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Abstract

In this paper, a new nonlinear heat equation is studied that arises as a model of the collective behavior of
automated vehicles. The properties of the solutions of this equation are studied by introducing the appro-
priate notion of a weak solution that requires certain entropy-like conditions. To obtain an approximation
of the solution of the nonlinear heat equation, a new conservative first-order finite difference scheme is
proposed that respects the corresponding entropy conditions, and certain links between the weak solution
and the numerical scheme are provided. Finally, a traffic simulation scenario and a comparison with the
Lighthill-Witham-Richards (LWR) model are provided, illustrating the benefits of the use of automated
vehicles.
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1. Introduction

The heat equation is a fundamental differential equation and among the most studied topics, see for
instance [13], [I7], [22], [23], [27], [28], [30], [33], [36] and references therein. It describes the evolution of the
density of some quantity, such as temperature or chemical concentration, and finds immediate application
in a variety of topics such as financial mathematics, flow and pressure diffusion in porous media, image
analysis and many others.

In this paper, we consider a novel nonlinear heat equation, whose diffusion/viscosity coefficient depends
on both the density and the spatial derivative of the density (see also [13], [I7], [22], [23]), a feature that is
rarely studied in the literature where typically the diffusion coefficient exclusively depends on the density,
see for instance [13], [27], [28], [30], [32], [33], [36] and references therein. The nonlinear heat equation
under consideration is inspired by a second-order macroscopic traffic flow model that was recently derived
in [I8] by the design of cruise controllers for automated vehicles and has several fluid-like characteristics.
Macroscopic traffic flow models have been widely used as they are able to capture the collective behavior
of vehicles in a traffic stream and can express certain relationships between traffic flow, vehicle density and
mean speed.

Macroscopic traffic flow models can in general be distinguished in first-order models, governed by the
continuity equation, and second-order models which include an additional differential equation for the speed
(see for instance [2], [B], [11], [14], [37], [38], [39]). While first-order models, like the well-known LWR, (see
[24], [31]), can achieve a certain degree of accuracy, they fail due to a number of simplifications, to reproduce
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some real dynamic phenomena, see [29]. On the other hand, second-order models (like the ARZ model, see
[2], [39]) improve the modelling accuracy and the deficiencies of first-order models at the expense of higher
complexity. The aforementioned traffic flow models (LWR, ARZ) are based on human driven vehicles with
the principle that vehicles are anisotropic and respond only to front stimuli. On the contrary, the second-
order model in [18] is derived via the design of bidirectional cruise controllers for automated vehicles and
thus, traffic flow is isotropic, as in fluid flow, since vehicles react to both upstream and downstream vehicles.

In the present work, it is first shown that the solutions of the corresponding second-order macroscopic
model can be approximated by the solutions of this particular nonlinear heat equation. Furthermore, inspired
by the mechanical energy of the original second-order system, certain functionals are defined, providing
entropy-like conditions that characterize physically meaningful solutions, see [10], [34]. In particular, we
define the concept of a weak solution for the problem at hand that is more demanding than the typical
definition of weak solution (see [26], [34]), as it requires that certain entropy conditions hold and, in addition,
the mass is conserved. Finally, it is shown that, under certain regularity assumptions, this type of weak
solutions is equivalent to classical solutions (see Proposition [I).

The study of the nonlinear heat equation is inevitably related to numerical techniques in order to obtain
an approximation of its solution. More specifically, several finite-difference methods have been proposed to
study a variety of nonlinear heat equations, see for instance [3], [4], [7], [8], [©], [12], [15], [16], and references
therein. In this paper, we propose a new first-order explicit finite-difference scheme that, in addition to
being conservative (Proposition , it also respects the corresponding entropy conditions (Proposition
and Proposition . Moreover, a condition on the step size is provided that is an nonlinear version of the
Courant-Friedrichs-Levy condition (Proposition . Finally, a link between the numerical solution produced
by the proposed numerical scheme and the corresponding weak solution is provided (Proposition @ To
demonstrate the properties of the solutions of the nonlinear heat equation, we present two examples: (i) an
academic example, where the efficiency of the proposed numerical scheme is illustrated; and (ii) a realistic
traffic simulation scenario showing that the mean flow produced by automated vehicles is much higher than
that of the LWR (see [24], [31]).

Therefore, the contribution of the paper is summarized as follows:

e The study of a novel nonlinear heat equation that arises in traffic flow theory for automated vehicles;

e The construction of a first-order numerical scheme that can be applied to nonlinear heat equations
with an explicit condition for numerical stability;

e The study of the connection of the weak solution of the nonlinear heat equation with the solution
produced by the proposed numerical scheme.

The structure of the paper is as follows. Section [2] is devoted to the presentation of a second-order
traffic flow model and the approximation of its solution by the solution of a particular nonlinear heat
equation. Section |3| presents the proposed numerical scheme and its properties. Section [4] presents the two
aforementioned examples. Finally, some concluding remarks are given in Section [5} All proofs are provided
in the Appendix.

Notation. Throughout this paper, we adopt the following notation.
* By |z| we denote both the Euclidean norm of a vector z € R™ and the absolute value of a scalar z € R.
* Ry := [0,400) denotes the set of non-negative real numbers.
* By 2’ we denote the transpose of a vector € R". By |2|s = max{|z;|,i =1,...,n} we denote the infinity
norm of a vector x = (z1, z2, ..., ) € R™.
* Let A C R™ be an open set. By C%(4;Q), we denote the class of continuous functions on A C R™, which
take values in Q C R™. By C*(A4;), where k > 1 is an integer, we denote the class of functions on A C R”
with continuous derivatives of order k, which take values in Q@ C R™. When 2 = R the we write C°(A) or
Ck(A).
* Let I C R be a given interval. For p € [1,00), LP(I) denotes the set of equivalence classes of Lebesgue
measurable functions f : I — R with || f[|,, := (f; \f(x)|pdx)1/p < +00. L>®(I) denotes the set of equivalence
classes of measurable functions f : I — R for which || f||, = esssup (| f(z)]) < +oo.
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* Let u: Ry xR — R, (t,z) = u(t,z) be any function differentiable with respect to its arguments. We use
the notation us(t,x) = %(t, x) and u,(t,x) = %(t, x) for the partial derivatives of u with respect to t and
x, respectively. We use the notation u[t] to denote the profile at certain ¢ > 0, (u[t])[z] := u(t,z), for all
xR

* For a set S C R", S denotes the closure of S.

2. A Nonlinear Heat Equation

2.1. Motivation and Derivation of a Nonlinear Heat Equation

In the recent paper [I§], the study of microscopic vehicle movement control laws (cruise controllers) for
automated vehicles on lane-free roads brought forth the following macroscopic model that holds for 7 > 0,
e

e+ (50)e = 0 (2.1)

pa(0)0r + pa(0)v0e + P'(p)pe = (i(p)F (0)v¢)e — pf (0 — v™) (2.2)
Wlth COnStrathS /3(7—75) € [Oapmar)7 17(7_, 5) € (07Umam) fOr T > 07 é‘ € R; Where pmaz > 07 Umax > 07 and
v* € (0, vmax) are constants. The states p(7,§), 9(7, &) are the traffic density and mean speed, respectively,
at time 7 > 0 and position £ € R on a highway, while the constants p.,qz > 0, Upmae > 0, and v* EN(O7 Umax)
are the maximum density, the maximum speed, and the speed set-point, respectively. Moreover, f: R — R
is a C?! function with f(0) = 0 and £f(€) > 0 for all ¢ # 0, § € C*(R) is an increasing function with §'(%) > 0
for all ¥ € R, and ¢(?) is defined by

. 9 Umaz¥0 — 200% + 0 U
q(,U) = Umaa: ~ 2~2
2(Umaz — 0)%0

, for all v € (0, Vmaz) (2.3)

Model , is a fluid-like model where the term P’ (p)pe is a pressure term and expresses the
tendency to accelerate or to decelerate based on the (local) density; while the term (fi(p)g’(0)v¢)e, is a
viscosity term, by analogy with the theory of fluids, with fi(p) playing the role of dynamic viscosity, see
[19], [25]. The functions /i : [0, pmax) — Ry, P : [0, prmaz) = Ry are C ([0, pmaz)) and satisfy the following
properties

lim (P(p)) = +oo (2.4)
P—Pmax
fi(p) =0, P(p) =0, for all p € [0,p], and ji(5) >0, P(p) >0, forall j € (p, pmaz) (2.5)

where the constant p € (0, pimaz) is referred to as the interaction density due to the fact that for all p € [0, p]
there is no interaction among the vehicles (see (2.5)). The term f(0—v*) is a relazation term that describes
the tendency of vehicles to adjust their speed to the given speed set-point v* € (0, vmax). The functions
i(p), §(p), f(#—v*), P(p) are determined by the properties of the cruise controller of the vehicles (see [I8]).

