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ABSTRACT. The aim of this paper is to build a dynamical traffic model in a
dense urban area. The main contribution of this article is to take into account
the four possible directions of traffic flows with flow vectors of dimension 4 and
not 2 as in fluid mechanic on a plan. Traffic flows are viewed as confronta-
tion results between users demands and a travel supply of the network. The
model gathers elements of intersection theory and two-dimensional continuum
networks.

1. Introduction. On a single road where (z,t) denotes the couple (position,time),
the LWR (Lighthill, Whitham and Richards, [10, 12]) model is a first order macro-
scopic model: it means that the speed v is supposed to be only a function of the
density p(z,t) of vehicles: v(x,t) = V.(p(z,t)). In other words, this model considers
that the system is permanently at an equilibrium state given by the function V.
With the relation q(z,t) = p(z,t)v(x,t) between the flow ¢, the density and the
speed, this equilibrium state can also be written ¢(x,t) = Q.(p(x,t)), where the
equilibrium function Q. is known as the LWR Fundamental Diagram. It is defined
as Qe(p) = pVe(p). The LWR model can be expressed by a single conservation law:

up+ 0,Qe(p) = 0. (1)

The function Q. is constructed with two equilibrium functions: the equilibrium
demand function A, and the equilibrium supply function .. At a given point
(x,t), denote ™ is the location immediately upstream of  and zT the location
immediately downstream of x. The local demand and supply functions are defined
as in [7]:

(l‘,t) = Ae(p(ziﬂt)vmi% (2)
Z(xvt) = Ze(p(x+,t),x+). (3)
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The traffic flow equilibrium can be seen as the result of a demand and a supply,
this equilibrium being characterized by the min-formula:

q(z,t) = min(A(z,t), X(z, t)) (4)

It means that the resulting traffic flow is generated by the competition between
users’ demand which expresses users’ velocity wish and link supply which expresses
the users’ need of security (respect of a high enough inter-vehicular distance), see
Figure 1. The demand and supply functions are key concepts in traffic theory, they
will be used in the two-dimensional model developed in this article (section 7).

Qe
o™
fluid  congested
phase phase
Pt Proax® P
(a)
Ae ):e
qmax(x) qmax(x)
pcrit(x) pmax(x) P pcrit(x) p max(X) P

(b) ()

FIGURE 1. Fundamental Diagram (a), demand (b) and supply (c)
functions at position . The min-formula is Q. = min(XZ., A.).

An intersection is given with I entering links numbered with ¢ € {1,...,I}, and
J exiting links numbered with j € {1,...,J}. All the links can have arbitrarily
long length. The demand for vehicles exiting link ¢ (towards the intersection) is d;.
The supply for vehicles entering link j is ;. The problem to examine first is to
determine the traffic flows denoted ¢; on upstream links ¢ and r; on downstream
links j (figure 2).

2. A brief literature review. In this section, we will not take into account models
built exclusively for merges or diverges because our goal is to build a model for large
networks.

2.1. Pointwise intersections. A pointwise model of intersection connects inter-
section’s upstream flows g; and downstream flows r;. These models solve a gen-
eralized Riemann problem on the intersection. The unknowns which have to be
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FIGURE 2. Pointwise intersection - the Riemann problem

determined are the upstream and downstream flows. The common constraints of
these models are:

Vi,

vj, 0<

<
r; < 0j. (6)

2.1.1. Holden and Risebro’s model. This model, published in [5] aims at maximize a
concave function of the flows ¢; and r; under the basic constraints (5) and (6), plus a
constraint called by the authors: Rankine-Hugoniot condition for the intersections.
This last constraint expresses the conservation of vehicles that cross the intersection:

I J
Z 4 = Z Ty (7)
i=1 j=1

At an intersection, users’ behaviour is subjected to a least resistance principle. It
means for instance that users who want to turn right will not turn right if the lane to
their right is congested. They would choose another link (for instance, they would
go straight and turn right at the next intersection). In the case of a high congested
network, the least resistance principle seems to suggest that the destination of each
user could depend on the traffic state on the network, which is not reasonable.
Whether the behaviour of avoiding congested links could correspond to reality in
some cases, it is far from easy to determine a realistic mathematical model of this
behaviour.

The important point of this model is the maximization criterion of the normalized
flows from a strictly concave function. Even if they do not give any argument to
explain why it is a relevant feature from a physical point of view, this criterion allows
a unique solution to the generalized Riemann problem. We will see in section 2.1.4
that this idea has a good physical interpretation for traffic flow.

