Chapter 6 )
The Zombie Invasion Check for

Jarostaw Gruszka

6.1 Introduction

A possibility of making a dead person become alive again has been fascinating
people for thousands of years. Zombies—also called the undead—can be considered
a perfect example of that fascination. People have been imagining those creatures in
a vast number of ways—almost every book or every film that zombies appeared
in, approached the topic differently. There exists however some specific set of
characteristics that zombies share in most pieces of works that mention their
existence. They are usually described as very anomalous beings, extremely hostile
to the humankind and willing to entirely destroy it or turn all ‘ordinary’ people into
zombies. Hence, the zombie invasion could hypothetically be considered a threat
for the entire human civilisation. Regardless of what the majority of people might
think of it, there are still thousands who strongly believe that the ultimate end of the
human civilisation will be a widespread rise of hordes of zombies.

Nevertheless, most of us would admit that the zombie apocalypse is not the
most plausible scenario of the how our civilisation ends, especially considering
that the today’s world is facing multiple more tangible issues. However, from some
perspectives, an event like this can be considered worth looking at with a scientific
eye and one can name at least few reasons. First and foremost—modelling an event
like the zombie invasion differs significantly from the ‘classical’ modelling process,
i.e. creating a model of an existing and real-life phenomenon. In case of creating
a mathematical description of anything we know from the world around us, the
modeller needs to be very concious of the tools and concepts they employ. This
is obviously driven by the fact that any scientific theory aiming to describe a real-
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life phenomenon must necessarily be compared to the experimental data. And it is
absolutely clear as well that scientific results are evaluated based on the agreement
between scientist’s theoretical model and the observations. Although this should be
very natural for everyone—it is clear that we all want our theories to describe the
surrounding world accurately—from some other perspective this urge for obtaining
valuable and sterling results can be seen as a factor limiting creativeness. It is
difficult to argue that the pervasive need for scientific usability makes us try to
follow the paths which look most promising from the perspective of measurable
results, which can be immediately applied. Arguably, it is also worth to look at the
scientific progress form a kind of reversed perspective. Modelling a more abstract,
less realistic ideas or processes (like, in this case, the zombie invasion for example)
enables us to analyse the issue more freely, without unnecessary borders and limits,
lets us to think outside of the box and somewhat play with the problem. Results
obtained this way are not usually ready to be directly used right after developing
them but they may change scientist’s perspective and their point of view, they may
feature new research methods and may become an inspiration for totally new studies
which might turn out to unexpectedly pop out in some future research.

This was the actual reason for our research project of modelling the zombie
invasion—not only does it sound more intriguing and more approachable in
reception (although we admit that this can serve as an asset too), but it also
creates an opportunity to do science differently, in a way oriented on methods
rather than the results. So—as our main target we picked creating a model of an
extremely fast-spreading epidemic totally from scratch, with minimal number of
pre-settled assumptions, but general enough to possibly be ‘calibrated’ to some
known contagious disease in the future. The only requirement, in some ways
defining the direction of the development of the model was that the spreading
scheme should be based on the population density maps and should embrace a
premiss (taken purely from the common sense) that more densely populated areas
should be more vulnerable to faster epidemic spreading. Agreeing only for those
high-level assumptions marked a point where the actual project development could
have been started.

6.2 Data Preparation

As mentioned in the Introduction, one of the very few assumptions that the project
had was that the base for the entire model should be density population maps. It
turns out that high-quality maps of this kind can easily be found on-line. One of
the numerous web pages that can be used for this purpose was World Population
Density [6]. There one can find the density population maps for the entire world,
presented in a very clear manner. An interface of the webpage has been shown in
Fig.6.1.

