Commun. Comput. Phys. Vol. 33, No. 3, pp. 692-732
doi: 10.4208/ cicp.OA-2022-0263 March 2023

Fifth-Order A-WENO Path-Conservative
Central-Upwind Scheme for Behavioral Non-Equilibrium
Traffic Models

Shaoshuai Chu!, Alexander Kurganov
Zuduo Zheng?®

! Department of Mathematics, Southern University of Science and Technology,
Shenzhen, 518055, P.R. China.

2 Shenzhen International Center for Mathematics and Guangdong Provincial Key
Laboratory of Computational Science and Material Design, Southern University of
Science and Technology, Shenzhen, 518055, P.R. China.

3 School of Civil Engineering, the University of Queensland, Brisbane Qld, 4072,
Australia.

12+ Saeed Mohammadian® and

Received 20 October 2022; Accepted 18 December 2022

Abstract. Non-equilibrium hyperbolic traffic models can be derived as continuum
approximations of car-following models and in many cases the resulting continuum
models are non-conservative. This leads to numerical difficulties, which seem to have
discouraged further development of complex behavioral continuum models, which is

a significant research need.

In this paper, we develop a robust numerical scheme that solves hyperbolic traffic
flow models based on their non-conservative form. We develop a fifth-order alter-
native weighted essentially non-oscillatory (A-WENO) finite-difference scheme based
on the path-conservative central-upwind (PCCU) method for several non-equilibrium
traffic flow models. In order to treat the non-conservative product terms, we use a
path-conservative technique. To this end, we first apply the recently proposed second-
order finite-volume PCCU scheme to the traffic flow models, and then extend this
scheme to the fifth-order of accuracy via the finite-difference A-WENO framework.
The designed schemes are applied to three different traffic flow models and tested on
anumber of challenging numerical examples. Both schemes produce quite accurate re-
sults though the resolution achieved by the fifth-order A-WENO scheme is higher. The
proposed scheme in this paper sets the stage for developing more robust and complex

continuum traffic flow models with respect to human psychological factors.
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1 Introduction

This paper is focused on the development of robust and highly accurate numerical meth-
ods for non-equilibrium continuum traffic flow models, as non-conservative systems of
hyperbolic PDEs.

Continuum models treat traffic flow as a compressible fluid, and study its behavior
using aggregated state variables (for instance, flow and density) and are useful for real-
world traffic regarding operation and control [48]. Numerous continuum models have
been developed over time to accommodate various empirical and behavioral aspects of
traffic flow (see [47] for a critical review), which can be categorized into two broad fami-
lies of equilibrium and non-equilibrium models.

Equilibrium models rely primarily on the differential forms of the mass conservation
principle and some explicit functional forms between the state-variables (that is, speed
and density). The most prominent example is the seminal Lighthill-Whitham-Richards
(LWR) model [40, 54], which for a section of homogeneous road without intersections,
can be presented as

pi+(pV)x=0, V=Vi(p), (1.1)
where x is the spatial variable, t is the time, p(x,t) is the density, and V,(p) describes
traffic speed as a generic function of local traffic density. The standard LWR model treats
the multi-lane traffic as a single-pipe, assuming all vehicles and drivers have the same
properties. Over time, numerous extensions of the LWR model have been proposed to
incorporate various aspects such as multi-lane driving and lane-changing manoeuvres
(see, e.g., [15,16,25,29]), different vehicle types (see, e.g., [4,49,53,61,62,64]), and drivers’
non-local anticipation of traffic condition ahead (see, e.g., [5,10,11,57]).

Regardless of their underlying rationales, all equilibrium models are derived from
the flow conservation principles, and thus, can always be presented in the form of the
system of balance laws:

U;+FU),=S(U), (1.2)
where U are the state variables, F are the nonlinear fluxes, and S(U) are the source terms.
Therefore, equilibrium models are often solved using numerical methods for hyperbolic
conservation and balance laws; see, e.g., [20,35,44,69].

Non-equilibrium models, on the other hand, use the same flow continuity equation
as in (1.1), but with the speed adapted as a dynamic process. The majority of non-
equilibrium models can be presented in the following generic form:

Pt+(PV)x :0/
Vt‘"VVx :f(p/V/pJC/VXI' : )
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These models are particularly useful for capturing some complex traffic phenomena such
as emergence of traffic instabilities [60], capacity drop phenomenon downstream the
ramp areas [51], and the hysteresis effects [67]. Some non-equilibrium models are phe-
nomenological and are derived directly from fluid mechanics concepts (see, e.g., [13,37]),
whereas others are derived from the gas-kinetic theory (see, e.g., [26,59]), or car-following
relations (see, e.g., [27,65,70,71]). The majority of existing non-equilibrium models can be
formulated in the conservative form (1.2), in which case, the aforementioned numerical
methods can be implemented.

However, the conservative form cannot necessarily be guaranteed for certain non-
equilibrium models. Lack of the conservation property is likely to be the case when non-
equilibrium models are derived from car-following models (see, e.g., [23,24,65,71] and
the review paper [55]) and behavioral premises, rather then from conservation principles
[68]. In such case, the central idea is to incorporate human psychological factors (for
instance, driver memory) into the car-following models as time-dependent ODEs and
then to derive a continuum approximation in the Eulerian coordinates. Such practice
often results in the emergence of non-conservative products.

The non-conservative traffic flow models can be presented in the following form:

U;+F(U),=BU)U,+S(U), (1.3)
or in the equivalent quasi-linear form:
Ui+ A(U) U, =S(U), (14)

where A(U)=A(U)—B(U) and A(U) := % is the Jacobian. Development of such
behavioral non-equilibrium non-conservative models is an important research direction
as numerous empirical observations have established behavioral foundations for many
complex traffic phenomena such as traffic oscillations and hysteresis phenomena (see,
e.g., [8,56]). However, the inherent numerical difficulties associated with non-conservative
hyperbolic systems has remained an obstacle from an implementation perspective, thereby
hindering the development of such urgently needed behavioral continuum models.

To the best of our knowledge, traffic flow models of the form (1.3) or (1.4) have only
been investigated analytically: this is possible since even though the models described by
the system (1.4) are non-conservative, they are analytically tractable since the matrix A is
known. However, no rigorous numerical studies of these models have been conducted.

In general, development of accurate and robust numerical methods for (1.3) is a chal-
lenging task due to the presence of non-conservative product terms. When U is discontin-
uous, weak solution of the system (1.3) cannot be understood in the sense of distributions.
Instead, one can introduce weak solutions in the sense of Borel measures as it was done
in [17,38,39], and later used to introduce a concept of path-conservative finite-volume
methods; see, e.g., the review papers [6,52] and reference therein.

This paper aims to develop a robust numerical scheme for non-conservative traffic
flow behavioral models, and thereby to pave the way for further development of behav-
ioral non-equilibrium models. The contributions of this paper are three-fold.
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First, we develop path-conservative central-upwind (PCCU) numerical schemes for
hyperbolic traffic flow models based on their non-conservative form as in (1.3). The
PCCU schemes were derived in [7] for general 1-D non-conservative hyperbolic sys-
tems (1.3). While these schemes are robust and thus applicable to a wide variety of non-
conservative system, they are only second-order accurate and this limits their ability to
achieve high resolution of certain practically important solutions.

Higher-order PCCU schemes have been recently developed in [12] in the framework
of finite-difference alternative weighted essentially non-oscillatory (A-WENO) schemes.
Our second contribution is to modify the A-WENO PCCU scheme from [12] and apply
the modified scheme to three different traffic models from [65,70,71]. The modification
is necessary as the schemes from [12] may produce inaccurate and oscillatory results in
several important numerical examples. The resulting second- and fifth-order schemes
are tested on a number of challenging numerical examples, which clearly show that both
schemes are robust and capable of producing quite accurate results. At the same time, the
fifth-order A-WENO PCCU scheme produces sharper results in many of the considered
numerical examples.

