notation from [8] for the function spaces
and the norms.

Theorem 3.1. Let uo,po € H?>T2[0,1], 0 < a < 1. Assume that ug, po satisfy

conditions (12.5)) and Then there exists a mazimal time interval [0,t,) such
that problem (2.1)- i has a unique solution Xo, X; € H''2[0,t.], u, p €
H2He 5" () whzch possesses the properties

0 <u(z,t) <us, 0<pa,t)<oo forxeQt), 0<t< ty.

Theorem 3.2. Under the conditions of Theorem[3.1] for every T > 0 there exz'sts
a umque solution Xo, X1 € H'%(0,T] and u, p € H* 3% Q) of problem [
such that

0<u(z,t) <ue, 0<pit<plz,t)<p. forzeQl),0<t<T.

4. PROOF OF THEOREM [3.1]

To prove Theorem [3.1] we rewrite equations (2.13)), (2.14)) as a system of two par-
abolic equations and apply the fixed point theorem, [7]. We establish the existence
of a classical solution on some small interval (0,¢;), where

1
0 < u(z,t) < uy, 30 S p(z,t) < 2p".

Starting at the initial moment ¢; we prove the existence of a classical solution on
some interval (t1,ts) wherein

1
0 < u(z,t) < uy, Zp* < p(z,t) <4pt.
Continuing this process we obtain a sequence 0 < t; < t3 < ... < t, < ..., such
that )
0 < u(z,t) < s, 2—np7 < po,t) < 2"p*
for © € Q(t),tn—1 < t < t,. Without loss of generality we may assume that ¢; < 1
and t,, —t,_1 < 1. There are two possibilities:

(1) limy,— o0t = 00,
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(2) limy— ooty = too < 00.
In the first case ¢, might be any positive number, and in the second case t, = t

4.1. Auxiliary equations. We begin by deriving some auxiliary equations for
the solutions of problem (2.13))-(2.17). To derive the first auxiliary equation we
substitute g—; into equation (2.14]) for v and make use of equation (2.13):

0 (poly L
ot oy\Jzot)

v 2
5t Dyt (5)

Integration in time gives the equality

2,1 K o 1
v—&—ua—y(j)ztbz/o F(v(y,r))d7+vo+u@(%)~ (4.1)

To get the second auxiliary equation we differentiate (4.1]) with respect to y and
once again apply (2.13)):

or

01 O 1 o

at " Ma2\y) T By
The boundary conditions (2.15|) for v and equation (2.13)) yield the boundary con-
ditions for J:

(4.2)

oJ oJ
a(ovt) = a(y*vt) =0,
or

J(0,8) = Jo(0),  J(y«,t) = Jo(ys)- (4.3)

4.2. Reduction to a fixed point theorem. Now we rewrite equations (2.14))
and (4.2)) in the form

v 5 0%
TRy Fi(p,v),
Ip 2 0%p
o P ﬁ_F2(PaU),
where p =1/J,
dp Ov 5 0P
F; =F+2up——, F = —p° —.
1(p,v) = F + "0 Sy By 2(pyv) = —p 9
Let Q = (0,4.), @, = Q x (0,t1), po(y) = 745, a = max{Jvol§ ™, |polty ™'} and
81} op ae
M={(@7): 55 €HVE@), 0<T(p1) <ue,
L _ e,
5P < ply,t) < 2pF maux{|*|Qt1 |6y Qu, }< }
For every (v, p) € 9, the linear problem constituted by the equations
v _, 0% o~
- Z __—_F 4.4
o P g, 1(p; V), (4.4)
dp 0% S
AL el 4
o~ iP5 = Pa(p %), (1.5



8 A. MEIRMANOV, S. SHMAREV, A. SENKEBAEVA EJDE-2015/74

the initial and boundary conditions (2.15)), (2.16), and the conditions
p(0,t) = po(0),  p(y«,t) = po(y+),  P(y,0) = po(y) (4.6)
defines the operator
(0, v) = W(5,5) = (V1(7, D), Va7, 7).

Every fixed point of the operator ¥ in 91 is the sought solution of the problem

(2.13)-(2.17) on an interval (0,¢1).

