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ABSTRACT. All organisms are built out of cellular tissue. Being able to recognise abnormalities in
these tissues could be useful in recognizing cancerous cells. In this thesis we construct a mathematical
model for cellular tissue based on its spatial structure. We consider cells as elements of the network.
Touching cells are considered connected. Cells grow at different growth speeds. We determine the
point in time when this network is fully connected, meaning there is a path between every pair of cells
through touching cells. This point indicates the start of the last phase of the cellular growth, where
friction restricts cell movement. We first use a Poisson point process to generate the locations of the
cells. To make the model more similar to cellular tissue, we introduce determinantal point processes
which have short-ranged repulsion, meaning points repel each other and thus spread. We compare the
repulsion of Poisson and Determinantal point processes with real cellular tissue. We conclude that
determinantal point processes have significantly higher repulsion than Poisson point processes. We also
conclude that the repulsion in cellular tissue is higher than both point processes. Using simulations, we
show that the model with determinantal point processes reaches connectivity significantly earlier than
the Poisson model. We conclude that the analytically derived connectivity time point from the Poisson
model can be used as an upper bound for the determinantal model.
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NON-EXPERT SUMMARY. In this thesis the goal is to construct a mathematical model for growing
cellular tissue. We study the cellular tissue as a network. We take cells as elements of the network.
A connection between two elements means those two cells are touching each other in the tissue. This
together creates a big network. We determine the point in time this network becomes connected.
Connected means that we can reach every cell from every other cell through touching cells. This
connectedness indicates that the growth of the tissue is almost finished. Cells are already restricted
by the cells around. This first version of the mathematical model, for which we have determined the
connectedness, has the cells placed randomly. This causes some of them to be really close and some
really far apart. In real cellular tissue the cells are spread quite evenly. Therefore we improve the model
with better cell placement. We determine when this adapted model is connected and conclude that it
is connected before the original model is. We compare both of the models to real cellular tissue and
conclude that the cells in the real cellular tissue are still spread more evenly than both of our models.



1. INTRODUCTION

Cancer is the leading cause of deaths in the Netherlands [2]. Almost 30% of deaths in 2019 in the
Netherlands where caused by cancer. The destructive property of cancerous cells is their rapid and
uncontrolled cell growth and cell division. This makes the tumors, lumbs of cancerous cells, increase in
size and oppress the normal tissue. Non-cancerous cells only grow and divide when signaled by their
surroundings to do so [3]. The difference between these growth characteristics results in quite different
cell size distributions and therefore different cell structures. Intuitively smaller cells will have fewer
neighbours and larger cells will have more neighbours. The different structural characteristics between
healthy cells and cancerous cells might eventually be useful in recognizing cancer.

Cellular tissue can be modelled as a network. If we consider cells the elements of the network and
neighbouring cells to be connected, we get a spatial network. In order to recognize the difference
between different structural characteristics in cellular networks, it is be useful to understand some
properties of these networks first.

1.1. Goal of this thesis. In this thesis we introduce a mathematical model of a network. This model
is already quite similar to the network of a growing cellular tissue. At time O the cells are point-like
elements. They grow with different growth speeds. First, we analytically derive at which point in time
this network is fully connected, meaning you can go from every cell to every other cell through touching
cells. This point in time will depend on the parameters of the network. As this point in time indicates
the transition between a disconnected and a connected network, it is a (mathematical) phase transition.
This phase transition is useful in modelling cellular structures, because it indicates the start of the last
phase of the cell growth. As cells are already touching other cells, friction prevents them from moving
far. Second, we will make an adaptation to the model, which will improve its imitation of the spatial
distribution of cells within a cellular tissue. Mathematically analysing the model with this adaptation
is beyond this thesis. We compare simulations of both models. With these simulations we determine
whether we can use the mathematically derived phase transitions in the adapted networks. Also we
compare the original and adapted model to real cellular tissue to answer whether this adapted model is
a good imitation of the real world.

1.2. Representing networks mathematically. Mathematically, we represent networks as graphs.
Graph theory is a mathematical tool, which is useful for understanding networks. Examples of graphs
are neural networks [4], or more generally brain networks [5]. Graphs are also used for representing
protein-protein interaction networks [6]. In 1992, Godréche, Kostov and Yekutieli made the connection
between cellular tissues and graph theory, exploring the correlation between the number of neighbours
of adjacent cells [7]. We now introduce some notions and literature on graphs used for modelling the
networks of cells in a tissue. We also introduce the notion of a graph being connected.

1.3. Graph theory. Graph theory is the mathematical realm of studying networks. Graph theory
is the study of network components and how they are connected. A mathematical graph consists of
vertices and edges between those vertices. Vertices represent the network elements. Edges represent the
connections between the elements in the network. We show an example of a graph in Figure 1. Graphs
can represent a large range of things. Alongside the ones given above, examples range from friendships
between people [8], food-webs [9], transportation networks [10], fungal networks [11] to topological knot
theory [12].

verlex
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Figure 1. A simple example of a graph with 8 vertices and some edges between vertices. Source:
[13].
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1.3.1. Directed graphs. Connections in networks can represent a range of things. Therefore we can
differentiate between different edges. One way of doing this is by stating whether an edge connecting
vertex a to vertex b, also connects b to a. An edge going one way is called a directed edge. A directed
edge from a to b does not connect b to a. A graph with directed edges is called a directed graph. Edges
in an undirected graph or undirected network have no specific direction. They connect two vertices
together. Directed graphs are used in modelling when one considers some interaction between the nodes,
for example one cell, for example a neuron, sending some chemical signal to the other cell [14]. Here
we are not concerned yet with the chemical interaction between cells. So for our purposes undirected
graphs for modelling will suffice.

1.3.2. Connected graphs. An important property is the connectedness of graphs. First we need to define
the notion of a path between vertices. A path between vertex a and vertex b is a sequence of edges
which starts in @ and ends up in b whilst going through other vertices. The existence of a path means
there is a@ and b are connected. There is a route between them. A graph is connected when between
every pair of vertices a path exists. A graph can be not connected in multiple ways. An example could
be Figure 1, which is not connected because there is one isolated vertex, a vertex with no connections.
A graph could also be split into two larger connected parts which have no connections between them.

1.3.3. Random graphs. When a network is large, it may be impractical or infeasible to reconstruct it
exactly. But we are interested in macroscopic properties of graphs. Connectedness is such a macroscopic
property. There are way more microscopic interactions than macroscopic properties in the networks we
are working with. So instead of reconstructing large networks, we can build models using randomness to
approximate reality. In our case the randomness will be in the initialization of the locations of the cells
and the growth speeds of the cells. In the construction of these graphs, we need to define some process
which determines whether two vertices have an edge between them. This process could be random,
like the Erdds-Rényi model. This random graph was introduced by Paul Erdés and Alfréd Rényi. It
takes some probability p as input. For each pair of vertices, it constructs an edge between them with
probability p. The construction of edges in these graphs is a pure probabilistic process. For Erdés Rényi
graphs are proven to be connected when the probability p of vertices being connected grows faster
than clogn/n [15]. In this equation n is the number of vertices in the graph and ¢ is any constant,
meaning p should grow faster than logn/n by more than just a constant factor. When p grows slower
than logn/n by more than a constant, the graph is disconnected. Graphs can be extended with vertex
properties. Using these vertex properties in the construction of graphs makes them appropriate for
modelling real-life networks.

1.3.4. Spatial graphs. One possible vertex property is a location. This is useful when modelling cellular
tissue, because that is a spatial network. When all vertices have some coordinate within a space,
such a graph is called a spatial graph. The spatial graph usually implements a spatial dependency
in the construction of edges. This usually results in vertices being more likely to connect when they
close versus when they are far apart. An example of a spatial graph is a Gilbert disc model. Gilbert
introduced this graph, which he called random plane networks, in 1961 [16]. This graph uses an infinite
Poisson point process that generates vertex locations, see Section 1.5 below. Two vertices are connected
by an edge if they are separated by a distance less than R, for some fixed R > 0. Connectivity for
the Gilbert disc model was also proven in a finite box or torus, [17, 18, 19]. In this case the graph is
connected with some probability close to one is r o< cy/logn + a.

1.3.5. Weighted graphs. Faloutsos, Faloutsos and Faloutsos determined that the topology of the internet
follows a power-law, P (D > z) o< 2~ ("= where D is the number of connections of a certain internet
page [20]. This means that there are hubs in the internet, which have a very large number of connections.
This inhomogeneity can be modelled in a random graph with vertex weights. These hubs have a higher
weight, which means they connect to more other vertices. Weight might also be called fitness. Weights
represents the desire of a vertex to form edges with other vertices. Vertices with high weights are likely
to have many more edges than vertices with a lower weight. These weights are oftentimes chosen from
some probability distribution, either discrete or continuous. Other examples of weighted graphs are the
Chung-Lu graph introduced in 2001, [21, 22| and the Norros Reitu graph introduced in 2006 [23]|. In
this thesis, the vertex weight will represent the speed of growth of the cell.
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1.4. Spatial Boolean graphs. A cell structure can be transformed into a network. In this graph the
vertices represent the cells. Edges between vertices will represent two vertices being neighbours, thus
the edges are undirected. Vertices have both a coordinate and a growth speed (weight). Hence we have
a time-dependent weighted spatial graph. Christian Hirsch introduced a graph with these structural
properties in 2017 [24]. This graph was called a Poisson Boolean model or a scale-free Gilbert graph.
This graph constructed a vertex set using a Poisson point process (PPP). The points in the PPP are the
locations of the vertices. We show an example of a Poisson point process in Figure 3b. We introduce
the Poisson point process mathematically in Section 1.5. He chooses the weights from a power-law
distribution with parameter 7 — 1 > 0, see the section above. Two vertices are connected if one contains
the other within its radius. We will use a generalised version of this model, which we will call a spatial
Boolean graph. The generalisation of these graphs comes from switching the power-law distribution for
generating growth speeds from some arbitrary probability distribution. Power-law speeds will result in
power-law degree distributions, but in our data the degree distribution is definitely not heavy tailed,
for this see Section 5.2.
A spatial Boolean graph requires five ingredients to be constructed:

(1) A graph size n: an integer n € N determining the size of the periodic space the graph exists in.

(2) A base space T2: a 2-dimensional space with size parameter n, constructed as a square [0, /7],
with a periodic norm. Note this square has volume n. This space is referred to as the torus,
2-dimensional torus or TZ2.

(3) A vertex set V: a Poisson point process (PPP) = with intensity parameter A = 1 on the torus
T2.

(4) A speed distribution W for vertices, w, being the speed of growth of a vertex.

(5) A time point ¢, the point in time we want to construct the graph for. We can calculate the
radius of a vertex v with growth speed r, by r, = w, - t. We actually work with the square
of the time, 8 = t?. This simplifies the calculations and it is the mathematical convention for
these graph types.

We need to define a connectivity function, which tells whether 2 vertices are connected, given their
location. This is the following equation:

Prob (vertex u is connected to vertex v by an edge) = 1{t? [max (ry, 7)]* > |lu — v||?} (1.1)

Conditionally on the vertex set and on the radii W,, = w,, W,, = w,, two vertices u and v are connected
by an edge independently if the maximum of the radii is greater than the distance between the vertices.
This is also illustrated in Figure 2. This connectivity function is often found in research on wireless
networks [25]. In our case we would like to look at the sum of radii. The maximum function is a
mathematical simplification for the sum. An argument for why this is reasonable is given in (2.2).

These ingredients together define a spatial Boolean graph G (V,€£), where £ is the set of edges
produces by the connectivity function. In the first part of this thesis we are going to look at connectivity
for these graphs. Mathew Penrose proved that the absence of isolated vertices in these types of graphs
implies connectivity [26]. Isolated vertices are defined as vertices which have no connections with other
vertices. Larger isolated clusters like isolated pairs of cells, or three cells, disappear already at an earlier
time, i.e. they are less likely to occur at a fixed time ¢. Larger isolated clusters would need to have no
connections around their entire perimeter. This is much less likely than a single vertex being isolated.

In the second half of this thesis we will explore graphs where the vertex set is not a Poisson point
process but a so-called determinantal point process. This may be a better choice for modelling cell
tissue, because one can build in short-range repulsion between cells naturally in the point process. We
show both a Poisson point process and a determinantal point process in Figure 3.

1.5. Point processes. An important difference between spatial Boolean graphs and real-world cells, is
the fact that vertex locations in spatial Boolean graphs are fixed. Real cells exert forces on each other
and respond to these forces by moving around. This difference means that the method for choosing
the vertex locations in the spatial Boolean graphs is quite important. Mathematically a method of
producing these vertex locations is called a point process. Usually spatial Boolean graphs use a Poisson
point process.

