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Abstract. We propose a road traffic cellular automata model suitable for an urban environment.
North, east, south and west car displacements are possible and road crossings are naturally
implemented as rotary junctions. We consider the traffic in a Manhattan-like city and study the
flow diagram and the car density profile along road segments. We observe that the length of
the car queues obeys a complex dynamics and is not uniform across the network. The street
length between two junctions and the turning strategies at rotaries are relevant parameters of the
model. Our results are also confirmed by fully continuous traffic simulations.

1. Introduction

Cellular automata models for road traffic have received a great deal of interest during the
past few years (see [1-5] for instance).

One-dimensional models for single-lane car motions are quite simple and elegant. The
road is represented as a line of cells, each of them being occupied by a vehicle or not. All
cars travel in the same direction (say to the right). Their positions are updated synchronously,
in successive iterations (discrete time steps). During the motion, each car can be at rest or
jump to the nearest-neighbour site, along the direction of motion. The rule is simply that a
car moves only if its destination cell is empty. This means that the drivers are short-sighted
and do not know whether the car in front will move or whether it is also blocked by another
car. Therefore the state of each cgllis entirely determined by the occupancy of the cell
itself and its two nearest neighbows ; ands; 1. The motion rule can be summarized
by the following table, where all eight possible configurati@fnss;s;y1); — (s;),11 are
given:

(113 (110 (101 (100 (011 (010 (001 (000 . (1)
—— ~—— ——— —— ~—— —— ~—— ———

1 0 1 1 1 0 0 0
This cellular automaton rule turns out to be Wolfram'’s rule 184 [6, 1].

This simple dynamics captures an interesting feature of real car motion: traffic
congestion. Suppose we have a low car dengiiy the system, for instance something
like

...0010000010010000010.. 2

This is afree traffic regime in which all the cars are able to move. The average velocity
(v) defined as the number of motions divided by the number of cars is then

() =1 3)
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where the subscriptf indicates a free state. On the other hand, in a high-density
configuration such as

...110101110101101110. 4)

only 6 cars out of 12 will move an¢v) = % This is a partially jammed regime.

If the car positions were uncorrelated, the number of moving cars (i.e. the number of
particle—hole pairs) would be given (1 — p), whereL is the system size. Since the
number of cars i® L, the average velocity would be

{(Vuncorrel =1 —p. (%)

However, in this model, the car occupancy of adjacent sites is highly correlated and the
vehicles cannot move until a hole has appeared in front of them. The car distribution tries
to self-adjust to a situation where there is one space between consecutive cars. For density
less than half, this is easily realized and the system organizes to have one car every other
site.

Therefore, due to these correlations, equation (5) is wrong in the high-density regime.
In this case, since a car needs a hole to move to, we expect that the number of moving cars
simply equals the number of empty cells [1]. Thus, the number of motiohglis- p) and
the average velocity in the jammed phase is

=1L (6)
P

Yukawa and co-workers [1] have studied an interesting extension of the above model.
They consider a periodic system, with a special site which blocks incoming cars and releases
them with probabilityr, provided that the next site is free. Depending on the car density,
three different regimes are observed, namely (i) a free phase, (ii) a constant flow phase and
(iii) a jammed phase. A simple mean-field description of this system is possible and the
critical densities are found to be a functionof

Here we would like to extend this problem to the situation of a street network. This
requires us to define new cellular automata rules in order to deal with several cars entering
the same road junction. In addition, a driver’s decision at crossing (going straight or turning)
should be defined. As explained in section 2, our approach is to model a road intersection
as a rotary. Cars in the rotary have priority over those wishing to enter. Various strategies
can be considered for cars in a rotary to determine their behaviour. For instance, biased
decisions are easily implemented in order to mimic traffic lights. It is also possible to add
in the model a trip plan (i.e. some final destination to each vehicle). As a result, more
complex problems [7, 8] could be investigated in the framework of our approach.

In this model, road crossings are a bottleneck limiting traffic flow. However, as opposed
to [1], this bottleneck is not controlled by an external parametefhe system responds
dynamically to the demand and selects its own flow.

In section 3, we will consider a mean-field description of our model and study how the
distance between two consecutive junctions affects the flow diagram.

As described in section 4, different turning strategies at rotaries are found to play a role.
Some of them are likely to produce junction deadlocks, a situation in which no more cars
can ever move at a crossing. The jammed region grows as more cars arrive and propagates
throughout the entire system. After a while, all cars get stuck and this results in a first-order
transition to a fully jammed state.