2.1.2. Turning movements coefficients. The coefficients (7;;);; are the intersection
turning movement coefficients. For any couple (4, ), 74, is the proportion of users
of link ¢ bound for link j. We have the relations:

0<7; <1, (8)

J
Vi, > i = 1. (9)
j=1
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At the intersection location, the vehicles conservation is expressed by the con-
straint:

I
Vj, T = Z%‘j% (10)
i=1

Constraint (10) implies the Rankine-Hugoniot condition (7) for intersections. It
has to be kept in mind that the intersection turning movement coefficients are a
local issue: while giving these coeflicients at each intersection of the network, the
model point of view is not focused on origin-destination travels. The idea of these
intersection turning movement coefficients could be explained in the following way:
at an intersection, someone is looking at the traffic flows, he does not know anything
about the origins and the destinations of the vehicles he observes, but he can count
vehicles and notice the vehicles turning movements, then he can calculate these
coeflicients.

In general, intersection turning movements coefficients are set once and for all,
but they should vary with traffic conditions, what is the delicate point in the Holden
and Risebro’s model. Nevertheless, the possibility of making them vary is very tough
because a modification on the turning movement coefficients on a given intersection
has to modify the turning movements coefficients of the nearest intersections and
so on. Find a criterion for such modifications seems to be very difficult: no survey
has been giving such a criterion till now.

2.1.3. Coclite and Piccoli’s model. This model has been published in 2002 in [2]
and updated in 2005 in [3]. It aims at maximize the sum of the entering flows
of the intersection (or equivalently with the Rankine-Hugoniot condition (7), the
sum of the exiting flows). To obtain a unique solution, the authors impose to the
intersection turning movement coefficients the relations:

0 <y <1, (11)
V(i,1'), i #13 = vij # virje (12)

The criterion to maximize, the sum of the flows, seems to be relevant in case of an
intersection regulated by traffic lights. However, in case of an intersection without
any regulation, this criterion does not fit with the user’s equilibrium principle of
Wardrop [14]. As a matter of fact, each user will try to maximize his own speed,
trying to cross the intersection as fast as possible. The maximization of the sum of
flows would fit better to a social optimum.

Moreover, condition (12), though it gives a unique solution to the problem, does
not have any physical sense.

2.1.4. Lebacque’s model. Let us denote ¢ = (¢;)i=1..r and r = (r;);=1..;. The
Lebacque’s optimization model for intersections ([8, 9]) is:

nﬁx{;f;@i(%) +ijlmj(rj)} (13)

vie{l,..., I}, 0<gq <9,
under constraints { Vj € {1,...,J}, 0<r; <oj,
vy € {1"""]}’ rj_ZiI:1’YijQz’:0-
The functions ®; and ¥; have to be specified.
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If all the functions ®; and ¥; are equal to the Identity function, the criterion is
the sum of the intersection entering and exiting flows. However, this criterion does
not reflect the real traffic physic at an intersection without regulation and does not
give a unique solution for the constraint system of (13).

The Lebacque’s model supposes that functions ®; and ¥; are increasing and
strictly concave functions. This property expresses what happens at the intersec-
tion: the impact of users competition for the resource represented by the space
allowed by the intersection. More precisely, for instance on an entering link 7 with
capacity k;, the conditions should be:

®,(0) =0,
®,; is strictly concave,
I (14)
®, is increasing on [0, k;],
®, is differentiable.

Conditions (14) imply that:

{CDZ- is strictly increasing on [0, k;], (15)

®%4(0) > 0.
Obviously, the same conditions hold for ¥;. The functions ®; and ¥; can be

interpreted as intersection’s attributes, as we are going to explain it.
Let us denote:

a=(a;)i, a; >0, Vie{l...I},
b=(b);, b; >0, Vie{l..I},
c=(¢j)j, ¢ =0, Vjie{l...J},
d=(dj);, d;j >0, Vje{l...J},
e=(ej);, € €ER, Vje{l...J}

We build the Lagrangian:

g(q,r,aa(% c, d7e) =
I

= ®ilgs) = Y y(ry)

i= j=1

I I J J
— Zaiqi + Zbi(qi —9;) — ZCJ‘TJ‘ + Zdj(rj — Uj)
i=1 i=1 j=1 j=1

J I
+ Zej (rj — Z’Yij%)~ (16)
j=1 i=1
The Kuhn-Tucker coefficients (a;), (b;), (¢j), (d;), (e;) verify the relations:

gi(q’ ra, b7 C, d’ e) = Oa
(gTJ(q7 ra, b? ) da 6) =0.

or equivalently:

®i(q;) = —a; +b; — 231:1 €;Yij
Wi(ry) = —cj +dj +e;.
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The relations (17) are going to give us the interpretations of functions ®; and ¥,
with respect to the intersection supply and the intersection demand. For instance,
for functions ®; and flows ¢;:

* If 0 < ¢; < §;, then a; =0 and b; =0, ®i(g;) = — E}‘le €j%ij-
As @/, is strictly decreasing: ¢; = ®; ' (— Z‘j]:l €j%ij)-
* If 0 = qi, then b; =0 (and a; = O), @;(qz) = —a; — lejzl €555
Then ®;(¢;) < — ijl ej;; and as @ is strictly decreasing:
- J
g = P (- Zj:l €jVij)-
* If q; = 5,’, then a; = 0 (and bj 2 0), <I>§(qi) = bi — Zj:l €5%ij-
Then ®;(q;) > — Z}I:1 e;;; and as @ is strictly decreasing:
- J
4 <O (=25 €57i5)-
Let us denote IIj, 3)(z) the projection of an element = on the line segment [a, b].
The projection function I, 5 is defined as:

H[%b]: R — R
a ifr<a
x — Sz ifz€la,b
b ifex>0b

The previous study leads to:
J
g = o5 (@1 (=D evi))- (18)
j=1

If we notice that the projection of an element x on line segment [a, b] can be written
g4y (z) = min(max(a, ), b), then (18) can be written as:

J
¢; = min (max (0, q);*l(— Z €j%‘j)) , 5i>. (19)
j=1

The quantity max (O, o (— ijl ej%j)) can be interpreted as an implicit inter-
section supply for the upstream link ¢, given that J; is the demand on the link 4
entering in the intersection.

The same type of study leads to

T’j = H[07Uj] (\Il;_l(ej)). (20)

The quantity max (0, \If;fl(ej)) can be interpreted as an implicit intersection de-

mand for the downstream link j, given that o; is the supply on the link j exiting
the intersection.

2.2. Internal state intersection model. A simple intersection model is devel-
oped in [8, 9]. Tt can be explained as follows. The intersection is not considered
anymore as a point but as a “box” (figure 3.a). It means that the intersection
can contain vehicles. Hence, if there are N vehicles in the intersection, waiting for
entering their exit link, the intersection state is characterized by a supply X(N)
and a demand A(N). These supply and demand functions ¥ and A are supposed
to have the same shape as link supply and link demand (figure 1). The maximum
number of vehicles in the intersection will be noted Ny.x, the maximum flow Qax
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through the intersection will be reached for a critical number N of vehicles in
the intersection.

If there are N vehicles in the intersection, each incoming link will have an incom-
ing supply noted X;(N). From empirical data in [8], ¥;(N) is given by a linear split
of X(N): 3;(N) = ;X(N). The coefficients 3; have a physical sense which can
be difficult to understand. They represent the fraction of accessible lanes to users
from link 7. In case there are more entering lanes than exiting lanes, it is possible
that Zle Bi > 1. We are going to explain how this could happen with figure 3.b:
users coming from link 1 find accessible the exit link, and users coming from link 2
too. Thus, X1(N) = X(N), (f1 = 1) and 33(N) = X(N), (f2 = 1). What would
happen if we imposed for instance 5, = % and 3y = %? The intersection would fill
more slowly than in the previous case.

FIGURE 3. Pointwise intersection - Generalized Riemann problem
(a). Intersection with 5, =1 and B2 =1 (b).

If N; denotes the number of vehicles in the intersection bound for link j (obvi-
ously, Y y N; = N), the partial demand A; for downstream link j is assumed to be
proportional to N;: A; = %A(N).

The conservation of vehicles in the intersection is given by the formula: %N ;=
> i Yijqi — rj, with the usual formulas for flows: ¢; = min(d;, X;) and r; = min(4;,
Jj).

The important point is that both Lebacque’s models (sections 2.1.4 and 2.2)
satisfy the Invariance Principle ([8, 9]). The Invariance Principle can be stated as
follows:

* If ¢; < d;, then ¢; is equal to the supply. Hence, the flow ¢; is unchanged if
the demand d; is increased up to Q; max-
* If r; < 0y, then r; is equal to the demand. Hence, the flow r; is unchanged if
the supply o; is increased up to Q; max-
In case of equilibrium (%Nj = 0), it is proved in [9] and [8] that internal state
model and pointwise optimization model are equivalent for merges and diverges.

3. Experiences on a large orthotropic network. We aim at finding a two-
dimensional behaviour law. Can such a law be found in the center of a large
orthotropic network with K x L intersections (figure 4)? On each intersection
(k,1), we know the turning node movements 75! which are supposed to be constant.
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The number 'yikjl represents the proportion of vehicles that go from link i to link j
at node (k,l). For sake of simplicity, each link has a distance of 1, hence, between
two intersections, the distance is 2. It is important to underline that we do not take
into account an origin-destination point of view, we are only interested in vehicles
circulation on the network. We are looking for a static traffic equilibrium with
constant supplies and demands.

12 L @
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k,/) Li 712q1 <
9 q, Y1194
s 5. 4% 5. > g !
) 1 ; 1 ’
Ky Py
K
y
4)

(a) (b)

FIGURE 4. Orthotropic network with K lines and L columns (a).
Zoom on a network element (b): on each node entering link, the
density is u, there is a supply s and a flow g at its beginning, a
demand § and a flow ¢ at the intersection entry; the split of the
entering flows is given by y coefficients; on each node exiting link
the density is p, there is a supply ¢ and a flow r at its beginning
(after the intersection), a demand d and a flow f at the link exit.

