N

N

A Macroscopic Framework for Modeling Heterogeneous
Traffic Flows on Urban Networks

Agatha Joumaa, Paola Goatin, Giovanni De Nunzio

» To cite this version:

Agatha Joumaa, Paola Goatin, Giovanni De Nunzio. A Macroscopic Framework for Modeling Het-
erogeneous Traffic Flows on Urban Networks. 2024. hal-04960310

HAL Id: hal-04960310
https://hal.science/hal-04960310v1

Preprint submitted on 21 Feb 2025

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-04960310v1
https://hal.archives-ouvertes.fr

A Macroscopic Framework for Modeling Heterogeneous Traffic Flows
on Urban Networks

Agatha Joumaal?, Paola Goatin', and Giovanni De Nunzio?

IUniversité Cote d’Azur, Inria, CNRS, LJAD, 2004 route des Lucioles - BP 93, 06902 Sophia
Antipolis Cedex, France;
2TFP Energies nouvelles, Rond-point de 1’échangeur de Solaize, BP 3, 69360 Solaize, France

ABSTRACT

This study introduces a flexible macroscopic model for heterogeneous traffic flow on
general road networks, allowing the presence of several vehicle classes with general
speed functions and different maximal densities pertinent to urban environments.
The model, applicable to shared road situations, is designed for describing both
creeping phenomena and class-specific lane discipline. Extended to networks, the
model addresses the dynamics at general m X n junctions by prescribing suitable
coupling conditions. Using the passenger-car-equivalent representation, numerical
experiments demonstrate the model’s effectiveness in handling different real-life traf-
fic scenarios, each with their complexities. The study focuses on the assessment of
total travel time and COz emissions in the network, highlighting influences from
various factors and traffic management strategies such as route guidance and modal
shift. Results show that the model can accurately describe scenarios of congested
situations where cyclists navigate past queues of cars and cars overtake queues of
trucks.

KEYWORDS
Multi-class macroscopic traffic flow models on networks; Hyperbolic systems of
conservation laws; Finite volume schemes; Traffic management

1. Introduction

Traffic congestion is a problem that increasingly affects urban road users. In recent
times, the multimodal nature of traffic is surprisignly leading to undesired congestion
patterns due to the different speeds of the different modes of transport, especially in
the absence of dedicated road infrastructure for soft modes or public transport. This
problem is expected to worsen over time if the present pattern persists (Jia et al.
2015). Therefore, it is important to develop heterogeneous models able to capture the
essential features of mixed traffic lows. These models can then be used to assist in
easing the traffic problems commonly found in urban networks.

Since two decades, extensive research has focused on integrating traffic heterogene-
ity and explaining how different vehicles like cars, trucks, motorcycles, and even au-
tonomous vehicles interact on roads. To this aim, the Lighthill-Whitham-Richards
(LWR) model (Lighthill and Whitham| 1955, |Richards 1956) has been extended to
model multi-class flows (Benzoni-Gavage and Colombo 2003, Chiarello and Goatin
2019, Van Lint et al.|[2008, [Wong and Wong|[2002). Several traffic characteristics can

CONTACT Agatha Joumaa Email: agatha.joumaa@Qifpen.fr



be addressed in this framework. For instance, in |Chanut and Buisson (2003) hetero-
geneity among vehicles is modeled depending on their length and speed. The model
in [Zhang and Jin (2002) addresses a mixed flow of cars and trucks based on the free
flow speed difference. However, in these models, critical and jam density parameters
are the same for all vehicle classes. By allowing more general fundamental diagrams,
it is possible to model mixed bicycle-car traffic as in |Wierbos et al.| (2021), powered
two-wheelers and cars as in |Gashaw et al. (2018), |[Nair et al. (2011), and even speed
differentials and capacity reduction caused by buses as in [Liu et al.| (2015).

In this setting, overtaking, that is the maneuver of going past other vehicles on
the road, is the most common phenomenon (Benzoni-Gavage and Colombo [2003,
Tiaprasert et al.|2017). However, other interaction phenomena are more specific to
some vehicle classes, such as creeping of smaller vehicles (e.g. bikes) through the gaps
left by larger vehicles at stop. [Fan and Work (2015) presented a heterogeneous traffic
model with two vehicle classes to describe this situation. Their model captures creep-
ing by using a multi-class cell transmission model in the non-creeping phase and a
scalar cell transmission model in the creeping phase. In particular, creeping can also
be seen as flow through porous media, see e.g.|Gashaw et al.| (2018]), Nair et al. (2011]).

The multi-class model in |[Fan and Work! (2015)) integrates a specific maximum den-
sity for each vehicle class, and the equilibrium speed is expressed as a function of the
total occupied space, yet considering specific linear speed functions that can never in-
tersect for the aim of simplicity and to guarantee the hyperbolicity of the model. The
latter is an essential property of a multi-class traffic model. In [Zhang et al.| (2003, it
is still unknown and is just assumed to exist. In|Benzoni-Gavage and Colombo) (2003)),
the existence of an entropy function acting as a symmetriser was used to demonstrate
hyperbolicity in the case of linear class-specific speed functions; however, the method
cannot be extended to more general cases. |Zhang et al.| (2006 proved hyperbolicity
under weaker assumptions, allowing more general, strictly decreasing but possibly in-
tersecting speed functions. Nonetheless, they do not consider non strictly decreasing
speed functions in their work, which is important for the use of a triangular funda-
mental diagram, for example.

Additionally to hyperbolicity, another important property of traffic modeling is
anisotropy, which means that traffic flow is influenced by the traffic state in front
and not from the back. [Logghe and Immers (2008) demonstrate that some of the
above models may violate anisotropy, when using speed functions that depend on the
total road density rather than class-specific densities. However, the use of a triangular
fundamental diagram for slow vehicles would prevent their speed in free flow to be
affected by the the presence of faster vehicles. This issue was further discussed by [Qian
et al.| (2017), who focus on pragmatic road space allocation and perceived densities to
manage cross-class interactions, and |Li et al.| (2022)), who propose a user-equilibrium
framework and a Lagrangian representation to ensure anisotropy, especially for mixed
human and autonomous vehicle traffic. While these approaches are insightful, their
complexity makes them challenging to analyze and adapt for multi-class systems and
networks.

Macroscopic flow models are frequently used to assess the overall traffic perfor-
mance by analyzing specific metrics. They are usually evaluated under the “passenger
car equivalent” (pce) criterion, that converts the heterogeneous traffic flow to a hypo-
thetical homogeneous one (Shalini and Kumar|2014)). Pce is the count of passenger cars
that will result in identical operational conditions as a vehicle of a different class (e.g.
trucks), under the same traffic and control conditions on the roadway. The concept
was first introduced by the Highway Capacity Manual (1965) and the values depend on



the vehicle class and traffic conditions (Praveen and Arasan 2013)). It should be chosen
based on vehicles’ size, speed, headway, as well as other variables (Adnan/2014). Nev-
ertheless, only a limited number of models specify the pce value based on the traffic
state, see e.g. [Van Lint et al.| (2008).

In this paper, we consider a macroscopic multi-class traffic flow model, accounting
for general class-specific speed functions that depend on the total density of vehicles
and can intersect or even (partially) coincide. We then extend the model to general
road networks, providing coupling conditions at generic m X n junctions with class
specific distribution coefficients and priorities based on any given Riemann solver, see
e.g. Daganzo| (1995), |Garavello et al.| (2016) and |Jin| (2017). We remark that previous
works on multi-class flows on networks (Herty et al.|2006 |Li and L2017, Tuerprasert
and Aswakul 2010, [Van Lint et al|2008) were restricted to few classes and specific
junction conditions.