Thirdly, we propose efficient treatments to suppress the inherent numerical oscilla-
tions that may potentially arise when WENO-type schemes are applied to nonlinear hy-
perbolic systems. We emphasize that even though our A-WENO PCCU scheme is based
on a very accurate and essentially non-oscillatory WENO-Z interpolation [12, 28,41, 63]
applied to the characteristic fields using the local characteristic decomposition [12,19,28,
41,50, 63], oscillations can still occur. Therefore, in order to suppress these non-physical
spurious oscillations, we supplement the developed A-WENO PCCU scheme with the
adaptive artificial viscosity (AAV) taken to be proportional to the size of the weak local
residual (WLR) as it was proposed in [9,34] for general hyperbolic systems of conserva-
tive laws. We compute the WLR based on the conservative continuity equation, which al-
lows us to directly extend the AAV approach from [9,34] to the studied non-conservative
systems.

The rest of the paper is organized as follows. In Section 2, we briefly describe a
second-order finite-volume (FV) PCCU scheme for the non-conservative system (1.4).
In Section 3, we construct a new fifth-order A-WENO PCCU scheme. In Section 4, we
show how the AAV can be incorporated into the proposed A-WENO PCCU scheme. In
Section 5, we present the numerical results. Finally, in Section 6, we give some conclud-

ing remarks and comment on the future development and applications of the proposed
A-WENO PCCU scheme.

2 Second-order FV PCCU schemes: A brief overview

In this section, we consider the non-conservative hyperbolic system (1.4) and review the
second-order FV PCCU schemes introduced in [7] and then modified in [12].
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Suppose that a numerical solution realized in terms of its cell averages

U;(t):~ Alx/u(x,t)dx
G

is available at a certain time f. Here, C- = (xjf

1 ) are the cells, which are assumed
2
f+2 iz

(for simplicity) to be uniform so that x; = Ax for all j. The cell centers are then
given by x; = X1 +4x/2,
The numerical solution is evolved in time by solving the following system of ODEs:
du; 1 a. 4 1
J_ . n._ J—32
ar = ax [T Hi B al | —a; Byjyt to—a Byjoy | TS 1)
=2 T3 3

x

which is obtained by applying the semi-discrete PCCU scheme from [12] to the system
(1.4). Note that all of the indexed quantities in (2.1) are time-dependent, but from here on
we omit this dependence for the sake of brevity. In (2.1),

+ - + + -
a” F(U —a. F(U a’ ,a.
H =z M)~ F ’+2)+ it (u+ ~u-,-Q, 1) (2.2)
]+§ ﬂ+ 1 _ai 1 + 1 _ai 1 ]+2 ]+2 ]+z
Jt3 J+2 ]+§ Jt3

are CU numerical fluxes derived in [33]. Here, LIi ' are the right- and left-sided point

values of U at the cell interface x=x; 11 They are obtamed with the help of a conservative
piecewise linear reconstruction,

U(x) = U+ (W)(x—x)), x€C, @3)
which gives
—  Ax T Ax
u]+2:u 2 - (W), u]:%:uj+1_7(UX)jH'

The slopes (Uy); in (2.3) are to be computed using a nonlinear limiter to ensure the non-
oscillatory nature of this reconstruction. In all of the numerical experiments reported in
Section 5, we have used the minmod limiter (see, e.g., [58]):

U—U_; Upq—U;
i e it el b S|
(Ux)]-—mmmod< A , . >,

x A
applied in the component-wise manner. Here, the minmod function is defined as

sign(z1)+sign(z»)
2

minmod(z1,z3) 1= -min(|z1],|z2])-
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Next,

. + * * —
. 1 =minm u",—-u. o =U. )
Qi1 Od( 3 ity it )

where
R ] S S O\ E(1T
af Ul —a U —{FUS ) -F(U )

1 2 2
j+3 at | —a
+a2 s

is a “built-in” anti-diffusion term in the numerical flux (2.2), and

o, =min {41 (AU ), M (AU, )0}, 0 =max{An (AWUL,)) A (AWU,),0},

2 2

are estimates of the one-sided local speeds of propagation obtained using the eigenvalues
of .A: Al(.A) S ce S)\N(A)
Finally, the terms B; and By, i+l in (2.1) reflect the contributions of the non-conservative

product terms inside the computational cell C; and at its interface x,, 1, respectively:

jt3
_ 1
~ . dU(x) d¥;. 1 (s)
B :z/B(U(x)) I dx, Bg,,1 :m/B(‘I’H; (s))T;ds. (2.4)
¢ 0
Here, ¥, 1 (s) is a path connecting the left- and right-sided states U]_;l and U].il at each
2 2
cell interface and in this paper, we have used the linear segment path
—Uu- ]

‘I’j+%(s)—uj+%+s(uj+% LI].JF%). (2.5)

Substituting (2.3) and (2.5) into (2.4) results in

sz% B(u*

j—3

- - +
)+ W, Uy,

ol - + + -
Beji~3 {B(uﬁ%) +B(uj+%)} (uj+% _uj+%)'

3 Fifth-order A-WENO finite-difference PCCU schemes

In this section, we extend the second-order FV PCCU scheme reviewed in Section 2 to
a fifth-order A-WENO PCCU scheme. We begin along the lines of [12] and rewrite the
non-conservative system (1.4) in the following quasi-conservative form:

U,+K(U),=S(U), K(u(x,t)):P(u(x,t))—/B(u(g,t))ux(g,t)dg, (3.1)

x
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where K is a global flux and X is an arbitrary number. The fifth-order A-WENO scheme
for the system (3.1) then reads as (see [12])

+ —
du; 1 a1 a..1
dt Ax |: ]+% ]_% ] a% 1 —a. 1 Y']_%—’—u"k 1 —a_ 1 Y!]"'%
=3 72 s S

+ 5 24 [(Kxx)ﬁ.; (Kxx)]'_%} —%(Axﬁ [(Kxxxx)]-_i_% - (Kxxxx)]'_%} —|—S(Uj)_ (3.2)

+
Here, H; 1, Bj, By ; il and a]+ , are defined as in Section 2, but with LI] , computed using

j+i
the fifth-order WENO Z 1nterpolant from [12,28,41,63] applied to the local characteristic
variables. The details on the WENO-Z interpolant are prescribed in Appendix A, and
the details on the local characteristic decompositions for each of the studied traffic flow
systems can be found in Section 5.

Finally, (Kyx): i+ and (Kyyyx) j41 are finite-difference approximations of the second-
and fourth- order spat1a1 derivatives of the function K(U(-,t)). They can be computed
in the way, which was proposed in [12, §4]; namely, using the facts that Ky, = Fyx—
(B(U)U,y)x and Kyyxx = Fyxxx — (B(U)Uy ) xxr. However, the resulting A-WENO scheme
would be quite oscillatory when applied to the studied traffic flow models. We there-
fore propose a new way of evaluating (Kux); 1 and (Kxxxx) 4 1. We use the following
finite-difference approximations:

1
(Kxx)]. =1 (Ax)? (—5K;_2+39K;_1 —34K;—34K; 1 +39K;,,—5K},3),
1
(Kxxxx)ﬁ_% = Z(Ax) (K]‘_z —3K]'_1 +2K]'—|—2K]‘+1 —3K]'+2 +K]‘+3) ,

Xj+1

Ij:~ / B(U(E,t))U,(¢,t)dE. (3.3)

Xj

In order to obtain a fifth-order numerical scheme, the integral I; needs to be evaluated at
least within the fifth order of accuracy. To this end, we develop a special fifth-order A-
WENO quadrature for the integrals in (3.3). Our quadrature is the Newton-Cotes method
based on the five points x;, Xipl, X1, X3 and x;;1, and the corresponding values of
U at these points: U;, U, Y Ll]- .y U] 43 and U;,1. Notice that the values U; and U;,

are given. We then set U, = (LI]+l +U+ )/ 2 and evaluate U; ; and U;, s using the
2

