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Ozet

Bu tezde, Schelling modellerini analiz ediyoruz ve bu modeller i¢in eklentiler 6ner-
iyoruz. Schelling modellerinde, Bernoulli dagilimi kullanilarak kare orgiiye iki ajan
tipi (X ve Y) yerlegtirilir. Her ajanin tanimlanmig bir mahallesi vardir ve eger bir
ajanin mahallesinde ayni tip komgularinin orani, ajanin esiginden daha kiiciik ise,
o ajan mutsuzdur. Mutsuz ajanlar tiplerini degistirir ve her ajan mutlu oldugunda,
model bir dengeye ulagir. Ajanlarin minimum enerji seviyesine sahip olduklar1 denge
durumuna temel durum denir ve biz bu durumu konsenstis olarak adlandiriyoruz.
Kare orgiilerde, topluluklar belirli kogullar i¢in bir konsenstise (tiim ajanlarin ayn
tip olduu) ulaamazlar. Kare 6rgiilerdeki baglantilari yeniden diizenleyerek ajanlarm
baglant1 sayilarini degistirmenin topluluklarn ortalama en kisa yol uzunlugunu ve
kiimelenme katsayisini azaltarak bir konsensiise ulagsmasina yardimei olabilecegini
gordiik. Ayrica, bu tezde siipheli ajanlar1 temsil eden yeni bir ajan tipi (XY) ve
iki farkli model (DC and PC modelleri) yaratiyoruz. DC modellerinde, ajanlar
komgularinda siiphe yaratabilirler ve topluluklar her bir ajanin siiphenin yararina
sahip oldugu bir konsensiise ulasabilirler. Ote yandan, PC modellerinde ajanlar
komsgularina siiphenin yararini veremez ve sonug olarak, giipheli ajanlar agdan kay-
bolur. Son olarak, bireylerin kendi gevrelerinde cesitlilik arayiginda bulunduklar:
yeni bir yaklagim sunuyoruz ve labirent desenlerinin, ajanlari uzak c¢evrelerinde

gesitlilik arayigina girdiginde ortaya ciktuni gosteriyoruz.
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Abstract

In this thesis, we analyze Schelling models and propose extensions for these models.
In Schelling models, two agent types (X and Y) are placed to a regular square
lattice using Bernoulli distribution. Agents have their defined neighborhoods and if
the percentage of the same type neighbors of an agent is smaller than its threshold,
the agent is unhappy. Unhappy agents change their types and when every agent in
the network is happy, the model reaches an equilibrium. Equilibrium state where
agents have the minimum energy level is called ground state and we name ground
state, consensus. In the square lattice, communities cannot reach a consensus (where
all agents are the same type) for specific conditions. We found that changing node
degrees by rewiring the links in the square lattice can help communities to reach
a consensus by decreasing average shortest path length and clustering coefficient
Moreover, we introduce a new agent type (XY) which represents doubtful agents
and two different models (DC and PC models). In DC models, agents can give the
benefit of doubt to their neighbors and communities can reach a consensus where
every agent has the benefit of the doubt. On the other hand in PC models, agents
cannot give the benefit of the doubt and consequently, doubtful agents disappear
from the network. Lastly, we present a new approach to diversity seeking behavior
where individuals seek diversity in their vicinities. We show that maze patterns

emerge when agents seek diversity in their distant vicinities.
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Chapter 1
Introduction

People have different genders, nationalities, religions, social and political views. As
Easley and Kleinberg [8] stated, individuals tend to be friends with people who
have similar characteristics with themselves and this behavior is called homophily.
These differences and homophily led to separation between people through the whole
history. Homophily principle forces people to link with the people from same race,
ethnicity, etc. and this cause people with the same attributes to cluster. Also,
Kossinets and Watts [16] claim that similar pairs more likely to form links with each
other.

Nobel Prize Winner Thomas Schelling’s works are one of the first studies in the
literature to analyze homophily behavior and segregation on the modern cities [22]
[23]. Schelling analyzed the racial segregation in Chicago and stated how individual
incentives affect global outcomes [24]. He claimed that even though the individuals
do not attempt to live segregated with people from different races, to satisfy the
desire’s of everyone, society eventually became segregated. Schelling models can be
used to understand not only the racial segregation but any distinctions which are

twofold, exhaustive and recognizable [23].

Schelling presented two different models. The first one is an agent based spatial
model which comprises a basis for this thesis. The second model is a non-spatial
“Bounded Neighborhood model” where all agents belong to the same neighborhood.
Bounded Neighborhood model is not covered in this thesis. In Schelling’s spatial
models there are two agent types (denoted by X and Y) randomly placed to a net-
work. Every agent has its defined neighborhood and utility function which defines
whether the agent is happy or unhappy. Unhappy agents move to empty nodes on
the network in each time step, and simulation ends when all agents satisfy their util-
ity functions. In 2001, Young [32] introduced “Kawasaki dynamics” into Schelling

models. In Young’s model, there are no empty nodes in the network and two un-



happy agents from different types change their places in order to satisfy their utility
functions. Another approach that Young contributed to the literature is the noise.
Noise means that agents can act against their benefits with a small probability.
These models with a noise are called non-zero temperature models. In this thesis,
zero temperature models without a noise are analyzed. Afterwards, Barmpalias put
forward “Glauber dynamics” in which agents do not change their places pairwise in-
stead of this unhappy agents change their types [3][4]. Glauber dynamics employed
in the Schelling models suggest that unhappy agents move out of the boundaries of
the network and agent who can be happy in that defined neighborhood (which is an
opposite type agent) moved to the place of the unhappy agent.

Schelling models are discrete time agent based models, where agents act according
to the rules in their defined neighborhood at each time step (denoted as iterations).
Schelling models are also one of the most famous models of self-organizing beha-
vior. Across the science, there are models similar to the Schelling models. These
models are Ising models [27], Cellular Automata [31], Hopfield networks [14], Spin
Glass models [1] and cascading phenomena models [15]. In the Ising models where
phase transitions are analyzed, two agent types are randomly distributed to a lattice
denoted by “up-spins” and “down-spins” move according to their utility functions.
Stauffer and Solomon elaborately analyzed the similarities between Schelling mod-
els and Ising models [28]. Ising Models will be mentioned in the following chapters.
Another model which will be mentioned in the following chapters is the Cellular
Automata. Hegselmann [12] mentioned the resemblances of the Cellular Automata

and Schelling’s model.

Even though it has been almost 50 years since Schelling first proposed his models,
mathematical proofs and underlying factors in the segregation are still not entirely
analyzed and understood. First analytical explanations made by Young [32] who
used stochastic processes to analyze Schelling models in 1 dimension (ring lattice).
Afterwards, Zhang developed Young’s work to 2-dimensional networks (square lat-
tice) by using the stochastic evolutionary game theory techniques and analyzed the
long-term dynamics of the models [33]. Zhang continued his analytical works and
showed that segregation emerges even in integrationist societies [34]. Furthermore,
in 2011 he published another paper in which the tipping points of Schelling’s model
are analyzed [35]. However, all these analytical studies are applied to the non-zero
temperature (perturbed) models. First proofs of zero temperature (unperturbed)
Schelling’s Model are introduced by Brandt, Immorlica, Kamath and Kleinberg [6] in
2012. Then Barmpalias, Elwes and Lewis-Pye extended this proofs on 1-dimensional

Schelling’s model [4] [3], and presented the first rigorous analysis of 2-dimensional



models [3].

