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Essays on Network Formation Games

Sunjin Kim

(ABSTRACT)

This dissertation focuses on studying various network formation games in Economics. We
explore a different model in each chapter to capture various aspects of networks. Chapter 1
provides an overview of this dissertation.

Chapter 2 studies the possible Nash equilibrium configurations in a model of signed net-
work formation as proposed by Hiller (2017). We specify the Nash equilibria in the case of
heterogeneous agents. We find 3 possible Nash equilibrium configurations: Utopia network,
positive assortative matching, and disassortative matching. We derive the specific conditions
under which they arise in a Nash equilibrium.

In Chapter 3, we study a generalized model of signed network formation game where the
players can choose not only positive and negative links but also neutral links. We check
whether the results of the signed network formation model in the literature still hold in our
generalized framework using the notion of pairwise Nash equilibrium.

Chapter 4 studies inequality in a weighted network formation model using the notion of
Nash equilibrium. As a factor of inequality, there are two types of players: Rich players and
poor players. We show that both rich and poor players designate other rich players as their
best friends. As a result, We present that nested split graphs are drawn from survey data

because researchers tend to ask respondents to list only a few friends.



Essays on Network Formation Games

Sunjin Kim

(GENERAL AUDIENCE ABSTRACT)

This dissertation focuses on studying various network formation games in Economics. We
explore a different model in each chapter to capture various aspects of networks. Chapter 1
provides an overview of this dissertation.

Chapter 2 studies the possible singed network configurations in equilibrium. In the signed
network, players can choose a positive (+) relationship or a negative (-) relationship toward
each other player. We study the case that the players are heterogeneous. We find 3 possible
categories of networks in equilibrium: Utopia network, positive assortative matching, and
disassortative matching. We derive the specific conditions under which they arise in equilib-
rium.

In Chapter 3, we study a generalized model of signed network formation game where the
players can choose not only positive and negative links but also neutral links. We check
whether the results of the signed network formation model in the literature still hold in our
generalized framework.

Chapter 4 studies inequality in a weighted network formation model using the notion of Nash
equilibrium. In this weighted network model, each player can choose the level of relationship.
As a factor of inequality, there are two types of players: rich players and poor players. We
show that both rich and poor players choose other rich players as their best friends. As a
result, we present that nested split graphs are drawn from survey data because these social

network data are censored due to the limit of the number of responses.
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Chapter 1

Introduction

In economics, network formation theory studies what kind of network economic agents form
under the assumption that they respectively maximize their utility. In particular, we explore
what kind of network is derived when applying the Nash equilibrium or its refinement, which
has been studied for the simultaneous move game. Since Jackson and Wolinsky (1996)
showed the importance of the theory of network formation, many researchers have studied
friendship networks. In particular, game theorists have done a lot of research on discrete
decision-making models where players decide whether or not to form friendships with other

players.

Recently, there have been attempts to develop network formation games in various directions,
such as signed networks or weighted networks. In this dissertation, we study what kinds of
configurations can be derived in equilibrium using various networks. Particularly, we mainly

study the network models when different types of players exist.

1.1 Signed Network Formation with Heterogeneous Play-

ers

In Chapter 2, we study a singed network formation game where there are heterogeneous

players. In signed networks, each link (edge) can have a positive or negative sign. In the

1



2 CHAPTER 1. INTRODUCTION

context of social networks in Economics, the positive link represents friendship (cooperation),
and the negative one means conflict (competition). The notion of signed networks was first
discussed by Heider (1946) to study social psychology. Since he suggested the idea, the signed
network model has been studied out of Economics. In Economics, for the first time, Hiller
(2017) studied the signed network formation model, using the game-theoretical approach
such as a notion of Nash equilibrium. In his model, players can increase their strength by
finding friends or can choose conflicts so that a player with high strength can plunder another

player with weaker strength.

While Hiller (2017) mainly focused on the homogeneous player model, Chapter 2 studies
which network configurations emerge in equilibrium when there are heterogeneous players.
We assumed that there are two types of players: strong players and weak players. Thus it
is possible to define the difference between the two types to study how the network changes
in equilibrium, depending on how different the players are. While each strong player is
stronger than each weak player, the weak players can be stronger than the strong players if

the friendship network of weak players is well organized.