1.5.1. Poisson point process. The Poisson point process (PPP) Z is a process that describes the location
of a random point-set in R?, or a subset B C R?. For any set A C R?, the number of points, i.e. [N A,
is a Poisson random variable with mean Vol (A), the volume of A. If two sets A and A’ are disjoint in
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Figure 2. 2 examples of the behaviour of the connectivity function (1.1). In the left example,
both vertices are not within the circle of the other vertex. Hence these vertices do not meet the
connectivity condition. Therefore there will be no edges between these vertices. In the right
example, the top-right vertex is within the circle of the other vertex. Therefore these vertices
do meet the connectivity condition. Hence there will be an edge between them.
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(a) A realisation of a determinantal point process (b) A realisation of a Poisson point process with
with 50 points on a square of area 50. intensity 1 on a square with area 50.

Figure 3. Two different point processes. (A) is a determinantal point process. (B) is a Poisson
point process. Notice the points in (A) are much more evenly distributed.

R? |=N A| and |2 N 4’| are independent. One can prove that sampling a PPP in a torus or box is
equivalent to first sampling a number N ~ Poi (Vol (A)), choosing the location of each of the N points
independently and uniformly at random. Generating points this way leads to densely populated areas
and areas where points are very scarce. In Figure 3b we show a realisation of a Poisson point process.

1.5.2. Determinantal point process. In cellular tissue, the centers of cells have a certain short-ranged
repulsion. This is caused by cells exerting forces on other cells and responding to those forces. A Poisson
point process has no internal repulsion. Points are chosen independently. Therefore we can improve
the similarity of the model to reality by choosing points differently. A point process where internal
short-ranged repulsion can be implemented is a Determinantal point process. This point process chooses
points with a more even spread. In Figure 3a we show a realisation of a Poisson point process. We give
a mathematical definition in Section 4.2 below.
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1.6. Thesis overview. First, we will determine under which conditions spatial Boolean graphs are
connected. More specifically we will determine how £, i.e. ¢, should depend on the graph size n and the
growth speed distribution W. Apart from the interest of connectedness for cellular tissue as discussed
in Section 1.1, this property is mathematically interesting in itself. It has not been investigated for
these graphs.

Secondly as explained above, we will adapt the spatial Boolean graphs with the determinantal point
process. We will measure internal repulsion for Poisson point processes, determinantal point processes
and for a real cellular tissue and compare these. From this we conclude whether the determinantal
point process has similar repulsion as cellular tissue. And finally, we explore and simulate both point
processes and the according graphs. With these simulations we do two things. First, we confirm our
results of the connectedness of spatial Boolean graphs. Second, we compare the phase transition for the
Poisson and determinantal graphs. We answer the question whether the mathematical results found for
Poisson graphs are useful and applicable in determinantal graphs.

In Section 2 we give the mathematical results. Section 3 contains the proofs of these results. Section
4 describes the simulation methods. This section also contains the theory about determinantal point
processes. In Section 5, the results of the simulations are illustrated and discussed. Section 6 makes a
conclusion about the comparison between the mathematical results and the simulations, both with a
Poisson point process and with a internally repulsive determinantal point process. This thesis is the
end result of my bachelor project which finishes the double bachelor Mathematics and Physics.



2. MATHEMATICAL MODEL AND MAIN ANALYTIC RESULTS

We start by defining the spatial random graphs with our specific connection function as given in
(1.1). Note that we obtain a periodic interval by connecting end-points. Hence the periodic distance
of z,y € [0,/n], becomes |z — y|, := min{|z — y|,1 — |z — y|}. For the graphs in this thesis, we
consider as ground space T2 = /n - R?/Z?, which is the 2-dimensional box [0, \/ﬁ]z, where opposite

boundaries are connected. As distance function we use the L?-norm on T2, i.e. for =,y € T? we define
1

|z =yl == |(z1 — v1)* + (22 — y2)2] >, Now that we have a space with a norm, we can define the graph.

Definition 2.1 (Spatial Boolean graph). Fizn € N, 8 > 0. Take a probability distribution W. Let =,
denote a Poisson point process with intensity A = 1 on T2. For each vertex v € =, produce a weight w,
from R. We define the connectivity function as

P (2w, wy) , (0, wy)) = ﬂ{ﬁ(max(wu,wy))g > [|@y — 5CU||2} (2.1)

Conditionally on E,,, the random graph G, = (V (G,),E (Gn)) is given by V (G,) = E, and for each
Pair u = (Ty, Wy), v = (Ty,wy) € =y the edge {u,v} € E(Gy,) with probability p ((xy, wy) , (T, wy));
conditionally independently given =,,.

Remark 2.2 (Time interpretation of §). In these graphs, 5 can be interpreted as time. But with
B = t2. The radius of a vertex v at time t = v/ would be r, = w, - t. This interpretation connects a
phase transition in the parameter § to a point in time.

Note that the probability distribution W producing the growth speeds for the vertices, has to produce
non-negative values. In this paper, we will look at both discrete and continuous distributions. Some
further restrictions are going to arise in order to obtain 8 threshold values.

Also note that this connection function is mathematically very similar to the case of overlapping
radii. In our case one vertex needs to be in the radius of the other in order to connect them. But the
following holds,

max (Wy, Wy) < Wy + Wy, < 2max (wy, wy,) - (2.2)

This factor 2 is mathematically not significant. In some applications like wireless networks, the
maximum would seem more reasonable. But in cell structures, the sum would seem a better choice.
But mathematically the maximum is way easier to use. And the existence of different macroscopic
regimes will not change. Just the exact boundary will vary slightly.

The goal is to say something about the existence of isolated vertices in these graphs, because like in
[26] this might result in a statement about the connectivity of these geometric random graph types.
Particularly we would like to know the existence of isolated points for very large amounts of points, thus
we would like to investigate the existence as the size goes to infinity. Please note the density of points
does not increase, only the size of the torus on which the graph lives. Even more specifically, what we
would want is a value for 3, which could depend on the size of the graph, above which there would be
no isolated vertices and below which there would. In order to say something about the existence of
isolated points, it would be interesting to know the probability of a single vertex v, with some radius
Ty, being isolated. In order to get to this, we will first need to know the expected degree of such a
vertex. In the discrete case there is a nice geometric intuition. For this intuition, 4 shows the geometry
we need to have in mind. Suppose we have a vertex v with radius r,. This implies all vertices radius
ry or smaller connect to v if they are within a radius of r, to v. Vertices with the next larger radius
after r,, say r; > r, connect to v within a circle of radius ;. Vertices of radius ro > 71 connect to v if
they are within a circle of radius 79, and so on. This allows us to split the expected degree into the
different discrete radii. For a graph like in Definition 2.1, we give the expected degree of a vertex in the
following lemma.

Lemma 2.3 (Expected degree of a vertex conditioned on its radius). Fizn € N and 5> 0. Take W a
discrete or continuous probability distribution. With these parameters, construct a graph G = {V,E} as
given in Definition 2.1. Take a vertex v € V arbitrary. There exists some M € N such that if n > M,
the expected degree of v conditioned on its radius ry, is,

E[D, | w,] = 75E [max (wy, W)? (2.3)



Figure 4. The geometry that is useful for the intuition on how to calculate the expected degree
of a vertex. In this figure we are working with a discrete growth speed distribution and a certain
point in time ¢. The figure shows a vertex v with radius r,. r; < ro < r3 are the first 3 radii
larger than r, = w, -t in the distribution. All vertices with radius r, or smaller connect to v if
they are within circle 0. All vertices with radius r; connect to v within a radius r;. All vertices
with radius 75 connect to v if they are within a radius 7, and so on.

Remark 2.4 (Expected degree of a vertex increasing with conditioned radius). Please note that the
RHS of (2.3) is increasing with w,. Therefore E[D, | w,] is increasing as well.

Having a larger radius, means it is better at connecting to other vertices. Therefore Remark 2.4
follows quite intuitively. Next we give an example of this lemma to make it a bit more intuitive. In this
example a continuous uniform distribution is used. Example 3.1 in Section 3 gives another example
with a discrete distribution.

Example 2.5 (Conditional expectation of vertex degree for a continuous distribution). Take Unif ([0, 1])
as continuous probability distribution. Hence,

_Jlifwe [0,1],
f(w) = {0 otherwise. (24)

Let us calculate the expected degree of a vertex with weight w, by using Lemma 2.3:

E[D, | w,] = 7BE [max (wy, W)z}

= [ 70 s (s ) o = [ e (w0

we 1 (2.5)
=7p {/0 w2dw + /1 w2dw] =78 |w? + [1103] ]

3
1 s
=np [w%—%g [1—wg]] :?B [1+2w3]
Hence we have calculated the expected degree of a vertexr with some weight w,. Let us plot this value
and compare to some simulations of the model. Here we use B = 0.01 and n = 1000. For more on
simulations see Section 4. The result is plotted in Figure 5.

Wy

Now we are prepared to calculate the probability of vertex v, with weight w,, being isolated. There
is a nice geometric intuition for this proof for discrete growth speed distributions. This intuition can be
extended to continuous radius distribution. First assume a discrete weight distribution and assume
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Figure 5. The expected degree of a vertex with weight w,. The blue bar graph is based on
simulations of the graph as given in Definition 2.1 with n = 1000, 8 = logn and a uniform radii
distribution from 0 to 1. Note that the continuous spectrum of weights in the simulations are
split in bins. The vertex degrees in each bin are averaged to approximate the expected degree.
We calculate the orange graph in Example 2.5. The calculations are based on Lemma 2.3.

time t. Then r = w - t. Vertex v should not have an edge with any of the other vertices. Knowing
this, we can say a few things about where vertices can and cannot be and with which radius. First,
there cannot be a vertex within a radius r, of v. If there would be, this vertex would connect to v,
and v would not be isolated. Second, suppose 7* is the next possible radius in the distribution. In the
annulus r, < r < r*, vertices are allowed, but only with radius 7, or less. Because a vertex with radius
larger than r, would connect to v. The next annulus can contain vertices radius r* or less, and so on.
We show the intuition behind this proof in Figure 6, with a discrete distribution of 4 different weights,
i.e. radii. The generalisation for the continuous case, would be turning these discrete annuli into a
continuous range of annuli for all weights in the support of the distribution.

Lemma 2.6 (Probability of a vertex being isolated). Consider a graph G = {V,E} as given in Definition
2.1. And consider a vertex v € ¥V which has weight w,. The probability of this vertex being isolated is,

P(Dy=0[R=mw,)=exp(=E[Dy | W =w,]). (2.6)

In order to form a conjecture about the growth of 5 on the existence of an isolated vertex, we will
summarize the weight dependent part in (2.3) using the following definition:

Definition 2.7 (Radius dependent part of the expected degree of a vertex). Take some weight
distribution W, which is either discrete or continuous. Define g(w) by,

g(w) = 7E [max (w,W)2] . (2.7)

The following claim follows almost directly from Lemma 2.3. We give the proof of this claim in
Section 3 on page 15.

Claim 2.8 (Connection between g(w) and the expected degree of a vertex). Construct a graph
G ={V, &} like in Lemma 2.3 and take an arbitrary vertex v € V. Take g(w) as given in Definition 2.7.
The following holds,

E [Dy | wy] = Bg(ww). (2.8)

Another property of g(w) that will be necessary for the extension of proofs to the continuous case is
the continuity of g(w).

Claim 2.9 (Continuity of g(w)). Take W a continuous weight distribution. Take g(w) as defined in
Definition 2.7. Then g(w) is continuous.
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Figure 6. An intuition on the calculation of the probability of a vertex being isolated. This
figure is only valid for a discrete weight distribution. It assumes only 4 possible weights, and
thus 4 possible radii at any time: rog < r; < ro < r3. Suppose we have a vertex v with radius r,.
In order for v to be isolated, there at least should not be any vertex within a radius r, of v.
Suppose r, = 1. Within a radius r; there should not be any other vertices. Vertices in the
annulus r; < r < ro there can be vertices with radius rg or r1, because these radii are smaller
than the distance between the annulus and v. In the annulus ro < r < r3 vertices can exist
with radius rg, 71 and ro. The table shows, given some r,, whether there can be vertices in
each of the annuli and which radii they can have. In the case where r, = rg or r, = rq, vertex v
is indeed isolated. In this case, vertex v; is allowed in annulus 2 because it has radius 1 (not
illustrated). Similarly vertices va and vz are allowed in annulus 3, because they have radius
ro and 1o respectively. v; and vs have an edge between them. This does not influence v being
isolated.