For simulation purposes, we show the well-posedness of an adapted Go-
dunov scheme (Godunov| |1959)) using the corresponding supply-demand formula-
tion (Lebacque [1996). This allows us to run experiments on a network of thirteen
roads, showing the interaction among three classes of vehicles that are characterized
by their different free-flow speeds and maximal densities. The model allows to capture
the dynamics of traffic scenarios commonly encountered on urban roads: it can ac-
count for different lane discipline, creeping effects, and describe complex interactions
between vehicles of different types. For each considered scenario, we compute two traf-
fic metrics (total travel time and COsz emission) to shed light on the advantages of
different traffic policies.

To summarize, the main contributions of this work are the following;:

e We consider a macroscopic model for traffic flow involving any number of differ-
ent vehicle classes characterized by the respective mean speed functions, which
are assumed to be general non-increasing functions depending solely on the to-
tal density of the road, eventually crossing each-other or even locally coinciding.
This flexibility addresses the complexities of real word traffic scenarios, providing
a more accurate representation of heterogeneous traffic dynamics. In particular,
the model can capture class-specific lane discipline and creeping effects.

We provide a general proof of the hyperbolicity of the model, thus extending the
result in [Zhang et al.| (2006), and the well-posedness of the associated Godunov
scheme, deriving precise stability conditions.

e We propose an extension to road networks, providing coupling conditions at
generic m X n junctions based on the notion of Riemann solver.

e Using the pce concept, we apply the model to evaluate different traffic metrics
like the total travel time (TTT) and the total COy emissions (TEco2) under
different realistic traffic policies. We present a numerical study involving three
distinct types of vehicles, in which we explore the proposed model’s sensitivity
to two application scenarios: lane restriction and modal shift. This demonstrates
the versatility and robustness of the proposed approach.

The rest of the paper is organized as follows. In Section [2| we present the model
and prove its hyperbolicity along with the well-posedness of the numerical scheme.
Section [3[extends the model to networks addressing the multi-class dynamics to generic
junctions. We also describe the treatment of inflow and outflow boundary conditions
at origin and destination nodes of the network. In Section [ we provide numerical
results for a sample network, where we compute the TTT and TEcp2 depending on
different parameter choices. Finally, we conclude the paper in Section |5 where we



discuss future work.

2. Multi-class Traffic Model with General Speed Function

Following |Benzoni-Gavage and Colombol (2003)), Fan and Work| (2015)), Garavello et al.
(2010), we consider the M x M system of conservation laws

pi +F(p). =0, (1)

where
M
p=(p"....o"7, F(p)=('(r)p',....0M(r)p")T, andr=> p° (2
c=1

are respectively the density, the flux function, and the total density. We assume

L <o, 3

where v°(r) is the class specific speed s.t.
ve(0) =V¢ 3FR¢s.t. v°(r) =0 for r > R° (4)

forc=1,..., M and R° is the class specific maximal density. Without loss of generality,
we also assume that the free flow speeds satisfy

vi>. .. >vM (5)

while we do not require any ordering of { R¢ Cj\il, see Figure

System is then defined on the convex set:

M
S:{pERM:()ngSRCand chgR},
c=1

where R := max{R!,..., RM}.

2.1. Hyperbolicity

In the following, we generalize the result of |Zhang et al. (2006), which was restricted
to strictly decreasing speed functions, to prove the hyperbolicity of model —.

Theorem 2.1. Under hypotheses and , the Jacobian of ¥ has M bounded real
etgenvalues; thus system is hyperbolic on S.
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Figure 1.: Example of family of speed functions v¢, ¢ = 1,..., M, considered in this

work

Proof. The jacobian of F(p) writes:

vl 4t ul ul ul
u? v+ u? . u? u? doe
DF(p) = , uczpcd <0.
uM-1  M-1 M-l ,M-1 M-l r
uM uM uM oM + M
. (6)
Here, we note that u® = 0 if and only if p° =0 or ‘ﬁ; (r) = 0. We rewrite
Prr(A) :=det(DF(p) — )
vb+ul — A ul ul ul
u? vP+u? -\ L. u? u?
uM-1 uM-1 LMl M1y uM-1
uM uM uM oM 4 M — )

taking (v¢ — A) out as a factor from the c-th row, ¢ = 1,..., M, so that has the
form

1—|—K1 K1 Kl Kl
M Ky 1+ Ky ... Ky Ky ue
Py(\) = =N| .. » L K=y
e=1 Ky1 Ky 1+ Ky1 Ky
Ky Ky Ky 1+ Ky

(8)

Then we add the first (M —1) rows to the last row, so that all its elements are identical



and we have

M M
Pu(N) = [J0 = NQu(N),  Qu(N) =1+ K\, (9)
c=1 c=1
since
1+ K4 K K K;
Ky 1+ Ky Ky K5
=det(I) =1
Ky-w Ky-1 oo 14+ Kpy—1 Ky—
1 1 1 1

We distinguish different cases:
Case 1: u¢ < 0, Vc and

va(l)(r) <72 (ry<...< UU(M_I)(T‘) < M) (r), (10)

for some permutation o € Sps. We can verify that by @—, we have

M
sgn (Py(v9)) = (=1)°@), e =1,..., M; sgn (PM(’UU(D + Zuc)> =1 (11)

c=1

by evaluating Py/(A) at A = v° as follows. We first observe that the product
Hi‘i 1(v°—=X) changes sign depending on the number of negative factors, so using ,
we consider the intervals defined by the ordered v7(®)(r):

o for A < v?W(r) : all v — X > 0, so the product Hi‘il(vc —A) >0, each K.(\) is
finite and negative (since u¢ < 0 and v° — A > 0) and Qu(\) = 1+ XM K.()\)
is less than 1 but positive, therefore, sgn(Pys(\)) = +1. ‘

o for v V(1) < X < w7 (r) (with ¢ > 2), we have ¢—1 negative terms (v7(?) — \)
(fori=1,...,¢—1) and M — (¢ — 1) positive terms, so the product ch‘il(vc -
A) has sign (—1)¢7!, while K,._1)(A) > 0, so Qar(}) is positive. Therefore,
sgn(Par(V)) = (1)1,

o for A > "M () all v¢ — X < 0, so [[M,(v° = A) > 0 if M is even, and < 0 if
M is odd, each K.(\) is finite and positive so Qp(\) = 1+ ch\il K.\ > 1,
therefore, sgn(Pys()\)) = (—1)M.

Finally, for A = v¢, sgn (Pp;(v°)) = (=1)°), ¢=1,...,N;
As for sgn <PM(UU(1) + Zi‘il uc)), since u¢ < 0, V ¢, then Zé\il u® < 0 then v7(1) +

Zi‘il u¢ < v’M | so we are back at the first discussed point when A < v°1), and the
sign is positive.
By the intermediate value theorem, implies that the polynomial Pys(A) has M



real distinct bounded roots {\°}M | such that

M

v 43w < A <D () <22 <@ () < <o) <X < @) <
c=1

(12)

C< oM () < AM < M (),

In this case, the system is strictly hyperbolic.