Just like in case of most maps of this kind, the density population was represented
by a colour scale. In order to use information that such maps convey, it is obviously



6 The Zombie Invasion 73

*  World Population Density —

CIOTDIES CE)  rurcse | amimi

Fig. 6.1 Interface of the world population density webpage [6]
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Fig. 6.2 Legend for the data population maps available under http://luminocity3d.org [6]

needed to quantify it, i.e. move it from a format of a picture to some specific numeric
data type. The picture itself can be viewed as a structure composed of pixels—tiny,
square pieces of the image. Each pixel can be uniquely identified by its position in
apicture (7, j) € (1,n) x (1, m), where n is height of the image and m is its width,
expressed in the number of pixels. Having that said, any method that can be used
to move the entire picture from any on-line location into our computer’s workspace
should start by scanning the image, pixel by pixel. This can be done effectively in
many different programming languages and author’s language of choice was Python
3 [7] with the usage of an image processing library called Pillow [2] and other side
modules [4, 5]. The entire purpose of scanning all pixels of the image is actually to
save the data of a colour value of each of them. The most common way to keep the
information about the colour in a numeric way is by analysing what is called the
RGB value of it. From the mathematical point of view, RGB is simply a vector of
three numbers (r, g, b), r, g, b € [0, 255] each of them representing the saturation
of the red, blue and green colour component respectively. Only having the value of
the RGB for every pixel of the image one can actually start analysing it.

After getting the values of the colours of the map, the next step was to translate
the RGB values of the colours into the actual values of the population density. For
this purpose, the map legend should obviously be used. It has been presented in the
Fig.6.2.


http://luminocity3d.org
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The map’s legend explicitly mentions 16 colours and precisely describes what
range of population density (expressed in residents per square kilometre) each of
them represents. However, one can expect that the map also features some smooth
colour transitions between the colours that the legend mentions. Therefore the map
needs to be sharpened—adjusted in a way so that it only contained the colours that
the legend has. To this end, for each pixel, its colour needs to be substituted by one
of the 16 map legend colours—by the one which is closest to the original one. The
measure of closeness of colours can simply be defined as a sum of square differences
between the RGB values of those two colours. Hence, the new, sharpened colour of
a given pixel can be described as

(,ﬁ(iaj)7 é,(i,,/')7 l;(i’j)) = (Fm, &m, bm),

m= argmin ((r“) —r)?+ (") — g)? + B — b)?)
ke{1,2,...,16}

where (#¢7), g0 b@D)y is the sharpened version of the original colour (r/),
g® b0y of a given pixel and (rx, gk, bx), k € {1,2, ..., 16} is the RGB value
of each of the 16 colours of the map.

Such a sharpened map can almost immediately be transformed into a matrix of
the size n x m, in which each entry corresponds to the number of citizens per square
kilometre associated with the area represented by a pixel in that same position in the
scanned map. The problem was that the legend only showed a range of the number
of inhabitants related to a given colour, not the precise number. Since dealing with
data intervals is much more difficult than with single numbers, for each interval
(bound to each colour of the legend) we took a mean value of the interval’s range.
For example, a vivid red colour on the map represented density population between
22,000 and 28,000 people per square kilometre, so we assumed that each pixel of
that colour on our sharpened map indicates a piece of land with the average density
of 25,000 people per km?. For the legend’s last entry which was described as *80k+,
we assumed the density of 90,000 per km?>. To simplify the data in the matrix even
further, we decided to divide each value by the population of the most populous pixel
read from the map, hence obtaining only relative values between 0 and 1 (obviously,
this is with no loss of generality, as we can always multiply all entries by the divisor
and have the original values back). Now we needed a way to visually represent the
entries of the matrix that we prepared. Since the density is only a starting point for
the model (ultimately we want to visualise spreading zombies), it seemed reasonable
to save the vivid colours for later and stick to grey scale for now. We decided to
assign white colour to the pixels representing zero population (like oceans) and
black to the pixels with highest population density on a given map (usually—centres
of the biggest cities). This can easily be done using the following equation

FED, geD piDy = (1 — pld)y . (255,255, 255), (6.1)
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where (7@, g(:/) p(:1)) represents the grey scale colour value of the pixel in
position (i, j) and p'-/) is the entry in position (i, j) of the matrix containing data
of population density normalised to only have values between 0 and 1 (obtained as
described above).

