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1 Individual contributions/improvements to last year’s re-
port

The development of the code and the writing of the report was all done by me. The
code was written from scratch and doesn’t include anything copied from somebody
else’s work. The code is stand-alone software and doesn’t rely on any external li-
braries. The idea of the model completely comes from the paper of Cederman (2003).
R. Kundert worked on the same topic when this course was given last year. His re-
port (Modeling the size of war with Matlab, by Robinson Kundert) and source code
were of great help. Although Kundert did a great job at writing a complicated code
like this in a short time, there were some major flaws/shortcommings in the code
he developed. All of these are solved in the present study. The most significant
improvements compared to last year’s report are:

* The code is (fairly) efficient. The time it takes to reach the end of a calculation
(10.500 time steps) depends on how the system develops (how many states form,
how many cells are at the border of a state, how many attacks there are, ect.) but
on average a full run takes about 30 to 45 minutes to perform on a laptop. The code
developed by Kundert needed several hours to do this.

* The code is more flexible. Kundert’s code had almost all parameter value’s hard-
coded inside each routine where they are used. This makes it hard to test/debug
anything since each calculation has to run on the full grid and has to use all complex-
ities of the code that are implemented. In the code developed this year, all parameter
values can be set at the top of the main file. Very useful is that the code works with
any size of the grid. This allows the user to quickly test newly implemented features
on a small grid without needing to run a full calculation. Some switches are included
to include/exclude several functions. The user can, for example, choose to let the
system pick a new capital if it is taken or let the whole state collapse when this
happens, or switch off the use of mobile resources or not allowing a state to become
separated by changing one input parameter only.

* The code is complete. All features of the code described by Cederman (2003) are
included. The details of some features were not clearly described in the paper so
here I guessed the most logical solution, or implemented several possible solutions.
When this was the case is discussed in the section Discussion. The code developed
by Kundert missed some key features such as the ”war tracking algorithm” and the
collapsing of states when a capital is taken or when provences/cells become separated
from the capital.

* The code is robust. It never crashes or stops with an error. Note that this is a
bold statement to make and one can never be sure that it is correct. However, I



never saw the code crash in the approximately 40 runs I performed with the latest
version. In these I varied almost all parameters including: size of the grid (both
square and rectangular shape), number of initial states, probability to attack, the
distance function on how to gather/distribute resources, the technological develop-
ment function and how to deal with a state that loses it’s capital or when part of a
state becomes separated from the rest of the state. The code developed by Kundert
regularly crashed after several hundred/thousand time steps.

2 Introduction and Motivations

The size of wars and the cumulated frequency at which they occur have a strong
relation. More precise, the casualty levels of wars are power law distributed. Mean-
ing that the size of a war is inversely proportional to it’s frequency (See Figure 1).
A model on war dynamics should be able to produce this relationship. Preferably
with the observed exponent of about —0.41. One needs to keep in mind that a fit
to these observations alone doesn’t necessarily mean that the dynamics of the sys-
tem are modeled correctly. To fit a power-law generally is a very weak constraint.
Nevertheless, the observation is very sound and arguably the most rigid one we have
about wars.

Cederman (2003) was the first to come up with a model that could produce this
type of relation between the size of a war and the frequency (or probability) with
which it happens. His reasoning is based on self-organised criticality. Saying that
a self-organising system, in which actions and evolution is based on thresholds, can
produce a scale free phenomenon (such as the frequency of wars). By doing so he
started to build an underlying theory about the frequency of wars.

The main goal of the present study is to reproduce the findings of Cederman (2003)
using a newly developed Matlab code. Since this code is quite extensive not much
time is spend on extending the code further then reproducing Cederman’s results,
although some efforts have been made.

As for any university course, learning is an important part of this project as well.
Having a background in geophysics and not in sociology I can be very happy having
been able to write a Matlab code which comes very close to reproduce the results of
a recent paper in sociology. Using agent based modeling to attack a long standing
puzzle.
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Figure 1: The cumulative frequency versus severity of interstate wars. The line drawn
through the data shows that P(S > s) = 1.27 s~ 4! fits the data very well.



3 Description of the Model

The first thing that is done is creating the battlefield. Usually a square grid of 50 by
50 cells is used with a number of states on them, initially 200. Each state consists
of at least two provinces (cells), and one of the provinces of each state acts as the
state’s capital. An example of an initial battlefield is shown in figure 2.
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Figure 2: (a) Shows an example of an initial battlefield on a 7 by 7 grid. Five different
states are present, indicated by the different colors. Figure (b) shows the same battlefield
with the location of the capital of each state indicated with a slightly different color.

Each time step, the states will interact with their neighbors and might attack a
province of a neighboring state. If they do and win the fight the province will be
taken and becomes part of the attacking state. In this way the boundaries of the
states migrate over the battlefield and states can grow or shrink over time. If a state
loses it’s last province the state simply disappears. In this way the total number
of states can decrease over time. Whenever a state loses the province that holds
it’s capital the state disappears and all other of it’s provinces regain sovereignty, i.e.
form small new states. If any provinces lose connection to the province that holds
the state’s capital, then these disconnected provinces regain sovereignty. In these
two ways the total number of states on the battlefield can increase over time. Figure
3 illustrates these cases.