WENO-Z interpolant. Here, we show how to compute U; 1 as U, 5 can be calculated in
the mirror-symmetric way.
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For each component of U. the value U](jr) , is calculated using a weighted average

. . 4 .
of the three parabolic interpolants Pél) (x), 731(1) (x) and Pz(l) (x) asin (A.1), namely,

j+is

where
(i) 2y -9y Ay
(i) 3y 15505 40
’Pl ( ]+ ) 32u] 1+ 6u +32u]+1’
(i) (i) () 34,0
P2 (xjy)= 32 2415 16 Ul 32
and the weights w,(() are calculated by (A.2)—(A.4), but with dy=7/e4, d; =21/32 and d, =
15/64
Equipped with the point values of Uy, k=j, j+ 1, j+4, j+3 and j+1, we first construct
a fourth-degree interpolating polynomials in the interval [x;,x;.1]. We then use the same
interpolation technique to approximate all entries in the matrix B(U), and substitute the
obtained interpolating polynomials into the integral in (3.3), which is then evaluated ex-
actly.
In order to evaluate I;, we notice that we will need to evaluate integrals of the form
f;;f“ o¢rdx, where o:= (B(U)), , and ¢:= U, To this end, we take the interpolating

polynomial

o(x)= [3(Ax) — (Ax)*(250; —480;, 14360, 1 —160;, +30741) (x—x;j)
+2(Ax)* (3507~ 1040, 1 +11407, 1 —560;, 3 +11041) (x—x;)?
—16Ax(50j—180;, 1 +240; ) —140;, 3 +30j41) (x—;)°

+32((7]'—40']'+% +6(7j+% —16(7]-+% +0']‘+1) (X—X]')4], X e [Xj,x]'+1],

and the derivative of the interpolating polynomial ¢, (x), namely,

~ 1

6:(0)= 33773 [(Ax)(—25¢;+48¢;, 1 ~36¢,, 1 +169,, 3 ~3¢;:1)
+4(Ax)? (35¢; —104¢;, 1 +114¢; 1 —56¢;, 3 +11¢j1) (x— 1))
—48Ax (5¢;—18¢;, 1 +24¢;, 1 — 149, 3 +3¢pj1) (x— ;)

+128(¢]’_4¢j+%+6¢j+%_4¢j+g+¢j+1)(x_xj)3)}/ xe [xjrijrl]/
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and then substitute them into | ;j ¢, dx to obtain

Xj+1 Xj+1
/Ucpxdx%/5(x)<,5x(x)dx=Q((Tj,tfﬂ,UH%,Uj+3,0j+1,¢j1¢j+}1/4’]~+;:4’j+3r4’j+1)
Xj Xj

945¢;+1472¢, 1 —804¢;, 1 +384¢;, s —107¢p;1)
(—1472¢;+2112¢; 1 —1024¢;, 3 +384¢;1)

(8044 —2112¢; 1 +2112¢p;, s —804¢pj 1)

(—384¢;+1024¢;, 1 —2112¢;, 1 +1472¢;.1)

1 [U(
1890 L/
+0544
+o,

0']+

0741 (10793849, | +804¢;. | —1472¢;, 2 +945¢;.1) |. (3.4)

W NI=

Remark 3.1. In order to ensure the designed A-WENO PCCU scheme is fifth-order ac-
curate, the term B; needs to be evaluated using at least a fifth-order quadrature. In this
paper, we use the same Newton-Cotes quadrature Q as in (3.4), namely,

Jevsdra [3(0)6,(x)dr= (e,

G G

/0.]‘,%/0.]'/0-]‘+%/ ] %/(P 1/4)],, ¢]1¢]+1 ¢]+2)

4 Adaptive artificial viscosity (AAV)

The fifth-order A-WENO PCCU scheme presented in Section 3 is essentially non-
oscillatory. However, in some situations the so-called WENO-type oscillations may ap-
pear and they may be quite large. Recent studies [44,45] have found that numerical
oscillations particularly arise when high-order schemes are applied to the class of non-
equilibrium continuum models devoid of source terms (see, e.g., [70]), which are studied
in this paper (see Section 5.3). In order to suppress these oscillations, we propose to add a
certain amount of the AAV within the A-WENO framework. This results in the following
A-WENO PCCU scheme with the AAV (compare with (3.2)):

, _a—B‘f,H;]
=3 iz 3 ith

(4.2)
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Here, 1 is a positive constantand ¢, 1 := |E;, 1 (t)|, where E; 1 (t) is the WLR (which was
derived in [34]) computed based on the conservative continuity equation p;+ (pV),=0:

By ()= (013 (03 (=80 440y, () =y (1= 80) 4 (0 —py_y (00|

At (0 (V)13 (=80~ (o) _y(1=80)], (43

+ 5 [OV) (D =(ov),
where p; 1 = (p].;% —i—p].tr%)/Z and (pV);, 1= [(pV)].;%vL(pV);;%] /2.

The constant y is to be selected for each problem at hand. As suggested in [9,34], we
tune p on a coarse mesh and then use the same value of i on finer meshes. We note that
in most examples considered in Section 5, we have used y =0 as the A-WENO PCCU
scheme from Section 3 typically does not generate large oscillations.

We note that adding the AAV on the RHS of (4.1) affects the formal order of accuracy
of the semi-discrete A-WENO scheme. Indeed, substituting a smooth exact solution sat-
isfying pi+(pV)» =0 into (4.3) and using the Taylor expansion about (x; Lut= 2t) result
in

—1 _1
2 2

()= —f—zAx(At)%ttt—f—(’)(Ax(At)S) LO((A)P(ADP) +O((AxPAY).  (44)
At the same time, the magnitude of the WLR near shocks is O(Ax)+O(At), which is
sufficiently large to suppress most of the oscillations appearing in the vicinities of shocks.

Based on (4.4), one can conclude that the formal order of accuracy of the resulting
fully discrete scheme based on the semi-discretization (4.1) depends on the accuracy of
the ODE solver used for the time discretization. In all of the numerical examples re-
ported in Section 5, we have used the three-stage third-order strong stability preserving
(SSP) Runge-Kutta method (see, e.g., [21,22]), which is commonly used due to its high
efficiency combined with very good stability properties, both the linear and nonlinear
ones. Therefore, the size of the local truncation error of the resulting fully discrete scheme
becomes

O((Ax)°) +O (A1) +0O(Ax(At)%), (4.5)

which means that adding the AAV does not reduce the formal order of accuracy of the
proposed A-WENO scheme. If a higher-order ODE solver is utilized, then the use of the
WLR (4.3) will reduce the order. In order to prevent the order reduction, (4.3) can be
replaced with a higher-order WLR (introduced in [31, 32]), which is based on the data
computed on three consecutive time levels rather than the two levels used in (4.3).

5 Non-equilibrium traffic flow models in the non-conservative
form: Numerical tests and discussion

In this section, we implement the proposed numerical scheme on various non-
equilibrium traffic flow models. We test the proposed fifth-order A-WENO PCCU
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scheme on several numerical examples and compare its performances with the corre-
sponding second-order FV PCCU scheme. The tested schemes will be referred to as the
5-Order Scheme and 2-Order Scheme, respectively.

In all of the examples, we use the CFL number 0.5 and impose free boundary condi-
tions since our primary focus is on Riemann problems at homogeneous sections of free-
ways and not the boundary conditions at junctions. In most cases, where the structure of
solutions is well-known, we only present the results for the traffic density to save space.
Wherever applicable, we also present the results for the traffic speed to supplement the
theoretical discussions.