1.1 Owur Contribution

Our first and most important contribution to the literature is analyzing Schelling
models with Glauber dynamics in different network topologies. Fagiolo, Valente
and Vriend [9] studied Schelling’s spatial model for different network structures. We
extend their research by removing empty nodes from the network and employing
Glauber dynamics. Also, underlying mechanisms of segregation in the small world
and random networks are explained. These analyses are conducted for both Ising
models and Schelling models for different unhappy agent type changing dynamics.
In addition to these, sociological meaning of ground state [27] (in the thesis denoted
as consensus state) used in the physics model is analyzed, and we provide an under-
standing on how societies reach a consensus equilibrium state. Moreover, we based
our models on mutable characteristics, and we were able to study the diffusion of
social norms in the societies. Our second contribution to the literature is introdu-
cing the individuals who give their neighbors the benefit of doubt. These individuals
analyzed using two different models which we propose, Doubtful Community models
(DC models) and Persistent Community models (PC models). These two models
are investigated under different network topologies. Lastly, we contribute to the
literature by showing that maze patterns emerge when individuals seek diversity in

their vicinity.



Chapter 2

Model

2.1 Model Properties

In the models analyzed in this chapter n z n square lattice is employed, where n
denotes the length of an edge of a square. Since square lattice is the most suitable
network type to represent spatial (physical) settlements of neighborhoods and cities,
they are commonly used in the literature starting from Schelling’s model [22] until
recent studies. Also, in the physics models mentioned in the previous chapter, square
lattice represents the 2D surface. For the square lattices employed in this thesis n
is chosen large enough to ensure that neighborhoods are small enough to not affect

the whole network, and small enough to decrease computational complexity.

Square lattices consist of n x n nodes and they are completely ordered. This means
that all the nodes in the square lattice have the same degree k. Node degree shows
how many edges that node has. In order to have completely ordered square lattice,
periodic boundary conditions are used in the models. Periodic boundary conditions
provide a connection between the nodes located at the edges of the square lattice.
For instance, periodic boundary conditions provide connection between the nodes in
the right edge and the nodes in the left edge of the square lattice. Demonstration of
the periodic boundary conditions can be seen in the Appendix A. These conditions
ensure that the nodes in the boundaries of the network have the same degree with

the other nodes.

Node degrees (number of neighbors) determined by Moore neighborhood. In the
literature especially in the Ising models, Von Neumann neighborhood is frequently
used. The difference between these two neighborhood definitions can be seen in
Appendix B. Moore neighborhood simply creates w = w square, where w is the
neighborhood range and denotes the neighborhood of the node in the center of this

square. Equation 2.1 shows how the number of neighbors is calculated based on



Moore Neighborhood. Therefore when w is equal to 1, the square that defines the
neighborhood consists of 9 nodes. and if the node in the center, which neighborhood
definition is based on, is subtracted each node has 8 neighbors. Consequently, when

w is 2 agents have 24 neighbors and so on.

k=Q2uw+1)?-1 (2.1)

For each node in the network either X or Y are assigned using Bernoulli distribution
with parameter 0.5. X and Y represent two different stands on an issue. For instance,
X denotes people who recycle while Y denotes people who do not recycle. In the
thesis X’s and Y'’s are assigned to nodes called agents. For a single replication of the
model, initial percentages of X’s and Y’s are not necessarily equal but their excepted
value for multiple replications is 50%. Because there are no differences between the

agent types.

After creating the network and assigning the initial agent distribution, the algorithm
starts. The algorithm has two steps. In the first step, the algorithm checks all agents
randomly whether they are happy or unhappy. Then unhappy agents are placed to
a list. In the second step, unhappy agents are randomly chosen one by one from
the list, and if the chosen agent is still unhappy it switches its type. For instance, if
the chosen agent is X and it is still unhappy, the agent changes its type to Y. One
iteration of the algorithm contains these two steps. The algorithm stops when there
are no unhappy agents to place to the list in the first step. This state of a network
is called equilibrium state. The question “why algorithm does not stop in the first
iteration, if all the unhappy agents in the network change their type?” may arise.
It is because while an agent changes its type and becomes happy, this change can

make other agents unhappy.

Definition of happiness is as follows; an agent is happy if the percentage of same type
agents in its neighborhood is equal or greater than its threshold (t), and an agent is
unhappy if the percentage of same type agents in its neighborhood is smaller than
its threshold. For an agent X, same type agents are the X agents and for an agent
Y, same type agents are the Y agents. Schelling models with different thresholds
are elaborately analyzed in the literature [20]. In this thesis, thresholds are 0.5.
This means that an agent is unhappy if the number of same type agents is smaller
than the number of different type agents in its neighborhood. In case of equality in
the numbers of different agent types in the neighborhood, agents use themselves as
tie-breakers and they become happy. For instance, if an X agent has 4 X and 4 Y

neighbors then the X agent is happy. However, in the literature there are models



using different rule in case of equality. For example in the Ising models [27], agents
stay as same type with a 0.5 probability and change their types with a 0.5 probability

when there is equality in the numbers of different agent types.

In this thesis, Glauber dynamics are adopted. As mentioned above, in the Glauber
dynamics unhappy agents are considered as moved out of the network boundaries
(community) and an agent who can be happy in the neighborhood moved to that
node [3]. Even though the algorithmic approach used is the same as the literature,
here different social approach used. In this thesis, unhappy agents do not considered
as moved out of the network instead they considered as change their types. Since
the models in this thesis based on mutable characteristics, unlike Schelling’s model
which is based on unmutable characteristics such as race, it is assumed that unhappy

agents change their views on an issue and become different type agents.

The question “why the models in this thesis are based on mutable characteristics”
needs further explanation. In this thesis, how social norms evolve and how com-
munities reach a consensus are analyzed. Therefore, models are based on mutable
characteristics which help to understand how individuals change their opinions and
reach a consensus. Consensus term presented in this thesis is the sociological equi-
valent of the ground state term used in the physic models. Ground state is analyzed
in the Ising models and it represents the minimum energy level in which all spins
are in the same direction (up or down) and totally homogenous. Consensus repres-
ents the network where all agents belong to the same agent type, and consequently
community in which all people have the same view on a certain issue. View of the
majority of the community on a certain issue is the social norm. Therefore to reach
a consensus, social norm must be adopted by every member of the community not
only by the members of some local neighborhoods. Since the thresholds in this
thesis are 0.5, if an agent is unhappy than the other agent type is in the majority
in the neighborhood and their views represents the social norm of the neighborhood
[19]. Suppose an unhappy Y agent and Y denotes people who do not recycle. X
agents who are in the majority in the neighborhood represent people who do recycle,
and consequently social norm in this community is recycling. This norm put a so-
cial pressure on the unhappy Y agent, and to avoid social rejection and to become

member of a community the Y agent change its type [5] [7].

Another point that needs further explanation in the algorithm is how agents in the
unhappy list change their types. Here, agents in the unhappy list change their types
one-by-one (asynchronously). The reason for asynchronous change is in the society
if the previous changes made a person happy, there is no need for that person to

change its type. In the literature, there is also synchronous change which means



all agents in the unhappy list change their types at the same time. Differences
between asynchronous and synchronous change and how these differences may lead
to distinct consequences can be understood from three network examples presented
in the below figures. In the examples network structures and initial conditions
are the same. Each agent has three neighbors. Periodic boundary (dotted lines)
conditions are employed and each node denoted with a number above them. The
array shows the agents in the unhappy list. Figure 2.1 shows synchronous change
dynamics. In the initial network (top left) agents 2, 3, 6 and 7 are unhappy. They
all change their types at the same time and in the resulting network unhappy agents
are the same as the initial network (top right). Same agents change their types one
more time and network reaches initial placement (bottom). This process repeats
itself and model never reaches the equilibrium state where all agents satisfy their

utility functions.

Figure 2.1: Network consists of 8 nodes and each node has 3 neighbors. Periodic
boundary conditions and synchronous change are employed. Figure on the top left
is the inital network, figure on the top right is the network after the first iteration
and the bottom figure is the network after the second iteration. Array shows the
unhappy list.