The strength of a state is determined by the number of provinces it occupies. At
the start of each time step each province has to pay ”tax” to it’s state. The amount
of tax that each province can contribute depends on the distance to the capital.
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Figure 3: Overview of the possible changes in a battlefield. See figure 2 for an overview of
the initial battlefield and the locations of the capitals. Figure (a) shows how state number 1
(dark blue) took over a provence from state number 5 (red color). The provence at location
5,3 now belongs to state number 1. Figure (b) shows how the take over of provence 6,3
(from state 5 to state 1) leads to the separation of state 5. The provinces below the taken
province are no longer connected to the capital of state 5 and all form new small states
(regain sovereignty). The rest of state number 5 stays intact. This evolution increased the
total number of states on the battlefield. Figure (¢) shows that two of the newly formed
states are captured by state number 1 (provinces 5,1 and 6,1). Hereby the total number
of states is reduces again. Figure (d) shows the collapse of state number 5. It’s capital
(province 6,7)) is taken by state number 2 (blue), leaving all the remaining provinces of
state number 5 to regain sovereignty.



Provinces far away can contribute only a small fraction of the amount contributed by
provinces close to the capital. To model technological change the function describing
this distance dependent tax is updated shock-wise. Allowing states that experienced
a technological change to draw more taxes from provinces far away from it’s capital.

After taxes are collected each state distributes it’s resources among it’s borders to
protect it’s provinces from attacks or to attack and possibly conquer more provinces.
Half of the state’s resources are distributed evenly over all it provinces that border to
another state so that each province that might be attacked has some resources to pro-
tect itself against an attack. The other half of the resources is distributed depending
on the strength and aggression of the neighboring states. The most resources will be
brought to the provinces that border a strong (rich) opponent that attacked in the
previous time step. Distribution of resources follows the same distance-dependance
to the capital as gaining taxes does.

Once the resources are allocated to the provinces the states can decide to attack
a neighboring province. When a state is in "peace mode” it has a small random
probability that it will attack one of it’s neighbors and go into ”"war mode”. Once
a state attacks it has a high probability to stay in "war mode” the next time step.
When a state is attacked it will immediately enter war mode and try to attack it’s
attacker the next time step. Once a province has been taken all states that border
the attacking or defending state will go in ”alert mode”, meaning that they are more
likely to attack as well. Whether or not a state attacks then depends on the strength
of it’s province and the strength of the province to attack (the strength of a province
equals the amount of resources it has). When the difference is high enough in the
advantage of the attacker an attack will follow. Whether or not the attacker actually
wins the fight depends on the difference in strength of the provinces.

Whenever a province has been taken after a fight, damage has been done to de
losing state. The amount of damage depends on the local strength of the attacker.
Any state which has suffered damage has to pay for that from it’s resources, leaving a
state which lost a province weaker the next time step. The size of a war is measured
by the cumulated amount of damage done within one war. A war is specified by
a cluster of combats following each other rapidly between the same or neighboring
states. This allows us to measure the size of each war and the frequency with which
they happen. This we can compare to the data from the real world plotted in figure
1.
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4 Implementation

The code WarHek consists of 16 files. The total number of lines is about 1300. This
includes comments. The main program is saved in the file WarHek.m which is about
140 lines long. From this file all other routines are called which are saved in separate
files. Whenever a routine in a file other then WarHek.m uses a function this function
is saved at the end of the file itself. Thanks to this structure the main program calls
many routines in other files but these never use anything that is not written within
that file. Also the main program is fairly short and clear which makes it easy to get
a first order understanding of how the code operates. The program can be executed
by running the script in the file WarHek.m or by typing ”WarHek” in the Matlab
command line. After a calculation is finished type ”PlayMovie” and ”PlotSize” to
see the results. While the code runs it prints the time step and the number of states
on the battlefield to the screen. This way one can easily track the progress of the
calculation. Any changes in the number of states is also announced in a line. i.e.
”State collapsed”, ”State vanished” or ”State separated”.

4.1 Input parameters and initialization

All input parameters are gathered at the top of the file WarHek.m. The parameters
are the same as the ones used by Cederman (2003). See this paper for an overview.
One more parameter is introduced, propAttackRes, which is discussed in the para-
graph ” Allocate the resources”.

The initialization of the battlefield is done in the file "BattlefieldHek.m”. The size
of the battlefield is defined after which the capitals are placed at random locations
on the battlefield. Some provinces next to the capitals are included in the states so
that each state starts as a composed state, i.e. has more the only the province of
the capital. After this the rest of the battlefield is filled with the states which grow
from the capital. This results in a random initial configuration of the battlefield.
The matrix ”battlefield(1:nx,1:ny,1:2)” holds the geometry and locations of states
and capitals which is passed around throughout the code.

4.2 Time stepping

Once initialization is complete the code can begin taking time steps until the end of
the calculation is reached (as default after 10.500 time steps) . Each time step the
following actions are taken:

1) Update the resources that each state has. The amount of resources that a state
has depends on the number of provinces it has, their distance to the capital, the
technological level of the state and the amount of damage it got from combat in the
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previous time step.

2) Distribute (allocate) the resources of each state to the provinces that share a
border with a neighboring state. Part of each state resources is evenly distributed
over these provinces and the rest is distributed according to the local strength of
possible opponents.

3) Make decisions on wether or not to attack. If a states decides to attack then decide
which province it will attack from which province. The decision to attack depends
on the "alerted state” of the state (peace, alerted or at war) and on the local power
balance between it’s provinces and these of it’s neighbors.

