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Abstract The optimization process of urban transportation in smart cities is
strongly connected to the elaboration of specific, efficient models. In this context,
this chapter describes a versatile modelling formalism based on timed automata and
implemented in the UPPAAL environment for different complex and easily
changeable road traffic simulations. Microscopic models based on cellular
automatons are analysed in order to simulate the behaviour of different vehicles in a
specific group of urban streets. The proposed models integrate the main traffic
elements present in urban traffic: streets with multiple traffic lanes; different types of
vehicles, including automobiles, buses and trams; intersections controlled by traffic
lights; bus and tram stops inside and outside of the traffic lane, pedestrian cross-
walks; and parallel street parking. The basic concepts are detailed starting from
scenarios which first merit to highlight possible modelling techniques and structures
and to facilitate a comparative analysis of the limitations of the presented models.
The models based on traffic cellular automata (TCA) have appropriate results inside
of the urban traffic theory.
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Urban Traffic Theory

Historically, traffic congestion has been regarded as a problem confined to major
metropolitan areas. Over the years, the traffic problems that existed in densely
developed urban areas have begun creeping into the suburbs. Automobile tech-
nology advances have allowed more people to drive and the feverish modern
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lifestyle has caused traffic congestion problems to appear even in small towns. This
hectic scenario has given rise to the need for new solutions that improve traffic
circulation, and traffic simulations have played a key role [1].

A good understanding of road traffic dynamics is fundamental to assist the
choice between the strategies that are more efficient and more appropriate. In this
context, simulations that reproduce the eventual effect of traffic change parameters
may be extremely important for an improvement of road traffic circulation [2].

In this chapter, the fundamental concepts of the urban traffic theory are pre-
sented. Firstly, the main physical variables involved in the traffic road problems
(flow, average speed, and density) are shown, as well as different approaches to
express those variables. Afterward, relational diagrams between these variables are
depicted and their theoretical behaviours are exposed. A presentation of some
microscopic models for traffic road simulation closes this chapter [2].

Fundamental Concepts of the Urban Traffic Flow
(Traffic Parameters)

The traffic behaviour can be evaluated by the following variables: flow (J), average
speed (v) and density (ρ). These parameters are called traffic parameters, i.e., those
variables that help to determine the road condition at a particular time. Traffic flow
is defined as the quantity of vehicles that pass through a road section in a given
period of time and its units are vehicles per time unit. The average speed is given by
space units travelled by those vehicles per time unit. The density is determined by
the number of vehicles per space unit [3, 4].

In this section different methods to calculate the urban traffic parameters are
presented. The different expressions provide the necessary background for the
utilization of urban traffic parameters in the course of this work [2].

The variables’ behaviour is defined in the space-time diagrams, which represent
each vehicle’s trajectory in a period.

The traffic characteristics range in time and space. In order to simplify these
variations, commonly average values for the traffic parameters are adopted. These
average values may be temporal or spatial values. Thus, there are different
expressions for the traffic variables: When one road is considered in one time
interval, it is called temporal average; or a lane stretch in a time instant is called a
spatial average [2, 5].
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Spatial Average

The density for a lane stretch (L) in a time instant (dt) is the number of trajectories
(vehicles) on this stretch at the time instant t1 divided by the considered length
(L) [2].

Equation 1 shows the mathematical expression of traffic density.

ρ=
n
L
, ð1Þ

where n, is de number of vehicles present in the traffic stretch L.
The vehicles’ average speed on this traffic lane stretch can be expressed by the

following equation:

v ̄ =
∑
n

i=1
vi

n
, ð2Þ

where vi is the instant speed of the vehicle i in the considered stretch. For a
permanent regime of speed, it can be calculated by:

v =
J
ρ
, ð3Þ

In other words:

J = ρ× v, ð4Þ

As in this case is considered the vehicles speed on a section (v):

J = ρ× v ̄, ð5Þ

The traffic flow equation can be written:

J =
∑
n

i=1
vi

L
, ð6Þ

Temporal Average

In the previous case, the information is a function of a single time instant from the
considered traffic lane stretch. Normally, when is necessary to obtain real data,
motion detectors are installed in any traffic lane [2]. Therefore, it is necessary to
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define expressions that consider multiple measurements on the same traffic lane
section xk. The traffic flow is given by the number of vehicles that cross a deter-
mined lane section (m), in a certain time interval (T), i.e.