We sort all Nash equilibrium network formations into three categories: Utopia network,
Positive assortative matching, and Disassortative matching. In Utopia network, everyone is
a friend to everyone. This network is a Nash equilibrium when conflict cost is high. Positive
assortative matching means that only the players of the same type become friends. When
the difference between the two types of players is large and the conflict cost is low, every
Nash equilibrium network is a positive assortative matching, and all strong players bully the
weak players. On the other hand, there is a positive assortative matching where the weak
players cooperate in bullying all strong players. This network can be a Nash equilibrium if
the weak players are much more than the strong players, the difference between the players

is small, and the conflict cost is low. Lastly, if the difference between the players is low, and
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the conflict cost is low, disassortative matchings, where some strong players and some weak

players are friends, can be a Nash equilibrium.

1.2 Signed Network Formation with Neutral Links

Chapter 3 studies a more generalized signed network formation model, where players can
choose neutral links as well as positive links and negative links. In the real world, there exist
the neutral links (no link) in social networks. Switzerland, for example, as a neutral country,
has not formed any alliances. Hence, it has been asked to construct the signed network
model with neutral links. This chapter focuses on testing whether some results in previous

researches hold in this general model using the notion of pairwise Nash equilibrium.

First, we derived a result regarding the empty network similar to Jackson and Nei (2015).
They analyzed another signed network formation model using a notion of war stable net-
works. They showed that only the empty network could be the war stable network unless
there is no third factor. Similarly, we show that the empty network is a pairwise Nash
equilibrium. Jackson and Nei (2015) and our research imply that the empty network is in
equilibrium. Second, Hiller (2017) showed that bullying network where the other players
bully one player is a Nash equilibrium. We modify the notion of this bullying network to the
general model and determine when these bullying networks can be pairwise Nash equilibria.
Lastly, we study positive assortative matching discussed in Chapter 2 in the general model.
We show that when the difference between strong players and weak players is significantly
large and the conflict cost is low, strong players bully weak players. In most of the case, this
network formation is a positive assortative matching. However, there exists a case where
even the same type of players are not friends, but every strong player bullies every weak

player.
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1.3 Weighted Network Formation with Heterogeneous

Players

In Chapter 4, I study another kind of network formation, a weighted network formation.
While the players in Chapters 2 and 3 can choose different kinds of links, the players in this
model can choose a weight (level) of the link (relationship). Salonen (2016), Baumann (2021),
and Griffith (2019a) studied these weighed network formation models. In their models, each
player spends her endowment in self-investment and one to one relation-investment. The

authors used the notion of Nash equilibrium, and focused on the homogeneous player model.

This chapter focuses on the weighted network formation model with inequality. There are
two types of players: rich and poor players. I study how the players behave in any symmetric
Nash equilibrium. Overall, in equilibrium, the players prefer rich players regardless of their
types. For rich players, the result can be interpreted as homophily, while it is heterophily

for poor players.

This finding induces an interesting property of networks on social network data. In surveys
investigating social networks, respondents are required to designate a limited number of their
friends, such as “List your closest friends ' ”. Thus, only the strongest links are reported due
to the limit of the number of responses. Since every player prefers rich players, rich players
form the core in the data. On the other hand, the poor players constitute a periphery set

(independent set). As a result of this limit, nested split networks appear in the data.

LThis instruction is from the National Longitudinal Study of Adolescent to Adult Health (Add Health).



Chapter 2

Weak Players, Strong Players, and

Signed Network Formations

2.1 Introduction

A signed network, which is an application of graph theory, is a useful tool to analyze a
society where friendly and antagonistic relationships coexist. The signed network consists of
nodes, positive links, and negative links. The nodes denote people, the positive link denotes
friendship, and the negative link means conflict. The literature on network economics focuses
on the positive links between players, which have been well documented in the research on
peer effects. Also, economists have studied hostile behavior and antagonistic relationships,
which lead to conflicts. However, little work has been done on the study of the interaction
between the positive relationships and the negative relationships within a group of agents.
Also, economists have studied hostile behavior and antagonistic relationships, which lead to

conflicts.