4) Deal with the combat and see if a state that attacked wins the fight or not. Also
this is when damage is done to an attacked state. This damage will be deducted from
the total amount of resources this state gets the next time step. The total damage
done also counts for the size of a war. The size of wars is calculated in this phase.
5) Update the battlefield. All provinces that have been attacked and are lost to an
other state switch state here. If that results in separation or collapse of the state
the battlefield changes even more. Old states can disappear and new states can be
created by this process.

Update the resources The total amount of resources for each state is calculated in
the file TaxHek.m. The technological level of each state determines how well distant
provinces are connected to the capital and thus how much tax they can pay and how
much resources can be spend on them.

The technological level is initially the same for all states, set to 2 as default
(parameter distTresh). And might increase to a maximum value of 20 (parame-
ter shockSize). Every time step each state has a probability of 0.0001 (parameter
pShock) of increasing it’s technological level to the maximum possible at that time
step. This maximum increases linearly each time step so is 20 at time step 10.500
and (20 + 2)/2 = 11 half way the calculation. No technological updates are allowed
in the initial phase (the first 500 time steps). Each provinces pays:

0.9
(1 + (distance/distThresh (tech — level))g) ’
where 0.1 is set by the parameter distOffset and ”distance” is the distance to the

capital. How this distance is specified in the code of Cederman (2003) is not clear
from the paper. In WarHek it is the shortest distance, i.e;

Taxr =0.1+

(1)

. 0.5
distance = ((xprovince - xcapital>2 + (yprovince - ycapital)2) ) (2)

In order to try to get results closer to the ones found by Cederman (2003) one
could rewrite this distance. For example one could use the shortest distance following
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only provinces of the state itself, i.e. not crossing territory that does not belong to
the state. My guess is this would not help much since now the big states have the
most advantage. To get results closer to the ones of Cederman (2003) the big states
need to get additional advantage, not more disadvantage. In updating the resources
a delay is build in so that the total resources of a state can not change to fast. This
works through the parameter "resChange”. This is kept at a value of 0.01, making
sure all changes in resources are kept small each time step.

Allocate the resources The resources of each state are divided into two parts.
A fixed part and a mobile part. The ratio of the two is defined by the parameter
propMobile, set to 0.5 as default, meaning that the fixed and mobile part are of equal
size. The fixed part of the resources is distributed evenly among all provinces of the
state that share at least one border with a province of an other state. The mobile
part is distributed differently. More resources are send to provinces that border a
state which attacked, or was attacked by, the state. Also, how many mobile resources
are send to each province depends on the strength of the neighboring provinces of
other states. How this is done in WarHek might deviate from how it is done in the
code of Cederman (2003). Since in his paper not enough information is given about
the details on how this distribution is implemented. The example given in the paper
of Cederman (2003) must contain an error since more then the total resources of the
state are allocated to it’s provinces. I guessed what would seem the most logical
strategy. Here is how it is done in WarHek:

1) If the state was not attacked or did not attack during the previous time step,
then the mobile resources are distributed according to the sum of the strength of the
neighboring province of an other state. The strength of the neighboring provinces is
determined by looking at the amount of the already allocated fixed resources to this
province.

2) If the state was attacked by, or did attack, an other state during the previous time
step. Then all provinces that border to at least one province of a state that it is at
war with receive more resources. How much more resources these provinces receive
is set by the parameter ”propAttackRes”, a parameter not mentioned by Cederman
(2003). I chose this parameter to be 10 by default. Meaning that the provinces that
border to a state with which there is a war get 10 times more mobile resources then
the other provinces (which face an opponent of equal strength).

Calculate the power balance Once all states allocated their resources to the
provinces the states have to decide if they want to launch an attack. If they want to
they have to decide which province of which state they will attack. Once all states
have chosen which province they will attack (if any) we have to see if the state will
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win the fight or not. These decisions and the outcome of an attack depend heavily
on the (local) power balances between states. The power balance is calculated in the
file PowerBalHak.m.

The power balance is calculated for each province that wants to attack an other
province. The power balance is defined as the ratio of the strength of the province to
the strength of the province it wants to attack. Where here the strength of a province
is equal to the resources this province has (fixed plus mobile resources) multiplied by
the coefficient that comes from the logistic function (equation 1). The value of this
coefficient depends on the technological level of the state and the distance between
the province and it’s capital. The higher the power balance for a province is, the
more likely it is to continue with the attack and the more likely the province is to
win the fight, as described in the next paragraphs.

Make decisions about attacking When a state is in peace condition it has a small
change to launch an attack. The probability is controlled by the parameter pAttack
which is set to 0.01. Once a state is in Alerted or War mode it will launch an attack
each time step. When a state attacks, all it’s neighbors enter alert mode, meaning
that they will also launch an attack the next time step. Each state has a probability
of 0.1 (pDeactivate) to return to peace mode each time step. If a state is in war
state (running a campaign) it will launch an attack on the state it is at war with.
Otherwise, when it decided to attack, it will chose one of the neighboring states at
random to attack.