J =
m
T
, ð7Þ

The vehicle’s average speed that crosses the lane section is expressed by:

v ̄ =
∑
n

i=1
vi

m
, ð8Þ

vj, is the vehicle’s speed that crosses this section. Substituting Eqs. 7 and 8 into
Eq. 5, the average density of vehicles on that lane section is given by [2, 6]:

ρ =
m2

T × ∑
n

i=1
vi
, ð9Þ

Traffic Flow and Density

The traffic flow has three different phases [7, 8]:

• Low-density region, called free traffic flow. This phase, generically, allows the
driver to achieve a desired speed, approaching the maximum speed permitted.

• Median density region, c1 < ρ < c2, where the traffic flow is not exclusively
defined by density. The traffic configuration influences directly its flow, and may
cause a free or congested flow. This region (the middle density) is also known as
meta-stable region;

• High-density region, ρ > c2, where the traffic flow drops as the density
increases. The large concentration of vehicles causes them to cluster in traffic
jams and a vehicle that leaves a place from the traffic jam will find congestion
just ahead. This type of traffic is characterized by the behaviour of starting and
stopping.

Models for Simulation of Vehicular Traffic

Mathematical models for traffic simulation can be divided into three different
approaches: macroscopic, mesoscopic, and microscopic models [9, 5]. Figure 1 rep-
resents schematically these three different methodologies (Image adapted from [4]).
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Macroscopic Models

The macroscopic analysis describes the global behaviour of traffic streams.
Therefore, they relate density, flow and average speed parameters of the vehicles.
To study its behaviour, the macroscopic approaches apply hydrodynamic rules.
This is the reason why this approach is also known as traffic hydrodynamic analogy.
For its features and considerations, macroscopic models are successfully applied in
the study of high-density traffic, but they cannot provide accurate results easily for
rarefied traffic situations [4, 10–13].

Mesoscopic Models

The mesoscopic models represent the behaviour of a group of vehicles, i.e., bases
its traffic analysis in a group of vehicles that behaves according to some logical
grouping criteria: an expedition, congestion behaviour, etc. [4, 10–14].

Microscopic Models

Microscopic models are the ones that focus the individual behaviour of each vehicle
to obtain the global behaviour of a traffic road. They consider the interrelated
parameters that determine the vehicle’s dynamics. For example, knowing the
acceleration of each vehicle at each time instant its position and speed can be
known, after a time interval [4, 10–14].

Fig. 1 Main strategies for
traffic simulation
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Microscopic Models

A type of microscopic modelling that has been largely used in traffic simulation is
based on cellular automata, due to its versatility and simplicity. The first proba-
bilistic model that reproduced the basic traffic conditions with the use of simple
transition rules was proposed in [15–18].

One of the most studied models in traffic road simulation are the microscopic
models, using the persecution model (car-following), which was developed at the
end of 1950s. This model has as first objective the translation of speed variation of
the tracker vehicle. The speed variation is a response function of the speed stimulus
between a vehicle and the vehicle in front of it, called leader vehicle [2].

Urban Road Traffic Modelling Issues

The formalism adopted for modelling the systems considered in this work (road
traffic systems) is timed automata (TA) [12, 13, 19–22, 17, 18]. This formalism is
widely used on several domains for modelling behaviour of physical systems due to
its non-determinism characteristic [16, 23, 24, 25, 9].

In addition, because the UPPAAL simulation and verification environment is
used for performing the simulation and formal verification analysis techniques, the
edition of those models was implemented on the editor of this software tool, as
performed in [26–30].

Each example presented in this chapter defines a concrete problem and the
model’s evolution until the creation of the final model that contains all the features
needed to implement in the case study.

The main aim of this work is to create a systematic approach for traffic road
models. This systematic approach can only be obtained using modular structures.
This model also must be easily extendable, reused and contain a large level of
detail, in order to be possible implementing the complex scenario proposed. The
solution implemented to create such versatility features introduced matrices that
provide a compact environment for discretization and modelling the physical
environment.

The models presented in this chapter are divided into two levels of complexity.
The models of low complexity consist of the following:

• A model with one traffic lane and one automobile.
• Two models are presented to describe a traffic lane with several automobiles

travelling simultaneously.
• The complexity increases model by model. The models with a high complexity

represent the following situations:
• Four traffic lanes connected by an intersection and the automobiles chooses the

next street to continue its journey.
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At the end of each subchapter, we present the features, advantages and/or lim-
itations of each proposed model.

Low Complexity Modes

The first models created contain the simplistic interactions between a street and
vehicles. These two models were the first approach and the level of detail and
degree of realism are not the desired for this work. They were useful for under-
standing which modelling techniques and structures that have potential to be further
developed in order to reach the versatility required.

Model with One Traffic Lane and One Automobile

The first model created used one automobile moving in a street freely, without
interactions with other automobiles. The absence of interactions with other auto-
mobiles is because only an automobile can travelling inside of the street.