This entire data processing flow has been presented in Fig. 6.3 and its ultimate
visual effect—in Fig. 6.4.
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Fig. 6.3 Scheme illustrating the data pre-processing for the project
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Fig. 6.4 Illustration of the visual effects of the data pre-processing
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6.3 Model Description

Once we had the data prepared, the actual modelling part could have been started.
Our starting point was the normalised density population matrix p. We now wanted
to treat the elements of this matrix as indicators of how many people live in a
given area and further—we wanted to split those people into two groups—healthy
ones (denoted by H) and the zombies (which we will mark as Z). As we were
interested in the evolution of those quantities in both space and time, they should
both be space- and time-dependent, so that Ht(i’j ) and Z,(i’j ) should be understood as
indicators of the number of individuals occupying area represented by map position
(i, j) at time ¢, which belong to healthy population or to the zombies, respectively.
We now wanted to describe the mechanism of how the sizes of these two groups
change in time, i.e. how people turn into zombies. We created 3 models of that
process which vary in assumptions that were made and we shall now describe them
in the order of ascending complexity.

6.3.1 Simple Deterministic Model

In the simplest version of the model, some initial population of zombies appears
at a given point on the map, at time ¢ = 0, it starts spreading to the neighbouring
places with strength proportional to the number of zombies in the outbreak. To put it
into a precise mathematical formulation, we came up with the following equations,
encoding the time evolution of the zombie invasion

Ht(i’j) — Ht(i{) _ Ht(i{) -ct(i’j), 6.2)
Zt(l,]) _ Zr(lijl) + HI(E{) .Ct(l,J)’ (6.3)
where by ct(”" ) we denote what we call the contamination, i.e. the fraction of
healthy people from a given area (i, j), which were turned into zombies at time ¢.
More advanced readers may note the similarity of this description to the one of the
classical SI model [3], however, since we were dealing not only with time-related
but also with spacial aspects of the invasion spreading, we continued to develop our
model ourselves, instead of trying to adjust the classical one to make use of it.
Taking a closer look at the structure of the equations themselves, we can note that
they are recursive in parameter ¢, which means that the current state of both Ht("] )
and Z ,(”‘/ ) depends directly on Ht(f{) and Zt(i’jl). This means that for the description
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to be complete, we need to set up the initial conditions. Let us set them up in the
following way

- @) P
B {p Do for( ) # ), 64)
(1= p)pD for (i, j) = @, v)
Z(()i,j) _ 0 for (i, j) # (u, v), 65)

ypi) for (i, j) = (u,v)

where (u,v),1 < u < n,1 < v < m is a place where the outbreak occurs
and y € (0, 1] is the ratio of people who become zombies in that place at time
t = 0. Now—coming back to the topic of the contamination. As mentioned at
the beginning of this section, for each piece of area (represented by a single pixel)
it should be dependent on the number of zombies that this particular area was in
contact with at a given moment of time. Hence, we proposed the following way of
calculating contamination

(p.q)
2 ppenig Zi

6.6
A (@, ) ©0

c,(”/) =max{1l,«a

In formula (6.6) .4 (i, j) represents the neighbourhood of (i, j), i.e. the set
of positions which we consider to affect (i, j) in terms of the possibility of the
zombie attack. For example, the classical neighbourhood (often referred to as
von Neumann neighbourhood) is the set of positions adjacent from top, bottom,
left and right to the position in question. In such a set-up, we have for example
A(2,2) = {(1,2),(3,2), (2, 1), (2,3), (2,2)}. Pixel’s self-inclusion in its neigh-
bourhood scheme ensures that if a given point already has some zombies, there
will be more of them in the next time step, even if this spot does not yet have
any contaminated neighbours. Since we are dealing with the data normalised to
fit between O and 1, at any point of time the cumulative value of the zombies’
component within a given neighbourhood constructed of k positions cannot exceed

(P.q)