Figure 2.2 shows the asynchronous change dynamics. Since the initial network (top
right) is same as the above example initial unhappy list is also same. From unhappy
list agent 2 is randomly chosen to change its type. After agent 2 changes its type
there are 3 agents left in the unhappy list and agent 6 is randomly chosen (top
left). Agents left in the unhappy list (3, 7) become happy due to previous changes
(middle left). In this network second iteration started and another unhappy list is
created (middle right). Agent 4 is randomly chosen from the unhappy list changes
its type (bottom right). Afterwards, agent 8 changes its type and model reaches the
equilibrium state (bottom left). From the examples presented in Figure 2.1 and 2.2,
it is clear that synchronous and asynchronous change can lead to different outcomes

even with the same initial conditions.
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Figure 2.2: Network consists of 8 nodes and each node has 3 neighbors. Periodic
boundary conditions and asynchronous change are employed. Figure on the top left
is the inital network and figure on the top right is the network after agent 2 changes
its type. Figure on the bottom right is the equilibrium network. Array shows the
unhappy list.

Moreover, the order of agents chosen from the unhappy list can also lead networks to
different outcomes. In Figure 2.3 first agent chosen from the list is same as Figure
2.2, but suppose the second agent chosen from the list is 7 instead of 6. In this
example model reaches consensus in the equilibrium. This shows that even in the
synchronous change, different outcomes can be reached because of random choosing

mechanism.

|\1|a~|w| |

Figure 2.3: Network consists of 8 nodes and each node has 3 neighbors. Periodic
boundary conditions and asynchronous change are employed. Figure on the top
left is the inital network and figure on the top right is the network after agent 2
changes its type. Figure on the bottom is the equilibrium network. Array shows the
unhappy list.



2.2 Analysis of Schelling Models on Square Lat-

tices

In order to interpret the results from the equilibrium state, it is crucial to un-
derstand initial networks. Initially, agents are distributed over the network with
Bernoulli distribution with parameter 0.5. Hence in each node probability of having
X or Y agents are equal. Figure 2.4 shows the initial distribution of same type
neighbors. As it can be seen from the figure number of same type neighbors follows
a normal distribution. Same type neighbors are X agents in the neighborhood for an
agent X, and Y agents in the neighborhood for an agent Y. Percentages of initially
clustered neighbors, where the vast majority of agents are the same type, are less
than one percent (where x axis is 0,1,7 and 8). Although the percentage of initially
clustered neighborhoods are low, they are still extremely important. To understand
the importance of initial clusters suppose a network which is divided into two parts
with a straight line. One part consists of only X agents and the other part consists
of only Y agents. In this initial network all agents satisfy their utility functions,
therefore the initial network is the equilibrium state. Even though the borders are
not straight lines and there are some agents on the borders who are unhappy, the
only change will occur at the borders and the clustered structure will be preserved.

This shows that in the square lattice initial clusters are preserved over the time.

Initial neighborhoods mostly consist of both agent types. 28% of all neighborhoods
in the network have equality in the number of different agent types. These results

confirm that initially, model has an integrated network.
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Figure 2.4: Same type neighbor distribution of agents in the initial network. Same
type neighbors are X agents in the neighbors for an agent X and Y agents in the
neighbors for an agent Y. Network is 120x120 square lattice. Periodic boundary
conditions and Moore neighborhood are employed. w=1. Distributions obtained
from 500 runs.

Same type neighbor percentages can also be calculated using an analytical approach
and this confirms the accuracy of our models. Since the probability of assigning X
and Y agents to each node is 0.5, the only distinction between having a different
number of same type neighbors is in how many ways that number of same type
neighbors can be placed to the neighborhood. For instance, a neighborhood which
has 1 X agent and 7 Y agents can be placed in 8 different ways while a neighborhood
which has zero X agents and 8 Y agents can only be placed in 1 way. Hence to
calculate the probability of having s same type neighbors, dividing how many ways
s neighbors can be located in the neighborhood with in total how many different
ways neighborhood can be located is enough. X and Y agents can be placed to a
neighborhood consists of 8 neighbors in 2% different ways. Suppose s is 1, and 1
same type neighbor can be placed in 8 different ways, dividing this two numbers
will give 0,03 which gives the probability of having 1 same type neighbor. If these
probabilities are multiplied with 100, the initial percentage of same type neighbors
can be calculated. Using these formulation initial unhappy agent, who have less

than 4 same type neighbors, the percentage is 36.
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Figure 2.5: Initial (left) and equilibrium (right) networks for 120x120 square lattice
with periodic boundary conditions and Moore Neighborhood. Red colors are X
agents and green colors are Y agents. w=1.

After analyzing and understanding initial network distributions, the equilibrium
state can be focused on. In the equilibrium state, X’s and Y’s expected to be
segregated from the previous studies [22]. But what does it mean to be segregated?
As it can be seen from Figure 2.5 and above paragraphs in the initial networks
X’s and Y’s are not clustered also, green and red colors are randomly distributed
over the network. On the other hand in Figure 2.5 it is clear that X’s and Y’s are
clustered. This clustered structure of different agent types what is called segregation.
Previously, segregation analyzed using different indexes. For instance Mixity, which
is the ratio of heterogenous links (the link between an X agent and a Y agent)
to total links, is employed by Banos [17], and Pancs and Vriend [21]. Freeman’s
Segregation Index (FSI) [10], number of separatists [23], Neighborhood Distribution
Function (NDF) [11] and Conditional Neighborhood Distribution Function (CNDF)

[20] are also used as measures of segregation.

Here rather than these indexes mentioned above, distribution of the neighbors is
focused on explaining segregation. While the initial same type neighbors (Figure
2.1) follows a normal distribution since there are also unhappy agents who have more
other type neighbors than same type neighbors, in the equilibrium state a different
distribution occurs. In the equilibrium same type neighbor distribution which can
be seen from Figure 2.6, distribution is skewed to the right since each agent has
at least 4 same type neighbors as themselves. This shows the segregation clearly
because more than 50% of agents only have neighbors in their type. These agents
are the ones in the middle of clusters, and the remaining agents are the ones in the

boundaries of clusters.
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Figure 2.6: Same type neighbor distribution of agents in the equilibrium network.
Same type neighbors are X agents in the neighbors for an agent X and Y agents in
the neighbors for an agent Y. Network is 120x120 square lattice. Periodic boundary
conditions and Moore neighborhood are employed. w=1. Distributions obtained
from 500 runs.

Furthermore, in order to explain segregation better distribution of neighbors of an
agent’s neighbors is analyzed. Neighbors of an agent’s neighbors are the agents
whose shortest path lengths are 2 from the agent. Figure 2.8 shows the distribution
of neighbors of an agent’s neighbors both for initial and equilibrium networks. It can
be seen that these distributions follow a similar pattern with the same type neighbor
distribution: Initially normally distributed and in the equilibrium network skewed
to the right with a huge increase in the neighborhoods consist of only same type
agents. These distributions are crucial to understanding the segregation. Because
neighbors of an agent’s neighbors do not affect the agents’ utility functions but
segregation still can be seen in their distribution. This shows that people need to

cluster to satisfy everyone’s utilities in the network.
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Figure 2.7: 5x5 part of a network. Moore neighborhood is employed. Green colors
represent Y agents and red colors represent X agents.

The smallest possible cluster can be observed in the equilibrium state is demon-
strated in Figure 2.7. In this cluster, agents have at least 4 same type neighbors
and at least 5 same type agents in the neighbors of their neighbors. Since it is the

smallest possible cluster, this example explains the findings in Figure 2.8.
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Figure 2.8: Initial (left) and Equilibrium (right) network distributions of neighbors
of an agent’s neighbors. 120x120 square lattice with periodic boundary conditions
and Moore neighborhood is employed. w=1. Distributions obtained from 500 runs.

