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1 Individual contributions

One of the most earliest and most popular discrete traffic models is the Nagel-
Schreckenberg (in text - NS model) cellular automata traffic model. It was first
formulated by the particle physicists Kai Nagel and Michael Schreckenberg in the
beginning of ’90. This stochastic model has proven to be good in simulating real
life traffic situations, even such phenomena as congestions from nothing. Due to it’s
simplicity we have chosen to take exactly this model to try to prove and simulate
some of our theses.

The standard NS model rules govern the behaviour of drivers on a single lane,
all moving in a single direction. By transposing this model on a orthogonal traffic
grid, we are going to try to simulate two different traffic models, one regulated by
the system of traffic signalisation (term ”traffic signalisation” in text refers specific to
the traffic lights system) and the other regulated by the priority to the right (in text
- PR).

It is our assumption that the model in which the PR is used is going to be much
more efficient when the traffic density is low, while for the higher traffic densities the
model with the signalisation is going to prove much more efficient. This assumption
would also correspond to the observations from the real-life traffic. It is a well known
practice in many cities to turn the traffic lights off during the night, for it gives much
better flow of vehicles for night-times reduced traffic density. Still, the PR rules isn’t
efficient at higher traffic densities for it causes congestions on the crossings.
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2 Introduction and Motivations

Cellular automata systems offer wide range of possibilities for implementation of
various real-life problems and in the course of time have proven to be very precise.
They are also, due to the small number of relative simple rules that govern them,
exceptionally robust and thus reliable. We find NS model very interesting because
it was the first one to show how the behaviour of the single drivers affect the traffic
system in general and produce complex non-deterministic patterns even in the most
simple and straight forward of cases (two-lane highway traffic for instance).

Since the NS model is so simple in its rules, we were wondering if it’s possible to
broaden them and implement it in simulating the orthogonal traffic grid. NS rules
would then be used to describe the movement of the drivers on the single-lane roads
with two-way traffic on the traffic grid. At intersections, the additional rules are
going to be used in order to determine which cars have the right of passage.

When all the rules are set, we are going to compare the efficiency of the two
selected models of the intersection rules - the traffic light system and the system with
the PR rule. Efficiency is going to be measured with the flow of the system (cars that
pass through the system per time unit) for different densities.
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3 Description of the Model

3.1 The Nagel-Schreckenberg-Model

We decided to use the NS model as an example of a Rule Based Cellular Automata
Model to simulate the traffic in a rectangular grid. This model explains the behavior
of the drivers on a single-lane.

In each round for all cars the following four steps are going to be carried out:

1. If the maximum speed of the car wasn’t yet achieved, the speed of the car is
increased by one (acceleration).

2. If the gap (in cells) to the next car is smaller than the speed of the car (in cells),
the speed of the car is reduced to the size of that gap (collision freedom).

3. The speed of the car is decreased by one with the probability p, provided that
the car isn’t already standing still (dawdle).

4. All cars are moved forward with their current speeds.

In the third step, the additional three phenomens are going to be modelled:

1. A car, that didn’t yet achieve his maximum speed, and that doesn’t have to
brake, while there is another car that’s to close in front, can through dawdle
reverse his acceleration. The car doesn’t use the opportunity to accelerate in
this round.

2. A car that already achieved his maximum speed can slow down in the next
round. This causes the fluctuations in speed when the speeds are close to the
maximum. Because the most of the cars in America use cruise control, it is
better to drop this step for modelling the traffic there.

3. A car, that due to the proximity to the car in front, must brake, can his speed
due to the dawdle decrease more then neccesary. The driver due to the poor
estimate overreacts by braking. This overreaction is indentified as the cause of
the congestion from nothing.
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«Our computational model is defined on a one-dimensional array of
L sites and with open or periodic boundary conditions. Each site may
either be occupied by one vehicel, or it may be empty. Each vehicle has
an integer velocity with values between zero and vmax. For an arbitrary
configuration, one update of the system consists of the following four
consecutive steps, which are performed in parallel for all vehicles... Through
the steps one to four very general properties of single lane traffic are
modelled on the basis of integer valued probabalistic cellular automaton
rules [9,10]. Already this simple model shows nontrivial and realistic
behaviour. Step 3 is essential in simulating realistic traffic flow since
otherwise the dynamics is completely deterministic. It takes into account
natural velocity fluctuations due to human behavior or due to varying
external conditions. Without this randomness, every initial configuration
of vehicles and corresponding velocities reaches very quickly a stationary
pattern which is shifted backwards (i.e. Opposite the vehicle motion) on
site per time step.»1

Additional rules for the junction crossing are defined separately for the Signalisation
model and the Priority to the Right model.

3.2 Assumptions for junction crossing

As written above, the Nagel-Schreckenberg-Model is only feasible for cars driving
between the crossroads. The following chapters will give an understanding how the
car will act to enter a crossroad and the assumptions made for this project.

First of all, the most important assumption concerning both models is periodcity.
As the evaluation of the model requires a terminable density of cars driving trough
the map, the density is a fixed given parameter. Therefore, the cars leaving the map
continue driving as they enter the map at the beginning of the street again. Hence, a
constant density is guaranteed.

3.2.1 Signalisation

• Signalisation:
Traffic lights switch direction in a constant time period. All crossroads are
controlled synchronously and the direction changes only if all crossraods are
free of cars.

1A cellular automaton model for freeway traffic, Kai Nagel and Michael Schreckenberg, J. Phys. I France
2 (1992) 2221-2229
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• A car in front of a crossroad:
For Signalisation, the car has just to concern the traffic light to know whether
he is allowed to drive or not.

• A car on the crossroad:
Passes the junction with a constant minimum speed.

3.2.2 Priority to the right

• A car in front of a crossroad:
Has always to check his priority to drive. That means he has to check whether
the junction is free or not and if there is a car coming from the right.

• A car on the crossraod:
Again, passes the crossroad with a constant minimum speed. As a concequence
of the first assumption, it will not be possible, that two cars driving in the same
direction are at the time on a crossroad.

• ”Hand signals”:
This assumption is to avoid ’Deadlocks’ on crossroads. If cars of every direction
want to enter the same crossroad, noone will drive, because every car is waiting
for his neighbor to the right to drive. In this model, in such a situation, there
will be ”Hand signals” to a randomly selected driver to allow him to enter the
crossroad. Therefore, the dynamic of the model is guaranteed.
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4 Implementation in MATLAB

4.1 Program structure

4.1.1 Overview

The fact that this project is based on two different models, the implementation
is split into two programs. Statistical evaluation runs with the head-program
trafficdyn.m, in which the kind of simulation can be selected. In trafficdynR.m
and trafficdynS.m the actual simulations of the two models have been implemented.
By reason that both models have similar tasks to run, different subroutines have been
implemented which are used by the model for signalisation and the priority to the
right (see fig. 1).

Figure 1: Program structure

In the following tables, the parameters used to call a function and the ones who
are returned are listed. Table 1 shows what function uses which parameter and which
one will be returned. Table 2 specifies each parameter.
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Input Output Task
trafficdyn.m n avgFlow Gets the input parameters, selects the

density model and plots the result.
simulate

trafficdynR.m n avgFlowR Simulation with priority to the right.
density
dawdProb
simulate

trafficdynS.m n avgFlowS Simulation with signalisation.
density
dawdProb
simulate

singlecross.m crossroad Creates a single crossroad.
citymap.m n map Creates the whole city map.

Table 1: Overview of .m-files

Range Description
avgFlow A vector containing the average flows of cars for each

entry of density.
avgFlowR Average flow of one simulation with priority to the right.
avgFlowS Average flow of one simulation with signalisation.
crossroad Crossroad matrix with 22x22 entries.
dawdProb [0..1] Probability that a car is dawdling.
density [0..1] Density of cars in percent on the streets.

Can also be a vector. trafficdyn.m will simulate the
flow for every entry in the density-vector.

map Empty city map with n2 crossroads.
n [1..ca.20] Number of crossroad in row and column direction.
simulate true or Enable graphic simulation or not.

false

Table 2: Overview of the parameters
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4.1.2 trafficdynR.m

To follow the explanations given in chapter 4.2, the program structure of the model
’Priority of the right’ is illustrated in figure 2.