Once a state decided to attack an other state it has to decide from which province to
attack. One of the state provinces that border to the choses state to attack is chosen
at random to act as the province to launch the attack from. Now this is done we
can look at the power balance (as described above) and see if the province is strong

enough to actually launch an attack. The probability to continue the attack is given
by;

1
14 (o 3 )

Power Balance

propAttack =

(3)

where the number 3 is set by the parameter supThresh and the exponent 20
by supSlope. Equation 3 shows that if a province is three times stronger then the
province it attacks it has a 50% chance to continue the attack. The probability to
attack increases sharply once the power balance exceeds 3.

Fight and calculate the damage 'The probabilty that an attacking state wins the
fight is described by the same function as the probability to attack (equation 3).
While the parameters supTresh and supSlope are now replace by victThresh and
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victSlope. The probability to be victorious in a fight is calculated for both the at-
tacking and the defending state. (Using the inverted probability for the defending
state.) So both the attacking and defending state can win or lose. This makes it
that there are three possible outcomes of a fight:

1) The attacker wins, the defender loses. In this case the attack was succesful and
attacked province will switch state. Damage is done to the defending state (which
reduces it resources the next time step) and the damage is counted in the war (dis-
cussed below). Combat will continue in the next time step, the attacker will continue
it’s campaign against the defender.

2) The attacker loses, the defender wins. In this case no damage is done and all
combat will stop the next time step.

3) Both win or both lose. In this case no damage is done, combat will continue in
the next time step.

The amount of damage done, if any, is equal to the strength of the attacker’s
province times the coefficient propDamage, set to 0.1. The total amount of damage
done in a war cluster determines the severity of the war.

The number of wars, as well as their severity, (total damage dealt in the war) are
counted in the matrix SizeWars. Whenever a state starts an attack or is attacked
the algorithm adds it to the war cluster that it’s neighborring states are currently
in or, if no neighbors are involved in a war cluster, makes a new war cluster. Each
time this happens it need to be checked if clusters merge. If so, care must be taken
to merge the total damage of the war cluster as well as it’s duration. War clusters
are dealt with in the file ”ConflictHek.m” The parameter WarShadow detemines
how many time steps a state remains in the war cluster after it’s last fight. The
description of how to determine war clusters in Cederman (2003) is quite clear and
I feel comfortable to say that it is implemented in the same way in WarHek.

Update the battlefield At this stage the battlefield needs to be updated with the
changes in geometries of the states. Care needs to be taken for collapsing and or
separating states. This all is done in the file StruckturalHek.m. For one provence to
change from one state to the other is fairly straightforward. Although one needs to
make sure provinces don’t change twice one in time step, and that when a provinces
is stolen it can not launch an attack on an other province in the same time step
(since it would then be fighting for a different state). In Cederman (2003) each state
is updated in random order. In WarHek just in the order of the numbering of the
states. This should be changed to random order but I never found the time to do
that. I guess it won’t be that difficult to implement. Probably the easiest way is to
copy a buffer of the current state of the battlefield and randomize (temporarily) the
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order of the states. At the end of this routine copy the new battlefield back in the
standard order so that other routines don’t suffer from any side effects of this action.
Although it would be good to implement this I guess the effect it will have on the
overall dynamics of the system is very small. (The states with a low numbering don’t
seem to have a significant advantage over the states with high numbering.)

Collapse of a state Once the capital of a state has been taken by an other state
the state either collapses (as in Cederman’s model), or a new (random) provinces is
chosen as the capital of the state. Which scenario happens depends on the parameter
"NewCapital”. If a state collapses all it’s provinces regain sovereignty which means
they have the be added to the matrixes which hold information of the states (see
figure 3b for an illustration). All it’s conditions are set to the initial conditions. It
is not clear if this is also what is done in the code of Cederman (2003). So each new
state starts with the technological level of distTresh (2 as default). One could argue
it would make sense to copy the technological level of the old, collapsed state, but
this is not done. The condition of each new state is set to ”peace” and each province
is set to hold the capital of each new state. New states are not automatically involved
in the war that caused the collapse of the old state, although they are likely to enter
it soon since they are vulnerable to attacks from bigger (more powerful), neighboring
states.

Separation of a state Whenever a province has been stolen that is not the
capital, it has to be checked if all other provinces of the state are still connected to
the capital. If this is not the case then the provinces which are no longer connected
regain sovereignty (see figure 3b for an illustration). The way I originally interpreted
what happens to the separated provinces is that they all individually form a new
state. Later I implemented an option (controlled by the input parameter ”separate-
Together”) which lets the separated provinces form a new state together.