Remarks: (i) Model , does not include non-local terms and has certain characteristics from the
kinematic theory of fluids. Traffic flow is isotropic, as in fluid flow, since the vehicles are automated and do
not react to downstream vehicles only (as in conventional traffic), but also to upstream vehicles.

(ii) There are infinite equilibrium points, namely the points where #(§) = v* and p(§) < p for all £ € R.
(iii) The selection of fi(p), g(p) has several implications on the characteristics for the traffic flow. The
dynamic viscosity fi(p) makes the “traffic fluid” act as a Newtonian fluid. However, in contrast to actual
fluids, the dynamic viscosity also satisfies . For isentropic (or barotropic) flow of gases, the dynamic
viscosity and the pressure are always increasing functions of the fluid density (see the discussion in [19]).
Thus, a traffic fluid can have very different physical properties from those of real compressible fluids.

Model (2.1)), (2.2) is to be studied under the following conditions for all 7 > 0:

dim (p(7,£)) =0 (2.6)
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lim (0(r,&)) =v* (2.7)

E—+o0

+oo
/ p(1,8)dé < +o0. (2.8)

— 00
Condition expresses the fact that “far downstream and far upstream” the highway is “empty”, i.e.,
there are no vehicles. Condition expresses the fact that the total mass of the vehicles in the highway
is finite. Let 7 € R be a given constant length. Using the variable transformation £ = rz + v*7, z € R and
the dimensionless quantities 7 = =, b= ”’”“;f”* , R= p";j‘”” >1,w= ﬁ;f*, p= %, we obtain the following
dimensionless model for ¢t > 0, z € R

pt + (pw)y =0 (2.9)

pa(w)w; + pg(w)ww, + P'(p)pe = (1(p)g' (w)wz)z — pf (w) (2.10)

with constraints p(t,z) € [0, R), w(t,z) € (—1,b) for t > 0, x € R, where R > 1, b > 0 are constants,

g € CY(R) is an increasing function with ¢’(w) > 0 for all w € (—1,b), f: R — R with f(0) = 0is a C*
function with wf(w) > 0 for all w # 0, and

q(w) — (1 4 b)22(§b_+w()l;(—l 1)'[1}

) for all w € (—1,b) (2.11)
w

Moreover, the functions p : [0, R) — Ry, P: [0, R) — R are C! ([0, R)) and satisfy the following properties:

lim (P(p)) = +o0 (2.12)
p— R~
u(p) =0, P(p) =0 for all p€[0,1], and u(p) >0, P(p) >0 for all p € (1, R). (2.13)
Model (2.9), (2.10) is studied under the following conditions for all ¢ > 0:
tim_(p(t.7) =0 (2.14)
ﬂEgrjrzloo(w(t,x)) =0 (2.15)
+oo
/ p(t, z)dr < 00 (2.16)
If the parameters of the cruise controller that is applied to the vehicles are selected in such a way that
g(w) =w for all w € (—1,b) (2.17)
P'(p) = kp™ " u(p) (2.18)
v b+1 wb+1) b(w+1)
= = In{ ——= for all -1,b 2.19
) = [ ateas =52 | (M) [ oratwe (-1 (219
f(w) = kB(w) (2.20)
where k& > 0 is a constant and the function u : [0, R) — R, satisfies
lim (u(p)) = +20 (2.21)
p—R~
then using definitions (2.17)), (2.18)), ([2.19), and (2.20)), the resulting PDE model (2.9)), ([2.10)), becomes
pt+ (pw)e =0 (2.22)
o' (w)wy + pB (w)ww, + ko~ (p)ps = (1(pwa)e — kpB(w) (2.23)

with t > 0, 2 € R.



Remark: (i) The selection ([2.17), ([2.20), [2.18), ([2-21), in addition to simplifying the original model
, , provides a straightforward methodology to approximate the solutions of , by the
solutions of a single PDE (see analysis below). Moreover, this particular selection is inspired by fluid flow
models, since the resulting model , is very similar to isentropic compressible fluid flow models
for Newtonian fluids (see [25], [34]). Definition is met in real fluid flows in non-porous media, see [I],
while condition for the dynamic viscosity makes the fluid behave like a solid when density tends to
the maximum density R.

(ii) By changing the functions and the parameters of the cruise controllers in [I8], it is possible to
determine the physical characteristics of the “traffic fluid” via the functions P, u, g, and f, and design an
artificial fluid that approximates the emerging traffic flow. An alternative selection of the aforementioned
functions will lead to a new model with a variety of properties. For instance, for compressible fluid flows
in porous media, the function g(v) takes the form g(v) = cv™, where ¢,m > 0 are constants (see [I], but
notice also the essential difference that, for flow in porous media, the function g is a function of the density
p instead of the speed v).

Assume now that p(t,z) > 0 for ¢t > 0, z € R and that (2.14), (2.15)), and (2.16) hold. Define

o(t,z) = p(t,z)B (w(t,z)) + p~  (t, 2)u(p(t, x))ps(t, ), for all t > 0 and z € R (2.24)

where S(w) is given in (2.19). Equations (2.22)), (2.23) and definition (2.24]) imply the following equation

fort >0,z €R:

e+ (wip), = —ke. (2.25)
Next, define
_ p(tz)
g(t,x) = exp(kt), for all t > 0 and = € R. (2.26)
p(t, )
Thus, we get from (2.22)), (2.23)), (2.25]), and (2.26]) that
gt +wg, = 0. (2.27)

It follows from (2.27)) that ||g[t]||,, < [|g[0]||,, for all ¢ > 0, which, combined with (2.26), implies that the
following estimate holds:

plt] H H (0] H
= <exp(—kt) || — for all t > 0. 2.28
|5 =m0 |51, 229
Inequality (2.28]) and definition (2.24)) imply that for all x € R:
i (8 (w(t,2) + 92t 2)iplt, 2))palt, ) = 0. (2.29)

Since B ((—1,b)) = R, we can define the inverse function h : R — (—1,b) with h(0) = 0 and h'(s) > 0 for all
s € R. Thus, we get from ([2.29) for all x € R:

Jim (w(t, @) = b (=p72(t2)u(p(t 2))pa(t ) = 0. (2.30)

Inequality (2.28) and equation (2.30) imply that the manifold w(t,z) = h (—p~2(t, 2)u(p(t,z))pa(t, x)) is
exponentially attracting.

Consequently, the solutions of (2.9), (2.10) are approximated by the solutions of the following PDE that
holds for t > 0, z € R
pt + (ph (=£K(p)pz)), =0

where
K (p) = p~*ulp) for p € (0, R). (2.31)

Notice that due to definition (2.31]) and (2.13)), (2.21)), it follows that x(p) = 0 for all p € (0, 1] and x(p) > 0
for all p € (1, R).