Figure 2: Structure of trafficdynR.m
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4.1.3 trafficdynS.m

Accordingly, the similar structure of the model ’Signalisation’ is given in figure 3.

Figure 3: Structure of trafficdynS.m
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4.2 Implementation of the models

The implementation for both models, signalisation and priority to the right, is based
on cellular automata. A cellular automaton is a model to simulate a discrete grid
of states. Therewith it is possible to draw a city map with cars on it with a certain
encoding (see Table 3). An example of the ploted map is shown in figure 4.

Code Meaning Color with colormap(hot)
0 Buildings black
0.4 Car red
1 Street white

Table 3: Coding of the states in the cellular automaton

Figure 4: Example of the city map with n=2

The principle of a cellular automaton is quite easy to understand. For each cell,
a certain neighborhood is defined that will influence the behavior of the cell. In
this implementation, the interesting cells are the ones who are occupied by a car.
Consequently, the neighborhood for one car is defined as the cells in front of it and
additional in the model of priority to the right, the car who probably has the priority
to drive. Therefore, for visualization and evaluation the situation in the city is updatet
in each timestep in the map-matrix. Accordingly, the velocities of each car is stored
in the speed-matrix.
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4.2.1 Explanation of similar block codes of the two models

In the following, the similar block codes of the two program structures shown in
figure 2 and figure 3 are explained. The whole source code can be found in chapter 8
MATLAB R© source code.

Initial configurations

The initial configuration, as the name denotes, allocates all the necessary variables
for the program (see Table 4). In addition, the index of the streets are set and the
cars distributed over the map with the given density.

Notation Meaning
map Matrix containing the information of the city map and where

the cars are(see Table 3 for the encoding).
mapsize m Number of rows of map.
mapsize n Number of columns of map.
strR Vector with the index of streets with cars moving to the right.
strL Vector with the index of streets with cars moving to the left.
strU Vector with the index of streets with cars moving up.
strD Vector with the index of streets with cars moving down.
speed Matrix containing the velocity of each car on the map.
numCars Total number of cars driving in the city map.
numCarsPerStreet Number of cars driving in each street.
lane Initial configuration of one street.
velocity The corresponding initial velocities.
flowdirection In ’Priority to the right’: Matrix containing the flow direction

of a car on a crossroad for each crossroad(see chapter...).
direction0 In ’Signalisation’: One variable of the flow encoding on a

crossroad (see chapter...).
direction1 In ’Signalisation’: The other variable of the flow encoding on

a crossroad.
nIterations Number of time steps beeing simulated.
vAvgIt Vector with the average velocities of the cars in every time step.

Table 4: Initialized Variables
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Visualization

The visualization block is activated when simulate at the program call was set
to true. Then, the map will be ploted in each time step using the drawnow function.
To have a nice design, colormap(hot) is being used.

Statistical calculation

At the end of the simulation, the average flow (avgFlowR or avgFlowS) is being
calculated while using the overall average velocity vAvg, which is computed out of
the average velocities in each time step (vAvgIt).

Get current street from map

The street, which has to be updated, is set as the current street and stored in the
vector lane for updating process.

Cars between crossroads

For the cars, which are not on a crossroad and not in front of one, the Nagel-
Schreckenberg-Model was implemented. Therefore the current speed of a car is being
updated as described in the model and the car moved with the new velocity.

Write updated street back to map

After the updating process has finished for this street, the lane will be written
back to the right position in the map.
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4.2.2 Signalisation

The specific blocks for the model ”Signalisation” are explained here.

Traffic light control

There are two traffic light control blocks. One for each time step iteration and an
other in every iteration through a street. In the first block, the values of direction0
and direction1 are set after a constant time interval to check the possibility to
switch direction. In the other blocks, the check will be made and, in case of success,
the direction switched. A conclusion of the parameter values is listed in table 5.

The difficulty was to control the restflow. Restflow is defined as the cars who still
are on a crossroad although the direction has to switch. Therefore, in every iteration
through a street, if the direction want to be changed, it will be checked whether the
junction is free or not. In case of success, the direction parameters are set to the other
flow direction. The differentiation between flow and restflow has to be done, because
otherwise, the cars on crossroads will be updated by the iteration through the streets
with the other flow direction and so the cars will change its driving direction.

direction0 direction1 Flow
0 0 Horizontal
0.5 0 Horizontal restflow
1 1 Vertical
1 0.5 Vertical restflow

Table 5: Direction encoding of ”Signalisation”.

Cars on and in front of crossroads

If flow directions is correct, the cars are able to enter the crossroad and pass the
crossroad with a constant minimum speed. The cars will be updated with the velocity
equal to 1.

Cars on crossroads(restflow)

After setting the traffic light control to ’restflow’, the cars on the crossroad will
be moved forward to leave the junction. The cars in front of a crossroad are not
allowed to enter the crossroad any more. Everyone sees the red light. After leaving
the crossroad, the following block in the MATLAB-code will check the possibility of
switching the direction.
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4.2.3 Priority to the right

And the specific blocks of the model ”Priority to the right” are explained here.

Cars in front of crossroads

The most important difference to the model ’Signalisation’ is the behavior of
the cars in front of the crossroad. Here, the cars only have to check whether the
crossroad is free for driving in their direction or not and if they have the priority to
drive, equally to the fact that no car is waiting to his right to enter the crossroad.
To prevent the access to a junction of an iteration through a vertical street, the
flowdirection-matrix is used in this model as the conrol matrix. Initially, the
crossroads are free and the values in this matrix are set to 0.5. Enters a car of
horizontal direction the crossroad, the value is set to 0 at the index of the crossroad
in the flowdirection-matrix. And a car in vertical direction sets the value to 1.
Therfore, it is not possible that a car will change direction. Table 6 gives an overview
of the encoding.

Value Meaning
0 Cars on crossroad want to drive in horizontal direction
0.5 Crossroad is empty
1 Cars on crossroad want to drive in vertical direction

Table 6: Encoding of flowdirection to control the priority to the right

Cars on crossroads

This block is activated, if the entry in flowdirection at the index of the current
crossraod has the value of the right direction. The car is moved with constant speed
v=1. Leaves a car the crossroad, the values in flowdirection is set back again to
0.5.

Check ”Hand signal”

In every iteration in time, all the crossroads are controlled if there occured a
deadlock. Occures a deadlock, one car of a randomly choosen direction gets the
privilege to enter the crossroad. The car is set with the speed v=1 one position
forward and the flowdirection-matrix is adapted.
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5 Simulation Results and Discussion

The efficiency of the two individual models is measured through the flow of cars that
pass through the system in a certain time frame. In all our simulations, we used 1000
time steps or iterations with two pairs of vertical and horizontal two-lane streets,
each with two opposing stream of cars. In order to simplify the rules for getting
optimal results, cars had no ability to change lanes (because the neighbouring lane
runs in the opposing direction) and no ability to make any turns. They just drive
from one side of the lane to the other as fast as possible. The traffic grid actually has
a torus geometry, because the cars that come to the end of the road reappear on the
opposite side. In this way we were able to control the density of the system, which
is defined at the start and doesn’t change. This enabled us to calculate the average
flow of cars on the map and plot it above the corresponding density. 100 simulations
with regular distributed densities for the each model were conducted and plotted on
the same graph.

Figure 5: As can be seen from this graph, the model using the PR rule has larger average
flow for densities up to about 4.5%, thus proving our first assumption.

First graph shows the results for 100 simulations with densities ranging from 0 to
10% with the step of 0.1%. It is immediately clear that our first assumption about
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the efficiency of the two compared models for the low traffic density was correct.
The model using the PR rule has larger average flow for densities up to about 4.5%,
peaking up to two times larger flow for the densities of about 2%.