The first thing that is done is that an ”imaginary agent” is placed on the province
that will be lost to an other state. This agent then starts to walk around the bound-
ary of the state until it reaches the province that will be lost again. This is done
with the help of the function ”WalkRound” which repeatedly calls the function ”Ro-
tateMovementFrame”. The agent first tries to take a step towards the left and does
so if that province also belongs to the state. Otherwise it tries to step forward,
then towards the right and then downward. After every step the agent takes the
movement frame needs to be reset so that the agent is "looking into the direction
it moved”. When the agent finished his walk all provinces that it visited will form
a closed loop around the boundaries of the state. This loop is then filled (by call-
ing the function FillLoop) so that a closed, filled loop is formed by all provinces
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that are still connected to each other after the attacked provinces has been lost. If
these provinces are all the provinces of the state then the state will not separate and
the attacked province can safely be removed from the state. If the state occupies
provinces that are not inside this filled loop and the capital of the state is inside the
filled loop then the provinces outside the loop will be separated from the capital and
regain sovereignty. This procedure is graphically illustrated in Figure 4. If the state
occupies provinces other then those inside the filled loop and the capital is not inside
the loop then all provinces inside the loop will be disconnected from the capital and
regain sovereignty. In this case a second walk needs to be made by the agent but
this time in the other direction, i.e. starting by turning right in stead of left to check
if all other provinces of the state are still connected to the capital. The way this
routine is implemented in WarHek leaves one possible situation which is not dealt
with. One could think of the situation where the removal of one provinces separates
the state in three parts. (Unlikely to form since it is a very vulnerable geometry
and will be destroyed by an attack on any neighboring province but it is possible
that a geometry like this occurs.) If a state gets this geometry and the one provence
connecting the three parts of the state is lost, plus the capital of the state is not in
the left or right part of the state (then it would be found by the agents walk) then
WarHek does not deal with the state properly. The calculation proceeds and this
attack is aborted. All other situations are dealt with correctly, including when a
state completely surrounds an other state. This geometry does happens quite often
with big states that border a lot of small states (by a collapsing neighboring state.).

4.3 Post processing

Two files are included for visualizing the results of a finished calculation. The file
PlayMovie.m hold a script which plots the battlefield (as shown in, for example,
Figure 2) for each time step sequentially, thereby creating a "movie”. The script
used information as stored in the matrix ” War-Movie”. The length and speed of the
movie can be controlled by parameters at the top of the script in PlayMovie.m.
The file SizeWar.m holds a script which creates graphs in which the results of the
wars are plotted. In one graph the logarithm of the cumulative relative frequency of
the wars is plotted against the logarithm of the severity of the wars (total damage).
This results in a graph similar to the one shown in figure 1 which shows the data of
the real world. In a second graph severity of the wars is expressed as the logarithm
of the duration of each war. This is done so that an other measure of size of the war
can be used then the total damage done in each war.
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(a) The state before the attack (b) The attack

(¢) The loop (d) The filled loop

Figure 4: The separation of a state. Figure (a) shows the geometry of the state that will
be attacked (in red) and the location of it’s capital (lighter red). Figure (b) shows the
province that will be lost (light blue). Figure (c) indicates the provinces that were visited
by the agent making a walk along the borders of the state, staring at the province that
will be lost and finishing as soon as it returns to this province (in red). The provinces of
the state that were not visited are indicated in green. Figure (d) shows the filled loop (in
red). Since the capital is part of the filled loop all provinces outside the filled loop (shown
in green) will regain sovereignty since they are no longer connected to the capital after the
attacked province is taken.
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4.4 Technical notes for future users

Main matrixes There is a lot of information passed around from the main program
to the other routines and back. Usually once information is stored it is used by several

routines which all

point to the same locations whenever the information is needed

without recalculation anything. (i.e. using things like; ”SizeWar( ConditionStates(
Borders( AgressorCell,3) ,4) ,1)=0") This makes the code more time and memory
efficient but also hard to follow. An overview of the most important matrixes and
what information they hold is given in Table 1.

Table 1: Most important matrixes used in WarHek

Matrix Location Information stored here
Battlefield (:,5,1) Number of the state for each province
(:,5,2) Number of the state for each capital
Borders (:,1-2) Location of the province
(:,3) Number of the state that the provence is in
(:,4) Attributed resources of this province
(:,5-8) Number of the state of it’s left-top-right-bottom neighboring province
(:,9) Coefficient for logistics, depending on distance and tech level
(:10-11)  Location of the province this province attacks
(:,12) Power balance with the province it attacks
ConditionStates (:,1) Condition of the state (dead, peace, alerted or at war)
(:,2) Technological level
(:,3) Counter for WarShadow (0 if not at war)
(:,4) Number of the war cluster that this state is involved in
DamageCap (:,1) Total damage for each state that time step
NeighboringStates  (:,:,1) 1 if the states are neighbors (von Neumann)
(:,5,2) 1 if this state is running a campaign against the other state
ResourcesCap (:,1) Total resources for each state at that time step
SizeWar (:,1) Number of the war cluster
(,2) Total damage done within this war
(:,3) Duration of this war (number of time steps)
Tax (:,1) Total tax of each state at that time step
(o)t

War-movie

Error messages

;,,time)  Holds Battlefield(:,:,1) for each time step

Throughout WarHek error messages are implemented to be written

to the screen whenever something happens which should not happen. Writing (and
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debugging) a numerical code in Matlab is difficult since Matlab does not always
automatically stop the execution when something which might be an error occurs. I
would advise never to remove or uncomment these messages. They cost very little
computation time and can be very useful while changing or debugging the code. All
messages print 7 ***ERROR, some description, somefile.m ” to the screen which
tells you something about the nature of the error and in which file the error was first
seen.

Speed Since computation time is an issue with a code this big one needs to be
careful when writing time consuming routines. For writing code in Matlab you gen-
erally need to rely on ”tricks” to make the code run fast. Some functions in Matlab
are optimized for speed while others are very time consuming. While developing
WarHek I rewrote some parts to make the code run faster which sometimes saved
half of the computation time. For sure the code can be made much more efficient if
certain routines would be rewritten. Here are some things which helped me to keep
in mind:

* When trying to increase the speed of the code, focus on the routines that are time
consuming.