Case 2: At least two v°(r) are equal or at least one u® is zero (p° = 0 or 4 (r) = 0).
We proceed by induction on M. The conclusion is obvious for M = 1, because the
Jacobian matrix DF(p) is scalar. Assuming that this is true for all [, [ =1,..., M — 1,
we prove it is also true for [ = M. By @, this case is equivalent to having an eigenvalue
A = v°(r) of multiplicity at least 2. We can always find another permutation 7 € Sy,
such that A = oM=K () = . = ™M) (y), for some 0 < k < M. Here, v"M)(r) is
not equal to any other v(r), and {v™(®)(r)}M, do not necessarily follow the sequence

of (10). In this case, @D can be rewritten as

Py(N) = (07 (r) = A Par_g (V). (13)
where
) M—k } . M-k
PM—k()\) = H (’UT(C) (7’) - )\)QM—IC()\)’ QM—k()‘) =1+ KT(C)'
c=1 c=1
and

= M
0 % Cr(M—k) - (i
KT(C) = KT(C) for ¢ < M—k—l, KT(Mfk) = m7 cT(M*k) — | g U (4) < 0

For k > 1, all roots of Pys(\) are real, simply by or the assumption for [ on the
polynomial Py_(\) of (13), since by the induction hypothesis we assumed that P(\)
has I real roots for I € {1,...,M — 1}, so Py;_1()\) has M — k real roots.

For k = 0, A = v (1) being an eigenvalue is equivalent to have u™™) = 0. This
means that

Py(N) = ™M @) = NPy (),

So Ppr(A) has M real roots. In both cases, the system is hyperbolic. O
From the above proof, it is straightforward to conclude the following.

Corollary 2.2. v/(r) € {v°(r)}, is an eigenvalue of the Jacobian matriz DF(p) if
and only if p =0 or %(T) =0o0r3l#ec st vl(r)=vr).

Corollary 2.3. If the characteristic polynomial Pyr(X) of the Jacobian matriz DF (p)
has a multiple root X, then A € {v¢(r)}M

c=1-



2.2. Finite volume discretization

Following Burger et al.| (2008) and Briani and Cristiani (2014)), we approximate sys-
tem by the Godunov finite volume scheme |Godunov| (1959) in its supply/demand
formulation |Lebacque| (1996)):

pg,l/+1 _ pc,l/ At [ c,v c,V i| ’

j i T Ag L2 T N2 jez veN e=L....M,  (14)

where v is the time step index, j the spatial index, Az and At are the space and time
meshes and

c,v

Pj .
F].Cfl/z = ;—V min {D(r}), (Y1)}, (15)
j

with D¢ and 5S¢ respectively the demand and supply functions of the total density

c

relatively to the c-th class speed, which are defined by setting Q°(r) := rv°(r), r&. :=
arg max, Q°(r) and

De(r) := Q“(min{r, 7 }), (16)
S¥(r) i= Q“(max{r, %, }). (1)

See also (Levin and Boyles [2016] Eq. (4)).
In the following, we provide a refined Courant-Friedrichs-Lewy (CFL) stability con-

dition (Courant et al.|1928) for the numerical scheme -, ensuring the positivity
and boundedness of approximate solutions.

Proposition 2.4. Under the CFL condition

C

d
(ﬁ }AtgAa:, (18)

max {max 109 o, max
C Cc
o0

for any initial data py € S the approzimate solutions computed by the Godunov scheme

- , satisfy the following uniform bounds:
p;eS VjeZ veN.

Proof. We proceed by induction: assuming that p;”’ € [0,R¢] forc=1,..., M, and
]‘i pS” < R for all j € Z, we show that the same holds for p“*!. In the following,
c=1Fj J

we drop the index v.



Regarding positivity,

A = me e
=05 2:2 { len{Dc( i) S°(ry+1)} = iimln{D (rj—1),5°(rj)}
>~ Se i (D), 5°(r500)
> pj — gijc(w)
Y ”j Q“(min{r, 5, })
= e {1 o iy, 75.)
> g = L minfr. 16, )

= (1= Somingrre))) >0

if Atfjve|| < Az,
On the other side,

At
cv+l ¢ =20 c _ rc
Pi TP Ay Fe -
o AR e & c c
= 0§ = &, |- min{D(ry), $°(rj41)} — = min {D%(rj_1), $°(rj)}
Az |1; Tj—1
At p5_

< pf+ ﬁiﬁj‘js%r )
Setting
60) =+ e L),
we get ¢(R¢) = R, and
do () = ﬁﬁ’;,l dse (r)>1— At pj_q]|dSe > At || dS¢
dp¢ Az rj_1 dr Ax ri—1 || dr || Azl dr o

if AtHdTCiCH < Aa. Hence ¢(5°) < R..



Finally,

M M

cu—i—l c c
Z ij [FJJr* FJ’*%}
c=1 c=1
M C
= ch. — ﬁ Z ,0] min {D(r;), S°(rj+1)} — Piz1 min {D(rj-1), S(r;)}
- ' Aﬂf s r_j J J 7,.] 1 J— J
M M ¢
c At p‘—l . C C
<Dt A ry i D (), S50y}
c=1 =
M M ¢
At p]—l
< ¢+ — S
~ ;Pj A.%' Cz: Tj—l ( J)
Setting

we get ¢(p) = R if Zi\il p§ = R and

0¢ At pi—1 08°(r)
a(P) 72 - d
dp Az — i ap
At = Pj-1]|dSe
>1——— I
- Ax CZ:; rj—1 | dr
c M C
>1—max dS Z Pi-
If Atmax, %HOO < Az, then 1 — %maxc H%Hm > 0 and hence ¢(p) < R for all
p € S, where we used that Zi\/ll iJ L =1. O

3. Network Modeling

We consider graphs of directed arcs connected at nodes as a representation of road
networks. The main component of the network extension is modeling traffic dynamics
at junctions (Daganzo||1995, |Garavello et al.[[2016). In particular, junction dynamics
can be formulated as an optimization problem constrained by the demands of incoming
links and the supplies of outgoing roads.

3.1. Junction solver for M classes of vehicles

In the following, we first provide the numerical fluxes for general m x n junctions (m
incoming and n outgoing roads) when M classes of vehicles are involved, and then
detail the formulations for simple 1 x 1 junctions, general m x 1 merges and general

10



1x 1 junction m x 1 (merge) junction

1 x m (diverge) junction m X n junction

Figure 2.: Types of junctions considered in this work

1 x m diverges, see Figure [2l Note that, in general, the demand and supply functions
given by equations and will be link-specific. Therefore, for any given junction,
let us denote by Z the set of incoming roads ¢ € Z, and by J the set of outgoing roads
j € J. The type of junction is therefore generally defined by the cardinality of the
two sets, denoted as |Z| and | 7|, respectively.

3.1.1.  Solver for general m x n junction.

Let |Z| = m and |J| = n. We denote by P° = (p§)icz € R™, p§f >0, 3,705 = 1 the
class specific priority vectors and by A€ the class specific distribution matrices

A= a5} eR™™ 0<as <1, Y af =1
JjeET

where afj; indicates the percentage of vehicles of class ¢ going from road ¢ to road j.
Using a selected Riemann solver (see e.g. (Coclite et al. (2005), |[Delle Monache et al.
(2016), Garavello and Piccoli (2005))), we compute the class specific total fluxes (7f)iez
corresponding to D (r; n;), i € Z, and S%(rj1), j € J, with A and P¢ as distribution
matrix and priority vector respectively.

We then rescale the fluxes according to the class ratio, so the incoming and outgoing
fluxes for each class are given by:

~ pC,Nl — . 2 - S y
3 =T e, W= aAi Jjed. (19)
1,1Vq =1

11



Proposition 3.1. Under the CFL condition , the incoming and outgoing fluzes
defined by satisfy mass conservation and the incoming flures guarantee the in-
variance of the domain S. Additionally, under the stronger CFL condition

dQ°
dr

“Il

} At < Az, (20)

max {max 10| oo, M max
(& (&

o0
the outgoing fluxes ensure the invariance of the domain S.