While the system with traffic signalisation has a strong linear progression for
densities up to 20%, we were surprised to find the periodic linear pattern with sudden
downfalls of the flow in the system that uses PR rule. We were not able to fully
explain this remarkable pattern, but we are assuming that this ”tipping points” or
sudden falls of the flow happen due to the fact that the junction crossing is in large
dependant on the situation on the other three lanes that dissect the crossing, causing
that certain densities form stable periodic patterns of the moving cars on the traffic
grid, while others ”cancel” each other out and produce instabilities that inhibit the
movement and produce congestions. We are not going to interpret this results any
further before making more simulations.

Figure 6: Model with traffic lights signalization has larger average flow for all the densities
larger then about 4.5%, thus proving our second assumption.

Second graph shows the results for 100 simulations with densities ranging from 0
to 100% with step of 1%. The results for the system with signalisation corresponds
fully to our expectations. Linear progression of the flow at lower (density of the
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system doesn’t affect the speed of the cars, all cars drive with their maximum speeds),
random distribution at the middle (density of the system affects the speed of the
cars, the flow begins to fluctuate) and again linear progression at higher densities
(the density is so large that the cars move at the minimum speed possible, without
the chance of accelerating) were already predicted by the NS model and proven to
correspond to the empirical data. Scattering of flow at extremely high densities
happens due to the boundary conditions of the system in which the speed of the cars
can variate largely because it is affected by the random local conditions.

Again, the results for the PR model did come as a little surprise, although they
did confirm our assumption that the signalisation model is much more efficient at
normal to higher densities (up to three times more efficient). We didn’t expect that
the flow will remain fairly constant for such a large range of densities at the PR
model (0.1 for densities ranging from 40 to 80%). We assume this is due to the fact
that the car always stops in front of the crossroad if there is a car on his right. At
the density of 50% it is clear that there is always a average 50% chance that a car
(on every four crossing lanes) will have to stop on the crossroad, thus eventually
forming a congestion behind because there is in average always a car two fields behind.
Resolving such a dead-lock always requires a same amount of time, which in turn
begins to govern the speed of the entire system. The flow then depends on the speed
of resolving the dead-locks, no matter how many cars wait behind, thus bringing the
flow of the system ”to a halt” for a wide range of densities.
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6 Summary and Outlook

The Nagel-Schreckenberg cellular automata traffic model enabled us to, with a simple
set of rules, simulate and test the efficiency of the two traffic grid models - model
with signalisation and the model with the priority to the right. The standard NS
rules were used, as well as some additional to resolve behaviour of the cars on the
crossings.

All simulations were carried out on a 2x2 two-lane orthogonal traffic grid with
torus geometry with cars driving in opposing directions on each road, thus maintaining
the constant density of the system. The efficiency of each model was measured with
the average flow of the cars in 1000 iterations. The simulation results of the two
models were plotted on the same graph for comparison, each with its corresponding
density.

Our initial assumptions were proven to be true. The model with the PR rule is
more efficient (has a larger flow) for lower densities of the system (up to 4.5%) while
the model with the signalisation is more efficient for larger densities. The PR model
also showed a periodic appearance of the ”tipping points” at some densities where
the flow suddenly drops, which we were unfortunately not able to explain in full.

This model obviously leaves a lot of room for further investigations. The ap-
pearance of patterns in the flow at different models shows the complexity of the
behaviour of such systems, although they are defined by very simple rules. Already
this two models show how the simple change in rules for resolving the junction crossing
drastically changes the behaviour of the system.

22



7 References

[1] Kai Nagel and Michael Schreckenberg, A cellular automaton model for
freeway traffic, J. Phys. I France 2 (1992) 2221-2229, 1992.

[2] M. Rickert / K. Nagel / M. Schreckenberg / A. Latour. Two lane traffic
simulations using cellular automata. Physica A, 1995.

[3] Martin Treiber / Dirk Helbling. Explanation of observed features of
selforganization in traffic flow. January 1999.

[4] R. J. Harris / R. B. Stinchcomb. Ideal and disordered two-lane traffic
models. Physica A 354, pages 582-596, 2005.

[5] Kong Xing-Juan / Gao Zi-You / Li Ke-Ping. A two-lane cellular
automata model with influence of next-nearest neighbor vehicle. Commun.
Theor. Phys. (Beijing, China) 45, pages 657-662, 2006.

[6] Martin Treiber / Arne Kesting / Dirk Helbling. Delays, inaccuracies
and anticipation in microscopic trafficmodels. Physica A 360, pages 71-88,
2006.

[7] Benjamin Sturzenegger / Michael Schurpf. Human driver model and
its implementation. 2008.

[8] Peng Zi-Hui / Sun Gang / Zhu Jing-Yi. Traffic flow states in a freeway
with bottleneck. Commun. Theor. Phys. (Beijing, China) 51,51 / 1:145-
148, 2009.

Remark:

All reviewed literature is listed even if it was not directly used for this paper.

23



8 MATLAB source code
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singlecross.m 

 

 

function crossroad = singlecross() 
%SINGLECROSS Creates a 22-to-22 Crossroad-Matrix 

  
crossroad = [0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0; 
             0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0; 
             0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0; 
             0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0; 
             0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0; 
             0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0; 
             0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0; 
             0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0; 
             0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0; 
             0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0; 
             1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1; 
             1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1; 
             0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0; 
             0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0; 
             0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0; 
             0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0; 
             0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0; 
             0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0; 
             0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0; 
             0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0; 
             0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0; 
             0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0;]; 

          
end 

 



citymap.m 

 

 

function map = citymap(n) 
%CITYMAP Creation of a squared citymap  
%   CITYMAP(N) Extends a single crossroad to a squared crossroad citymap with 
%              N^2 crossroads  

  
%Create the single crossroad 
A = singlecross(); 
MapLine = []; 

  
%Extend the map in row direction 
for i = 1:n 
    MapLine = [MapLine A]; 
end 

  
%Extend the map in column direction 
map = []; 
for i = 1:n 
    map = [map;MapLine]; 
end 

  
% %Plot the empty crossroad citymap 
% imagesc(Map); 
% colormap(hot); 

  
end 

 



 

trafficdyn.m 

 

 

function [avgFlow] = trafficdyn(n,density,simulate) 
%TRAFFICDYN Simulation of a squared city map with either signalisation or 
%           priority to the right. 
%   TRAFFICDYN(N,DENSITY,SIMULATION) Calculation in one of the modes 
% 
%   N:          Number of crossroads per row and column 
%   DENSITY:    A Vector containing all the densities for simulation  
%   SIMULATE:   TRUE=Simulate the calculations visually 
%               FALSE=Not 
% 
%    A project in traffic dynamics by Simon Soller and Luka Piskorec in the 
%    GeSS lecture 'Modelling and Simulating Social Systems with MATLAB' at 
%    the ETH Zürich. 

  
mode = input('Signalisation(=s) or Priority to the right(=r)?','s'); 

  
if( mode=='s' || mode=='r') 

  
    if( mode=='s' ) 

 
        avgFlowS = zeros(1,max(size(density))); 

 
        for j = 1:max(size(density)) 
            avgFlowS(j) = trafficdynS(n, density(j), 0.2, simulate); 
        end 

         
        plot(density,avgFlowS,'x'); 
        set(gca,'FontSize',16); 
        title('Traffic dynamics with signalisation'); 
        xlabel('Density [%]'); 
        ylabel('Average flow of cars on the map'); 
        xlim([0 1]); 
        ylim([0 0.5]); 

         
        avgFlow = avgFlowS; 

 
    else 

     
        avgFlowR = zeros(1,max(size(density))); 
        for j = 1:max(size(density)) 
            avgFlowR(j) = trafficdynR(n,density(j),0.2,simulate); 
        end 

         
        plot(density,avgFlowR,'x'); 
        set(gca,'FontSize',16); 
        title('Traffic dynamics with priority to the right'); 
        xlabel('Density [%]'); 
        ylabel('Average flow of cars on the map'); 
        xlim([0 1]); 
        ylim([0 0.5]); 

         
        avgFlow = avgFlowR;         

    end continues next page… 



 

else 

 
   disp('Input must be s or r!'); 

 
end 

  
end 



trafficdynR.m 

 

 

function [avgFlowR] = trafficdynR(n,density,dawdProb,simulate) 

  
%TRAFFICDYNRNS Simulation of traffic dynamics in a squared citymap with 
%              priority to the right and the implementation of the  
%              Nagel-Schreckenberg-Model 
%   TRAFFICDYNRNS(N,DENSITY, DAWDPROB, SIMULATE) Simulation on an squared   citymap 

with N*N crossroads. 
% 
%   N:          Dimension of the citymap. Ex.: N=1: A map with one crossroad and 22-

to-22 cells 
%   DENSITY:    [0..1] The density of cars in the map   
%   DAWDPROB:   [0..1] The Probability that a car dawdles 
%   SIMULATE:   TRUE for Simulation, FALSE else 
% 
%    A project in traffic dynamics by Simon Soller and Luka Piskorec in the 
%    GeSS lecture 'Modelling and Simulating Social Systems with MATLAB' at 
%    the ETH Zürich.        