Next we need a definition for the smallest weight, wg, within a weight distribution. The smallest
weight turns out to be important for the existence of isolated vertices. That has quite a clear intuition. A
vertex with the smallest weight has the smallest radius at any time. Vertices with a smaller radius have
a larger probability of being isolated, as follows from Remark 2.4. The expected degree is minimized
for the smallest possible radius. Let us define wy.

Definition 2.10 (Minimal radius). Take a radius distribution W. Define wy by:
wp = inf (Supp W) (2.9)

Now let us try to get some intuition on the 8 value that is the threshold on the existence of isolated
vertices. We have calculated some probability for a single vertex being isolated. Suppose this probability
does not decrease with the graph size n. When increasing the graph size, there will be more vertices in
the graph. Intuitively this will cause more attempts to be made on this fixed probability of a vertex
being isolated. So when increasing the graph size enough, will lead to one of these attempts at this
fixed probability being successful. Therefore we can conclude that the probability of a vertex being
isolated, needs to decrease with n. Thus § needs to increase with n. To be more specific we would
intuitively say that the threshold would be where the number of vertices, roughly n, multiplied with
the probability of a vertex being isolated neither converges, nor diverges. For now write the g(w) term
in the probability of a vertex being isolated as a constant ¢, because this function does not depend
on n. Keep in mind that this is not rigorous, but just to provide intuition on what we expect for the
threshold 8. We can write,

E[Z] = nP (D, = 0) = ne ¢ = elogn-pe (2.10)
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To capture the phase transition, we need logn — ¢ constant. Let us for now assume zero. We expect
the following behaviour for the threshold 8 dependent on graph size n:

B =c"logn (2.11)

We denote ¢* as the threshold constant. From this non-rigorous reasoning, we would like to conjecture
that 5 needs to be logarithmic with graph size at the threshold for existence of isolated an isolated
vertex. The following theorem shows this conjecture is true for the convergence of the expected number
of isolated vertices.

Theorem 2.11 (Convergence of the expected number of isolated vertices). Take a discrete or continuous
radius distribution W and (3, = clogn. With these parameters, construct a sequence of graphs {Gn }nen.

Take c¢* = W. For Z,, being the number of isolated vertices in G, as n — +o0o the following holds:

(i) if ¢ > c*, then E[Z,] — 0,
(i) if ¢ < c*, then E[Z,] — +oo.

From this theorem we derive the following proposition about the existence of an isolated vertex in the
limit. The proof of this proposition is just the application of Markov’s inequality to Theorem 2.11(i).

Proposition 2.12 (Absence of isolated vertices). Take a discrete or continuous weight distribution W
and B, = clogn. With these parameters, construct a sequence of graphs {Gp}nen. Let ¢* = W. If
c > c*, the following holds:

P(Z,>1)—0. (2.12)

So we now know that when 8 grows faster than the threshold given in Theorem 2.11, the probability
of an isolated vertex existing converges to zero with increasing graph size. Now we would like to
show that the probability of an isolated vertex existing converges to 1 when [, grows slower than the
threshold c*logn. This would be the other side of the threshold, hence proving there is a, at least
mathematical, phase transition. In order to prove this other side, the logical next step would be to
attempt using Chebyshev’s inequality. Let us set this up. We would like P (Z,, > 1) to converge to 1 in
this situation. Rewriting using the law of total probability, gives the following:

P(Z,>1)=1-P(Z,=0). (2.13)

This means P (Z,, = 0) needs to converge to 0. We approximate this value using Chebyshev’s inequality,
which results in the following:

Var Z,
E[Z.)*

Therefore we need Var Z,, < E[Z,]%. We did not succeed in getting the Var Z, under O(n). This means
E [Z,] at least needs to grow with speed O(y/n). But from the proof of Theorem 2.11 we can derive
that when c is taken e close to ¢, E[Z,] grows with n¢. Hence this proof is not feasible.

Another way of proving the existence of an isolated point in the graph is by defining a rare event.
This rare event would be the existence of an isolated vertex somewhere in the graph. When we can
construct a lot of independent trials of this rare event, we eventually find an isolated vertex. This is
only true, when the probability of this event happening decreases slower than the we can increase the
number of trials. And this requires us to restrict the possible radius distributions to distributions with
finite support. The following theorem States this existence of an isolated vertex. We give the proof at
the end of Section 3.

]P)(Zn = 0) = ]P)(Zn _E[Zn] =-E [Zn]) < IED(|Zn _E[Zn” > ]E[ZTJ) <

(2.14)

Theorem 2.13 (Existence of isolated vertices). Consider a weight distribution W with finite support.
Denote ¢* = W. Consider a sequence of graphs {Gp}nen all following Definition 2.1, taking
B(Gn) = clogn with ¢ < ¢*, and taking weight distribution W. Denote Z, the number of isolated

vertices in graph n. This gives
lim P(Z,>1)=1. (2.15)

n—oo

This theorem, together with Proposition 2.12 show that, in the limit, there will be no isolated
vertices when 3, > ¢*logn and there will be an isolated vertex when 8 < c¢*logn. Hence proving
8 = W logn is the threshold in the mathematical phase transition describing the existence of

isolated vertices. In Section 5.1.2 this phase transition is confirmed using simulations.
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3. PROOFsS

This section contains the proofs to all the statements in Section 2. It follows the same order.
Sometimes the proof is supported by a claim. The proof of 2.12 needs a little more structure. For this
proof we give an intuition together with a structure. This structure consists of some Definitions and a
Claim.

3.1. Conditional expectation of vertex degree. We will start with the proof for the expected
degree of a vertex, given its weight.

Proof of Lemma 2.3. Notice we are working on the torus. Denote wpa; = sup{Supp W}. Take
M > 4Bw2,,,. This will make sure the box size is larger than the diameter around a circle. This assures
vertices are not included twice inside the circumference of a vertex.

First we take the expectation of the Poisson point process conditioned expectation. After conditioning
on the Poisson point process, we write the degree of a vertex as the sum of indicators over the vertex

set,

E[D, | w,] =E[E[D, | E]] =E |E Z]l{{u,v}eé’(Q)}]E”
—E|E Zn{ﬁ[max(wu,wv)}Qz||xu—xv||2}5” (3.1)
. ZE [1{5 [max (wy, we)]2 > |2 — 202} | 5}] .

Here we split the proof in a discrete and continuous part.

(i) For the discrete weight distribution W, we assume a probability mass function py (w). Denote
the different weights possible in W as w; < wy < .... From (3.1), we calculate the inner
expectation over the weight distribution. By dominated convergence, we can interchange this
sum with the expectation over the Poisson point process. This gives,

E[Dy | wy] =B | pw(wi)1{B max (wi, w,)]” > ||z, - mlz}]
N ue=s 1=1 (32)
=" pw(w)E [Z 148 [max (w;, w,))* > |z — a:vw}] .
i=1 UEE

We can write the expectation over the Poisson point process as an integral by Mecke’s formula
[27]. The restriction on M we give in the beginning of this proof, makes sure vertices are not
counted multiple times. The obtained integral simplifies to the area of a sphere, giving:

E(Dy |w.] =3 pur(wr) /T 148 [max (wi, )2 > || — w02} da
i=1

o0

= pr(wi)ﬂﬁ [max (w;, wy)]* = 78K [max (wy, W)?] .
i=1

(3.3)

This finishes the proof for a discrete distribution.

(ii) Next we assume a continuous weight distribution with probability density function f(w). From
(3.1), we can take the expectation over the weights. This is because the choice of weight is
independent of the Poisson point process. By dominated convergence we can take the integral
out of the expectation. This gives,

E[D, | w,] =E

Z/OOO £ (w) {8 [max (w, w,)]* > aru — vaQ}dw]

- /OOO f(w)E [Z 1{ [max (w, wy)]> > ||z, — wi}] dw.

UES
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Calculations T
20.01 mmm Simulations

Expected degree E[D, | r,]

0.0 0.2 0.4 0.6 0.8 1.0
weight w,

Figure 7. The expected degree of a vertex with weight w,. The blue bar graph is based on
simulations of the graph as given in Definition 2.1 with n = 1000, 8 = logn and a scaled down
binomial as weight distribution with n = 20, p = 0.5 and scaling factor %. We add error bars,
which show the confidence intervals of all vertices in 1000 runs with the given weight w,. Notice
weights w, close to 0 and 1 are not likely in this probability distribution, hence there are less
data points on them. This results in larger confidence intervals. The orange graph is calculated
in Example 3.1. The calculations are based on Lemma 2.3.

We can write the expectation over the Poisson point process as an integral by Mecke’s formula.
The restriction on M we give in the beginning of this proof, makes sure vertices are not counted
multiple times. The obtained integral simplifies to the area of a sphere, giving

E D, | wy] = /Oof(w)/ 1{ 3 [max (w, w,)]* > ||z — x| * }dedw
" T (3.5)
= FB/O f(w) [max (w, wy,)]* dw = 7BE |max (w, W)Q} :

This finishes the proof.
O

To give an intuition on this Lemma, we provide two examples. We show Example 2.5 with a uniform
weight distribution in Section 2. The other one with a scaled binomial weight distribution we give here.
The simulations supporting the example are explained in Section 4.1.2.

Example 3.1 (Conditional expectation of vertex degree for a discrete distribution). Take % Binom (20, 0.5)
as discrete weight distribution. Take § = 1. This gives,

n _
p(i/20) = ()0 - =t (5.6)
By Lemma 2.3 we have,

E[D, | w,] = nfE {max (wy, W)ﬂ

0o 20
= wﬂ pr(wi) [max (wi, wv)]Z = 775 ZPW(i/2O) [max (wia wv)]z (3_7)
i=1 1=0

_ wz @pi(l — )" fmax (w, w, )]

This we can calculate for different w, values, which is plotted and compared to simulations in Figure 7.
In the simulations we construct graphs as in Definition 2.1. Here we use =1 and n = 1000. For more
on simulations see Section 4.
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3.2. Probability of a vertex being isolated. In this section we will prove a formula for the probability
of a vertex being isolated.

Proof of Lemma 2.6. First translate the entire graph such that v is in the origin. Because of the periodic
boundaries, this will not change any of it’s properties. Now v = 0 and w, = w,. We partition the
torus into squares Sy := [t,t + dt] X [s,s + dt]. Define X; 5 := {v € V(G) s.t. z, € St s} as the set
of vertices in a given square characterised by (s,t). Now we split the probability into an intersection of
separate squares as given above. Using the independence of the Poisson process, this yields

P(Do=0|W=mwo) =P [) {Vv€Xps:{v,0}¢E(Guo)
Si,+ €T (3.8)
= H P{Vve Xts:{v,0} ¢ £(Gx))-
St,s €T?

By taking a very small dt, we can assume there either being zero or one vertex in a given square Sy .
This way we exclude the possibility of multiple vertices in a square. Using the law of total probability
this gives the following:

P(Dy=0|W=w)= ] (P(Xtu=0)+P(Xs#0, veE X )P{v,0}£E(G)) ). (39)
St,se'ﬂ‘2
By [28], P(X:s=0) = exp (—dt2) and therefore by the law of total probability, P (X;s # 0) =
1—exp (—dtz). This gives

P(Dy=0|W=uw)= [] (e—dt2 v (1 - e_dt2> (1-P({v,0} €& (goo)») . (3.10)
St,sETQ
When taking small dt, the area dt? will be really small, hence we can use a Taylor approximation,

exp (—dtz) ~ 1 — dt®. Substituting this results in a cancellation. We rewrite the product as a sum in
the exponent, giving

P(Do=0|W=mw)= [] (1-d’P({v,0} €& (G)))
St,s€T?
(3.11)

= exp Z In (1 — dtQP ({’U, O} S £ (goo)))

SLSGTQ

1—dt*P ({v,0} € £ (Goo)) is really close to one, because dt? is very small. Hence we Taylor approximate
the logarithm,

P(Do=0|W=uw,)=exp | — Y dt’P({v,0} € €(Gu0)) | - (3.12)
St,sGTQ
Taking dt — 0 turns the sum into an integral, giving
P(Dy=0|W =w,) =exp <—/ P ({v,0} € £(Gxo)) dt2> . (3.13)
T2

And here we recognize this integral, being the expectation of the degree of the origin given its weight
w,. Hence we get:

P(Dy=0|W =w,) =exp(=E[D, | W =w,)), (3.14)
which finishes the proof. O

3.3. Proof of properties of g(w). This section contains the proofs for some properties of g(w) defined
in Definition 2.7.