Proof. Concerning mass conservation, we observe that, for each class ¢, the total
outflow onto the n outgoing roads is:

n n m m n m

~C c 2C __ ~C c _ ~C
E Vi = E E a;ivi = E Vi E aj; = E Vi
j=1 i=1  j=1 i=1

j=1 i=1

where Y ;" | A€ is the total inflow from the m incoming roads. Summing over all classes
c=1,...,M we get:

M n M m

c=1 j=1 c=1 i=1

which confirms total mass conservation at the junction.

To check the invariance of S, we proceed by induction, assuming that at the last cell
N; of any incoming road i € Z, py’y, € [0, Rf] for c=1,..., M and M pin, < Ri,

we show that the same holds for p’y; VH.

In the following, we drop the index v. Regarding positivity, we get

A
c,v+1 c t |: _ F° i|

Pine = PiNe™ Ay “Ni—3
-
> pi,N Al‘
e At
Ne T Ap Ti N,
At p; N,
> = e Di(rin)
K2
At P N, . .
= i, e P i Yo (min 7 )
T T N;
At p; N,
> IO'(L:,N AJJ TlN T4i,N; V; (mln{rz N;» T cr})
K3

At )
= o (1= SoetCuin{ris b)) 2 0

where we used the CFL condition .
To prove that pf v, < Rf and that Zé\il pin, < R, the proof follows from the proof

12



of Lemma .41

At
v+1
At = pin = 1o |3 Fis]
At
<pin, T Afoic,Ni_%
At Pq,Ni_1 .
= PiN, T Hr:]\,i_l min {Df (ri,n,—1), 57 (ri,n) }
At PfN.,l
< pf — ———=57(r; N,
> PiN; + Az TN, 1 i (Tl,Nm)
Setting
At PN, -1
C C 9’ C
¢(p ) - + A.’E TiN.—1 (T)7
we get ¢(RS) = RS and
dﬁb()_1+£pz¢,Ni—lan(T)>1_£pzN—1 dse _ﬁ dse
dp¢ Py = Axrin,_1 Op° — Az rin, 1| dr || Az || dr
dQ c,v+1 c c
if At < Az. Hence p;'y" < ¢(pf ) < By,
Flnally,
M
v+1 ~
fo ' Zm 5= Fin)
c—l
M
< Zpl N; + F'L leé
PiN~1 ce
<3 v+ o z )
Setting
M M ¢
At PiN.—1
B(p) =D p+ > ——55(r),
c=1 Az c=1 Ti,Ni—1

13




we get ¢(p) = R; if ch‘il p¢ = R; and

At N1 0S¢
87‘;5( ) =1+ 72 PiN,—1 9SF(r)
3Pd Az N1 Op?
> At Z Pini-1]| A5}
Az - Ti,N;—1 dr 00
A ¢ SN
>1- —t max ds; LW‘ !
Ax dr || &= TN -1
If At max, H < Az, then 1 — 2% maxc H%Hm > 0 and hence ¢(p) < R;, where

we used that ZM Pinizt .

c 11”le1

Similarly, we assume that at the first cell of any outgoing road j € J, pC’V € [0, R§]

forc=1,...,M, and Y, pj | < Rj, we show that the same holds for p3"} vt
We have that pC vl =Pl — As [FJC - '}j]
For positivity, the proof is snmlar to Lemma

c,v+1 c At |:Fc Ac}

Pii = Pj1— Az L 3s !
> pj1— %Fﬁé
A7 S
> 1 - ﬁi ij; Ditrin)
=pj1— 2; ijl Q“(min{rjq1,7 7 Ter})
. At PJ 1

=p51— Aor o min{r; 1,7 ]CT}U (min{r;q,r JCT}

At p] 1
Az i1

At )
— P;,l (1 — MU?(mln{rjjl,r]Q’CT})) >0

> :0‘]:‘, j 1’[}5(H1iﬂ{?”j}1, qu,cr})

if Atfjve|| < Az,

14



To prove that pj? < R, we compute

cv+l ¢ At [ch1 Ac]

pj71 - pj71 - E 3 o 7J
At |
< piat Aixvj
At <~ .
= pj1+ A agiYi
=1
_ ¢ At c pf,Nz —c
=Pj1 Az 4 i T i
=1 ’
t m
<Pt A D0
i=1
At _,
=pj1t Ag Vi

Setting

we get ¢(R5) = R§ and

J
B oy, ALOS0)
dpcp N Az 0p
At || 4S5
>1— —||—L|| >
21 Azl dr OO_O

if At]|92°| < Aa. Hence ¢(pf) < RL.
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Finally, as above,

At
c,v+1 c c 2C
Zﬂ =30 - > [Fr -]
c=1 c=1
M M
At .
= ch'yl - A PYJC
c=1 c=1
M M m ¢
At PiN, ¢ _
S Pt i 2D
c=1 c=1 =1 Vi
M M c m
At i N
C r4 Vi C C
Szp,ﬁfx ¢ TiN_Zaﬂ%
c=1 c=1 =1
M M c
At Pi N
(& iVi —C
<2 Mt Ay 2 ma
c=1 c=1 e
M M c
At pz N.
(& r4 Ve C
<D Fa Az Zml- P~ Sj(ri1)
c=1 c=1 wh
Setting
M P
N,
é(p) =D "+ Zma =L SE(r),
c=1 RS
we get ¢(p) = R;j if Zé\il p° = R; and
olo} At PS5 n. 0S5(r)
" 1 _ 34V4 J
8pd( p) =1+ Az Zmzax riN, Op?
At PSN, dSJC’ H
>1—-—— max —— || —=
- Az ; i N, || dr o
At dss|| &
Zl—A—xmax oozmlaXTzN
At ds¢
>1——M max —L
Az dr ||
If MAt d9°ll < Az, then 1 — ALs % > 0andh <
maxe || G- || < Az, then A Mmaxe || 5| = 0 and hence ¢(p) <
j.
3.1.2. Solver for 1 x 1 junctions.
If |Z| = |J| = 1, and we adapt by setting:
ae e PCN
¥ =95 = —— mln{D TZN)S(TJJ)} c=1,..., M.

i N;
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3.1.3.  Solver for m x 1 (merge) junctions.

If |Z| = m and |J| = 1, a class specific priority vector P¢ = (pf);cz € R™, p§ > 0,
Y icr P = 1 is required to identify a unique solution (Garavello and Piccoli||2006), so
that 47 = p7 45 for ¢ € Z. The corresponding fluxes are given by:

Y = Pin mln{Dc(TzN) max {p}55(rj.1), 55 (r51) — Z Dz(rk’m)}}’ 2!

T4,N; keT\{i}
m
=D
i=1
forc=1,..., M, see also (Goatin et al.[2016).

3.1.4. Solver for 1 x m (diverge) junctions.

T

If |Z| =1 and |J| = m, let A¢ = (a;?) . be the class specific distribution matrix,
JjE

where o > 0, >°.c 7o = 1. For the FIFO (first-in first-out) version (Garavello and

Piccoli|2006), the fluxes at the junction are computed as:

¥j =%, J€J, (22)
where
e Pin S(rjn)
¢ = D(ri v,), , 23
i i N, Ijlélg{ (ri,.) a§ (23)

forc=1,..., M.
The non—F IFO fluxes (Goatin et al. 2016, Herty and Klar||2004} |Lebacque and Khosh-
yaran [2002)) are instead given by:

C

. PinN, .
¢ = 52 min {oaij(?”z‘,N,i), S]C'(Tj,l)} ’
Ti,N,

=>4

JjeT

(24)

forec=1,..., M.

