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1 Individual contributions

As a form of code and documentation exchange, we chose to use the git versioning tool.
This enabled us to work in parallel on the project, editing the project at the same time
and merging the code together on the way. In this manner, big parts of the project were
created, extended and cross-reviewed together. Still, there were two main parts we started
individually and maintained mostly like that.

1.1 Game Mechanics

With "Game Mechanics", we mean the core of the game logics and basic "loop" of our
simulation, as it is nearer described in section 4.3 on page 13. This includes things
like the initial definition of the matrices, the getMoney function, the status updates and
the algorithms for migration and imitation as well as functions to define neighbourhood.
Lucas started coding this part at the beginning, and both of us then extended the code
more an more.

Finally, we began to split the code into multiple files, and Jan later on added the
randomized (as opposed to the sequential) execution part of the program. He also provided
the two noise functions and created some reusable methods like setStrategy.

1.2 Aggregators

While the Game Mechanics were initially designed by Lucas, Jan implemented the object
oriented Aggregator part. As it is explained in more detail later in the section 4.4, page 14,
Jan took the code used for displaying "debugging information" as well as the real graphical
output out of the main function. This was then outsourced to special Aggregator classes
that can be dynamically added and removed from the main function, depending on what
data is required to be shown.

Once the basic skeleton of this (including the initialization and calls of the Aggregator
classes) was implemented, the creation of more (and different) Aggregators to display
different kinds of data, as needed, could be started.
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2 Introduction and Motivations

"Two suspects are arrested by the police. The police have insufficient evidence
for a conviction, and, having separated both prisoners, visit each of them to
offer the same deal. If one testifies (defects from the other) for the prosecution
against the other and the other remains silent (cooperates with the other), the
betrayer goes free and the silent accomplice receives the full 10-year sentence.
If both remain silent, both prisoners are sentenced to only six months in jail for
a minor charge. If each betrays the other, each receives a five-year sentence.
Each prisoner must choose to betray the other or to remain silent. Each one
is assured that the other would not know about the betrayal before the end of
the investigation. How should the prisoners act?" [1]

The above scenario, which is called the prisoner’s dilemma in the classical game theory,
may seem a little bit constructed and unnatural. However, we may consider interactions
between people in a quite similar way. People can agree on something and later on
refuse to act according to this agreement or they can cooperate and do whatever they
are supposed to do. This problem applies to various problem domains in social but also
economical life. It’s not the case that people always behave the same, it may occur
that they cooperate with some people and with others do not. The whole situation gets
even more interesting when people "play the game" several times with the same person
as this means they can use strategies which also consider previous actions of the others.
According to game theory this is the so called iterated prisoner’s dilemma. What we try
do in our project is to play the iterated prisoner’s dilemma in a 2-dimensional area and
see what happens under varying conditions.

2.1 Strategies to deal with the prisoner’s dilemma

In a single game a player has two possibilities: cheat or cooperate. However, if we extend
the game to the iterated prisoner’s dilemma, players can use different strategies which let
the individuals choose their actions according to the previous actions of their neighbours
[2]. Two simple strategies are "always-cheat" and "always-cooperate" which don’t make
use of the knowledge of previous actions. A more sophisticated strategy is the so-called
"tit-for-tat" (TFT) strategy introduced by Anatol Rapoport [3]. It chooses always exactly
the same action as the other did in the last round. A strategy derived from the above
is called "tit-for-2-tats" (TF2T) and is more "forgiveable" than normal TFT as it lets an
individual cheat only if the neighbour cheated twice in a row.

All the players in our simulation start with a certain strategy. However, we allow
them to adapt strategies of others if they find them to be more efficient. Moreover, we
allow an individual to explore the free spaces in his neighbourhood and move to this place

7



if it is more suitable. This phenomenon we call "successful migration" and this is also
the behaviour that we want to elaborate a little bit more in details. Can segregation
and clustering of human beings be explained by simply applying the iterated prisoner’s
dilemma to it? What happens in a fair-playing neighbourhood when it is infiltrated by a
group of cheaters? When do individuals move away and when do they stay in their place?
Are their any "stable" states? These are all questions we’ll try to give an answer to in our
experiment.

2.2 Motivation for Programmers

From the computer scientist point of view we tried to write our program as generic as
possible. A user should be able set various parameters and also have the choice on the
neighbourhood definition, be able to enable and disable migration and imitation, set the
probability factors of migration and imitation and also choose a set of aspects that should
be measured during the experiment. This means, we tried to use not only procedural but
also object-oriented concepts while writing our simulation.

8



3 Description of the Model

3.1 Iterated Prisoner’s Dilemma

In the prisoner’s dilemma game each of the two players has two possibilities: cooperate
(C) or cheat (defect, D). To define the "success" for each player we assume that both of
them get a certain (monetary) pay-off. The pay-offs are shown in table 1 . The first
Letter stands for the pay-off of the left player and the second for the one of top player. As
we can see the pay-offs are symmetric. The cooperating player will get the money R (for
Reward) while to cheating player will get P (for Punishment). If one player cheats the
other (who cooperates), the cheater will get the maximum amount T (for Temptation)
whereas the other will get P (for Sucker’s pay-off). As in the normal prisoner’s dilemma
we assume T > R > P > S. Moreover in the iterated version, we consider 2R > T + P.

C D
C R/R S/T
D T/S P/P

Table 1: Monetary pay-offs for two players in the Prisoner’s Dilemma

As already shown, in our simulation the prisoner’s dilemma is iterated, which means
that a player A usually plays the game more than once with another player B. To be
more precise, each player plays with each of his neighbours in (nearly) each round. This
means two players stop playing each other only when at least one of them moves away, i.
e. migrates.

3.2 Neighbourhood Definitions

As we have seen, players play with all their neighbours. But how are the neighbours
defined? There exist two types of neighbourhood definitions, both of which can be chosen
in our simulation: von Neumann neighbourhood and Moore neighbourhood.

3.2.1 Von Neumann Neighbourhood

The (first order) von Neumann neighbourhood definition (as shown below) includes the
left, upper, right and lower neighbour [5]. A von Neumann neighbourhood of order n can
recursively be defined as the union of all (first order) neighbourhoods of a von Neumann
neighbourhood of order n-1. As an example we see the von Neumann neighbourhood of
order 2 on the right hand site. The exact implementation can be seen in section (8.2.2).
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(a) 1st order (b) 2nd orderfig-
ureer

Figure 1: Von Neumann Neighbourhood

3.2.2 Moore Neighbourhood

The Moore neighbourhood definition of a certain place includes the von Neumann neigh-
bours and in addition also the diagonal neighbours (left-upper, right-upper, right-lower
and left-lower) [4]. Higher order Moore neighbourhood can again recursively be defined as
the union of the neighbourhoods of all the places of in the neighbourhood of one level be-
low. The right hand picture therefore shows the 2nd order Moore neighbourhood. Again,
the implementation can be seen in the appendix (section 8.2.1).

(a) 1st order (b) 2nd order

Figure 2: Moore Neighbourhood

3.2.3 Boundary Conditions

For both of the neighbourhood definitions given above we assume periodic boundary
conditions, which means that we can imagine our 2-dimensional experiment area placed
on a sphere in such a way that the 4 corners stick together. We again have an example
picture:

3.3 Strategies and Imitation

As we have already seen, the players in our game follow several different strategies:
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Figure 3: Periodic Boundaries

• Always-cheating

• Always-cooperating

• Tit-for-tat (TFT)

• Tit-for-two-tats (TF2T)

However, we slightly change the TFT and TF2T strategy in a way that they start
randomly with cooperating or cheating whereas they always start with cooperating in the
original version.

In each round a player not only plays his first order neighbours but he also inspects
their strategies. If another player has earned more money in the last rounds (which is
indicated by his higher bank account), one can consider to copy his strategy in order to
get more successful. This happens with a certain probability p which can be set as one
the parameters in the simulation.

3.4 Successful Migration

In each round a player also considers moving away from his place in order to earn more
money. This means he inspects all the free spaces in his order-r-neighbourhood (where
r is again a system parameter) and tries to find out whether this place would be better
for him. If so, the player will move to that place with a probability q, which again is
another parameter one can set. To find out which place would be the best, there are two
thinkable strategies (at least), both of which we implemented.