We are going to test the Lebacque’s intersection models on this network using
algorithm 1.

3.1. Common data. The turning movement coefficients are the same at each in-
tersection. This hypothesis can be seen as quite artificial, but in a big homogenous
network, turning movement coeficients should be nearly the same on nearby in-
tersections. The matrix which represents these coefficients in our test network is:
0.4686 0.2236 0 0.3078
_10.0405 0.469 0.4905 0
(s =10 03100 02004 0.3987
0.3512 0 0.4097 0.2391
Each link is one kilometer long and the Fundamental Diagram on each link is as
in figure 5: the capacity is of 50 vehicles per minute, the critical density is of 60
vehicles per kilometer, the fluid regime velocity is of 50 kilometers per hour.
The demands at the entry of border links are set equal to 25 vehicles per minute
and the supplies at the exits of the border links are set equal to 50 vehicles per
minute.

3.2. Test with pointwise optimization model. Functions ®; are set equal for
any i € {1,2,3,4}, functions ¥, are set equal for any j € {1,2,3,4}. They are
defined as:
®: R — R v: R — R
g +— —q>+140q r — —r?+160r
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Algorithm 1 Large orthotropic discrete network algorithm

Input: * K lines and L columns,
* turning movement coefficients,
* pointwise model case: definition of functions ®; and ¥,
* internal state model case: definition of intersection demand and supply
functions,
* Fundamental Diagrams on links,
x border conditions: supplies s and demands d¥' at the network entries
and exits,
* ending time 7.
(For sake of simplicity, in the sequel, we omit the indices i, k, 1)
1: empty network initial conditions (at ¢ = 0): p" and p° are null on each link
2: fort=0to T do

3:  Calculate st, 8%, o and d! with the Supply and Demand splits of the Funda-
mental Diagram

4:  Calculate g%, ¢, r* and f* with the min-formula

5. Calculate ptt! = pt + ¢t — ft, il =yt + ¢t — ¢

6: end for

7. Output: * the flows g7, ¢7, T and f7,

% the densities 7 and p7,
% the supplies and demands s7, 67, o7 and d”.

veh/mn

50

veh/km

(0] 60 200

FIGURE 5. Fundamental Diagram at each point of each link. Each
link is of length 1km. At each point, the capacity is of 50 veh.mn ™!,
the critical density is of 60 veh.km™!, the fluid phase velocity is of
50 km.h~1.

They verify conditions (14). In particular, critical values for ® (70 veh.mn~!) and
for ¥ (80 veh.mn~!) are superior to the link capacities (50 veh.mn~1), as required.

With the graphs of figure 6, we can hypothesize a behaviour law at the center
intersection of a network composed with the same turning movement matrix v at
each intersection: the entering flow vector (g1, g2, 3, q4) is an eigenvector of matrix
t~ associated to the eigenvalue 1, hence the exiting flow vector (ri,ro,7s,74) is
equal to (g1, q2, ¢3,q4). This behaviour law can be noticed when the demands at the
border are not to high: in case of high demand levels on the border, the network
will reach bit-by-bit the completely blocked equilibrium state. We are now going to
test if this empirical behaviour law still works in a network where intersections are
treated with an internal state model.
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Flows at the central intersection in a 3x3 network Flows at the central intersection in a 7x7 network
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Flows at the central intersection in a 15x15 network Flows at the central intersection in a 27x27 network
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FIGURE 6. Pointwise optimization model - Traffic flows at the adja-
cent links of the central intersection in a 3 x 3 intersections network
(a) and a 7 x 7 intersections network (b). When road traffic is fluid
on the network, the equilibrium state is reached for eigenvectors of
t~ associated with the eigenvalue 1. The same tests in a 15 x 15
intersections network (¢) and a 27 x 27 intersections network (d)
give that the equilibrium state flows and even the loading of the
central intersection (transitional phase at the beginning) are made
up of such eigenvectors.

3.3. Test with internal state model. The internal state model gives a location
for vehicle stocking. According to different traffic patterns, this should allow regu-
larizing effects when demand is low, and oscillations as demand increases. Hence,
the previous behaviour law should not be so evident.

FEach node characteristic supply and demand functions are defined as in figure 7.
The intersection is modelled with a location which surrounds the real intersection
over more or less 75 meters in each direction.

The tests should be cautious because of the model sensitivity. On figure 8, one
can see that even with a quite low demand, an equilibrium state cannot be reached
on the central node of a 7 x 7 intersections network. A general behaviour law should
be obtained with lower demands on the border.

On figure 9, equilibrium states are reached at the central intersection of three
networks of different sizes, with weak demands on the border. The obtained be-
haviour law is the same than the pointwise model behaviour law at equilibrium.
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veh veh
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(a) (b)

FIGURE 7. Internal state model - Demand (a) and supply (b) func-
tions for each intersection of the network. The intersection itself is
provided with a demand and a supply function with same shapes
as demand and supply functions for links.

