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ABSTRACT
An investigation into traffic Cellular Automata (CA) models is presented,
considering the differences between microscopic and macroscopic models.
Previous applications of CA are discussed and the advantages of modelling in
this way are exhibited. Two versions of a stochastic python-based CA traffic
model have been created with both one and two lanes using logical and
reasonable rules to obtain new positions and velocities of vehicles. Congestion
shockwaves are produced under certain circumstances particularly when a traffic
light is applied to both models. The addition of this feature leads to a build-up in
traffic and the length the light is on and position can be precisely controlled by
two parameters. Human thought processes are considered when implementing
simple update rules in order to obtain new variables for each vehicle with the aim
to promote the left-hand lane as the favourable lane to be in due to the way
roadways are in the UK. The probability that a new car will enter the simulation is
increased from 0% to 100% to study how the increase in density will affect both
lane changing frequency and average velocity of the system. As density
increases the bias toward the left lane also increases due to the inability of
vehicles to gain any advantage and therefore it is not logical for them to remain
in the right lane. The average velocity of vehicles decreases with the increase in
the volume of vehicles. This is because the model becomes more prone to
congestion pockets at high density and therefore vehicles cannot reach the
maximum speed specified by the user. Finally, the creation of a roadway/city
simulation tool is proposed. This would implement the models proposed within
this report along other modelled traffic systems in order to produce a modular tool
to build specific roadways.
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1 INTRODUCTION
During 2018, a statistical series presented by the Department for Transport
estimated that there is a total of 246,700 miles of publicly maintained roadways
across Great Britain (Department for Transport 2018a). At this time, there were
also 37.9 million vehicles registered for use on these roadways (Department for
Transport 2018b). With this number of vehicles travelling along the vast number
of different roadways in the UK, it is important to be able to model how these
vehicles will interact across junctions, intersections and motorways. Both
microscopic and macroscopic models are used in order to simulate numerous
scenarios. Microscopic models focus on the manoeuvrability of individual
vehicles whereas macroscopic models simulate the overall density and flow of
the traffic as a whole. Traffic modelling can therefore lead to answering questions
such as: where to place slip roads on motorways; the number of lanes a road
needs to have and identifying areas in which traffic lights and intersections are
needed. The aim of this report is to present and discuss multiple Cellular
Automata traffic models with one and two lanes including a traffic light. Other
traffic systems will also be considered in order to implement road section or city
simulations. The affect that certain parameters have on the produced models will
also be analysed and compared to real-world events. The behaviours and thought
processes of drivers will looked at in order to implement realistic logical update
conditions for lane changes, accelerations and decellerations.

2 MACROSCOPIC FLOW MODELS
Macroscopic models use fluid mechanics to simulate streams of traffic as an
entity and not individual vehicles. The authors in Bretti et al. (2007) describe how
roads can be represented by non-linear equations based on the density and
velocity of the cars (equation 1) much like the gases and liquids in fluid dynamics.
The authors point out that macroscopic models lend themselves more to
detecting waves of velocity variance propagating backwards through the stream.
The conservation of vehicles idea used for these models can be seen in equation
2 (Popping, J. 2013). However, as it is highlighted by the author, there are two
equations with three unknowns so therefore, different models are used to
implement a third equation to solve for all variables.
𝑞(𝑥, 𝑡) = 𝜌(𝑥, 𝑡) 𝑣(𝑥, 𝑡)

[1]

𝛿𝜌 𝛿(𝜌𝑣)
+
=0
𝛿𝑡
𝛿𝑥

[2]

𝑞(𝑥, 𝑡) represents the flow as a function of positions and time. 𝑣 and 𝜌 represent
the velocity and density of the stream of vehicles respectively. 𝛿 is used within
the formula to represent an infinitesimally small change in each variable used
when solving the differential equation.
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3 MICROSCOPIC FLOW MODELS
Where Macroscopic analysis uses the overall flow, density and velocity of
vehicles to simulate traffic events, microscopic versions use individual
characteristics of vehicles and drivers. Trajectories of each particular vehicle are
considered in single or multi lane traffic simulations, particularly for freeway or
motorway traffic as the authors in Helbing et al. (2002) describe. They explain
how the simplest form of microscopic traffic model calculates the acceleration of
a particular vehicle purely based on the distance to the next vehicle as seen in
the NaSch model presented in Nagel and Screckenberg (1992). However,
adaptations have been made to better simulate driver behaviour as seen in the
Optimal velocity Model (Bando et al 1995) which factors in the velocity of the
vehicle ahead when considering the speed of the following vehicle. Increasing
levels of complexity require increasing numbers of parameters which ultimately
leads to the model becoming more difficult to adjust in order to obtain life like
results. However, if this is done correctly, these simulations can produce
phenomena seen in real scenarios such as, the backward propagation of traffic
jam waves or “shockwaves”.

3.1 CAR FOLLOWING MODELS
Mathew and Rao (2007) point out that car following models show vehicles
following one another in an “uninterrupted flow” and that different systems have
been designed in order to simulate how individual drivers would react to the
relative changes in the position of the leading vehicle.

Figure 1Vehicle naming convention for car following models (Abrahamsson, F. 2016).

As can be seen in Figure 1, the leading vehicle has position 𝑥𝛼−1 and velocity
𝑣𝛼−1 with the follower having position and velocity of 𝑥𝛼 and 𝑣𝛼 respectively. The
spacing between the vehicles 𝑑𝛼 can be obtained by equation 3 below where 𝑙𝛼−1
represents the length of the leading car. Other models use 𝑛 and 𝛼 such that in
this report, they are considered as interchangeable as to preserve the
presentation of equations and figures throughout.
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𝑑𝛼 = 𝑥𝛼−1 − 𝑥𝛼 − 𝑙𝛼−1

[3]

This representation was presented by Newell, G. (2002). The author describes a
simple car following model which changes the state of the following vehicle based
upon the state leading vehicle. The velocity of the following car (𝑣𝛼 ) is calculated
with regards to equation 4 where 𝑣𝑜𝑝𝑡 is a function that depends on the positions
and velocities.
𝑣𝛼 = 𝑣𝑜𝑝𝑡 (𝑑𝛼 , 𝑣𝛼 , 𝑣𝛼−1 )

[4]

The function 𝑣𝑜𝑝𝑡 could simply just factor current velocity and the distance to the
next vehicle or could increase in complexity by considering (𝛼 − 1)th vehicles’
velocity or some “safety velocity” which stops the vehicle from getting too close.
Kesting et al. (2009) applies the effects of adaptive cruise control to their car
following model showing that these models can be adapted and expanded to
further simulate extra systems that we as drivers experience every day.

3.2 OPTIMAL VELOCITY
Optimal Velocity models (OVMs) are based on the individual drivers having
“legal” velocities which means that a vehicle will travel the maximum speed it can
whilst still maintaining a safe distance to the car in front. The acceleration
equation for this version of the model is presented as equation 5 (Bando et al.
1995). The author uses 𝑛 to represent the vehicle number instead of 𝛼. Here, 𝜅𝑛
is a driver’s sensitivity which is often arbitrarily defined as a constant and 𝑉(∆𝑥𝑛 )
is “legal velocity” of a specific vehicle which depends on the position of the leader.
𝑥̈ 𝑛 = 𝜅𝑛 [𝑉(∆𝑥𝑛 ) − 𝑥𝑛̇ ]

[5]

∆𝑥𝑛 = 𝑥𝑛−1 − 𝑥𝑛

[6]

The authors describe that as the spacing increases between vehicles, the
follower should be allowed to increase in velocity up to a maximum value and that
the velocity must be reduced as the spacing becomes too small as to prevent a
crash.
Varying levels of complexity have been produced for such simulations. Wang et
al. (2017) discuss a “dual boundary” OVM which aims to satisfy the conditions
that humans do not necessarily accelerate and decelerate at the optimal rates
and are instead satisfied with a range of distances between themselves and the
vehicle in front.

3.3 MICROSCOPIC MODEL SUMMARY
As it has been demonstrated in the previous subsections, traffic models can
provide many layers of complexity when simulating the flow of vehicles.
Macroscopic and microscopic versions are created in different ways but can often
produce the same output events (such as shockwaves). However, the
microscopic approach provides the ability to model the individual driver’s
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behaviour which gives a realistic outlook on the situation. Driver reactions and
abilities can also be measured in the real world and then later implemented into
the model so that the accuracy can further be increased.