2.2. The Model and its Properties

Motivated by the analysis of the previous section, we study hereafter the following model and its prop-
erties
pt + (ph (—=K(p)pz)), = 0,6 > 0,z € R (2.32)

where k € C'([0,R);R;) with x(p) = 0 for all p € [0,1] and x(p) > 0 for all p € (1,R), and h €
C! (R; (—1,b)) with ' € L>® (R) and satisfies h(0) = 0 and k/(s) > 0 for all s € R. In addition, the PDE
(2.32)) is studied under the condition:

lim (p(t,z)) =0, for all t >0 (2.33)

rz—+o0

with state constraint p(¢,x) € [0, R) for all t > 0 and « € R, and fj:oo p(t,x)dx < +oo for all t > 0.

We notice that :

e There are infinite equilibrium points, namely the points where p(z) <1 for all z € R.

e The nonlinear PDE is not hyperbolic and is not parabolic. When p(t,z) < 1, we get ps(t,z) =0
(a zero-speed hyperbolic PDE) with the propagation speed being zero; and when p(t,z) > 1, we get the
following nonlinear heat equation

pe + W (=K(p)pz) pa — ph' (=r(p)pz) K (p)p5 = ph' (=K(p)pz) K(P)Pa- (2.34)

e The PDE (2.32) (see also (2.34)) is a nonlinear heat equation with the diffusion coefficient depending
on both the density p and the spatial derivative of the density p,. This feature is rarely studied in the
literature, where the diffusion coefficient exclusively depends on the density p, see for instance [13], [27],
[28], [30], [32], [33], [36] and references therein. Notable exceptions are [13], [22], [23], and [I7], where the
viscosity also depends on the spatial derivative of the state.

Define the set

X = {,0 € LY (R)N L™ (R) : inf (p(z)) =0, sup (p(z)) < R, lim (p(x)) = O} . (2.35)
T€R z€R z—+oo
Using 1-) it can be shown that for every classical solution p € C* (Ry. x R; [0, R))NC? ((0, +00) x R)
of ([2:32), (2.33) with p[t] € X for all t > 0, it holds that
m(t) =0 for t > 0 (2.36)
where m(t) is the total mass
+oo
m(t) :/ p(t,x)dz. (2.37)

Therefore, the total mass remains constant. The fact that mass is conserved is of great importance, since it
characterizes physically admissible solutions.

For any classical solution p € C! (R4 x R; [0, R)) N C?((0,+00) x R) of (2.32)), ([2-33) with p[t] € X for
all t > 0, we can define the following functionals

+oo
Bi(t) = [ plta)H (~n(plt,))put, ) do (2.39)
+oo
Ba(t)= |  Qlot,2)de (2.39)
where w
H(w) := / h(s)ds for all w € (—1,b) (2.40)
0
Qp) :== /1/) (p—7)k(7)dr for all p € [0, R) . (2.41)

6



The above functionals are inspired by the mechanical energy of the original model , , with the
functional F in ([2.38)) expressing the kinetic energy and the functional Fs in expressing the potential
energy. A direct consequence of and the functionals defined by and are the following
inequalities that hold for all classical solutions p € C (Ry x R; [0, R)) N C? ((0,+00) x R) of (2-32),
with p[t] € X for all ¢ > 0:

+oo
Bi(0) == [ (000 ol0.0)) (b (—w(p(t,2)pe(0,2)))2 o < 0, for ¢ 0 (2.42)
“+oo
Eo(t) = /_ p(t, z)k(p(t, x))ps(t, x)h (—K(p(t, x))ps(t,x)) dx < 0, for t > 0. (2.43)

Inequalities (2.42)), show us that both functionals , (2.39) are decreasing along classical
solutions of (2.32)). Inequality E[) gives an entropy-like condition (see (2.48))) that characterize physically
meaningful solutions, see [10], [34].

Let the initial condition

pl0] = po € X (2.44)
be given. We give next the concept of a weak solution for the initial-value problem ([2.32), (2.33), (2.44).

Definition 1: A pair of maps p,w : Ry — L' (R) N L*> (R) with

inf (p(t,x)) =0 forallt >0, sup (p(t,x)) <R (2.45)
z€R TER,E>0
-1 inf < 2.4
< anf_ (w(t,x) < S (w(t,z)) <b (2.46)
—+oo +oo
/ p(t,z)de = / po(x)dx, for all t > 0 (2.47)
+oo 400
Q (pt,x))dx < Q (po(x))dx, for all t > 0 (2.48)

for which ([2.33)) holds, is a weak solution of the initial-value problem ([2.32), ([2.33)), (2.44), if, for every
function ¢ € C* (R, x R) of compact support, the following equations are satisfied:

+o00 —+oo —+oo
f/ mmmmmm:/ / plt,2) (w(t,2)bs (1, 2) + b (t,2)) dudt (2.49)
—00 0 —00
+oo +oo
A ‘[ (6 (t,2) B (wlt, 7)) — bs (t,2) Q' (p(t,2))) dadt = 0. (2.50)

Definition 1 is more demanding than the typical definition of weak solution (see for instance [26], [34])

since, in addition to (2.49) and (2.50)), it also requires that the mass is conserved (see (2.47)) and the
RE

entropy-like condition (2.48]) also holds.

Proposition 1. Suppose that p € C' (Ry x R; [0,R)) N C?((0,+00) x R) is a classical solution of the

initial-value problem (2.32)), (2.33), [2.44), that satisfies [2.45) and

k(p)ps € L (R4 X R) (2.51)
plt] € X, for all t > 0. (2.52)

Then, the pair p,w is also a weak solution of ([2.32)), (2.33)), (2.44), where w is given by
w = h(=A(p)ps). (2.53)

Moreover, if the pair p,w is a weak solution of the initial-value problem (2.32)), (2.33), [@.44) with p €
C! (Ry xR; [0,R)) N C?((0,4+00) x R), then p is also a classical solution of the initial-value problem

2.32), (2:33), [2.44) that satisfies (2.51), ([2.45), and ([2.52).
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3. A Numerical Scheme and its Properties

Using finite-differences for (2.32]) with time-step dt > 0 and spatial discretization dz > 0, we next study
the following explicit numerical scheme

ot

Pt =pb 4 o (GEy —GY) i€ZkeZ k>0 (3.1)
where

G = plwF = pfh (—qf) i€ Zk € Z,k >0 (3:2)

1k — Ok
qzé“z—ﬁ(wi?)zQ(’”miS V@) iezrezi>o (3.3)

x

with p¥ € [0,R) fori € Z, k € Z,k > 0 and M = sup (pf) < R be given and 8 : (—=1,b) — R being

i,kezZ

the inverse of h : R — (—1,b). Here p; is the numerical value of density at the point x = idz and at
time ¢ > 0, while pf“ is the numerical value of density at the point x = idx and at time ¢t = kdt. The
numerical scheme l) is a first-order accurate discretization and is appropriately designed to respect
the entropy-like conditi7 for sufficiently small time-step d¢. Equation (3.2]) resembles an upwind
scheme (see [20]), however the term G¥ depends on downstream density (see (3.2), (3.3)). This particular
type of discretization, allows to derive a CFL-type condition for the numerical stability of the scheme, and
to satisfy certain very important properties, such as conservation of mass, that are discussed in detail below.

A direct consequence of the discretization — above, is that the mass m(¢) remains constant
showing that the numerical scheme is conservative, see [26]. Indeed, we have

Proposition 2. For every sequence pf €0,R),icZ, keZk>0with} ., pf < 400, it holds that
k+1
Yicz pith = >icz Py

Notice that Propositionimplies that lim;_, 4o (pFT!) = infiez(pF )

= 0 for every sequence p¥ € [0, R),
i€Z,keZk>0with )., p¥ < +00. The proof of Proposition [2[is trivial and is omitted. To complete
the discretization of model , the above scheme has to be supplemented with a suitable time-step for
certain properties to be preserved. In the following propositions, we obtain an upper bound on the time
discretization step dt, for a given space discretization dx, which guarantees that the functional E5 defined
by is non-increasing (in a discretized sense) and that holds (again in discretized sense). In

particular, it is proved that, in addition to the numerical scheme being conservative, it also respects the

entropy condition ([2.43)).
Proposition 3. Define f(5t) = 6x3",., Q(pF™) for all 5t > 0. Then, 4L(0) = 6z ,, plalh (—¢F) < 0.