At the beginning of the street and also at the end of a street, motion sensors
detect the presence of a vehicle approaching from the beginning of the street (Si1)
or leaving the end of the street (So1). The initial conditions of this problem also
consider that an automobile enters in the street with velocity different from zero.

In Fig. 2 the physical environment of the first model is schematically
represented.

To implement this scenario in UPPAAL, it was necessary develop two automata:
the automaton street and the automaton automobile.

The automaton street has five places:

• OUT_of_the_STREET_START: When an automobile is travelling outside of
the beginning of the street.

• STREET_START: When the sensor Si1 has detected an automobile at the
beginning of the street.

• OCCUPIED: When an automobile is on the street.

Fig. 2 A single traffic lane with one travelling automobile
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• STREET_END: When an automobile was detected by the sensor So2 at the end
of the street

• OUT_of_the_STREET_END: When an automobile is travelling outside of the
end of the street.

These are the five states that a street can have when interacting with an auto-
mobile. To coordinate the interactions between the street and the automobile, it was
necessary to create three synchronization channels. The signal that the car is
travelling is sent by the automobile’s automaton to the street’s automaton, and it
means that an automobile starts to move in the direction of the street. When sensor
Si1 is activated, the automaton street sends and activates the channel approach to
the automaton automobile, and it means that one automobile is at the street’s start
changing the automaton street to OCCUPIED. When the sensor So1 is activated,
the automaton street sends and activates the channel leave, and it means that the
automobile travelled the entire street and now is out of the street end. The street is
again without any automobile and ready to receive another automobile.

Figure 3 shows the automaton street with the synchronization channels and
respective places.

An automobile only has two possible states: STOPPED or MOVING. Sensors at
the beginning and at the end of the street detect whether the automobile is in or out
of the traffic lane. At the beginning of the simulation, the automobile is stopped, and
the channel travelling will put the automobile moving in the direction of the start of
the street, which has the sensor Si1. After being detected at the beginning of the
street by the sensor Si1, the automobile will continue its trip until the end of the
traffic lane. In order to create a permissive model, the automobile, after it finishes its
trip in a street, can be forced to stop and go again in the direction of the street start
or can continue moving in the direction of the street start.

Figure 4 represented the automaton automobile with the synchronization chan-
nels and the two places previously explained.

In this model, time features are not included and is only the first model created to
represent the simplest interaction between an automobile and a street. Once,
interactions between vehicles are not considered, the concept of neighbourhood is
not applicable. The street is not discretized in cells, and this is the main reason for
the absence of interactions between vehicles. If several automobiles were travelling
in this model, its spatial position inside of the street would not be defined. The
transition rule is that only one automobile can circulate in a street.

Fig. 3 Street automaton of the model with one automobile and one traffic lane
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This model has the following limitations:

• It is a very simplified model, one only considers a type of vehicles (automobiles)
and only one automobile can be inside of the street travelling.

• To implement in several streets with several automobiles, one would need to
create each automaton automobile and street. Extending a scenario with a large
number of automobiles and streets is complex.

Model with One Traffic Lane and Several Automobiles

In this new definition of the modelling problem, the complexity increases: one street
with several automobiles moving inside it and interacting is simulated. To solve this
problem two models were created. The first model presents the interaction between
the vehicles moving cell by cell inside of the street if the cell in front of it is free
using only variables to coordinate the movement. In the second model the inter-
action between the automobiles creates a queue at the end of the street if is not
possible for them to circulate freely the entire length of the street using functions
and variables to coordinate these movements.

Figure 5 schematically presents the physical environment of the model for one
traffic lane and several automobiles. The automobiles are allocated inside of the
street in the same order that initiated the movement.

Fig. 4 Automaton
automobile for the model with
one automobile and one traffic
lane

Fig. 5 Single traffic lane with several travelling automobiles
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Model Using Only Variables to Coordinate the Interactions
Between the Automobiles Travelling in a Traffic Lane

First, four control variables for each automobile were globally declared. The first
digit of each variable refers to the number of the automobile, and the second digit
corresponds to the respective street cell. The variable V_CELL11 is responsible
when automobile Nr. 1 is in the first cell of the street; the variable V_CELL12 is the
variable dedicated to the automobile Nr. 1 when it is in the second cell of the street.
Similarly, for the others automobiles, control variables dedicated for each street cell
were created.

In this example, the street has four cells and four automobiles will circulate. To
implement this scenario four automata automobile and one automaton street were
added.