  
%Close all figures 
close all; 

  
%Create the map with n^2 crossroads 
map = citymap(n); 

  
%Get the dimensions of the map 
[mapsize_m,mapsize_n] = size(map); 

  
%Define streets 
%Street with cars to right 
strR = zeros(n,1); 
%Street with cars to left 
strL = zeros(n,1); 
%Street with cars up 
strU = zeros(n,1); 
%Street with cars down 
strD = zeros(n,1); 

  
%Look for the streets and set the index 
j = 1; 
i = 1; 
while (j ~= mapsize_m) 
    if( map(j,1) == 1 ) 
        strL(i) = j; 
        j = j+1; 
        strR(i) = j; 
        i = i+1; 
    end 
    j = j+1; 
end 

  
j=1; 
i=1; 

while (j ~= mapsize_n)  continues next page… 



    if( map(1,j) == 1 )  
        strD(i) = j; 
        j = j+1; 
        strU(i) = j; 
        i = i+1; 
    end 
    j = j+1;     
end 

  
%Matrix which contains the velocities of all the cars v = [0..5] 
%Maximum velocity is vmax=5 
speed = zeros(mapsize_m,mapsize_n); 

  
%Initial configuration 
%How many cars have to be on the map? 
numCars = density * sum(sum(map)); 
numCarsPerStreet = ceil(numCars/(n*4)); 

  
%Streets and velocities to be initialized 
lane = ones(1,mapsize_n); 
velocity = zeros(1,mapsize_n); 

  
l=1; 
while (l <= numCarsPerStreet && l <= (mapsize_n-n*2 )) 
    k = randi(mapsize_n,1); 
    if( ~max(k==strD) && ~max(k==strU) && lane(k)~=0.4 )  
        lane(k) = 0.4; 
        velocity(k) = randi(5,1); 
        l = l+1; 
    end 
end 

  
for i = 1:n 
    map(strR(i),:) = lane; 
    speed(strR(i),:) = velocity; 
    map(strL(i),:) = lane; 
    speed(strL(i),:) = velocity; 
    map(:,strD(i)) = lane; 
    speed(:,strD(i)) = velocity; 
    map(:,strU(i)) = lane; 
    speed(:,strU(i)) = velocity;     
end 

  
%Controll-matrix with the entries in which direction the cars on the road drive: 
%0.5 = Crossraod is empty 
%0 = Cars on crossroad want to drive in horizontal direction 
%1 = Cars on crossroad want to drive in vertical direction 
flowdirection = zeros(mapsize_m,mapsize_n)+0.5; 

  
%Number of Iterations 
nIterations = 1000; 

  
%The average velocities each timestep 
vAvgIt = zeros(nIterations,1); 

 continues next page…  
%Count number of Deadlocks 



countDeadlock = 0; 

  
%Time t 
for t = 1:1:nIterations 

         
%Move cars on the street to the right 

     
    %Do it for every street with cars to the right 
    for i = 1:max(size(strR)) 

  
        %Get the current street from the map 
        lane = map(strR(i),:); 

  
        %Update each position(cell) on the road(lane) 
        j = 1; 
        while (j <= mapsize_n) 

  
            %Update the cars between the crossroads 
            if(lane(j)==0.4 && ~(max(j+1==strD) || max(j==strD) || max(j-1==strD)) )  

                 
                  %Get actual speed 
                  v = speed( strR(i),j ); 

                   
                  %The Nagel-Schreckenberg-Modell 
                  %NS 1.step: Increase velocity if < 5  
                  if( v<5 ) 
                      v = v+1; 
                  end 

                   
                  %NS 2.step: How big is gap to next car, next crossroad or end of  

map? 
                  k=1; 
                  while( k<=5 ) 
                        pos = mod(j+k,mapsize_n); 
                        if( pos==0 ) 
                            pos = mapsize_n; 
                        end 

                         
                        if( lane(pos)==1 && ~max(pos==strD) ) 
                            k = k+1; 
                            if( k==6 ) 
                                gap = k-1; 
                            end 
                        else 
                            gap = k-1; 
                            k = 6; 
                        end 
                  end 

                   
                  %Adapt speed if too large 
                  if( v > gap ) 
                      v = gap; 
                  end 

                   
                  %NS 3.step: Dawdle 
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                      v = v-1; 
                  end 

                   
                  %NS 4.step: Drive (Set car v-cells forward) 
                  lane(j) = 1; 
                  speed( strR(i),j ) = 0; 
                  %New position with respect to periodicity 
                  j = mod(j+v,mapsize_n); 
                  if( j==0 ) 
                      j = mapsize_n; 
                  end 
                  lane(j) = 0.4; 
                  speed( strR(i),j ) = v;   

                   
                %Cars waiting in front of a crossroad have v = 0 
                if( max(j==strD-1) ) 
                    speed( strR(i),j ) = 0; 
                    j = j+1; 
                end 

                 
            end 

                 
            %Update the cars who want to enter a crossroad 
            if( max(j+1==strD) && lane(j)==0.4 ) 

                 
                %Check priority to the right and permission to enter crossroad 
                if( lane(j+1)+lane(j+2)+lane(j+3)+map(strR(i)+1,j+2)==4 && 

flowdirection(strR(i),j+1)==0.5 ) 

  
                    %Enter street with velocity = 1; 
                    lane(j) = 1; 
                    speed( strR(i),j ) = 0; 
                    j = j+1; 
                    lane(j) = 0.4; 
                    speed( strR(i),j ) = 1; 

  
                    %Set direction of flow on this crossroad to horizontal 
                    flowdirection(strR(i)-1:strR(i),j:j+1) = 0; 

                     
                    j = j+1; 

                     
                end 

  
            end 

             
            %Update cars on the crossroad  
            if( (max(j==strD) || max(j-1==strD)) && flowdirection(strR(i),j)==0 && 

lane(j)==0.4 ) 

  
                    %Move cars on the crossroad with v=1 
                    lane(j) = 1; 
                    speed( strR(i),j ) = 0; 
                    j = j+1; 
                    lane(j) = 0.4; 
                    speed( strR(i),j ) = 1; 
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                %Release crossroad when car left it 
               if( mod(j,2) ) 
                        flowdirection(strR(i)-1:strR(i),j-2:j-1) = 0.5; 
                end      

  
            end  

             
            j = j+1;  

             
        end 

     
        %Write updated street back into map 
        map(strR(i),:) = lane; 
    end 

     

     
%Move cars to the left 

  
    %Do it for every street with cars to the left 
    for i = 1:max(size(strL)) 

  
        %Get the street from the map 
        lane = map(strL(i),:); 

         
        %Update each position(cell) on the road(lane) 
        j = mapsize_n; 
        while (j >= 1) 

             
        %Update the cars between the crossroads 
            if(lane(j)==0.4 && ~(max(j-1==(strU)) || max(j==strU) || max(j+1==strU)) ) 

                 
                  %Get actual speed 
                  v = speed( strL(i),j ); 

                   
                  %NS 1.step: Increase velocity if < 5  
                  if( v<5 ) 
                      v = v+1; 
                  end 

                   
                  %NS 2.step: How big is gap to next car, next crossroad or end of 

map? 
                  k=1; 
                  while( k<=5 ) 
                        pos = mod(j-k,mapsize_n); 
                        if( pos==0 ) 
                            pos = mapsize_n; 
                        end 