Finally, in section 5 we will also provide a detailed study of the car density profile
along streets.
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Our approach differs from other two-dimensional cellular automata traffic models [9-11]
in two respects. First, these models do not have the concept of streets. Cars can be anywhere
in a two-dimensional lattice and can typically move to any nearest-neighbour empty site.

Second, they have a rather primitive motion rule in order to avoid double occupancy.
They consider an alternate update of each directions of motion, as if there were synchronized
traffic lights at each lattice site, allowing horizontal motion at odd time steps and vertical
motion at even time steps.

In that sense, our approach is more realistic for describing traffic in a city. However,
in the limit where the distance between the rotaries becomes small (four lattice sites is the
smallest valid separation in our model), we obtain a flow pattern similar to those observed
in [9, 10].

2. The street network model

According to the basic ideas discussed in section 1, a cellular automaton rule of car motion
can be expressed by the following relation:

ni(t+ 1) =nl" ()L — n; (1) + n; (OHn™'(r) @)

wheren;(¢) is the car occupation numbet;(= 0 means a free site;; = 1 means that
a vehicle is present at sit9. The quantityni“(t) represents the state of the source cell,
i.e that from which a car may move to céll Similarly, n?“(z) indicates the state of the
destination cell, i.e that the car at sitavould like to move to. Rule (7) means that the
next state of celi is 1 if a car is currently present and the next cell is occupied, or if no
car is currently present and a car is arriving.

Equation (7) can also be written as a balance equation. One has

ni(t +1) —ni(@) = n'(L = n;) — ni (L= nd") ®)
where the right-hand side is computed at timélhe quantity
J = ni (L= n?" ©)

is the number of cars (0 or 1) leaving ceélbetween iteration andz + 1 (i.e those which
find n°"t empty). Similarly,
j"=n"1—n) (10)

is the number of cars (0 or 1) entering célbetween iterationr and¢ + 1. Taking an
ensemble average, equation (8) reads

pi(t +1) — pi(t) = J"(t) — I 1) (11)

wherep; (t) = (n;(¢)) is the car density at siteand timer andJ = (j) is the average flow.
This is the continuity (or car conservation) equation of our dynamics.

In a closed system, the total number of vehicd%” () that have moved between two
consecutive iterations is

L L
N™ () =N =Y i) (12)
i=1 i=1

where L is the system size (number of cells). Thus, in a homogeneous, stationary system,
the average car flow = J?"'= J/" can be obtained as
Nmut vat Ncar

J L = Ne L = p(v) (13)
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Figure 1. Example of a traffic configuration near a junction. The four central cells represent a
rotary which is travelled counterclockwise. The gray levels indicate the different traffic lanes:
white is a northbound lane, light gray an eastbound lane, gray a southbound lane and, finally,
dark gray is a westbound lane. The dots labelied, c, d, e, f, g andh are cars which will

move to the destination cell indicated by the arrows, as determined by the cell tud. flagrs
without an arrow are forbidden to move.

where (v) is the average velocity defined in section 1. Note thatan also be interpreted
as the probability of a car motion.

In order to discuss further rule (7), we have to specify hdfwvand n%“ are defined in
terms of occupation numbers. For a simple one-dimensional periodic road, their expression
is very simple

in out
ni =n;-1 ni = I’ll’+1 (14)

and the microdynamics reduces exactly to rule 184 of Wolfram.

For a two-dimensional road network, these quantities can be generalized as follows. We
assume that horizontal roads consist of two lanes, one for eastward motion and the other for
westward motion. Similarly, vertical streets are composed of northbound and southbound
lanes. The question is to define the motion rule of the cars at a road junction. This can
be realized in a simple way if one assumes that a rotary is located at each crossing. Thus,
road junctions are formed by central points around which the traffic always moves in the
same direction. A vehicle in a rotary has the priority over any car entering.

The implementation we propose for this rule is illustrated in figure 1, where a four-
corner junction is shown. The four middle cells constitute the rotary. A vehicle on the
rotary (like b or d) can either rotate counterclockwise or exit. A local flAgis used to
decide the motion of a car in a rotary. K = 0, the vehicle (liked) exits in the direction
allowed by the colour of its lane (see the figure caption).Fl&= 1, the vehicle moves
counterclockwise, liké. The value of the local turn flag' can be updated according to the
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Figure 2. Traffic configuration after 600 iterations, for a car density of 30%. Streets are white,
buildings gray and the black pixels represent the cars. Situatipnagfresponds to an equally
likely behaviour at each rotary junction, where&$ (imics the presence of traffic lights. In

the second case, queues are more likely to form and the global mobility is less than in the first
case.

modelling needs: it can be constant for some amount of time to impose a particular motion
at a given junction, completely random, random with some bias to favour a direction of
motion, or may change deterministically according to any user-specified rule.