Five channels were generated. The channel approach_cell1 is activated when an
automobile enters into the first cell of the street; the channel approach_cell2 is
activated when an automobile approaches the second street cell; the channel
approach_cell3 is activated when an automobile enters into the third cell of the
street; the channel approach_cell4 is activated when an automobile enters into the
fourth street cell. The channel leave is activated when an automobile leaves
the fourth and the last cell of the street. The channel travelling present in the
previous model was erased, and it is assumed at the beginning of the simulation that
all of the automobiles start moving inside the street with some velocity.

Figure 6 presents the global declaration for the model with one street with
several automobiles travelling controlled with variables.

The automaton street is a loop of channels, i.e., it only contains the channels to
coordinate the movement of the automobiles. The conditions for an automobile to
move are in the structure of the automata automobiles through a combination of
control variables. The sequence of the automobiles that will initialize its movement

Fig. 6 Global declaration for the model with one traffic lane with several automobiles, using only
variables to control the movement
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can be implemented into the automaton street. The sequence of the automobiles was
not considered.

Figure 7 represents the automaton street for the model with one street and
several automobiles controlled only by variables.

The automaton automobile was reconfigured and has eight places:

• OUT_of_the_STREET_START_MOVING: When an automobile is moving in
the direction of the beginning of the street

• CELL1: When an automobile has been detected by sensor Si1, which means it is
inside of the first street cell travelling.

• CELL2: When an automobile is travelling in the second street cell.
• CELL3: When an automobile is travelling in the third street cell.
• CELL4: When an automobile is travelling in the fourth street cell.
• WAITING_CELL1: When an automobile is waiting in the first street cell, until

the second street cell becomes free again.
• WAITING_CELL2: When an automobile is waiting in the second street cell,

until the third street cell becomes free again.
• WAITING_CELL3: When an automobile is waiting in the third street cell, until

the fourth street cell becomes free again.

The bibliographic revision of Schreckenberg and Nagel in 1992 suggests a
length of 7.5 m for each street cell. Therefore, the physical environment is a street
with a total length of 30 m (four street cells).

An automobile travelling inside of the street will occupy one street cell when the
model evolves. An automobile can only enter in the first street cell if all the others
variables responsible for the first street cell from the other automobiles are equal to
zero. This is the information declared in the guard of the first transition, meaning
that the first street cell is free (Fig. 7). If this condition is verified, the automobile
(in this case, automobile Nr. 4) can enter in the first street cell, which activates
channel approach_cell1. At this time, the respective control variable for the first
street cell of this automobile takes the value 1. With this variable updated, no other
automobile can enter the first street cell, because the first street cell has an auto-
mobile. To continue to move, the automobile needs to verify if the second street cell
is free. If this condition is true, it will move to the third street cell and update the
respective control variable of the street cell Nr. 1 for the value zero and cell Nr.
2 for the value one. If the condition to move is not verified, the automobile evolves

Fig. 7 Automaton street for
the model with one traffic lane
and several automobiles,
using only variables to control
the movement
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to the place waiting_cell1 and only when the cell in front is free can it move. The
same procedure is executed for the followings cells.

When the automobile is in the last cell of the street, the channel leave is activated
and the respective control variable of the last street cell is updated to the value zero,
and the automobile leaves the street.

Figure 8 presents the automaton automobile for the model with one street with
several automobiles only controlled with variables.

In this model, time conditions were already implemented. The time needed to
travel one street cell meter with a range of velocities between 1 km/h and 50 km/h
is 27 s and 0.5 s, respectively.

In this model, the physical environment was discretized in street cells with a
length of 7.5 m, providing the groundwork for a neighbourhood. The neighbour-
hood of an automobile is the state of the street’s cell in front of it creating inter-
actions between the automobiles. If the cell in front of it is occupied by another
vehicle, it will wait until it is free again, and if the frontal street cell is free it can
continue to move. The set of rules in this model is creating a queue of automobiles,
from the beginning to the end of the street, by the same order that initialized its
movements.

This model has the following limitations:

• It is a very simple model, because it considers only one type of vehicle
(automobiles).

• To implement in several streets with several automobiles, it is necessary to
create each automaton automobile and street and several control variables for
each automobile responsible for each street cell; it is humanly impossible to

Fig. 8 Automaton automobile for automobile Nr. 4 is presented for the model with one traffic
lane with several automobiles, using only variables to control the movement
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extend the model to a scenario with such a large number of automobiles and
streets.

• If it is necessary to extend this model for intersections, the new upcoming street
would be implemented in the automaton automobile, creating strict routes for
each automobile, and the level of non-determinism would not be the desirable.

• For questions regarding organization, the features of the street (number of cells
and conditions to move further) should be implemented in the automaton street
and not in each automaton automobile.