Proof of Claim 2.8. By Lemma 2.3 we have
E[D, | wy] = nBE [max (wy, W)?] . (3.15)

Here we recognize g(w) from Definition 2.7. Substituting g(w,) finishes the proof:
E [Dv | wv] = Bg(wv)' (316)
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Proof of Claim 2.9. Take W a positive continuous weight distribution, characterised by its continuous
probability density function f(w). Take w € Supp W and e > 0 arbitrary. We split the proof in two
cases.

(1) Suppose w > 0. Take 2 > 0 such that |w — x| < min{¥, m} =0, with fihax = sup{f(w) :

w € Supp W}. This exists because f(w) is continuous, positive and [ f(w)dw = 1. We simplify
|g(w) — g(x)| resulting in

lg(w) — g(x)| = W‘/Suppwf(u?) max (95,12))2 dw —/S f () max (w,u?)2 dﬁ)‘. (3.17)

upp W

From here we split the proof again in two parts. w > x and w < z.
(a) Suppose w > x. We split the integrals into 3 parts: w < z, z < w < w and w < 7. The
third integral immediately cancels. This results in

ow) = g(o)] < 7] [ @ (0 =) dlw) + [ 5(@0) (a® ) dy
<o [" s - aa+ [ s - i

< fmax™ [m(w —z)(w+x) + /w
< fmaxm [w(w — 2)2w + (w — z)*(w + )]
< T fmax [2w25 + 522w]

< T fmax2W?6 < €.

(w? — x2)dﬁ)} (3.18)

Thus finishing the proof for = > w.
(b) Now suppose w < x. We again split the integral into 3 parts of which the third cancels.

ow) — g =] [ fot? - s+ [ f(@) - odal
<l [ s+ [ s - ot (3.19)

< 7 frnax [w(w — 2)(w + 7) + (W + 2)(x — w)?] .

We know  —w < §. Therefore z < 2w. Thus we can use the lowerbound (w + ) < 3w

to obtain
lg(w) — g(z)] < 7 fmaxd [3w2 + 3w5] (3.20)
< ﬂfmax<53w2 < €. '

This finishes the proof for the continuity of g(w) at & when x # 0.

W=

(2) Now suppose w = 0. take x > 0 such that |w — z| = |z| < <
|9(w) — ()] giving

lg(w) — g(a)] = w)/ox F(@) max (0, )2 dis — /0 max (. 2)? di

) = §. We simplify

meax

— w/x f(@)0?* — 22|dw < w/x f(w)z?dn
0 0 (3.21)

x
< 771'2/ fmaxdm = meaxx?) < 7Tfmax53
0
€
= meaxi = €.

meax

This finishes the proof for w = 0.
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3.4. Connectivity threshold. In this section we will prove the phase transition in the expected
number of isolated vertices in a graph. The next claim contains a property of increasing functions and
is needed in the second part of the proof of this phase transition, Theorem 2.11. We give the proof of
this Claim in the appendix on page 38.

Claim 3.2 (Property of increasing continuous functions). Assume we have an increasing, non-negative,
continuous function g(x), and we have some xo > 0 and ¢ € R. Given some 0y, if for all § € R such

1 1
that 0 < § < do, we have ¢ < ;== then ¢ < ;o

Proof of Theorem 2.11. This proof will be split into two parts. The first part is for discrete weight
distributions. The second part is for continuous weight distributions.

(i) For a discrete weight distribution W, we assume some probability mass function py (w). We
can write the number of isolated vertices as the sum of indicators, Z = > ppp I{p,—o}- Using
this and conditioning on the different possible weights gives

E[Z2] = nE[1{D, = 0}] = anW(wi)IE [1{D, = 0} | wy, = wj]

- (3.22)
= anW(wi)]P’(DU =0|wy =w).
i=1
Take g(w) from Definition 2.7. By 2.6 and using Claim 2.8, we get:
E[Z] = anW(wi) exp (—E [D, | wy])
- . (3.23)
=S puw () exp (~Bag(w)) = 1S pw(15) exp (—c - g(uw) logm).
i=1 i=1

We split the proof into ¢ > ¢* and ¢ < ¢*.
(a) By remark 2.4 and Claim 2.8, we know g(w) is increasing with w. Thus g(w) > g(wyp).
This implies that, exp (—c - g(w)logn) < exp (—c- g(wp) logn). Therefore,

E[Z] <n> pw(w:) exp (—c- g(wo) logn) = nexp (—c- glwg) logn) = n' =90 (3.24)
i=1
Hence if 1 — ¢ g(wp) < 0, (3.24) converges to 0. Thus if ¢ > g(ifo) = ﬂE[max(le,W)Q] =

W = ¢*, we have E [Z] — 0.

(b) By (3.23) we have,
E [Z] > npw (wo) exp (—c - g(wp) logn) = pw(wo)nl_c'g(wo). (3.25)

We know pw (wp) > 0. Hence if 1 — ¢ - g(wp) > 0, (3.25) diverges to +o0o. Thus if
c< g(i)g) = ¢*, E[Z] — 400, finishing the proof for discrete radius distributions.
(ii) For a continuous weight distribution W, we assume some probability density function f(w).

We can write Z = Y ppp 1{p,—0}- Using this and conditioning on the weight gives,

[ee)
E[Z] =nE [L{p,—0}] = n/ f(w)E[1{D, = 0} | wy = w] dw
“o (3.26)
=n f(w)P(Dy =0 wy = w) dw.
wo
Take g(w) from Definition 2.7. We get,
E[Z]l=n f(w)e 9 qyy = n/ flw)ee9tw)logn gy, (3.27)
wo wo

We split the proof in two parts, ¢ > ¢* and ¢ < c*.
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(a) By Remark 2.4 and Claim 2.8, we know g(w) is increasing with w. Hence exp (—c - g(w) logn) <
exp (—c - g(wp) logn). Therefore

n/ e~ 9w logn (1)) day Sn/

wo wo

e—c.g(wo) log ”f(w)dw _ ne—og(wo) logn / f(w)dw
wo (3.28)

_ ne—og(wo)logn _ elogn[l—c-g(wo)}‘

1 p
wE[max(wo,W)Q]

Hence if 1 — ¢ g(wp) < 0, (3.28) converges to 0. Thus if ¢ > Tow) =

1
wo
-z = ¢ E[2] = 0.
(b) By the fact that wg = inf{w > 0: f(w) > 0}, we can say that for all € > 0, there exists
an € > 0 such that € < € and f(w) = f(wo + €) > 0. By the fact that f(w) is continuous,
there exists an ¢’ > 0 such that if |w — (wo + €)| < &', |f(wo +€) — f(w)| < W This

implies f(w) > % for all w € [wo + €, 70 + € + §']. Take 6 < §'. This gives,

E[Z]=n f(w)e_c'g(w) logm gy

wo
5
>n / e Flw)ee9w)logn gy, (3.29)
wo+e€
+e+0
wo+e€ 2

We also know in the current integration interval that: exp (—c - g(w)logn) > exp (—c - g(wo + €) logn).

Hence
wo+e+d
E([Z] > f(w02+e)n/ e—c9(w)logn g,

wo-+e€
+e+6
> f(wO + 6) n /wo e-g(wo+e) logndw (3.30)
2 wo-+e€

M(;elog n[l—c-g(wo+te)]

Therefore if 1 — ¢ - g(wo + € + ) > 0, (3.30) diverges to +0o0. Both € and ¢ can be chosen

as small as needed. Hence we denote € + & = u. Hence for all small 4 > 0, if ¢ < m,
E [Z] — 4o00. By Claim 3.2 this implies that if ¢ < g(lluo) = ¢*, E[Z] — oo, which finishes
the proof.

O

Next we will prove Theorem 2.13. The plan for this proof is to create a rare event, where there is
an isolated vertex in the middle of a box. By taking a weight distribution with a finite support, there
exists a maximum weight and thus a maximum radius at any time ¢t. For this rare event, we choose a
box size such that the isolated vertex cannot connect to any vertices outside of the box, hence the event
of such a box containing an isolated vertex is independent of everything outside of the box. Please note
that this requires us to scale the box with 5. The main proof idea is to increase the size of the space,
which increases the number of boxes available. Therefore, even tough the event is rare, it will occur
with enough available boxes.

Assuming the maximum possible weight is w,,, we give a sketch of one of the box in Figure 8. In
order for this box being a ’good box’, we need exactly one vertex in the inner box, and it needs to
be isolated. In order for it to be isolated with the highest probability, we require a small weight. For
discrete weight distributions, this is the smallest possible radius. For continuous weight distributions,
its weight is taken close to the smallest possible weight. We first need to define some structure.

Definition 3.3 (Embedding of disjoint boxes in the torus). Fiz n € N. And take m(n) = L%Jz Let
B, ..., Bpn) be disjoint bozes of side-length S embedded in T2. For everyi € {1,2,...,m(n)} let B! be
a smaller box with the same center as B; and side-length S* < S. S is called the outer side-length and
S* is called the inner side-length. We call this embedding P (’]T?L)
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. Wm

2B - wp + §*
N

S*

Figure 8. A box which is part of the embedding defined in Definition 3.3. The side-length of
the inner box is S* and the side length of the outer box is 2v/Bw,, + S*

Definition 3.4 (Correct box). Fizn € N, 8> 0 and take a weight distribution W with finite support.
Denote wy, = sup{Supp W}. Let G = {V,E} be a graph from Definition 2.1 with these parameters.
Fiz S* > 0. Consider the box embedding P(T2) in Definition 3.3 with inner side-length S* and outer
side-length 2/Bwy, + S*. A box B; € P(T2) is correct if:

(1) v eV s.t. veB,,

(2) v is isolated.

Claim 3.5 (Probability of a box being correct). Take an embedding P(T2) as in Definition 3.3 and
a graph G = {V,E} as in Definition 3.4. Let W be the weight distribution with wy as defined in
Definition 2.10 and w,, = sup{Supp W} < co. Take a box B € P(T2) arbitrary. Take g(w) as defined
in Definition 2.7 and write § = clogn. If W is discrete, the probability of B being correct is at least

P (B correct) > P (W = wy) §*2e 5" n=c9(wo), (3.31)
If W is continuous, take € > 0, the probability of B being correct is at least
P (B correct) > P (W < wq + €) §*2e=5" pcolwote) (3.32)

In both cases, the events of a boxes being correct are mutually independent.
We give the proof of this claim after the proof of Theorem 2.13.

Proof of Theorem 2.13 subject to Claim 3.5. Define B, = c*logn. Take a sequence of embeddings
{P, }nen for every graph G, = {V,,&,} as in Definition 3.4. By Claim 3.5 the probability of a box
B € P, being correct is independent of the other boxes. Denote ¢ = P (B correct). And denote the
number of boxes in the embedding of graph n by m,. We approximate the probability of there being
an isolated vertex in a graph G, by the probability of a box in the embedding being correct:

P(Z, > 1) = P (at least one box is correct) > P (Bin (my,q) > 1) =1— (1 —¢)". (3.33)
Now we use the fact that e > 1 — ¢, which means that:
P(Z,>1)>1—-(1—q)"™ >1—¢e 9, (3.34)

This needs to converge to 1. Hence gm,, should converge to infinity. We split the proof into two cases.
First, the case where W is discrete. And second, the case where W is continuous.
(1) First take a discrete weight distribution. Using (3.31) to estimate g from below, let us expand ¢
and m, and put all n independent parts into a constant C.

qmy, > P (W = wy) §*2e=5" p—cg(wo) n 5
(2\/clognwm + S*)
) (3.35)

e p1=es(un),

a (2\/clog nwy, + S*)2
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Now taking the limit n — oo will result in gm,, converging to infinity when 1 — cg(wg) > 0,
because n’ for § > 0 will outgrow the logarithm in the denominator. This follows from basic
calculus. By assumption g(wy) = 7E [Wﬂ = C% Hence 1 — &% > 0. Hence when assuming
c < c*, gmy — oco. Together with (3.34), this means that:
lim P(Z,>1)=1. (3.36)
n—oo
This finishes the proof for a discrete weight distribution.
(2) Now let us assume we have a continuous weight distribution. We estimate gm,, below as in
(3.32). Let us expand g and m,, and put all n independent parts into a constant C.

gmp, =P (W <wy+¢) §*2=5" pmeglworte) n 5
(2\/clog NWy, + S*)
1 (3.37)

= CP(w < wp + €) nl—co(wote)

(2\/clog nwy, + S*)2

Observe that in this case there is an extra e error in g and in P (W < wg + €). As in the discrete
case taking the limit will result in gm,, converging to infinity if 1 — cg(ro + €) > 0. This follows
1 1 1

from basic calculus. Hence we need ¢ < Tt We know ¢ < ¢ = BV = 30wo)” g(w) is

increasing and continuous in w, hence for a fixed ¢ < ¢*, we can take ¢ > 0 small enough to
force ¢ < m < ¢*. This means that gm,, converges to infinity. Just like in the discrete case,
the proof of the theorem follows using (3.34).