3.4.1 Hypothetical Migration Strategy

In this strategy a player calculates how much money he would have won at a certain
place. He will choose the best of the such calculated hypothetical places for migration.
This is implemented in 8.2.6.

11



3.4.2 Concrete Migration Strategy

Using concrete migration on the other hand, a player just calculates the average income
(bank account) of all the direct neighbours of the place he inspects. Like this he will move
to the place where most of the money is. More details in section 8.2.5.

3.5 Noise

In order to test whether our experiments still work if errors (noise) occur we want to
include two possibilities of such noises, the money noise and the strategy noise.

3.5.1 Money Noise

The money noise picks two players at random and changes their bank account balances.
The money noise parameter in the main functions defines the percentage of players that
is manipulated in each round.

3.5.2 Strategy Noise

The strategy noise picks on player at random and changes his strategy. The new strategy
is chosen with uniform distributed probability among the four strategies we have in our
model.
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4 Implementation

4.1 Initialisation

At the very beginning of the program we have the file parameters.m (8.1.1). Here, all the
variable parts of the program are defined, meaning you can edit the parameters of the
simulation in this file only and get results based on that.

Options are on one hand the basic "game theory" parameters, such as the values for
Punishment, Temptation and so on, and the definitions of grid width and Neighbour-
hood (Moore or von Neumann). It is also possible to enable or disable migration and
imitation and set their probabilities. On the other hand, all the program specific values
can be inserted here, like the Aggregators that decide what gets displayed, and the initial
randomization and noise values.

4.2 Basic Data Structures

At the beginning of the main file (8.1.2), all the values that were defined in parameters.m
are checked for errors, like negative probabilities or missing options. Then the Matrix
with the values for for the different agents gets defined randomly. In this matrix we store
the three important values for each of the agents: His current money, his strategy and his
status; status meaning in which directions he is currently cooperating or defecting. During
the simulation, this matrix holds basically the whole state of all the agents. Depending on
that, the different parts of the program can decide what to do for each agent, by reading
his strategy, status and so on.

We chose to do that in an interleaved way, so that these three values are always close
together, giving good cache performance. In this manner, we ended up with a N times
3*N matrix (where N is the length of the quadratic field) as basic structure to operate
with.

Of course we need then two more Matrices like this to store the past values of each
agent, making it possible for the tit-for-tat and tit-for-2-tats to decide accordingly.

4.3 The Main Loop

In the main.m file, two more things happen after the initialization of the agents matrix
and the checking of the user input:

• In a loop, the script play.m (8.1.3) gets called once for each agent, where the actual
games are performed, imitation and migration is performed and the money and
status fields are updated.

• At the end the very end of each round, some "noise" is put into the matrix, according
to the values set in the parameters.m file (8.1.1), and the Aggregators are called.
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4.4 Aggregators

The Aggregators is now where the object oriented part of our program comes in. Our
main idea was this: Instead of putting all the code to display, visualize and "aggregate"
results into the main loop, we created an abstract Aggregator class (8.3.1). This class
provides all the data processing and displaying methods. From there, we derived other
classes like the FigureAggregator (8.3.2) to display figures and plots. And finally, we were
able start and create the specific Aggregators. They can now display things like "strategies
per time" diagrams, animations of the running strategies and statuses or curves of the
current "average money per strategy" (see pages 54 to 59 for examples).

That means on one side, that you can easily add and remove Aggregators (depending
on what you are interested in) in the parameters.m file, as this is simply a list. Meaning
that only these values get really calculated and processed that you need for the specific
experiment. And even the parameters of these Aggregators can be given right here. Like,
for example, if you want a figure to be shown in each step or only at the end to save
processing time.

On the other side, the main loop stays really "clean" this way, and you have a simple
iteration over the Aggregator list in each round, calling the specific "process" methods.
Except the construction and deconstruction of the Aggregators, that make sure they are
properly initialized and finalized at the end, nothing more has to be done in the main
loop. Also, you can easily extend the program with new Aggregators, by simply creating
a new class and putting the class name into the parameters.m file.

4.5 Other Functions

Finally, there are are many other functions that are used in various ways, sometimes
to keep the code more structured or to give more flexibility. You can find these in the
sections 8.2.1 to 8.2.6.

An example for functions that provide alternatives and therefore give flexibility is the
Moore (3.2.2) and the von Neumann (3.2.1) neighbourhood. These are functions that are
used to determine how big the neighbourhood of a single agent is, as it is described in the
Model section. Depending on which of the two is chosen in the parameters.m file, either
one or the other function is then executed.

Another example, this time for a reusable function, is setStrategy (8.2.4). This function
is used in various places to set a possibly new strategy and, depending on the strategy
itself, the according statuses. In the cases of TFT and TF2T 1 it does this randomly.

1tit-for-tat and tit-for-two-tats, see section 3.3

14



5 Simulation Results and Discussion

5.1 No Migration

5.1.1 Defect or Cooperate

In contrast to [6], in our experiment we had a long term bank account for each agent.
Therefore, as a first step, we tried to investigate what impact this would have, at first
without migration and the new strategies.

Setup The setup was exactly the one one can see in the default parameters.m file (8.1.1),
except that no noise was used, and we have T/R/S/P set to 2/1/-1/-2. The reason for
this is that we want to see whether the agents long term income is positive or negative,
and not just what they earn relative to each other. One third of the field is empty, the
rest is occupied with random cooperators and defectors.

Using a field of 30 times 30 squares over a time period of 100 steps, our simulation
produced the results than can be seen in Figure 4.

Interpretation It is easy to explain what happens: At the beginning every field is set
to a random value, so we have about the same number of defectors and cooperators. As
these are spatially very evenly distributed, the defectors have at first of course a much
better income, because they gain easily money from neighbour cooperators.

In 4b and 4c one can see this actually happening: The defectors have much higher
incomes at the beginning, and in the first few rounds of the game nearly all the cooperators
imitate the "successful" defectors strategy. But as soon as only very few cooperators
remain, the money of all the agents starts to drop and gets negative. You can very nicely
see this effect in the diagrams 5 and 6.

The only chance for the cooperators to survive is that somewhere an overcritical cluster
is generated at the beginning: Because they keep "supporting" each other, the cooperators
in the center are eventually more successful than the defectors. As the cooperators near
these rich other cooperators keep imitating their strategy, they eventually get better than
the defectors, too, even the ones at the edges. And, after a long enough time (4d), this
successful cooperation strategy spreads, if slowly, over the whole field.

5.1.2 Defect or Cooperate, different Conditions

Dense Field Still in the defect or cooperate case, but using different conditions, one
already obtains some different results. An example: When using a field without any free
spaces left, the effect observed in the last section is intensified: Depending on the initial
random distribution of the agents, the cooperators either die out very quickly (7c) or form
a small surviving cluster that starts growing faster than before (7f).
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Figure 4: Development of defection, cooperation over time
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That makes perfect sense: As already before, the cooperators have clearly a disadvan-
tage, as long as all the agents are evenly distributed. Because too few of the cooperators
can play together, but most of them get cheated from the defectors, they think their
strategy is not useful and become defectors too. But because in truth cooperating would
be the more useful strategy overall as 2R > T + P (see section 3.1), if even a small party
of cooperators survive, they are eventually more successful.
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Figure 7: A dense Field

Probability Parameter Another thing that can be observed is the effect of the imitation
probability p, also set in the parameters.m file. It controls what probability decides if an
agent does an imitation or not, once he has found a "richer" neighbour. Setting this value
to a higher number results in a much faster spreading of the cooperating agents, provided
that they survive in the beginning, as seen in figure 8.
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Figure 8: Dense Field, different p’s at t=30

Neumann Neighbourhood Using the Neumann Neighbourhood instead of the Moore
Neighbourhood (see section 3.2) gives pretty much the results one could expect, that’s
why no graphics for this case are provided: Having fewer neighbours to interact with,
the agents have simply lower income differences, and essentially the simulation is slowed
down. Quite similarly to using a less dense field with more free space. The outcome is a
slower decrease of the cooperators at the beginning, but also a slower spreading of them
once they’re more successful than the defectors.