                         
                        if( lane(pos)==1 && ~max(pos==strU) ) 
                            k = k+1; 
                            if( k==6 ) 
                                gap = k-1; 
                            end 
                        else 
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                            k = 6; 
                        end 
                  end 

                   
                  %Adapt speed if too large 
                  if( v > gap ) 
                      v = gap; 
                  end 

                   
                  %NS 3.step: Dawdle 
                  if( rand<dawdProb && v ~= 0) 
                      v = v-1; 
                  end 

                   
                  %NS 4.step: Drive 
                  lane(j) = 1; 
                  speed( strL(i),j ) = 0; 
                  %New position with respect to periodicity 
                  j = mod(j-v,mapsize_n); 
                  if( j==0 ) 
                      j = mapsize_n; 
                  end 
                  lane(j) = 0.4; 
                  speed( strL(i),j ) = v;       

                   
                %Cars waiting in front of a crossroad have v = 0 
                if( max(j==strU+1) )                    
                    speed( strL(i),j ) = 0; 
                    j = j-1; 
                end    

                 
            end 

             
            %Update the cars who want to enter a crossroad 
            if( max(j-1==strU) && lane(j)==0.4 ) 

                 
                %Check priority to the right and permission to enter crossroad 
                if( lane(j-1)+lane(j-2)+lane(j-3)+map(strL(i)-1,j-2)==4 && 

flowdirection(strL(i),j-1)==0.5 ) 
                    lane(j) = 1; 
                    speed( strL(i),j ) = 0; 
                    j = j-1; 
                    lane(j) = 0.4; 
                    speed( strL(i),j ) = 1; 

  
                    %Set direction of flow on this crossroad to horizontal 
                    flowdirection(strL(i):strL(i)+1,j-1:j) = 0; 

                     
                    j = j-1; 

                     
                end 
            end 
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            %Update cars on the crossroad  
            if( (max(j==strU) || max(j+1==strU)) && flowdirection(strL(i),j)==0 && 

lane(j)==0.4 ) 
                    lane(j) = 1; 
                    speed( strL(i),j ) = 0; 
                    j = j-1; 
                    lane(j) = 0.4; 
                    speed( strL(i),j ) = 1; 

  
                %Release crossroad when car left it 
                if( ~mod(j,2) ) 
                        flowdirection(strL(i):strL(i)+1,j+1:j+2) = 0.5; 
                end      
            end 

             

             
            j = j - 1; 
        end 

         
        %Write updated street back into map 
        map(strL(i),:) = lane; 
    end 

     

     
%Move cars down 

     
    %Do it for every street with cars down 
    for i = 1:max(size(strD)) 

  
        %Get the street from the map 
        lane = map(:,strD(i)); 

         
        %Update each position(cell) on the road(lane) 
        j = 1; 
        while (j <= mapsize_m) 

  
            %Update the cars between the crossroads 
            if(lane(j)==0.4 && ~(max(j+1==strL) || max(j==strL) || max(j-1==strL)) ) 

                 
                  %Get actual speed 
                  v = speed( j,strD(i) ); 

                   
                  %NS 1.step: Increase velocity if < 5  
                  if( v<5 ) 
                      v = v+1; 
                  end 

                   
                  %NS 2.step: How big is gap to next car, next crossroad or end of 

map? 
                  k=1; 
                  while( k<=5 ) 
                        pos = mod(j+k,mapsize_m); 
                        if( pos==0 ) 
                            pos = mapsize_m; 
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                        if( lane(pos)==1 && ~max(pos==strL) ) 
                            k = k+1; 
                            if( k==6 ) 
                                gap = k-1; 
                            end 
                        else 
                            gap = k-1; 
                            k = 6; 
                        end 
                  end 

                   
                  %Adapt speed if too large 
                  if( v > gap ) 
                      v = gap; 
                  end 

                   
                  %NS 3.step: Dawdle 
                  if( rand<dawdProb && v ~= 0) 
                      v = v-1; 
                  end 

                   
                  %NS 4.step: Drive 
                  lane(j) = 1; 
                  speed( j,strD(i) ) = 0; 
                  %New position with respect to periodicity 
                  j = mod(j+v,mapsize_m); 
                  if( j==0 ) 
                      j = mapsize_m; 
                  end 
                  lane(j) = 0.4; 
                  speed( j,strD(i) ) = v;     

                   
                %Cars waiting in front of a crossroad have v = 0 
                if( max(j==strL-1) )                  
                    speed( j,strD(i) ) = 0; 
                    j = j+1; 
                end   

                 
            end 

             
            %Update the cars who want to enter a crossroad 
            if( max(j+1==strL) && lane(j)==0.4 ) 

                 
                %Check priority to the right and permission to enter crossroad 
                if( lane(j+1)+lane(j+2)+lane(j+3)+map(j+2,strD(i)-1)==4 && 

flowdirection(j+1,strD(i))==0.5 ) 
                    lane(j) = 1; 
                    speed( j,strD(i) ) = 0; 
                    j = j+1; 
                    lane(j) = 0.4; 
                    speed( j,strD(i) ) = 1; 

                     
                    %Set direction of flow on this crossroad to vertical 
                    flowdirection(j:j+1,strD(i):strD(i)+1) = 1;   
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                    j = j+1; 

                     
                end 

                 
            end 

             
            %Update cars on the crossroad  
            if( (max(j==strL) || max(j-1==strL)) && flowdirection(j,strD(i))==1 && 

lane(j)==0.4 ) 
                    lane(j) = 1; 
                    speed( j,strD(i) ) = 0; 
                    j = j+1; 
                    lane(j) = 0.4; 
                    speed( j,strD(i) ) = 1; 

             
                %Release crossroad when car left it 
                if( mod(j,2) ) 
                        flowdirection(j-2:j-1,strD(i):strD(i)+1) = 0.5; 
                end      

  
            end 

             
            j = j + 1; 
        end 

         
        %Write updated street back into map 
        map(:,strD(i)) = lane; 
    end     

     

   

     

     
%Move cars up 

     
    %Do it for every street with cars down 
    for i = 1:max(size(strU)) 

  
        %Get the street from the map 
        lane = map(:,strU(i)); 

  
        %Update each position(cell) on the road(lane)         
        j = mapsize_m; 
        while (j >= 1) 

  
            %Update the cars between the crossroads 
            if(lane(j)==0.4 && ~(max(j-1==strR)|| max(j==strR) || max(j+1==strR)) ) 

                 
                  %Get actual speed 
                  v = speed( j,strU(i) ); 

                   
                  %NS 1.step: Increase velocity if < 5  
                  if( v<5 ) 
                      v = v+1; 
                  end 
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                  %NS 2.step: How big is gap to next car or next crossroad? 
                  k=1; 
                  while( k<=5 ) 
                        pos = mod(j-k,mapsize_m); 
                        if( pos==0 ) 
                            pos = mapsize_m; 
                        end 

                         
                        if( lane(pos)==1 && ~max(pos==strR) ) 
                            k = k+1; 
                            if( k==6 ) 
                                gap = k-1; 
                            end 
                        else 
                            gap = k-1; 
                            k = 6; 
                        end 
                  end 

                   
                  %Adapt speed if too large 
                  if( v > gap ) 
                      v = gap; 
                  end 

                   
                  %NS 3.step: Dawdle 
                  if( rand<dawdProb && v ~= 0) 
                      v = v-1; 
                  end 

                   
                  %NS 4.step: Drive 
                  lane(j) = 1; 
                  speed( j,strU(i) ) = 0; 
                  %New position with respect to periodicity 
                  j = mod(j-v,mapsize_m); 
                  if( j==0 ) 
                      j = mapsize_m; 
                  end 
                  lane(j) = 0.4; 
                  speed( j,strU(i) ) = v; 

                   
                %Cars waiting in front of a crossroad have v = 0  
                if( max(j==strR+1) )                 
                    speed( j,strU(i) ) = 0; 
                    j = j-1; 
                end                    

                 
            end 

             
            %Update the cars who want to enter a crossroad 
            if( max(j-1==strR) && lane(j)==0.4 ) 