* Creating a matrix which holds all provinces that are at the border of a state. These
provinces are used so often throughout the code (distributing resources, attacking,
changing the battlefield, ect. ) that it should be as small as possible. A loop over
only these provinces is much faster than a loop over all provinces in the battlefield.
This matrix holds less and less provinces over each time step. In the beginning it
holds all provinces at the boundaries, after the decision phase it holds only the once
that will attack, after the fighting phase it will hold only the ones that will conquer
an other province. This means that by the time the battlefield needs to be updated
(a very time consuming routine) the loop is performed over only a few provinces
(generally less then 5).

* As a general rule for Matlab; ”loops are slow, matrix multiplications are fast”.
This helped me with some of the routines about resource gathering and distributing
but I haven’t used it much later on in the code.

* One way to improve the speed of WarHek would be to reset the big matrices
halfway the calculation. I noticed that as the calculation progresses it slows down
(more as can be attributed to creating more states). Most likely this has to do with
the memory load, as matrices get bigger and bigger as the calculation progresses.
I guess copying the biggest matrices (Battlefield, Borders, ConditionStates, War-
movie, SizeWar ect.) to a buffer and reset them for future calculation would be a
fairly simple solution to this problem. If their contents would be copied to buffer-
matrices once they get to big, and the calculation could make use of smaller copies
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of what needs to be passed to the next time steps (generally the information of the
past two time steps), this would run much faster. Care should be taken in how much
information must be past to future time steps and how to merge past buffers but if
the matrixes would be "reset” after a few thousand time steps this might save a lot
of calculation time.

5 Simulation Results and Discussion

5.1 Results

The results of three runs are presented. All three simulations use the exact same pa-
rameter value’s so the only difference between the three calculations comes from the
initial geometry of the states. The same parameter value’s are used as in Cedermans
example run, apart from;

* The grid size, this was set to 40x40 in stead of 50x50 to reduce calculation time.
Cederman (2003) reported that a change in grid size does not significantly affect the
process. The initial number of states was reduce to 130. (Which keeps an average
size of 12.5 provinces per state.)

* distOffset was increased form 0.1 to 0.3. This increases the lowest value of the
logistic function, giving more advantage to big states. This adjustment was made
because, compared to Cederman’s results, to many small states stay in existence and
no very big states formed.

* propDamage was set to 1 (compared to 0.1). This increases the amount of damage
done within each war and weakens a state more when it is attacked. This adjustment
was made because the amount of damage done within each war cluster was much
lower then what Cederman (2003) reported.

Figure 5 shows the initial battlefield of run 1. Figure 6 shows four snapshots of
the battlefield at different times (taken from run 1). One at time step 500 (Figure
6a), when the initial phase ends, after this time step the states can experience tech-
nological progress. Figure 6b, 6¢ and 6d show the battlefield at time step 3300, 6600
and 10500 respectively.

Figure 7a shows the cumulative relative frequency of the wars recorded versus the
severity of the wars for the three runs discussed here. Included in the graph are the
lines which agree with the results from Cederman (Figure 6 from his paper, log(P) =
1.68 - 0.64*log(s)) and the observed relation for Earth. (log(P) = 1.27 -0.41*log(s)).
Figure 7b shows a plot of the number of states which are on the battlefield versus
time. This plot is included since the number of states on the battlefield is the most
obvious deviation from the results reported by Cederman (2003).
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Figure 5: The initial battlefield for runl, each state is shown in a different color.
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Figure 6: Evolution of the battlefield of run 1. See text for discussion.

23



One more calculation was performed (run 4). Here more things were changed in
order to get results closer to the results of Cederman (2003). The avoid the creation
of to many states, and to make sure higher damage levels (severity of the wars) were
reported, the following thing were adjusted:

* When a state collapses (by losing it’s capital) it no longer creates many new states
by giving sovereignty to each of its provinces, instead a new capital was chosen from
the remaining provinces.

* When provinces become separated from their capital they regain sovereignty to-
gether, forming a new state (with a new capital) consisting of all separated provinces
(provided they are connected to each other).

* The run was started with only 35 states (in stead of 130). (In Cedermans example
run there are 35 states at the battlefield at the end of the calculation.)

* The parameter distOffset was increased to 0.5. (Giving more advantage to big
states)

* The parameter propDamage was increase further to 400. (Increasing the amount
of damage done in each fight by more then three orders of magnitude.)

Cumulated Relative Frequency versus Severity Cumulated Relative Frequency versus Severity
1 T T T T 1 T T T T T T T
= = =Runt Run 4
L = = =Run2 i L Cederman (2003) |
05 - - = Run3 05 Earth

Log(P)=-1.5 * Log(s)
Cederman (2003) i
Earth

|
o
5

log(P(S>s))
log(P(S>s))

2 4 6 8 o 1 2 3 4 5 6 7 8
log(s) log(s)

(a) Fair results of WarHek compared to Ceder- (b) Results of a modified version of WarHek

man and Earth compared to the results of Cederman

Figure 7: Size of the wars versus it’s frequency. The runs 1,2 and 3 (Figure a) used the
parameters very close to the ones used by Cederman. For run 4 parameters were chosen
such that the results are similar to the ones reported by Cederman (Figure b). See text
for discussion.