4.3. Correctness of the linear problem. A straightforward calculations show
that for every (p, v) € 901 there is the inclusion F;(p,v) € H¥ 2 (), i = 1,2,

~ i (a 00 () 0P (a
|F;(p, U)|(Qt)1 ngaX{|7|( )’| ( )}

8?] Qt1 8y Qt1
and for every (p1,01), (p2,02) € M
- e e (e dvy Oy ( op1  0p2(a )
|Fi(p1, 01) — Fi(p2, 02)\2231 < C’max{\a—y - 7|Qt1 \7 - 7|(Qt)1 boi=1,2

where the constant C is independent of (p1,71), (p2, 7)2) € 9)? It follows from the

well-known results in [§] that the linear problem , , . ) has a

unique solution (p,v) = ¥(p,v) € H¥roo ™5 * () and

ov op
+a 2+a) P(a
max {[v] 5, ol )} < Cmax{|—|Qtl |ay 1. (4.7)
Moreover, for every (p1, U1), (P2, U2) € M,
24« 2+«
max {[or = w2l 1 = paliy ™}

|%_5vz () (9P1_ 02 (e
dy 9y oy oy

with C depending only on the constant a.

< Cmax {

4.4. Existence of the fixed point. The existence of at least one fixed point of
the operator ¥ follows from we the Schauder fixed point theorem [7]. To apply this
theorem one has to prove that

(a) the operator W is completely continuous on 90,

(b) ¥ transforms the set 9 into itself.
Assertion (a) follows from estimates .7 (4.8). The former estimate and the
imbedding H2+o*5* (Q,,) C H**5%(Q,) (see [8]) yield compactness of the op-
erator W. The latter estimate implies continuity of W.

Assertion (b) follows from the maximum principle 3)) proved in Subsection 5.1

below and the properties of the norms in H*+e* 5% (Qtl) k=0,1,2,..., [§. For
example,

Ip(y,) = po(y)] < [ple5, 't

dp dpo (24a), 152
‘7 _ﬁiy(y ‘\|P|Qt1 .,

1

P P
oy, t+7) =3, )’ <Ip |2+a)t1/2

| o

-3 Pla.,
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dp ap
7y+h7t _7(yvt) 82
‘By( h)a Jy ‘ <max\a g(y)t”,
}& _ 82P0 | ‘ ‘ 2+o¢)
Oy = b
These relations entail the inequalities
1 _ _ 2 2
3P <P = lplG Tt < ply.t) <pt o+ Ipl( < 2pt,
dp Ipo (2+a) e
a_ X Caty? )
3y 001 < N+ DIET v ot
9p
Sy yvt +7)— 3, Y,
B+ - 5 )|\oat1,
T2

o

dp dp
7y+hat _7yat a
0 )~ 5,09 maX| PO )+ Ip ot <a+t Catf.

<
‘ ho ‘ = Qt1 ay
It follows that for the sufficiently small ¢; operator ¥ transforms the convex set 91
into itself.

5. PROOF OF THEOREM

We will rely on the already established existence of a classical solution to problem
(2.13)-(2.17) on the interval [0,¢.). The estimates
0<o(y,t) Suw, 0<pit < p(y,t) < pa

for z € Qq, with p, = £(t4), and 0 < £(t«) < oo for ¢, < oo, are the main ingredients
of the proof of the global in time existence. The proof is split into several steps.

5.1. The maximum principle. The proof of the estimate
0< v(y.t) < u. (5.1)

is quite standard. Let us introduce the function w by the relation v = we®t, a > 0.
The function w satisfies in Qr the equation

ow 0, p Ow
toaw— —(7 5=
ot oy J? Oy
Let us assume that w attains its negative minimum at a point (yo, tp) € Q7. Then
the left-hand side of equation (5.2)) is strictly negative because
Ow ow 0w
Wt 0, — to) =0, ——=(yo,t0) =20, aw(yg,to) <O,
ot —- (Yo, t0) < dy (Yo, to) dy? (Yo, t0) = (Yo, to)
while the right-hand side remains strictly positive. This contradiction means that
w is nonnegative in Qr. If w attains its local positive maximum at a point (yo, o),