3

el | LA [
5 %

. 5t
Proposition 4. Suppose that 1 > 5> <b—|— 22— onax

max (ﬁ(p))) Then p** e [0, M] for all i € Z,
keZ, k>0, where M = sup (pf) < R.
i€Z
For given dx, the bound on the time-step provided in Proposition |4} establishes that p¥ is non-negative
and remains bounded by M = sup (pf) < Rforalli e Z, k € Z,k > 0. It should be noted that the
i€Z

condition on the time-step is an analogous nonlinear version of the well-known Courant-Friedrichs-Lewy
(CFL) condition, see [35]. Finally, under the same bounds on time-step dt, as in Proposition [4f it is shown
next that the functional Es in (2.39) is non-increasing.



M||n!
Proposition 5. Suppose that 1 > g—; (b + 2% Jmax (K(p))) Then,
<p<

M|
Q) < ST Q(ok) + 6t (1—5754 ((JL)| Jmax, ( >pr

i€Z 1€EZL i€Z (3 4)
= Qpf) —dt T YLl i B ))> pbwls (wf) <> Q( |
pz (6 )2 0<p<M P W pz
i€Z i€EZ iE€Z

The following proposition provides the link between the numerical solution produced by the numerical
scheme (3.1)-(3.3)) and the corresponding weak solution of (2.32)), (2.33), (2.44).

Proposition 6. Let pg € X be given. Let §z,t > 0 be given constants. Consider the sequence {piC : i,k €
Z, k >0} defined by the recursive formula

1k Ak 1ok _ O Ak
= <p§_1h (@ ki) - <pi>> L (Q h-a (Pi+1)>> (35)

foralli,k € Z, k > 0 with

1 (i4+1)éx
P = %/ po(s)ds, fori e Z. (3.6)

Define the functions pss st, Wsz,st : Ry X R = R by means of the formulas:

péw,ét(ta l‘) = pf . . 37
ﬂ)éz,&t(t,x) = U}iC = h (7Q (pl)_ég (pi+1)> ( ’ )

for x € [idz, (i +1)dz), t € [kdt,(k+1)dt), i,k € Z, k > 0. Then for every function ¢ € C? (Ry x R) of

compact support, the following equations hold:

+oo +oo
/ Poz,ot(t, x)dx = / po(z)dz, for allt >0 (3.8)

400 +oo +oo
— /_ (0, 2)po(x)dx = /0 /_ Powot(t, ) (Wsz,6e(t, T)Pg (£, ) + & (¢, 7)) dedt + P, (3.9)

+oo +oo
/0 / (6 (t,2) B (wsw.51(t, 7)) — ba (£,2) @ (psee(t2))) dadt = Py (3.10)



where

ot (z+1)69c
Pi(t / / £ (0,402) s, 5¢(t, x)dxdt
i€ZL
13
+OtY Y Pk wk / / Guz (KO, s)dsdE
k>0 i€Z (i-1)dz

(k+1)5t

(i+1)ézx T
oz > it / ¢>tt(1 idx)dldT — / / po(2)d.(0,1)dldz
0 idx

k>0 icZ kat két i€Z

(k+1)6t  p(i+1)8
_ Z / / ( G0 (t, 8)ds + qbtt (7, i5m)d7> Pox,st(t, x)dxdt
k>0 icz Y kot kot
(k4+1)6t  pidx T t
— Z / / (/ Gzx(t,s)ds + Gut(T, (1 — 1)5$)d7’) Poz,st(t, T)wsy 5t (t, x)dadt
k>0 ieZ kot (i—1)éx (i—1)éx kot

k>0 icz ¥ (k+1)ot

(k+2)5t  p(i+1)8 (k+1)5t
_ Z / / </ (btt(T, z5m)d7’>
k kéx

(3.11)
and
(k+1)5 (i+1)é ,
Z / / < GDua(t, s)ds> Q (psz,6¢(t, x))dxdt
k>0 iez kot oz o
(k+1)st (i+1)dz T
+ — Z / / < o¢(7,i0z)dT + gbx(t,lf)df) B(wsg,s¢(t, x))dxdt
k0 iez kot S kot idx
(3.12)
(k+1)6t (i+2)éx (i+1)éx t ,
— Z Z/ / ODuz(t, s)ds + Gt (T, 002)dT | Q (pog,s¢(t, x))dxdt
k>0 icZ k&t (i+1)8 kot
(i+1)éz
+0ty > Q ok / / G (KO, 5)dsdE
k>0 i€Z '
A s llpollo |[7]] Allpolloo|[P[] o
Farthermore, if 12 £ (2 s (w(0)) and 12 00 e () then
we also have for all t > 0:
+oo +oo
Q (psz,6t(t, ) dr < Q (po(z)) dx (3.13)
0 = inf (sz,&t(ﬂ@) < sup (p&v 6t(t .’1?)) < HpUHoo (314)
z€R z€R

Proposition [f]is not adequate to guarantee existence of weak solutions in the sense of Definition 1. To be
able to show existence of a weak solution using Proposition [6] we need to show additional properties. For
instance, we may need to show the existence of two sequences: a sequence {(dz), > 0 : ¢ € N} which con-

h/
verges to zero and a sequence {(dt), > 0: ¢ € N} satisfying 1 > &)q (b + 2% 0w rgﬁxx” (n(p)))
SPEIPO I o
and 1 > (5t)q% mﬁlxu (k(p)) for all ¢ € N for which there exists a constant L > 0 (indepen-
a 0<p<|lpoll

dent from (dt), and (dz),) such that the corresponding numerical solution with 6t = (6t), and oz = (dz),
satisfies
Q' (pk1) — Q'(pF)| < Lo, for i,k € Z,k > 0 (3.15)
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Figure 1: The density profile p[5] for different values of the constant c.

Finally, the following proposition, shows the asymptotic behavior of the numerical scheme. It also shows
that the possibility of an inequality like (3.15]) to be satisfied by the computed numerical solution is large.

B X
Proposition 7. Suppose that 1 > ‘St<b+2”p0”°°”|°° max (n(p))) and 1 > Jt%

ow % 0<p<ipoll
max (k(p)). Then
Oépéllpol\o@( ()

lim (pf [Q'(pF) — Q' (pk,1)]) =0, for all i € Z. (3.16)

k—+o00

4. Numerical Experiments

4.1. An Academic Example

The aim of this example is to demonstrate the numerical solution of model (2.32)) and the convergence
of the functionals defined by (2.38)) and (2.39)). In order to apply the numerical scheme (3.1)-(3.3)), we select

x € [—1,3] and the following functions:

h(s) = tanh(s), seR (4.1)
0 ,0<p<1
— _ 2
rlp)=4 lp—1) 1<p<R (4.2)
R—p

The constant ¢ > 0 is a parameter that allows to increase or decrease the viscosity. Notice also that:
(i) h(0) = 0, K" € L® (R) and h/(s) > 0 for all s € R; and (ii) the function x(p), defined by ([4.2), is a C*
function with x(p) = 0 for all p € [0,1], k(p) > 0 for all p € (1, R) and lirlr%l (k(p)) = +o0.
p—R~

Using (4.2) and definition (2.41) we also obtain that

0 0<p<1
2+p+1 +2R+1
oy =el 0D (FE - o on W
R_1 ,1<p<R '
R—1)2(p—-R) —_—
HR =17~ R (=

11
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Figure 3: The profiles p[t] and w]t] for ¢ = 1.