Remark 1. For simple diverges (1xm), the weaker CFL is sufficient to guarantee
the 1nvar1ance of S. Indeed, let us assume that at the first cell of an outgoing road
jeJ, Zc lpj 7 < Rj, we show that the same holds for Zc_l pj IfH We consider
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first a diverge following the FIFO rule —. On an outgoing road 7,

M Ar M
+1 .
Zfﬁ =Y =, 2 [ F =]
c= c=1 c=1
At
W ARSI
c=1 c=1
M M
At .
<D Mt R, D05
x
c=1 c=1
M M c c
At pin, S5(rj1)
c c VIV ) )
Szpj’l—i_fxzajn‘]\[, at
c=1 c=1 e J
M M ¢
At PiN; ac
=2 Pty 2S5,
c=1 Az c=1 "4,N;
Setting
M M ¢
At Pi N,
- e =20 N ge iy,
¢(p) ;p v oS
we get ¢o(p) = R; if ch‘il p¢ = R; and
M
@( Y =1+ ﬁngﬂi 955(r)
dpd p Az i, dp?
o, At Z Pin, || 495
- Az~ rin, || dr
A dsg|l &L ety
>1-— —t max || —ZL Pi.N;
Ax dr || TN,
At dS§
>1— —max|—2L
Ax dr ||
dQ* ds;
If Atmax, |5 || < Az, then 1 — £ max || > 0 and hence ¢(p)
(o)

If the non-FIFO rule . 24]) holds, we get
M
At
+1 .
Zf’ﬁ =D X, [Fe = %]
c= c=1 c=
M M
At .
< Z Pint Ay Z Ui
PN,
< Zpﬂ A Z 85 (r)

18

< Rj.



and we proceed as above.

3.2. Boundary conditions

Let Fy, = (FL,...,FMT and Fou = (Fly .- FM)T be respectively the inflow
boundary conditions at an origin node and the outﬂow boundary condition at a des-
tination node (where we assume Ff,, FS5, > 0forallc=1,...,M).

In order not to miss vehicle countlng When congestion spllls back to the incoming
nodes of the network, we assume the presence of a buffer of length [°(¢) at the beginning
of each entrance road j, see e.g. (Goatin et al.[2016) Samaranayake et al.2018). The
length of the buffer must be updated at every time step in order to choose the correct

demand function to calculate the effective inflow at the origin node.

From , , we can define

1
A5, = min ¢ D(l°), max MSJ (75,1),55(rj1) ZDQ (19) , (25)
g#c

mimicking the presence of M independent buffers, one for each vehicle class and having
the same priority to enter the network, where

Dc(lc) _ Q;(Tgr) if ¢ > 07
| ES if1c°=0,

is the class ¢ buffer demand. To update the buffer length at every time step, we set
I°(t + At) = max {I°(t) + At (F},,(t) — 45, (t)) ,0} . (26)

At destination nodes, the effective outflow is computed as

C

St = min {2 D5 (ri0), . (27)
Ti,N;
Above, r;1 and r; y, are the density values respectively in the first and last cell of the

concerned roads.

4. Numerical Results

The following tests have the purpose of assessing the capability of our general model
to adapt to different situations and to capture intricate interactions between various
vehicle types, as well as to highlight the differences with the more classical approach
used in Joumaa et al. (2023]), where the assumption of equal maximal densities was
used. To this aim, we measure the overall traffic performance using two metrics: the
total travel time and the COs emissions. We consider a mix of three classes of vehicles:
light-duty vehicles (e.g. cars), heavy-duty vehicles (e.g. trucks) and two-wheelers (e.g.
bicycles). Then, we select cars as the reference class and represent the other classes
in terms of passenger-car equivalents (pce) based on their impact on traffic flow (see
Shalini and Kumar| (2014), |Van Lint et al. (2008)). More precisely, pce indicates the
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number of passenger cars a specific vehicle type counts in relation to its capacity. In
this work, unlike Van Lint et al.| (2008), we consider for simplicity speed independent
pce values and we assume, without loss of generality, that a truck is equivalent to two
passenger cars and that three bikes take the same capacity as one car. This aligns with
the findings of [Pajecki et al.| (2019), which report pce values for large heavy vehicles
typically ranging between 1.45 and 2.10, and Prasetijo| (2007)), where the pce values for
bicycles are generally within the range of 0.3 to 0.5. The pce values are then pce_,,, =
1, pceyyens = 2 and pcey., = 1/3, so if we consider that the maximal densities
of cars, trucks, and bikes are respectively 150 veh/km/lane, 75 veh/km/lane and
450 veh/km/lane, then multiplying by the pce values, the maximal density becomes
150 pce/km/lane for all classes. In this work, we consider also class-specific lane
discipline (i.e. on a two-lane road, cars can travel on both lanes, while trucks must
occupy only the rightmost (or leftmost) lane), and we assume bikes can creep through
larger vehicles when they are stopped, as though they could occupy 2.5 lanes. In this
case, the maximal densities are R° = 300 pce/km for cars, R"“*$ = 150 pce/km
for trucks and RY% ¢ = 375 pce/km for bikes.

Given a network of L roads and a set of entrance nodes Z;,,, the Total Travel Time
(TTT) of a class ¢, i.e. the space and time integral of the corresponding density is

defined as:

Ty L N, oV c,v
Py ly
TTT(p°) = AtA I 4 At : 28
DD Vhrs Z 2 oo, (28)
v=0 /=1 j= 0 v=0 0€Z;,
where Ny is the number of cells in link £ =1,..., L, and T the number of time steps

needed to cover the simulation time horizon. The TTT for all vehicle classes can then
be computed directly using the total density r recovered from the simulation:

Ty L N, c,v

TTT(r ZTTT AtAmZZZprfZ +Atz 3 che .

v=0 ¢=1 j=0 c=1 v=0 o0€Z;, c=1

The total CO4 emission TExps of a given class ¢, i.e. the space and time integral of
the product of the grams of COy emitted per meter (i.e. class-specific emission factor)
and the class-specific density, is defined as:

Ty L N, IOZ WV c v
TEco2(p) = AtAz > D Y pci ve( . (30)
v=0 /=1 j=0 v=0 oEIm

since v¢(R¢) = 0. Above, e, is the function that gives us the grams of COy emitted per
meter by class ¢ depending on the class-specific average speed, it is a weighted sum of
the emission factor calculated with Copert model (see Copert v5.6.1) per each type of
considered vehicle (see Appendix Figures and . The fleet composition can
be found in the report CITEPA (see Appendix [A] tables and . Notice that we
divide the density by the pce values since we need the real number of vehicles in each
class when calculating the emissions.
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4.1. Network description

In the following tests, we consider the same network studied in |[Joumaa et al.| (2023)),
consisting of 13 two-lane roads and 6 junctions, forming a main road and two additional
routes available as secondary itineraries.