In history, there are many examples where conflict has affected friendship and vice-versa.
World War II is perhaps the most famous instance. During the war, almost all nations on
earth belonged to one of the two warring factions. Most of these countries were not related
to the war at first but became friends or enemies with one another because of indirect

relationships. Nazi Germany engaged the U.S.A. after the bombing of Pear Harbour by

5
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Japan. Also, the Soviet Union joined the Allies because Nazi Germany attacked the Soviet
Union. As another example, in the 18th century, many European countries forged an alliance
against Napoleon’s French Empire, even though they were enemies against each other before
the war. In the Eastern world, Kuomintang and Communist party collaborated to fight
against the Empire of Japan in World War II. However, after World War 11, they terminated

the collaboration and initiated the Chinese Civil War.

The signed network model was, for the first time, used in social psychology as the name of
the signed graph theory to describe a balanced relationship among three entities (Heider,
1946). They had the idea that if two people were friends, it is balanced to have the same
opinion to the other entity. If they were enemies, it was also balanced to have different
opinions. They realized that the notion of the signed graph was useful to formalize the
idea because the signed graph consists of two kinds of links. The signed graph theory has
been applied not only in sociology but in other disciplines such as the study of international
relations (Brown, 1979) and politics (Laumann and Pappi, 1973). A common assumption in
these works is that the balanced signed graph is a kind of equilibrium, and there is a force

guaranteeing a structurally balanced network.

Hiller (2017) was the first to propose a model of signed network formation model using a game
theoretical approach. In his model, every player can extend either the friendly (positive) link
or the antagonistic (negative) link to each of the remaining agents. Even though each agent
has an intrinsic strength given exogenously, an agent’s real strength in conflict is the sum
of her intrinsic strength plus the intrinsic strength of her friends (or allies). This sum is
called the network strength of the player. That is, each player can increase her network
strength by making alliances. Moreover, if the relationship between two given players is
antagonistic, then the player with higher network strength plunders payoff from the other.

There are conflict costs associated with the negative links. His main finding is that every
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Nash Equilibrium obeys weak structural balance even though there is no direct benefit for
each player when their relationship satisfies structural balance in the network. It also means
that the Nash equilibrium configurations are such that either all links are positive or players
can be divided into distinct sets where the people in each set are friends with each other.
He further characterizes pure strategy Nash equilibria for a general class of payoff functions

which map strength of agents into extraction payoff under the antagonistic relationship.

The present paper extends the work of Hiller (2017) by specifically examining the case of
heterogeneous players. We analyze Nash equilibrium configurations when players are either
homogeneous or have one of two types: strong or weak. We consider a model with two types
for tractability. As we shall see, this simple model with two types entails significant changes

in comparison with the model with homogeneous agents.

One of our findings is a sufficient condition for all Nash equilibrium network configurations
to exhibit assortative matching. Positive assortative matching is a matching between the
same type of players. In matching theory, positive assortative matching has been a major
research topic. For example, it is a stylized fact that marriage markets exhibit positive
assortative matching in marriage markets with respect to education levels'. It means that
highly educated males tend to get married to highly educated females. Moreover, some labor
economists borrowed this terminology from the marriage market to describe the matching
of firms and workers. In labor economics, positive assortative matching means that highly
productive firms hire highly productive workers. Different from the marriage market, re-
searchers have controversy as to whether positive assortative matching is a general property
characterizing the labor market. In our signed network formation model consisting of het-
erogeneous players, positive assortative matching means that the positive relationships exist

only between the players of the same type. As the antithesis, naturally, there is only the

'In this field, positive assortative matching is also called positive assortative mating.
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negative relationship between the players of the different types. In that different types do
not have any cooperative relationships, positive assortative matching can be interpreted as

a segregation of the society by inherency such as gender, race, or economic background.