Let M = 1.4, where M = sup(p;) < R (recall Proposition , spatial-step dz = 0.04 (n = 100 for the
i€Z

interval £; < x < g9) and consider the initial condition:

[ 025w —e1)%(z—e2)? a1 <z <en
pl0] = { 0 otherwise (4.4)

where €1 = —0.52 and g5 = 2.52. We also let R = 2, b = 1, and due to definition (4.1)) and the fact that x(p)

in (4.2) is an increasing function, we get that Jmax (k(p)) = k(M) and ||W'||, = 1. We also let 6t = 107*,
<p<

which satisfies

< dx?

= dxb+2M ||W|| k(M)

for all values of ¢ € {1,5,10,15}. Figure [1] displays the density profile for different values of constant c.
By increasing the value of the constant ¢, the convergence rate of the numerical solution to an equilibrium
p(r) <1, w(xz) =0 is faster. This is also illustrated in Figurethat shows the convergence of the logarithm
of the functionals Ey(t)/E1(0) and Ey(t)/E1(0).

ot

(4.5)

12
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Figure 4: Sup-norm of the difference between the density solutions obtained by using a increasing number of grid-points and
5t =10"5.
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using time-step 6t = 10~ for the explicit scheme

Figure 5: Time-evolution of ||pimp(t] — pexp[t]ll o and [[wimp[t] — wexp[t]ll o,

and different time-steps for the implicit scheme.

In addition, Figure [3| shows the profiles p[t] and w[t] for ¢ = 1 and §z = 0.04, §t = 1072 at different
times indicating the convergence to an equilibrium p < 1, w = 0, where w(t, z) = h(—r(p(t, x)p.(t, x)).

Note that higher accuracy of the solutions produced by the numerical scheme — can be achieved
by using a fine grid with a large number of grid-points. Figure [4 shows the sup-norm of the difference
between the density solutions obtained by using an increasing number of grid-points. Although a fine grid
achieves higher accuracy, the time-step should be decreased significantly to satisfy the time-step condition
provided by Propositions [4 and [f] and consequently the computation time increases.

The numerical scheme — is explicit and is supplemented with a suitable time-step for the preser-
vation of certain properties (recall Propositions Ié-_ll and . This restriction in the size of the time-step can
be relaxed when implicit finite-difference schemes are used. To this purpose, it is of interest to compare the
solution of the explicit numerical scheme — with the solution of an implicit numerical scheme. The

13
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Figure 6: Time-evolution of ||pimp[t] — pexpt]ll o and [[wimp[t] — wexp[t]l,, using time-step 6t = 10~2 for the implicit scheme
and 6t = 10~4 for the explicit scheme.

implicit analogue of numerical scheme @— 3.3) is the following:

ot
Pt = pk 4 o (GE —GFY) ieZkeZ k>0 (4.6)
where
GE = ph Tt = i h (—gf ™) i€ Z,k € Z,k >0 (4.7)

el peny QUEH) = Q' (i)
q; _ﬁ(wz ) - Sz

In Figure [5| the sup-norm of the difference between the solution of the implicit scheme — and the
solution of the explicit scheme — is illustrated. By increasing the time-step of the implicit scheme,
which is represented in the horizontal axis, and using time-step 6t = 10~ for the explicit scheme, the
sup-norm of the difference between the solution of the implicit and the explicit schemes is also increased.
It should be noted that the time-step for the explicit scheme is selected according to that is more
conservative than the time-step used for the implicit numerical scheme. While the implicit scheme can be
applied with much larger time-step (see [5)), it is more computationally demanding, since at each time-step
k € Z, k > 0, the following system of nonlinear algebraic equations needs to be solved

k+1 k+1 k: 1 k+1
e dt <pf_+11h (Q(Pﬁl) Q' (p;* )) Ry, (Q’( + )d Q(mL))) S0 i=l...n-1
X

€L kel k>0. (4.8)

dx dx
(4.9)
where n = 100 is number of grid points on the interval —1 < x < 3 and plg = pn =0 (recall ( )
Furthermore, it is seen that tlim (Il pimplt] = pexplt]ll,) = 0 and tlim (lwimgp[t] — wexp[ oo ) = 0, indicat-
o — 00

ing that the solutions of the two schemes coincide as they converge to the equilibrium p(z) < 1, w(z) = 0.
This is also illustrated in Figure [ which shows the sup-norm of the difference between the solution of the
implicit scheme — using time-step 6t = 1072 and the solution of the explicit scheme —
using time-step 6t = 10~*

4.2. A Traffic Application
In this section, we consider a traffic scenario and compare the vehicle density and flow of (2.32)) with
one of the most well-known traffic flow models for human drivers, the so-called LWR model ([24], [31])

et (p0)e = 0,7 > 0,6 €R (4.10)
14
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Figure 7: Initial vehicle density po(€)-

with the speed v given by

B(r, €) = vy exp (—i (M)> (4.11)

Pe

where vy > 0 is the free-flow speed, p. is the critical density, and a > 0 is a parameter.
Our model (2.32)), in the original variables 7 > 0, £ € R, is given by equation (4.10) with the speed o

defined by
. . P, &)\ pe(r.€)p
recall the transformation £ = rx 4+ v*7, £ € R and the quantities 7 = 5t, w = ﬁ_f* =2 withr=1
( ; q =t o p=5, ;
where
h(s) =B""(s),s€R (4.13)
with 8(w) defined by (2.19)), and u(p) given by
0 ,0<p<1 114
M(p)_ c([;%_jl)72 ,1<p<R ( . )

where ¢ > 0 is parameter. Therefore, , , is a first-order automated vehicle model (AV model).

We consider a single-lane motorway with vy = 102 (km/h), pmax = 180 (veh/km), p. = 33.3 (veh/km),
and a = 2.34 that were estimated in [2I] based on real data from a part of the Amsterdam A10 motorway.
In this scenario, we assume that the initial vehicle density on the road is characterized by a congestion belt
in the interval [1.5,2.75] (km) as shown in Figure 7 with po(§) = 0 for £ < 0 and £ > 0. Note also that
outside the congested area, the vehicle density is below the critical density p..

For the parameters of the AV model , , we select the speed set-point v* = 70 (km/h)
(significantly smaller than the speed limit), the viscosity constant ¢ = 40, interaction density p = 31,
Umaz = 110 (km/h) and recall that the quantities R and b are given by R = £222 > 1 and b = ”’"“57:”*,
respectively. For the AV model, we use the explicit scheme —, since the numerical solution obtained
from the implicit scheme has only minor differences, recall Figure [6]. For the LWR model, we consider the
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Figure 8: Density profiles for the LWR (top), and density profiles of AV model (bottom).

interval & € [0,120] and use Godunov’s method to obtain its solution:
L sk ~k
Pi =P s mln(F (mm(/)z‘ 7Pc)) F (max(piﬂ,pc)))
ot . .ok ~k
+ = (win(F (min(p . p0)) , F (max(@, p0))

Note that the above formula of the Godunov scheme follows immediately from [26] and the fact that flux
F(p) := pv, with ¢ defined by is strictly increasing on [0, p.] and strictly decreasing on [p., +00).
For both schemes we use 6z = 0.04, which corresponds to n = 3000 grid points on the interval [0,120] and
0t =105, The density profiles for both models over a simulation time of 1h are shown in Figure [8 It is
shown that the density of both models dissipates along the road. However, for the LWR model the dissipation
is much stronger and the density is spread over a large road interval for increasing 7 > 0. More specifically,
for 7 =1 (h), the density is non-zero over the interval [90,106] (km), which implies that the vehicles retain

large inter-vehicle distances while the maximum density is equal to ¢ fsr)l(?i(os] (p[1]) = 11.8 (veh/km). On
€[90,
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Figure 9: Density profiles of the AV model with v* = 102 (km/h).

the other hand, for the AV model, the density dissipates at a lower rate but the vehicles remain in a 4km

stretch of the road (£ € [70,74] (km), since the desired speed is v* = 70 (km/h)), as was the case in the

initial density, and with maximum density ) Iﬁ%}% (p[1]) = 34.83 (veh/km) (near the critical density p).
€170,

Note however that the travel time of the AV model is lower since vehicles are moving with a significantly
lower speed (v* = 70 (km/h)). Note also that the density for AV model converges towards an equilibrium
where 9(€) = v* and p(§) < p < pe.