Model Using Functions and Variables to Coordinate
the Interactions Between the Automobiles Travelling
in a Traffic Lane

In order to improve the limitations of previously presented models, it a new model
to solve the same modelling issues was created.

First, we declared in the global declaration the number of cells that the street
contains. In this specific example, four street cells with a length of 7.5 m were
declared, and this number of cells can be easily amended. Therefore, the physical
environment created is a street 30 m long. The number of automobiles was declared
using the function typedef. This function links and identifies each automobile with a
specific integer. In this concrete model, four automobiles were declared. An
automobile travelling inside the street occupies one street cell when the model
evolves. For the interaction between the automobiles, five channels were created:
approach, leave, stop, stay and go, which are functions of the number of auto-
mobiles present in the street. In this model also is assumed, at the beginning of the
simulation, that all the automobiles start moving inside the street with some
velocity.

Figure 9 presents the explained global declaration of the model one traffic lane
with several automobiles controlled with functions and variables.

To simulate the desired behaviour and interactions between automobiles, it was
necessary to create a new function and new auxiliary variables in the street dec-
larations. Firstly, the automobiles are allocated for the same order that initialize
their movement, in a list the same size as the number of the cells. This means that
each element of the list is a street cell correlating to an element on the list with the
ID 0, the last street’s cell (end of the street) and the element with ID equal to the
number of cells of the first street’s cell (beginning of the street). A new variable
length was declared, which is the total number of automobiles inside the street
(length of the queue). For this reason, the length will have the maximum value
equal to the number of street cells, because one automobile will occupy always one
street cell.

The function enqueue was created to allocate the automobiles’ IDs in the last cell
of the street (list ID 0). This function will increase the value of the variable length
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by one such that the synchronization channel approach is activated. If another
automobile arrives while the previous is moving inside the street, the new auto-
mobile’s ID are allocated in the second-to-last cell and the value of the variable
length is equal to two until all the street’s cells have an automobile inside. Con-
sequently, the function enqueue is updated in the same arrow as the synchronization
channel approach.

The function dequeue will release the last street’s cell when the respective
automobile inside it leaves the street and will decrease the value of the variable
length by one. For this reason the function dequeue is associated and updated in the
same arrow as the synchronization channel leave.

Another function created was the function ‘front’, which after an automobile
leaves the street will move the vehicles to the next street’s cell. This function is
associated with the channel go.

The function tail was created to allocate an automobile that was forced to stop in
the last position of the queue, and for this reason is associated with the synchro-
nized channel stop.

Figure 10 presents the street declarations and the functions and new variables
created.

The automaton street is more complex and has three places:

• STREET_START: When the sensor Si1 has detected an automobile at the
beginning of the street and the street is without an automobile.

• OCCUPIED: When one or more automobiles is inside of the street travelling.
• OUT_of_the_STREET_END: When an automobile was detected by the sensor

So1 at the end of the street and it leaves the street.

At the beginning of the simulation, this model assumes that the street is empty,
without any automobiles moving inside. For this reason, the evolution from the first
place STREET_START to the place OCCUPIED means that an automobile is
travelling inside of the street. The function enqueue and the variable length are

Fig. 9 Global declaration for the model with one traffic lane with several automobiles moving
controlled by variables and functions
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updated. In the location OCCUPIED the automobile can interact with others. For
example, other automobiles can enter into the street and this automobile can be
forced to stop and then start again its movement coordinated by the street’s
condition.

The automaton street only evolves to STREET_END when an automobile has
been detected by the sensor So1 and is leaving the street. If the street is occupied, it
means that the length is greater than zero and the automaton returns to the place
OCCUPIED. If the street is empty (length equal to zero) the automaton returns to
STREET_START.

Figure 11 shows the configuration of the automaton street for the model with
one traffic lane with several automobiles travelling and coordinated with variables
and functions.

The automaton automobile was reconfigured and has five places:

• OUT_of_the_STREET_START_MOVING: When an automobile is moving
towards the beginning of the street

• MOVING_INSIDE_the_STREET: When an automobile has been detected by
sensor Si1 and is inside of the street travelling.

Fig. 10 Street’s declaration for the model with one traffic lane with several automobiles
controlled by variables and functions
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• STOPPED_INSIDE_of_the_STREET: When the automobile has stopped inside
of the street.

• AGAIN_IN_MOVEMENT: When an automobile starts to move after a stop
inside of the street.

• OUT_of_the_STREET_END_MOVING: When an automobile has been
detected by sensor S01 exiting the street.