O

Proof of Claim 3.5. For these proof we define two events. Define A; as the event where there is exactly
one vertex v in B’. And define Ay as v being isolated.

Aj = {PPP has one vertex v in B} (3.38)
Ay = {v is isolated } (3.39)
If both events A; and A, occur simultaneously, the box is correct. Hence we want to calculate
P (B correct) > P(A1 N Ag) =P (A1) P(As | 4y). (3.40)
_S*Q

First the probability of A; occurring is S*2e , [28]. The only thing we know about the surroundings
of the vertex v, that exists when A; occurs is the fact that there are no other vertices in B’. This
increases the probability of it being isolated compared to the setting of Lemma 2.6. In the proof of this
lemma, the dt? squares that are inside B’ have 0 vertices under the conditioning. In the discrete case

this results in
P(Az | A1) >P(Dy=0|W,=wpand BNE=0) >P(Dy,=0|W, =wp) (3.41)
=exp (—E[Dy | w = wp]). .

Therefore we can use the probability from this lemma as a lower bound on the probability of v being
isolated. Note that the formula in this lemma is based upon knowing the weight of the vertex. We split
the proof into two cases. The weight distribution being discrete or continuous.

(1) First consider the case where the graphs have discrete weight distribution. The probability of
v being isolated is lowest when we take weight wq, as defined in Definition 2.10. We fix that
requirement. By 3.41,

P (B correct) > P(A)P (W = wp)P (D, =0 | W, = wy) . (3.42)
Define g(w) as in Definition 2.7. Substituting (2.6) gives
P (B correct) > P (W = wy) §*2e=5" o~ ElDv|w=wo]
=P (W = wy) §*2e=5" g~ Po(wo) (3.43)
=P (W = wy) §*2e 5" n9(wo),

Thus finishing the proof for a discrete weight distribution.
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(2) Next, let us consider graphs with a continuous weight distribution. In this case we cannot
choose weight wq, as defined in Definition 2.10. In this case we require this weight to be below
wg + € for some € > 0. This changes the probability of v being isolated as in Lemma 2.6. The
following results from these adaptations:

P (B correct) > P (W < wy + €) §*2,—5"2 ,—E[Dy|w=wo+¢]
=P (W <wy+e) §*2e=5" g~ B(worte) (3.44)
=P(W <wy+e) §*2e= 5"y —cg(wote)

All that is left, is the proof of the independence of correct boxes. By the definition of the Poisson
point process, the existence and location of vertices within a box is independent of vertices in another
box. The maximum connection distance for a vertex is fixed by v/Bw,,, with w,, the maximum possible
weight generated by the weight distribution. This follows from (2.1). Therefore v cannot form edges
with vertices outside this radius. This implies that the event {v is isolated} only depends on the Poisson
point process in a ball around v of radius v/Bw,,. This ball is entirely contained in the box containing
v. Therefore the event {vis isolated} is independent of the Poisson point process outside the box. Thus
the event {B correct} is independent of events in other boxes. We can conclude that the events of
boxes being correct are independent. This finishes the proof. (Il
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4. SIMULATIONS

In this Section we describe how we use simulations to confirm statements from Section 2 and to get
the model from this section closer to real cellular tissue. In the first part we describe simulations of
spatial Boolean graphs like in Definition 2.1. These graphs use Poisson point processes to construct the
vertex set. This part will consist both of simulations for the expected degree of vertices, Lemma 2.3,
and simulations for the phase transition, Theorem 2.11 and Proposition 2.12. This phase transition is
the transition between the graphs being disconnected and the graphs being connected. The second part
of this chapter will go into the theory behind determinantal point processes, which we use to improve
the model from Section 2. We describe the methodology for the simulations of the threshold in spatial
Boolean graphs with determinantal point processes. The third part goes into extracting the neighbour
counts of Tribolium cells from images using image analysis and comparing the internal repulsion in both
point processes and the real Tribolium cells. An example of these Tribolium cells is given in Figure 11a.
We show the results of the simulations and image analysis described below in section 5. All of the code
is available in the gitlab, [29].

4.1. Poisson simulations.

4.1.1. Graph construction. In order to form conjectures on these maximal spatial random graphs,
simulations are run. We construct and execute these simulations using c+-+. These simulations
construct realisations of mathematical graphs described in Definition 2.1. The growth speeds are chosen
from different distributions, discrete and continuous. These graphs have some size, referred to as n
in Definition 2.1. This size is size of the space we are working on. Remember that we choose the
number of vertices in a Poisson point process from a Poisson random variable, hence there will not
be exactly n vertices. We are working on a torus, n is the total area of the two dimensional space
[0, \/5]2, with periodic boundaries. Lastly, we choose some value ¢. We choose these values of ¢ around
the analytically calculated transition values, where the Poisson spatial Boolean graphs should go from
not being connected to being connected. We can calculate these analytical transition values using the
statements from Section 2. Using a value of ¢, we can calculate 8 = clogn, like in Theorem 2.11.

We can construct a realisation of a Poisson point process in two steps. First, we choose the number
of points NV in a space with size n using intensity A = 1 from a Poisson random variable N ~ Poi (An)
[30]. Second, we choose N points uniformly at random. We give an example of such a Poisson point
process in Figure 3b. After generating a realisation of a Poisson point process, we give all points a
growth speed according to the growth speed distribution. For every set of vertices u and v, we calculate
the presence of the edge {u,v} using 2.1. After this the graph is fully constructed.

4.1.2. Ezpected vertex degree simulations. To get an intuition on the convergence of the vertex degree
and in order to test Lemma 2.3 we construct 1000 spatial Boolean graphs. We fix the size at n = 1000
and we choose 8 = 1, thus we fix for time t = 1. We choose the growth speeds, which we call weights,
from a uniform distribution, Unif(0,1), an exponential distribution Exp(1) and a scaled binomial
distribution % Binom (20, 0.5). We construct 2500 graphs. We choose these distributions, because they
include a discrete distribution, a finite continuous distribution and a light tailed continuous distribution.
Therefore they represent a different characteristics for probability distributions. For all vertices in all
graphs we collect the vertex weights (growth speeds), the number of connections and the vertex degree.
All of these pairs of vertex degree and weights are bunched together. This is allowed, because all
surroundings of all vertices are independent of the vertex location and fitness. Hence the environments
of all vertices are equal, independent of which run it is in. All of these degree-weight pairs are sorted
based on weight. For discrete weight distributions this is easy, because we can sort it in discrete piles.
For continuous distributions, we sort them into weight-bins.

We calculate the mean and confidence interval of every bin. The means we compare to the calculation
of expected degree as in the Lemmas. We give the calculation of confidence intervals in Section A.4.
The discrete weight distributions might have some weights that are less common. And some bins of
the continuous weight distributions might only have a few vertices included. Hence for these values
the standard error might be larger. The confidence interval is plotted together with the data and the
calculations for the exponential distribution in Section 3. We show results of the Uniform distribution
in Figure 5 and for the binomial distribution in Figure 7.
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4.1.3. Threshold simulations. In order to experimentally confirm Theorem 2.11, Proposition 2.12 and
Theorem 2.13 we run simulations. Some of these simulations were performed before proving the
statements. These early simulations were used to construct a conjecture about the n dependent phase
transitional behaviour of 8. Remember 3 can be interpreted as time with 3 = ¢2. The Theorems and
Proposition are all about the existence and expected number of isolated vertices in spatial Boolean
graphs, Definition 2.1. We can get the number of isolated vertices in a graph from our simulations. We
can approximate the expected number of isolated vertices by the average number of isolated vertices in
the simulations. All simulations of the graphs can be seen as some realisation of a random variable. All
simulations are independent, therefore these random variables are i.i.d.. By the central limit theorem,
we can calculate confidence intervals for the average number of isolated vertices. We explain the
construction of these confidence intervals in Appendix A.4. The intervals around the average number of
isolated vertices is the 95% interval, meaning that the probability that the expected number of isolated
vertices is within this interval, is 95%.

We use our simulation results to test Theorem 2.11. First, the right values for ¢ need to be chosen.
They need to be around the theoretically calculated value ¢* = W. We expect an upwards trend of
the average number of isolated vertices for ¢ < ¢*. An upwards trend implies divergence in the limit.
This implication can be made, because we do not expect the scaling of the graph to influence the
surrounding of a specific vertex. Larger graphs will not lead to different local features. This means
that, from a certain lower bound of vertices, we expect there not to be any fluctuating size effects. We
expect the number of isolated vertices to scale monotonically with graph size. From this implication,
we extrapolate an upwards trend in the average number of isolated vertices to the divergence of isolated
vertices. Similarly a downwards trend can be extrapolated to implying a convergence of the number
of isolated vertices. We give an example of an upwards and downwards trending number of isolated
vertices in Figure 9. These are based on simulations with a uniform distribution between 0 and 1. On
the horizontal axis are the graph sizes, which where 200, 450 and 800 in this case. On the vertical axis
is the number of isolated vertices in the graph.

Proposition 2.12 follows from the convergence to 0 of the expected number of isolated vertices.
Applying Markov’s inequality is enough to see this. Intuitively this is reasonable as well. If the average
number of isolated vertices converges to 0, the probability of an isolated vertex existing also converges
to 0. Contrarily, if the probability of an isolated vertex existing would not converge to 0, the average
number of isolated vertices would converge to some non-zero value. Our simulations actually cannot
proof this, because convergence to zero versus some non-zero constant cannot be shown from these
simulations. To show this, we would need simulations with infinite graph sizes. The simulations can
still confirm the analytic statements and they can show that the convergence or divergence of isolated
vertices is already visible for finite graph sizes.

To confirm this proposition together with Theorem 2.13 we will extract the number of runs where
there exists at least one isolated vertex versus the number of runs where there does not. These values
are extracted from the same 2500 runs per pair of graph size n and constant ¢ as used for confirming
Theorem 2.11.

4.2. Determinantal simulations.

4.2.1. Theoretical determinantal point processes. Poisson point processes have many advantages. The
independence of the points makes it easy to do mathematical analysis on and makes them easy to
construct. But when looking at cell structures, they are not really representative. Cells have an inherent
repulsion, meaning their centers do not want to be close to each other. This is because they cannot
exist at the same location, and their cell walls act like springs pushing other cells outwards. This
spatial repulsion is not present in Poisson point processes. Therefore we would like to have another
mathematical point process which has some repulsion between points. If simulating is our only goal,
some ad hoc procedure can be designed to construct point sets. An example of this would be an
acceptance/rejection algorithm. Doing mathematical analysis on these kinds of procedures is difficult.
We need to know probabilistic properties of them. Those probabilistic properties are difficult to control
with such a ad hoc algorithms, because of the large number of steps and decisions made during the
construction.

That is where determinantal point processes enter [31, 32]. We show an example of a determinantal
point process (DPP) with 50 points in Figure 3 together with a Poisson point process (PPP) with the
same size. As visible in this figure, the points in the DPP are much more evenly distributed. However,
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isolated vertices diverges as n — oo. Therefore for ¢ = isolated vertices converges to 0 as n — co. Therefore for
0.8, 8 = clogn is below the threshold for isolated vertex ¢ =1, 8 = clogn is above the threshold for isolated vertex
convergence. convergence.

Figure 9. The expected number of isolated vertices in spatial Boolean graphs. The spatial
Boolean graphs are defined in Definition 2.1. The spatial Boolean graphs is chosen with different
sizes n and different values of ¢, where 8 = clogn. For the growth speed a uniform distribution
between 0 and 1 is chosen. In this graph the ¢ values are 0.8 and 1.0. For each of these ¢ values,
we run 2500 simulations of spatial Boolean graphs for graph size 200, 450 and 800. The data
shown in these figures is the average number of isolated vertices in these graphs. The error bars
give the 95% confidence intervals for these data points. The computed threshold for connectivity
is ¢* = 3/m =~ 0.95.

constructing a determinantal point process takes a lot of computational power, mainly if we would
like a large set of points. Hence we edited the way to construct the point sets a bit compared to the
standard determinantal point processes. First we will explain how determinantal point processes are
theoretically constructed.