Moreover, we also consider the case where the speed set-point is equal to the free-flow speed v* = vy = 102
(km/h). The density profiles of the AV model with v* = 102 (km/h) are shown in Figure [} Note that
when vehicles are moving with free-flow speed v* = 102 (km/h), the overall travel time is higher with the
AV model, since, for 7 =1 (h), vehicles are in the interval (102,106) (km), whereas with the LWR, vehicles
are in the interval (90, 106) (km), compare with Figure [8| (top).

Since with the AV model , the density converges towards an equilibrium near the critical
density, while vehicles are spread in a small space interval (recall Figure [7] it is expected that the flow
q = pv of the AV model is much higher than the flow of the LWR model. Equivalently, vehicles equipped
with the cruise controllers proposed in [I8] will retain smaller inter-vehicle distances (higher density) than
human-driven vehicle. Indeed, to compare the mean flow for each model, we define

T [ b(t) = ~

Mean Flow = l/ / " dedt
T Jo Jaw ObE)—alt)
where T' > 0 denotes the maximum time and [a(7),b(7)] denotes the interval where p(7,£) # 0 for £ €
[a(T),b(T)] at each time instant 7 > 0. We consider the cases: (i) v* = 70 (km/h) - the speed set-point
is much lower than the free-flow speed; and (ii) v* = 102 (km/h) - the speed set-point is equal to the free
flow speed vs. The mean flow for both models and 7' =1 (h) is shown in Table 1| In both cases, the mean
flow for the AV model is much higher than the mean flow of the LWR. In particular, when the vehicles are
moving with free-flow speed, the mean flow of the AV model is 346% higher than the mean flow of the LWR,
model.

Finally, it should be noticed that the macroscopic model (4.10)), follows directly from the cor-
responding cruise controllers in [I8], whose design has many degrees of freedom and can influence the
characteristics of , . For instance, just by increasing (or decreasing) the value of the viscosity
constant ¢ > 0, we can influence the dissipation rate of the density p and speed ¢ to an equilibrium (recall

Figure .

17



100 T \/ T T T .
90 B
% LWR (0] il
70 0[0.2] .
. 0[0.5]
<% a1 1
E 50 - .
TS .
30 B
20 B
10 .
0 1 1 1 1 | 1
0 20 40 60 80 100 120
€ (km)
110 T T T T
100 b
90 9[0] h
80 H 9[0.2] 4
0[0.5]
. 70 - ’lN)[].] b
ST - i
g
< 50 .
w®
40 .
30 [ B
20 - b
10 - b
0 1 1 | Il 1
0 20 40 60 80 100 120
¢ (km)
Figure 10: Speed profiles for the LWR (top), and the speed profiles of AV model(bottom) with v* = 102 (km/h).
AV model AV model
(#10), (E12) with -, with LWR
v* =70 (km/h) = 102 km/h)
Mean Flow 2232 (veh/h) 3201 (veh/h) 926 (veh/h)

Table 1: Mean flow

5. Conclusions

We have presented a nonlinear heat equation arising from automated vehicle flow models and we have
shown that the solution of the nonlinear heat equation approximates the solution of the second-order traffic
model. Moreover, a concept of weak solution was defined, and certain entropy-like conditions were derived
that characterize physically meaningful solutions. A conservative finite-difference scheme was also proposed
that respects the corresponding entropy conditions, and certain links between the weak solution and the
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numerical scheme were established. In addition, a CFL-type condition was derived for the time discretization
to ensure stability of the numerical scheme. Finally, a traffic simulation scenario and a comparison with
the Lighthill-Witham-Richards (LWR) model were provided, illustrating the benefits of the proposed traffic
model.

The nonlinear heat equation under consideration, was derived from the second-order macroscopic taffic
flow model in [I§], for a specific selection of the cruise controller parameters. A different selection of
the controller parameters and functions will lead to a new model with different qualitative properties. In
future work, we will study the properties of the second-order macroscopic model under different families of
functions.

Since the proposed nonlinear heat equation can be considered as a first-order model for the study of
vehicle density and flow, it is of utmost importance for practical application its computational procedure
to produce accurate results. In future work, we will study and evaluate the performance and advantages of
alternative and higher-order implicit and explicit numerical schemes with respect to the first-order accurate
numerical scheme proposed in this paper. A second objective will be the evaluation of the accuracy of the
proposed first-order model with respect to the second-order traffic model. The latter requires a suitable
numerical scheme for the approximation of the solutions of the second-order model. Since the usefulness
of macroscopic traffic flow models can be measured by means of empirical validation, as a future direction
we are also interested in comparing the first-order and second-order macroscopic traffic flow models against
microscopic traffic data.
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Appendix

Proof of Proposition [1 We first show that if p € C* (R4 x R; [0, R))NC? ((0, +00) x R) is a classical solution
of (2.32)), (2.33), (2.44) that satisfies ([2.51)), [2.45)), and (2.52)), then the pair p, w with w defined by (2.53)), is
also a weak solution of the initial-value problem (2.32)), (2.33)), . First notice that by virtue of (2.49)),
(2.33), (2.32), (2.39) and (2.43), it follows that (2.47), (2.48) hold. Furthermore, it follows from ({2.51)),
definition (2.53)) and the fact that h(R) = (=1,b), k(p)p € L=°(R4 x R) that holds. Equation (2.33)
is a direct consequence of and definition (2.37).

Let ¢ € C% (R; x R) be a function with compact support in Q := [0, T| x [—a, al, for T, a > 0 sufficiently
large. Multiplying (2.32)) by ¢ and using (2.53)), we obtain

—+oo —+oo
| ] et utta) + it a)pt.o)),) dedt 0 (5.1)
0 —00
Integrating by parts (b.1) and using (2.45)), (2.46)), Fubini’s Theorem, (2.44)) and that ¢ has compact support
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in  we obtain
+oo  ptoo
0 Z/O /_ o(t,z) (pu(t,z) + (w(t,x)p(t, x)),) dtdx

+oo = +oo +o0

= / p(t,2)(t, )iy ™ da — / bu(t, x)p(t, x)dtds
-0 —o0 0
oo +oo +oo

+ /0 (o(t 2yt 2)p(t, )22 dt /O / ot Y0 (t, )b, 2)drdt

+oo +oo +o0 too too
= [ N ¢(0,z)po(z)dx — /0 [ _ (p(t, 2)w(t, 2)¢a(t, x)) dwdt — /O [ N qﬁt(t,x)p(t,x)dm?; )

which implies (2.52). Notice that due to definition (2.41]), and the fact that § is the inverse of h, (2.53) is
written as follows:

B(w(t,z)) +(Q(p(t,2))), =0 (5.3)
Using and integrating by parts the equation
+oo +o00
| et e + @i, dat =0 (5.4)
we obtain
+oo +o00 +oo r=-400
| [ eeose) - ota)Q ot andsit+ [ st e[ a=o

and due to the fact that ¢ has compact support in €2, equation follows, establishing that the pair p, w
is a weak solution.