                 
                %Check priority to the right and permission to enter crossroad 
                if( lane(j-1)+lane(j-2)+lane(j-3)+map(j-2,strU(i)+1)==4 && 

flowdirection(j-1,strU(i))==0.5 ) 
                    lane(j) = 1; 
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                    j = j-1;  
                    lane(j) = 0.4; 
                    speed( j,strU(i) ) = 1; 

  
                    %Set direction of flow on this crossroad to vertical 
                    flowdirection(j-1:j,strU(i)-1:strU(i)) = 1; 

                     
                    j = j-1; 

                     
                end 
            end 

             
            %Update cars on the crossroad  
            if( (max(j==strR) || max(j+1==strR)) && flowdirection(j,strU(i))==1 && 

lane(j)==0.4 ) 
                    lane(j) = 1; 
                    speed( j,strU(i) ) = 0; 
                    j = j-1; 
                    lane(j) = 0.4; 
                    speed( j,strU(i) ) = 1; 

  
                %Release crossroad when car left it 
                if( ~mod(j,2) ) 
                        flowdirection(j+1:j+2,strU(i)-1:strU(i)) = 0.5; 
                end      
            end             

  
            j = j - 1; 
        end 

         
        %Write updated street back into map 
        map(:,strU(i)) = lane; 
    end        

  

  
    %Deadlock-Überprüfung: "Hand signal" 
    for s=1:n 
        for r=1:n 
            if( map( strR(s),strD(r)-1 )+map( strR(s)+1,strU(r) )+map( 

strL(s),strU(r)+1 )+map( strL(s)-1,strD(r) )==4*0.4 )   

                 
                countDeadlock = countDeadlock + 1; 
                %fprintf('Deadlock Nr. %d!\n', countDeadlock) 

                 
                %Randomly which car gets the privilege to drive 
                privilege = randi(4,1); 

                 
                %Car to the right has the privilege to drive if the 
                %crossroad is empty 
                if( privilege==1 && flowdirection(strR(s),strD(r))==0.5 && 

map(strR(s),strD(r)+2)==1 ) 
                    map( strR(s),strD(r)-1 ) = 1; 
                    speed( strR(s),strD(r)-1 ) = 0; 
                    map( strR(s),strD(r) ) = 0.4; 
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                    flowdirection( strR(s)-1:strR(s),strD(r):strD(r)+1 ) = 0; 
                end 

                 
                %Car to the left has the privilege to drive if the 
                %crossroad is empty 
                if( privilege==2 && flowdirection(strR(s),strD(r))==0.5 && 

map(strR(s)-1,strD(r)-1)==1 )  
                    map( strR(s)-1,strD(r)+2 ) = 1; 
                    speed( strR(s)-1,strD(r)+2 ) = 0; 
                    map( strR(s)-1,strD(r)+1 ) = 0.4; 
                    speed( strR(s)-1,strD(r)+1 ) = 1; 
                    flowdirection( strR(s)-1:strR(s),strD(r):strD(r)+1 ) = 0; 
                end 

                 
                %Car driving down has the privilege to drive if the 
                %crossroad is empty 
                if( privilege==3 && flowdirection(strR(s),strD(r))==0.5 && 

map(strR(s)+1,strD(r))==1 )  
                    map( strR(s)-2,strD(r) ) = 1; 
                    speed( strR(s)-2,strD(r) ) = 0; 
                    map( strR(s)-1,strD(r) ) = 0.4; 
                    speed( strR(s)-1,strD(r) ) = 1; 
                    flowdirection( strR(s)-1:strR(s),strD(r):strD(r)+1 ) = 1; 
                end 

                 
                %Car driving down has the privilege to drive if the 
                %crossroad is empty 
                if( privilege==4 && flowdirection(strR(s),strD(r))==0.5 && 

map(strR(s)-2,strD(r)+1)==1 )  
                    map( strR(s)+1,strD(r)+1 ) = 1; 
                    speed( strR(s)+1,strD(r)+1 ) = 0; 
                    map( strR(s),strD(r)+1 ) = 0.4; 
                    speed( strR(s),strD(r)+1 ) = 1; 
                    flowdirection( strR(s)-1:strR(s),strD(r):strD(r)+1 ) = 1; 
                end 

                 
            end 
        end  
    end 

     
    %Calculate the average velocity in each time step 
    vAvgIt(t) = sum(sum(speed))/(numCarsPerStreet*n*4); 

     
    %For each timestep: Plot the map 
    if( simulate ) 
        figure(1); 
        imagesc(map); 
        colormap(hot); 
        titlestring = sprintf('Density = %g',density); 
        title(titlestring); 
        drawnow; 
        %pause(0.1); 
    end 
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%The overall average velocity 
vAvg = sum(vAvgIt)/max(size(vAvgIt)); 
% fprintf('\nThe overall average velocity amounts:\nvAvg=%f\n',vAvg); 

  
%The average flow 
avgFlowR = density*vAvg; 
% fprintf('\nThe average flow amounts to:\navgFlow=%f\n\n\n',avgFlow); 

  
end 

 



trafficdynS.m 

 

 

function   [avgFlowS] = trafficdynS(n, density, dawdProb, simulate) 

  
%TRAFFICDYN Simulation of traffic dynamics in a squared citymap. 
%   TRAFFICDYN(N,DENSITY, DAWDPROB, SIMULATE) Simulation on an N-by-N citymap with N*N 

crossraods. 
% 
%   N:          Dimension of the citymap. Ex.: N=1: A map with one crossroad and 22-to-

22 cells 
%   DENSITY:    [0..1] The density of cars in the map   
%   DAWDPROB:   [0..1] The Probability that a car dawdles 
%   SIMULATE:   TRUE for Simulation, FALSE else 
% 
%    A project in traffic dynamics by Simon Soller and Luka Piskorec in the 
%    GeSS lecture 'Modelling and Simulating Social Systems with MATLAB' at 
%    the ETH Zürich. 
%            

  
close all; 

  
%Create Citymap 
map = citymap(n); 

  
%Get the dimensions of the map 
[mapsize_m,mapsize_n] = size(map); 

  
%Define streets 
%Street with cars to right 
strR = zeros(n,1); 
%Street with cars to left 
strL = zeros(n,1); 
%Street with cars up 
strU = zeros(n,1); 
%Street with cars down 
strD = zeros(n,1); 

  
j = 1; 
i = 1; 
while (j ~= mapsize_m) 
    if( map(j,1) == 1 ) 
        strL(i) = j; 
        j = j+1; 
        strR(i) = j; 
        i = i+1; 
    end 
    j = j+1; 
end 

  
j = 1; 
i = 1; 
while (j ~= mapsize_n) 
    if( map(1,j) == 1 ) 
        strD(i) = j; 
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        strU(i) = j;  
        i = i+1; 
    end 
    j = j+1;     
end 

  

  
%Matrix which contains the velocities of all the cars v = 0..5 
speed = zeros(mapsize_m,mapsize_n); 

  
%Initial configuration 
%How many cars have to be on the map? 
numCars = density * sum(sum(map)); 
numCarsPerStreet = ceil(numCars/(n*4)); 

  
%Street and velocities to be initialized 
lane = ones(1,mapsize_n); 
velocity = zeros(1,mapsize_n); 

  
l=1; 
while (l <= numCarsPerStreet && l <= (mapsize_n-n*2 )) 
    k = randi(mapsize_n,1); 
    if( ~max(k==strD) && ~max(k==strU) && lane(k)~=0.4 )  
        lane(k) = 0.4; 
        velocity(k) = randi(5,1); 
        l = l+1; 
    end 
end 

  
for i = 1:n 
    map(strR(i),:) = lane; 
    speed(strR(i),:) = velocity; 
    map(strL(i),:) = lane; 
    speed(strL(i),:) = velocity; 
    map(:,strD(i)) = lane; 
    speed(:,strD(i)) = velocity; 
    map(:,strU(i)) = lane; 
    speed(:,strU(i)) = velocity;     
end 