5.1 The Aw-Rascle-Zhang model in the non-conservative form

In the first example, we consider the Aw-Rascle-Zhang (ARZ) model introduced in [3,70].
We emphasize that this model can be written in the conservative form as:

wi+(wV(p,w))y=0, ®-1)

{Pt+(pV(p,w))x:0,
where w :=p(V—V,(p)) describes the deviation of traffic flow from the “equilibrium”
state. Characteristic speeds in the ARZ model are

M=V+C(p) and A=V, (5.2)

where C(p)=pV/(p) is the propagation speed of smooth variations in traffic density from
the perspective of the LWR model (1.1).

Even though the ARZ model is conservative and thus can be solved by numerical
methods for hyperbolic systems of conservation laws, we consider the ARZ model and
solve it in both conservative and non-conservative forms for several reasons:

(1) to showcase our proposed numerical scheme for capturing solution structures against
well-established benchmarks. Note that the existence of global entropic weak solutions
were proved for the ARZ model in [1], and its analytic solutions were obtained in [36,42];

(2) to demonstrate the robustness of the proposed schemes as high-order numerical meth-
ods often exhibit spurious oscillations around intermediate states, such as those connect-
ing shocks and contact discontinuities; see [44,45];

(3) due to strong potentials of the ARZ model to accommodate complex human psycho-
logical factors. This model can be viewed as a hydrodynamic limit of stimulus-response
car-following models [2], where drivers’ response time is a simplified function of avail-
able spacing. The stimulus-response models can be easily extended to incorporate com-
plex human psychological factors (e.g., risk perception, perception errors), in which case,
the resulting continuum models are likely to be non-conservative.
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We now discuss the specifications for the numerical experiments. The function V,(p)
in (5.1) is adopted as

Ve(p) = Vinax (1— o ) (5.3)

Pmax

where pmax and Vinax are constants representing the maximum density and speed, re-
spectively. For all of the numerical tests in this example, we choose pmax =0.18veh /m and
Vmax =30m /s from the typical range as in [44]. While the function in (5.3) is inadequate
with respect to empirical observations [43], it results in well-known analytic solutions.
With respect to (5.3), the field that corresponds to A in (5.2) is genuinely nonlinear in the
entire density domain (0,pmax| and can produce shock waves in deceleration (referred to
as H1) or rarefaction waves in acceleration (referred to as R1). On the other hand, the
field that corresponds to A; is linearly degenerate and can only produce contact disconti-
nuities (referred to as C2 waves).

The conservative system (5.1), (5.3) can be viewed as the system (1.4) with B(U) =0
and S(U)=0. Thus, we compute its numerical solutions using the fifth-order A-WENO
scheme presented in Section 3, but with B; =0, B‘I,,]. 1= 0 and S (Uj) =0. In order to
implement the proposed numerical scheme, we rewrite the conservative system (5.1),
(5.3) in the non-conservative form as

where

(5.5)

Pmax

As mentioned in Section 3, we apply the WENO-Z interpolation procedure to the local
characteristic variables, which are obtained using the local characteristic decomposition.
This is carried out as follows. We first use the notation

u:({}), F(U)= ;‘3/1; , B(u):<8 —0c>'

2
and then introduce
_ _ A
A 1=AU, 1)—B(U.+1):< RIS N )
J*2 Jt3 J*3 0 C]_+%_|_Vj+%

where, as before, A= g—fl, and ﬁ] 1 and 17] +1 stand for the following Roe averages:

-~ _ p]+p]+1 ‘7 _ \/lLT]V]-l-\/mV]Jrl 6 o VmaXA 5.6

Pis =" 7 Vi+i =T . . s ST T P (5:6)

: NN T Pmax



704 S. Chu et al. / Commun. Comput. Phys., 33 (2023), pp. 692-732

We can then compute the matrices

1 B o[ b
Rt = G| B~ i1 ]
0 1 0 1

such that R],;ll A i+1 R]- +1 is a diagonal matrix, and introduce the local characteristic vari-
2 2 2

ables in the neighborhood of x = X1t

rk:Rj—f%uk, k=j—2,--,j+3.

Finally, we apply the WENO-Z interpolation to these six values of I', obtain the point
values l"]i 1, and then end up with
2

+ _ +
Yy =Rty
Remark 5.1. The local characteristic decomposition for the conservative system (5.1), (5.3)
can be performed in a similar manner.
Equipped with the reconstructed values of p]fr] and V]j-il , we estimate the one-sided
2 2
local speeds of propagation as follows:

+ N - iyt + oy -
aj+%_max{‘/}+%"/j+%’0}’ ”j+%_mm{vf+%+Cj+l’vj+%+cj+%’o}’

+ Vinax -+
where C*= | = — ‘max =
71T o P

5.1.1 Accuracy test

First, we consider the following smooth initial data:

(x,0) = 4 Pmox (1+ {5sin* (57555 (x—8000))), 8000 < x < 32000,
P, Pmaxs otherwise,

Vinax (1+ 15 sin* (5755 (x —8000))), 8000 < x < 32000,
Vmax, otherwise,

V(x,0)= {
in the computational domain [0,40000] subject to free boundary conditions. We compute
the numerical solution until the final time t =20s (at which the solution is still smooth;
see Fig. 1) using the 5-Order scheme with and without the added AAV (when it is added,
the parameter y =100) on a sequence of uniform meshes with Ax=5,5/2,5/4,and 5/8.
We then compute the L!-errors and estimate the experimental convergence rates using
the following Runge formulae, which are based on the solutions computed on the three
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i \ “_
y 3
(.18 Frmrmememememagis’ h N
0 1 2 3 4

Figure 1: ARZ model, accuracy test: Density (p) profiles at =0 and 20s computed by the New 5-Order scheme.

Table 1: Accuracy test: Ll-errors and experimental convergence rates for the density (0)-

At~ (Ax) At~ AX5/3
Ax | Without AAV With AAV Without AAV With AAV
Error Rate | Error Rate | Error Rate | Error Rate
5/4 | 1.57e-8 3.04 | 1.57e-8 3.04 | 4.72e-8 4.96 | 4.68e-8 4.95
5/8 | 1.92e-9 294 | 1.92e9 294 | 1.52¢9 4.82 | 1.52¢-9 4.82

consecutive uniform grids with the mesh sizes Ax, 2Ax, and 4Ax and denoted by (-)A",
(+)?2%, and (-)**, respectively:

Error(Ax) ~ %%
° " 61202’
Here, d1z:= | (-} — (-2 s and dag = | (-}2% — (-4 | .

We first perform the computations using the timestep size At ~ Ax, which is selected
based on the stability requirement. The obtained results reported in Table 1 clearly
demonstrate that in this case, as expected according to (4.5), the temporal error domi-
nates and the convergence rate is the third one. We then select At ~ Ax®/3, which bal-
ances the contribution of the temporal and spatial errors in (4.5), and then the fifth order
of accuracy is achieved; see Table 1. We would also like to stress that adding the AAV
practically does not affect the size of the error.

Rate(Ax) ~log, (?24 > .
12

5.1.2 Riemann problems
We now consider several Riemann initial data of the form

u,
U(x,0) = {u;

if x <xp,
LS (5.7)
otherwise,

and begin with the illustration of importance of the new way the terms (K,y) j+l and
(Kyxxx) ji) are computed. Recall that in Section 3, we have introduced a new finite-
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Table 2: ARZ model: Initial conditions for Tests 1 and 2.

Test | pr PR Ve | Wr X0
1 0.018 | 0.18 | 28.8 0 10000
2 0.18 | 0.018 0 28.8 | 10000

Test 1 Test 2

0.2

0.16

0.16 1 |---- New

0.19
0.12F 0.18 F—L— ]
R —

g g 0.12F
§ 09 1 1.1 ? 0021
< 0087 : 0 5 0.08 0.018g
x10 0.015
0.04 + 1 0.04 15 155 16
x10%
0 L n n n n L
0 0.5 1 1.5 2 0 0.5 1 1.5 2
X (m) x10* X (m) x10*

Figure 2: ARZ model: Density (p) profiles at f=200s computed by the New and Old 5-Order schemes for Tests
1 and 2.

difference approximations of these terms (New 5-Order Scheme), which is different com-
pared with the way these terms were evaluated in [12, §4] (Old 5-Order Scheme).