. inZ .
k. Hence, the value of the fraction Z("‘q)lj/‘/(;”jz’))‘ =1 is between 0 and 1 so the

value of this fraction itself could serve as a decent definition of contamination.
However, to give ourselves a bit more modelling freedom we decided to introduce
one more parameter, «, to artificially rise or decrease the contamination value. We
called it infectiousness and explain it as a measure of invasion’s strength in terms of
spreading. Setting « to be a big number makes the invasion develop faster. It must
be noted that multiplying by «, especially if its value is much bigger than 1, might
make the contamination ratio rise above the value of 1, which is unacceptable (as
the value of Ht(”/ ) could drop below zero, as per Eq. (6.2)). Therefore, we added a
safety feature in the form of a max function.

We ran the simple model described above for a map of the New York City
and surrounding areas, we chose Central Park as the zombie’s outbreak. We took
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Fig. 6.5 Snapshots of the process of the zombie invasion, as per the rules of the model described
in Sect. 6.3.1. (a) Zombie spread at ¢ = 0. (b) Zombie spread at t = 3. (¢c) Zombie spread at t = 6.
(d) Zombie spread at ¢ = 10. (e) Zombie spread at t = 15. (f) Zombie spread at r = 25. (g) Zombie
spread at t = 35. (h) Zombie spread at t = 42. (i) Zombie spread at t = 50

a snapshot of every stage of the time evolution as well as we plotted how the
populations of healthy people and zombies were changing over time. These results
were presented in Figs. 6.5 and 6.6 respectively.

6.3.2 Probabilistic Model (Without Recovery)

Up until now, the model was fully deterministic—every time a program was run for
a given population density map as an input, the invasion flow was totally identical.
However, we felt that a sudden and unexpected event—such as a zombie invasion—
should probably be modelled in a way incorporating at least some random factors.
Therefore, we created another model, which can be described in our evolution
equations as follows

Ht(i’j) _ HI(Z{) _ Ht(i{) i Ct(i,j) i Bgi,j) (f)’ (67)

Zt(l,/) — Zt(l;jl) + Ht(i{) A Ct(l,/) A B;l,/)(f) (68)
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Fig. 6.6 Populations of healthy people and zombies as functions of time, within the model
described in Sect. 6.3.1

We now included Bgi’j )( f) which is a random variable from a Bernoulli
distribution with parameter f, f € [0, 1]:

s 0 with probability f,
B (= | PRy S 69
1 with probability (1 — f)
and (6.10)
B{"/(f) is independent of BY"*?)(f) forany i # p, j # q.1 # s. (6.11)

We called the f parameter resistance. Let us note that for f = 0, the new model
reduces to Model 1, described by Egs. (6.2) and (6.3)—in such model, whenever
a given point on the map has a neighbour attacked by the zombies, it certainly
becomes infected too. Note however that for f = 1 the system reduces again, this
time to the form of

v =H"D (6.12)

t—1 >

Zt(i,j) _ Zt(l_Jl) (6.13)

We therefore see no changes at all—we can say, healthy people are 100%
effective in resisting zombies’ spread. We can therefore think of f as of a slider
which lets us decide on what is the actual probability that a given point on the map,
in certain moment of the simulation, turns out to defend itself from the zombie
attack. Thanks to this we successfully introduced an intuitive randomization to the
flow of the model execution.
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Fig. 6.7 Snapshots of the process of the zombie invasion, as per the rules of the model described
in Sect. 6.3.2. (a) Zombie spread at + = 0. (b) Zombie spread at t = 5. (¢) Zombie spread at
t = 15. (d) Zombie spread at t = 25. (e) Zombie spread at t+ = 35. (f) Zombie spread at t = 45.
(g) Zombie spread at ¢+ = 65. (h) Zombie spread at t = 85. (i) Zombie spread at r = 100

As done previously, also this time we checked performance of our model on the
actual density population map. We used the map of southern coast of China, which
is known to be very densely populated. The invasion started in the centre of Hong
Kong and it quickly spread to the surrounding big cities—Shenzen, Dongguan,
Guangzhou and Foshan.! The invasion slowed down when it came to the rural areas
of the Guangdong province. The pace of invasion increased again when it reached
another densely populated areas, near the city of Shantou and after overrunning
this neighbourhood—the invasion went a bit slower again. Snapshots of the entire
process and the plot of the populations can be seen in Figs. 6.7 and 6.8 respectively.