Determinantal point process are based on determinants, as the name suggests. Suppose we would like
to create a DPP with n points. We take a square of area n, which makes sure we have density 1. We
randomly choose a large set of points X = {Z1, Zo, ..., Zx} in the square from a uniform distribution.
The goal is to get some subset of these points that has internal repulsion, meaning the points are spread
out over the area. We want to define some function determining the likelihood two points end up in
this final subset together. When points are close together, this likelihood needs to be low. Because
we do not want points in the final subset to be close together. We want them to have short-ranged
internal repulsion. When points are far apart, this likelihood is high. This will enforce the repulsion.
The likelihood between two points is calculated using the Gaussian likelihood function:

.., .
Loz, = ewp (515~ 517 (11)

where the norm is the periodic norm om T2. The set of all likelihood values between all sets of two
points creates the likelihood kernel L. From the large set of points X, a subset x = {X1, X2, ---s Xn} Of
size n is randomly chosen. This subset x has its own likelihood kernel L, which is a sub matrix of the
likelihood kernel L. The probability of choosing x as point set is proportional to the determinant of
the sub matrix: p(x) o det L,. Note, this requires all determinants of these sub matrices to be positive.
For kernels with ones on the diagonal an values in [0, 1] in the other spots, this is true. Hence the
Gaussian likelihood kernel following (4.1) is allowed. It is given by:

Ly Lyixe
Ly = : (4.2)
Lin.x1 Lg%
Taking p(x) o det L, causes point sets with repulsion to have a higher probability of occurring. We
will give some intuition on this. Remember the likelihood function is near 1 when points are close
together and near 0 when points are far away. Hence when all points are really far apart, the likelihood
kernel is going to look like the identity matrix with 1’s on the diagonal and 0’s everywhere else. The

identity matrix has determinant 1. Hence point sets with points that are all far apart will have quite
a high probability of occurring. Now suppose all points are really close together. All elements of the
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likelihood kernel will be near 1. This likelihood kernel resembles a kernel with all 1’s. The determinant
of a matrix with only 1’s is 0. Hence these point sets will have a small probability of occurring.

4.2.2. Constructing Determinantal point processes. Calculating all determinants of the likelihood kernels
of all different subsets x C X is only feasible for small n an small X. In practise, to generate point sets
with repulsion using this mechanism we did the following. Define some limit d. Take y C X randomly
and calculate its determinant. If det L, > d, we take this point set. Otherwise take another y C X
randomly and try again with this subset. This allows us to generate point sets of about 50 points within
a reasonable time, while taking d high enough that there is significant repulsion between the points.
Figure 3a shows such a realisation of a determinantal point process. To compare the determinantal
graph simulations with the Poisson simulations of Section 4.1.3, we require point sets of 800 points.

In order to generate these larger sets of points, we decide to use the realisations of 50 points. Multiple
of these DPP realisations are arranged in a square grid. This allows us to create larger sets of repulsive
points. The downside is that it is more difficult to analyse mathematically. It introduces another
repulsive force, namely the fact that we evenly distribute points in these grid squares. No matter the
distribution inside the grid squares, generating points this way is repulsive because we have distributed
to some level already.

Another problem with this way of producing points is the clustering around the grid lines. The
points from one square do not repel the points in the square next to it. Therefore at the grid lines,
points can accumulate. We prevent this by the following three steps. First, instead of using a periodic
norm for generating the point sets for the grid squares, we use a non periodic euclidean norm, as if it
where a non-periodic square. This makes points at the edge of a grid square not repel points at the
opposite edge, which results i more points at the edges of these squares. Second, we assemble these
point sets into a grid, but this time between all of the squares we leave a gap of 0.5. Third, we scale the
entire grid resulting in the original size and density 1. We show an example of a determinantal point
process constructed with this process in Figure 10a. It includes 16 DPP realisations of 50 points.

Determinantal point process Poisson point process

(a) A point set that is a realisation of the ad-
justed determinantal point process described at

the end of Section 4.2. It contains 16 sets of (b) A realisation of a Poisson point process. This

DPP realisations with 50 points each. Hence the
figure contains 800 points. Repulsion between
the points is clearly visible, because there are no
large clusters of points and no low density areas.

Poisson point process has intensity A = 1. The
area of this square is 800. Hence the expected
number of points is also 800. This figure contains
790 points.

Figure 10. Two different point processes. (A) is a Determinantal point process of size 800. (B)
is a Poisson point process of size 800. Notice the points in (A) are much more evenly distributed.
There are regions in (B) with very few points and regions with very many points. This is much

less visible in (A).

4.2.3. Threshold simulations for determinantal point processes. Analytically calculating the threshold
of isolated vertex existence for spatial Boolean graphs with a determinantal point process goes beyond
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this thesis. We compare the behaviour of spatial Boolean graphs with determinantal and Poisson
point processes in simulations. We are going to do the same simulations as in Section 4.1.3 with a
determinantal point process instead of a Poisson point process. Constructing a new determinantal
point process for each run is computationally too expensive. We first constructed 100 realisations of
determinantal point processes for graph sizes 200, 450 and 800. Their construction is described above.
We choose sizes 200, 450 and 800 because they are 50 - s for s € {2,3,4}, which therefore can be
constructed using the determinantal point processes blocks of 50 points. After constructing these DPP
realisations, we choose a ¢. We run the simulation of the spatial Boolean graph 25 times for each DPP
realisation. This is possible, because the weights are chosen at random from the weight distribution.
Therefore we end up with 2500 runs while only constructing 100 DPP realisations. This does make the
runs are not completely independent anymore. Therefore we should be more careful with the error bars.
The simple version of the central limit theorem is theoretically not applicable here. We do plot the
confidence intervals, but they should be approached with a bit more distrust.

4.3. Physical model. At first the plan was to create a more realistic physical model. In this model cells
could push each other out of the way. After a while we decided to continue with just the mathematical
model. This was decided because we were interested in the mathematical properties of the graphs and
we were interested in making analytical statements about cellular structures. Therefore determinantal
point processes were introduced as an alternative for the cell pushing mechanism in the physical model.
The physical model is described in the appendix in Section A.3. Before deciding to continue with just
the mathematical model, we were attempting to replicate the cellular structures with the physical
model. How this was done and what the results were is also explained in Section A.3.

4.4. Comparison Tribolium and spatial Boolean graphs.

“‘
(]

cells are cells of a Tribolium em-

bryo. Tribolium is a species of

beetle. This tissue are epithe-

lial cells from Tribolium embryos.

This figure was taken and shown

in a paper on the mechanics of ep-

ithelial tissue formation, [1]. To

make the image, both the nuclei (¢) Voronoi cells resulting from the image
and the actin in the embryo were analysis of Figure 11a. In the background
labeled with GFP (green fluores- (b) Nuclei of the Tribolium cells. Thisisa we show the original image. This allows us
cent protein). That is the white step in the image analysis of the Tribolium to compare between the Voronoi bound-
you see here. cells shown in Figure 11a. aries and the original vague boundaries.

Figure 11. Steps in the image analysis of the Tribolium cells. The goal of this image analysis
is to obtain the amount of neighbours for every cell. The width of these images is 150 pm.

4.4.1. Tribolium cell image analysis. In the end it would be nice to be able to imitate real cell structures
with the spatial Boolean graphs. One measure to compare these cell structures with the graphs is the
degree distribution. The degree distribution is a distribution of the number of connections/neighbours of
the vertices/cells. It is the frequency of a vertex/cell having a certain number of connections/neighbours.
We can visualize this as a histogram with on the horizontal axis the number of neighbours and on the
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vertical axis the number of cells with that number of neighbours. Before deciding to continue with the
mathematical model, we wanted to compare cellular structures to our physical model, described in
Section A.3. This comparison would use a degree distribution. The goal in this section is to retrieve the
neighbour counts/degree distribution of the Tribolium cells that we give in Figure 11a, [1]. Tribolium
is a species of flour beetle. The cells are epithelial cells in Tribolium embryos. We use these images
as a real-world example of cellular tissue. Two cells are denoted as neighbours in this tissue if they
share a cell wall. The image analysis in this section is done in python using the skimage morphology
library [33|. The boundaries of cells are not defined clearly, as visible in Figure 11a. That makes it
more reasonable to use the cell nuclei. Hence first we do a threshold, which turns the image into an
array of Booleans. And we use the morphology opening operation with disks, which removes all small
objects and keeps the nuclei. In Figure 11b we show the resulting image.

Next the Voronoi cells are constructed out of these nuclei. This might change the boundaries a bit
compared to the boundaries in the original image. This slight change is unavoidable when using the
nuclei, but the alternative of determining the neighbour counts from the cell boundary we give in Figure
11a, is way more difficult and therefore probably less precise. The Voronoi cells, [34], are constructed
by growing each of the nuclei until they cannot grow anymore. Note that all cells need to grow at the
same speed. We show the resulting Voronoi cells in Figure 11c. We show the original image in the
background. This allows us to compare the Voronoi cell boundaries to the original boundaries.

After constructing the Voronoi cells, we need to extract the number of neighbours for each cell. Here
the assumption is made that at a single point, at most 3 cells meet. This assumption is argued in A.2
and illustrated in Figure 25. This assumption allows us to look at a 3x3 square around each pixel,
and say two cells are neighbours if they both appear in such a square. Lastly, we need to take into
account the boundaries. The cells at the boundaries have fewer neighbours, because they are outside
of this image. Therefore all the neighbour counts of the cells that touch the boundary are not taken
into account. Finally this analysis results in the number of neighbours per cell, for all cells not at the
boundary. In Section 5.2 we show the results.

4.4.2. Quantifying repulsion. In addition to the degree distributions, we would like to quantify the
repulsion in the point processes. A nice approach for this is to calculate the mean distance to the
nearest neighbour. This was derived by Hertz in 1909 [35] and independent from him by Clark & Evans
in 1954 [36]. The repulsion of a set of n points is,

1 n
R=+V\= min{||z; — x5 }. 4.3
22 minlle 1) (43

Note that it normalized with v/X and thus independent of density. A completely independent point
process should have R = 0.5. If the points are located on the grid points of a square grid, R =1 [37].
The average repulsion will be calculated for 100 Poisson point processes and 100 Determinantal point
processes. It will also be calculated for 7 images of Tribolium similar to Figure 11a, [1]. There are
more images, but some are very difficult to analyse. Very vague nuclei definition or a wide range in
brightness of nuclei make the image analysis difficult. We retrieve the cell nuclei for the easier images.
This process is described in Section 4.4.1 above. The centers of these nuclei are calculated using the
skimage measure regionprops method, which can calculate the centers of mass of these disk like shapes.
We calculate the repulsion for these centers. We show the results in Section 5.3.1.
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Poisson point process with R = 0.49
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(a) A realisation of a Poisson point process on a 20x20
square. It has 395 points. This number is chosen from
Poi(400). The points are independently chosen from a
uniform distribution.

regular point process with R = 1.0
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(b) Points located on the intersections of a square grid.
It contains 400 points in the 20x20 square. It is a very
regular repulsive point set. It has repulsion R = 1.

Figure 12. A point set from an independent point process and a very regular point set. For
both point sets their repulsion has been calculated using (4.3).
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5. RESULTS AND DISCUSSION

This section will contain results from the simulations described in Section 4. The first part of the
results are simulations based on a model defined in Definition 2.1, called spatial Boolean graphs. These
work with a Poisson point process. The goal of these is to confirm the theorems stated in Section 2.
Second, this section also contains results on spatial Boolean graphs with a determinantal point process
instead of a Poisson point process. This part will contain results on the comparison between both point
processes and real cell structures. Also we give results on the threshold for isolated vertex existence for
these determinantal spatial Boolean graphs, similar to Theorem 2.11.

5.1. Poisson point processes.
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Figure 13. A standard Gaussian plotted with simulation results from simulations described
in Section 4.1.2. We constructed 1000 graphs as explained in Section 4.1.2. We use a uniform
distribution like in Example 2.5. Degrees of all vertices with weights (growth speeds) between
0.15 and 0.20 were taken. This set of degrees can be interpreted as a set of realisations of
i.i.d. random variables. Therefore we can apply the central limit theorem. This is explained in
Section A.4. To check this assumption, we shift the values by the mean p to the right and divide
by ﬁ with n the number of samples. That is what is shown as the blue graph. According
to (A.12), this should be distributed as a standard Gaussian distribution. We plot a standard
Gaussian distribution in orange in this figure.

5.1.1. Expected vertex degree simulations. We check the assumption that we can apply the central
limit theorem to calculating the confidence intervals for the expected degree of a vertex. We show this
confirmation in Figure 13. We transform simulations from one bin of weights according to the central
limit theorem, see section A.4. Then we plot both a standard Gaussian and the simulation results.
They agree quite well, which tells us the application of the central limit theorem is justified. We show
the result for the exponential distribution with A = 1 in Figure 14. As we can see, the higher weights
are less common, which causes them to have a larger confidence interval. The blue histogram is the
result of simulations and the orange line is the result of the calculations following Lemma 2.3. The last
bin contains only one value. Therefore we cannot calculate a confidence interval. In example 3.1 we
show simulation results for the scaled binomial distribution. In Example 2.5 we give the result for the
uniform distribution. All three the simulations agree with the calculations really well. This confirms
the calculations.