What if neighbors of an agent’s neighbors are included into the agent’s neighorhood?
This means increasing w to 2, and therefore degree of each node is increased to the
24. Figure 2.9 shows the initial and equilibrium networks when w is equal to 2.
Initial network follows the same pattern with w=1 since changing w does not affect
initial conditions. Although in the equilibrium network, it can be seen that clusters
are enlarged. The reason for that is when w is 2, agents are concerned with a larger

region to satisfy their utility functions, and consequently clusters become larger.
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Figure 2.9: Initial (left) and Equilibrium (right) networks for 120x120 square lattice
with periodic boundary conditions and Moore Neighborhood. Red colors are X
agents and green colors are Y agents. w=2.

It is observed that an increase in the w, enlarges the clusters. These results are
consistent with the previous studies that showed as the radius increases segregation
increases [18]. What if neighborhood range is increased even more? Suppose a
network consists of only one neighborhood and the number of X and Y agents is
equal to e. In this network, all the agents are neighbors with every other agent in
the network. Initially, every agent is unhappy because the number of different type
agents will be one more in the neighbors. Since agents do not consider themselves
in the neighborhood, unless there is a tie, number of same type agents will be
e-1 and number of other type agents will be e in the neighborhood. Unhappy
list consists of all agents in the network. The first agent randomly chosen from
the list will change its type and afterwards, that agent type will always be in the
minority. Consequently, type of the first agent randomly chosen from unhappy list

will disappear, and network reaches the consensus where all the agents are the same

type.
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Chapter 3

How Do Random Links Help a
Community to Reach a

Consensus”?

As mentioned at the end of the last chapter, if w is increased enough, one agent type
can take the dominance of the whole network and other agent type disappears from
the network. These model runs where only one agent type lefts in the equilibrium
network called ground state in the physics literature [27] [13] and consensus in
this thesis and also in social physics [26]. To remind one more time, ground state
represents the minimum energy level in which all spins are in the same direction
(up or down) and totally homogenous. Consensus represents the network where all
agents are the same type meaning all people in the community have the same views
about an issue. Since all agents are the same type, every agent in the network is

happy and consequently when consensus arise model reaches equilibrium.

What are the other factors can lead community to a consensus? First of all the most
intuitive answer will be the initial conditions. If the initial percentage of one agent
type is increased large enough, that agent type can take the dominance of the whole
network. For instance, if one agent type is initially distributed as the majority in
every neighborhood in the network, then other agent type will disappear from the
network. Secondly, in the literature how changes in the thresholds (utility functions
of agents) can lead a community to a consensus is analyzed [2]. Another way to
reach a consensus is changing the node degrees by rewiring edges in square lattice

randomly as discussed in this chapter.
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Figure 3.1: Figure on the left displays regular square lattice (p = 0) with periodic
boundary conditions and Moore neighborhood (w=1) where the degrees of all nodes
are equal. Dotted lines represent periodic boundaries. Figure on the right shows
the small-world network where some links (blue) from square lattice are broken and
rewired to nodes that are randomly chosen. Number of links is preserved. Clustering
coefficient is still high as regular square lattice but the average shortest path length
is decreased. Figure on the bottom displays random network (p = 1) where all edges
are rewired.

In order to change node degrees, Watts-Strogatz randomization process [30] is fol-
lowed by only one difference. Watts and Strogatz proposed randomization process
for the ring lattices while in this thesis process adopted to square lattices. Illus-
tration of randomization process can be seen from Figure 3.1. The randomization
process follows: For each node in the square lattice, edges that node has chosen
one-by-one. For each edge, a random number is generated and if this number is
smaller than rewiring probability (p), the edge is broken from the agent’s neighbor
and wired to another node which is not in the agent’s neighborhood. Generated
random number must be bigger than or equal to zero and smaller than one. There-
fore when rewiring probability is zero no edge will be rewired and when rewiring
probability is one all edges will be rewired. For rewiring probability values between

0 and 1, each edge has p probability to rewire.
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Square lattices (p = 1) display high clustering coefficients (¢) and high average
shortest path lengths (1). Clustering coefficient is the ratio of how many links exist
between agent’s neighbors and how many possible links can be established between
agent’s neighbors. In regular square lattice when w is one each agent has 8 neighbors,
and these 8 neighbors have 12 links between them. 8 nodes can be linked in total
28 ways, therefore clustering coefficient of the regular square lattice, when w is 1, is
0.428. The average shortest path length of regular square lattices employed in this

thesis, when w is, is 40.

If rewiring probability is equal to one, then all edges will be rewired and network will
be a random network. In random networks, there are no local clusters like regular
lattices which leads to smaller clustering coefficient. Clustering coefficient of random
networks is approximately equal to k/N [30] (N denotes number of nodes) which is
0.0005 in this thesis since £ is 8 and N is 14400. Simulation results confirm these
conditions. Average shortest path lengths are significantly small in random networks
compared to regular lattices since each edge is randomly assigned and these random
edges create shortcuts between different parts of the network. The average shortest
path length of a random network is approximately equal to In(n)/in(k) [30] which
is 4.6 for the models employed in this thesis. Both the clustering coefficient and the
average shortest path length values obtained from simulations are consistent with
the theoretical values, and this shows the accuracy of the randomization process

employed in this thesis.

Networks where clustering coefficient is as high as square lattice and average shortest
path length is as small as random networks, are called small-world networks [30]. As
it can be seen from Figure 3.2 these conditions correspond rewiring probability values
around 0.01. These networks have highly clustered local knits because random links
are not so many to disorder initial network structure of square lattice. On the other
hand, these networks have small average shortest path lengths because random link

number is enough to bound different parts of the network and create shortcuts.
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Figure 3.2: Clustering coefficient and average shortest path length values for different
rewiring probabilities. Initial network is 120x120 regular square lattice with periodic
boundary conditions and Moore Neighborhood, w=1.

Figure 3.2 shows how clustering coefficients and average shortest path lengths nor-
malized with their values for square lattice, change with rewiring probability. Aver-
age shortest path length decreases even with a few number of random links, while

clustering coefficient decreases significantly when 10% of the edges are rewired.

Table 3.1: Initial unhappy agent percentages for different rewiring probabilities

Rewiring Probability Mean Std Miniimum Maximum

0.0 36.2 04 352 37.2
0.0001 36.3 04 353 37.0
0.001 360 04 354 37.6
0.01 38.1 04 372 39.2
0.1 428 0.6 415 44.1
0.3 43.0 0.5 41.8 44.5
0.5 429 0.5 414 44.2
0.7 429 0.5 414 44.3
1.0 43.0 0.6 414 44.9

Initial unhappy agent percentages increase as the rewiring probability increases as
can be seen in Table 3.1. Change in the node degrees increases the probability of

being unhappy initially.
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After explaining the randomization process and how random links affect clustering
coefficient and average shortest path length, the question ”why changing node de-
grees can lead community to consensus” can be answered clearly. As mentioned in
Chapter 2, initially there are neighborhoods where X’s and Y’s are in the majority.
In the first iterations, these initial X and Y clusters are shaped and become larger.
After initial clusters are formed they remain until the equilibrium. Later iterations
cause changes only in the boundaries of initially formatted different color clusters,
as a consequence consensus can not be observed. Changing node degrees with ran-
dom links can prevent initial clusters to preserve themselves until equilibrium state,
therefore helps communities to reach a consensus. Because random links decrease
average shortest path lengths and this leads to each node in the network to become
connected in few steps. Furthermore, random links decrease clustering coefficient

which helps initial clusters to affect from other agents in the networks.
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Figure 3.3: Percentage of communities that reach a consensus for synchronous and
asycnhronous change. Initial network is 120x120 regular square lattice with periodic
boundary conditions and Moore neighborhood. w=1. All networks are connected.

Figure 3.3 shows the percentage of communities that reach a consensus for different
dynamics. Here two different dynamics are analyzed. The only difference between

the two dynamics is how agents in the unhappy list change their types.