2 a B -~ G0 Mai 10 &M GO
® >
qs ag
4 6
af q1
1 as io“o 2 0-9 I2 3 © o o-a
f 4 i
11 as a3 12
7 9
&0 g7 - GO ajg B, e %0}
— @ @
13 9% g 8 e % 11

Figure 3.: Schematic representation of the network

Figure [3] is an illustration of the network, where we consider that cars enter only
from road 1 and are allowed to circulate on the whole network with a speed of V4.5 =
70 km/h on the main path (roads 1-2-3) and V45 = 50 km/h on the secondary paths
(roads 4-5-6, roads 7-8-9 and roads 10-11). Trucks, on the other hand, can only travel
on the main path (roads 1-2-3) at a speed of Vi,yeks = 50 km/h . Finally, bikes can
only travel on roads 12-5-10 and 13-8-11 with a speed of Viges = 20 km/h. Road 1
measures 0.1 km, roads 2, 5 and 8 have a length of 1 km, 0.3 km for roads 4 and 6
and finally 0.2 km for roads 3, 7, 9, 10, 11, 12 and 13. We consider a uniform grid
with step size Az = 5 m and the time is sampled with steps At = 0.25 s. At the
merge junction J2, we take g1 = ¢35 = 0.3 and consequently ¢o = 0.4 for all classes,
meaning that vehicles coming from the main road have priority over those coming
from the lateral ones. At the merge junctions J3 and J5, we give priority to the cars so
the priority coefficients on roads 12 and 13 are ¢4 = gg = 0.1. As for the distribution
coefficients, we consider that cars do not have a preference at the diverge junctions J4
and J6, so we set a3, o™, ag?®, o™ equal to 0.5. For trucks, since they are only
allowed on the main road, we set agr‘mks =1 and 0 everywhere else, and finally we set
a}fikes = agikes = 1 and 0 everywhere else, because bikes that enter from road 12 can
only exit from road 10, and those that come from road 13 can only exit from road 11.

In the following, we present two different experiments, where we adopt the speed
ve(r) = V¢(1— %) and we observe the variation of the cars’ TTT and CO3 emissions as
a function of the distribution coefficient a at the diverge junction J1 and the percentage
of cars and trucks #; in the first experiment, and as a function of the percentage of
cars and bikes 62 in the second experiment. Rerouting at J1 consists of gradually
diverting cars from the primary route to the secondary paths. The idea is to improve
the travel time for trucks by easing congestion on the main road. Nevertheless, rerouted
vehicles will need to follow a longer path and share the lateral roads with bikes. To
account for this, we allow the distribution coefficients of the cars at J1 to vary, i.e

we set af™ = o™ = a € [0,0.5] towards the lateral roads 4 and 7, which implies
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cars
Qg

=1—2a on road 2.

In both experiments, the inflow at the network origin nodes is nonzero only on the
time interval [0, 7], ensuring that all vehicles can enter in free flow and it is set equal
to 0 on |T,Ty], where Ty > T > 0 are prescribed time horizons. We set the supply
Ef,, at exit nodes of roads 3, 10 and 11 equal to 20% of the maximal supply to induce
congestion in the network, as if a traffic light was regulating outgoing traffic.

4.2. Ezxperiment 1 (Different lane discipline for trucks)

In this experiment, we show how the model can be used to illustrate two completely
different scenarios. In the first scenario, trucks are confined to one of the two lanes of
the main road (roads 1-2-3), with maximal densities set at Reqrs = 300 pce/km for
cars and Rypycks = 150 pce/km for trucks. In the second scenario, trucks can use both
lanes of the main road, and we thus assume equal maximal densities for both classes,
namely Reqrs = Rirucks = 300 pce/km. We note that our model does not address
lane changing. Instead, we focus on roads with varying numbers of lanes to study lane
discipline. For modeling lane changing in a macroscopic context, lane-specific models
with interfacing terms between adjacent lanes allow for greater flexibility, see e.g. (Pan
et al.|[2021)

The network is initially empty and the boundary conditions at the entry and exit
roads are as described in Section We vary the proportion between trucks and cars
by a parameter 6; € [0, 1], as we set a global inflow

F£ = 1800 veh/h
and

FEre(t) = 0,

wm?

Fiyeks () = (1 - 0)F]

m?

for t € [0, 7]

at the origin node at the entrance of road 1. For simplicity of analysis, we focus only
on the interaction between cars and trucks, therefore we take F**¢ = (. The inflow
stops at T' = 500 s and the TTT and CO2 emissions are calculated for both scenarios
on a time horizon T large enough for all the vehicles to leave the network.

In Figures [4] and [5] we display the space-time diagrams of the vehicles’ densities
(in pce) on roads 2 and 3 of the network at 7' = 600 s for the case of @ = 0 (i.e.
there is no rerouting of cars at junction J1) and 6; = 0.8 (cars represent 80% of the
total vehicle population). We notice the remarkable difference between the densities of
cars and trucks in the first and second scenarios: the congestion of trucks is naturally
much higher in scenario one, where they are allowed to travel on only one lane, than
in the second scenario, where they are allowed two lanes. We also notice that cars
reach the end of the road before trucks do, since they are faster and the network is
initially empty, hence the red and green horizontal lines that we notice for cars and
trucks respectively in scenario 1. However, they are not congested in the first scenario
as much as they are in scenario 2, because they are less disturbed by the trucks and
can keep moving when trucks are fully stopped (i.e. when trucks reach their maximal
density).

Figure [6] shows the TTT for the total population in each scenario. We remark that
the TTT in scenario 1 is maximal when we have trucks only (i.e. for §; = 0), then it
decreases but stays higher than the TTT of scenario 2 until 6; reaches approximately
0.6, where they cross and it keeps decreasing until it reaches its minimum at 6; = 0.7,
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Space-time diagram of the cars’ density on roads 2 and 3
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Figure 4.: Experiment 1 - Scenario 1: Trucks are allowed on one lane, cars and trucks
have different maximal densities: Reqrs = 300 pce/km, Ryyeks = 150 pce/km, T =
600 s, « = 0 and 6; = 0.8.
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Figure 5.: Experiment 1 - Scenario 2: Trucks are allowed on two lanes, cars and trucks
have equal maximal densities: Reqrs = Rirucks = 300 pce/km, T = 600 s, « = 0 and

01 =0.8.
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then starts increasing again. This is due to the decrease in the number of trucks and
the increase in the number of cars when 67 increases: since cars are faster, their TTT is
smaller than the TTT of trucks (see Appendix Figures and . However, when
01 becomes greater than 0.6, the TTT of the total population in the case where trucks
are only allowed on one lane becomes lower than the TTT of the total population in
the second case, which can be explained by the fact that cars can keep moving when
trucks are completely stopped, so they can be faster and their TTT will decrease. We
note that this was not the case when 6; € [0, 0.6] because trucks are only allowed on
one lane in the first case, while in the second case they are free to circulate on both
lanes of the main road, which leads to a much lower TTT than in scenario 1. Moreover,
the TTT of the total population, defined by the sum of the TTT of cars and trucks,
is constant when 67 = 0 and slightly decreases when « increases in both cases, when
01 € ]0,0.6]. The decrease w.r.t a becomes more significant when 6; becomes greater
than or equal to 0.6 because the number of cars that are being rerouted is higher, so
congestion is reduced on the exit road 3 and trucks move faster on the main road.
Figure [7] shows clearly that the CO2 emissions of the total population are much higher
in the first scenario compared to the second, since truck congestion is higher and their
COg2 emissions are dominant (much higher than the CO2 emissions of the cars). The
emissions decrease when « increases because the interaction between cars and trucks
decreases with rerouting. The value of the emissions is constant for all values of «
when A7 = 0 in the case where trucks are allowed two lanes.

Scenario 1: One lane for trucks - ) Scenario 2: Two lanes for trucks
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Figure 6.: Sum of the cars and trucks TTT (in hours) on the whole network as a
function of the distribution coefficient o € [0,0.5] at the diverge junction J1 and
the percentage of cars and trucks 6; € [0,1] for scenario 1 (Reqrs = 300 pce/km,
Ryipucks = 150 pce/km) and scenario 2 (Regrs = Ripucks = 300 pce/km).

4.3. Experiment 2 (Modal shift)

The second experiment illustrates the effects of public policies encouraging the uptake
of active transportation modes, by investigating the benefits of gradually shifting traffic
flow from cars to bikes.