The adjustments made in run 4 combined give strikingly similar results to the
results reported by Cederman (2003) when it comes to fitting the relation between
war size and their frequency (Figure 7b). The evolution of the run itself however
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shows that the models do not yet match. The number of states on the battlefield of
run 4 still increased over time, from 35 at the start of the calculation to 51 at the
end.

5.2 Differences with Cederman’s model

Although the results show a first order similarity which the results from Cederman
(2003) and the observations of the real Earth, there are some obvious differences.

The first is the different relationship found between war size vs frequency (Figure
7a).

The calculations performed by WarHek show that more and more states are
formed on the battlefield. At times the number of states might briefly decrease but
there is a clear overall increase in the number of states which lasts to the end to the
calculations, as shown in figure 8. How the number of states evolve in Cedermans
model is not reported but early in the run the number of states slightly increases
after which they decrease to 35 at the end of the calculation (in his example run).

Number of states versus time

—— Runt
| | — Run2
——Run3

Number of states
g

120 . . . . .
0 2000 4000 6000 8000 10000 12000

Time

Figure 8: See text for discussion.

There is a strong difference in the severity of the wars (WarHek produces much
smaller wars then Cederman’s code does). I'm surprised to see that Cederman doesn’t
report any wars with a severity smaller then about 250 (log(250) 2.4). If a state con-
sisting of only one province would attack an other state of only one province, the
damage dealt would be 0.1 (It’s strength * propDamage = 1*0.1). If the fight stops
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then, then this is the total damage done in this war. Since the powerbalance in this
example is very low the probability that it happens is small but to have a size of 250
as the smallest war would mean that the local strength of the attacking state needs
to be 2500. Meaning that the smallest war has to be fought by a state consisting
of at least 2500 provinces (a bit more even). I guess something is done to scale the
damage or the severity of wars since 2500 is the size of the grid (In Cederman’s
model, 200 states on a grid of 50x50). For run 4 the amount of damage done is
artificially increased.

The differences found might be caused by one of these things:

Random order of updates The order of updating the states is done randomly in
the code of Cederman (2003). In WarHek it is done in the order of the numbering of
the states. This holds for the decisions the states make about attacking, the changing
of the state of the states (peace, alerted state), the updating of the battlefield (if
two states attack the same province the first one will win.) Executing these action
in random order is arguably better then doing it in fixed order but the best would
be if it is done simultaneously.

Allocation mobile resources As described above the allocation of mobile resources
is different to how it is done in Cederman’s model. Exactly how he does this is not
clear to me. How it is dealt with in WarHek seems reasonable to me. Although it
might be better to allocate the mobile resources of all states simultaneously. In that
way the amount of mobile resources can depend on the true strength of the opponents.
Now it depends on the strength of the opponents, only after they allocated the fixed
resources. To implement this would take some time since I the only way I can see
that this has to be done is by iterating towards a stable solution. (since, as one state
distributes it resources differently it will change the strength of it’s provinces which
will cause other states to redistribute their resources as well.)

Since in WarHek more and more states form over time I guess the main difference
with Cederman’s model lies in the allocation of the mobil resources. This determines
in large part how much stronger the big states are compared to smaller ones. I guess
if the number of states would decrease over time bigger wars would be more frequent
(which would bring the results closer to each other). Since big states are stronger
the severity of the wars would also increase. An other effect would be that the code
WarHek would reach the end of a calculation much faster since the speed of the
calculation heavily depends on the number of states and the number of provinces
that live at the border with an other state.
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Distance function The distance from each province to it’s capital could be defined
differently (as described earlier).

Separation of provinces While writing this report I'm beginning to doubt if I
corrected interpreted Cederman’s description of what happens when provinces of a
state become separated. As I understood it, and how it is used for runs 1,2 and 3, is
that each disconnected provinces individually regains soverneighty. Maybe it would
be better to let the separated provinces form a new state together. They can together
form a new state with a new capital (providing they are connected to each other).
This would create less small states and might lead to less small wars (increasing the
slope of the graph in figure 7) and to less creation of new states. This approach is
used for run 4 which shows a much better match to Cederman’s results.

6 Summary and Outlook

Summary A new code to model the size of wars between countries, and the evo-
lution of countries, is developed. The code "WarHek” is written in Matlab. The
code is completely based on the ideas of Cederman (2003). The primary goal of this
project was to reproduce his code, and reproduce the observed relation between the
size of wars and the frequency with which they occur. Although I can not reproduce
the results presented by Cederman (2003) exactly, I believe it is fair to say that the
essence of the code presented by Cederman (2003) is captured. When using differ-
ent parameter value’s and mechanisms WarHek does produce results very similar to
Cederman’s code. All elements of his code are implemented in WarHek. The code
sets up a battlefield and lets the countries on it fight their wars. The strength of
the counties depends on their sizes which also determines their likelihood to attack
other countries. Once countries are attacking each other they can steal territory,
separate other countries and force them to collapse. War clusters of different sizes
are observed. Small wars happen much more frequently then big wars do, just as
observed in the real world. The exact relation between size and frequency however,
could not be matched by the standard model, only when using deviating parameters
this was possible. At some points, described above, I realize WarHek might deviate
from the code developed by Cederman. Of course there is also the possibility that
there is a bug in WarHek that I am not aware of which couses the difference in results
that I get compared to the results of Cederman (2003). Since WarHek doesn’t crash
I guess the difference must be sought in my misinterpretation of some (or several) of
the details in the code of Cederman (2003).
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Outlook If I would spend more time on this project, or if somebody else will in
the future, I would suggest to use the code to get more statistics. For now I needed
to spend most of my time to develop the code to the level it is now and write this
report. I didn’t perform many calculations to systematically investigate the effect
of the most important parameters. This would be interesting to do. Also it would
be good to look at other results of the code, not discussed by Cederman (2003). It
is for example not clear at all if the size (severity) of the wars as it is measured by
Cederman (2003) is necessary to get a fit to the real world data. I made a quick
comparison to how the plot would like if it was not plotted versus severity but versus
the duration of each war, or versus the number of states that participated in each
war (results not shown). I would not be surprised if the plots look very similar. If
this turns out to be the case it would question the importance of the damage dealing,
and thus the resource allocation which lies at the core of this code.