4 CELLULAR AUTOMATA
Stephen Wolfram (Wolfram, S. 1983) defines Cellular Automata (CA) as
“mathematical idealizations of physical systems in which space and time are
discrete”. This manifests as an array or grid of cells which each have a discrete
value or values associated with it. The model is iterated and then, based on a
ruleset, new states are produced for that taking into account the state of the cells
around it or the “neighbourhood”. The earliest example of CA was seen from John
von Neumann around the 1950s and this was, most notably, in the form of a selfreplicating machine (Li, T. 2011). It was found that vital processes in biology could
be created in a digital form.
Cellular automata models can be classified into four categories according to
Wolfram, S. 2002.
Class 1: The overall behaviour is simple, and any randomness is quickly iterated
out.
Class 2: The behaviour becomes stable but, simple structures oscillate forever.
Class 3: The model is chaotic, and any stable structures do not last for long.
Class 4: Localised patterns become structures that interact with one another in
complex ways. The model could eventually become a class 2 stable system
however, this would take an extremely long time.

Figure 2(Wolfram, S. 2002) Examples of the four classes seen from CA models

These classes can be seen in Figure 2 and the author claims that with the correct
initial conditions, certain automaton can emulate any other CA, therefore
ultimately acting as a Turing Universal Computer. This provides the implication
that cellular automaton can be used to solve any computational problem if the
correct instructions and rules are applied to the situation.
9
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4.1 CONWAY’S GAME OF LIFE
During the 70’s there was an influx of CA related studies with the most prevalent
being the game of life created by John Conway. The game consisted of a twodimensional lattice of cells which have two states, dead or alive. The
determination of whether a cell would survive to the next iteration was determined
by a set of rules and the neighbouring cells. If the neighbouring cells were
overpopulated, the cell would die and if the they were underpopulated it would
also die. However, if the right number of neighbouring cells were alive the central
cell would become alive or live on until the next iteration. From these four simple
rules, many complex and interesting systems were created from completely
random generations of cells, to reciprocating and oscillating structures that lived
on forever. In figure 3 one can see how each rule can be implemented from one
iteration to the next.

Figure 3 Visualisation of the outcomes due to the rules in Conway’s
Game of Life.

4.2 NEIGHBOURHOODS AND TRANSITION RULES
As mentioned previously CA models determine their next iterative cell state based
on its current state, the neighbouring cells and a set of rules governing the
transitions between states. Maerivoet and Moor (2005) describe cell lattices
constructed from rectangles, triangles and hexagons all as possible
configurations for a CA model (Figure 3). The authors also present two
neighbourhood configurations which will determine the state of the next iteration
of a certain cell. These configurations are known as the von Neumann and the
Moore neighbourhoods. It can be seen in Figure 4 that the von Neumann
neighbourhood features only the cells directly adjacent to the central cell whereas
the Moore neighbourhood features the four diagonal cells in addition.
Once the neighbourhood is defined and the rules are created based on this group
of cells a new cell state can be produced. This is called the transition rule
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(Maerivoet and Moor 2005) and is applied to all cells in order obtain the next
iteration for the model. These neighbourhoods can be extrapolated for the
different cell configurations seen in figure 3 with varying numbers of neighbours
due to the number of faces in each cell.
The rules can be deterministic or stochastic. Deterministic rules provide
outcomes based on specific parameters and initial conditions which are known to
the individual. Stochastic rules have random aspects and the outcome will
change each time even when the initial conditions are maintained.

Figure 4 Von Neumann (left) and Moore (right) Neighbourhood configurations for rectangular cell lattice
configurations (Maerivoet and Moor 2005).

Figure 5 Cell shape configurations (Maerivoet and Moor 2005).

4.3 USES OF CA
CA models are used for a wide range of applications. The focus of this report is
traffic modelling, however, there have been other scenarios in which CA has
proved an effective method to solve a problem.
Biggs and Humby (1998) describe using “lattice-Gas Automata” (LGA) models to
simulate the movement of gas particles. Their model was built on a square lattice
with one particle allowed in a cell at a time. The rules for the model were imposed
for each cell at the same time. The authors state that their use of CA in this
scenario yields a result which is similar to the one predicated by the Naiver Stokes
11
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equations however, no equations are actually overtly solved during the
simulation. The lack of a need to explicitly solve these equations is highlighted as
an attractive quality for the use of automata along with the idea that “each point
in space demands significantly less memory” (Biggs and Humby, 1998). With the
reductions in computational needs and the similarity in results, the use of
automata in this scenario is seemingly advantageous.
Yuen, A. and Kay, R. (2010) have provided a study investigating uses of CA and
describe how it can be used to aid structural design. In the study, a component
is broken up into parts represented as cells which have variables that describe
the design of the element. The authors explain how Kita and Toyoda (2000)
represent a beam as a 2D square lattice in which the thickness of the beam was
one of the design variables attached to the cell. The authors highlight two different
ways in which the cells can interact with one another. The first is whether or not
the element has a load applied to it by something on top or by hanging off of it.
The second is for the element to resist deformation when being affixed to
something else. The simulation runs and stresses and displacements are
calculated across the model. Based on a set of rules, the structure is then refined
by increasing thicknesses in necessary locations and the simulation is run again.
This process is repeated until the desired design requirements are met.
Cellular automaton models have proved useful across many engineering
problems and often reduced computational load and provides solutions without
the need for laborious calculations of differential equations.

5 TRAFFIC MODELLING WITH CELLULAR AUTOMATA
As mentioned previously, traffic can be modelled by using fluid dynamics
(Macroscopic) or various car-following models (Microscopic). These models
describe the overall motion of a stretch of road or intersection by either
considering the overall density of cars flowing through the system, or by looking
at each individual vehicle and consequently considering the contribution to the
overall structure. This report, however, is focusing on the use of Cellular
Automata as a means of studying the microscopic contributions of vehicles in
traffic flow.

5.1 TRAFFIC CELLULAR AUTOMATA IN ONE DIMENSION
The most prevalent example of Traffic modelling with CA can be seen in the
Nagel and Schreckenberg model (NaSch) which was proposed in 1992 and has
been the subject for many studies since then. The purpose of the model proposed
in Nagel and Schreckenberg (1992) was to simulate traffic flow along one
dimension, creating an array of cells in which a car could either be present or not
present. The authors describe how each vehicle has an integer velocity between
a range of 0 and 𝑣𝑚𝑎𝑥 and outlined four rules in which each cell would adhere to
in order to produce the next iteration of values.
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These rules are as follows:
1. The vehicle will always try and have a velocity of 𝑣𝑚𝑎𝑥 such that if the
velocity (𝑣𝑐𝑢𝑟𝑟𝑒𝑛𝑡 ) is below this, and the distance to the next vehicle is
𝑣𝑐𝑢𝑟𝑟𝑒𝑛𝑡 + 1 or larger, then the velocity will be increased by one unit.
2. If a vehicle situated at cell i “sees” a vehicle in front at a distance less than
𝑣𝑐𝑢𝑟𝑟𝑒𝑛𝑡 , the car will decrease its speed by 1 unit of velocity.
3. There is a random probability that a vehicles’ speed will be decreased by
a unit of 1.
4. Each vehicle is moved forward by 𝑣𝑐𝑢𝑟𝑟𝑒𝑛𝑡 cells.
The authors justify a cell size representing 7.5m which in the length of an average
car including some space between the front and the back of the vehicle. They
also state that 𝑣𝑚𝑎𝑥 should be 5 cells per time step as this would represent
approximately 120 km/h. This provides a time step of approximately 1s.
The implementation of the model can be seen in Figure 5 which features a high
density of vehicles. In the first-time step there two stationary vehicles but, as time
progresses, more and more vehicles slow down as a result of these and a jam is
created. Over the course of the iterations, the traffic jam is visibly moving
backwards which is showing that this model is creating events seen in
macroscopic versions and producing a look at the overall flow of the traffic. Cars
at the front of the jam cannot move until enough space has been achieved
between themselves and the vehicle moving away.

Figure 6 (Nagel and Schreckenberg 1992) plot of a 1D CA model showing a backwards propagating
traffic jam.
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Rule 3 provides the model with a factor of randomness that will occasionally slow
vehicles down. This could simulate any number of real-world occurrences that
could cause a driver to suddenly reduce their velocity. The addition of a
randomisation factor results in the model becoming stochastic in nature. Each
time the simulation is run, regardless of whether or not the initial conditions
remained constant, the output will be different as this is in an attempt to simulate
the randomness of human behaviour.