Random game Another parameter we where able to set is if the whole game should be
played randomly. This means that, instead of going through all agents and playing with
all their neighbours, you choose random agents and only let them play. Doing this adds
more "unpredictability", because it is possible that some agents can play more often than
others, and only on average everyone plays once per round.

But here, too, the outcome was not much different than doing everything sequentially:
Because the initialization of the field is anyway set randomly, playing everything randomly
does not have a big impact. That’s also why we provide no images for that case, either.
The result might be different if we set very specific (and regular) initial values for the
field. One could imagine setting alternately a cooperator and a defector on the field.
Doing the game sequentially here will presumably result in a periodic behaviour, whereas
the random game would add more uncertainty.

Noise The last thing in this section that we analysed was the noise. The question was:
What happens if we add some sort of noise? Specifically, if we add the money and the
strategy noise (3.5), both set to 1%?
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The outcome was not very intuitive and gave interesting results. What we expected
was either not much change, or, because of the newer and more "instable" conditions, that
the defectors could stay stronger than the cooperators. But none of these two actually
happened: Instead, we made these observations:

1. The cooperators are growing much faster than before, and after about 200 steps
(see Figure 11) there are as much cooperators as defectors again (after the initial
decline). This is in contrast to the normal, non-noisy case, where they gained only
about 10 percent or less of the field after the same number of steps. But after this,
defectors and cooperators stay in an equilibrium for the next 800 steps, as you can
see in figure 9.

2. The average money of the cooperators is much smaller than in the normal case.
Compare the Figure 10 and 5, and you see that it now takes about 800 rounds for
them to even get above 0. But after that, they make a lot of money suddenly.

Cheating: blue, Cooperating: green, t=1000
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Figure 9: Noisy conditions

That means that the sudden appearance of defectors inside cooperators is not too bad,
because they seem to imitate the other cooperators again rather fast. On the other hand,
the defectors turning to cooperators at borders seems to be in favour of cooperating. The
spreading of cooperators is therefore not stopped, but rather accelerated. So in numbers,
the cooperators grow very fast, up to a point where we have about the same amount of
cooperators and defectors and it stabilizes.
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But while the increased number of cooperators should make this strategy profitable
among the cooperation clusters, the problem for the income is now the noise: On one
hand there are always cooperators reappearing inside cooperative clusters. As we have
seen, they won’t survive very long, but they still "steal" a lot of money each time. Also,
the money noise makes it probable for the cooperators to be forced to exchange their
money with that of a defector that is less successful. Only in the long run the noise has
a positive effect on the cooperators.

5.1.3 The four Strategies

Setup After analyzing many properties of the newly introduced bank account in the
previous section, we are now investigating our two new strategies tit-for-tat and tit-for-2-
tat. In a first attempt, we used the exact same parameters as described on page 15, with
the only difference that now all four strategies are allowed.

Observations There are several interesting observations one can make when looking at
the situation after a hundred steps. One of them is, as we can see in the strategy figure
12a and also in the time diagram 13, that TF2T performs quite well, but still is not as
successful as (only) cooperation. Looking at TFT, we see that this is a more successful
strategy than just cheating but still much worse than TF2T or cooperating.

Comparing the average money of the different strategies (Figure 14), we see that it
looks even better for TF2T: Now this strategy is nearly as good as cooperating, and TFT
is at least half way between cheating and cooperating. Another thing we observe is that
all the strategies seem to have much more money than in the two-strategies-only case
before.

When we look close at two consecutive pictures of the simulation after enough time
steps, one can see a phenomenon that only occurs in the red (TFT) regions: While in other
parts of the field most of the statuses stabilize, in the red area something else happens.
We can see this in the Figures 15a to 15f, where two parts of the image containing TFT
players are shown, after 99 and 100 time steps, and their differences.2 These two "status
images" keep alternating when the rest of the field has already stabilized: This is called
the Trembling-Hand-Problem. That means both of the red agents alternately cheat and
cooperate with each other. This can happen here because both of the agents look at
the past of the other, see that they did another thing than themselves, and choose the
appropriate status.

This can not happen with TF2T, so here a non - cyclic stabilization takes place.
2this was done using the grain extract method from the GIMP (7.1)
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(b) Statuses

Figure 12: All four Strategies
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Figure 13: Strategy development
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(a) t=99 (b) t=100 (c) diff (d) t=99 (e) t=100 (f) diff

Figure 15: Cyclic behaviour: Statuses of some TFT - agents
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Interpretation So, what is the problem with the new strategies? Why do they perform
so badly, even if they have such a fine-grained status mechanism and are able to cheat
cheaters and cooperate with cooperators?

The good thing about the new strategies is that they perform rather well in the "wild",
meaning that they adapt very good in an unfamiliar environment. That is also the reason
why the number of agents using these strategies reach relatively big numbers at the
beginning of the simulations. But once TFT and TF2T are good enough that others copy
them, their income gets worse than the cooperators income.

The reason is that inside a TFT or a TF2T cluster, much defection can remain, what
leads to an overall decreasing performance. Even worse, every time an agent copies one
of the new strategies, he sets his statuses randomly either to defect or to cooperate in all
directions. Also the cyclic TFT phenomenon described above has a similar effect. That
can not happen to the cooperation-only clusters, where the sum of incomes is therefore
highest, also because of 2R > T + P (see section 3.1).

So, the question is, how can we improve the "performance" of the new strategies? From
the observations above, we see that there are two possibilities, and we will have a look at
both of them:

1. We could insert noise, to make the environment less friendly for cooperators and
more favourable for the better adapting new strategies.

2. The initial statuses (and the ones used imitating or migrating) of TFT and TF2T
could be set to cooperating, instead of randomly either cooperating or defecting.

5.1.4 All four Strategies, different Conditions

Cooperation as Default Because of the reasons described on page 25, we repeated the
experiments, but this time with a default status of "cooperating towards all directions"
for the two new strategies. And as one can easily see in the same set of figures we used in
our previous experiment, the effect is quite remarkable. As we predicted, the spreading of
the yellow and the red strategy is extremely fast, from the beginning. And even though
cooperation-only beats TFT slightly after about 30 steps (Figure 16), the clear winner
here is TF2T. The picture is quite similar when looking at the average money of the
strategies (17): Cooperation, TFT and TF2T are all quite close, but defecting is way
below all the others.

In figures 18a and 18b we see the final strategy and status pictures after a 100 steps.
This is a situation that has stabilized mostly, except for some of the known cyclic TFT
changes.

It is clear that defecting, as a strategy or as a status, did nearly vanish. This also makes
sense: Either the defectors copy more successful strategies like TFT at the beginning,
and therefore, in this setting, start cooperating. The only other case they could still
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be defecting is that they are successful at the very beginning. If that happens, however,
other agents start to copy them, and they get surrounded by other defectors, which makes
the whole bunch of them not so successful any more. And, as it has clearly happened
here, they soon copy a better strategy. But this can only mean they start cooperating
eventually, in this setup.

TFT: red, TF2T: yellow, t=100
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(a) Strategies

Cheating: blue, Cooperating: green, t=100
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(b) Statuses

Figure 18: Default Cooperation

Noise Now the other thing that we thought might have an impact on the success of the
new strategies is the noise. And it is indeed the case that we have different results than
before, but not especially in favour of the newer strategies.

We do not show the strategy- and money-time diagrams here, as they are very similar
to the ones without noise. The biggest differences one might notice is, as it was expected,
that we have less linear and much more jagged curves in the diagrams. That’s just
because of the random strategy and money changes. However, two other things should
be mentioned anyway:

• Firstly, that during the whole time period, the differences of average money of the
four strategies are steadily decreasing. After a hundred time steps we have still the
same order as before, but the four lines are very close together.
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• This is in opposite to the strategy diagram, where the number of agents of each
strategy is shown. Here it stabilizes pretty much as it did before. With the noticeable
difference, and that’s the second thing, that in the end TFT gets even worse than
always cheating.