Conversely, suppose that the pair p,w is a weak solution of (2.32)), (2.33)), (2.44) as per Definition 1.
Since p € C' (R4 x R; [0, R)) N C? ((0,+00) x R), it follows by definition (2.41) that Q’(p) € C*(Ry x R).
Let arbitrary T,a > 0 be given. Define

Q:=(0,T) x (—a,a) (5.5)

Let an arbitrary function ¢ € C? (R x R) with compact support in Q. From (2.53]) and using integration
by parts we obtain the following equation

0= // (¢ (t,7) B (w(t,z) — 6 (t,2) Q (p(t, 2))) dadt

T a (5.6)

r=—a

T
- / / o(t,2) (Buw(t,2)) + (Q(plt, x))), ) dudt + / ot 2)Q (p(t, 7))
Q 0

- / /Q o(t, ) (B(w(t, 2)) + (@ (p(t, x))),) dadt

Moreover, compactness of 2 and (2.46) (which imply that B(w) € L>®(Q) C L?(R)), definition (2.41)
(which implies that (Q'(p)), = x(p)ps) and (2.51) (which implies that (Q'(p)), € L> (Q) C L' (Q)) give
that S(w) + (Q'(p)), € L' (). Corollary 4.24 on page 110 in [6] gives that

B(w(t,z)) + (Q'(p(t,z))), =0 a.e. in Q

or (using (2.41))
w(t,x) = h(—k(p(t,z))p:(t,)) a.e. in

where h is the inverse of 3. Finally, due to continuity of i (—k(p)ps), we get that w € C° (Q) and using

we get B
w(t,z) = h(—k(p(t,x))pz(t,z)) in Q@ =1[0,T] x [—a,d] (5.7)
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Since p € C' (R4 x R; [0, R)) N C? ((0,+00) x R) and since T,a > 0 are arbitrary, we obtain that w €
C° (Ry x R; (—1,b)) N C* ((0,+00) x R) and (2.53) holds for all (t,z) € Ry x R.
Let arbitrary a > 0, T' > ty > 0 be given. Define

Q= (to,T) X (—a,a) (5.8)

Next, let arbitrary function ¢ € C? (R, x R) with compact support in Q be given. Since p € C! (R x R; [0, R))N
C? ((0,+00) x R), w € CY (Ry x R; (—1,b)) N Ct ((0,4+00) x R) and since ¢ has compact support in Q, it
follows from equations (2.49) and (2.53) by direct integration by parts that the following equation holds

/ o(t,x) (pe(t, ) + (p(t, x)w(t, x)),) dedt =0 (5.9)
Q
Since p; + (pw), € C° () C L' (Q), Corollary 4.24 on page 110 in [6] gives that

pi(t, ) + (pw)z(t,x) =0 a.e. in Q
Since p; + (pw), € C° (Q), we get from (5.8):

pe(t,z) + (pw)a(t,2) = 0 in Q = [to, 7] x [~a, ]

Since a > 0, T' >ty > 0 are arbitrary we obtain that p; + (pw), = 0 for all ¢ > 0 and z € R. Consequently,
using we conclude that ( - ) holds for all t > 0 and T e R.

Inclusiaﬂ?' is a direct consequence of and . Inclusion is a direct consequence of
definition (2.38 _45[) ([2.33) and -

We complete the proof by showing that (2.44)) holds. Using (2.49)), Fubini’s theorem, integration by
parts and the fact that p; + (pw), = 0 for all ¢ > 0 and x € R, we get for every function ¢ € C? (R x R)
of compact support:

+oo +oo +oo
7/ ¢(0,2)po(x)dx */ / p(t,x) (w(t, )y (t, ) + ¢ (¢, x)) dedt

+o00 o0 +oo ptoo
/ / p(t,z)dy (t,x dtda:+/ / p(t, 2)w(t, x) o, (¢, x) dedt
+o00 +oo +oo +oo +OO
:—/ p(0,2)¢ Oa:dx—/ / (t, )b tmdtdm—/ / p(t,x)w(t,x)), ¢ (t,x)dedt

oo

= _/+0<> p(0,2)¢ (0,2) dx — /+OO /+OO (pe(t, ) + (p(t, 2)w(t, x)),) ¢ (t,x) dedt

— 00

+o0o
= —/ p(0,2)¢ (0, x) dz

—00

Thus, we conclude that for every function ¢ € C? (R) of compact support it holds that:

—+oo
| 6@ (00.2) - pola)) dx =0 (510)
Using (5.10), Corollary 4.24 on page 110 in [6], the fact that po € X C L' (R) N L* (R) and the fact that
p[0] € X C L' (R) N L™= (R) we get that p(0,z) = po(x) for x € R a.e.. Since p[0] € C* (R), it follows that
po € C! (R) and that p(0,x) = pg(x) for all z € R. Therefore, (2.47) holds. The proof is complete. O

Proof of Proposition[3 Notice first that from (3.1]) we have that

e .
d;’ét = i Lk e Lk 20 (5.11)

22



Using (3.1) and (5.11)) and definition of f we get

df
500 =02 _Q'(i™) d& => Qi) (Gr, - GY)

€L 1EZL
_ ( k+1y ~k k+1
= QNG = Q) (5.12)
S/ 1€Z
k+1 k+1
(p; ) Q (i)
=D (U - Q) Gf —5:52;) = h(—af)
€L 1€EZL

The desired inequality is a direct consequence of (5.12)), definitions (3.2)), (3.3), and the fact that h(:) is
increasing with h(0) = 0. This completes the proof. O

Proof of Proposition[fl From (3.1]) and definitions (3.2) and (3.3]) we have for i € Z, k € Z, k > 0

X

It follows from (2.41), (5.13), the facts that M = sup(p¥) and B’ € L*(R), and assumption
i€l

sty oML
1> (b+2 52 Og}zzv[ (k(p)) | that

=1—-—h
o pk oz x

at k(py) Qi) — Q' () Q' (pF) — Q' (pir)
C or Oz (pf_1h< ox +pfh ox

opitt bt (Q’(p?) — Q’(pf+1)>
5

(5.14)
it K(0F) Qi) — Q' () Q' (0F) = Q' (pfi)
=1- %b ot (6x)? <pf_1h < ox +obh dx .
ot M||r o,

Inequahty 4)) implies that p]H'1 is increasing with respect to p¥. Therefore, by the definition of M and
we get that the following inequalities hold for i € Z, k € Z, k > 0

<t (% <p§_1 N (Q’(péﬂl)& - Q’(M)> o (Q/(M) MQ'(pr))) (5.15)
i Ot Q(Pr )
it > — 57 pi_1h ((595) (5.16)

Since Q' is a non-decreasing function (recall definition (2.41))) and since p¥ | < M, it follows that Q'(p¥ ;) <

’ k _ !

Q' (M) and consequently h (W) < 0. Moreover, since pfﬂ < M, it follows that Q’(pi—ﬁrl) <
’ — 0 k

Q' (M) and consequently h(%) > 0. Thus, implies that p’”‘1 < M. Moreover,

¢k
Q'(pF_,) > 0 and consequently, h (Q (2%’;1)) > 0. Hence, from we get p’€+1 > 0. This completes
the proof. O
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Proof of Proposition 5. Recall that f(6t) =6z > ,., Q(p k+1). Using definitions [2.6), (3.1), (3-2), equation
(5.11)), and inequality p¥ < M, i € Z, k € Z, k > 0 we obtain

k+1 krll k+1 k deH
sz pz+1 i d St sz i) d ot
€L zGZ
Gk Gk | - GE
=D oo (—a7) === =l (—af) ==
€L €L
k o) -GY k k k
= Z * : (pi—lh (*%’—1) —pih (*Qi ))
€L
1 s k k 1 k k)2
= - < G
6IZK’( ) (Gz 1 G, ) = 5I og,l)a<)§w (K(p))Z(szl G’L)
I€EL €L (517)
4 k 4 E\2 12 k
< — " —q"
< 5o olax (k(p)) % (1) = 5, max, (x(p)) % ()" n* (~ar)
4M En ( < AM M
< — Jii] i e}
T oz 0<p<M Zp h - ox 0<p<M Zp’ jai'| |7 (=)
€L i€L
AM ||P]| o k
o S O<p<M Zp’ ¢)h(~a)
1€EZL
_AMR .
- Sx 0§P<M Zp7. 4q;
€L
From Proposition [3|and (5.17)) we finally obtain
AM ||| k
< Y il L1 |1-)
f(0t) < f(0) + 6t (1 ot e ngg\/[ K(p 539%/) Yarh (
which implies inequality (3.4). The proof is complete. O