In this experiment, we consider three vehicle classes as presented in Figure [3] and we
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Scenario 1: One lane for trucks x10° Scenario 2: Two lanes for trucks x10°
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Figure 7.: Sum of the cars and trucks COg emissions (in kilograms) on the whole
network as a function of the distribution coefficient « € [0,0.5] at the diverge junction
J1 and the percentage of cars and trucks 67 € [0, 1] for scenario 1 (Reqrs = 300 pce/km,
Rirucks = 150 pce/km) and scenario 2 (Rears = Rirucks = 300 pce/km).

compare two scenarios. More precisely, in the first case we allow bikes to share roads 5,
10, 8 and 11 with cars, whereas the second case models the presence of dedicated lanes
for bikes, so that their presence does not impact car flow. To this aim, in the first case,
we consider an initial density of 100 pce/km for bikes on roads 12, 5, 10 and roads 13,
8, 11, the only roads where bikes can circulate. All other roads are initially empty. For
the second case (with bikes on dedicated lanes), the network is initially empty. The
maximal densities in both cases are R.qrs = 300 pce/km, Ryrycks = 150 pce/km, and
Ryikes = 375 pce/km for cars, trucks, and bikes respectively. The boundary conditions
at the entry and exit roads are implemented as in Section We set a global inflow

F£b = 1800 veh/h,

and we consider that only 70% of the total motorized vehicle population are cars, and
the rest are trucks. Moreover, in order to simulate a modal shift towards active modes
of transport, we progressively shift 20% of cars to bikes by a parameter 65 € [0, 1],
setting:

FEors(t) = (0.8x0.7) E4+(1—62)(0.2x0.7)FL,  Flrueks(t) = 0.3F%° for t € [0, 7]

on road 1, and for the case without bike-dedicated lanes
bikes 92 cb
Fi"*(t) = peeypes * 5(0-2 x 0.7)Fy;

on roads 12 and 13. The inflow stops at T' = 500 s and the TTT and COs emissions
are calculated for T’ large enough for all the vehicles to leave the network.

Figures [§] and [9] show the space-time diagrams of the densities on roads 2, 3, 5, 10,
8 and 11 of the three populations at T" = 750 s for the case where o = 0.5 (all the
cars are taking the lateral roads) and f2 = 0.5. In the first scenario, we notice the high
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Figure 8.: Experiment 2 - Scenario 1: Bikes share the road with cars, T = 750 s,
a = 0.5 and 65 = 0.5.
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Space-time diagram of the cars’ density on road 3
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Figure 9.: Experiment 2 - Scenario 2: Bikes have their dedicated lane, T" = 750 s,
a = 0.5 and 65 = 0.5.
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level of congestion of bikes on roads 10 and 11 (cells 200 to 240), where they reach
their maximal density. Moreover, we notice that even though cars are much faster
than bikes, the latter reach the end of the roads before cars. This can be explained
by the fact that bikes can creep between the cars when they are completely stopped.
On roads 3, 5, 10, 8 and 11, we notice that cars are always in free flow since there
are no interactions with bikes. This also explains the high level of truck congestion in
scenario 2 on roads 2 and 3.

Scenario 1: Cars and bikes share roads - ; Scenario 2: Bikes on dedicated lanes
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Figure 10.: Sum of the cars and trucks’ TTT in hours on the whole network as a
function of the distribution coefficient « € [0,0.5] at the diverge junction J1 and
the percentage of cars and bikes 0 € [0, 1] setting Reqrs = 300 pce/km, Ripycks =
150 pce/km, and Rpijkes = 375 pce/km, without bike dedicated lane (left) and with
bike lane (right).

Figure shows the significant difference between the TTT surface of cars and
trucks in the two scenarios. The TTT is remarkably higher when bikes share roads
with cars, due to congestion caused by bikes creeping on roads 5 and 8, which makes
cars move more slowly. It also increases with «, since bikes are only present on the
lateral roads. When bikes have dedicated lanes, the TTT does not depend much on
alpha; however, the sum of the TTT of cars and trucks reaches its maximum point at
a = 0 and 0y = 0, that is when there are only cars going straight on the main road,
and decreases when 65 increases, i.e. when the number of cars decreases.

In Figure we remark the significant decrease of the COg emissions w.r.t. « in the
second case. Moreover, the emissions of cars and trucks in the presence of bikes are
much higher than in their absence. This reflects the fact that, with dedicated bike
infrastructure, other vehicles can move faster, which decreases their CO4y emissions,
whereas in the presence of bikes sharing roads with cars, the latter experience slow-
downs on roads 5 and 8. When «, i.e. the number of cars rerouted on lateral roads,
increases, trucks can move faster on the main road in both cases. Nevertheless, when
bikes are present, they impede cars, allowing trucks to exit from road 3 before cars
arrive, avoiding slowdowns caused by car congestion. Moreover, we remark that the
surface presenting the CO9 emissions in the case where bikes share roads with cars
has smaller variations, since cars’ CO9 emission increases significantly on roads 5 and
8 but on the contrary trucks’ COs emission decreases on roads 2 and 3. The separate
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Figure 11.: Sum of the cars and trucks’ COz emissions (in kilograms) on the whole
network as a function of the distribution coefficient « € [0,0.5] at the diverge junction
J1 and the percentage of cars and bikes #y € [0, 1] setting Reqrs = 300 pce/km,
Rirucks = 150 pce/km, and Rpikes = 375 pce/km, without bike dedicated lane (left)
and with bike lane (right).

surfaces for cars and trucks are shown in Appendix[C] Figures[CI]and [C3|for the TTT
and Figures [C2) and [C4] for the CO emissions.

5. Conclusion

This study proposes a macroscopic model for heterogeneous traffic flow on general
road networks that can deal with an arbitrary number of vehicle classes. The model
considers general speed functions depending on the total density of vehicles and allows
a fine tuning of the class-specific maximal densities to capture creeping phenomena
and class-specific lane discipline. These properties are specifically relevant to describe
shared road situations, as it typically occurs in urban environments. The extension to
networks is based on a multi-class generalization of generic Riemann solvers at road
junctions with an arbitrary number of incoming and outgoing links.

Using the “passenger-car-equivalent” notion, numerical experiments were performed,
revealing that the model is able to deal with the complexities of traffic scenarios
from real life. We computed the total travel time and the total emissions of COg in
a sample network, and showed how they can be influenced by different parameters,
such as the distribution coefficient of cars («) at diverge junctions and the rates of
cars and trucks (0;) and cars and bikes (f3) entering the network. They differ when
the composition of vehicle fleet varies, taking into account congested situations where
cyclists can maneuver through a queue of cars and cars can pass beside a queue of
trucks.

Future work in this area will include further evaluation of the multi-class macro-
scopic traffic flow model in more realistic and larger scale scenarios. This may ensure
that the traffic flow behavior in real-world settings is accurately reflected by the model
and it may also shed light on the variables that have higher influence on heterogeneous
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traffic flow. Finally, the computational time of the proposed model is sufficiently low
to allow for closed-loop optimization frameworks. This will help us understanding, for
instance, the actions to be taken to reduce the negative effects of transportation on
air quality within urban areas.
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Appendix A. CO5 Emissions, Copert model and CITEPA report
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Figure Al.: COq emissions of cars in g/Km as function of their average speeds.
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Figure A2.: CO2 emissions of trucks in g/Km as function of their average speeds.