5.2

INCREASING THE LANES

In the UK, dual carriageways and other multiple lane roads are extremely
common both inside cities and on major connecting roadways. It would therefore
be important to be able to increase the number of lanes in order to properly
simulate the mechanisms governing the flow of traffic. The NaSch model
described in section 5.1 does not feature the ability to increase the dimensions of
the roadways and the allow the overtaking of slower vehicles. An adaptation was
made to the one-dimensional model by Ricket et al. (1995) in which a second
layer of rules is added before the original rules are applied to see if the vehicle
should change lane or not. For a lane change to occur, the gap in front of the
vehicle needs to be small enough so that it cannot speed up and the gap in front
of the vehicle in the neighbouring lane should be large enough so that the vehicle
would be able to increase in speed. The model also checks to see if there are
any vehicles approaching along the new lane that would have to slow down due
to the lane change. Finally, a random number is generated to see whether or not
the vehicle will actually change lanes. After all of these conditions are satisfied, a
lane change will occur.
Implementing the second lane into the model allows cars with higher velocity to
overtake and continue traveling at 𝑣𝑚𝑎𝑥 instead of needing to slow down and
forcing the model into a solution in which the average velocity is dictated by the
slowest vehicle.

5.3 CELLULAR AUTOMATA AND AUTONOMOUS VEHICLES
Self-Driving vehicles are becoming ever prevalent in the modern world and
almost vital for automotive development in the future. The safety and economic
benefits that can be obtained by an artificially intelligent car make it apparent that
the prospects of the vehicle manufacturing industry lie with the production of
these such automobiles. With the likes of Tesla's “Auto Pilot” being standard on
all of the company’s vehicles and Elon Musk claiming that the year 2020 will
feature “Robotaxis” in some US markets, it will not be long before a significant
proportion of cars on the road will be autonomous. With this imminent influx of
driverless vehicles, one must consider the impact they will have on traffic flow
and also the models that are created in order to simulate it.
Yang et al. (2017) contemplate the effects that self-driving cars have on traffic
flow with regards to: lane changing; junctions; maximum traffic density situations
and even considered a dedicated autonomous vehicle lane.

Coventry University
The authors build a model based on information in figure 5. 𝐺𝑎𝑝𝑠𝑎𝑓𝑒,𝑛 represents
the safe distance the 𝑛 𝑡ℎ vehicle should have to the vehicle in front (𝑛 + 1𝑡ℎ ).
With this information, the safe distance and be calculated as:
𝐺𝑎𝑝𝑠𝑎𝑓𝑒,𝑛 = 𝑋𝑛+1 (𝑡) − 𝑋𝑛 (𝑡) − 𝑙𝑛+1 = 𝑣𝑛 (𝑡)𝑇𝑛 +

𝑣𝑛 (𝑡)2 𝑣𝑛+1 (𝑡)2
−
2𝑏𝑛
2𝑏𝑛

Where 𝑣𝑛 and 𝑣𝑛+1 represent the velocities of the follower and leader
respectively, 𝑏𝑛 is the maximum deceleration, 𝑇𝑛 is the reaction time of the
following vehicle and 𝑋𝑛 and 𝑋𝑛+1 represent the positions of vehicles. This set up
is not dissimilar to other microscopic traffic simulations proposed above.
However, the authors pair it with Cellular Automata.

Figure 7 (Yang et al. 2017) Calculation of the safe gap with all distances and velocities.

Update rules are applied to all vehicles (self-driving or not) and in the same way
in which the previously mentioned models have applied them. However, the rules
differ between the two types of vehicles. The autonomous cars hold a different
reaction time, 𝑇𝑛 , as well as only lane changing when all conditions are satisfied.
The cars with human interaction have a random nature and factor in driver
characteristics. This merges the ideas of stochastic and deterministic models.
The conclusion of this study is that the increase in traffic flow is directly
proportional to the increase of self-driving vehicles and that flow is improved
during peak hours if there are less vehicles piloted by humans. The authors also
outline that a dedicated land for autonomous vehicles does not have an effect on
the overall flow of traffic.

6 TRAFFIC FLOW DATA
Depending on the circumstances, on different days at different times, the flow of
vehicles will change. For many reasons during a day, there are peak times where
traffic density if increased, for example, rush hour. Therefore, these varying
conditions must be taken into consideration when analysing a traffic model.
Data is collected every day throughout the UK by the Highways England through
the use of induction loops. Lamas-Seco et al. (2017) describe these sensors as
the most common type for traffic management. They work by creating an
15
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oscillating frequency in the detector which is based on the inductance of the coil.
As a vehicle passes over the coil, its material creates eddy currents within the
coil and ultimately changes the frequency the detector reads. This allows
numbers of cars to be counted and with multiple coils, velocities and vehicle
lengths can also be obtained. It is important to obtain this data as it allows for
comparisons between density of vehicles and times of the day. Data can be used
form these sources so that a realistic set of initial conditions can be fed into
simulations to test how well they correlate with the real situation. Finally the
simulation can be used to predict the traffic flow in areas where induction loops
have not been used.

7 ANIMATIONS AND CODE
For all of the models that will be presented in this study, the code files
representing all simulations with parameter studies and animations that further
present the results are all available at the repository linked below. The code files
produce the various plots seen within this report. The animations are named after
the relevant section that they are linked to so it would be advisable to consult
them as and when necessary.
The repository can be found here:
https://github.com/KaonCode/Python-CA-Traffic-Simulation

8 ONE DIMENSIONAL CA TRAFFIC MODEL
8.1 INITIAL MODEL
8.1.1 Starting Grid
In this section, a one-dimensional Cellular Automaton traffic model based on the
NaSch model mentioned in section 5.1 is presented. Firstly, a starting grid of cars
is obtained based upon a specified length (𝐿) and density (𝜌). The cars are then
randomly spread across the 1D grid (lane) and all have an initial velocity of zero.
In order to keep track of vehicles in the current lane, empty spaces are given
values of -1 and a vehicle is present when-ever there is a value other than this.
An example of a potential initial starting grid can be seen in Figure 8 below in
which all spaces which possess a vehicle have a value of zero (no velocity).

Figure 8 Visualisation of the starting grid with occupied and empty spaces.
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8.1.2 Maximum Velocity and Acceleration
For the purposes of this simulation, the maximum velocity of a vehicle has been
set to 5 which means a car can move a maximum of five cells per iteration. This
assumption has been made based on an average vehicle length of 4.5m and an
additional 1.5m for extra space between vehicles split across the front and rear.
This results in a cell which is 6m in length such that, at max speed, a vehicle will
be travelling at 30m/s which means that the maximum velocity 𝑣𝑚𝑎𝑥 ≈ 70 𝑚𝑝ℎ
which is the speed limit of motorways within the UK.
The maximum acceleration of the vehicle has been limited to only 1 unit per
iteration such that it cannot go from zero velocity to max in one single iteration.
This is to simulate a gradual acceleration which is common for (most) drivers on
the roads.
8.1.3 Rules for Velocity Calculation
Once vehicles have been added to the model as above, rules can be applied in
order to calculate the new velocity of the vehicle at the next time step. To obtain
new parameters for a certain vehicle one must know the relationship between
that vehicle and the one immediately in front.
As in Figure 1, following and leading vehicles have velocities of 𝑣𝛼 and 𝑣𝛼−1
respectively with a distance of 𝑑𝛼 to one another. The rules in section 5.1 are
applied to the model such that the vehicle attempts to accelerate by one unit
unless there is another vehicle in front at a distance away that is less than the
current velocity. Before any randomisation is applied to the model, a temporary
velocity is calculated for the current car as shown below.
𝑣𝑡𝑒𝑚𝑝

𝑣𝛼 + 1
= 𝑚𝑖𝑛 {𝑑𝛼 − 1
𝑣𝑚𝑎𝑥

[7]