The final status and strategy images are now even more interesting, as you can see
in figures 19a and 19b. It is clearly visible that cheating as a status has a much higher
"success rate" than it had before. It means that noise had indeed a negative effect on
cooperation, but not as a strategy, but as a status, primarily.

Still, as a conclusion, one could say that the noise did not have the expected effect of
increasing the new strategies success significantly, but instead shifted every status a bit
more towards cheating.
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Cheating: blue, Cooperating: green, t=100
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Figure 19: Default Cooperation

Other Variations Of course, there are many other experiments and variations of experi-
ments that one could do. For some of them, it is easier to guess what the possible outcome
could be. Just like it was in the first part with only two of the strategies. For example,
doing everything randomly should not make that big a difference. Also, choosing a von
Neumann instead of a Moore neighbourhood would probably influence the experiment in
a way very similar as before.
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But there are various other parameters one could change, and for many of them it is
not clear what would happen.

• For example, as we did in the experiment on page 18, we could change the probability
for imitation to a bigger or smaller value. It is hard to guess what exactly the effect
of that would be.

• Another thing to look at could also be the four parameters T, R, P and S that we
left unchanged until now. One could imagine setting them all to a value above zero,
or changing the relative weight of the one to the others. Here, too, it is totally
undetermined what results we would get.

• As for variations, we only looked at one specific noise case in our experiments. We
could now increase or decrease the noise, or only use the one of our two noises.

• Last but not least, there is the grid size that was fixed to 30 in all these simulations.
Using a bigger (or a smaller) field would certainly also make a difference.

Apart from that, there are of course also parameters that we implicitly set to certain
values in the program code. Like the number of agents of the different strategies that
are placed at the beginning. We gave each of the two (or four) strategies an equally big
part of the field at the beginning. But another possibility would be to have only a small
number of cooperators. This could show if cooperation is still as successful when it has
worse starting conditions.

5.2 Migration

In the second experiment series we want to try now to find out what happens if we
allow our agents to migrate from one place to another. We again will start with different
random starting conditions and then see how the strategies develop over time, how much
the individuals of each strategy earn, if there are clusters formed and what happens when
we add noise.

In this section we will just explore a subset of the parameters of our simulation. As
we have seen before, the results don’t change significantly if change the neighbourhood
definition (Moore or von Neumann), the update mode (random or sequential) or the pay-
offs (T, P, R, S). That’s why we let these parameters fixed (see table 2 and concentrate
on the migration strategy (concrete or hypothetical), on the start conditions (50% free
space or 20% free space) as well as on the noise parameters (no noise, 1% strategy and
money noise).

5.2.1 Concrete Migration

First of all we want to look at the effect of concrete migration.
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T Temptation 2.5
R Reward 2.0
P Punishment 1.0
S Sucker’s Pay-off 0.5
r Migration Radius 3
q Migration Probability 0.5
p Imitation Probability 0.1
RANDINIT Random Number 111

Table 2: Parameters for Migration experiments

No Noise We start without any noise. As we can see in figure 20, the TFT agents (in
red) are not able to form clusters and eventually even die out when we let the simula-
tion run for a little longer. Also the cheaters (blue) lead a very difficult life. They can
only survive in very small clusters (typically line-shaped) as they need some cooperating
neighbours (green) to make enough money. Obviously the cheater-clusters can only sur-
vive if surrounded by cooperators. The cooperators and TF2T (yellow) clusters are quite
stable, but the number of cooperators is always significantly higher. What is interesting
is that the TFT agents start to have a very high average bank account in the dense case
(20% free space), but only when their number decreases (compare to figure 21). Though,
this cannot prevent them from dying out (from which we can conclude that their direct
neighbours have even more money).

With Noise The results change a little if we add 1% strategy and money noise (figure
22). The agents are moving faster (as they change their strategy more often) and cluster
building is possible but mostly only for a certain time period. However, we can see that
we have a (not totally strict) ordering of strategies as far as their amount is concerned
(see figure 23). Cooperators (green) have the most agents, followed by TF2T (yellow),
TFT (red) and cheaters (blue). Although, TFT and the cheaters sometimes nearly die
out, they can resurrect because of the strategy noise.

5.2.2 Hypothetical Migration

Now let’s see what happens if we apply the fictive play (hypothetical migration).

No Noise Let’s again start without noise and look at the results (figure 24). The
change which is really obvious with the new strategy is that there are no loner agents.
It seems that the agents realize that they win most if they have as many neighbours
as possible. Hence, a very strong (and very stable) clustering is establishes. With the
hypothetical migration agents migrate less as they check their possibilities very carefully.
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Figure 20: Migration strategy concrete, no noise
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(a) Evolution of money

Figure 21: Migration strategy concrete, no noise, 20% free space
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(b) 20% free space

Figure 22: Migration strategy concrete, with noise
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Figure 23: Migration strategy concrete, with noise, 50% free space
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They wouldn’t go near cheaters (even if they have a lot of money) as they see that they
wouldn’t earn much there.

Another phenomenon we can see here is the segregation: Within the clusters we have
sub-clusters that are separated very strictly from one another. This is due to imitation.
Hence we could say that we have a lot of migration in a first phase (cluster forming) and
imitation in a second phase (cluster segregation). This second phase could also be called
the "norming" phase as every sub-cluster has to decide, which strategy it wants to play.

Again we have an ordering of the strategies in the number of their members: cheaters
(green) > TF2T (yellow) > TFT (red) > cheaters (blue). When it comes down to the
money every strategy group is making, we have nearly the same ordering, with the ex-
ception that the cheaters can sometimes temporarily make more money than others.
(compare to figure 25).
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Figure 24: Migration strategy hypothetical, no noise

With Noise To finish this experiment series we add again a random noise of 1% each
(result are show in figure 26). The nice thing we can observe here is that the noise doesn’t
change the result so much. It is obvious that the segregated clusters are always "dirtied"
by some agents that don’t fit, but they just changed their strategy because of the noise
and normally turn back to what they were before after a certain time period. This also
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(a) Evolution of money

Figure 25: Migration strategy hypothetical, no noise, 50% free space

results in a strategy-time evolution relatively stable, what can be seen in figure 27.

5.2.3 Migration without Imitation

As we have already claimed in section 5.2.2, migration leads to clustering but not to
segregation. But is this really true? The empirical prove is given in figure 28. As
we can see, clusters are formed, but they have a wild-coloured shape (which is really
nice to watch but has nothing to do with segregation). Agents can move around and see
where the best places are, but these places don’t have to be places where the own strategy
dominates. In contrary: the good places are places mostly dominated by friendly strategies
(especially cooperators) and hence everybody tries to move there (without respect to the
own strategy).
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Figure 26: Migration strategy hypothetical, with noise
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Figure 27: Migration strategy hypothetical, with noise, 20% free space
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Figure 28: Migration strategy hypothetical, no imitation, free space 50%
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6 Summary and Outlook

6.1 Influence of Bank Account

The introduction of a bank account function allows us to measure the long-term success
of a certain strategy. Using the iteration of the game we allow agents to observe others
and to react to their previous actions, which is not possible if we just have cooperators
and cheaters. This leads, as we have seen, to better conditions for cooperators. They can
loose a lot of money in the beginning (if they have a lot of cheating neighbours), but if
a critical cluster of cooperators survives, they will earn more money than cheaters and
eventually the cheaters will imitate their strategy and become cooperators. So the bank
account function makes cooperators stronger and cheaters weaker.

6.2 Influence of other parameters

The fact that parameters (like neighbourhood definition or update-order) don’t have a
great impact on the experiment (at least in the case of only the two "trivial" strategies)
was quite surprising to us. However, we have seen that the impact becomes bigger if we
introduce more strategies and a wider migration radius.

6.3 TFT and TF2T

Another quite surprising fact was that TFT performs this badly and sometimes comes
near to dying out. This becomes even worse in the migration scenario. A reason could
be that we changed the initialization of the strategy so that 50% of the players start with
cheating. When we have a cluster of TFT players where half of them cheats at even time
steps, they provoke the other half to cheat at odd time steps and hence everybody is
losing quite a lot of money. However, we have seen a significant improvement in section
5.1.4, when we turned the TFT into the original mode of starting with cooperation.