We consider Tests 1 and 2, which correspond to the data provided in Table 2. We
compute the corresponding solutions of the non-conservative system (5.4)-(5.5) on the
computational domain [0,20000] using 2000 uniform cells until the final time t=200s and
present the numerical results computed by the New and Old 5-Order Schemes in Fig. 2.
As one can see, in Test 1, the Old 5-Order Scheme produces an artificial plateau to the
right of the shock wave and in Test 2, the Old 5-Order Scheme generates non-physical
oscillations to the right of the rarefaction corner. Therefore, from here on, we will use
only the New 5-Order Scheme, which will be referred as the 5-Order Scheme.

We now apply the 5-Order and 2-Order Schemes to both the conservative (5.1), (5.3)
and non-conservative (5.4)-(5.5) systems. Our goal is to demonstrate that the “conser-
vative” and “non-conservative” results are about the same. To this end, we design ad-
ditional numerical tests according to the scenarios presented in Table 3, which cover a
comprehensive range of Riemann problems for different traffic regimes. In all of the tests,
a “non-equilibrium” state with V # V,(p) reaches an “equilibrium” state with V=V, (p)
from behind. In all of the tests, A, consists of C2 waves which always travel downstream;
see, e.g., [42,44] for more elaborations.

Tests 3-5 describe situations, where traffic states are faster in the upstream, so that A4
produces H1 shocks. For both Tests 3 and 4, an intermediate states, which connects the H1
shocks on the left to C2 waves on the right. For Test 3, shock wave travels downstream
because of the free-flow traffic, whereas it travels upstream in Test 4, which describes
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Table 3: ARZ model: Initial conditions for Tests 3-8.

Test oL PR \%3 V& X0
3 | 03pmax | 03pmax | Ve(p) 15 | Ve(p) | 20000
4 0.70max | 0.3Pmax Ve(p) +5 Vg(p) 20000
5 | 040max | 0.70max | Ve(p)+5 | Ve(p) | 20000
6 0.30max | 0.3Pmax Ve(p) -5 Ve(p) 20000
7 | 0.70max | 0.70max | Ve(p)—5 | Ve(p) | 20000
8 0.70max | 0.4pmax Ve(P) -5 Vg(p) 20000

a congestion condition. Test 5 includes a more complex scenario, where a strong H1
shock occurs because a near-capacity free-flow condition in the upstream meets a highly
congested downstream state.

Tests 6-8 describe situations, where traffic condition on the left-hand side of the initial
discontinuity is slower than that on the right-hand side. In all of these tests, A1 generates
R1 acceleration waves, which are separated from the contact discontinuity by an inter-
mediate state. The rarefaction wave travels downstream in Test 6, due to the free-flow
condition, whereas it travels upstream in Test 7, due to the congested states. Test 9 in-
volves a more complex case, where due to transition from the congested to free-flow
states, the rarefaction wave travels both in the upstream and downstream directions.

From a numerical perspective, the tests in Table 3 present two challenging aspects
of the ARZ model. First, it is well-established that contact discontinuities are difficult
to capture and that high-order numerical schemes can still exhibit substantial diffusion
around such waves. Second, in the case of the ARZ model, high-order schemes (e.g.,
WENO-type schemes) often become oscillatory around intermediate states [44].

Let us now discuss the performance of the proposed A-WENO PCCU scheme in cap-
turing the solution structures for the tests in Table 3. To this end, we compute the solu-
tions on the computational domain [0,40000] using 200 uniform cells until the final time
t=200s. The numerical results obtained by solving the conservative (5.1), (5.3) and non-
conservative (5.4)-(5.5) systems are shown in Figs. 3 and 4 together with the reference
solution computed by 5-Order Scheme on a very fine mesh with 40000 uniform cells. As
one can see, the obtained “conservative” and “non-conservative” results are very close.
This demonstrates the efficacy of our proposed path-conservative approach in capturing
the solution structures in the Riemann problems.

Furthermore, in all of the tests, the proposed A-WENO PCCU scheme performs ro-
bustly and accurately. For instance, the 5-Order Scheme substantially suppresses the
numerical diffusion around contact discontinuities and achieves higher resolutions espe-
cially in Tests 3 and 6.

Another aspect worth discussing is how the proposed A-WENO PCCU scheme per-
forms in capturing the intermediate states. By visually comparing the “conservative”
and “non-conservative” results, one can spot some WENO-inherent oscillations in both
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Non-conservative form
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Figure 3: ARZ model, Tests 3-5: Density (p) profiles at t =200s computed by solving the conservative (left
)

column) and non-conservative (right column) systems.

cases. However, the observed oscillations are overall low-amplitude in all tests, and in-
terestingly, for some tests, such as Test 7, the use of the path-conservative technique in the
“non-conservative” computations suppresses the oscillations more effectively. The slight
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Conservative form
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Non-conservative form
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Figure 4: ARZ model, Tests 6-8: Same as in Fig. 3.

oscillations around the intermediate states further decrease in magnitude when the mesh
is refined; see the reference solutions. Note that we have deliberately selected a coarse
mesh size with Ax =200m for practical purposes. We also emphasize that we did not
need to use the AAV to suppress the numerical oscillations in any of the considered tests.
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Conservative form Non-conservative form
Test 9 Test 9
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Figure 5: ARZ model, Test 9: Same as in Figs. 3 and 4.

In order to further elaborate on this point, we consider another intricate numerical
example with the following initial data:

0.30max, 0 < x <8000, 0.3V,(p)—5, 0<x<8000,
p(x,0) = 9 0.80max, 8000§x<802&, V(x,0)=1¢0.8V,(p), 8000§x<802&,
0.3pmax, otherwise, 0.3V.(p)—5, otherwise.

This numerical example has been recently studied in [44], and the findings there sug-
gested that a combination of the WENO-Z reconstruction and HLL-type numerical fluxes
can produce strong oscillatory behavior near the intermediate states. Using the same pa-
rameter set-up, we study this numerical example using the same computational domain
[0,40000], take 200 uniform cells, and compute the solutions until the final time t =900s.
The obtained results, plotted in Fig. 5 together with the reference solutions computed
by the 5-Order Scheme using 40000 uniform cells, clearly demonstrate the robustness of
the “non-conservative” scheme, and also show that the 5-Order Scheme outperforms the
2-Order Scheme.

This section was primarily focused around showcasing the proposed A-WENO PCCU
scheme’s performance, where our benchmarking ARZ model was originally presented in
the conservative form and we have artificially rewritten it in the non-conservative way.
In the following, we test the PCCU numerical schemes on generally non-conservative
behavioral non-equilibrium models.

5.2 The behavioral 1998 Zhang model in the non-conservative form

In this section, we consider the behavioral non-equilibrium traffic model proposed by
Zhang in 1998 in [65]. This model has been derived from an improved car-following
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relation, in which driver’s reaction delay is explicitly incorporated. The non-conservative
form of this model is

Pt+(pv)x :0/

V2 C2 1 (58)
Vi+ (7)){ = _(mpx‘FT(VE(P) V),

where C(p)=pV/(p) <0 is the so-called “sonic” velocity and 7 is the relaxation time.
The 1998 Zhang model has two characteristic speeds:

M=V+C(p) and Ar=V-—-C(p).

From a theoretical perspective, the model admits the condition A, >V, meaning that traf-
fic waves can reach vehicles from behind and affect their dynamics, and thereby violating
the anisotropy property of traffic flow; see, e.g., [14,72]. However, this behavioral model
still has promising potentials with regard to complex aspects of traffic flow such as traffic
instabilities [66].