Equation 7 shows how the new velocity of the cell is calculated by finding the
minimum values of accelerating the vehicle by one, decelerating to one less than
the next vehicles position and the maximum velocity. This allows for collision
avoidance and for the speed limit to never be crossed.
To more closely simulate real world drivers, a car has an inherent probability to
occasionally slow down by one unit. A driver’s velocity can vary due to
distractions and unforeseen events. To simulate this, in the model, there is a
probability 𝑃𝑠𝑙𝑜𝑤 that the current vehicle will slow down by one unit. This is
calculated after 𝑣𝑡𝑒𝑚𝑝 has been assigned so that there is a chance for a driver to
not accelerate at all or even slow down more severely than they previously were.
The final new velocity (𝑣𝑛𝑒𝑤 ) is calculated as follows:
𝑖𝑓 𝑃 < 𝑃𝑆𝑙𝑜𝑤 : 𝑣𝑛𝑒𝑤 = 𝑚𝑎𝑥 {

𝑣𝑡𝑒𝑚𝑝 − 1
0

[8]

The randomly generated number 𝑃 needs to be less than the specified probability
in order for the vehicle to slow down by one however, the velocity cannot go below
zero, so this is mitigated above.
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8.1.4 Update Procedure
With a starting grid of vehicles and the ability to compute the new velocities of
each individual vehicle, a new grid can be achieved in which changes have been
made based on the rules stated in the previous section. Two arrays are created.
One of which holds the values of the previous parameters which will be used to
determine the new ones. Another array has the same dimensions as the previous
one, however, is it full of empty spaces (-1s). This is where the new positions and
velocities will be mapped. From left to right (0 → 𝐿), the process in section 7.1.2
is applied and all new values are saved into the ‘current’ array. When this has
iterated L times (to represent every cell of the road) the whole array is appended
to a master array which holds all of the values from each iteration as this process
is repeated n times.
The output is an array of values ranging from -1 to 5 of dimensions (L x n) which
shows the progression of each vehicle over each iteration. A visualisation of this
can be seen below in Figure 9 in which the results of this model are discussed. If
the new value would take the vehicle to a position past the Lth cell, then that
vehicle would loop back around to the start. This is clearly not realistic as traffic
densities fluctuate over time. It does, however, serve as a simple method of
reintroducing vehicles to the simulation. Further approaches to the introduction
of new vehicles are discussed in later sections but, for the purposes of the initial
model, these ‘circular’ boundary conditions are applied.
When considering the last vehicle in the road, 𝑑𝛼 will evidently no longer be
representative of the distance to the vehicle in front (as there is no vehicles in
front). For example, If the final car is travelling at 𝑣𝑚𝑎𝑥 (5 units) and the end of the
road is one cell away the equation above will naturally reduce the velocity to 0
such that it is stuck and will cause unnecessary traffic. Therefore, within the
program, a “failsafe” has been added to ensure that if it is the last car along the
road, 𝑑𝛼 will become a value larger than 𝑣𝑚𝑎𝑥 so this error does not occur.
8.1.5 Initial Output
Below (Figure 9) is a 2D representation of the simulation. Each line (from top to
bottom) shows the positions of the vehicles and the empty spaces. The empty
spaces are coloured black with the vehicles corresponding to the colour bar to
the side. The length of the road (L) and number of iterations (n) are both set to
100 in this particular simulation. The density ( 𝜌 ) and 𝑣𝑚𝑎𝑥 are 0.5 and 5
respectively. As it can be seen, most of the vehicles begin by accelerating one
step at a time however, there are areas in which vehicles are congested. The
dark red areas show locations where the velocity is zero. Along the time axis
there is a branch of stationary vehicles that cannot move forwards due to
congestion. As time increases the congestions tends to propagate backwards.
This is indicative of a shockwave seen in real traffic jams and in macroscopic
traffic simulations. Once vehicles have cleared this congestion, they all
accelerate back up to 𝑣𝑚𝑎𝑥 unless restricted elsewhere.
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Figure 9 spacetime plot of 1D Nagel Schreckenberg style simulation.

8.1.6 Parameter sensitivity
In order to understand the affect the certain parameters have on the model, a
parameter sensitivity study is been conducted regarding the initial density and the
probability of a car randomly slowing down. Figure 10 below shows the plots for
densities of 20%, 40%, 60% and 80% with a 𝑃𝑆𝑙𝑜𝑤 of 0.3 and 0.7.
Figure 10 below shows the outcome of changing the density over different 𝑃𝑆𝑙𝑜𝑤
values. For both 𝑃𝑆𝑙𝑜𝑤 values, as density increases, the amount of congestion
increases. Going from a density of 20% to 40% drastically reduces the number
of cars that are able to reach 𝑣𝑚𝑎𝑥 . At higher densities, only a few cars are able
to reach this speed before having to slow down to zero. Having a high probability
of a vehicle randomly slowing down also restricts the flow as it can be seen in the
figure representing 𝑃𝑆𝑙𝑜𝑤 = 0.7 𝑎𝑛𝑑 𝜌 = 0.2.
Due to the high chance that a vehicle will not increase in velocity, cars are slow,
and become congested easily. At the Extremes in both probability cases vehicles
can only move forwards one cell before having to stop and these lines propagate
backwards in space over time. Increasing 𝑃𝑠𝑙𝑜𝑤 also leads to the congestion
shockwaves propagating at a slower rate. This is due to the idea that a vehicle is
less likely to move forwards even if there is a gap.
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The stochasticity that 𝑃𝑠𝑙𝑜𝑤 adds to the model is important as vehicles would
simply oscillate between a range of speeds as seen in figure 10. This is an
example of a class 2 cellular automata as the vehicles will continue to oscillate
this way for ever as no other change is implemented into the system.

Figure 10 Example of model without the random probability of slowing
down.
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𝑃𝑆𝑙𝑜𝑤 = 0.7

𝜌 = 0.8

𝜌 = 0.6

𝜌 = 0.4

𝜌 = 0.2

𝑃𝑆𝑙𝑜𝑤 = 0.3

Figure 11 Parameter sensitivity study for different densities and 𝑃𝑠𝑙𝑜𝑤
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8.1.7 Boundary Conditions
Whilst Figure 9 demonstrates a model that reproduces traffic flow phenomena,
the boundary conditions are not indicative of real ones. Currently as a car reaches
the end of the road, it loops round back to the start. This clearly does not happen
in real life (unless one if on a roundabout) so a different method should be
proposed.

Figure 12 Model without circular boundary conditions.

Once the boundary conditions are removed the results can be seen in Figure 12.
The vehicles progress throughout, becoming slightly congested in certain areas
before leaving the figure. However, as mentioned in Section 6, traffic varies
throughout the day and a steady flow of vehicles would be expected to be
present, and would also allow the simulation to run for longer to obtain more
results.
In order to simulate a varied influx of vehicles, the code is adapted such that, as
long as it is not the first iteration and the first cell is empty, there is a possibility
that it will become occupied by a vehicle with a velocity between 1 and 𝑣𝑚𝑎𝑥 . The
velocity must be within the range as a vehicle traveling into the model cannot
have a velocity of zero. A new layer of stochasticity is applied by allowing the user
to increase or decrease the rate in which traffic is added whilst also having it vary
each time the model is run. This method is more indicative of real life as there is
not necessarily a steady stream of incoming traffic at any given point in time.
Figure 13 shows the revised model with a specified probability that a vehicle will
enter from the left. In this case, the probability in which a new car will appear has
been set equal to the initial density (0.3) such that the overall flux of vehicles
remains fairly constant with small fluctuations due to the random nature of the
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Figure 13 Example of Model with new conditions governing the
addition of new vehicles to the simulation.

simulation. With a reasonable amount of new additions across the entirety of
simulation, it can be seen that traffic jams and congestions are still produced.
However, this example of more suggestive of what would be seen on a normal
road as the density over s short period of time will tend to follow an average for
that time of day as discussed in section 6 previously.
Now that the initial model presented in this section has been achieved, further
layers of complexity and new features are applied and the effects that they have
on the overall traffic flow is discussed in order to decide their importance to the
model.
8.1.8 Scalability
Due to the way the simulation has been set up, it is easy to adjust the scale of
road and the time in which the model is sampled over. Previously examples of
the program have had the dimensions 100 x 100. Based on the conditions
discussed in section 7.1.2 this shows a 0.6km stretch of road over 10 minutes.
Figure 14 below represents a more extreme case in which the equivalent of a
12km road is shown over 1000 seconds (approximately 17 minutes). A road like
this may not be the most common however, this showcases the large scales
which this model can simulate. The same congestion phenomenon can still be
observed over the large sample of vehicles. This could be a useful feature to
simulate long stretches of motorway road and how differing densities could affect
the flow along them. Short pieces of road can also be considered over long
periods of time. This would allow the user to simulate changing traffic densities
over an entire day with a variable vehicle number input.
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Figure 14 2000 cell length road over 1000 iterations.
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8.2