Flows at the central intersection in a 7x7 network Number of vehicles in the central intersection
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FIGURE 8. Internal state model - A 7 x 7 intersections network:
the flows at the central intersection (a) and the number of vehicles
in the central intersection (b) are oscillating. The loading demand
(12 veh.mn™1!), is quite low for links, but it is sufficient to disturb
the intersections traffic state.

Nevertheless, it is more instable as far as the Rankine-Hugoniot condition (7) is
4 4
replaced by %(t) => . 1qt)— ijl ri(t).

4. What could be improved with these models? A general behaviour law
has been found at the center of a network provided with intersections with same
turning movement coefficients: the equilibrium state is given by an eigenvector of
the transpose of turning movement matrix associated to the eigenvalue 1.

It is proved in [9] that the pointwise and the internal state models are equivalent
for a merge and a diverge. It is shown that the merge model is compatible to
experimental data. Nevertheless, many questions hold to understand better these
models and compare them. For instance, if one defines the coordinates of the critical
demand vectors as the demands on the border that break the equilibrium state at
the central intersection, how to characterize these critical demand vectors? This
would define critical regimes for intersections.
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Flows at the central intersection in a 7x7 network Flows at the central intersection in a 15x15 network
77 67
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Flows at the central intersection in a 19x19 network Number of vehicles in the central intersection
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FIGURE 9. Internal state model - Traffic flows at the central in-
tersection on 7 x 7 (a), 15 x 15 (b) and 19 x 19 (c) intersections
networks, with low demands on the border (6 veh.mn™1!). For each
travel direction, the equilibrium state is reached for an entering
flow equal to the exiting flow. On (d), the evolution of the number
of vehicles in the central intersection of the 19 x 19 intersections
network is represented.

From now, we develop the traffic local conservation equations in a continuous
anisotropic network. We target towards a dynamical equation that would take
crossing traffic flows into account. To this end, we will use previous results.

5. Anisotropic network.

5.1. Urban area. Let us denote 2{ a dense urban area with an anisotropic network.
The network is considered as a continuum. It means that all the network roads are
aggregated so that vehicles behave like a two-dimensional fluid, as if the area was
observed from a long distance (e.g. [13, 16, 15, 11]). Hence, the detailed geometric
structure is lost. Nevertheless, it doesn’t mean that at a network point, vehicles
can follow an arbitrary direction. In the sequel, we will suppose four possible travel
directions at any inside point of the area (except on the border where only two or
three directions are possible).

The area 2 is viewed as a subset of the R? Euclidean space. The anisotropic
network is defined by the two angles 6; and 65 (denote 6 = 05 — 67), its local (or
“natural”) basis is (u1,us) (figure 10.a). In the sequel, we define an arbitrary point
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O chosen as the origin and we will exclusively work in the local basis (u1,us). It
means that a point P of the area has generical coordinates (a,b) in (O, uy,uz) if
and only if OP = auy + bug, and we will simply denote it P(a,b).

Let us define uz3 = —u; and uy = —us. The four vectors wy, ug, uz and uy rep-
resent the four privileged directions of travelling in the anisotropic network (figure
12). We will simply denote these directions ¢ instead of w;.

5.2. Lane density. The density of lanes to direction ¢ at point P(a,b) is A;(a,b)
expressed in lanes per length unit. To obtain it, one has to count the number of
lanes to direction ¢ that intercept a line segment of length 1, orthogonal to direction
i and centred on P (figure 11.b). We will suppose that A\; = A3 and Ao = A4. This
means that at each point, two opposite directions are always side by side. The
density functions \; are strictly positive. As far as the considered area is dense, and
to avoid mathematical instabilities, we will suppose that density functions verify
the condition:

31; > 0/VP(a,b) € A, Ni(a,b) > 1;. (21)

OP = au1+bu2
1 -0 -
0= 92 91

(a) (b)

FIGURE 10. Anisotropic network with orthonormal basis (eq, es)
and its local basis (u1,u2) (a). Zooming on an elementary cell (b).

(a) (b)

FIGURE 11. Lanes on an elementary cell (a). How to calculate the
density of lanes to a prescribed direction at P? (b)
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FIGURE 12. Four symbolized lanes at point P (a). The four direc-
tions at point P (b) symbolized by four vectors (c).

5.3. Flow functions. Functions (g¢;); represent the flow functions to direction i.
At point P(a,b), g;(a,b) is equal to the traffic flow on the lane to direction i. As
a consequence, the functions (f;); defined as f; = \;¢; represent the flow functions
per unit length to direction ¢. (At point P(a,b), the quantity f;(a,b) is equal to the
traffic flow per unit length to direction i.)