In this paper, we use the model with homogeneous players as a benchmark model. We char-
acterize conditions under which complete networks or segregation into two uneven groups
can be sustained in a Nash equilibrium. Then, we also describe all possible equilibrium
configurations in the case of four players with two type (strong and weak). In the heteroge-
neous model, all Nash equilibrium configurations are classified into three categories: Utopia
network, positive assortative matching, and disassortative matching. In Utopia network,
each player is a friend to every other regardless of their types. We find that Utopia network
arises in the Nash equilibrium if the cost of conflict is sufficiently high (with all else kept
constant). In a positive assortative matching, players coalesce only with the same type of
players. We categorize positive assortative matching according to who is dominant in the
network configuration. If every strong player has higher network strength than every weak
player, we call the network strong dominant. On the other hand, if every weak player has
higher network strength than every strong player (because the number of weak players is
relatively large) in the positive assortative matching, the network is called weak dominant.
Lastly, there exist positive assortative matchings neither strong dominant nor weak domi-
nant. Our major finding is that every Nash equilibrium exhibits strong dominant positive
assortative matching when the gap between the two types is large enough and when the con-
flict cost is small enough. Also, we derive a sufficient condition for weak dominant positive
assortative matching networks to be Nash equilibria. Positive assortative matching gives
an intuition for social phenomena such as discrimination, segregation, and bullying. Lastly,
in disassortative matching, there exists at least one friendship link between two players of

different types. Bullying networks, where the rest of the players bullies one player, are ex-
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amples of disassortative matching. We derive the condition for these bullying networks to

be Nash equilibria, too.

The paper is structured as follows. Section 2.2 reviews the relevant literature. In Section 2.3,
we introduce our model and definitions. In Section 2.4, we show the result of the research.

Lastly, We conclude in Section 2.5.

2.2 Literature Review

The signed network began to be studied in sociological psychology as the name of the signed
graph theory. Heider (1946) proposed the first idea regarding the interaction between positive
relationships and negative relationships among people. He proposed a model where there
were two people and one entity. He argued that this triangular graph is balanced if they are
friends and their opinions to the entity are the same, or if their relationship is antagonistic
and their opinions are different. Luce (1950) defined a clique. A clique is a subset where
there are reciprocated directed links for every pair of nodes of the clique, and the clique is
not a proper subset of any other set of elements satisfying this property. Following Heider
(1946), Cartwright and Harary (1956) and Harary et al. (1953, 1955) formally developed this
idea of the balanced graph using the notions of graph theory. They defined the structurally
balanced graph with a local property that all triads in the graph are connected either with
three positive links or with one positive link and two negative links. Thus, in any structurally
balanced graph, my friend’s friend is my friend, my enemy’s friend is my enemy, and my
enemy’s enemy is my friend. They also showed that any structurally balanced graph satisfies
a global property that the whole graph is segregated to two cliques. Between the two groups,
there are only negative links. Davis (1967) defined clustering which had the same meaning

to weakly structural balance. Clustering is a partition of the node set into multiple subsets
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where each positive link connects a node with another point in the same subset and each
negative line connects a point with another point in the different subset. When a network
has clustering, my friend’s friend is always my friend, my enemy’s friend is my enemy, but
my enemy’s enemy is not necessarily my friend. On the other hand, in any structurally

balanced network, an enemy of my enemy is my friend.

Recently, some researchers approached the signed network model by using game-theoretical
tools. They focused on the endogenous network formation, where players are free to choose
their relationships with the other players for their interest. Hiller (2017) studied a signed
network formation model with positive and negative links. In his model, players can choose
friendship and enmities. Their respective choices uniquely determine a network, which in
turn determines their payoffs. This networks formed by the players’ respective strategies
may a priori be structurally unbalanced. However, any network in equilibrium is structurally

balanced.

Jackson and Nei (2015) analyzed another signed network formation model where players
can choose the positive, negative, and neutral (no) links. They introduced a production
factor such as trade. They showed that trade and high war cost decreased conflict in the
network formation game and examined the theoretical result with data. Pandey (2021) is
an application of Hiller (2017). Her paper is similar to our paper because she studied Nash
equilibrium configurations when the players are heterogeneous. However, her model has
some different aspects from our paper. We directly use Hiller (2017)’s model and generalize
the equilibrium configuration results in the binary heterogeneous model. On the other hand,
she modified some settings of his model. First, in her paper, when the players are friends, the
most powerful player’s intrinsic strength became the other friend’s strength. Except for the

most powerful friend, the other friends do not affect the strength?. Second, the conflict cost

2In Hiller (2017), the network strength is the sum of the intrinsic strength of the player herself and her
friends in the network.
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happens only if bilateral players show negative attitudes against each other®. . If only one
player extends the negative link, then it is called coercion. She founds some results from the
different setting. First, in any Nash equilibrium, only coercions happen, but the conflicts,
where bilateral players fight against each other, do not occur. Second, if two players’ intrinsic
strengths are different and they are friends in a Nash equilibrium, then the player with the
less intrinsic strength has another friend with higher intrinsic strength. Third, if the number
of the strongest players is more than (or equal to) two, a network where everyone is a friend

of everyone is a Nash equilibrium.