In [68], a generic conservative form has been proposed for the 1998 Zhang model:

pt+(pV)x=0,
L . (5.9)
Vit 5 (V4T (p) =~ (Velp) V),

where F'(p) =p(V!(p))?. However, depending on the choice of V,(p), the function F(p)
may not be specified in closed from, thereby hindering the application of conservative
numerical schemes.

Our primary focus in this section is to demonstrate the performance of the proposed
A-WENO PCCU scheme for this behavioral model. To this end, we restrict our con-
sideration to a simplified case by choosing the function V,(p) as in (5.3) which results
in F(p) = C2(p). In this case, the conservative form in (5.9) is specified, and the solu-
tion structures are well-documented in [65]. Such a variant of the 1998 Zhang model
provides a good benchmark for evaluating our results obtained using the proposed path-
conservative approach. In addition, we set T=c0 to study the model in the absence of the
relaxation term, primarily focusing on capturing the waves propagating with the charac-
teristic speeds. Note that the infinite relaxation time also makes our problem setting more
challenging from a numerical perspective since numerical studies on non-equilibrium
traffic flow models suggest that relaxation terms can have smoothing effects on spurious
oscillations that may arise around the intermediate states [44,45].

We now discuss the specifications of the numerical tests. Similar to the previous case,
we choose pmax = 0.18veh/m and Viyax =30m/s, and design comprehensive numerical
tests, incorporating all major wave types arising in the solutions of Riemann problems.
With the adopted V,(p) as in (5.3), both characteristic fields are genuinely nonlinear in the
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Table 4: The 1998 Zhang model: Initial conditions for Tests 1-4.

Test oL OR \%3 Vr X0
1 | 050max | 0.1omax | Ve(p) | Ve(p)+5 | 20000
2 | 050max | 01pmax | Ve(o) | Ve(o)—5 | 20000
3 | 030max | 0.70max | Ve(p) | Ve(p)—5 | 20000
4 | 0.50max | 0.9pmax | Ve(p) | Ve(p)+5 | 20000

entire solution domain, leading to the production of shock and rarefaction waves only.
Shock and rarefaction waves corresponding to A (H1 and R1, respectively) arise when
drivers have to adapt their speed with respect to the traffic conditions ahead. In contrast,
shock and rarefaction waves corresponding to A, (H2 and R2, respectively) reach vehicles
from behind and force them to speed up or slow down, respectively. In [68], an analytical
framework that divided the pV-phase plane into four regions associated with each wave
type has been developed. Following this framework, we design a comprehensive set ob
numerical tests presented in Table 4.

All of the tests presented in Table 4 describe situations, where “equilibrium” traffic on
the left side of the initial discontinuity meets a “non-equilibrium” state on the right side.
In all of the cases, one intermediate state arises. In Tests 1 and 2, traffic is heavier in the
upstream, and thus A; produces R1 waves as drivers accelerate to adapt their speed to
the lighter traffic ahead. However, the wave types associated with A, differ in the Tests
1 and 2. In Test 1, the downstream traffic speed is faster than the “equilibrium” one, and
thereby A, produces R2 waves and causes the downstream vehicles to slow down. In
Test 2, the downstream traffic speed is slower than the “equilibrium” one, and therefore
A produces H2 shocks, forcing the downstream vehicles to speed up. Similarly, in both
Tests 3 and 4, traffic is lighter in the upstream, and therefore A1 produces H1 shocks for
vehicles in the upstream, causing them to sharply decelerate. For Test 3, traffic is slower
than the “equilibrium” speed in the downstream, and therefore A, produces R2 waves
forcing the downstream vehicles to slow down, whereas A, produces H2 waves in Test
4 and force drivers in the downstream to speed up their slower than the “equilibrium”
speed.

We emphasize that R2 and H2 waves in the 1998 Zhang model are only occasionally
observable in real-world traffic [72]. However, such waves are challenging and interest-
ing cases from a numerical perspective, which is the focus of this paper.

Let us now provide some specifications on the numerical treatments of the state vari-
ables. As before, we apply the WENO-Z interpolation procedure to the local characteris-
tic variables for evaluating the point values U]il = (p?t+1 ’Vj+1 )T. We use the same local

2 2 It
characteristic decomposition procedure described in Example 1 but with the different
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_1 .
‘AH%’ RH% and RH%'

. 1
Viel Py Piri  Pi+d 2{" >

Ajil g | Riy TER O r R ci o1l
Py It 1 1 L A
j+ta g 2

where ﬁj+%, ‘7j+% and 6j+% are given by (5.6).

Equipped with the reconstructed values of p]i] and V]frl , the one-sided local speeds
2 2

of propagation can be evaluated as follows:

ot =max{V,—Co Vo, —C L 0f, o =min{VE, +C Vo 4+CL0.
We now apply the 5-Order and 2-Order Schemes to both the non-conservative (5.8) and
conservative (5.9) systems subject to the Riemann initial data (5.7) with the parameters
corresponding to Tests 1-4; see Table 4. We compute the numerical solutions on the
computational domain [0,40000] using 200 uniform cells until the final time t=200s. The
numerical results are presented in Fig. 6 together with the reference solution computed by
5-Order Scheme on a very fine mesh with 40000 uniform cells. These results demonstrate
the robust performance of the proposed PCCU schemes in several regards. First, the
structure of the solutions and arising waves are captured correctly. As one can clearly
see, the “conservative” and “non-conservative” results are almost identical and the 5-
Order Scheme achieves higher resolution compared with the 2-Order Scheme, especially
in Test 1. One can also observe that the proposed 5-Order Scheme performs very sharply
near the H1 and H2 shocks, and it captures the intermediate states quite accurately. As
in the case of the ARZ model, one can observe small WENO-type oscillations only and
hence there is no need to add the AAV for the 1998 Zhang model as well.

5.3 The non-conservative behavioral 2003 Zhang model

In the previous sections, we have tested the proposed PCCU schemes on two non-
equilibrium traffic flow models, for which the conservative form was known and analytic
solutions were well-documented [42, 68]. By considering such models as benchmarks,
we have demonstrated that the proposed A-WENO PCCU scheme performs robustly re-
garding capturing solution structures, achieving sharp resolution of discontinuities, and
suppressing the oscillations around intermediate states.

In this section, we consider a more complicated behavioral non-equilibrium model
proposed by Zhang in 2003 in [71]. This model is derived from a car-following relation
in which driver memory is explicitly incorporated. The resulting continuum 2003 Zhang
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Figure 6: The 1998 Zhang model: Density (p) profiles at t =200s computed by solving the conservative (left
column) and non-conservative (right column) systems.
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model is generically non-conservative and it reads as

pi+(pV)r=0,
2

Vit (‘;): _2BC(p)Vy— (5.10)

2
o L (Vi) V) 4 267Cp) Vi

Here, C(p)=pV/(p), Bis a constant related to the “driver memory”, and 7 is the relaxation
time. It is easy to verify that the characteristic speeds of the system (5.10) are

M=V+(B+1/1+B2)C(p) and Ar=V+(B—1/1+B)C(p). (5.11)

Except for very simplified cases (for instance, when V,(p) is linear), the model (5.10)
cannot be rewritten in the conservative form. However, linear V,(p) is not realistic and
in this section, we consider a robust and well-defined V,(p) given by (see [18]):

Vilp)= 2 1+ (-5 (@ + 1)) ], 512

where 0=0/ pmax, 7= Viax/ Cjam, Cjam is the magnitude of the propagation velocity V;(po)+
C(p) under the jam condition p = pmax, and 6 > 1 is a shape parameter. In all of the
numerical tests below, we choose pmax =0.18veh/m, Vinax =30m /s, Ciam =7m/s from a
typical range. The parameter 6 will be selected based on our analytical investigations of
this model.