As in the one-dimensional rule, a vehicle moves only when its destinatiom®&lis
empty. Far from a rotary, the state of the destination cell is determined by the occupation
of the down-motion cell. This is also the case for a vehicle turning in the rotary. On the
other hand, a car wanting to enter the rotary has to check two cells because it does not have
priority. This check is made by looking at the turn fl&gof the neighbouring cells with
priority.

For instance, catr cannot enter the rotary becausés going to move to the white cell.

The care cannot move either because it séegand cannot know whether or nétwill
actually move). Caw, on the other hand, can enter because it seesdtlimtleaving the
rotary and that the gray cell ahead is free.

Similarly, the incoming vehicle" to a given cell is computed differently inside and
outside of the rotary. The light gray cell occupied by éanas two possible inputs: with
priority, it is the vehicle from the gray cell to the west; if this cell is empty, the input will
be the incoming lane, namely the car labelied

Figure 2 shows typical traffic configurations in a Manhattan-like city. In figurg,
vehicle has a probabilitg to exit at each rotary cell. In figure 2, the turn flagF has an
initial random distribution on the rotary. This distribution is fixed for the first 20 iterations
and then flips toF = 1 — F for the next 20 steps and so on. In this way, a junction acts as
a traffic light, which for some amount of time allows only a given flow pattern (note that
right turns on red is permitted). We observed that the global traffic pattern is different in
the two cases: ind), the car distribution is quite homogeneous along the streets. On the
other hand, inl§), cars queue at some junctions while some other streets remain empty.
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3. The mean-field solution

In this section, we derive a mean-field description of the traffic flow, in a steady-state
situation. We extend the derivation of [1] to our problem. The first quantities of interest
are theaveragecar densityp and the average speéd) defined in section 1.

The first ingredient in the mean-field analysis is the fact that a rotary junction has a
maximum possible flow of cars. That is, the number of vehicles able to enter a rotary per
unit time cannot be larger than a given value determined by the rule of motion. Thus there
is a critical average densinrit above which the traffic is not free but constrained by this
maximum rotary flow. As a result, car queues are formed at road junctions.

The second key observation is that, in the regime ahife the system self-organizes
in three different regions of fixed car densities: the queues that form before a junction, the
road segments after a junction, characterized by a low traffic density and the region inside a
rotary. The three densities associated with these different regions correspond to a jammed
density p;, a free traffic density, and a rotary density,, respectively.

As the overall car number is increaseg, p; and p, remain constant: the result of
increasing the number of cars is to extend the lerfgth the car queues, without changing
the density in the three regions. The reason for fixed densities is that, due to the flow
diagram of rule 184 [1], there are only two possible densitiegand p; compatible with a
given traffic flow p(v), along a road segment. Thus, the only way to absorb an excess of
cars is to increase the size of the queue.

When one keeps adding cars in the system, there is a second critical average density
pgf“ for which the length of some queues becomes larger than the distance separating two
consecutive street intersections. The up-traffic rotary output gets disturbed and, from a
maximum-flow traffic regime, one gets into a strongly jammed phase.

The values ofps, p; and p, can be obtained by simple mean-field like arguments,
assuming that all queues are of the same length. From equation (11), we find that a
stationary state is characterized by a constant traffic flow. We will apply this condition in
the three regions discussed earlier and at the interface between these regions: the traffic
flow Jgueuein the queues equals the entering fldp‘&a,y of a certain direction in the rotaries
which, in turn, equals the flow2,, out of the rotaries and the flovkee in the street just
after the junctions:

i t
Jqueue= Jrlgtary = ]r?)lilary = Jiree- (15)

From equations (13), (6) and (3), we obtain

Jqueve= pj(v;) =1 — p; and Jiree = prlvs) = py (16)
from which we conclude that

The expressions fo!r‘gtary andJ9i, (which are the probabilities of entering and exiting the
intersection, respectively) depend on the rule of motion in a rotary. In the implementation
we have discussed in section 2, the motion of several cars in a rotary is strongly correlated.
Since two cars cannot occupy simultaneously two consecutive cells of the rotary and move,

the stationary solution is, on average, two cars per rotary, in a diagonal configuration. Thus,
Pr = % . (18)

Since a car keeps turning in a rotary with probabil%tythe probability of exiting a rotary
is

Jr(c)JLtl;ry = %pr : (19)
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Note that the probability 4 o, of having a free cell just outside the rotary does not multiply
the right-hand side of this formula because the two events are not independent. Indeed, due
to the alternation of vehicle and hole in a rotary, the exit of a rotary is always free in the
maximum flow regime.