On the other hand the TF2T strategy seems to be very successful as it covers this
"Trembling-Hand-Problem". This also corresponds to Axelrod’s first tournament where
most of the strategies were friendly (as in our setup) and TF2T would have won if it would
have taken part. However, in Axelrod’s second tournament TF2T didn’t win although
it was present. This was because that time there were more "mean" strategies and the
TF2T lost a lot of money because of these guys.

Hence, one possible extension of our simulation would be to introduce more strategies
and especially more mean or unforgivable strategies, like e.g. Friedmann or Joss [2].
One could even introduce a random-strategy which just cooperates or defects at random,
inserting another sort of noise into the game.
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6.4 Influence of Migration

As we have seen, migration leads to a strong clustering of agents. This is kind of obvious
when we see that the pay-off parameters in these experiments were chosen to be all
positive. In a setting like this, agents can make more money by playing (even when
losing) than by not playing at all. The segregation within the clusters (meaning that we
got different clusters for all strategies) is due to imitation. This can be observed if we
prohibit imitation and just allow migration.

What we can also see is that the cluster size depends mostly on the migration strategy.
When we use the hypothetical migration, several comparably small clusters are built. On
the other hand the cluster size with concrete migration is quite high, sometimes we even
get one big cluster. One can also see that the migration speed is also higher while using
concrete migration as everybody is "running fast for the money". However, when we
combine the concrete migration with some random noise, the agents are moving fast and
there are only "temporary" clusters. On the other hand, adding noise to an experiment
with hypothetical migration doens’t change the results much.

We are quite sure that the migration radius would also have an impact on the cluster
size, but we weren’t able to include this in our work as a linearly rising radius leads to
a quadratically rising computation time and hence the experiments consume much more
time.

6.5 Possible Extensions of the Model

As we have already mentioned it would be really interesting to extend the model with
some additional strategies. From the programmer’s point of view it would also be worth
thinking of the designing strategies in an object- oriented way. The same is true for initial
conditions. While we just used randomly-spread starting configurations one could also
image to program different initiator-classes to describe several starting scenarios like a
circle of cooperators with one defector in the middle or things alike.

Another extension could be to measure things, we didn’t do so far (i.e. to program
new aggregators). These could be:

• average income comparison (instead of average bank account)

• tracing of a single agent

• marking newly migrated agents

• marking newly "converted" agents
Obviously it would also make sense to introduce more kinds of noise, e.g. by random

agents (as we have seen just before) or to introduce errors (agents that in every x-th step
decide wrong).
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7 References

7.1 Software

• Matlab 7.7.0.471 (R2008b) by The MathWorks, Inc. Used for the simulation.
(http://www.mathworks.com)

• M-code LaTeX Package by Florian Knorn. Used for syntax highlighting in LaTeX.
(http://www.mathworks.com/matlabcentral/fileexchange/8015-m-code-latex-package)

• matlabfrag by Zebb Prime. Used to create matlab-embeddable graphics from matlab
figures.
(http://www.mathworks.com/matlabcentral/fileexchange/21286-matlabfrag)

• GIMP 2.6.7, the GNU Image Manipulation Program. Used for image editing.
(http://www.gimp.org/)
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8 Appendix

8.1 Main files

8.1.1 parameters.m

1 N = 30; % grid width
2 Tmax = 100; % number of iterations
3

4 T = 2.5; % Temptation
5 R = 2; % Cooperation
6 P = 1; % Punishment
7 S = 0.5; % Sucker's Payoff
8

9 UPDATE = 'sequentially'; % choose 'randomly' or 'sequentially'
10 NEIGHBOURS = 'Moore'; % choose 'Moore' or 'Neumann'
11

12 MIGRATION = 'off'; % choose 'off' or 'on'
13 MIGSTRAT = 'hypothetic'; % 'hypothetic' (hypothetic money win in that region)
14 % 'concrete' (average bank account of neighbours)
15 q = 0.5; % probability of migrate to another place
16 r = 3; % migration radius
17

18 IMITATION = 'on'; % choose 'off' or 'on'
19 p = 0.1; % probability of imitate anther agent
20

21 RANDINIT = 111; % random number seed, used to generate repeatable
22 % results
23 MONEY_NOISE = 0.01; % percentage of agents that switch money after
24 % each round
25 STRATEGY_NOISE = 0.01; % percentage of agents that choose random strategy
26 % after each round
27

28 AGGREGATORS = {
29 strategyAggregator(N, false)
30 statusAggregator(N, NEIGHBOURS, false)
31 moneyTimeAggregator(N, Tmax, true)
32 strategyTimeAggregator(N, Tmax, true)
33 };
34

35 % Possibilities:
36 % * strategyAggregator(N, ENDONLY)
37 % * strategyAggregatorMovie(N) => saved as "movie.avi"
38 % * strategyTimeAggregator(N, Tmax, ENDONLY)
39 % * statusAggregator(N, NEIGHBOURS, ENDONLY)
40 % * moneyAggregator(N)
41 % * moneyTimeAggregator(N, Tmax, ENDONLY)
42 % ENDONLY => 'false' means show all steps, 'true' means only last picture is drawn
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8.1.2 main.m

1 % Load parameters
2 parameters
3

4 % The matrix M is interleaved, meaning we find the status of an individual
5 % (i,j) in the cell (i,3*j−2), its bank account in the cell (i,3*j−1) and its
6 % strategy in cell (i,3*j).
7

8 % Status:
9 % The actions (cooperating or cheating) taken towards each neighbour are

10 % encoded in an integer where the nth bit is 1, if the last actions towards
11 % neighbour n was cheating and 0 otherwise.
12 % The first neighbour is the one two the right, then the other neighbours are
13 % enumerated anti−clock−wise.
14

15 % Strategies:
16 % 1: cell is empty
17 % 2: agent is always cheating
18 % 3: agent is always cooperating
19 % 4: agent plays tit−for−tat
20 % 5: agent plays tit−for−2−tat
21

22 % error_checking:
23 if (¬strcmp(MIGRATION,'on') && ¬strcmp(IMITATION,'on'))
24 msg = 'At least one of the two parameters MIGRATION and IMITATION';
25 msg = [msg, ' should be turned on!'];
26 error(msg);
27 end
28 if (r<1 || N<1 || Tmax<1)
29 % error('r, N and Tmax must be strictly positive!');
30 end
31 if (p<0 || p>1)
32 error('p must be between 0 and 1!')
33 end
34 if (q<0 || q>1)
35 error('q must be between 0 and 1!')
36 end
37 if (STRATEGY_NOISE<0 || STRATEGY_NOISE>1)
38 error('STRATEGY_NOISE must be between 0 and 1!')
39 end
40 if (MONEY_NOISE<0 || MONEY_NOISE>1)
41 error('MONEY_NOISE must be between 0 and 1!')
42 end
43

44 if (¬strcmp(NEIGHBOURS,'Neumann') && ¬strcmp(NEIGHBOURS,'Moore'))
45 error('NEIGHBOURS should be eitner Neumann or Moore!')
46 end
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47

48 if (¬strcmp(MIGSTRAT,'concrete') && ¬strcmp(MIGSTRAT,'hypothetic'))
49 error('NEIGHBOURS should be eitner Neumann or Moore!')
50 end
51

52 format compact;
53

54 % define neighbourhood
55 if (strcmp(NEIGHBOURS,'Neumann'))
56 [neighbourhood, directNeighbours] = vonNeumann(r);
57 numberOfNeighbours = 4;
58 else
59 [neighbourhood, directNeighbours] = moore(r);
60 numberOfNeighbours = 8;
61 end
62

63 % initialization
64 M = zeros (N, 3*N);
65

66 % Strategies are initialized to 1 (empty cell)
67 M(:,3:3:3*N) = 1;
68

69 % Set random seed
70 RandStream.setDefaultStream(RandStream('mt19937ar', 'seed', RANDINIT));
71

72 % count number of agents, for noise!
73 num_agents = 0;
74

75 % set random strategies:
76 rn = 0;
77 for i=1:N
78 for j=1:N
79 rn = floor(8*rand());
80