ADDITIONS TO THE MODEL

8.2.1 Driver Behaviour
The current iteration of the model offered previously features the assumption that
a driver bases their speed solely upon the distance to the vehicle in front. If this
was the case in real life, every time somebody saw a vehicle in front of them on
the road, they would immediately apply the forcefully brakes in order to slow
down. However, in actual fact, a human can judge whether or not an object in
front of them is moving just by looking. As a driver, one bases their speed on a
prediction of how fast the car in front is travelling. This can be fairly accurately
predicted based on the speed of the following vehicle, and the relative position to
the leader over a short period of time. As drivers, we can almost instantly make
a decision as to how fast a vehicle is traveling relative to us.
This idea is fundamentally trivial to implement into the model as the only
parameters we need to know are the velocity and position of both the following
(𝑣𝛼 , 𝑥𝛼 ) and leading car (𝑣𝛼−1 , 𝑥𝛼−1 ). These are, in fact, already identified as the
position of each vehicle is simply the position it holds in the array and the velocity
is the magnitude of that particular value. This means the new velocity of the
leading car is known. The model iterates with the last cell first, working backwards
through the cars such that the leading car’s velocity and new position will have
been calculated already.
𝑣𝑡𝑒𝑚𝑝

𝑣𝛼 + 1
= 𝑚𝑖𝑛 {(𝑑𝛼 + 𝑣𝑎+1 ) − 1
𝑣𝑚𝑎𝑥

Above, the equations governing the velocity calculations are shown. They are
similar to the ones discussed in section 7.1.3 however, on this occasion, the
equation features the velocity of the leading vehicle.

Figure 15 example of the affects from the new velocity rule with the same parameters. Left: Old rules with high
density. Right: New velocity rule with the same density.

As each vehicle now considers the velocity of the leader, it is evident from Figure
15 that this has the effect of a reduction in congestion. Under the same initial
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conditions, vehicles are now more able to increase their velocities in order to get
out of traffic jams faster. Congestion still occurs and the wave propagates
backwards. However, vehicles can easily speed up as the do it concurrently with
the one in front. On the other hand, a drawback of this system is that braking is
often very harsh with cars frequently going from 𝑣𝑚𝑎𝑥 to low speed when
approaching blockages. This method more closely simulates real driving
behaviour by allowing vehicles to consider the velocities of other around them
whilst also visibly improving the flow of traffic within the simulation.
8.2.2 Traffic lights
Roads in the real world are not all simply straight and featureless. Normal roads
have junctions, slip roads, speed controls, roundabouts and traffic lights. Traffic
lights are used to control the movement of vehicles, to regulate which cars can
move at junctions and controlling the flow speed of vehicles through busy cities.
On the other hand, physically stopping traffic in place for a period of time could
lead to an increase in congestion and create jams that could potentially be
sustained for a long period of time. In order to investigate this, a simple traffic
light is implemented into the model. Based on duration (𝑇𝑙𝑡 /traffic light time) and
a start position 𝑋𝑡𝑙 /traffic light location) specified by the user, vehicles will be
stopped from moving past this point until the time is over. They are then free to
move again under the normal velocity rules. This is achieved by calculating the
distance to the traffic light (𝑏𝛼 ) for vehicles that have positions before 𝑋𝑡𝑙 . This is
then implemented into the velocity calculation along with the methods presented
in section 7.1.3 such that:

𝑣𝑡𝑒𝑚𝑝

𝑣𝛼 + 1
(𝑑𝛼 + 𝑣𝑎+1 ) − 1
= 𝑚𝑖𝑛
𝑣𝑚𝑎𝑥
𝑏
𝛼−1
{
If a particular vehicle is close to 𝑋𝑡𝑙 and there
are no others between itself and the traffic
light, then the factor of 𝑏𝛼 − 1 will reduce the
velocity so that it becomes stationary in the
cell immediately before the light. This
remains the case for the next 𝑇𝑡𝑙 iterations as
traffic builds up all the while, the value of
𝑏𝛼 − 1 = 0 for the car at the very front of the
queue. Once 𝑇𝑡𝑙 iterations have passed, the
velocity rules revert back to normal and the
drivers can begin acceleration in the normal
manner.

Figure 16 Screenshot of the model with
the traffic light imposed. Red and green
lines show when red lights and green
lights begin.

Figure 16 shows the outcome of the addition
of a traffic light into the system. The red light
occurs at n = 100 iterations and lasts for ten
timesteps before returning to green. As the
simulation was handled over a larger amount
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of iterations than previous ones, the decision was made to remove the initial
number of stationary vehicles. This was due to the lack of reality simulated by this
method. Cars are never simply deposited onto an empty road at zero velocity and
all set off at the same time. Therefor allowing vehicles to filter in at a specific
density will more accurately match the real-world occurrences.
As the red light is activated, traffic approaching it is stopped and held there for
the duration. As the light then turns green, vehicles are then free to move again
reaching 𝑣𝑚𝑎𝑥 easily as there is now a lower number of vehicles on the road. The
implementation of the traffic light, however, creates a backwards propagating
traffic jam which travels back to the start of the road and would possibly spread
further if that region had been simulated. This high impact on the traffic is based
upon the specific initial conditions applied to the model but highlights the affect
that features such as traffic lights can have on large numbers of vehicles.
Traffic lights are common occurrences in everyday life. Is it not unusual for a
single stretch of road to have many traffic lights across its length in order to allow
vehicles to exit and enter the road safely. This therefore means that the effect in
which they impose on the flow of traffic should not be extremely detrimental such
that long delays are created. Figure 17 below shows the output for the simulation
with a traffic light that has a constant position and length whilst the density is
increased from a minimum to a maximum. The effect the light has on the outputs
when 𝜌 = 0.2 and 𝜌 = 0.4 is minimal and there is not a significant amount of
congestion created. The build-up at the traffic light is slightly more prevalent when
𝜌 = 0.2 however this could be solely due to the stochastic nature of the model as
the addition of new cars is a distribution of random vehicles with a probability of
0.2. As the density is increased to 0.6, 0.8 and 1, larger congestions pockets are
formed, and the traffic is affected more by having to stop for a period of time.
These jams propagate backwards through the traffic long after the traffic light has
returned to green. As it can be seen, increasing the density has the effect of
slightly increasing the width of the shockwave. However, as time progresses, the
shockwaves begin to thin out as the traffic tries to return to normal. This process
is slower with increasing density due to the higher volume of vehicles entering
the simulation and joining the congestion zone.
When considering the density parameter study with regards to the affect a traffic
light has on the flow, the probability of drivers randomly slowing down is set to
0.2. This is relatively low but, was to ensure the random nature in simulation
remained whilst also trying to minimise the effect it had on the traffic in order to
obtain a more comprehensive view of how the density affects the model. As
previously mentioned in section 7.1.6 and shown in Figure 11, increasing the
probability that a vehicle will slow down would prevent them from increasing their
velocity as effectively and the resulting shockwave will propagate at a lower rate
through the field of cars. This will therefor increase the impact the traffic light has
on the flow as the jam will be sustained for a longer period of time. The previous
section has been aimed towards the presentation of a one-dimensional solution
to the traffic modelling problem. However, frequently in the UK, roadways do not
simply feature a single lane. Dual carriage ways and motorways constitute a large
proportion of this roads and therefore should be considered for the model.
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𝜌 = 0.2