Appendix B. Experiment 1 - Separate plots for TTT and CO5 of cars and
trucks

Figure clearly shows that the cars TTT in scenario 2 is higher than their TTT in
scenario 1 for all values of o and 6. The two surfaces coincide only for §; = 0, that is
when there are no cars. However, the difference between the two surfaces is the highest
when o = 0, then it decreases as « increases (i.e. the percentage of cars taking the
secondary paths), since there is no overtaking on the lateral roads. We remark that
the TTT in both models increases when 6; increases and reaches its maximum for
01 =1 and a = 0, that is when we have only cars going on the main road.

Figure shows the results for the car CO2 emissions, which are consistent with the
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Euro6 Euro6 FEuro6

Fuel/Energy Type Eurol Euro2 Euro3 Euro4 Eurob) a/bjc  d-temp d

Diesel 0.4 1 3.5 18.8 22.2 15.1 3.5 2.8 -
Petrol 0.2 0.5 0.9 3.6 6.2 12.4 4.2 3.1 -
LPG Bifuel ~ Petrol - - - 0.1 0.1 0.3 0.1 0.1 -
Electric - - - - - - - - 0.9

Table Al.: Fleet Composition Data for Cars (in %)

Fuel Type FEuro2 Euro3 Euro4 FEurob dE;l(:O 0

Diesel 0.2 3.9 8.3 19.1 68.5
Table A2.: Fleet Composition Data for Trucks (in %)
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Figure B1.: Cars’ TTT (in hours) on the whole network as a function of the distribution
coefficient « € [0, 0.5] at the diverge junction J1 and the percentage of cars and trucks
01 € [0,1] for scenario 1 (Rears = 300 pce/km, Rirycks = 150 pce/km) and scenario
2 (Rears = Rirucks = 300 pce/km).
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Scenario 1: One lane for trucks Scenario 2: Two lanes for trucks
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Figure B2.: Cars’ CO3 emissions (in kilograms) on the whole network as a function of
the distribution coefficient a € [0,0.5] at the diverge junction J1 and the percentage of
cars and trucks 6, € [0, 1] for scenario 1 (Reqrs = 300 pce/km, Ryyeks = 150 pce/km)
and scenario 2 (Rears = Rirucks = 300 pce/km).

results of the TTT: the car CO2 emissions in the second case are higher than in the
first scenario, because they are slower when they cannot overtake queuing trucks and
need longer time to leave the network. Similarly to the TTT, the difference between the
two surfaces decreases as alpha increases. The COg2 emissions of cars are the highest
for /1 =1 and o« = 0.

In both figures, we remark that for #; = 1, the behavior is non-monotone: both TTT
and COq decrease until a = 0.4, because the congestion on junction J2 decreases when
« increases, but for o = 0.5 they increase again, because all of cars take a longer path
and thus travel for a longer distance.

The results showing the TTT and COs emissions of trucks in Figures [B3| and [B4]
are consistent. The TTT and COs emissions of trucks in the case where they circulate
on one lane are higher than their TTT when they are allowed two lanes. Moreover,
both quantities decrease slightly when « increases, i.e. when cars are rerouted.

Appendix C. Experiment 2 - Separate plots for TTT and CO2 of cars and
trucks

Figure shows the car TTT in the two cases (with and without bike dedicated lane).
We can see that it is significantly higher in the case with bikes due to congestion caused
by the presence of bikes on roads 5 and 8. It also increases when « increases, because
bikes are only present on the lateral roads. The surface representing the case where
bikes have their own lane is not very dependent on «; however, the cars’ TTT reaches
its maximum point at & = 0 and 62 = 0, that is when there are only cars going straight
on the main road, and decreases when fy increases, that is when we have less cars.
In Figure we see that the car CO2 emissions for both cases obviously coincide for
o = 0, since it is the same situation for cars in both cases. For a« = 0, the surface
with no bikes decreases when 65 increases, i.e. when the number of cars decreases, and
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Figure B3.: Trucks’” TTT (in hours) on the whole network as a function of the dis-
tribution coefficient o € [0,0.5] at the diverge junction J1 and the percentage of cars
and trucks 0; € [0,1] for scenario 1 (Rears = 300 pce/km, Rirycks = 150 pce/km)
and scenario 2 (Rears = Rirucks = 300 pce/km).
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cars and trucks 6, € [0, 1] for scenario 1 (Reqrs = 300 pce/km, Ryyeks = 150 pce/km)
and scenario 2 (Reqrs = Rirucks = 300 pce/km).

37



Scenario 1: Cars and bikes share roads - Scenario 2: Bikes on dedicated lanes
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Figure C1.: Cars TTT (in hours) on the whole network as a function of the distribution
coefficient o € [0,0.5] at the diverge junction J1 and the percentage of cars and
trucks 0; € [0, 1] setting Reqrs = 300 pce/km, Ryweks = 150 pce/km, and Rpjkes =
375 pce/km, without bike dedicated lane and with bike lane.
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Figure C2.: Cars CO3 emissions (in kilograms) on the whole network as a function of
the distribution coefficient o € [0,0.5] at the diverge junction J1 and the percentage
of cars and trucks 6; € [0, 1] setting Reqrs = 300 pce/km, Rypycks = 150 pce/km, and
Ryikes = 375 pce/km, without bike dedicated lane and with bike lane.
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does not vary much w.r.t other values of a. On the contrary, the surface with bikes
increases significantly with a, due to the increase of congestion on roads 5, 10, 8 and
11.

Scenario 1: Cars and bikes share roads a ; Scenario 2: Bikes on dedicated lanes

o
©

0.9

o
o

o
3

0.7r

o
)

0.6

0.5

(&
(&)
TTT (hours)
(&
(&)
TTT (hours)

o

N
~
5

04

o
w

0.3r

Percentage of cars and bikes (6,)
o
(%

Percentage of cars and bikes (6,)

o
N}

0.2r

o

0.1

J

0 oL\ . ; )
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5

Distribution coefficient on diverge junction J1 (a) Distribution coefficient on diverge junction J1 (a)

Figure C3.: Trucks’ TTT (in hours) on the whole network as a function of the dis-
tribution coefficient o € [0,0.5] at the diverge junction J1 and the percentage of cars
and trucks 0; € [0,1] setting Rears = 300 pce/km, Ryucks = 150 pce/km, and
Ryikes = 375 pce/km, without bike dedicated lane and with bike lane.
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Figure C4.: Trucks’ CO2 emissions (in kilograms) on the whole network as a function
of the distribution coefficient a € [0,0.5] at the diverge junction J1 and the percentage
of cars and trucks 6; € [0, 1] setting Reqrs = 300 pce/km, Rypycks = 150 pce/km, and
Ryikes = 375 pce/km, without bike dedicated lane and with bike lane.

Figures [C3 and [C4] show that, unlike for cars, the TTT and CO2 emissions of trucks
in the case without bikes are higher than in the case with bikes. This is easily explained
by the fact that in the presence of bikes sharing lateral roads with cars, the latter take
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more time to reach exit road 3, therefore trucks can leave faster before the arrival of
the cars.

40



	Introduction
	Multi-class Traffic Model with General Speed Function
	Hyperbolicity
	Finite volume discretization

	Network Modeling
	Junction solver for M classes of vehicles
	Solver for general m n  junction.
	Solver for 1 1 junctions.
	Solver for m 1 (merge) junctions.
	Solver for 1 m (diverge) junctions.

	Boundary conditions

	Numerical Results
	Network description
	Experiment 1 (Different lane discipline for trucks)
	Experiment 2 (Modal shift)

	Conclusion
	CO2 Emissions, Copert model and CITEPA report
	Experiment 1 - Separate plots for TTT and CO2 of cars and trucks
	Experiment 2 - Separate plots for TTT and CO2 of cars and trucks