IWe considered zombies not to be bound by the geopolitical difficulties of travelling between Hong
Kong and continental China overland, which the ‘ordinary’ people are subject to.
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Fig. 6.8 Populations of healthy people and zombies as functions of time, within the model
described in Sect. 6.3.2

6.3.3 Probabilistic Model (with Recovery)

For our last and final model we decided to allow for the possibility of the zombies
to be recovered from their illness. The recovery process was based on the idea of
research centres—big medical facilities which turn out to be able to develop a cure
for what makes people zombies, but only after some time from the beginning of
the invasion passes. This obviously requires us to add the third class of people that
we consider in our model —- the recovered ones. The evolution equations took the
following form

D = H,(f{) _ H,(f{) LD BED (), (6.14)
Zt(i,j) _ (Zr(:/l) + Ht(f{) .Ct(i,j) ~B§i’j)(f)) ) (1 _ B;i,j)(s) . Vr(i’j)) 7 (6.15)
RGP — Rt(i_,le n (Zt(i_’{) n H,(f{) D) .Bgi,j)(f)) B (5. D) (6.16)

Since we assume that some time must pass until first recovered people appear,
we may safely assume that

R(()i’j) =0 for all available (i, j).

As we can see—two new parameters appeared in Egs. (6.15) and (6.16), com-
pared to the Eqs. (6.7) and (6.8), describing the previous model. Those parameters
are Bt(i’j )(s) and rt(i’j ). Bt(i’j )(s) is again, a random variable from Bernoulli
distribution with success parameter s € [0, 1] which we called the development
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factor. It plays a similar role to the role of BE”/ ) (f) in the previous model—
introduces randomness. We thought that the more developed a given country is,
the more likely it will be that each and every cell will start curing itself if it only had
a chance to do so (this will likely be a case for a big value of the development factor
s) but if the level of the development of the society is low—there might be problems
with transferring cure from one neighbourhood to the other (such situation would
be modelled by a small value of s).

The actual possibility of a given cell to be cured is however described by rt(l’] _
the recovery factor, i.e. the fraction of zombies who become recovered (note the
similarity to the contamination parameter, first introduced in Eqgs. (6.2) and (6.3)).
Its precise definition is

”r(l’"/) _ 1 . if (i, J)' e Dandt > 14, . 6.17)
g1 otherwise

Here, D is a set of coordinates of, what we call, the research centres. These are
the places on the map where we want the cure for being a zombie to be developed.
As mentioned in the first paragraph of this section, we assume that the research
centres need time to figure out the cure. This time is denoted by #,. We can therefore
see that points which we specify as the research centres will be cured precisely at
time #4. What about all the other points, outside of the ones defined to be research

centres? Of them, the recovery indicator It(”" ) takes care. It is defined as follows

1 =max {1, Y RPY (6.18)
(p.q)eN (i, ))

The idea of the indicator is quite simple—for the cell (i, j) at the moment ¢,
the value of the indicator is 1 if there are any cells in the neighbourhood which
contain any recovered people. This information is then used to establish the fraction
of people that will be cured from being zombies—to do that we multiply It(”" ) by
an additional parameter B € (0, 1], which we call the purification constant. This
constant helps us to control the speed in which zombies will be converted into
recovered humans once they have access to cure through their neighbours.