𝜌 = 0.4

𝜌 = 0.6

𝜌 = 0.8

𝜌 = 1.0
Figure 17 visualisation of the effect that incrementations of density have on the flow with a traffic light applied.
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9 TWO LANE MODEL
9.1 SETUP
The two-lane version of the model presented in this section has features
resembling those outlined for the one-dimensional form. However, amendments
must be made in order to accommodate an extra lane of traffic and govern how
they react with each other. All vehicles in the simulation are still homogenous in
qualities such that their size, speed and probability of slowing down randomly
remain are constant across all of the cars.
9.1.1 Initial Grid
For the initial starting grids, two empty arrays are created of length L and filled
with -1s in order to represent no vehicles on the road. These grids will essentially
function as two separate roads during the update procedure and will only interact
when the lane changing rules are applied.
9.1.2 Lane Changing Rules and Update Procedure.
In order to obtain the new positions and velocities of vehicles the lanes, lane
change rules are applied to swap cars across to the other lanes before the same
process for the one-dimensional model is applied to each individual lane. This
therefore means that based on a certain group of factors, vehicles will be moved
from one array to the corresponding position in the other array if these factors are
satisfied. Otherwise they will remain in their position until the update rules are
applied. Vehicles are fed into the simulation in the same manner as in the 1D
variation except they are applied to both lanes with the right lane favouring a
higher velocity as in the UK the right-hand lane is considered to be the faster
overtaking lane.
In order to decide whether or not to change to the other lane all conditions for that
particular lane must be satisfied. Once this occurs, there is a certain probability
that a vehicle will actually swap to the other lane. This adds yet another level of
stochasticity to the model highlighting the idea that even though a vehicle should
move over to the other lane, occasionally the driver decides that they will not.
This random factor also prevents vehicles from oscillating from one lane to the
other. The probability that a vehicle will move over when they should (dubbed
“well-mannered probability” or 𝑃𝑐ℎ𝑎𝑛𝑔𝑒 ) is arbitrary and is assumed to be 0.8 for
most of the simulations as this means that cars will mostly change lane when it
is logical for them to do so but occasionally, they will not. The effect 𝑃𝑐ℎ𝑎𝑛𝑔𝑒 and
other parameters have on the amount of lane changes that take place will be
discussed in an upcoming section.
As mentioned previously, in order for a car to change lanes, it needs to be
favourable and a certain set of conditions must be met in order to satisfy the
switch. Two different rulesets are proposed for the left and the right lane due to
the set-up of the roadways in the UK.
9.1.2.1 Left Lane Rules
The left lane is often referred to as the ‘slow’ lane in the UK as this is the primary
lane of motorway and should be occupied when no other vehicle is on the road.
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The left lane is generally the one in which cars enter roadway and is regarded as
the default lane to drive in. Passing cars (that are in the right lane) whilst in the
left lane is not allowed and is called undertaking, however, in busier times cars
will pass each other due to the difference in flow of the traffic.
In order to decide if a vehicle should change from the left lane to the right lane,
certain logical conditions are imposed on the model. The first of which checks if
the current (𝛼 𝑡ℎ ) vehicle’s velocity 𝑣𝛼 is greater than the sum of the distance (𝑑𝛼 )
to the next vehicle and its velocity (𝑣𝛼+1). This calculates if the current vehicle will
have to slow down in the next timestep which is not preferable. The mathematical
representation for condition one is as follows:
Condition 1 L→R

𝑣𝛼 > 𝑑𝛼 + 𝑣𝛼+1

The second condition checks to see if the current vehicle is not travelling so fast
such that it will collide with the leading vehicle in the right lane. If changing lanes
would still result in the current vehicle slowing down, it would not be logical for it
to change lanes as we are trying to promote the left lane as the favourable one
𝑅
to be in. The formula for this condition can be seen below where 𝑣𝛼+1
is the
𝑅
velocity of the leading vehicle in the right lane and 𝑑𝛼+1 is the horizontal distance
to that car.
Condition 2 L→R

𝑅
𝑅
𝑣𝛼 < 𝑑𝛼+1
+ 𝑣𝛼+1

One of the most important checks a driver should do when swapping into the next
lane is check behind them to see if there are any vehicles approaching that they
may hinder or cause danger to. With that in mind, condition three aims to emulate
𝑅
𝑅
that behaviour by considering the distance backwards (𝑑𝛼−1
) and velocity (𝑣𝛼+1
)
𝑅
of the following car in the right lane 𝑑𝛼−1 and the current cars velocity. As the
expression shows, the condition is not satisfied if the velocity of the current car
and the distance to the follower in the other lane is larger than the velocity of the
follower.
Condition 3 L→R

𝑅
𝑅
𝑣𝛼 + 𝑑𝛼−1
< 𝑣𝛼−1

Once all three conditions are satisfied, a final random number is generated and
if that number is greater than 𝑃𝑐ℎ𝑎𝑛𝑔𝑒 , a lane change will occur. If not, then the
vehicles remain in its place ready for the update rules for the lateral positions and
velocities.
Condition 1 represents the driver wanting to make a lane change. Slowing down
contradicts what us as drivers want to do which is get to our destination as fast
as possible (note: without breaking the law). Therefore, this shows a stage in the
decision-making process in which the driver is deciding if they want to change
lane or not. Conditions 2 and 3 then signify the driver considering the safety and
viability of the change. Checking forwards to see if they are going to gain any
advantage from making the swap and looking backwards to see if it is safe to do
so. 𝑃𝑐ℎ𝑎𝑛𝑔𝑒 allows for the occurrences in which some drivers do not care about
gaining and advantage and are content remaining in the lane they are currently
in, following other vehicles. The rules outlined in this section have been inspired
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by the model discussed in section 5.2. The same ideas regarding checking
forwards and backwards and the random aspect have been applied to this
scenario as this closely emulates real driving behaviour.
9.1.2.2 Right Lane Rules
The right lane in UK dual carriage ways is used for overtaking vehicles travelling
at slower velocities. Once and overtake has taken place and the road in the left
lane is clear, it is expected that the driver will move back to the left lane as they
have no need to remain in the right lane. As the motivation for being in the right
lane is different to that of the left and this model is attempting to promote the left
lane as the favourable one, there are a separate list of update rules governing
the changes from the right lane to the left. The Logic behind moving from the right
to the left is more centred around the idea that if a vehicle can move back to the
left lane without slowing down, then it should do so. The move should never be
made in the attempt of gaining any advantage, such that the conditions imposed
on the vehicles in the right lane support that.
The first condition governing lane changes in the right lane considers the velocity
of the current car (𝑣𝛼 ) and the sum of the distance to the car behind and its
velocity (𝑑𝛼−1 and 𝑣𝛼−1 respectively). If the velocity of the current car is smaller,
then it should move over (if it is safe to do so) to the left lane in order to not hinder
the approaching vehicle. It should however only do this if the current car itself will
not be delayed during this action. Condition 1 for changes from right to left is
somewhat similar to condition 1 form left to right in the sense that the current
vehicle is predicting where it will be in relation to the cars immediately around
them in the hope to reduce the frequency of delays.
Condition 1 𝑅 → 𝐿

𝑣𝛼 < 𝑑𝛼−1 + 𝑣𝛼−1

The next two checks (condition 2 and condition 3 𝑅 → 𝐿) simply check if there is
a gap big enough for it to swap into in the left lane. The velocities of the follower
and leader either side of the current vehicle in the left lane need also need to be
specific values in order for the switch to make sense. The follower in the left lane
(𝛼 − 1𝐿 ) cannot be slowed by the current vehicle and then leader (𝛼 + 1𝐿 ) must
not hinder the current vehicle if it was to change. This therefor creates the
conditional formulae as seen below.
Condition 2 𝑅 → 𝐿

𝐿
𝐿
𝑣𝛼−1
< 𝑣𝛼 + 𝑑𝛼−1

Condition 3 𝑅 → 𝐿

𝐿
𝐿
𝑣𝛼 < 𝑑𝛼+1
+ 𝑣𝛼+1

Once all conditions are satisfied, the vehicle then has a random chance of
actually making the move. This has been sent to a lower value of 0.7 (𝑃𝑐ℎ𝑎𝑛𝑔𝑒 𝑅 )
as frequently drivers do not move over when it is logical to do so. However, the
conditions set for both lanes will still favour the left-hand lane for traffic flow. In
the simulation, these conditions are applied to their respective lanes and the new
positions of the vehicles are added into a new array ready for their new positions
and velocities to be computed. The normal rules for the 1D model are then
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applied to each lane separately and the result is the updated positions of the
vehicles. This process is then repeated until n iterations have occurred. Each time
the new array of positions is appended to the main data store so that it can be
visualised for analysis purposes.