5.1.2. Threshold simulations for Poisson point processes. In this section we give the results regarding
the simulations described in Section 4.1.3. We show simulations for a uniform distribution, Unif(0, 1),
and an exponential distribution with A = 1, Exp(1). In both cases we calculate the theoretically derived
threshold constants ¢*, Theorem 2.11. We choose values of ¢ around ¢*. We normalize the plots of the
expected number of isolated vertices with respect to the expected number at graph size 200. We do this
for all values of c. It allows us to show and compare all of them in one figure. Note that this changes
the confidence intervals. We show the original confidence intervals.

First for the uniform distribution we can calculate ¢* as follows,

1 1
o=t L3 g0 (5.1)
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Figure 14. The expected degree of a vertex with weight w,. The blue bar graph is based
on simulations of the graph we give in Definition 2.1 with n = 1000, 8 = 0.01logn and an
exponential weight distribution with parameter A = 1. Note that we split the continuous
spectrum of weights in the simulations in bins. This means we can take an average of the
expected degree for weights in this bin. The calculations are based on Lemma 2.3. The
confidence intervals increase with weight w,, because the probability that these weights occur is
increasingly small. Less data points means less confidence. That is also why we miss data for
weights between 11 and 12. There are no vertices with weights in this range. There is one vertex
with a weight between 12 and 13. This means that we cannot calculate a confidence interval.

As ¢ values we choose {0.6,0.8,0.9,1.0}. We give the plot for the expected number of isolated vertices
in Figure 15. From this figure, we conclude that for ¢ = 0.6 and ¢ = 0.8 the expected degrees clearly
diverge as we had expected. We had expected ¢ = 0.9 to diverge as well, but this plot is inconclusive.
The errors are larger than the deviation. For ¢ = 1.0 it converge to zero, which we also expected. We
give the plot for the probability of an isolated vertex existing in Figure 16. For ¢ = 0.6 and ¢ = 0.8 we
see an increasing trend. We expect this from Theorem 2.13. ¢ = 0.9 is indecisive. The probability of an
isolated vertex existing for ¢ = 1.0 decreases, which confirms Proposition 2.12. For the exponential
distribution with A = 1, ¢* is calculated as follows,

1 1A 1

= == — — ~0.16. 9.2
rE[W? wm2 27 (52)

c*

As ¢ values we have chosen {0.10,0.14,0.18,0.22}. We give the plot of the expected number of isolated
vertices in Figure 17. From this figure we conclude that for ¢ = 0.10 and ¢ = 0.14 the expected degree
diverges. For ¢ = 0.14 this result is just about significant, as the confidence interval for n = 800 just
excludes 1. For ¢ = 0.18 and ¢ = 0.22 the expected degrees converge to 0. Both of these are what we
had expected from Theorem 2.11. We give the plot for the probability of an isolated vertex existing
in Figure 18. We can see increasing plots for ¢ = 0.10 and ¢ = 0.14 and decreasing plots for ¢ = 0.18
and ¢ = 0.22, which is what we expected. Although ¢ = 0.18 and ¢ = 0.22 do not show very significant
results. To conclude all isolated vertex convergence of divergence in Poisson spatial random graphs
either confirm the proven statements or are indecisive.

5.2. Tribolium image analysis. The Tribolium image analysis was described in Section 4.4.1. This
results in a degree distribution for all cells not at the boundary. We show the histogram in Figure 19.
We compare these histograms to the results of the physical model in Section A.3. The model with
a medium amount of relaxation time imitates the Tribolium cells best. Quantifying the amount of
relaxation precisely is beyond this thesis.

5.3. Determinantal point processes.
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Behaviour of isolated vertices in a Uniform PPP graph
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Figure 15. The expected number of isolated vertices in spatial Boolean graphs normalized by
the number of isolated vertices at graph size n = 200. We define the spatial Boolean graphs in
Definition 2.1. We choose the spatial Boolean graphs with different sizes n and different values
of ¢, where § = clogn. For the weights we choose from a uniform distribution between 0 and 1.
In this figure the ¢ values plotted are {0.6,0.8,0.9,1.0}. For each of these ¢ values, we run 2500
simulations of spatial Boolean graphs for graph size 200, 450 and 800. We show the original
95% confidence intervals derived before normalization.
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Figure 16. The percentage of runs of a spatial Boolean graph that contain an isolated vertex.
This is for some graph size n and constant c¢. The graph size n is on the horizontal axis. For
these graphs 8 = clogn. The weights for these graphs are chosen from a uniform distribution
between 0 and 1. The ¢ values plotted in this figure are {0.6,0.8,0.9,1.0}. For each of the values
of ¢, we run 2500 simulations of spatial Boolean graphs for graph size 200, 450 and 800. Plotted
are the percentages of these 2500 graphs that contain an isolated vertex. The error bars are the
95% confidence intervals.

5.3.1. Comparison of Poisson and Determinantal point processes with Tribolium. The repulsion in
determinantal point processes is calculated according to (4.3). This is done for 100 realisations of a
Poisson point process and 100 realisations of a determinantal point process, constructed as described in
Section 4.2. The repulsion values are plotted in Figure 20. The central limit theorem tells us that such
a set of repulsion values can be described by a Gaussian distribution. We also show the Gaussian fit in
this figure. In Table 1 we give the sample mean and sample variance.

We show an example Tribolium nuclei in Figure 11b. This results from image analysis on Figure
11a. In Table 1 we give the results of repulsion calculation for 7 Tribolium images. We see that the
Tribolium has significantly larger repulsion than both point processes.

5.3.2. Threshold simulations for Determinantal point processes. In this section we give the results
regarding the simulations described in Section 4.2.3. We run these simulations for both a uniform
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Behaviour of isolated vertices in an Exponential PPP graph
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Figure 17. The expected number of isolated vertices in spatial Boolean graphs normalized by
the number of isolated vertices at graph size n = 200. The spatial Boolean graphs are defined in
Definition 2.1. The spatial Boolean graphs is chosen with different sizes n and different values
of ¢, where 8 = clogn. We choose the weights from an exponential distribution with A = 1.
In this figure the ¢ values plotted are {0.10,0.14,0.18,0.22}. For each of these ¢ values, we
run 2500 simulations of spatial Boolean graphs for graph size 200, 450 and 800. We show the
original 95% confidence intervals derived before normalization.

Existence of isolated vertices in an Exponential PPP graph
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Figure 18. The percentage of runs of a spatial Boolean graph that contain an isolated vertex.
This is for some graph size n and constant ¢. The graph size n is on the horizontal axis. For
these graphs 8 = clogn. The weight distribution for this graph is an exponential distribution
with A = 1. The ¢ values plotted in this figure are {0.10,0.14,0.18,0.22}. For each of the values
of ¢, we run 2500 simulations of spatial Boolean graphs for graph size 200, 450 and 800. Plotted
are the percentages of these 2500 graphs that contain an isolated vertex. The error bars are the
95% confidence intervals.

Table 1. Mean and Variance of the repulsion of 100 Poisson point processes, 100 determinantal
point processes and 7 Tribolium images. And example of such a Tribolium image is given in
Figure 11a.

Point process ‘ Mean Variance

Poisson 0.50 0.01
Determinantal 0.58 0.01
Tribolium 0.88 0.02

distribution, Unif(0, 1), and an exponential distribution with A = 1, Exp(1), as weight distributions. In
both cases we calculate the theoretically derived threshold constants ¢* for Poisson point processes,
Theorem 2.11. We choose values of ¢ around c*. We expect the threshold of isolated vertex existence
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Neighbour counts of Tribolium
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Figure 19. A histogram of the number of neighbours per cell for the Tribolium cells in Figure
11a. This data is generated using image analysis. The total number of cells in the image of the
Tribolium cells is 201. Therefore the total frequency should add up to 201. We only did this
analysis for one image.

Repulsion for Poisson and determinantal point processes
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Figure 20. The repulsion of both Poisson and determinantal point processes. The repulsion
of 100 determinantal point processes and 100 Poisson point processes was calculated using
(4.3). The determinantal point processes consisted of 450 points and the Poisson point processes
consisted of around 450 points, Poisson distributed. The Poisson point process is an independent
point process and should on average obtain a repulsion of 0.5. This is clearly visible in the blue
histogram and also in the Gaussian approximation of this histogram. The mean and sample
variance was calculated and with these the Gaussian approximation was constructed. This
distribution can be approximated using the Gaussian distribution because of the central limit
theorem. The orange histogram and Gaussian are for the determinantal point process. As
visible, the determinantal point process is clearly more repulsive.

in determinantal graphs to be lower than the analytical thresholds for Poisson graphs. The repulsion
between the points makes their spread more regular, which decreases the probability that a vertex
is isolated. Therefore we would require a lower § and thus a lower c¢. Therefore the simulations for
values of ¢ smaller than ¢* are most important. The plots of the expected number of isolated vertices
are normalized with respect to the expected number at graph size 200, just like in Section 5.1.2. This
allows us to show and compare all of them in one figure.

First for the uniform distribution we calculated ¢* ~ 0.95. As ¢ values we have chosen {0.6,0.8,1.0,1.2}.
We give the plot for the expected number of isolated vertices in Figure 21. From this figure, we conclude
that for ¢ = 0.6 the expected degrees clearly diverge. In the Poisson case we expect ¢ = 0.8 to diverge
as well, but in this determinantal case, this does not diverge. It actually converges. Both ¢ = 1.0 and
c = 1.2 converge as well. These we expect to converge, because the threshold ¢ decreases compared to
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the Poisson case. This decrease should only make the convergence of these c-values stronger. We give
the plot for the probability of an isolated vertex existing in Figure 22. For ¢ = 0.6 this again increases,
following the Poisson case. ¢ = 0.8 decreases, but is quite indecisive. And the probability of an isolated
vertex existing for ¢ = 1.0 and ¢ = 1.2 decreases, which we expect.

Behaviour of isolated vertices in a Uniform DPP graph
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Figure 21. The expected number of isolated vertices in determinantal spatial Boolean graphs
normalized by the expected number of isolated vertices for graph size n = 200. The spatial
Boolean graphs are defined in Definition 2.1, but these are using a determinantal point process
instead of a Poisson point process. Determinantal point processes are described in Section 4.2.
The spatial Boolean graphs is chosen with different sizes n and different values of ¢, where
B = clogn. The weights are chosen from a Uniform distribution between 0 and 1. In this figure
the ¢ values plotted are {0.6,0.8,1.0,1.2}. For each of these ¢ values, we run 2500 simulations
of spatial Boolean graphs for graph size 200, 450 and 800. The data shown in the figure is the
average number of isolated vertices in these graphs. The error bars are the 95% confidence
intervals. These should not be trusted completely, because the determinantal point processes
used are not completely independent. Hence the basic central limit theorem is not applicable
here. Also they are the original confidence intervals before normalization.
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Figure 22. The percentage of runs of a determinantal spatial Boolean graph that contain
an isolated vertex. This is for some graph size n and constant c. The graph size n is on the
horizontal axis. For these graphs 8 = clogn. The weight distribution for this graph is a uniform
distribution between 0 and 1. The ¢ values plotted in this figure are {0.6,0.8,0.9,1.0}. For each
of the values of ¢, we run 2500 simulations of spatial Boolean graphs for graph size 200, 450
and 800. Plotted are the percentages of these 2500 graphs that contain an isolated vertex. The
error bars are the 95% confidence intervals. These should not be trusted completely, because
the determinantal point processes used are not completely independent. Hence the basic central
limit theorem is not applicable here.
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For the exponential distribution with A = 1, ¢* &~ 0.16. As ¢ values we have chosen {0.10,0.14,0.15,0.18, 0.22}.
We give the plot of the expected number of isolated vertices in Figure 23. From this figure we conclude
that for ¢ = 0.10 the expected degree diverges. For ¢ = 0.14 and ¢ = 0.15 the value already converges.
In the Poisson case we expect this to diverge. However, the case ¢ = 0.14 is not so convincing. For
¢ =0.18 and ¢ = 0.22 the expected degrees converge to 0. We expect this from Theorem 2.11 for the
Poisson case and the fact that we expect the Determinantal threshold to be lower. We give the plot for
the probability of an isolated vertex existing in Figure 24. Here as well we see an increasing trend for
¢ = 0.10, which we expect. ¢ = 0.14 and ¢ = 0.15 are indecisive. For ¢ = 0.18 and ¢ = 0.22 the trend is
decreasing, which we expect.