it is necessary that at this point

)= Fe . (5.2)

ow ow 9w
a(yo,to) 2> 0, afy(yo,to) =0, ain(yoJo) <0

and by equation (5.2)),
aw(yo,to) e < F(w(yo,to) e*'*).
Since F'(v) = 0 for v > u, by assumption, we have

w(y07 tO) eato < Use
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whence

v(y,t) = w(y, t) e < w(yo,to) e < uy e in Qp.
It remains to notice that by Hopf’s principle [2, B] and the boundary conditions
(2.16) v cannot attain its maximal and minimal values on the lateral boundaries of
Qr. Since o > 0 is arbitrary, estimate (5.1 follows.

5.2. Corollaries of the maximum principle. In what follows we choose T' < t..
The first corollary is the estimate
1.,0J
= = 75 X 07 vt € 9 5.3
=I5 (P =I5 <€ )€ Qr (53)
which follows after applying estimate (5.1)) to (4.1).
The second corollary is the estimate

1
P=7 <C, (y,t) €Qr, (5.4)
which follows from (5.3) and the boundary condition (4.3)).

5.3. The basic integral estimate. Let us multiply equation by at and
integrate by parts over the domain Q:

/ | — |2 / ia;]ﬂd = agaid
T Ry ey ™ T ),y o™
The integrals over the boundaries y = 0 and y = y. equal zero due to the boundary

conditions (4.3]). The second term on the left-hand side of the last equality can be
written in the form

1 0J 0%J wd 1 8J2 1 0J 8J2
2 72 By otou dy == — 2| | +u 73 | |
0 y Otdy 2dt Jo J oJ ot

Thus,
2 Hﬁ L oJy, _
VG 55 [ i Py =k
where
1 0J,0J , ov o0J
Ji = —|“d Jo = —_—
1 J3 at' | Y, 2 p ay 315 Y,
o

) v , 1.\n
™ /0 F'(v(y, ))a—y(y,T)dT+U0(y)+ (70) (y)-

Let us estimate J; and Js:

oJ 1.0J 1 0J
i 0l < [ 1571515 5 g 4

ot ' J' oy J? 0y
/laJlé)J
ot'J Oy
_c/Q|atdy ([ i)
<= el i el
oq [\ Paee [ Higiea

|J2<yat)|
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1/2
/ 2
/|8t (y,t I/ |F (v(y, 7 (y, )Idey+C /‘61& (y,1)] dy)
1
_c/|—< /|—y, I el /|fy, )i2dy)'
d 1/2 d d /2
<c( [ 1Grwora)” ([ [ 15 nkaar) " vo( [ 15lwopa

2
_4/|3t y,t Idy+0//|at y, T)t|" dydr + C.

Here we have used (| and expressed 3 @ through 8—{. Finally we have

1 aJ
4/Q|<y, +m/ﬂ% S0Py

gc(/ 7|5 0Py +/ / 1y, dydr +1).

//IE% IQdydTﬂL/J2 y,t)|*dy.

Then (5.5)) is equivalent to
dz

(5.5)

Set

Iy <C(z+1), 2(0)==z.
By the Gronwall inequality, the last inequality entails the estimate
S o g+ (v, )2dy < C
— m <C.
o, e W Ol dydt+ max J2 ) y

5.4. Consequences of the ba51c 1ntegral estimate. Let us consider the func-
tion w(y,t) = InJ(y,t). By (5.4) we have

Yo Ow 5
—_— <
i / Gty < C.

whence

(O = o.0F +2 [ yw(&t)gg(s,mds
slandO)“(/Qlw(y,t)de /lf ,t)dy) /2 (5.6)

<1+ (/Q|w(y7t)|2dy)1/2).

Integrating over @ and using Holder’s inequality we obtain the estimate

2
d
(o / lw(y, t)|"dy <

Reverting to ([5.6) we conclude that

<
o<ter iy DI < €

and, therefore,
J(y,t) =@ 0<e @ < J(y,t) <e < .



12 A. MEIRMANOV, S. SHMAREV, A. SENKEBAEVA EJDE-2015/74

This estimate means that ¢, = oo and T" might be any bounded number.
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