The automaton automobile only evolves from the initial location if it has been
sensor Si1 detects an automobile at the beginning of the street. From the moment an
automobile is inside of the street, it has two possibilities of evolution: cross the
entire street without a stop or is forced to stop. If the automobile reaches the end of
the street without a stop, the time needed to travel four street cells with velocities
between 1 km/h and 50 km/h is 108 s or 2 s, respectively. An automobile is forced
to stop if there is another automobile in front of it travelling more slowly than it is
or if the time allowed was more or less than the time needed to travel four street
cells.

If an automobile is stopped on the street, it will only move if street conditions
allow it to go in front. These evolutions in the automobile automaton are made by
the synchronization channel go. If after that the street is free until the end, the
automobile will reach the end of the street, but if it is forced to stop the channel stay
is activated and the automobile stops again.

Figure 12 shows the configuration of the automaton automobile for the model
with one street several automobiles.

In this model, similar to the previously presented model, the physical environ-
ment was discretized in street cells with a length of 7.5 m and the concept of
neighbourhood is implemented. The neighbourhood of an automobile is the state of
the street’s cell in front of it creating interactions between the automobiles.

Fig. 11 Street automaton for the model with one traffic lane with several automobiles controlled
by variables and functions
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The set of rules in this model creates a queue of automobiles at the end of the
street if another automobile is travelling in the street or if the street is empty its
entire length.

This model has the following limitations and advantages:

• It is a very simple model; it considers only one type of vehicles (automobiles).
• The number of street cells and automobiles can be easily changed; it is only

necessary to define the global declaration of those variables.
• To implement it, several streets with several automobiles are created for each

street automaton and several variable lengths and a list to allocate the auto-
mobiles in each street. It is humanly impossible to extend the model to a
scenario with a large number of streets.

• The structure of the automaton street does not allow for the creation of streets
with different lengths, because the time needed to travel all the streets is always
the same.

The creation of these low complexity models was useful for understanding
which modelling technique and structure can be used in order to reach the versa-
tility required. At the end of this subchapter, we present an analysis of the two
previous ways of modelling and the following conclusions can be verified:

• The number of vehicles and streets needs to be declared using the function
typedef.

• One needs to rearrange the structure of the automaton automobile and street.
• To model the physical environment, neither changing the function list nor

creating variables are good solutions for coordinating movements. In the case of
the function list, the accuracy of the movement is not predictable, and this
function it will create problems for calculating the crossing time of each road. It
is not possible to extend the model for large scenarios by controlling by vari-
ables, because of the number of variables that are needed to implement into the
automaton automobile.

• The structure to model the physical environment also needs to be easily
changeable and accurate for the introduction of the traffic elements.

Fig. 12 Automaton automobile for a model with one street several automobiles controlled by
variables and functions
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With these modelling requirements, we created a matrix of coordinates for
modelling the physical environment. This matrix can control accurately the
movement of the vehicles, precisely introduce traffic elements and is easily
extendable by adding more rows. To model the physical environment of the streets
matrices were used in all of the following models.

High Complexity Models

The basic models previously proposed, if applied to models with high levels of
complexity or large traffic scenarios, cannot be easily be changed or reused, due the
limitations previously explained.

In order to solve these limitations, models based upon the matrices were created
to model the traffic environment. A matrix, which is a map of street cells, is a
compact data structure that can easily be extended.

The matrices implemented to model the road traffic environment have the fol-
lowing features:

• Each line corresponds to an independent traffic lane of a street.
• The value present in column Nr. 1 corresponds to the number of cells that each

street has.
• The following columns are filled with empty street cells or traffic elements.

Due to UPPAAL’s limitations, one cannot create vectors with different sizes, and
some of the values present in this matrix have no significance.

Traffic Lane with Multiple (1, 2, or 3) Possible Traffic Lanes
Travelled by Automobiles in a Free Flow

As the behaviour of a street with several automobiles has already been modelled,
the next level of complexity entails extending the map. Thus, at the end of the street
upon which the automobiles started its movement, the automobiles will have to
choose between one of three streets to continue their trips.

The rule to choose the next street should be based upon statistical data received
by sensors implemented at the end of the streets. The data received give the traffic
flow’s percent for the upcoming streets. If the automobile at the end of the street has
two possible next streets; the flow is distributed equally by the two streets. It means
that 50% of the automobiles continue travelling on one street and 50% continue
their movement on the other next street. When a street ends with three possible next
streets, the traffic flow will also be distributed equally. Consequently, each next
street will have 33% of the traffic flow circulating on the previous street.
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Figure 13 presents the model with several automobiles moving in a street, and at
the end of the street, another street is chosen. The previous paragraph explained the
distribution of the traffic flow with the rules admitted represented in this scheme.
The first automobile (black), which arrives in the intersection (blue rectangle),
travels on the street ID 1, the second one to reach the intersection (blue) will choose
the street ID 2, the third one (red) will choose the street ID 3, and this cycle of
choice will continue. This distribution of the traffic flow seems to be reasonable and
to create a model more accurate than taking information from each traffic lane that
is studied.