Likewise, entering a rotary (say from the left) is possible when the lower left cell of
the rotary is empty and the vehicle in the upper left cell (if any) wants to exit the rotary
westward. Thus, we have

Jri(r)]tary = %(1 = Pr). (20)

As before, the occupation probability of the cell just before the junction does not appear
because, due to the correlations, at the time the entry is possible, there is always a car
waiting for this.

From equations (15) and ( 17), we then conclude that

pr =73 pi=73 pr=73. (21)

In this mean-field description, the maximum flow regime lasts until the tail of the car
gueue reaches the up-traffic junction. Assuming that the queues are of the sameflength
along all road segments and that the separation between two consecutive junciidtiseis
network period), we can relate [1] the average car density ¢ by the relation

AL —2—0)ps + 4p; +4p, = 4Lp . (22)

Equation (22) simply reflects the fact that the total number of cars is distributed in three
regions: queues of lengthand densityp;, free traffic segments of length — ¢ — 2 and
densityp, and rotaries of size four and densjy. For this calculation, we have considered
a basic network element, namely one rotary with two entering and two exiting lanes.
Thus¢ is given by
t_p—pr n 2pr — pr (23)

L pi—pr (pj—p)L’
In the case of largé., we can approximate this result as

t_pr-r (24)
L pj—pr
Equation (24) provides a way to determine the critical densﬁ{ébandpg”t. Forp < py,
¢ is negative, which should be interpreted in the sense that no queue is formed. This is the
free traffic regime. Thusp$™ = py = ;1‘ and the average velocity i®) = 1, independent
of p.

On the other hand, fos; < p < p;, car queues form but their lengths are smaller than
the distance between successive intersections. This is the maximum flow regime. In this
case, we have(v) = J = constant= 211, that is(v) = 1/(4p).

Finally, forp > p; = pg”t, the queues reach their maximum lengtnd the rotary exits
are hindered. This is the strongly jammed traffic regime. The traffic velocity is governed
by the motion of holes and obeys (6), namély = (1 — p)/p.

If (v) is taken as the order parameter, both of these transitions are second order. Actual
simulations of our cellular automata street network are well described by the above mean-
field description, provided the turning decision at rotaries is random and not time-correlated.
This means that a driver will not stick to a decision: if a rotary exit is blocked at time
he might very well decide to keep turning in the rotary at timel (figure 3¢) shows the
velocity-density diagram, for this case).
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Figure 3. Average velocity versus average density for the cellular automata street network, for
(a) time-uncorrelated turning strategies ad & fixed driver’s decision. The different curves
correspond to different distancds between successive road junctions. The broken curve is
the mean-field prediction. Junction deadlock is likely to occurbin fesulting in a completely
jammed state.

We have considered various road spacings for our measurements (i.e the distance
separating consecutive intersections). The larger the spacing the better the agreement with
the mean-field description. Clearly, finite-size effects play an important role and are certainly
not negligible in urban traffic since the road segments cannot be considered as infinite.

However, as the junction spacing decreases, we observe in figujea3different
behaviour: whereas the features of a network of streets, in the limit of largs quite
similar to one single lane with controlled flow (see [1]), the case of very smdll. = 4
is the smallest distance allowed by the model) yields a linear dependenoég wpon p.

This behaviour can be understood as follows: the car displacement along a line results in
a very correlated motion, as discussed in section 1. In the case of short road segments,
the locations of cars are little correlated because they rarely follow each other. Therefore,
the number of cars moving at timecan be approximated by (5). The behaviour of our
model for smallL has similarities with the one obtained by Cuestaal in [10], which is
expected sincé&. — 1 would correspond to so-called two-dimensional traffic. However, in
the situation described here, we do not observe a first-order phase transition, as in [10]. We
shall return to this question in the next section.