For the asynchronous change, consensus can be observed starting from rewiring prob-
ability 0.3. This leads to the conclusion of only small average shortest path length is

not enough to observe consensus. If only small average shortest path length would
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be enough, consensus should have been observed for rewiring probability 0.1 where
the average shortest path length is nearly same as random networks. The difference
that reaches communities to a consensus for rewiring probability 0.3, instead of 0.1
is clustering coefficient. For rewiring probability 0.1 clustering coefficient is still
very close to a square lattice. On the contrary, for rewiring probability 0.3, cluster-
ing coefficient is nearly half of the square lattice. Having these in mind to observe
consensus by randomization, average shortest path length must be small in order
to agents to reach every other node in the network easily, and clustering coefficient

must be small to break highly clustered local knits.

Theoretically, Ising models with asynchronous change reach ground state with 0.66
probability and reach stripe state with 0.33 probability [27] in regular square lattices.
The only difference between Ising models and the presented model, how agents
behave when there is an equality in the numbers of different type agents in their
neighbors. How can this difference lead communities to reach a consensus with
0.66 probability? It is because, as mentioned communities cannot reach a consensus
because of initial clusters that remain until the equilibrium. In thesis dynamics,
initial cluster formation is easier than Ising models since even with the equality in
the number of different type neighbors, agents can satisfy their utility functions.
Furthermore, deciding to change the agent type with a probability when there is
equality in the numbers of different type agents in the neighborhood can also be

seen as another way of randomization.

When synchronous change is employed, consensus is more frequently observed than
asynchronous change. The reason for this is that in asynchronous change, clusters
can emerge more easily than synchronous change. Even though there are random
links, clusters can emerge among the same type agents due to the order of random
agent choosing from the unhappy list as explained in previous chapter. However,
in synchronous change as average shortest path length and clustering coefficient

become smaller, the probability of having different type clusters decreases faster.
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Figure 3.4: Percentage of communities that reach a consensus for w=1 and w=2.
Initial network is 120x120 square lattice with periodic boundary conditions and
asynchronous change.

Lastly, the effect of randomization on the networks with different initial node degrees
is analyzed. For networks with higher initial node degrees (w=2) percentage of
communities that reach a consensus is higher. Another difference between w = 1
and w = 2 is that when w = 2 communities can reach a consensus with smaller
rewiring probabilities. This is because in models with higher node degrees, there
are more random links for the same rewiring probability. Therefore, average shortest
path length and clustering coefficient decrease faster for w = 2 than w = 1 as can

be seen in Appendix D.
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Chapter 4

The Effect of Individuals Who
Give Their Neighbors the Benetfit
of the Doubt

The models previously mentioned in this thesis and in the literature consist of two
agent types: X and Y. In the social sciences literature, two agent types represent
two different sides of unmutable characteristics. For instance, in Schelling models,
X and Y represent two different races in Chicago in order to understand racial
segregation. Also, in the physics literature X and Y represent up and down spins.
However, the models proposed in this thesis based on mutable characteristics. These
mutable characteristics can be opinions, attitudes or beliefs about any social and
political issue. These characteristics are strongly related to an individual’s personal
background, political ideology and religious beliefs, moreover they are developed over
a long time [19]. Therefore, changing these characteristics and adapting different
ones are compelling. Suppose an example in which issue is recycling and X represents
people who recycle while Y represents people who do not recycle. Recycling behavior
changes with personality and attitudes of environmental concerns [25]. It is not
realistic to expect to one to change its environmental concerns and personality in a
short time period and take the opposite stand. Therefore, a new agent type proposed

in order to model, changes in characteristics more realistic.

A new agent type proposed is called XY. XY represents the people who have doubts
about their opinions. While X and Y represent two opposite stands on an issue,
XY represents the moderate stand. In recycling example, XY’s are the people,
regardless of whether they are recycling or not, who question their stands. In the
models presented in this chapter, unhappy X and Y agents turn to XY instead of
turning to each other. Unhappy agents are under the social pressure because the

majority of the people in their neighborhood have different views from them. Since

22



opposite stand on an issue is a social norm in that neighborhood, this social pressure
forces agents to change their views [19]. Instead of turning to totally opposite side,
at first agents turn to moderate stand where they can have the benefit of doubt and
question their opinions and if they are still unhappy than they take the opposite

stand.

The models presented in this chapter are same as the previous models until agents
in the first unhappy list change their types. The first unhappy list consists of only
X’s and Y’s. These unhappy X and Y agents turn to XY asynchronously. Since the
initial percentage of unhappy agents for square lattices and for different rewiring
probabilities are known (Table 3.1) and XY’s initially created from the first unhappy
list, these initial unhappy agent percentages are also upper bounds for initial XY

percentage.

After XY'’s are introduced to the network, X agents are unhappy if the majority of
their neighborhood is Y or XY. If the number of Y’s and XY’s are equal to each other
and greater than the number of X’s; X agents are also unhappy. Unhappy X agents
turn to XY, regardless of their neighborhood structure. Y agents display a similar
behavior as X agents. They are unhappy if the majority of their neighborhood is
X or XY. In addition to that, they are unhappy if the number of X’s and XY'’s are
equal to each other and greater than the number of Y’s. Similar to X agents, Y
agents turn to XY if they are unhappy. X’s and Y’s turn to XY when XY’s are in the
majority because people who have doubt put a social pressure on others and make
them question their opinions. Therefore this model is called Doubtful Community
model (DC model) because doubtful agents can give their neighbors, who have a

stand on an issue, the benefit of doubt.

XY agents are unhappy if the majority of their neighbors are X or Y. They turn
to X if X’s are the majority, and turn to Y if Y’s are the majority. XY agents are
happy when the number of X’s and Y’s are equal to each other and greater than the
number of XY’s in the neighborhood.
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Figure 4.1: Equilibrium networks for DC model on 120x120 square lattice with
periodic boundary conditions and Moore neighborhood. Figure on the left shows
w=1 and figure on the right shows w=2. Red colors are X agents, green colors are
Y agents and blue colors are XY agents.

Figure 4.1 shows the equilibrium networks for DC model. When w is 1 in the
equilibrium state, the network is not dominated by XY’s even though all unhappy
X and Y agents turn to XY. Since the expected X and Y percentages are always equal
and 23% of all agents are XY (Table 4.1), X and Y percentages in the equilibrium
network are 38.5%. XY is always in the minority in the equilibrium network, even
though initially they can be in the majority. To explain this, consider an unhappy
X or Y agent in the initial network. Since this agent is unhappy, other agent type
(X or Y) must be the majority in this agent’s neighborhood, and this agent must
change its type to XY. Even though this agent change its type to XY, unless other
changes in the network did not cause a critical change in the neighborhood, still X’s
or Y’s are the majority in the neighborhood. As it can be seen from Figure 4.2,
initially the huge part of the XY’s are minority in their neighborhood. Therefore
XY agent will be unhappy in the next iteration and change its type to the agent type
in majority. This is the main reason that prevents XY’s to dominate the network.
As the neighborhood size increases, clusters become larger as explained in Chapter

2 and DC model follows the same behavior.
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Figure 4.2: Same type neighbor distribution of XY agents in the initial network.
Same type neighbors are XY agents in the neighbors for an agent XY. Network is
120x120 square lattice. Periodic boundary conditions and Moore neighborhood are
employed. w=1. Distributions obtained from 500 runs.