9.2 INITIAL OUTPUT RESULTS
After an initial run of the simulation with both lane changing and velocity rules
applied, the output seen in Figure 18 is obtained. Although both lanes have the
same average amount of new cars added, it is evident that the left lane is more
densely populated than the right. This is intended as the update rules were
tailored for the left lane to be the more favoured. Lane changed can be seen in
the plots such as in the area highlighted by the yellow circle. Here, a car has
swapped into the right lane and accelerated before moving back over to the left.
The same traffic light conditions are still applied to the 2D model as seen in the
1D version and this happens simultaneously for both lanes. The traffic light gives
enough space to allow some vehicles to swap positions to gain advantages.
There is less of a congestion build up in the right lane, but this is due to the lower
number of vehicles using this lane. When the traffic light turns green, there are
many occasions in which changed are made from right to left at low velocities.

Figure 18 Initial output of two lanes with lane changing rules applied.

Coventry University
However, this is a period of time in which vehicles are attempting to get up to
speed and in low velocity scenarios lane changes usually are not advised as it
hinders the flow of traffic. Therefore, a restriction will be applied vehicles at low
velocity to improve the flow in these situations.
A counter has been incorporated into the simulation to find the amount times a
vehicle changes from one lane to the other. This is an ideal way to check the bias
of the lane changes as well as to track how different parameters alter this ratio.

9.3 2D PARAMETER STUDY
9.3.1 Restriction of low velocity changes and No additions to the right lane.
Removing the lane changes at the lower velocities increases the density of
vehicles in the right lane, due to them having less opportunities to actually swap.
The congestion caused by the traffic light has a more substantial effect on the
right lane but allows the shockwave in the left lane to propagate backwards at a
slightly faster rate. It is also evident that restricting the changes arguably
improves the flow of the traffic overall. Comparing Figures 18 and 19, one can
argue that the vehicles are more evenly distributed across both lanes (with the

Figure 19 Two-Dimensional Output when the lane changes are restricted to velocities over 2 units.
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left still being favoured) as well as there being a reduced amount of congestion
in the areas not affected by the traffic light. Running the simulation multiple times
to obtain an average value for the ratio of lane changes for the scenarios
presented in Figures 18 and 19 yields number of 𝑅 → 𝐿: 𝐿 → 𝑅 changes of 1.7:1
and 1.5:1 respectively. This shows that restricting the low speed lane changes
slightly reduces the bias towards the left lane. However, there is a still a
preference which is desired within the model. Therefore, the change made to the
update conditions in this case improves the flow of the traffic in the model, whilst
also more closely simulating real world conditions.
The aim of this model is to promote the right lane as an overtaking lane such that
vehicles can gain an advantage and generally improve the flow of the left lane.
To see the effectiveness of the model at doing this, figure 20 shows the results
of using the right lane purely for overtaking. The probability that a new car will
enter the right lane has been set to 0 so no new vehicles can be added to the
simulation in this lane. As it can be seen then, occasionally throughout the course
of the model, vehicles use the right lane to gain speed over the ones in the left.
This is most noticeable during the time in which the traffic light is active. When
the light is red, vehicles approaching it use the right lane to filter into in order to
gain a slight advantage. This is an event that happens frequently on roads, where

Figure 20 Plot showing the instance when the right lane is purely an overtaking lane.

another lane is produced for traffic stopping at lights to merge into to reduce the
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length of the build-up on the road. When the light turns green the vehicles speed
up again, some moving back over eventually and some carrying on in the right
lane. The results shown here provide proof that the simulation biases the left lane
and uses the right lane to reduce the amount of congestion. However, as this was
a specific scenario to prove a concept, for future runs of the simulation vehicles
will be introduced into both lanes as stated originally.
9.3.2 Effect of Increasing Density
In this section, the model is tested at varying densities to obtain qualitative and
quantitative results on how this parameter affects the model. Figures 21 to 24
show four varying levels of density (25%, 50%, 75% and 100%) presented in the
same form as previously. Immediately, it is evident that the right lane is occupied
less than the left in all cases. Despite the same number of vehicles entering each
lane, the rules governing the lane changes are such that a larger proportion of
the vehicles move to the left.
The traffic light causes some amount of congestion across all of the densities;
however, this congestion is at a minimum as the density is at its lowest. At higher
densities, the build-up cased in the left lane increases and upon a qualitative
inspection of the plots, the shockwave size and speed are relatively the same.
The blockage on the right lane caused by the lights is less severe and the
magnitude increases initially with density but tends to remain relatively small
compared to the left. In fact, on multiple runs of the simulation, the shockwave
caused in the right lane when the density is 75% proved more extreme than the
one of the 100% version more frequently than not. These samples are, however,
random in nature so they cannot be construed as true for every time the
simulation is run. This being said, characteristics of the model can still be
obtained by gaining an average result. If the simulation is run a large number of
times, the random variations in results become a more accurate and a more
comprehensive picture of the system can be gained. This is achieved by setting
up the simulation such that a range of values for the parameter can be being
tested. In terms of density, the maximum value we can have is a 100% chance
of a new car being produced and the lowest chance is 0%. To analyse the effect
this has on how the model and update rules behave, numerous simulations are
run at 100 increments between the minimum and maximum values to obtain
results regarding the amount of lane changes from left to right and vice versa. As
the lane changing rules are promoting being in the left lane, this method provides
an inquiry into whether or not the model behaves as intended across all volumes
of vehicles. Once this process is complete, two 2D arrays of values are produced
for the 𝑅 → 𝐿 and 𝐿 → 𝑅 changes. These are then averaged into a reduced
dataset which represents the mean of a large number of simulations. It can be
argued that the results yielded from this method are more accurate than simply
the qualitative methods presented previously. The model has been adapted such
that one can alter the “Precision” and “Reliability” coefficients in order to produce
better results at the penalty of computational resources.
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Figure 21 Two Lanes When Density = 25%

Figure 22 Two Lanes When Density = 50%
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Figure 23 Two Lanes When Density = 75%

Figure 24 Two Lanes When Density = 100%
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The relationship seen in figure 25 shows how increasing the density affects the
total amount of lane changes as well as the amount of individual changes. It is
evident that the increase in density is not linear. Initially the number of lane
changes grows at a low rate until approximately 𝜌 = 0.3 where there is a sharp
increase in the number of changes made during the simulation. Finally, at
approximately 𝜌 = 0.6, the rate of growth in number of lane changes reduces and
begins to level off.
Initially there are not many vehicles in the simulation, so lane changes are at a
minimum and will purely be vehicles that are placed in the right lane moving over
to the clear left lanes. As the density increases, more cars begin to populate the
cells. As the density is raised, both 𝑅 → 𝐿 and 𝐿 → 𝑅 changes increase at similar
rates however the number of 𝑅 → 𝐿 changes is larger al all points in the study. At
approximately 𝜌 = 0.6, The amount of changes cars in the left lane make begins
to plateau whereas, the number of 𝑅 → 𝐿 continues to increase up to the
maximum density. The rate of this growth, however, does decrease over time.
This is due to the model becoming more saturated and as a result of the rules,
vehicles in the left lane will not have many opportunities to actually make a switch
and vehicles in the right lane will have less available spaces to move into.
Both Figures 26 and 27 provide further evidence that the model is inclined to
switch cars to the left lane with the plot of R→L against L→R showing the data
consistently skewed to the right side of the even line. figure 27 agrees with this
by showing that the ratio of right lane changes to left lane changes is reliably
above 1 across all densities. It does undergo an initial decrease as left lane

Figure 25 Density vs Total Number of changes with 200 averaged data points.
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changes begin to occur within the simulation at low density but then steadily rising
as maximum density is reached.

Figure 26 Plot showing the number of R→L changes vs L→R changes with a line representing y=x for reference

Figure 27 Plot showing R→L/L→R against density
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9.3.3 Effect on Average Velocity with increasing Density
The average velocity of the roadway is an important factor to consider when
studying the flow of traffic. Understanding how the speed of vehicles will be
affected by the increased number of other vehicles can be vital when planning
any kind of traffic system. The way in which the average velocity of the model
changes with density can be observed in Figure 28 below. Using the same
methods as previously stated, multiple simulations were run at increasing
densities in order to obtain a large sample of datapoints. The maximum velocity
𝑣𝑚𝑎𝑥 was set to 6 to obtain a wide range of values for the plot.

Figure 28 Density vs Velocity for left, right and both lanes.