The functional form in (5.12) has numerous promising properties with respect to be-
havioral aspects of real-world traffic and empirical observations (see, e.g., [43] for more
elaborations), which can also make the traffic model (5.10) behaviorally more relevant.
However, the complicated nonlinear structure of such V,(p) results in the loss of the con-
servative form for the model (5.10).

To the best of our knowledge, the 2003 Zhang model has never been studied numer-
ically or analytically. In order to investigate the structure of characteristic waves, we
consider the right eigenvectors corresponding to the characteristic speeds (5.11). It is
easy to check that they are

T T
rl(p,V):(l,([H— 1+52)Cg})> and rz(p,V):<1,(/3— 1+/32)C§f)> . (5.13)

Next, from (5.11) and (5.13), we compute

VArn=(B+\/1482)1(p), VAz-r2=(B—/1+)7(p), n(P):ZC’(pHC;’)), (5.14)

which imply that both characteristic fields are genuinely nonlinear since 7 (p) # 0 for all
p € (0,0max) and for any finite 6. We plot the function #(p) for 6=3,6,9,---,30 in Fig. 7. As
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Figure 7: (p)=C'(p)+C(p)/p for different 6.

Table 5: The 2003 Zhang model: Initial conditions for Tests 1-4.

Test 0L OR \%3 Vr X0
1 0.20max | 0.450max | Ve(p) | Ve(p)—5 | 20000
2 0.20max | 0.80max | Ve(p) | Ve(p)+5 | 20000
3 0.90max | 0.1pmax | Ve(p) | Ve(p)+5 | 20000
4 0.90max | 0.1pmax | Ve(p) | Ve(p)—5 | 20000

one can see, when 0 is large the values of |;7| may be very small outside a certain interval
(01,p2). For instance, for 6 =15, |5(p)| <1078 for p < p; ~0.0057 and p > p, ~0.0616. This
means that for any practical purposes the solution of the 2003 Zhang model will behave
like a solution of a non-strictly hyperbolic system in the areas where |7| rapidly decays.
In the numerical experiments presented below, we use 0 =3, for which |77(p)| is not small
near p =0 and decays only for larger values of p.

We design several challenging numerical tests which are presented in Table 5. Similar
to the examples considered in previous sections, in all of the cases, “equilibrium” traffic
on the left of the initial discontinuity meets a “non-equilibrium” state on the right. How-
ever, for the 2003 Zhang model, Riemann solutions depend on several factors (besides
the structure of A and A;) such as the choice of parameter  as well as the diffusion and
relaxation terms.

Case A. In order to investigate the capability of the proposed A-WENO PCCU scheme
to accurately capture the waves arising due to the characteristic speeds, we first consider
the system (5.10) in the absence of diffusion and relaxation terms. In this case, the system
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reads as
pt+(pV)x =0,

2 2
Vit (‘2) =—2BC(p)Va— < ;p)px.

The point values ujil = (pjjirl ,V],frl )T will be obtained using the local characteristic de-
b b b

composition. To this end, we specify .A]- 11 R; +1 and R}, as

J*+3
V. 1 Pii1 Dol D1
j+ i+ ti o AT AN NNyl
4 B 62 2 2 B Az( 1+,52—ﬁ) _62( 1+,52+,B)
g g, || +4 /
ﬁﬁ% J*+3 j+3 1 1
C]'Jr% 2
= V1+B2+B
Rl — 1 Pirs
]"*‘% 2 1—}—‘52 1
~L2 TP
Pits

The one-sided local speeds of propagation are estimated by

+ + _ 2\C+ - _ 2\C~
oy =max{ Vi (B 1RV (-1 ),

Nj—

- —mi + 2\c+ - 2\C-
aH%—mm{VH%%—(ﬁ%— L+B2)Cly Vi (B /148 )CH%,O},

where C=, =p= , V/(p7 ;).
Jt3 Jt3 Jt3

Next, we numerically solve the system (5.10) using the Riemann initial data (5.7) for
different tests in Table 5. The solutions are computed using both the 5-Order and 2-Order
Schemes on the computational domain [0,40000] until the final time t=200s. We first focus
on Tests 1 and 2, which are especially challenging regarding the intermediate states. In
Figs. 8 and 9, we present the numerical results computed by the 5-Order Scheme using
200, 400 and 800 uniform cells with =0 and 0.2. As one can see, when no AAV is added,
thatis, when p=01n (4.1), the computed solutions contain large oscillations, which do not
seem to decay when the mesh is refined. In order to suppress these oscillations, we add
the AAV, that is, we take y>01in (4.1). Asin [9,34], the values of u are tuned on the coarse
mesh with 200 cells and then the same values are used on finer meshes. In Test 1, we take
1 =3000 and 1500 for p=0 and 0.2, respectively. In Test 2, the corresponding values of u
are 1500 and 800. One can observe that the use of the AAV helps to significantly reduce
the oscillations, whose magnitude substantially decreases when the mesh is refined. We
note that in Tests 3 and 4, there is no need to add the AAV as rarefaction waves are
dominant and shocks are not as strong.
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Figure 8: The 2003 Zhang model, Case A, Test 1: Density (p) profiles at t=200s computed by the 5-Order
Scheme with the AAV parameter u (if 4 =0 then the AAV is switched off). The computations have been
conducted for =0 (left column) and 0.2 (right column) on three different uniform meshes with 200 (top row),

400 (middle row) an

d 800 (bottom row) cells.

We then compute the solutions of Tests 1-4 with =0, 0.2, 0.6 and 1 by the 5-
Order Scheme using 200 uniform cells and present the obtained results (both p and V)
in Figs. 10-13 together with the corresponding reference solutions computed by the 5-
Order Scheme on a finer mesh with 4000 uniform cells. As one can see, the proposed
scheme achieves high resolution in all of the tests.
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Figure 9: The 2003 Zhang model, Case A, Test 2: Same as in Fig. 8.

We now examine the obtained numerical results based on an analytical considera-
tions. According to the eigenstructure given in (5.11), (5.13) and (5.14), one expects the
waves that correspond to A; and A, (1- and 2-waves) to be both shock and rarefaction
waves for relatively small values of p, that is, in the area of “effective” support of 77(p),
while only shock waves are expected to arise when p is large. We consider the results for
both density and velocity profiles at t =200s; see Figs. 10-13.
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Figure 10: The 2003 Zhang model, Case A, Test 1: Density (p) and velocity (V) profiles at t =200s computed
by the 5-Order Scheme. The computations have been conducted for =0 (first row), 0.2 (second row), 0.6
(third row) and 1 (fourth row).
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Figure 11: The 2003 Zhang model, Case A, Test 2: Same as in Fig. 10.
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Figure 12: The 2003 Zhang model, Case A, Test 3: Same as in Figs. 10 and 11.
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Figure 13: The 2003 Zhang model, Case A, Test 4: Same as in Figs. 10-12.
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In Tests 1 and 2, traffic condition is initially heavier in the downstream (x > x(), and
the 1-wave is a shock wave that travels backward as the upstream vehicles decelerate.
In contrast, in both tests, the condition |77(pr)| << 1 applies for the initial Riemann data
(see Fig. 7), and the 2-wave is a shock that travels forward. In both Tests 1 and 2, only
one intermediate state arises between the two shocks. We note that regardless of the
choice of B, the 1-wave is always a deceleration shock, referred to as Hld. However, the
2-shocks are not of the same type. In Test 1, the value of B affects the intermediate states
and as well as the type of the 2-shocks. For instance, for =0 and 0.2, the traffic density
at the intermediate state becomes greater than that of downstream, where the 2-wave
is an acceleration shock (referred to as H2a shock) that causes the downstream vehicles
to speed up. In contrast, for the larger § values (8 =0.6 and B = 1), the intermediate
state occurs at a density smaller than that of the downstream. This observation can be
explained by the fact that with an increase in g, the magnitude of propagation speed
(B++/1+pB%)|C(p)| in the moving coordinate increases, suggesting that drivers respond
to traffic condition ahead more quickly. As a result, 1-shocks propagate backward faster,
and the intermediate traffic becomes less congested and faster than the downstream one.
In these cases, the 2-shocks are deceleration shocks (referred to as H2d), which force the
downstream vehicles to slow down. Similar points apply to Test 2 regarding the impact of
B on the intermediate states. However, in Test 2, downstream traffic is highly congested
while travels faster than the “equilibrium” speed. In this case, the intermediate state
always occurs at a density smaller than that of the downstream. With an increase in §,
the density in the intermediate state decreases and 1-shocks propagate backward faster.
We note that in Test 2, 2-shocks are deceleration shocks (H2d) for all §; see Fig. 11.