What if doubtful agents cannot give the benefit of doubt to their neighbors, and
people persist on their stands? In this case, X and Y agents do not become unhappy
if XY’s are the majority in their neighborhood. X’s and Y’s do not feel social pressure
as in DC model, therefore persist on their views and do not have the benefit of doubt.
This version of XY models called Persistent Community model (PC model). The
only difference between PC model and DC model is, how X and Y agents act when
doubtful agents (XY) are in the majority in their neighborhood. Figure 4.3 shows
the equilibrium networks for PC model for w = 1 and w = 2. In PC model, XY
percentage in the equilibrium state is less than 1% and distinctly less than DC model.
Because in the PC model even XY’s are in the majority of the neighborhoods of
X’sand Y’s, X’s and Y’s do not turn to XY. This prevents XY’s to become clusters
and eventually doubtful XY agents leave their doubts. Remaining XY agents in the
equilibrium networks are the ones placed on the boundaries between X’s and Y's

where they have equal number of X and Y as neighbors.
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Figure 4.3: PC model on 120x120 square lattice with periodic boundary conditions
and Moore neighborhood. Figure on the left shows w=1 and figure on the right
shows w=2. Red colors are X agents, green colors are Y agents and blue colors are
XY agents.

In PC model if w is increased to 2, X and Y clusters become larger while XY’s nearly
disapper from the network. It is because when w is 1 there are already few XY's
remaining in the network, and this XY’s mostly are the ones who have equality in
the number of X’s and Y’s in their neighborhood. When w increases the probability
of having equal number of X’s and Y’s decreases and this leads XY percentage to

become less.

In regular lattice, both DC and PC models cannot reach a consensus. What if
random links are introduced to these two models? Do doubtful agents increase the
probability of reaching a consensus? Can a community where everyone is doubtful
be observed? To answer these questions, the same randomization process in Chapter
3 employed for these two models. Since the same randomization process is employed,
network structures, average shortest path lengths and clustering coefficients are the

same as the models in Chapter 3.

Figure 4.4 shows the percentage of communities that reach a consensus. In both
models, consensus can be observed starting from rewiring probability 0.3 when w
is 1, and from rewiring probability 0.1 when w is 2 as the models in Chapter 3.
This leads to the conclusion that reaching a consensus is not related to the number
of agent type, instead it is related to the network structure. When w is 1 in both
models, the percentage of communities that reach a consensus differs from zero
starting from rewiring probability 0.3, yet there are huge differences between these

two models.
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Figure 4.4: Percentage of communities that reach a consensus for DC and PC models
and for different neighborhood ranges. Initial network is 120x120 regular square
lattice with periodic boundary conditions. All networks are connected.

The most crucial difference between DC and PC models is, in consensus state,
all agents are XY in DC model, while in PC model all agents are either X or Y.
As the rewiring probability increases, the initial unhappy percentage also increases
(Table 3.1) therefore initial XY percentage increases. This increase makes XY agents
majority in each run starting from rewiring probability 0.3 as it can be seen from
Table 4.1. In addition to these, the effect of being the majority in the initial network
increases with the rewiring probability. In square lattice, even though one agent type
is in the majority, other agent type can cluster in some parts of the network since
the clustering coefficient is high. However, random links decrease the clustering
coefficient and prevent these small clusters to emerge. Therefore, agents in the
minority cannot cluster and disappear from the network. Consequently, in DC
model consensus can be reached when every agent in the community is doubtful.
Even though in PC model, XY’s are also in the majority initially, since X and Y
agents do not turn to XY when XY’s are the majority, consensus with doubtful

agents cannot be reached in this model.

Both models reach a consensus with a higher probability when w is increased to
2. DC model always reaches a consensus when the rewiring probability is equal or
greater than 0.1 and PC model when the rewiring probability is equal or greater

than 0.3. These patterns are consistent with the models analyzed in Chapter 3.
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Equilibrium state XY percentages can help to understand DC and PC models with
random links. For DC model (Table 4.1) XY percentages in the equilibrium state
significantly increase from 0.01 to 0.1 and from 0.1 to 0.3. However, for rewiring
probability 0.1 the maximum observed XY percentage is 49, while for rewiring prob-
ability 0.3 is 100 which shows the communities that reach a consensus. Standart
deviations are higher for rewiring probabilities that consensus can be reached. Be-

cause reaching a consensus is highly related to how random links are placed.

Table 4.1: Equilibrium state XY percentages in DC model for different rewiring
probabilities

Rewiring Probability Mean Std Minimum Maximum

0.0 23.0 1.82 19.1 27.3
0.0001 23.0 1.70 194 28.9
0.001 234 1.8 195 28.7
0.01 25.3 22 197 31.3
0.1 374 4.0 278 49.0
0.3 86.3 25.1 35.0 100.0
0.5 90.1  20.8 35.2 100.0
0.7 909 19.0 35.6 100.0
1.0 89.5 228 34.6 100.0

In PC model average percentage of XY in the equilibrium state is always less than
1. For rewiring probability values equal to or greater than 0.3, consensus can be
observed and in consensus, there are no doubtful agents in the community. Standart
deviation increases with rewiring probability because as mentioned above random

links can lead to distinct consequences.

Table 4.2: Equilibrium state XY percentages in PC model for different rewiring
probabilities

Rewiring Probability Mean Std Minimum Maximum

0.0 0.56  0.09 0.29 0.86
0.0001 0.55 0.09 0.35 0.79
0.001 0.56 0.65 0.41 0.74
0.01 0.50  0.07 0.35 0.64
0.1 0.39 0.06 0.25 0.53
0.3 0.50  0.27 0.00 0.87
0.5 0.56  0.36 0.00 1.04
0.7 0.51  0.39 0.00 1.09
1.0 048 037 0.00 0.97

XY agents are individuals who become doubtful about their opinions because of

social norms in their neighborhood. They may want to remain their doubtfulness for
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longer time periods in order to see how social norms in their neighborhood will shape
over time. To model this behavior, networks in each iteration denoted as N;, where ¢
is the number of iteration. For instance, the initial random network consists of only
X’s and Y’s denoted as Ny and the network where XY’s are first created denoted
as Ny. In the previous models, XY agents change their type if they are unhappy
regardless of which agent type they were in the previous iterations. Here, XY agents
do not change their type if they were X or Y in Ny, and p represents the persistence

step which shows for how many iterations XY’s preserve their doubtfulness.

Figure 4.5: DC models with persistence step. Network is 120x120 square lattice with
periodic boundary conditions and Moore neighborhood. w=1. Figure on the left
shows the equilibrium network for persistence step 1, and figure on the right shows
the equilibrium network when persistence step is equal to the number of iterations
until equilibrium.

Figure 4.5 shows the equilibrium network for DC models with persistence step.
Figure on the left is the equilibrium network when persistence step is 1 and figure on
the right is the equilibrium network when XY agents remain their doubtfulness until
the equilibrium. X and Y percentages decrease when persistence step is increased
to 1 from 0, as it can be seen from the figure. The main reason for this, as it
mentioned above color clusters predominantly formed in the first iterations. Since
in Ny all the agents are X and Y, in the first iteration XY’s do not change their
types and they gain an advantage to form clusters. When XY’s remain doubtful
until the equilibrium, there are few X and Y clusters left. These clusters form at

the initial network and they remain until the equilibrium.

Communities can not reach a consensus in square lattice even if XY agents remain
their doubtfulness until the equilibrium and do not change their types. Doubtful
agents remain their doubtfulness but they can not give the benefit of doubt to the

neighborhoods where X or Y agents are in the majority initially.
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Chapter 5

Individuals That Seek Diversity in
Their Vicinity and Emergence of

Maze Patterns

In the previous chapters, agents’ desire to have similar people in their vicinities are
analyzed. Although in real life people may have different preferences about who
they want to live within their vicinities and how important this desire can vary. For
instance, people may desire similar people in their immediate vicinities but diversity
in their distant vicinities. Furthermore, having similar people in immediate vicinities

can be more important than having diversity in distant vicinities.

In order to model these preferences, neighbors are divided into categories. When w
is equal to 1, the 8 neighbors that agents have denoted as the first degree neighbors.
The additional 16 neighbors that agents have when w is increased to 2, denoted
as the second degree neighbors. Generally, using this logic neighbors divided to
categories as 1 th degree neighbors where ¢ is the value of w. In this thesis, only first
and second degree neighbors are included in the models. First degree neighbors are
considered as the immediate vicinity of a person and second degree neighbors are

considered as the distant vicinity of a person.