5.4. Turning movement rate functions. The functions (vi;) (. j)ef1,2,3,4}2 rep-
resent the turning movement rates: at point P(a,b), for all (i, ) € {1,2,3,4}2, the
number 7;;(a,b) is the fraction of turning movements for traffic flow coming from
direction %, reaching point P and then going to direction j. (We suppose there are
no U-turn: if (4,5) € {(1,3),(3,1),(2,4), (4,2)} then ~;; =0.)

As ;;(a,b) is a fraction, there are two obvious properties:

0 < i5(a,b) <1, (22)
4
Vi, > 7ijla,b) = 1. (23)
j=1
In other words, property (23) expresses that the M4(R) matrix v(a, b) = (vi;(a,
b))i,; is a stochastic matrix (section 10).

We will suppose a third property. It is the behaviour empirical law obtained in
section 3. At each point of the area:

Vi, gj(a,b) = Z%j(a, b)gi(a,b). (24)
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From a physical point of view, property (24) can be seen as the local conservation
of vehicles at each point of the area. It means that (g;(a,b));, which is a vector with
all its coordinates positive, is an eigenvector of 'y(a, b) associated to the eigenvalue
1. Let us point out it is mathematically possible from the lemma of section 10.

6. Conservation equation in traffic cells. We consider a cell ¢ of the area. The
lengths of the two sides of an elementary cell (which is a parallelogram) are €; and
€2 (figure 10.b). For all i € {1,2,3,4}, let us denote N;(t) the number of vehicles
of cell ¢ which are travelling to direction 7 at time ¢t. How does vary N; in cell ¢?
Each direction ¢ carries a flow g; on each lane with density A;. The number N; can
vary with internal exchanges of cell ¢, and external exchanges with cell c.

6.1. Internal exchanges. What happens on direction i in cell ¢? At each point
of coordinates (a,b), a flow >, vij(a,b)gi(a,b) exits from direction i and a flow
> jiVji(a,b)g;(a, b) enters with direction ¢. Hence, using relation (24) of vehicles
conservation, the balance is:

Z’szabqjab Z'ywaquab)

J#i J#i
= Z’in(avb)Qj(aa b) +7ii(avb)qi(a7b) 71z(a b QZ a, b Z"Yi] a, b Qz a, b)
J#i J#i

—Z’yﬂabq]ab Z'y”abqiab)

¢i(a,b) — ¢;(a,b)
=0. (25)

So the internal balance is null.
6.2. Exchange balance in a cell. From now, (a,b) will designate the center of

cell c¢. For sake of simplicity, let us study the case i = 1 (figure 13), the others are
the same.

FIGURE 13. Entries and exits of vehicles to direction 1 in cell ¢
(a). Characteristic lengths (b).
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Ni(t+ At) — Ny (t) =
q1(a — %17 b, t)\1(a — %1, b)ea sin AL

—qi(a+ %,IL HAi(a + %1, b)eg sin AL

+ vo1(a,b 652)@(@, b— %2, t)Az(a,b — %2)61 sin OAt
—714(a,b — 6EQ)ql(a, b— %2, t)Az(a,b — %2)61 sin OAt
+ v41(a, b+ 652)q4(a, b+ %2, t)A2(a, b+ %2)61 sin OA¢
— y1a(a,b+ %")ql(a, b+ %,t))\g(a,b + %2)61 sin OAt. (26)
To lighten the equation, we omit the argument (a, b, t):
Ny(t+ At) — Ny(t) _
sin OAt
€2q1A1 — %&cﬂh/\l —€2q1A1 — %835(]1)\1
+ 61721(]2)\2 - %3;,721%/\2 - 61714611/\2 + %@,%4%/\2
+ €1v41qaN2 + %5117416]4/\2 — €1712q1 A2 — %Oﬁ’y%zqy\z
+eavqiA2 — €e1711q1A2. (27)

With vehicles conservation equation (24), and by noticing that the area of the

elementary cell is equal to €1€9sin 6, then lima;_o+ % = Oyp1. Then,

for the cell which center is (a, b), we obtain the local conservation equation for traffic
flows to direction 1 at time t:

_ A _
foy21 — fava 2 f1712 f1714) —0. (28)

_1_7

Orp1 + Oz f1 +5’y( 5 N 5

By the same token, we obtain the equations for directions 2,3 and 4:

_ A _
Dups + ar(fl’hz . f3732 n )Tlfﬂ?l . f2’723> +o,f =0, (29)
2
_ A _
Bips + D(— f) _|_6y<f2723 5 Javas i T2f3732 - f3734> —0, (30)
1
Dupa + 81(]01’714 ; Fsvsa | %fﬂle ; f4’743> L O, (—f) =0, (31)

If we sum the equations (28), (29), (30) and (31), we obtain a global conservation
equation in the cell while writing that p = p; + p2 + p3 + p4 and using with vehicles
conservation equation (24):

Orp + Oy (fl — fz+ % {1 + i\\j [(1 — 1) f1— (1 733)]”3})

+0, (fz — fa+ % [1 + iﬂ [(1 —y22)f2 = (1~ 744)f4D =0. (32
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Let us write equation (32) in the particular case Ay = A3. It becomes:
Oep + 0y <(2 —y)fi—(2— 733)f3> + 0y ((2 —722) f2— (2 — 744)f4> =0. (33)
Let us explain why equation (33) was expected. There are 5 traffic flows that enter

the elementary cell on each side. For instance, on figure (14), we add the 5 flows that
enter the cell from the left side: V4194 + 71191 + Y2192 + Y12q1 + 11401 = (2 — 'yll)ql.