The authors have long been concerned with the creation of general models that
can be easily extended to or implement in new situations and features. For this
reason, the previous definition of the street cell using the function list was erased
and in this new model, similar to the automobiles’ definition, we used the function
typdef to create the streets in the global declarations.

To define the physical environment, we created another variable, maxnoCells.
This variable defines the maximum length of the street considered (maximum
number of cells). With this new variable and with the variable number of streets
(noS), we created a matrix idexSC. This matrix is a map of street cell coordinates.
Each line corresponds to a street ID with the first line ID0 and the last line the last
street’s ID. The column Nr. 1 corresponds to the number of cells that each street has
and the following columns are filled with −1, which means a street’s cell is empty.

Fig. 13 Schematic diagram of the model with a traffic lane with several automobiles travelling
with three possible next streets
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Due to UPPAAL’s limitations, it is not possible to create vectors with different
sizes, thus many of the −1 s present in the matrix have no significance. The first
column is important for limiting the street size. Therefore, it is easy to extend the
map and to implement other features in the posterior models.

The choice of the next street in an intersection was implemented with a similar
application. First, a new variable, maxNextStreets, (maximum next streets) was
declared. This variable is equal to three, because at a maximum, an automobile has
three possible next streets in this intersection. With this variable and with the
variable number of the streets (noS), we created another matrix, indexMAP. Each
line corresponds to a street ID with the first line the street’s ID 0 and the last line the
last street’s ID. The first column contains the number of possible next streets at the
end of the street, and the other columns have the street IDs of the next streets. As
presented in the scheme of Fig. 12, the street ID 0 at its end has three possible next
streets (street ID 1, 2 or 3), and all the automobiles that are in the last cell of the
street IDs 1, 2, or 3 have zero possible next streets. Thus when an automobile leaves
the street IDs 1, 2 or 3 are considered to have left the map. The value −1 means that
there is no upcoming street, and the automobile will exit the map. The variable b is
a control variable, a function of the number of the street. For each value of b an
automobile present at the end of the street will have another destination.

The current street for each automobile has been defined, and the value defined in
the vector currentStreet represents the initial street’s ID that an automobile will start
the simulation. This vector contains the inputs of the traffic flow in the simulation.
The value of currentStreet will change every time that an automobile leaves a street
and continues to move in another street of the map.

All the channels present are a function of the number of automobiles. The
channel approach is activated when a vehicle is detected at the beginning of the
street (first street’s cell), the channel travelling is activated when an automobile has
a free cell in front of it of it, and the channel leave is activated when an automobile
is in the last street’s cell.

In Fig. 14 the global variables are presented in the model with one traffic lane
and multiple possible choices as upcoming next streets with automobiles moving in
a free flow.

The automaton street was simplified, because there are only three channels but
continues with three places:

• STREET_STARTS: When a sensor Si1 has detected an automobile at the
beginning of a street and there are no automobiles on the street.

• UPDATING_CELLS: When one or more automobiles are travelling on a street.
• STREET_ENDS: When the sensor So1 has detected an automobile at the end of

the street and the automobile exits the street.
• This model assumes at the beginning of the simulation, that the entire map of the

street is empty, without any automobiles moving inside it. For this reason, the
evolution from the first place STREET_START to the place UPDATING_CELLS
means that an automobile is travelling on a street and updates the function
enqueue. To be safe, verify three rules: First, read the value inside of the vector
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currentStreet, which will define the street where an automobile is arriving.
Second the matrix indexSD needs to have in its second column the value −1,
which means that the first street’s cell is empty without any vehicle. Third, the
variable novis (number the vehicles inside of the street) needs to be smaller or
equal to the number of cells, which means at maximum each street can only
contain an number of automobiles equal to the number of street cells, because
each automobile will occupy one cell.

In the location UPDATING_CELLS, the automobiles can interact with each
other. For example, another automobile can enter the street with the same rules
described previously and another automobile can continue to travelling, if the
number of the cells travelled (nocTA) is smaller than the size of the street (smaller
than the first column of the matrix indexSC) and if the cell in front of it is free (the
cell needs to have the value −1). It is necessary to read the value present in the
currentStreet vector to know the street on which an automobile is moving. In this
second case, the channel travelling and function moving are updated.