Instead of looking neighbors as a whole dividing them into categories give a more
realistic perspective about agents’ preferences. First degree neighbors can be thought
of as a family and close friends, while second degree neighbors can be thought of
as people encountered in daily life such as co-workers. Therefore, the importance of

different degree neighbors can differ.

Importance of different degree neighbors given by the value of o and preference of

same type or different type agents in the different degrees given by the sign of a.
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Value of o shows the relative importance of different degrees according to the first
degree neighbors. When | « | is smaller than 1, the first degree neighbors are more
important than the second degree neighbors. Equation 5.1 shows the condition for

an agent to be happy where s; denotes the same type agents in ’th degree neighbors.

s1—4+a(se—8) >0 (5.1)

When individuals in a community do not seek diversity and give the same importance
to their first and second degree neighbors (o = 1), models become exactly same as
the models analyzed in Chapter 3 for w = 2. In this case, Equation 5.1 becomes
s1 + S > 12, which shows the total of same type first degree and second degree
agents must be equal to or greater than half of the total neighbors. Inequalities for
different o values can be seen from Figure 5.1. For the positive values of « if an
agent’s same type first degree and second degree neighbors are on the dotted line or
above the dotted line agents are happy, otherwise they are unhappy. On the other
hand, for the negative values of « if an agent’s same type first degree and second
degree neighbors are on the dotted line or below the dotted line agents are happy,
otherwise they are unhappy. Agents are happy regardless of a value if they have 4

same type first degree neighbors and 8 same type second degree neighbors.
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Figure 5.1: Inequalities show the numbers of same type first degree and second
degree neighbors agents need to satisfy their utility functions for different o values.

It is useful to analyze these preferences in two parts: « is greater than zero and « is

smaller than zero. When « is greater than zero, agents prefer the same type agents
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as themselves in their immediate and distant vicinities. As mentioned above o = 1
means agents have no preference over the same type agents in their vicinities. For
a values between 0 and 1, agents give more importance to having the same type
agents in their immediate vicinities than their distant vicinities. On the other hand
for o values greater than 1, having same type agents in distant vicinities is more
important than having the same type agents in immediate vicinities. Figure 5.2

shows the equilibrium networks for the positive values of a.

Figure 5.2: Equilibirum networks for the positive values of a. Networks are 120x120
square lattices with periodic boundary conditions and Moore neighborhood. Figure

on the top left is for a = 0.125, figure on the top right is for a = 0.5, figure on the
bottom left is for a = 1 and figure on the bottom right is for oo = 2.

In order to satisfy each agent’s utility function for w = 1, agent’s second degree
neighbors become segregated as mentioned in Chapter 2. Consequently, there are

no substantial differences between the positive values of «.

In the case where « is smaller than zero, agents seek diversity in their second degree
neighbors. Diversity seeking behavior of individuals excessively examined in the
literature [20] [11]. In the literature diversity seeking behavior analyzed mostly by
employing an upper bound. Agent thresholds (lower bound) are minimum same
type neighbor percentage needed to satisfy agent’s utility function and the upper

bound is maximum same type neighbor percentage needed to satisfy agent’s utility
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function. For instance, if lower bound is 0.5 (as in this thesis) when w = 1 agents
must have at least 4 same type neighbors and if upper bound is 0.95 agents must

have at most 7 same type neighbors in order to satisfy their utility functions.

Figure 5.3: Equilibirum networks for the negative values of a. Networks are 120x120
square lattices with periodic boundary conditions and Moore neighborhood. Figure
on the top left is for « = —0.125, figure on the top right is for a = —0.5, figure on
the bottom left is for « = —1 and figure on the bottom right is for a = —2.

Here, a different approach to diversity seeking behavior is proposed. Agents seek
diversity but specifically in their second degree neighbors. This behavior can be
explained by various reasons. For instance, an agent wants to be comfortable in
its immediate vicinity but at the same time agent can desire to be informed from
different type agents or to have these contacts in its distant vicinity for the social

advantages [29].

Equilibrium networks change to a great extent when agents seek diversity in their
second degree neighbors. Maze-like patterns emerge when « is —0.5 and become
apparent when a is —1. When « is -1, agents prefer similar people in their immediate
vicinities and diversity in their second degree neighbors. Even though agents have
8 same type neighbors in their immediate vicinities, to satisfy their utility functions
agents need different type agents in their distant vicinities. Therefore, similar agents
cluster, however, these clusters are small enough for every agent in the cluster to

have different agent types in their second degree neighbors. Inevitably maze patterns
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Chapter 6

Conclusion and Future Work

We started our studies by analyzing the Schelling models with Glauber dynamics
on the regular square lattice. We obtained consistent results with the literature.
Schelling models (when threshold is 0.5) on 120x120 square lattice with Glauber
dynamics ,periodic boundary conditions and Moore neighborhood (w = 1) where
agents initially distributed using Bernoulli distribution with parameter 0.5 cannot
reach a consensus (ground state). Knowing this, we investigated if random links can

help communities to reach a consensus.

Changing node degrees by random links can help communities to reach a consensus.
The main reason for this is, randomness decreases clustering coefficients and average
shortest path lengths. In the regular square lattice, agents initially cluster with the
same type agents on different parts of the network and these highly clustered knits
remain until the equilibrium. As average shortest path length decreases, different
parts of the network are become connected to each other and as clustering coefficient
decreases, these highly clustered knits break. Therefore, communities can reach a

consensus.

In addition to the models above, we introduced a new agent type called XY which
represents doubtful agents who have the benefit of doubt. Two different models
are created according to what X and Y agents do when doubtful agents are in the
majority in their neighborhoods. First model is DC model where XY agents can
give the benefit of doubt to X and Y agents if they are the majority. DC model
can reach a consensus, where every agent in the network is doubtful, with random
links. Second model is PC model where XY agents cannot give the benefit of doubt
to X and Y agents. In PC model X and Y agents persist on their views and reject
to become doubtful. These communities can also reach a consensus however, no

doubtful agents remain in the equilibrium.
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Afterwards, we asked the question “what happens if doubtful agents remain doubt-
ful for longer time periods?”. We showed that even if the doubtful agents remain
doubtful until the equilibrium, communities cannot reach a consensus without hav-
ing random links. These findings are consistent with our explanations on how do
random links help communities to reach a consensus. Because even though one agent
type never changes in the square lattice initially there are highly knitted clusters

consist of one agent type which remain until the equilibrium.

Lastly, we introduced a new diversity seeking approach where agents seek diversity
in their distant vicinities. We found that maze patterns emerge if agents give equal
or more importance to having diversity in their vicinities than having similar people

in their immediate vicinities.

In this thesis, our models have one dimensional issue space. Schelling focuses only
to the race in his models, and we focus on social norms and issues such as recycling.
For future studies, the dimension of issue space can be increased. For instance,
focusing on race, demographic and socioeconomic attributes at the same time is a
more realistic approach. Sturgis [29] shows that different age groups who belong
to the same ethnicity may have different preferences about who they want to live
with. Therefore, increasing the dimension of issue space can help to understand

segregation in real life better.

Instead of increasing the dimension of issue space, more agent types can be intro-
duced to the models. DC and PC models are the examples of models with more
agent types. Suppose a line segment between —1 and 1 which represent one dimen-
sional issue space. Since X and Y represent opposite stands on an issue, in this line
—1 denotes X agents, 1 denotes Y agents and 0 denotes XY agents. Introducing
agents who place themselves between these points to the models would be the more

realistic approach.

Furthermore, random links can be added to the models in which individuals that

seek diversity in their distant vicinities for further studies.