As this was our final and most complex model, we naturally wanted to visualise
it as well. Since we arrived at having three classes of individuals, we decided that
one colour map is insufficient for this purpose, so we used two instead and we
placed them side by side. One of the maps represents the number of zombies and
the other—the number of recovered humans. For the final visualisation we chose
the map of France. We placed the research centres in three major French cities—
Paris, Toulouse and Bordeaux. The zombie outbreak was placed in a relatively
minor town in the south-east of the country—Grenoble. As usually, we generated the
full animation of the invasion spreading and the plot which presents the cumulative
amounts in time—see Figs. 6.9 and 6.10 respectively. The snapshots in Fig. 6.9 are
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Fig. 6.10 Populations of healthy people and zombies as functions of time, within the model
described in Sect. 6.3.3

particularly informative—we can clearly see from them that around + = 50 first
recovered people appear around the three research centres and they start spreading
quickly so that after r = 100 zombies are almost completely eradicated form the
system. The plot in Fig.6.10 shows us however that there are still some healthy
people there, which means they have never become infected—and they will never
be, as the entire epidemic has been defeated.

6.4 Conclusions

The project described above aimed to develop a model of a disorder rapidly
spreading over some area for which the density population maps are available. As
part of our work on the project we created as many as three such models which
vary in the level of complexity. While creating the models we were not focusing
on any concrete information about the actual epidemic that we were modelling,
we also tried not to put any binding assumptions. Instead, we were turning nearly
every variable that we used into a customisable parameter of the model. Thanks to
that we were able to obtain the models which are very general and also possible to
be calibrated to various kinds of real diseases, as long as they are able to spread
relatively quickly. The next steps that can be taken to develop the project is to try to
estimate the values of all the parameters so that the models themselves can be used
for forecasting an modelling the spread of real-life contagious diseases.

The number of complex disease spreading models that are already available
and well-studied is obviously huge. One of the biggest advantages of each of our
models is their actual simplicity. Although the evolution equations that we used to
describe the dynamics of populations of healthy and infected people might look a bit



6 The Zombie Invasion 85

overwhelming, they mostly consist of simple arithmetic operations and feature some
random factors—both of these mathematical ideas can be easily understood by most
people. Models based on complicated differential equations or stochastic processes
might have a lot of advantages that our models do not have but they also might
be more difficult to explain to a person which does not have a solid mathematical
background. In our models however, changes can be made easily and the effects of
those changes are usually quite easy to predict, they can also be verified quickly by
the simulation that we have performed ourselves as well. Simple tools are usually
more difficult to be broken, yet, if used appropriately, they may give us valuable
insights into the problems that we are studying.

Acknowledgments Author’s inspiration for considering this research problem was a post on the
blog by Max Breggren [1].

The solution to the problem of modelling zombie invasion in the shape described above was
obtained during the ECMI Modelling Week 2019 in Grenoble, France, under the supervision of
the author of this work. It would not be possible to achieve those results without the group of
remarkably hard-working students from all over Europe. The groups members were:

* Alejandro Tobio Pena,
¢ Alessandro Sfilio,

¢ Chiara Borsani,

* Miguel Rebocho,

» Sara Costa Faya,

e Simon Li Ying Yin.

The author would like to thank all of them for their cooperativeness and involvement in the project.

References

1. Max Berggren. Model of a zombie outbreak in Sweden, Norway and Finland (Denmark is fine).
Website. last checked: 20.10.2019.

2. Alex Clark. Pillow. Website. last checked: 20.10.2019.

3. Herbert W. Hethcote. Three Basic Epidemiological Models, pages 119-144. Springer Berlin
Heidelberg, Berlin, Heidelberg, 1989.

4. John D. Hunter. Matplotlib: A 2d graphics environment. Computing in Science Engineering,
9(3):90-95, May 2007.

5. Travis E. Oliphant. Guide to NumPy. CreateSpace Independent Publishing Platform, USA, 2nd
edition, 2015.

6. Duncan Smith. World population density. Website. last checked: 20.10.2019.

7. Guido van Rossum. Python language reference, version 3.6. Website. last checked: 20.10.2019.



	6 The Zombie Invasion
	6.1 Introduction
	6.2 Data Preparation
	6.3 Model Description
	6.3.1 Simple Deterministic Model
	6.3.2 Probabilistic Model (Without Recovery)
	6.3.3 Probabilistic Model (with Recovery)

	6.4 Conclusions
	References