The signed network formation model is based on the network formation model. Jackson and
Wolinsky (1996) defined pairwise stability in an idea that both players have to consent to
form the positive link between them. Before they invented the condition, Nash equilibrium
concept was not enough to derive significant network formation. Suppose two people are not
friends. If it is better for both of them to have the new friendship, they will make a consensus
to be friends. However, this deviation cannot be examined with Nash equilibrium concept
because Nash equilibrium only considers deviations by a single player. Calvo-Armengol
and Ilkilic (2009) incorporated the condition of pairwise stability and Nash equilibrium, and
defined a pairwise Nash equilibrium network regarding a simultaneous move game of network
formation. In pairwise stable networks, only single links are respectively examined whether
it is pairwisely stable or not. On the other hand, in pairwise Nash networks, we also check

multiple link deviations made by a single player in a spirit of Nash stability.

Besides the network formation model based on the game-theoretical approach, the signed
network model could be applied from other approaches. Konig et al. (2017) obtained a

Nash equilibrium fighting effort when there are alliance and enmity network given. They

3In Hiller (2017), there is two fold conflict cost. When a player shows the negative attitude, the first kind
of conflict cost occurs. Also, if a player engages in a conflict, the second kind of conflict cost occurs, adding
to the first conflict cost.
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implemented the equilibrium result in the empirical analysis with the Second Congo War
data. They estimated the effects of the network and predicted an expected impact of policy
intervening in the conflict. Antal et al. (2006) and Cisneros-Velarde and Bullo (2019) studied
network formation process, but still assumed that people prefer structural balance. Antal
et al. (2006) analyzed the formation dynamically by using an updating rule which pursues a
structurally balanced network. On the other hand, Cisneros-Velarde and Bullo (2019) used
the Nash equilibrium concept to analyze the signed network. The utility function in this

model counts the number of balanced triads.

Besides the signed network model, researchers actively have studied the interaction between
cooperative behavior and uncooperative behavior in various ways. Goyal et al. (2014) ana-
lyzed a game where firms compete against each other to take consumers on a social network
in an emerging market. They implemented dynamic analysis and equilibrium analysis to
specify the conditions for efficiency. Grandjean et al. (2017) modeled a sequential game
where players formed an alliance network in the first stage and had a contest in the second
stage. They found that social designer can increase the total surplus by making the players
more asymmetric when free exit is not allowed. They also showed that a barrier to entry
may hurt the total surplus, and the networking can act as the barrier to entry. Bozbay and
Vesperoni (2018) axiomatically analyzed Tullock contest success function for all against all

contest given an alliance network.

In this paper, we derived many results using the general form of functions to describe pillage
occurring on the negative relationships, but also used a normalized contest success function to
describe the conflict in some parts. The origin of this normalized contest success function is
from contest theory. Contest theory is a discipline studying competition dealing with conflict.
Tullock (1967) initiated a discussion of Contest. He argued that tariff and monopoly were

inefficient because these brought a welfare transfer from the import sector to the domestic
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production and from consumers to the monopolist, not generating new welfare. Moreover,
this welfare transfer triggers a competition to take or keep the transferred welfare. This
competition was named rent-seeking activity, later. To describe the conflict, Tullock (1980)
introduced a mathematical model. This model is now known as “Tullock contest success
function”. Hirshleifer (1989) analyzed Tullock contest success function and suggested another
contest success function®. Hiller (2017) defined a normalized contest success function by
subtracting % from the contest success function. This normalized contest success function
describes a zero-sum game conflict on the negative relationship. One good thing of this
function is that we can observe how a change of zero-sum game conflict by controlling
the level of conflict technology. In this function, there is a parameter implying the conflict
technology. If the parameter is high, small difference in network strength between the players

results in a huge difference in this conflict.