36



Bibliography

1]

[10]

[11]

D.J. Amit, H. Gutfreund, and H. Sompolinsky. Spin-glass models of neural
networks. Physics Review A, 32, 1985. 1

Utku Arik. Analysis of integrity and segregation seeking models with a product
adoption application, July 2018. 3

George Barmpalias, Richard Elwes, and Andrew Lewis-Pye. Unperturbed
schelling segregation in two or three dimensions. Journal of Statistical Physics,

164(6):1460-1487, 2016. 1, 2.1

George Barmpalias, Richard Elwes, and Andy Lewis-Pye. Tipping points in
1-dimensional schelling models with switching agents. Journal of Statistical
Physics, 158(4):806-852, 2015. 1

H. B. Blanton and C. Christie. Deviance regulation: A theory of action and
identity. Review of General Psychology, 7:115 — 149, 2003. 2.1

Christina Brandt, Nicole Immorlica, Gautam Kamath, and Robert Kleinberg.
An analysis of one-dimensional schelling segregation. In Proceedings of the
forty-fourth annual ACM symposium on Theory of computing, pages 789-804.
ACM, 2012. 1

R. B. Cialdini and N. J.jf Goldstein. Social influence:: Compliance and con-
formity. Annual Review of Psychology, 55:591 — 621, 2004. 2.1

David Easley and Jon Kleinberg. Networks, crowds, and markets: Reasoning

about a highly connected world. Cambridge University Press, 2010. 1

Giorgio Fagiolo, Marco Valente, and Nicolaas J. Vriend. Segregation in net-
works. Journal of Economic Behavior € Organization, 64:316 —336, 2007. 1.1

Linton C. Freeman. Segregation in social networks. Sociological Methods €

Research, 6(4):411-429, 1978. 2.2

Burcu Giines. Effect of individual desires on the segregation of network society;,

2015. 2.2, 5

37



[12]

[13]

[14]

[15]

[16]

[18]

[20]

[21]

[22]

Rainer Hegselmann, Ulrich Mueller, and Klaus G. Troitzsch. Modelling and
Stmulation in the Social Sciences from the Philosophy of Science Point of View.

Springer Science, 1996. 1

Carlos P. Herrero. Zero-temprature glauber dynamics on small-world networks.
Journal of Physics A: Mathematical and Theoretical, 42(41), 2009. 3

John J. Hopfield. Neural networks and physical systems with emergent collect-
ive computational abilities. Proceedings of the national academy of sciences,
79(8):2554-2558, 1982. 1

Jon Kleinberg. Cascading behavior in networks: Algorithmic and economic

issues. Cambridge University Press, 2007. 1

Gueorgi Kossinets and Duncan J. Watts. Origins of homophily in an evolving

social network. American Journal of Sociology, 115(2), 2009. 1

Gueorgi Kossinets and Duncan J. Watts. Network effects in schelling’s model
of segregaton: New evidence from agent-based simulation. FEnvironment and
Planning B: Planning and Design, 39(2):393-405, 2012. 2.2

Alexander J. Laurie and Narendra K. Jaggi. Role of 'vision’ in neighbourhood
racial segregation: A variant of the schelling segregation model. Urban Studies,
40:2687 — 2704, 2003. 2.2

Tankard M. and E. L. Paluck. Norm perception as a vehicle for social change.
Social Issues and Pollicy Review, 10(1):181-211, 2016. 2.1, 4

D. Yagmur Ozdemir. How does diversity seeking attitude of individuals affect

trustworthiness of a society, January 2017. 2.1, 2.2, 5

Romans Pancs and Nicolaas J Vriend. Schelling’s spatial proximity model of
segregatin revisited. Journal of Public Economics, 91(1):1-24, 2007. 2.2

Thomas C. Schelling. Models of segregation. The American Economic Review,

59(2):488-493, 1969. 1, 2.1, 2.2

Thomas C. Schelling. Dynamic models of segregation. The Journal of Math-
ematical Sociology, 1(2):143-186, 1971. 1, 2.2

Thomas C. Schelling. Schelling Micromotives and Macrobehavior (Cloth)(Fels
lectures on public policy analysis). {WW Norton & Co Ltd}, 1978. 1

Wesley P. Schultz, Stuart Oskamp, and Mainieri Tina. Who recycles and when?
a review of personal and situational factors. Journal of Environmental Psycho-
logy, 15:105 — 121, 1995. 4

38



[26]

[27]

[28]

[29]

F. Schweitzer. Sociophysics. Physics Today, 71:40-46, 2018. 3

V. Spirin, P.L. Krapivsky, and S. Redner. Fate of zero-temperature ising ferro-
magnets. Physical Review F, 63(3):036118, 2001. 1, 1.1, 2.1, 3, 3

D. Stauffer and S. Solomon. Ising, schelling and self-organising segregation.
The FEuropean Physical Journal B, 57:473-479, 2007. 1

Patrick Sturgis, Brunton-Smith, Jouni Kuha, and Jonathan Jackson. Ethnic di-
versity, segregation and the social cohesion of neighbourhoods in london. Ethnic

and Racial Studies, 27:1286 — 1309, 2013. 5, 6

J. Duncan Watts and Steven H. Strogatz. Collective dynamics of small-world
networks. Nature, 393:440-442, 1998. 3

S. Wolfram. Theory and Applications of Cellular Automata. World Scientific,
Singapore, 1986. 1

H Peyton Young. Individual strateqy and social structure: An evolutionary

theory of institutions. Princeton University Press, 2001. 1

J. Zhang. A dynamic model of residential segregation. Journal of Mathematical
Sociology, 28(3):147-170, 2004. 1

J. Zhang. Residential segregation in an all-integrationist world. Journal of
Economic Behavior € Organization, 54:533 — 550, 2004. 1

J. Zhang. Tipping and residential segregation: A unified schelling model.
Journal of Regional Science, 51(1):167 — 193, 2011. 1

39



Appendices

40



Appendix A

Periodic Boundary Conditions

Figure A.1: Representation of periodic boundary conditions on a 5x5 square lattice.
Green nodes are the neighbors of the red node.
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Appendix B

Von Neumann and Moore
Neighborhoods

Figure B.1: Differences between these two neighborhoods are demonstrated in 3x3
part of a square lattice. Green nodes are the neighbors of the red nodes. Fig-
ure on the left demonstrates Von Neumann Neighborhood and figure on the right
demonstrates Moore Neighborhood.
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Appendix C

Initial and Equilibrium Network

Examples

Figure C.1: First example of initial and equilibrium networks. Network is 120x120
square lattice with periodic boundary conditions and Moore neighborhood. w=1.
Figure on the left is the initial network and figure on the right is the equilibrium
network.

Figure C.2: Second example of initial and equilibrium networks. Network is 120x120
square lattice with periodic boundary conditions and Moore neighborhood. w=1.
Figure on the left is the initial network and figure on the right is the equilibrium
network.

43



Figure C.3: Third example of initial and equilibrium networks. Network is 120x120
square lattice with periodic boundary conditions and Moore neighborhood. w=1.
Figure on the left is the initial network and figure on the right is the equilibrium
network.
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Appendix D

Clustering Coefficients and
Rewiring Probabilities for

Different Rewiring Probabilities

Clustering Coefficient
o
Average Shortest Path Length
- ~ w N

ooooooooooooooooooooooooooooooooooooooooooooo
Rewiring Probability

0000000000
Rewiring Probability

Figure D.1: Figure on the left shows clustering coefficient values and figure on the
right shows average shortest path length for different rewiring probabilities. Initial

network is 120x120 square lattice with periodic boundary conditions and Moore
neighborhood.
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Appendix E

Degree Distributions for Different

Rewiring Probabilities
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Figure E.1: Degree distributions for different rewiring probabilities. Initial network
is 120x120 square lattice with periodic boundary conditions and Moore neighbor-
hood. w=1.
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