The automaton street only evolves from the place UPDATING_CELLS when the
sensor S01 detects an automobile leaving the street. In this case, the variable nocTA

Fig. 14 Global declarations of the model traffic lane with several automobiles travelling with
three possible next streets
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is equal to the first column of the matrix indexSC. To know the street that an
automobile is leaving, it is also necessary to read the value present in the vector
currentStreet. If the variable novis is greater than zero, the street automaton returns
to the place UPDATING_CELLS, because the street is not empty and has auto-
mobiles travelling. Another scenario is if the number of the automobiles on the
street is equal to zero, the automaton returns to the place STREET_START with the
street empty.

The automaton street is the “brain” of the simulation having all the information
regarding traffic conditions, a set of rules and consequent transition rules.

Figure 15 shows the configuration of the automaton street for the model with
one traffic lane and several automobiles travelling with three possible next streets.

In street declarations, three functions were implemented (enqueue, dequeue and
moving), which will contain a set of rules for the correct traffic circulation.

The enqueue function defines rules for an automobile that enters a street. In a
real scenario an automobile can only enter a street if the street is not full of vehicles
and starts its trip from the beginning of the street until the end.

The function moving contains the rules for an automobile continues to move. In
the reality an automobile can only move further if there is free space in front of it.

The function dequeue comprehends the rules for an automobile leaving a street.
The function dequeue will verify if the automobile is in the last street’s cell, and if
this condition is true, the automobile exits the street.

Figure 16 presents the explained street declarations and the created functions
and variables. The street declarations are the places where all the transition rules for
a street are implemented.

The automaton automobile was reconfigured and has three places:

• OUT_of_the_STREET_START_MOVING: When an automobile is moving
towards the beginning of the street.

Fig. 15 Street automaton of the model traffic lane with several automobiles travelling with three
possible next streets
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• MOVING_INSIDE_the_STREET: When the sensor Si1 has detected an auto-
mobile, and the automobile is travelling on the street.

• OUT_of_the_MAP: When the sensor So1 detects the automobile, and there are
no possible next streets, they are considered out of the map.

Figure 17 shows the configuration of the automaton automobile for the model
with one traffic lane and several automobiles travelling with three possible next
streets.

This model is the first model with relevant traffic road rules included and a
significant level of detail. At the end of this subchapter, we briefly present some
features of this model:

• The physical environment is a one-dimensional grid of rectangular cells, all
equal in size (7.5 m of length).

• It is a single cell model, because each automobile occupies only one street cell in
each time iteration, and the cells can only have two possible states: occupied by
an automobile or empty.

• The size of the neighbourhood is the same for each cell. The model is aniso-
tropic, because the automobiles only respond to stimulus in front of it.

Fig. 16 Street declarations for the model with a traffic lane with several automobiles travelling
with three possible next streets
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• This model is a dynamic system with a closed number of automobiles and
streets. The evolution in space and time depending on the same rules. Only if the
cell in front is free, can the automobile proceed on the street.

• The time is a stochastic feature and its choice is completely non deterministic. In
an instant t, the automobile can circulate in a cell at velocity of 50 km/h and in
the instant t + 1, it can move at 2 km/h. This model presents heavy breaking
and quick accelerations, even if the street is completely free.

• It is a very simplified model; one only considers a type of vehicles
(automobiles).

• This model can easily be extended.

In fact, this model has the potential to be extended to new traffic scenarios and be
implemented with other types of vehicles and traffic elements. Even in those sce-
narios, this model provides a solid basis.

In addition, one can consider other approaches and behavioural properties [31,
32] for the whole system.

Conclusions

The cellular automata allow for the observation of different phenomena, dissecting
components into individual variables, allowing one to understand how local
changes affect the whole grid of cells.

The formalism-timed automata are appropriate for a modular approach due to its
elementary structure. The resolution (level of detail) and system size (the network
size to be covered) obtained are appropriate for the proposed model.

In the context of urban traffic theory, the cellular automata in microscopic
models have the capacity to simulate in detail all the elements presented in this
traffic environment. The quantities of traffic elements implemented generate a
model containing a large number of evolutionary rules and interactions.

Fig. 17 Automobile automaton for the model traffic lane with several automobiles travelling with
three possible next streets
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The main goal of this work was the creation of a systematic approach for a
complex urban traffic scenario. The structure implemented has the potential to be
expanded. This systematic approach can be easily and limitlessly extended, the only
limitation being the computational power available.

This model has flexibility in accordance with the environment that it is applied,
because it can implement a large group of traffic elements and possible interactions.
The stimuli created in each vehicle depend on the traffic elements contained in the
street and the traffic conditions, because of the modular approach.

As future work, the authors will implement the distributed control of an illus-
trated case study considering some issues and solutions used on industrial networks
[33–38] and adapted to this field of application. An analysis of performance of the
developed distributed controller will also be considered [39, 40].
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