81 % field not empty, count agent
82 if rn ≤ 3
83 num_agents = num_agents + 1;
84 M = setStrategy(M, i, j, rn+2);
85 end
86 end
87 end
88

89 % M1 and M2 are used to save the last two iterations
90 M2 = M; M1 = M;
91

92 % set time to 0
93 t=0;
94

95 % first call of aggregators, t=0, nothing played yet
96 for k = 1:length(AGGREGATORS)
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97 AGGREGATORS{k}.process(M,t)
98 end
99

100 % time iteration (main iteration loop)
101 for t=1:Tmax
102 if strcmp(UPDATE,'randomly')
103 for k=1:(N*N/2)
104 % determine agent who does imitation
105 found = false;
106 while (¬found)
107 i = ceil(N*rand());
108 j = ceil(N*rand());
109 if (M1(i,3*j)>1)
110 found = true;
111 end
112 end
113 % do random imitation of one cell
114 play
115 end
116 else
117 % do sequential iteration of all cells
118 for i=1:N
119 for j=1:N
120 play
121 end
122 end
123 % Save history (switch only if not doing everything randomly!)
124 M2 = M1; M1 = M;
125 end
126

127 % money noise, switch MONEY_NOISE/2 percent times two money values
128 for i=1:(num_agents*MONEY_NOISE/2)
129 % determine first agent that does switch
130 found = false;
131 while (¬found)
132 i1 = ceil(N*rand());
133 j1 = ceil(N*rand());
134 if (M(i1,3*j1)>1)
135 found = true;
136 end
137 end
138 % determine second agent that does switch
139 found = false;
140 while (¬found)
141 i2 = ceil(N*rand());
142 j2 = ceil(N*rand());
143 if (M(i2,3*j2)>1)
144 found = true;
145 end
146 end
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147 % switch money values
148 tmp = M(i1,3*j1−1);
149 M(i1,3*j1−1) = M(i2,3*j2−1);
150 M(i2,3*j2−1) = tmp;
151 end
152

153 % strategy noise, choose STRATEGY_NOISE percent times a new random strategy
154

155 for i=1:(num_agents*STRATEGY_NOISE)
156 % determine agent that does switch
157 found = false;
158 while (¬found)
159 i = ceil(N*rand());
160 j = ceil(N*rand());
161 if (M(i,3*j)>1)
162 found = true;
163 end
164 end
165

166 % set strategy to random value
167 rn = floor(4*rand());
168 M = setStrategy(M, i, j, rn+2);
169 end
170

171 % call aggregators
172 for k = 1:length(AGGREGATORS)
173 AGGREGATORS{k}.process(M,t)
174 end
175 end
176

177 % properly deconstruct aggregators
178 for k = 1:length(AGGREGATORS)
179 AGGREGATORS{k}.finish(M,t)
180 end
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8.1.3 play.m

1 % play Prisoner's Dilenamma with each neighbour once, imitate strategies.
2 % 'Parameters': i and j (cell numbers)
3 own = M(i,3*j);
4 if (own>1) % cell must be non−empty
5 bestStrategy = 0;
6 bestAccount = M1(i,3*j−1);
7

8 for k=1:numberOfNeighbours
9 % set neighbour coordinates

10 x = mod(i + directNeighbours(k,1)−1, N)+1;
11 y = mod(j + directNeighbours(k,2)−1, N)+1;
12

13 % set update parameters for k and his neighbour
14 own1 = bitget(M1(i,3*j−2),k);
15 own2 = bitget(M2(i,3*j−2),k);
16

17 neighbour_k = mod(k+numberOfNeighbours/2−1, numberOfNeighbours)+1;
18

19 n = M(x,3*y);
20 n1 = bitget(M1(x,3*y−2), neighbour_k);
21 n2 = bitget(M2(x,3*y−2), neighbour_k);
22

23 if n > 1
24 % update bank account and status
25 [payment,ownAction] = getMoney(T,R,P,S,own,own1,own2,n,n1,n2);
26 M(i,3*j−1) = M(i,3*j−1) + payment;
27 M(i,3*j−2) = bitset(M(i,3*j−2),k,ownAction);
28

29 if strcmp(UPDATE,'randomly')
30 % update bank account and status of neighbours
31 [payment,otherAction] = getMoney(T,R,P,S,n,n1,n2,own,own1,own2);
32 M(x,3*y−1) = M(x,3*y−1) + payment;
33 M(x,3*y−2) = bitset(M(x,3*y−2),neighbour_k,otherAction);
34 end
35

36 % set imitation parameter if enabled
37 if strcmp(IMITATION,'on')
38 if (M1(x,3*y−1) > bestAccount && M1(x,3*y)>1)
39 bestAccount = M1(x,3*y−1);
40 bestStrategy = M1(x,3*y);
41 end
42 end
43

44 % do "M2 = M1; M1 = M;" but more efficient!
45 if strcmp(UPDATE,'randomly')
46 M2(x,3*y−1) = M1(x,3*y−1);
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47 M1(x,3*y−1) = M(x,3*y−1);
48 M2(x,3*y−2) = M1(x,3*y−2);
49 M1(x,3*y−2) = M(x,3*y−2);
50 end
51 end
52 end
53

54 % do "M2 = M1; M1 = M;" but more efficient!
55 if strcmp(UPDATE,'randomly')
56 M2(i,3*j) = M1(i,3*j);
57 M1(i,3*j) = M(i,3*j);
58 M2(i,3*j−1) = M1(i,3*j−1);
59 M1(i,3*j−1) = M(i,3*j−1);
60 M2(i,3*j−2) = M1(i,3*j−2);
61 M1(i,3*j−2) = M(i,3*j−2);
62 end
63

64 % imitate best agent with probability p
65 if (bestStrategy>1)
66 rn = rand();
67 if (rn ≤ p) && (M(i,3*j) 6= bestStrategy)
68 M = setStrategy(M, i, j, bestStrategy);
69 end
70 end
71

72 % do migration if necessary
73 if (strcmp(MIGRATION,'on'))
74 % do migration with agent (i,j) and probability q...
75 if (strcmp(MIGSTRAT,'hypothetic'))
76 migrate_hypothetic
77 else
78 migrate_concrete
79 end
80 end
81 end
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8.2 Helper functions

8.2.1 moore.m

1 function [nh, dns] = moore(r)
2 % returns the neighbourhood (nh) and the direct neighbours (dns) in the von
3 % Moore neighbourhood
4 dns = [1 0;1 1;0 1;−1 1;−1 0;−1 −1;0 −1;1 −1];
5 nh = zeros(4*r*(r+1),2);
6 nh(1:8,:) = dns;
7 counter = 9;
8 for i=2:r
9 for j=(−i):(i−1)

10 nh(counter,:) = [j,i]; counter = counter + 1;
11 nh(counter,:) = [−j,−i]; counter = counter + 1;
12 nh(counter,:) = [i,−j]; counter = counter + 1;
13 nh(counter,:) = [−i,j]; counter = counter + 1;
14 end
15 end
16 end

8.2.2 vonNeumann.m

1 function [nh, dns] = vonNeumann(r)
2 % returns the neighbourhood (nh) and the direct neighbours (dns) in the von
3 % Neumann neighbourhood
4 dns = [1 0; 0 1; −1 0; 0 −1];
5 nh = zeros(sum(1:r),2);
6 nh(1:4,:) = dns;
7 counter = 5;
8 for i=2:r
9 for j=1:i

10 nh(counter,:) = [i−j+1,j−1]; counter = counter + 1;
11 nh(counter,:) = [j−i−1,1−j]; counter = counter + 1;
12 nh(counter,:) = [j−1;j−i−1]; counter = counter + 1;
13 nh(counter,:) = [1−j;i−j+1]; counter = counter + 1;
14 end
15 end
16 end
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8.2.3 getMoney.m

1 function [payment,ownAction] = getMoney(T,R,P,S,own,own1,own2,n,n1,n2)
2 % this function calculates the payment for a player with strategy own, past
3 % actions own1 and own2 and neighbours strategy n with past actions n1 and n2
4

5 payment = 0; ownAction = 0;
6 % neighbour cell is empty −−> no game at all!
7 if (n==1)
8 return
9 end