  
%In which direction the cars can drive:  
%Horizontal flow:       direction0 = 0     direction1 = 0 
%Horizontal restflow:   direction0 = 0.5   direction1 = 0 
%Vertical flow:         direction0 = 1     direction1 = 1 
%Vertical restflow:     direction0 = 1     direction1 = 0.5 
direction1 = 0; 
direction0 = 0; 

  
%Number of Iterations 
nIterations = 1000; 

  
%The average velocities each timestep 
vAvgIt = zeros(nIterations,1); 
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%Time t 
for t = 1:1:nIterations 

  
 %Want to switch to vertical flow    
 if ( ~mod(t,250) )     
    direction0 = 0.5; 
    direction1 = 0; 
 end 

  
 %Want to switch to horizontal flow 
 if ( ~mod(t,500) ) 
     direction1 = 0.5; 
     direction0 = 1; 
 end 

     
%Move cars to the right 
    %Update the positions of cars for every street with cars to the right 
    for i = 1:max(size(strR)) 

         
        %Get the street from the map 
        lane = map(strR(i),:); 

  
        %Update each car in the current street 
        j = 1; 
        while (j <= mapsize_n) 

             
            %Update the cars between the crossroads 
            if(lane(j)==0.4 && ~(max(j+1==strD) || max(j==strD) || max(j-1==strD)) )  

                 
                  %Get actual speed 
                  v = speed( strR(i),j ); 

                   
                  %NS 1.step: Increase velocity if < 5  
                  if( v<5 ) 
                      v = v+1; 
                  end 

                   
                  %NS 2.step: How big is gap to next car, next crossroad or end of map? 
                  k=1; 
                  while( k<=5 ) 
                        pos = mod(j+k,mapsize_n); 
                        if( pos==0 ) 
                            pos = mapsize_n; 
                        end 

                         
                        if( lane(pos)==1 && ~max(pos==strD) ) 
                            k = k+1; 
                            if( k==6 ) 
                                gap = k-1; 
                            end 
                        else 
                            gap = k-1; 
                            k = 6; 
                        end 
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                  %Adapt speed if too large 
                  if( v > gap ) 
                      v = gap; 
                  end 

                   
                  %NS 3.step: Dawdle 
                  if( rand<dawdProb && v ~= 0) 
                      v = v-1; 
                  end 

                   
                  %NS 4.step: Drive 
                  lane(j) = 1; 
                  speed( strR(i),j ) = 0; 
                  %New position with respect to periodicity 
                  j = mod(j+v,mapsize_n); 
                  if( j==0 ) 
                      j = mapsize_n; 
                  end 
                  lane(j) = 0.4; 
                  speed( strR(i),j ) = v; 

                     
                %Cars waiting in front of a crossroad have v = 0 
                if( max(j==strD-1) ) 
                    speed( strR(i),j ) = 0; 
                    j = j+1; 
                end 

                 
            end 

             
            %Update the cars on the crossroad and those who want to enter 
            %the crossroad while direction0=0 
            if( direction0==0 && (max(j+1==strD) || max(j==strD) || max(j-1==strD)) && 

lane(j)==0.4 && lane(j+1)==1 )                 
                 lane(j) = 1; 
                 speed( strR(i),j ) = 0; 
                 j = j+1; 
                 lane(j) = 0.4; 
                 speed( strR(i),j ) = 1; 
            end 

             
            %Update the cars on the street while switching to other 
            %direction (restflow) 
            if( direction0==0.5 && (max(j==strD) || max(j-1==strD)) && lane(j)==0.4 && 

lane(j+1)==1 )  
                 lane(j)=1; 
                 speed( strR(i),j ) = 0; 
                 j = j+1; 
                 lane(j)=0.4; 
                 speed( strR(i),j ) = 1; 
            end 

             
            %Switch to vertical flow if all crossroads are free 
            if( direction0==0.5 && (max(j==strD) || max(j-1==strD)) ) 
                %Every crossroad should be free of cars 
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                for s=1:n  
                    for r=1:n 
                        summe = summe + sum(sum(map(strL(s):strR(s),strD(r):strU(r))));                
                    end 
                end 

                 
                if( summe == n^2*4 ) 
                   direction0 = 1;  
                   direction1 = 1;  
                end 

                 
            end 

             
            j = j+1; 

             
        end 

     
        %Write street into map; 
        map(strR(i),:) = lane; 
    end 

         

  

  
%Move cars to the left 
    %Where are all the cars? 
    for i = 1:max(size(strL)) 

         
        %Get the street from the map 
        lane = map(strL(i),:); 

         
        %Update each car in the current street 
        j = mapsize_n; 
        while (j >= 1) 

             
            %Update the cars between the crossroads 
            if(lane(j)==0.4 && ~(max(j-1==(strU)) || max(j==strU) || max(j+1==strU)) ) 

                 
                  %Get actual speed 
                  v = speed( strL(i),j ); 

                   
                  %NS 1.step: Increase velocity if < 5  
                  if( v<5 ) 
                      v = v+1; 
                  end 

                   
                  %NS 2.step: How big is gap to next car, next crossroad or end of map? 
                  k=1; 
                  while( k<=5 ) 
                        pos = mod(j-k,mapsize_n); 
                        if( pos==0 ) 
                            pos = mapsize_n; 
                        end 

                         
                        if( lane(pos)==1 && ~max(pos==strU) ) 
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                            if( k==6 ) 
                                gap = k-1; 
                            end 
                        else 
                            gap = k-1; 
                            k = 6; 
                        end 
                  end 

                   
                  %Adapt speed if too large 
                  if( v > gap ) 
                      v = gap; 
                  end 

                   
                  %NS 3.step: Dawdle 
                  if( rand<dawdProb && v ~= 0) 
                      v = v-1; 
                  end 

                   
                  %NS 4.step: Drive 
                  lane(j) = 1; 
                  speed( strL(i),j ) = 0; 
                  %New position with respect to periodicity 
                  j = mod(j-v,mapsize_n); 
                  if( j==0 ) 
                      j = mapsize_n; 
                  end 
                  lane(j) = 0.4; 
                  speed( strL(i),j ) = v;    

                   
                  %Cars waiting in front of a crossroad have v = 0 
                  if( max(j==strU+1) ) 
                     speed( strL(i),j ) = 0; 
                     j = j-1; 
                  end                 

                 
            end 

             
            %Update the cars on the crossroad and those who want to enter 
            %the crossroad while direction0=0 
            if(direction0==0 && (max(j-1==(strU)) || max(j==strU) || max(j+1==strU)) && 

lane(j)==0.4 && lane(j-1)==1 ) 
                lane(j) = 1; 
                speed( strL(i),j ) = 0; 
                j = j - 1; 
                lane(j) = 0.4;          
                speed( strL(i),j ) = 1; 
            end 

             
            %Update the cars on the street while switching to other 
            %direction (restflow) 
            if(direction0==0.5 && (max(j==strU) || max(j+1==strU)) && lane(j)==0.4 && 

lane(j-1)==1 ) 
                lane(j) = 1; 
                speed( strL(i),j ) = 0; 
                j = j - 1; 
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                speed( strL(i),j ) = 1; 
            end 

             
            %Switch to vertical flow if all crossroads are free 
            if( direction0==0.5 && (max(j==strD) || max(j-1==strD)) ) 
                %Every crossroad should be free of cars 
                summe = 0; 
                for s=1:n 
                    for r=1:n 
                        summe = summe + sum(sum(map(strL(s):strR(s),strD(r):strU(r))));                
                    end 
                end 

                 
                if( summe == n^2*4 ) 
                   direction0 = 1;  
                   direction1 = 1;  
                end 

                 
            end 

             
            j = j - 1; 
        end 

         
        %Write street into map 
        map(strL(i),:) = lane; 
    end 

     
%Move cars down 
    %Where are all the cars? 
    for i = 1:max(size(strD)) 

         
        %Get the street from the map 
        lane = map(:,strD(i)); 

         
        %Update each car in the current street 
        j = 1; 
        while (j <= mapsize_m) 

             
            %Update the cars between the crossroads 
            if(lane(j)==0.4 && ~(max(j+1==strL) || max(j==strL) || max(j-1==strL)) ) 

                 
                  %Get actual speed 
                  v = speed( j,strD(i) ); 