As the figure shows, the average velocity at 𝜌 = 0.1 is a maximum. However,
the average velocity of any of the simulations never reaches 𝑣𝑚𝑎𝑥 which is as
expected because vehicles do not begin at max velocity and the stochasticity
within the model means that velocities fluctuate even when there is nothing
blocking a vehicle. The rate of decrease in average velocity initially is small.
This is due to there being a low number of vehicles in the simulations with
minimal amounts of interaction between one another. As the roads become
more populated, cars will affect one another more resulting in more braking and
congestion, this is seen by the large rate of decrease across the central portion
of the density range for all lanes. Eventually, as the model becomes saturated
with vehicles, the average velocity levels out and the addition of more vehicles
seems to have less effect on the flow of traffic. The average speed of the right
lane is consistently higher than that of the left, which is as expected as this lane
is always less densely populated than the left due to the biased update rules for
lane changing. This means vehicles are on average more able to reach higher
velocities in this lane than they are in the left.
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Figure 29 shows the effects that adding a traffic light has on average velocity. It
is evident that the maximum speed is lower than in Figure 28 due to vehicles
having to stop for an extended period of time. The initial rate of decrease with
the traffic light is also slightly higher, but, the average velocities level out as they
did previously, reaching an almost constant value. Other than, decreasing the
overall average speed of the traffic, the introduction of the traffic light does not
seem to have any noticeable effects on the profile of the average velocity.

Figure 29 Density vs Velocity for all lanes with a traffic light

10 FUTURE WORKS
Two models have been produced both in 1D and 2D in which multiple
parameters can be adjusted to represent many different road conditions. From
this point, more additions and adaptations can be made in order to further
simulate different real-world traffic scenarios.

10.1 INTERSECTIONS AND JUNCTIONS
Intersections or junctions are a common feature on all roads. Using the models
created during this study it is possible to create an adaptation in which when
vehicles reach the end of the lane, they stop. Two lanes can be formed at the end
of the road for either going left or right and the model would check if there was a
car waiting at the end of the road and then proceed to move the car to the
corresponding array of values representing the new road. There would be a
probability defining which way the car will turn based on how the user wanted to
bias the roads. The rules governing the change to the new road would be
exclusively focused on whether or not there is a gap big enough in the traffic to
accommodate the vehicle. This however would be difficult on densely populated
roads. Therefore, the use of the traffic light would prove effective. At pre-defined
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intervals a traffic light would stop cars in the new lane presenting the cars at the
end of the road with a chance to pull, fulfilling the conditions for a safe move.
Another way to simulate an intersection without the need of another road could
be to add vehicles into the simulation whilst the traffic light is active. In the region
just beyond where the cars are stopped (see figure 18 in section 8.2) if a certain
density of vehicles were fed into the simulation at that point, it would simulate
cars entering the road from a sideroad or crossroads without the need of tracking
what happens to those vehicles beforehand.

10.2 ROUNDABOUTS
Another common occurrence along roadways are roundabouts. They serve the
same purpose as intersections but are regarded as a more efficient method of
allowing vehicles to change directions. In order to implement this, the circular
boundary conditions discussed in section 7.1.4 can be reapplied to that section
of the road. This will mean that vehicles on the road will loop around forever. At
the desired amount of locations one can add “exits” in which if a vehicle decides
it wasn’t to leave at a certain exit, that exit will become its boundary condition.
For example, if the vehicle has velocity 4 and is 2 cells away from the exit it is
leaving the roundabout at during the update procedure; it will be moved to the
second cell in the exit road. However, if the exit road is full then either the car can
go around again or - as it happens in the real world - the vehicle will stop at the
exit. The number of exits on a roundabout can technically be as many as the
number of cells in the roundabout.

10.3 SLIP ROADS.
Slip roads are excellent ways for traffic to exit a roadway without having to stop
whilst allowing the vehicles that are not exiting to keep going. In order to simulate
a slip road, a shorter 1D road could be produced such that when a vehicle is
traveling through certain area, there is a probability that they will move over into
the slip road which will be connected to another road or other traffic feature.
These can also be implemented for joining roads, to simulate traffic joining a dual
carriageway.

10.4 N-LANE ROADS AND SPEED AND CHANGE RESTRICTIONS
In this report, the maximum number of lanes presented were 2. However, some
road systems feature 3 or more lanes. Therefore, it would be ideal to be able to
reproduce this even with the model. To implement a higher number of lanes, new
arrays would be created as seen with the 2D models and the update rules for the
lane changes would occur before any updates to position or velocity along the
lane. The rules governing the lane changes would have to be tailored such that
vehicles in the middle lane would have to make a decision as to whether it was
logical to change left, change right or remain in their lane. This would involve
looking at the viability of gaining an advantage by moving right or if no advantage
can be gained, the vehicle would move back over to the left most lane. If there
were more than three lanes, these rules would still be applied in order to decide
which lane is best for the vehicle to be in at all times.
There are often times in which lane changes and speeds are restricted in order
to control the flow of traffic. This is a method that can be implemented into the
simulation trivially by setting the probability that a lane change will occur to 0
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meaning that even if the conditions are met, the car will remain in its lane. The
speed restriction could also be set by allowing to be a conditional parameter in
which during a certain time or at a certain density, the maximum velocity is
reduced, preventing cars from catching up with one another and thus improving
the flow of vehicles.

10.5 DIFFERENT TYPES OF VEHICLES
The Models featured in this report present solutions only for vehicles all with the
same parameters. Different vehicles have different sizes, top speeds, braking
abilities and accelerations in the real world. Lorries are longer and slower than
cars and they are also restricted to certain lanes in some situations. Drivers also
behave in different ways, some are more conservative than others whilst some
are happy to break the speed limit, get too close to other vehicles and just
generally drive in a more extreme manner. It would be advantageous to have
the ability to specify parameters for individual vehicles. This could be achieved
by having a parameter catalogue that follows the cars as them move. Once a
car has been moved to its new location, the parameters will also be moved to
the new place in their array. These parameters could then be read for the next
iteration. This would closely simulate real world traffic to a higher degree as a
range of different vehicles and behaviours could be added to the model. For
example, if a vehicle had the parameter representing a lorry, the code would
move the cell in question and the cell immediately behind it, representing a
vehicle twice the length of the cars in the simulation.

10.6 MODULAR MODELS
With the models currently created and the different systems presented in this
section, it would be possible to build a modular system in which the different
sections (straight roads, intersections, traffic lights, roundabouts etc) could be
added together to create different areas of cities or roadways etc. If one was to
simulate a motorway slip road leading into a roundabout, the separate
“modules” would be called upon and parameters such as length, number of
exits, speed limit etc would be applied before connecting the outputs of one
module to the input of another. A graphical user interface could also be created
to assemble the different sections and provide the results of each part. This
would be a tool that could be used to simulate any form of traffic system or city
area.

11 CONCLUSIONS
Many methods of modelling traffic have been discussed during the course of this
study. There are numerous advantages of Cellular Automaton microscopic traffic
models as they are able to simulate real human behaviours with the addition of
stochasticity, and logical rules which consider the thought process of a driver
when they are considering making manoeuvres.
A simple one-dimensional model was initially presented based upon the NaSchr
model produced in 1992. Layers of complexity were then added in order to
improve the reproduction of driver behaviour in the form of the model considering
the velocity of the vehicles ahead themselves. This was so that the current vehicle
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could adjust its velocity accordingly. Results have been produced that are
attributable to real world driving events and phenomena such as rearward
propagating traffic shockwaves.
The model was then increased to two lanes to further accommodate a larger
portion of the roadways seen within the UK. The addition of another lane
introduced a set of logical rules that vehicles within the simulation would use to
decide whether or not they would change lanes. This is also transferable to how
individuals interact with the task of driving, constantly considering many
conditions ultimately making the decision to change lane or not. During all
simulations, the left lane was promoted as the favourable lane for a vehicle to be
in which was evident from the results thought out as consistently, the left lane
was the more densely populated one despite both lanes having the same rate of
new vehicles entering the simulation.
The affect that the density had on the number of lane changes and the average
velocity of vehicles was studied. It was found that as the number of vehicles in
the simulation is increased, vehicles initially moved to the left lane with small
amounts of them deciding that the right lane was advantageous. Once the density
was increased and more vehicles could interact, the bias towards the left lane
began to increase. Also, as a result of the increase in density, the average
velocity of the model decreased. This is as expected as more vehicles in the
simulation and les empty space would increase the likelihood of congestion and
therefore, lower the average speed.
Finally, future works have been discussed and the idea of a modular traffic
simulation has been proposed. This would be built from multiple simple
simulations joined together in any way they needed to be, and whole cities could
eventually be simulated using this tool.
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