Lastly, positive assortative matching has been documented in economics. Roy (1951) men-
tioned his idea that earning had not been determined independently but had been affected
by various factors such that who meets whom as their colleague. Becker (1973) formalized
a marriage market model where men tend to marry women with similar traits. Following
Becker (1973), many researchers developed the matching theory and studied the condition
when matching is positive assortative (Johnson, 2013, Legros and Newman, 2007, Li et al.,
2013, Shimer and Smith, 2000). Other researchers were interested in whether this positive
assortative matching occurs in the real world or not. Celikaksoy et al. (2006), Chiappori
et al. (2012), Greenwood et al. (2014), and Siow (2015) showed that there exists positive
assortative matching by their education level in the marriage market. In labor economics,

researchers have reported the existence of positive assortative matching between productive

4Hirshleifer (1989) named Tullock contest success function “contest success function in ratio form” and
called the new contest success functoin “contest success function in difference form”.
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firms and productive workers (Andrews et al., 2012, Kremer, 1993, Mendes et al., 2010)°.
Lastly, there were trials to draw positive assortative matching using joint liability in a loan

market to overcome aymmetric information problem. (Ghatak, 1999, 2000, Van Tassel, 1999)

2.3 Model

Let N = {1,2,...,n} denote the set of players. We assume that there are two types of
players, t € {s,w}, where s represents strong type and w represents weak type. Let IV,
t € {s,w}, denote the set of players whose cardinality is given by n;. Thus, N = Ng U Ny
and n = ng+n,. Based on her own type, each player has her own intrinsic power. So player

7 has an intrinsic strength A, if i € Ng, and A\, if i € N,,. By definition A\; > A\, > 0.

Every player can either extend a positive (friendly) directed link or a negative (antagonistic)
directed link to the remaining players. Player i € N chooses g;; € {1,—1} for all j €
N\ {i} where 1 denotes the friendly link and —1 denotes the negative link. Aggregating all
choices, player i’s strategy is a vector g; = (i1, 8i2, s 8ii—1s Siit1, -, Cim)- Bach element is
represented by a directed link from one player to the other. The space of player ¢’s strategy
g; is defined by G; for all i € N. Let g_; = (g1,82,---,8i1,8i+1,---,&n) be a set of all the
players’ strategies except for player i’s strategy g;. The players’ strategy profile is a directed
network g = (g1, 8o, -..,8n). Therefore, (g;,g_;) is the same to g. The joint strategy space
for g is given by G = G x ... X G,,. To express a deviation strategy, a change in directed
link g; ; is denoted as follows: Given a network g, g + g:j changes the directed link from
gij = —1 to g;; = 1, maintaining the rest of the directed links. Similarly, g + g;; changes
the directed link from g;; = 1 to g;; = —1. To denote player ¢’s deviation strategy and

its strategy profile, we normally use notations g; and g’ = g + Zje A g;f ; + Zje B8, for

SThere are other papers reporting disassortative matching between firms and workers, ((Abowd et al.,
2004, Andrews et al., 2006) but they were not published.
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A={g;leg;=-1g,;=1and B={g;|eg,; =1 ¢g,=-1} Ifg,; =1ing,

Relationships between players are formed according to their attitude towards each other. The
relationship between i and j is denoted by an undirected link g; ; = g;; = min{g;;,g;.} €
{—1,1}. As this min function implies, the worst attitude between them determines this
bilateral relationship. If both players are friendly, then they will be good friends. If one of
them is antagonistic, then they will have the negative undirected link. Similar to the directed

network g, player i’s relationships are represented by g; = (8i1,8i.2; -, 8isi—1, &iyit1s -5 8in) €

G, and the undirected network is g = (g1, 2, ..., &) € G.

If g;; = 1, player 7 and j are friends. the players get two kinds of benefits from the positive
relationship. First, these two players can strengthen each other’s power. Let N, (g) = {j €
N | gij = 1} denote a set of players with whom player ¢ has an undirected positive link,
and y; denote player i’s network strength, which is a result of her intrinsic quality and her

network of friends. Thus, y; is determined as follows.