FIGURE 14. Entries from one side in cell ¢: (v41q94+71191+72192) +
(21 + @) =@+ (1 —m1)a = (2 —711) an.

7. Discrete flow model in a cell. To create displacements in an elementary cell
¢, which center is (a,b) and lengths are €; and ey like in figure 13, we build an
equivalent of the one dimension Fundamental Diagram of traffic flow.

Equation (26) is a discretized version of equation (28). Equations (29), (30) and
(31) have same type of discretized equations. The total number N of vehicles in the
cell is split into (N;)icq1,2,3,4). To create displacements with supply and demand,
the relevant quantities are not exactly the numbers N; but the densities of vehicles
per lane: for a given direction ¢ and a given number of vehicles NV, if there are lots
of lanes to direction 4, the vehicles density on each lane ¢ will be low; if there are
only few of lanes to direction 4, density on direction ¢ will be high. The number of
vehicles per lane to direction ¢ is ﬁ (Obviously, if ¢ = 4, ¢ + 1 is set equal
to 1.) Hence, the density of vehicles travelling to direction i is ﬁ or é\’—’

In cell ¢, the discretized model for direction 1 is:

Ni(t+ At) — Ny (t) =
fi(a — %1, b, t)es sin OAL

— fila+ %,b,t)eg sin O At

+ v21(a, b — 6Ez)fz(a, b— 652,15)61 sin At

€2 e Aa2(a,b— 2 )
- b—— b— =, t)———2 ¢ sin At
714(a, 9 )fl(a, 9 )Al(a,b— %2)61 sin

+7a1(a, b+ %Q)fz;(a, b+ %2,15)61 sin OAt

€2 )\2(a,b+ %2)

€2 .
- Yy — )=~ At. 4
~i2(a, b+ 2)f1(a,b+ 2’t)>\1(a,b+ 622)6181109 t (34)
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8. Fundamental relation in a cell. The traffic flows in a cell will be determined
with a min-formula, following the idea of equation (4). Why not use a Macroscopic
Fundamental Diagram (see [6, 4])? Because while aggregating the data as the MFD
do, the network geometry is lost: it is as if the network were isotropic. In this
section, we want to construct supply and demand functions in a traffic cell in order
to keep the network anisotropy and take the intersection conflicts into account.

8.1. Network supply in a cell. The definition of the network supply in a given
cell ¢ is a very tough task.

8.1.1. Cell capacity. The cell capacity K. could be defined as the capacity of any
lane in the cell. Hence, we suppose that all lanes have nearly the same capacity.
This definition is only theorical. As vehicles are spread in a cell, conflicts imply
that capacity should never be reached. But it will help to define the cell supply.

8.1.2. Cell supplies. We want to define the cell supply for each direction i. Let us
consider ¢ = 1. The supply for vehicles which want to enter cell ¢ with direction 1
is a function of the lanes densities (§-, £2, £*).

We build the supply function as a product: S1 = A K& (§)&(52)6a(5:). We

generalize this formula for all 4:
‘ pj
Vi, S; = )\iKCH?:Lj#i+2£j(>\7;)’ (35)

For any lane to direction i, function &; is not a supply function, it does not have
any dimension. We suppose the capacity drop to be immediate because turning
movement rates imply immediately that vehicles are spread in the cell, creating
conflicts and decreasing the supply. Hence, ¢ functions have no constant part like
in figure 1.c. Figure 15 gives a possible function &;, with rj"®* = ’”A’if" As soon
as one direction is completely blocked, vehicles in other directions cannot cross
intersections, hence all vehicles in cell ¢ are blocked.

FIGURE 15. Graph of a function £ in cell c. It is not a supply func-
tion, as it does not have any dimension. It traduces the decrease of
supply in a given direction 7: the presence of vehicles to direction
¢ implies the presence of vehicles to the other directions thanks to
turning movement rates.
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8.2. Users’ demand in a cell. On each lane to direction ¢, let us consider the
demand function ¢;. This function is supposed to be the same for each lane to
direction 7 in the cell, it is of classical shape (figure 16). We build the demand
function in cell ¢ as:

D; = A(S(i—) (36)

Contrarily to supply function, users’ demand to direction ¢ while entering in a cell is
not a function of the four densities. As there are no internal exchange per direction
in each cell, vehicles which want to enter a cell with direction ¢ can already be
supposed with direction i.

flow q

lane
ca

crit max

FIGURE 16. Demand function on a lane of cell ¢. The number
lanec,p, is the lane capacity, kerit is the critical density on the lane
and kpax is the maximum density on the lane.