Proof of Proposition[6 For any ¢ € C? (R, x R) with compact support, define ¢¥ =

o (kdt, i6x) for i, k € Z,

k > 0. We have from (3.5) and definition (3.7)) after adding and subtracting terms that

0 10 k k k
Pi i Pi 1 Wi— ¢> ¢i
LD PP = )Y Y et (5.18)
i€z k>0 i€Z k>0 i€Z
Moreover, from (5.18)), (3.6)), and (3.7)) we obtain
(i41)ox k (k+1)6t  pidx
— Z ¢0/ s)ds = Z Z i ¢ / / Pox.ot(t, T)Wsg, 5 (L, x)dadt
i€Z k>0 i€Z kdt (i=1)dz )
d)kJrl o (k+2)6t  p(i+1)8 (5.19)
+ Z Z / / pgm st(t, z)dxdt
k>0 i€Z (k+1)dt
Notice that since ¢ € C? (R x R) we have that the following equations hold for k,i € Z, k > 0
G _ g 1 Ut
W = ¢y (kdt,i0x) + 5 / o (l,idx)dldr
kst kot 5.20)
8k — ok e e (®.
2Tl — g (kot, (i — 1)) + 5 / bue(kSt, s)dsdE
oz (i—1)oz J (i-1)6z



Combining (|5.20]) with we get

icz, /10 k>0 i€Z

(i+1)dz (k+1)6
_ Z/ (0, z)po(x)dx = Z Z/ /( : (1 — 1)0x) psa.,5t(t, T)wsy 5¢(t, v)dxdt
i i—1 5z

(k+1)8 (i+1)8 &t (z+1)6a:
+ Z / / ¢ (kdt,90x) psg 5t (t, )dxdt — Z/ / ¢ (0,102) pog,st(t, z)dxdt
kot

k>0 i€Z €7
(k+1)5t
—I-CStX:z:pZ Lk 1/ / ¢z (K, s)dsdf—&—éxZZpk‘H/
k>0 i€Z Dz J(i=1)ox k>0 i€Z kot

(i+1)dx x
/ | mo(@)6a(0. e
i€Z bz ibx

k?+1 ot
-y /k / m( [ bt (1= D) a ) pso st (b ) wsa 0 (1 ) dadlt

k>0 i€Z

)

k>0 iez ¥ (k+1)6t

(k+2)8 (i+1)8
/ " (60 (k0t,02) — o ((k + 1)01, i62)) psw.se (1, 2)ddt

du(l,idz)dldr

(5.21)

Using (5.21)) it is straightforward to obtain (3.9) with P; defined by (3.11)). Notice next that definition

(3.3) implies that
k
S5 ut) ot = 33t e

k>0 i€Z k>0 i€Z
and due to ([5.20)) we obtain that

(k+1)8t  p(i+1)6x
Z / / @ (kdt,i6x) B (wsp se(t, x)) dadt
kot

k>0 i€Z
(k+1)dt z+2)6a:
= Z / / w (kdt,i0x) Q' (pswe,st(t, x)) dudt
k>0 icZ kot (i+1)dx
(i4+1)éx
RONWATHYN o it s)dsdg
k>0 i€z iow

(5.22)

(5.23)

From (5.23) and expanding the integrals [, kt 50 @t (1,902) dT and fz‘fsw ¢, (t,€)d¢ we can obtain the following
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equation

(k+1)dt (z+1)6x
SN / / 2) B (wse.g0(t, ) dadt
kot

k>0 i€Z
(k4+1)6t  ,(i41)dx T
-y / / ( balt, s>d§) B (wpo g1 (1, ) decdt
k>0 iz 7 kot oz
(k+1)6t (i4+1)éx
_ Z / / < @ (1,10) d7'> B (w(;xy(st (t,z)) dxdt
k>0 iz ¥ kot kst
(k+1)8t z+1)5a;
= Z / / (t,162) Q' (psz,st(t, x)) ddt (5.24)
k>0 iez 7 kot ox
(k+1)5t  p(i42)8
-3 / / (i + 1)0z) — ¢y (,62)) Q' (psz.5¢(t, ) dadt
k>0 i€z ¥ kot (i+1)dx
(i+1)8
+ot> > Q (pk / / Guz(kOt, s)dsdE
k>0 icZ
(k+1)8 (i+2)8
-2 / / < Ot (7,102) dr) Q' (psu.s1(t,)) dodt
k>0 icZ (i+1)éz k&t
Equation implies (|3 with P, defined by (3.12) - Finally, inequalities (3.13)) and ( are a direct
consequence of Proposition l 3] and Proposition @] The proof is complete. O

Proof of Proposition[7 Define

Vo= Qb (5.25)
i€Z
Wi =3 pbubs (uh) (5.26)
i€Z

and notice that due to definitions (2.19) and (2.44), Vi > 0 and W}, > 0 for all &£ > 0. Moreover, let

4lpoll oo 171l oo
(0x)? 0<p<llpoll

Definitions (5.25)), (5.26]), (5.27) and inequality (3.4)) imply the following estimate

=1-6t (k(p)) >0 (5.27)

Vg1 < Vi —cot Wy,

which recursively gives that
k—1
Vi <Vo—cot Y W, (5.28)
§=0

Since Vi > 0, we obtain from ([5.28)) the following implication

kopk : ko k k
E W; <—VO khm <E piwt B (w >:0:>k£1i1w(piwiﬁ(wi)):0 (5.29)
Suppose that khT pl |w ‘) = 0 is not true for some ¢ € Z. Then there exists ¢ € (Q%)
—+00

and an increasing sequence {k, : n=1,2,...} with pf” wf"

> ¢ for all n = 1,2,.... It follows that
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’w?" > 5 and pf”’ > m for all n = 1,2,.... Since f is increasing with 3(0) = 0 we get that

wk B (wf”) > min (£8(%),—58(—%)) for all n = 1,2,.... Consequently, we have prrwhn g (wf") >
gy Min (£8(%),—58(—%)) foralln = 1,2, ..., which contradicts the fact that kgrfoo (pFwkp (wh)) =

0. Therefore, lim (p¥ |w |) = 0 for some ¢ € Z.
k—+o0
Suppose that . llT (P¥ Q' (pF) — Q'(pk,1)|) = 0is not true for some i € Z. Clearly, this cannot happen if
— 400
llpoll < 1. Consequently, ||pol|,, > 1. Then there exists € > 0 and an increasing sequence {k, : n=1,2,. }

with pfn ‘Q’(pf”) — Q’(,ofjﬁl)’ > ¢ for all n = 1,2,.... It follows that |Q'(p¥") — Q’(pf_ﬁl)‘ > & and i

for all n = 1,2,.... Since h is increasing with h(0) = 0 and since w¥ = h (M

@0l

we get that ’w > min (h (ﬁ) ,fh( Réz)) for all n = 1,2,.... Consequently, we have p; kn f
W min (h (ﬁ) ,—h( RM)) for all n = 1,2, ..., which contradicts the fact that hm (p ’w |)

kn
i

DOIV\-/\

Therefore, i lim (¥ |Q'(pF) — Q' (pF1)|) = 0 for some i € Z. The proof is complete.
— 400

27



	Introduction
	 A Nonlinear Heat Equation
	Motivation and Derivation of a Nonlinear Heat Equation
	The Model and its Properties

	A Numerical Scheme and its Properties
	Numerical Experiments
	An Academic Example
	 A Traffic Application

	Conclusions