4. Junction deadlocks

The results presented in the previous section assume that drivers are free to change their
mind if an intersection is momentarily locked. As a result, the load on each road segment
is well balanced and, as long as there is a hole in the network, motion will occur.

A more realistic strategy at a road junction is to stick to the first decision (which is still
random) and stop until the destination cell is freed. This modification of the car behaviour
at a rotary has a dramatic consequence in our model (see figkle Suppose that four
cars simultaneously enter an empty rotary and all decide to continue in this rotary for their
next move. But, since there is no hole in the rotary, no motion is possible. If driver's
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decisions are frozen, there is a deadlock at the intersection, from which one cannot recover.
Further incoming cars will queue up and gradually decrease the network capacity until
complete jamming is reached. Therefore, there is an abrupt jump in the velocity diagram,
from (v) = (v(p)) to (v) = 0. This can be interpreted as a first-order phase transition, from
partial to complete jamming.

However, although the probability of such a junction deadlock increases with the car
densities, it is non-zero even for small Therefore, the flowing regime in which cars can
move is not stable: waiting long enough will eventually yield such a blocking event. But
as long as this event does not take place, a well defined relation befweand (o) holds.

In this sense, we may say that the flowing regimenistastable

For a given observation time (we have typically considered 2000 simulation steps),
complete jamming almost certainly occurs if the density is above some critical value. As
the road segments between intersections act as car reservoirs, absorbing a local traffic excess,
this critical value is higher ag grows.

There is, however, a way to reduce the risk of a junction deadlock considerably. We
can force the vehicles in a rotary to keep moving and turning until the exit they want is free.
Thus, four cars at the same junction do not block it. This dynamics is yet not completely
deadlock free: one can exhibit configurations in which the four rotaries around the same
building are mutually locked (all cars willing to go to the jammed exit). As in real traffic,
such a situation cannot evolve unless a driver accepts a change of his destination. In our
numerical simulations, however, complete jamming has almost never been observed in a
finite time interval, with this new strategy.

According to this new behaviour, we modify the rule of motion in a rotary: either a car
exits or it turns around. Consequently, two cars can follow each other in a rotary without
leaving a hole between them. As a result, the occupation of the cell right before and right
after the rotary is no longer correlated with the location of cars in the rotary. Equation (15)

(a) (b)

Road spacing=256 /
08| : 1 o8t N _
density before junction < 3, Traffic Flow L=256 -+~
density after junction - 5 Traffic Flow L=64 »—
06} density inside junction &1 o6t ]
. averaged speed L=256 ----
B f-E- 880888881 ", averaged speed L=64 ---
0471 1 04}
021 . miM . \
0 : . : . 0 X3 5
0 0.2 0.4 0.6 08 1 0 0.2 0.4 0.6 0.8 1

Average Density Average Density

Figure 4. Fixed decision model, with modified rotary motion preventing deadlock$.Car

density in the three traffic regions (free regions, queues and rotaries), as a function of the average
density, for a road spacing = 256. () Traffic flow and average velocity for two different

road spacings.
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has to be rewritten with

i 1-pr Pr
Jrlgtary =pj T Jr%Ltl;ry =01~ /Of)i (25)
and its solution is
P =4 pr=73 pr=1%. (26)

Thus, the strategy of fixed decision obeys the same mean-field description as discussed in
section 3. The critical valuesS™ and pS™ are just renormalized to the new valuesmf
and p; given in equation (26).

These mean-field predictions have been checked numerically in figure 4. As expected,
we observe three regimes: free traffic, maximum flow and strongly jammed. The vehicles
are distributed in the three regions discussed previously (before, after and inside a junction),
each with a specific density. In addition, the numerical simulations show good agreement
with the mean-field location of the first transition (from the free regime to the maximum
flow regime), ato$™ = p; = 0.2. This is, however, not the case of the second transition at
pgr" = p; = 0.8, which clearly depends on the road spacing

5. Queue density profile

The reason why the second transition is not well described by the mean-field approximation
is that the value given by equation (24) fluctuates considerably and some queues grow at
the expense of the others. The traffic is not distributed uniformly and some road segments
are much more loaded than the others. The load distribution changes with time, as a result
of the ‘microscopic’ fluctuations. A complex dynamics of car queues length is observed
over the network, as illustrated in figure 5.