One could also look for other statistics in order to test how well the codes compare
to the real world. After all, the observation of war frequency versus war size on a
log-log plot might be a solid observation, it is not clear if it also is a strong constrain
on the model, and thus if it is a proper measure of how close the model represent
real world dynamics. The relative size of the countries could be one more constraint.
In Europe the countries today have more or less comparable sizes. While there are a
few very small ones, there is no country that is much bigger then all the others. One
other thing that might be interesting is looking at the age of the countries. A plot
where the age of the countries is plotted versus their cumulative frequency would
give more inside to the dynamics of the system and could eventually be compared to
data from the real world. My guess here is that the models will deviate significantly
from data from the real world, which would indicate that the models don’t do so
well after all, and an addition mechanism is needed to ”steer” the model. On the
other hand if they do well it would be a strong indication that the dynamics might
be captured.

These are all things that can be done without changing or adding complexities
to the code (providing the code is calibrated to the code of Cederman (2003).) Let’s
now see in which ways the code could be extended. Many things could be done to
extend the code, here T’ll briefly discuss four possible extensions:

* Include terrain features such as oceans, rivers and mountains which will affect
both the borders between states as well as internal logistics such as tax/resource dis-
tribution. In Europe the borders of Switzerland are clearly linked to the location of
the Alps, the border between France and Spain by the Pyrenees. Large parts of the
borders between Germany and Switzerland and France follow the Rhine river, while
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between Romania and Bulgaria the Donau marks the border. In other locations,
such as The Netherlands or Hungry rivers of similar size run through the country
without marking any significant political border. Also Romania consists of territory
at both sides of the Karpatian mountains. These features, that borders between
states sometimes follow rivers and mountains and sometimes seem to be unaffected
by them, give constrains on modeling the influence of natural borders to the forma-
tion of states and wars.

* Give memory to the provinces so that the population of a taken provence is
no longer ”happily joining” its conquer’s army and can rebel against it’s own state.
To implement this in the model probably has to involve some mechanism by which
the state (government) can suppress it’s population. Plus some timescale has to be
thought of on when the population will feel ”connected” to it’s state. In the U.K.
for example, the political situation seems quite stable but much of the Scottish pop-
ulation still feels conquered or even suppressed by the government. Also in Spain,
the population is divided and connected by cultural heritage, arguably much more
then by the state itself. And then there are groups of people all over the world
who are culturally connected but divided among several states. Such as the Kurdish
people in the Turkey/Syria/Iran area or the Persian people, focused mainly in the
Iran/Turkmenistan area.

* Give memory to the states so that they are more likely to fight an old opponent,
and can help old friends. Allow allies to help each other. Whenever two or more
states have decided to be allies, they will automatically help when one of them is
attacked. This would make the model much more realistic and much more compli-
cated. I think that to implement this properly the decision of the states to attack or
not should not only depend on the strength of the defending state but also on the
strength of it’s allies. When two states decide to become allies is also a difficult thing
to model. Having a common enemy would make sense but this will quickly results
in all states being allies with everybody else. Best would be to include some form of
cultural connection described in the point above. One could also think about basing
it on major religion, language, economic situation ect.

* Model the evolution of countries in the world. Although ambitious, this would
not be as big of an extension as it might seem. Especially not if one keeps in mind
that you don’t need to model an exact replica but only create a model which can
create the general evolution of the different parts of the world. The present version
of WarHek could be used as a starting point for the countries in Europe. This could
be extended with remote continents which can only be reach after a certain value
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of technological level is reached. (Which in the real world countries like Portugal,
Spain and The Netherlands reached as one of the first, followed by France, Belgium
and the UK) The other continents can have a certain resistance to colonization, high
for one (like Azia) and lower for others (like North and South America and Africa).
Creating a model which shows a first order statistically similar evolution might not
be that difficult.
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8 Contact

If you read this far you must be either my teacher or somebody who is going to work
with the code WarHek. If you plan to extend or change this code, or write a similar
one yourself please let me know. I would be interested to see the development of
codes like this. If you are going to use WarHek I might be able to help a bit since it
is always difficult to work with a code written by someone else. Please don’t hesitate
to contact me.

Hein van Heck,

ETH Zurich

Department of Earth Science, Geophysical Fluid Dynamics (GFD)
hvanheck@erdw.ethz.ch

p.s. The naming of the code and all the files in it comes from my nickname ”Hek”.
I used this addition to separate my files from the ones from R. Kundert and never
removed it.
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