Both for the uniform and the exponential distribution, the threshold has decreased. Lower values of
¢ give converging numbers of isolated vertices. In the uniform case the Poisson threshold is ¢* ~ 0.95.
From the simulations we conclude that the determinantal threshold c¢* is likely between 0.6 and 0.8.
In the exponential case the Poisson threshold is ¢* =~ 0.16. From the simulations we conclude that
the determinantal threshold c¢* is likely below 0.14. It is definitely above 0.1. We conclude that in
both cases the threshold dropped significantly. A decreasing threshold is be likely, because in a more
evenly spread point set, the probability that a vertex is not connected is smaller. This is because the
probability of a vertex being in an area with a very low vertex density is small. We conclude that
the Poisson threshold can be used as an upper bound to the connectivity threshold for determinantal
spatial Boolean graphs. Therefore, when c is above the Poisson threshold for determinantal spatial
Boolean graphs, the graph is connected in the limiting case of infinite graph size.

Behaviour of isolated vertices in an Exponential DPP graph
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Figure 23. The expected number of isolated vertices in determinantal spatial Boolean graphs
normalized by the expected number of isolated vertices for graph size n = 200. We define the
spatial Boolean graphs in Definition 2.1, but in this figure we use a determinantal point process
instead of a Poisson point process. We describe determinantal point processes in Section 4.2.
We choose the spatial Boolean graphs with different graph sizes n and different values of ¢,
where 8 = clogn. For the weight distribution we use an exponential distribution with A = 1.
In this figure the ¢ values plotted are {0.10,0.14,0.18,0.22}. For each of these ¢ values, we run
2500 simulations of spatial Boolean graphs for graph size 200, 450 and 800. In the figure we
show is the average number of isolated vertices in these graphs. The error bars are the 95%
confidence intervals. These should not be trusted completely, because the determinantal point
processes used are not completely independent. Hence the basic central limit theorem is not
applicable here. Also they are the original confidence intervals before normalization.
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Existence of isolated vertices in an Exponential DPP graph
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Figure 24. The percentage of runs of a determinantal spatial Boolean graph that contain
an isolated vertex. This is for some graph size n and constant c. The graph size n is on the
horizontal axis. For these graphs S = clogn. The weight distribution for this graph is an
exponential distribution with A = 1. The ¢ values plotted in this figure are {0.10,0.14,0.18,0.22}.
For each of the values of ¢, we run 2500 simulations of spatial Boolean graphs for graph size 200,
450 and 800. We plot the percentages of these 2500 graphs that contain an isolated vertex. The
error bars are the 95% confidence intervals. These should not be trusted completely, because
the determinantal point processes used are not completely independent. Hence the basic central
limit theorem is not applicable here.
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6. CONCLUSION

In this thesis we investigated the property of connectivity of certain graphs. We argued why
these graphs could represent cellular structures with some small adaptation. Finally we saw how this
adaptation influences the statement about connectivity made about the original graph. The connectivity
of similar graphs has been linked to the existence of isolated vertices, vertices with no connections, by
Matthew Penrose [26]. We showed the existence of a phase transition in the number of isolated vertices
in a spatial Boolean graph as the graph size tends to infinity. We also showed that the threshold is
f = c*logn. The threshold B can be interpreted as time, using 8 = t2. We proved that ¢* can be
calculated using the second moment of the growth speed distribution, ¢* = W. For 8 > c¢*logn,
the probability of an isolated vertex existing tends to zero. And for 8 < ¢* logn, the probability tends
to one. If we translate 8 to t, the transition is at ¢ = v/c*logn. We confirmed this transition for a
uniform and exponential growth speed distribution with simulations that are given in Section 5.1.2.

We introduced determinantal point processes in Section 4.2 and a repulsion measure in Section 4.4.2.
With this measure we showed that the repulsion within our determinantal point sets (R = 0.58 £ 0.01)
is significantly greater than in the Poisson point processes (0.50 4 0.01). We also concluded that the real
world example of a cellular structure, Tribolium, had a significantly higher repulsion (R = 0.88 £ 0.02),
than both point processes.

We ran simulations for determining the threshold for isolated vertex existence of spatial Boolean
graphs with determinantal point processes. We gave results of these simulations for the uniform
and exponential growth speed distribution in Section 5.3.2. We compared these with the Poisson
graph simulations which confirmed the mathematical results. We concluded that the threshold for the
determinantal graphs significantly differs from that of Poisson point processes. The Poisson threshold
can be used as an upper bound for the determinantal graphs. More mathematical analysis into spatial
Boolean graphs with determinantal point processes might results in an analytical proof of an isolated
vertex existence phase transition. More research into determinantal point processes can lead to a faster
way of constructing point processes with a certain repulsion. These would both be beneficial for the
simulation of cellular structures. With which we might be able to eventually recognize abnormal and
endangering cell structures.



38

Figure 25. The unlikeliness of there being a point in the 2d plane where more than 3 regions
meet. The left image shows such a point. There is no boundary between the top and bottom
region and no boundary between the left and right region, because the 4 regions meet exactly
at one single point. The middle image shows the top and bottom region sharing a boundary
and the right image shows the left and right regions sharing a boundary. These both result in
the point where 4 regions meet, splitting into two points where 3 regions meet.

APPENDIX A. PROOFS OF CLAIMS

A.1. Proof of claim.

Proof of Claim 3.2. Take a ¢ such that 0 < § < dg. Then ¢ < m. We know g(zg 4 d) > g(xo) + €

for some € > 0. Hence,

1 1 1
c< < < . (A1)

g(wo+3 ~ g(wo) + €~ g(xo)
This completes the proof. [l

A.2. Intuition for the average number of neighbours in a tiling of the 2d plane. Suppose we
have a tiling of the 2d plane, meaning the 2d plane is divided into connected regions with no space left.
Also suppose there are no points in the 2d plane where more than 3 regions meet. This is a logical
assumption, because for this to occur coincidentally, it would be really unlikely. There would always
be some small boundary between two opposite areas, like in figure 25. This figure shows that a point
where 4 regions meet, only happens when 2 points of 3 meeting regions overlap. This overlapping is
theoretically possible, but would in practice be not likely. And example of such a tiling is given in
Figure 26. These assumptions result in the average number of neighbours of a region in such a tiling
being 6. We can give an intuition on the proof. First, we need to go from a tiling to a graph. In
order to do this, we will turn regions into vertices. Two regions with a shared boundary get an edge
between them. The tiling in Figure 26 is transformed into such a graph in Figure 27. The points where
3 regions meet in the tiling will become the faces of the graph. Hence these faces all have exactly 3
edges surrounding them. We also know each edge belongs to two faces. Let us denote the number of
edges by e, the number of faces by f and the number of vertices by v. We discovered that 2e = 3f,
because each face has 3 associated edges and each edge has 2 associated faces. Euler’s formula tells us
v — e+ f = 2. Substituting one into the other results in:

2¢=3f =32+e—v)=06+3e—3v. (A.2)
Hence we get the following:
3v—e=6 (A.3)
2e = 6v — 12 (A.4)
Ze_g_12 (A.5)
v v

Know for a real tiling the number of vertices, edges and faces would be infinite. So these formula’s
would not make sense. Therefore this is just an intuition. But in the number of vertices v being infinite,
would mean we can remove the 1772 term, which results in % = 6. Hence the average number of edges

per vertex is 6. Translating back to the tiling, this would mean the average number of neighbours is 6.
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Figure 26. An example of a tiling of the 2d plane. This tiling contains no points where 4 or
more regions meet. In Figure 27 this graph is transformed into a graph. Note that this is not a
full infinite tiling, but just a section.

Figure 27. The transformation into a graph of the tiling given in Figure 26. In this tiling the
regions are transformed into vertices and two regions with a shared boundary will have an edge
between them. Note that this is not a full infinite tiling, but just a section. The edges to the
regions outside of the visible section have not been drawn.

A.3. Physical model. In the first part of this project we started working on a physical model which
could be imagined somewhere between the graph theoretical model and the experimental data shown in
Figure 11a. It is constructed in c++ and consisted of cells starting of as points initialized by a Poisson
point process. They live on a periodic box, T2, with n the number of cells. Every cell will also have an
initial growth speed. This growth speed is chosen from some distribution just like the growth speed
from the spatial Boolean graphs. In this model the cells start growing as circles with increasing radius.
This growth is done in time steps. Every step consists of a growth phase and a relaxation phase. In
the growth phase the cells grow with dt x v, with dt the time step and v the growth speed of the cell.
In the relaxation phase the forces get a change to act. The cells push each other away according to
Hook’s law. Hence the force from one cell onto the other is proportional to the overlap of the radii. The
environment was assumed very viscous, meaning we include the viscous drag force into the force and get

F=¢v—kd (A.6)

With ¢ some drag constant, k the spring constant, d the overlap between the two cells/circles and v the
speed of the cell. Applying newton to this force gives

F =¢&v — kd =ma. (A.7)

Because of high viscosity, high resistance to movement, in the environment the ma term can be neglected
in this equation. v and kd are both large compared to ma. We get the following equation

dx ﬁ

Fia (A.8)
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Figure 28. The physical model as described in Section A.3. This model lives on a periodic
square box. It contains 1000 cells or vertices. The cells grow and push each other out of the way
with a spring force. The growth speed is chosen from a uniform random distribution between
0.5 and 1.5. The cells grow when they are under a certain pressure threshold. This image shows
a step which is already quite close to the end of the growth. The points start out with zero
radius. In this time step there is at least one cell which has no touching cells, so we could say
this structure is not connected yet.

In the simulations we will be using a non-zero time step dt. The displacement of the cell for this time

step can be calculated,

dx = kéddt. (A.9)

The cells stop growing when they accede a certain pressure. The pressure is calculated as the sum of
the absolute value of the forces that neighbouring cells apply to a cell. The amount of relaxation after
each growth step has a significant influence on the final structure. We give an example of this physical
model during some time step in its growth in Figure 28.

The structure is measured using the degree distribution/ neighbour distribution, just as calculated
for the Tribolium cells. Two cells are defined as neighbours if their radii overlap. A lot of relaxation
will result in the cells being able to settle completely after each step. This causes the cells to be more
crystallized. This crystallization will result in a very narrow degree distribution, with most cells having
either 5, 6 or 7 neighbours. In A.2 we give an intuition for why this number is 6 on average. With a
small amount of relaxation after each growth step, the cells have less opportunity to crystallize. This
will result in a wider distribution. We show results of this in Figure 29.

This growth implies that the threshold occurs at some point in time, which can be derived from
$ = t2. The difference between this model and the spatial Boolean graphs is that cell push each other
and therefore move around. This causes a repulsion effect between the cells. The cells will to be more
evenly distributed. This does not happen in the spatial Boolean graphs. Therefore we started looking
at more repulsive initialization of the points. More on this in Section 4.2.

A.4. Confidence intervals. In this thesis we often run a lot of simulations and extract some value
from all of the simulations. These simulations are, in most cases, independent. Extracting this value
from a simulation where random processes are involved is like taking a realisation of a some random
variable, albeit a quite complex random variable. Therefore we choose this list of values from a set
of independent identical distributions. These are exactly the conditions for applying the central limit
theorem. With the central limit theorem we calculate confidence intervals.

Suppose we have a sequence of i.i.d. random variables {X1, X», ..., X;,}. Define X as

I
X =— X;. A.10
n; (A.10)
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Figure 29. The neighbour count distribution for the physical model described in Section A.3.
The vertical axis gives the frequency of a cell having the corresponding number of neighbours.
The three figures all have different amounts of relaxation between growth steps. With low
relaxation we expect it to crystallize less. Therefore we expect a wider distribution. For more
relaxation we expect more crystallization and thus a narrower distribution.

Take {x1, z2, ..., x5 } a set of realisations of the random variables { X1, X, ..., X;,}. Define u = % Yo Tp

as their average. And o = \/ LS (zi — p)? as their standard deviation. By the central limit theorem

X ~N (,u, —) . (A.11)
n
Rearranging this will give the following,
X—u
I N(0,1). (A.12)
vn

For the standard Gaussian distribution we know the confidence intervals. The above tells us that,

iy XU_MG (—Z%»Z%) = (N(O’l)e(_Z%’Z%D

v

=P —Z%SX_MSZ (A.13)
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For a 95% confidence interval of a standard Gaussian we have a = 5. Thus we need 295 = 1.96. Hence
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confidence intervals are constructed:
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