Because of these fluctuations, some road junctions get disturbed by a down-traffic queue
growing up to sizeL, even for average densitigs< p;. As a result, the maximum flow

S L
Figure 5. Fluctuation of car queue length, for the rule with fixed turning decision. Buildings
are the large gray square blocks and streets are shown in white. Car queues are indicated by the
black lines. The gray tails of the queues are due to density variation during the time average.
The same network portion is represented on the left and on the right, at two differentrtimes
andr, > 1. The traffic load distribution has changed from one configuration to the other.
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Traffic direction

p(x)

Figure 6. Time and space average of the car
density profile along the segments of the street
network. The road spacing i& = 256 and
the system is periodic with one rotary located at
x = 0. By space average, we mean that we have
0 summed the contributions of the four traffic lanes

' north, south, east and west). Each of the eight
-128 before Ro“fu?/ after 128 ((:urves correspond to a diﬁer)ent average densgi]ty,
X-position namelyp = 0.1,0.2, ...,0.8.

regime ends much earlier than expected, i.e. for a critical density smallerpgﬁbnThis
effect is amplified as the rotaries get closer to each other because the road segments are
not long enough to absorb the fluctuations. Equation (24) predicts adrdtiicndependent
of L. Our observation is that this is clearly wrong when each road segment is considered
separately (the /IL correction in equation (23) is too small to explain the importance of the
effect). However, the cumulative length of all queues seems to obey equation (24) well [12].
In order to provide a more quantitative description of these fluctuations, we have
measured the average density profile between two consecutive junctions. Over a long period
of time and for each location along the road segments, we have observed the average cell
occupation. Since the density 4 in a queue angb; outside, our measurement indicates
the portion of time a given site belongs to the queue. These results are summarized in
figure 6. The dependence pg”t upon p and L is still under investigation.
The situation described in figure 6 has only one intersection (crossing of two roads).
In the case of several rotaries, we obtain the same qualitative behaviour except that some
symmetry breaking is observed among the junctions. There is a checkerboard pattern, which
makes the ‘white’ rotaries have a different density profile than the ‘black’ ones. However,
a more detailed analysis is required before we can confirm the generality of this effect.

6. Conclusions

A first conclusion is that for a road spacitigin the range of what is expected for an urban
area, the behaviour of our model has more similarities with the one-dimensional traffic
model of [1] than with the two-dimensional cellular automata models of [9, 10]. In that
sense, we may say that a street network is not a fully two-dimensional dynamics. The
length of the road segments between the junctions can absorb local traffic excess. Queues
are formed and correlations build up. Our rotaries also act as a flow capacity limitation
but, in contrast with [1], this limitation results from the rule of motion and is not enforced
externally. Fixed capacity devices result in three dynamical regimes (free traffic, maximum
flow and strongly jammed).

However, the behaviour of a street network exhibits new features as compared with
single-lane models: metastability of the flow diagram and junction deadlocks (also called
gridlocks). The resulting first-order phase transition is similar to what is observed in
traffic models.
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In addition, the quantity. has a direct impact on the behaviour of the system, for large
densities (for low densities it causes finite-size effects). Also, the overall dynamics is quite
sensitive to the driver’'s behaviour at rotaries for choosing his destination. Note that our
model can be extended so as to give a different trip plan to each vehicle.

Another observation is that, although the road network is homogeneous and all drivers
similar, the traffic load is not distributed uniformly in space and time. Some regions get
more congested than others and some junctions get clogged, thus reducing the overall traffic
flow more than expected from the mean-field calculations.

The structure in queues that play an important role in our model suggests that a more
macroscopic level of description of traffic in urban areas could be envisaged directly with
the quantities;;, defined as the length of the queues between junctiand j. This may
lead to more effective numerical simulations [7].

Recentca traffic models [3, 8] consider more sophisticated rules. Multispeed car motion
is found to be a crucial ingredient to describe highway traffic and phenomena such as start—
stop waves. However, for urban traffic, these features are less important and interactions at
road junctions are certainly the dominant effect.

This observation is confirmed by other microtraffic simulations we have investigated.
In addition to thecA model, we have developed [12] an off-lattice continuous traffic model
in which each vehicle can have any velocity, position and acceleration within a given range.
This simulator has been implemented on a Connection Machine CM-200 and proceeds along
the same lines as the simulator PARAMICS [13], except for the implementation details.

In a situation similar to that studied with oaa model, we observe the same emergent
behaviour as described in this paper. Of course, the continuous microtraffic simulator
provides more flexibility to study fine aspects, such as the role of the speed limit. However,
the macroscopic features of tlka model are well reproduced.
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