8.3. Traffic flows generation. The flow entering in cell ¢ with direction 4 from
cell ¢; is f; = min(D; , S;), where D; is the partial demand in cell ¢;. The flow
exiting out of cell ¢ with direction i to cell ¢ is f; = min(D;, S;"), where S;" is the
partial supply in cell c;L. Figure 17 summarize it for entering flows in a cell (given
that an entering flow in a cell is an exiting flow from an adjacent cell).

FI1GURE 17. Entering flows in a cell viewed with supply and demand.
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8.4. Algorithm. To build the final algorithm, the inputs are the number of vehicles
on each direction and in each cell of the area; the supplies and demands at time
t = 0 on the whole area (more precisely on every cell of the area); the supply and
demand at every time on the border of the area. For instance, it is easy to begin
with an empty network. The outputs are the traffic flows and the densities.

Algorithm 2 Large anisotropic continuous network algorithm

Input: density functions A;
turning movement rate functions ;;
border conditions: supplies S; and demands D; at the network entries and
exits
ending time T
1: empty network initial conditions (at ¢ = 0): p is null
2: fort=0to T do
3:  Calculate S! and D! with the Supply and Demand functions (35) and (36)
4:  Calculate f! with the min-formula
5. Calculate pi** with the discretized formulas of type (34)
6: end for
7

: Output: the flows f, t =0...T, the densities pt, t =0...T.

9. Conclusion. We have established a set of dynamical equations that describe the
traffic flows and their conflicts in an elementary cell of an anisotropic continuous
network. Another idea is to apply homogenization theory on such networks as in [1];
in this article, the intersection conflicts are not modelled, it is just highlighted that
an extra virtual link, where vehicles can waste time, can replace the intersection.

10. Appendix: Stochastic matrices. Here are some simple results with respect
to stochastic matrices.
The matrix A = (a;;) € M, (R) is said to be stochastic if:

{ V(i,j)E{l,...,n}2, OgaijéL

Vi € {17...,71}, Z?:l Qij = 1.
It is easy to prove that if A is an eigenvalue of A, then |A| < 1. A admits the eigen-
value 1 with associated eigenvector *(1,...,1). As the characteristic polynomials of

matrices A and 'A are equal, matrix *A admits 1 as an eigenvalue (but we don’t
know a priori an eigenvector). We are going to prove a very simple result (we did
not see it in any exercise book):

Lemma 10.1. An eigenvector of A associated to the eigenvalue 1 can be chosen
with all its coordinates positive or null.

Proof. Let us take an eigenvector X = (z;) of *A with associated eigenvalue 1. As
matrix ? A is a real matrix and 1 is a real eigenvalue of *A, X can be chosen as a real
vector. We are going to prove that Y = (|z;|) is an eigenvector *A with associated
eigenvalue 1.

Let us denote N, Z and P the three sets that define a partition of {1,...,n}:

N = {ie{l,...,n}/z; <0},
zZ = {ie{l,...,n}/z; =0},
P = {ie{l,...,n}/x; >0}
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. n
Vi, xp = ) g Qi
= DkeN kiTh + D pez WkiTh + Xpe p Wik

Then Vi € N, z; > Y ey aritr- Then Y0 vxy > Yo% 0 >\ agizy then

%ZEN 5 (2 Z%T{V T Z)ZLeN ak; which is equivalent to Y 7" v i = D07y Ti Y ope y Gik
ien Till = 2_pen air) 2 0

As x; < 0Vi € N, we obtain that Vi € N, 1 — ZZGN a;rx = 0. We can conclude

that Vi € N, (j € ZUP) = a;; = 0. Hence, Vi € N, Y/’ , p ari®r = 0.

For all i € N:

ZZ:l CLM‘IEH Zke]\/‘ aki(*wk) + anEZUP AriTL
- Z%gN Qi T — ZkEZUP Qi Tk
- Zkzl Qi

—z;

= |zl

By the same token on x; with i € P, we have Vi € P, (j € NUZ) = a;; = 0.
Hence, Vi € P, Y} c yuy akite = 0. For all i € P, we have Y ag|wi| = |4
We end by the case i € Z:

Zzzl apilzrel = Dpen Whi(—Tk) + Do pep WhiTk

|2 ]

O

Remark 1. We can prove this last result with Brouwer’s theorem. Let us consider
the convex compact subset of R": C' = {Vi,z; > 0, > . ,2; = 1}. The map
f: R" — R" defined by f(x) =' A.z is continuous and f(C) C C. Hence there
exists (at least) one fixed point of f in C, which proves the result.
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