We now discuss the numerical results for Tests 3 and 4 from a physical perspective.
In both cases, traffic condition is highly congested in the upstream (x <xg) as |7(pr)| <1,
whereas on the right side, traffic density is very light. In both cases, the 1-wave is a
composite acceleration wave as the upstream vehicles adapt their speed to that of down-
stream. This wave consists of a shock (referred to as Hla) in larger density ranges, joint
with a rarefaction (referred to as Rla) in smaller density ranges. In Tests 3 and 4, inter-
mediate states arise between the 1- and 2-waves. The results show that the parameter
affects the 2-waves more significantly. To elaborate, we note that in Test 3, § =0 results
in a 2-rarefaction deceleration wave (referred to as R2d) that causes the downstream ve-
hicles, which are traveling faster than the “equilibrium” speed, to slow down. However,
as 3 increases, the acceleration rate increases within the R1a waves, and thereby causing
the intermediate states to be faster than the downstream states. Consequently, the 2-
waves are acceleration shocks (referred to as H2a), which force the downstream vehicles
to speed up. Similar points apply to the results for Test 4, but we note that regardless of
B, the 2-waves are always acceleration shocks (H2a). This is because in the initial down-
stream traffic speed is slower then “equilibrium” one. Finally, one observes that in both
Tests 3 and 4, with an increase in f, the magnitude of discontinuity increases for the H2a
shocks.
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Case B. We now consider the system (5.10) and demonstrate the ability of the proposed
5-Order Scheme to handle the relaxation and nonlinear diffusion terms. In our numeri-
cal example, we set the relaxation time as T =40s from a typical range. We compute the
numerical solutions on the computational domain [0,40000] using 200 uniform cells until
the final time f =200s. The numerical results of the 5-Order scheme for Tests 2 and 3
from Table 5 are shown in Fig. 14 together with the reference solution computed by the
5-Order Scheme on a finer mesh with 4000 uniform cells. As one can see, the proposed
5-Order scheme can achieve high resolution even when a coarse mesh is used. The ob-
tained results are non-oscillatory since both the diffusion and relaxation terms can have
smoothing effects and suppress the inherent numerical oscillations. Therefore, there is
no need to add the AAV in such cases.

6 Conclusions

Non-equilibrium continuum traffic flow models describe the spatio-temporal evolu-
tion of traffic states with the help of hyperbolic systems, in which separate PDEs are
employed for flow-continuity and speed adaptation equations. While many existing
non-equilibrium models can be presented in the conservative form, behavioral non-
equilibrium ones derived from car-following models are often non-conservative. Mean-
while, conventional approaches for analytical and numerical investigations of continuum
traffic flow models heavily rely on the presence of conservative form. As a result, lack of
conservation property has remained an obstacle for both numerical solution and further
development of behavioral non-equilibrium models.

In order to overcome this obstacle, we have developed a new fifth-order finite-
difference alternative weighted essentially non-oscillatory (A-WENO) scheme based on
the path-conservative central-upwind (PCCU) method to solve non-equilibrium traffic
models based on their non-conservative form. We have first applied the second-order
finite-volume (FV) PCCU scheme to the traffic flow models, and then extended it to the
fifth order of accuracy using the finite-difference A-WENO framework. We have demon-
strated the scheme’s performance for three non-equilibrium traffic models, including the
Aw-Rascle-Zhang model, the 1998 Zhang behavioral model, and the 2003 Zhang non-
conservative behavioral model. We have verified the proposed scheme’s robustness re-
garding capturing the overall solution, sharpness and accuracy, and capability of sup-
pressing the inherent numerical oscillations. The scheme has also been compared with
the corresponding second-order FV PCCU scheme. In order to prevent appearance of
large magnitude oscillations, the adaptive artificial viscosity (AAV) has been added to
the proposed A-WENO PCCU scheme in some of the numerical examples. The AAV is
made to be proportional to the weak local residual.

The proposed A-WENO PCCU scheme paves the way for developing new and bet-
ter behavioral non-equilibrium traffic models. In contrast to many purely physical sys-
tems, traffic flow involves human drivers, and numerous empirical studies have estab-
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Figure 14: The 2003 Zhang model, Case B: Density (p) and velocity (V) profiles at t=200s computed by the
5-Order Scheme. The computations have been conducted for =0 (first row), 0.2 (second row), 0.6 (third
row) and 1 (fourth row).
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lished profound linkages between such human factors and complex traffic phenomena,
underscoring the need to develop new and better behavioral models that can adequately
capture the impacts of complex human factors on traffic flow dynamics. Recently, a unifi-
able framework has been developed in [30] to derive non-equilibrium continuum models
from car-following models, which can be used as a guideline to develop behavioral con-
tinuum models with respect to human psychological factors. However, such a practice is
likely to result in the loss of the conservative form with the associated inherent numerical
difficulties that perhaps have hindered the development of such behavioral models until
very recently. In this paper, we have shown that such difficulties can be overcome by the
proposed A-WENO PCCU scheme.

There is a couple of future directions to this work. First, there is a need to couple the
proposed A-WENO PCCU scheme with more robust schemes for source terms near on-
ramp areas. Meanwhile, we are currently implementing the proposed A-WENO PCCU
scheme to solve the Riemann problem for the novel behavioral continuum model (non-
equilibrium traffic model based on risk allostasis theory, that is, NET-RAT), recently de-
veloped in [46].
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A Fifth-order WENO-Z interpolant

In this appendix, we briefly describe the fifth-order WENO-Z interpolant from [12,28,41,
63]. Assume that the point values W; of a certain quantity W at the grid points x = x; are

available. We now show how to obtain an interpolated value of W at x = X1 denoted
2

by Wjjrl . The right-sided value W]: , can then be obtained in the mirror-symmetric way.
2 p
The value W;; is computed using a weighted average of the three parabolic inter-
2
polants P(x), P1(x) and P>(x) obtained using the stencils [x;_2,x;1,xj], [xj—1,%},%j41]
and [x;,xj11,%j12], respectively:

2
W];_% :Zwklpk(x]+%)r (Al)
k=0
where
3 5 15
Po(x]ur%) = ng—z - ij—l + §W',
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1 3 3
Py (x]Jr%) = _gvvjfl + ZW]‘F ng+1/
3 3 1
Pa(x;11) = gWit g Wir1— gWisa.
The weights wy are computed by
P
K T5
=, K= d 1 , T5= - s A2
k ao+oq+up k k[ +<‘Bk+£> ] > |'82 'BO| (A2)
with dy= 11—6, di= %, dr= %, and the smoothness indicators B in (A.2) for the corresponding

parabolic interpolants Pk (x) are defined by

X.
j+i

y 2
Br=> (Ax)*! / (a;Z") dx, k=0,1,2. (A.3)

Evaluating the integrals in (A.3), we obtain

13 1
Bo=15 (Wia=2Wj 4 +W) + 1 (W2 —4Wj +3W))%,
13 1
Br= 35 (Wim1 —2Wj+ Wit )"+ 2 (W1 = Wy, (A4)

13 2 1 2
Bo= 3 (W =2 W+ Wysa) 4 (BWy— W+ W)

Finally, in all of the numerical examples reported in Section 5, we have used p =2 and
e=10"12,
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