                   
                  %NS 1.step: Increase velocity if < 5  
                  if( v<5 ) 
                      v = v+1; 
                  end 

                   
                  %NS 2.step: How big is gap to next car, next crossroad or end of map? 
                  k=1; 
                  while( k<=5 ) 
                        pos = mod(j+k,mapsize_m); 
                        if( pos==0 ) 
                            pos = mapsize_m; 
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                        if( lane(pos)==1 && ~max(pos==strL) ) 
                            k = k+1; 
                            if( k==6 ) 
                                gap = k-1; 
                            end 
                        else 
                            gap = k-1; 
                            k = 6; 
                        end 
                  end 

                   
                  %Adapt speed if too large 
                  if( v > gap ) 
                      v = gap; 
                  end 

                   
                  %NS 3.step: Dawdle 
                  if( rand<dawdProb && v ~= 0) 
                      v = v-1; 
                  end 

                   
                  %NS 4.step: Drive 
                  lane(j) = 1; 
                  speed( j,strD(i) ) = 0; 
                  %New position with respect to periodicity 
                  j = mod(j+v,mapsize_m); 
                  if( j==0 ) 
                      j = mapsize_m; 
                  end                   
                  lane(j) = 0.4; 
                  speed( j,strD(i) ) = v; 

                   
                  %Cars waiting in front of a crossroad have v = 0 
                  if( max(j==strL-1) ) 
                      speed( j,strD(i) ) = 0; 
                      j = j+1; 
                  end                 

                 
            end 

             
            %Update the cars on the crossroad and those who want to enter 
            %the crossroad while direction1=1 
            if(direction1==1 && (max(j+1==strL) || max(j==strL) || max(j-1==strL)) && 

lane(j)==0.4 && lane(j+1)==1) 
                lane(j) = 1; 
                speed( j,strD(i) ) = 0; 
                j = j + 1; 
                lane(j) = 0.4; 
                speed( j,strD(i) ) = 1; 
            end 
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            %Update the cars on the street while switching to other 
            %direction (restflow) 
            if(direction1==0.5 && ( max(j==strL) || max(j-1==strL)) && lane(j)==0.4 && 

lane(j+1)==1 )  
                lane(j) = 1;  
                speed( j,strD(i) ) = 0; 
                j = j + 1; 
                lane(j) = 0.4; 
                speed( j,strD(i) ) = 1; 
            end 

             

             
            %Switch to horizontal flow if all crossroads are free 
            if( direction1==0.5 && (max(j==strL) || max(j-1==strL)) ) 
                %Every crossroad should be free of cars 
                summe = 0; 
                for s=1:n 
                    for r=1:n 
                        summe = summe + sum(sum(map(strL(s):strR(s),strD(r):strU(r))));                
                    end 
                end 

                 
                if( summe == n^2*4 ) 
                   direction0 = 0;  
                   direction1 = 0;  
                end 

                 
            end            

             
            j = j + 1; 
        end 

         
        %Write street into map 
        map(:,strD(i)) = lane; 
    end     

     

     

     
%Move cars up 
    %Where are all the cars? 
    for i = 1:max(size(strU)) 

         
        %Get the street from the map 
        lane = map(:,strU(i)); 

         
        %Update each car in the current street 
        j = mapsize_m; 
        while (j >= 1) 

             
            %Update the cars between the crossroads 
            if(lane(j)==0.4 && ~(max(j-1==strR)|| max(j==strR) || max(j+1==strR)) ) 

                 
                  %Get actual speed 
                  v = speed( j,strU(i) ); 
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                  %NS 1.step: Increase velocity if < 5  
                  if( v<5 ) 
                      v = v+1; 
                  end 

                   
                  %NS 2.step: How big is gap to next car, next crossroad or end of map? 
                  k=1; 
                  while( k<=5 ) 
                        pos = mod(j-k,mapsize_m); 
                        if( pos==0 ) 
                            pos = mapsize_m; 
                        end 

                         
                        if( lane(pos)==1 && ~max(pos==strR) ) 
                            k = k+1; 
                            if( k==6 ) 
                                gap = k-1; 
                            end 
                        else 
                            gap = k-1; 
                            k = 6; 
                        end 
                  end 

                   
                  %Adapt speed if too large 
                  if( v > gap ) 
                      v = gap; 
                  end 

                   
                  %NS 3.step: Dawdle 
                  if( rand<dawdProb && v ~= 0) 
                      v = v-1; 
                  end 

                   
                  %NS 4.step: Drive 
                  lane(j) = 1; 
                  speed( j,strU(i) ) = 0; 
                  %New position with respect to periodicity 
                  j = mod(j-v,mapsize_m); 
                  if( j==0 ) 
                      j = mapsize_m; 
                  end 
                  lane(j) = 0.4; 
                  speed( j,strU(i) ) = v;         

                   
                %Cars waiting in front of a crossroad have v = 0 
                if( max(j==strR+1) ) 
                    speed( j,strU(i) ) = 0; 
                    j = j-1; 
                end                    

                 
            end 
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            %Update the cars on the crossroad and those who want to enter 
            %the crossroad while direction1=1 
            if(direction1==1 && (max(j-1==strR)|| max(j==strR) || max(j+1==strR)) && 

lane(j)==0.4 && lane(j-1)==1 ) 
                lane(j) = 1; 
                speed( j,strU(i) ) = 0; 
                j = j - 1; 
                lane(j) = 0.4; 
                speed( j,strU(i) ) = 1; 
            end 

             
            %Update the cars on the street while switching to other 
            %direction (restflow) 
            if(direction1==0.5 && (max(j==strR) || max(j+1==strR)) && lane(j)==0.4 && 

lane(j-1)==1 ) 
                lane(j) = 1; 
                speed( j,strU(i) ) = 0; 
                j = j - 1; 
                lane(j) = 0.4;          
                speed( j,strU(i) ) = 1; 
            end 

             
            %Switch to horizontal flow if all crossroads are free 
            if( direction1==0.5 && (max(j==strL) || max(j-1==strL)) ) 
                %Every crossroad should be free of cars 
                summe = 0; 
                for s=1:n 
                    for r=1:n 
                        summe = summe + sum(sum(map(strL(s):strR(s),strD(r):strU(r))));                
                    end 
                end 

                 
                if( summe == n^2*4 ) 
                   direction0 = 0;  
                   direction1 = 0;  
                end 

                 
            end            

             
            j = j - 1; 
        end 

         
        %Write street into map 
        map(:,strU(i)) = lane; 
    end   

     

     
%Draw the flow direction 
%Horizontal flow:       direction0 = 0     direction1 = 0 
%Horizontal restflow:   direction0 = 0.5   direction1 = 0 
%Vertical flow:         direction0 = 1     direction1 = 1 
%Vertical restflow:     direction0 = 1     direction1 = 0.5 
    if( direction0==0 && direction1==0 ) 
        map(3:7,5) = 0; 
        map(5,3:7) = 1;     
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    if( (direction0==0.5 && direction1==0) || (direction0==1 && direction1==0.5) ) 
        map(3:7,3:7) = 0; 
        map(5,5) = 1; 
    end 
    if ( direction0==1 && direction1==1 ) 
        map(5,3:7) = 0; 
        map(3:7,5) = 1; 
    end 

     
    %Calculate the average velocity in each time step 
    vAvgIt(t) = sum(sum(speed))/(numCarsPerStreet*n*4); 

     
    %For each timestep: Plot the map if simulate==TRUE 
    if( simulate ) 
        figure(1); 
        imagesc(map); 
        titlestring = sprintf('Density = %g',density); 
        title(titlestring); 
        drawnow; 
        colormap(hot); 
        %pause(0.5); 
    end 

     
end 

  
 %The overall average velocity 
 vAvg = sum(vAvgIt)/max(size(vAvgIt)); 
% fprintf('\nThe overall average velocity amounts:\nvAvg=%f\n',vAvg); 

  
 %The average flow 
 avgFlowS = density*vAvg; 
% fprintf('\nThe average flow amounts to:\navgFlow=%f\n\n\n',avgFlow); 

  
end 
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