10

11 switch own % determine own action
12 case 3, % always cooperating
13 ownAction = 0;
14 case 4, % tit−for−tat
15 ownAction = uint8(n1);
16 case 5, % tit−for−2−tat
17 ownAction = uint8(n1 && n2);
18 otherwise, % always cheating
19 ownAction = 1;
20 end
21

22 switch n % determine n's action
23 case 3, % always cooperating
24 nAction = 0;
25 case 4, % tit−for−tat
26 nAction = uint8(own1);
27 case 5, % tit−for−2−tat
28 nAction = uint8(own1 && own2);
29 otherwise, % always cheating
30 nAction = 1;
31 end
32

33 % determine payment
34 if (ownAction)
35 if (nAction)
36 payment = P;
37 else
38 payment = T;
39 end
40 else
41 if (nAction)
42 payment = S;
43 else
44 payment = R;
45 end
46 end
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8.2.4 setStrategy.m

1 function M = setStrategy(M, i, j, strategy)
2 if (strategy==1)
3 M(i,3*j) = 1; % Empty cell
4 M(i,3*j−2) = 0;
5 elseif (strategy == 2)
6 M(i,3*j) = 2; % Agent is always cheating
7 M(i,3*j−2) = 255; % Agent is cheating towards all directions
8 elseif (strategy==3)
9 M(i,3*j) = 3; % agent is always cooperating

10 M(i,3*j−2) = 0; % Agent is cooperating towards all directions
11 elseif (strategy==4)
12 M(i,3*j) = 4; % Agent plays tit−for−tat
13 if (rand()<0.5)
14 M(i,3*j−2) = 255;
15 else
16 M(i,3*j−2) = 0;
17 end
18 elseif (strategy == 5)
19 M(i,3*j) = 5; % Agent plays tit−for−2−tat
20 if (rand()<0.5)
21 M(i,3*j−2) = 255;
22 else
23 M(i,3*j−2) = 0;
24 end
25 end
26 end

8.2.5 migrate_concrete.m

1 % i and j are coordinates of agent who does migration
2

3 % determine value of own place
4 tempSum = 0;
5 counter = 0;
6 for k1 = 1:numberOfNeighbours
7 x1 = mod(i + directNeighbours(k1,1)−1, N)+1;
8 y1 = mod(j + directNeighbours(k1,2)−1, N)+1;
9 if (M1(x1,3*y1)>1)

10 tempSum = tempSum + M1(x1,3*y1−1);
11 counter = counter + 1;
12 end
13 end
14
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15 % initialize best values
16 bestPlace = [i,j];
17 if counter 6= 0
18 bestMoney = tempSum / counter; % average bank account of all neighbours
19 else
20 bestMoney = 0;
21 end
22

23 % explore all unused places k
24 num = length(neighbourhood);
25 for k = 1:num
26 x = mod(i + neighbourhood(k,1)−1, N)+1;
27 y = mod(j + neighbourhood(k,2)−1, N)+1;
28 if (M(x,3*y)==1) % Place must be unused
29 tempSum = 0;
30 counter = 0;
31 for k1 = 1:numberOfNeighbours
32 x1 = mod(x + directNeighbours(k1,1)−1, N)+1;
33 y1 = mod(y + directNeighbours(k1,2)−1, N)+1;
34 if (M1(x1,3*y1)>1)
35 tempSum = tempSum + M1(x1,3*y1−1);
36 counter = counter + 1;
37 end
38 end
39 if counter 6= 0
40 average = tempSum / counter;
41 else
42 average = 0;
43 end
44 if (average > bestMoney) % update best place
45 bestMoney = average;
46 bestPlace = [x,y];
47 end
48 end
49 end
50

51 % migrate if found a better place and then with probability q
52 if (sum(bestPlace == [i,j])<2) % there exists a better place
53 if (rand()≤q)
54 x = bestPlace(1); y = bestPlace(2);
55 M(x,3*y−1:3*y) = M(i,3*j−1:3*j); % copy values
56 M=setStrategy(M, x, y, M(i,3*j));
57 M1=setStrategy(M1, x, y, M(i,3*j));
58 M2=setStrategy(M2, x, y, M(i,3*j));
59 M(i,3*j−2:3*j) = [0,0,1]; % erase old cell
60 end
61 end
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8.2.6 migrate_hypothetic.m

1 % i and j are coordinates of agent who does migration
2

3 % set general parameters
4 own = M(i,3*j);
5 if (own > 2)
6 own1 = 0;
7 own2 = 0;
8 else
9 own1 = 1;

10 own2 = 1;
11 end
12

13 % determine value of own place
14 tempSum = 0;
15 for k1 = 1:numberOfNeighbours
16 x1 = mod(i + directNeighbours(k1,1)−1, N)+1;
17 y1 = mod(j + directNeighbours(k1,2)−1, N)+1;
18 if (M1(x1,3*y1)>1)
19 n = M1(x1,3*y1);
20 if (n > 2)
21 n1 = 0;
22 n2 = 0;
23 else
24 n1 = 1;
25 n2 = 1;
26 end
27 tempSum = tempSum + getMoney(T,R,P,S,own,own1,own2,n,n1,n2);
28 end
29 end
30

31 % initialize best values
32 bestPlace = [i,j];
33 bestMoney = tempSum; % hypothetic money win with all neighbours
34

35 % explore all unused places k
36 num = length(neighbourhood);
37 for k = 1:num
38 x = mod(i + neighbourhood(k,1)−1, N)+1;
39 y = mod(j + neighbourhood(k,2)−1, N)+1;
40 if (M(x,3*y)==1) % Place must be unused
41 tempSum = 0;
42 for k1 = 1:numberOfNeighbours
43 x1 = mod(x + directNeighbours(k1,1)−1, N)+1;
44 y1 = mod(y + directNeighbours(k1,2)−1, N)+1;
45 n = M1(x1,3*y1);
46 if (n > 1)
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47 if (n > 2)
48 n1 = 0;
49 n2 = 0;
50 else
51 n1 = 1;
52 n2 = 1;
53 end
54 tempSum = tempSum + getMoney(T,R,P,S,own,own1,own2,n,n1,n2);
55 end
56 end
57 if (tempSum > bestMoney) % update best place
58 bestMoney = tempSum;
59 bestPlace = [x,y];
60 end
61 end
62 end
63

64 % migrate if found a better place and then with probability q
65 if (sum(bestPlace == [i,j])<2) % there exists a better place
66 if (rand()≤q)
67 x = bestPlace(1); y = bestPlace(2);
68 M(x,3*y−1:3*y) = M(i,3*j−1:3*j); % copy values
69 M=setStrategy(M, x, y, M(i,3*j));
70 M1=setStrategy(M1, x, y, M(i,3*j));
71 M2=setStrategy(M2, x, y, M(i,3*j));
72 M(i,3*j−2:3*j) = [0,0,1]; % erase old cell
73 end
74 end
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8.3 Aggregators

8.3.1 Aggregator.m

1 % Generic Aggregator
2 classdef Aggregator < handle
3

4 properties
5 N % Size of the matrix
6 end
7

8 methods (Abstract)
9 % Generic function to process the Matrix M

10 process(self,M,t)
11 end
12

13 methods
14 % Function that should be called when object gets deconstructed.
15 % Does nothing by default
16 function finish(self,M,t)
17 end
18 end
19 end

8.3.2 FigureAggregator.m

1 % Generic Aggregator
2 classdef FigureAggregator < Aggregator
3

4 properties
5 % figure handler
6 handle
7 % show figure only at end
8 endonly
9 end

10

11 methods (Abstract, Access = protected)
12 draw(self,M,t)
13 end
14

15 methods
16 % Initialize figure
17 function init_figure(self, name)
18 self.handle=figure('Name', name);
19 end
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20

21 % Function to process the Matrix M
22 function process(self,M,t)
23 if ¬self.endonly
24 draw(self,M,t)
25 end
26 end
27

28 function finish(self,M,t)
29 if self.endonly
30 draw(self,M,t)
31 end
32 end
33 end
34

35 end

8.3.3 moneyAggregator.m

1 % Shows money in console
2 classdef moneyAggregator < Aggregator
3

4 methods
5 % Initialize aggregator with size of the Matrix
6 function self=moneyAggregator(n)
7 self.N = n;
8 end
9

10 % Generic function to process the Matrix M
11 function process(self,M,t)
12 % Show the "money" Matrix
13 money = M(:,2:3:3*self.N)
14 end
15 end
16 end
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8.3.4 statusAggregator.m

1 % Plots the states
2 classdef statusAggregator < FigureAggregator
3

4 properties
5 numberOfNeighbours % 4 or 8 ... ?
6 end
7

8 methods
9 % Initialize aggregator with size of the Matrix

10 function self=statusAggregator(n, neighbours, ENDONLY)
11 self.N = n;
12 self.endonly = ENDONLY;
13

14 if strcmp(neighbours,'Neumann')
15 self.numberOfNeighbours = 4;
16 else
17 self.numberOfNeighbours = 8;
18 end
19

20 map = [];
21 for i=0:(self.numberOfNeighbours)
22 map(i+1,:) = [0
23 (self.numberOfNeighbours−i)/(self.numberOfNeighbours)
24 i/(self.numberOfNeighbours)];
25 end
26

27 init_figure(self, 'statusAggregator');
28 colormap([1,1,1;map]);
29 end
30 end
31

32 methods (Access = protected)
33 % Function to process the Matrix M
34 function draw(self,M,t)
35 % Get cooperator matrix
36 Q=M(:,1:3:3*self.N);
37

38 % Get strategy matrix to get empty fields
39 S=M(:,3:3:3*self.N);
40 S = S − ones(size(S)); % Get 0/x Matrix
41 S = ¬¬S; % Get 0/1 Matrix
42

43 % Count number of cooperations
44 Q=arrayfun(@sum_ones, Q);
45

46 % 'Delete' empty Q fields
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47 Q=Q.*S;
48

49 figure(self.handle)
50 image(Q);
51 axis image;
52 axis equal;
53 axis([0.5, self.N+0.5, 0.5, self.N+0.5]);
54 title(['Cheating: blue, Cooperating: green, t=' num2str(t)]);
55 end
56 end
57 end
58

59 function y = sum_ones(x)
60 y=sum(dec2bin(x)−'0')+2;
61 end

8.3.5 strategyAggregator.m

1 % Plots the strategies
2 classdef strategyAggregator < FigureAggregator
3

4 methods
5 % Initialize aggregator with size of the Matrix
6 function self=strategyAggregator(n, ENDONLY)
7 self.N = n;
8 self.endonly = ENDONLY;
9 init_figure(self, 'strategyAggregator')

10

11 % set colormap: 1=white, 2=blue, 3=green, 4=red, 5=yellow
12 colormap([1, 1, 1; 0, 0, 1; 0, 1, 0; 1, 0, 0; 1, 1, 0]);
13 end
14 end
15

16 methods (Access = protected)
17 function draw(self,M,t)
18 Q=M(:,3:3:3*self.N);
19 figure(self.handle);
20 image(Q);
21 axis image;
22 axis equal;
23 axis([0.5, self.N+0.5, 0.5, self.N+0.5]);
24 ttl = 'Cheating: blue, Cooperating: green, TFT: red, TF2T: yellow,';
25 title([ttl 't=' num2str(t)]);
26 end
27 end
28 end
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8.3.6 strategyAggregatorMovie.m

1 % Record the strategies
2 classdef strategyAggregatorMovie < FigureAggregator
3

4 properties
5 mov % Movie file handler
6 end
7

8 methods
9 % Initialize aggregator with size of the Matrix

10 function self=strategyAggregatorMovie(n)
11 self.N = n;
12 self.mov = avifile('movie.avi');
13 init_figure(self, 'strategyAggregator')
14

15 % set colormap: 1=white, 2=blue, 3=green, 4=red, 5=yellow
16 colormap([1, 1, 1; 0, 0, 1; 0, 1, 0; 1, 0, 0; 1, 1, 0]);
17 end
18

19 function process(self,M,t)
20 Q=M(:,3:3:3*self.N);
21 figure(self.handle);
22 image(Q);
23 axis image;
24 axis equal;
25 axis([0.5, self.N+0.5, 0.5, self.N+0.5]);
26 ttl = 'Cheating: blue, Cooperating: green, TFT: red, TF2T: yellow,';
27 title([ttl 't=' num2str(t)]);
28 self.mov = addframe(self.mov,getframe);
29 end
30

31 function finish(self,M,t)
32 self.mov = close(self.mov);
33 end
34 end
35

36 methods (Access = protected)
37 function draw(self,M,t)
38 end
39 end
40 end
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8.3.7 strategyTimeAggregator.m

1 % Plots the strategies
2 classdef strategyTimeAggregator < FigureAggregator
3

4 properties
5 Strats % Matrix strategies/time
6 end
7

8 methods
9 % Initialize aggregator with size of the Matrix

10 function self=strategyTimeAggregator(n, tmax, ENDONLY)
11 self.N = n;
12 self.Strats = zeros(5,tmax);
13 self.endonly = ENDONLY;
14

15 init_figure(self, 'strategyTimeAggregator');
16 end
17

18 % Generic function to process the Matrix M
19 function process(self,M,t)
20 self.Strats(:,t+1)=sum(hist(M(:,3:3:3*self.N),1:5),2)';
21

22 process@FigureAggregator(self,M,t);
23 end
24 end
25

26 methods (Access = protected)
27 function draw(self,M,t)
28 figure(self.handle);
29 clf;
30 hold all;
31 plot(0:t,self.Strats(2,1:(t+1)),'b');
32 plot(0:t,self.Strats(3,1:(t+1)),'g');
33 plot(0:t,self.Strats(4,1:(t+1)),'r');
34 plot(0:t,self.Strats(5,1:(t+1)),'y');
35 legend('Always cheating', 'Always cooperating', 'TFT', 'TF2T');
36 xlabel('time');
37 ylabel('number of agents')
38 end
39 end
40 end
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8.3.8 moneyTimeAggregator.m

1 % Plots the average money of a strategy over time
2 classdef moneyTimeAggregator < FigureAggregator
3

4 properties
5 Strats % Matrix strategies/time
6 end
7

8 methods
9 % Initialize aggregator with size of the Matrix

10 function self=moneyTimeAggregator(n, tmax, ENDONLY)
11 self.N = n;
12 self.Strats = zeros(5,tmax);
13 self.endonly = ENDONLY;
14

15 init_figure(self, 'moneyTimeAggregator');
16 end
17

18 % Generic function to process the Matrix M
19 function process(self,M,t)
20

21 % Get strategy matrix
22 S=M(:,3:3:3*self.N);
23

24 % Get the "money" matrix
25 money = M(:,2:3:3*self.N);
26

27 tmp = [0,0,0,0,0];
28

29 for i=1:self.N
30 for j=1:self.N
31 tmp(S(i,j)) = tmp(S(i,j)) + money(i,j);
32 end
33 end
34

35 counter = sum(hist(S,1:5),2)';
36

37 % Do not divide by 0!
38 for i=1:5
39 if counter(i) == 0
40 counter(i) = 1;
41 end
42 end
43

44 tmp=tmp./counter;
45 if sum(abs(tmp)) 6= 0
46 self.Strats(:,t+1)=tmp./sum(abs(tmp));
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47 else
48 self.Strats(:,t+1)=tmp;
49 end
50

51 process@FigureAggregator(self,M,t);
52 end
53 end
54

55 methods (Access = protected)
56 function draw(self,M,t)
57 figure(self.handle);
58 clf;
59 hold all;
60 plot(0:t,self.Strats(2,1:(t+1)),'b');
61 plot(0:t,self.Strats(3,1:(t+1)),'g');
62 plot(0:t,self.Strats(4,1:(t+1)),'r');
63 plot(0:t,self.Strats(5,1:(t+1)),'y');
64 legend('Always cheating', 'Always cooperating', 'TFT', 'TF2T');
65 xlabel('time');
66 ylabel('money (relative)')
67 end
68 end
69 end
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