Yi(8ir8-i) = \i + Z Aj-
JENT (8)
Therefore, apart from the type of players, each player can have different level of y; depending
on g. An important consequence of this is that a weak player can end up with high strength
simply by having strong allies. To sort the players by the network strength, let i; < 75 < ... <
Um be the network strengths in a network g where 1 < m < n. Then, let P, € {P,, P, ..., P,,}
denote the set of the players whose network strengths are ;. That is, P;(P,,) is the set of
the weakest (strongest) players. Second, there may exist a direct benefit from the positive
relationship, such as benefit from trade. The direct benefit is denoted by g > 0, and both

player ¢ and j acquire it equally. We assume that S is identical regardless of the type of the
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players ¢ and j.

If g;; = —1, player ¢ and j are enemies against each other. They do not share their strength
and enter a zero-sum competition. N7 (g) = {j € N | g;; = —1} denotes the set of players
to whom player i extends a negative link. N, (g) = {j € N | gi; = —1} denotes the set
of players with whom ¢ has the negative link g. i.e., the set of players with whom player ¢
is engaged in conflict. In this zero-sum game, the player with the higher network strength
extracts payoff from the player with lower network strength. Let f(vi(g),y;(g)) denote
player i’s extraction from player j in a network g. The network g determines y; and y;,
which determines f(v:(g),y;(g)). Thus, the extraction function f(v:(g),y;(g)) is ultimately
a function of g, but it is also possible to define some property of the extractions function
regarding the value of y; and y;. We will abbreviate the extraction function to f(y;,y;) when

there is no confusion.

Following Hiller (2017), we define the general extraction function as follows. Given n players,

for any g, if f(v:(g),y,(g)) has a lower bound, f(g) = inf(f(vi(g),y;(g)). In the same way,
given n players, for any g, if f(y:(g),y;(g)) has an upper bound, f(g) = Sup(f(v:(g), y;(g)).
When y; > y; the value of f(y;,y;) is positive, but when y; < y;, it is negative. Moreover, if
a pair of players with equal strength is negatively connected, then no payoff extraction takes
place: f(vyi,y;) = 0Vy;,y; : y; = y;. Next, we assume that f(y;,y;) is strictly increasing in y;
df (vi

Y1) 0). Following the definition of zero-sum game,
J

df (yi,y5)

0 0) and decreasing in y; (

the value a player extracts through an antagonistic link is assumed to be another player’s

lOSS, hence f(yl7y]) + f(yjayz> = 07 vyza yj'

We further make the following assumption: (z) f(y;,y;) is homogeneous of degree 0. That

is, f(yi,y;) = f(2*,1). Therefore, this function can be used to describe conflicts where the
J

relative size of strength matters. Using this property, let’s denote a = ;’—], a ratio of the

different intrinsic strengths. Then f(vy;,vy;) = f(a,1). (i) % < 0 when y; > y;. It
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means that a marginal return of extraction in network strength is decreasing.

Following Hiller (2017), we also consider a normalized contest success function which satisfies

all the properties of f(y;,y,;) mentioned above. This is shown in Appendix.

Definition 2.1 (Hiller (2017)). The normalized contest success function (in ratio form) is

¢
Y 1 11
h(yzay7¢) = : — 5 € (__7 _)

Tty 20 272

where ¢ > 0.

This normalized contest success function is a special case of extraction function which in-
corporates an interesting parameter. This parameter ¢ characterizes the technology of ex-
traction, where % > 0 when y; > y; This property implies that as ¢ increases, h(y;, y;, @)
increases for given y; and y;. This allow us to examine some interesting cases. When ¢ is
high, small differences can result in the large size of the extraction. When ¢ is low, i.e.,
when the extraction technology is inefficient, for any value of y; and y;, the value of the
normalized contest success function (the value of extraction) is close to zero. Formally, if ¢
goes to infinity, h(y;, y;, @) is close to % when y; > y;, and if ¢ goes to 0, h(y;, y;, ¢) is close
to 0. This is because h(y;,y;, ¢) € (—%, %) for any y;,y; and ¢ The proof of the property is

also in Appendix.

In this model, there is no cost associated with friendship® , but there is a cost associated
with conflict. Extending a negative link results is akin to picking a fight, which imposes a
cost € > 0. When there is at least one directed negative link between players, both players

are assumed to engage in the bilateral conflict, and the cost of war (cost of conflict) is w > 0.

The utility of player ¢ under a strategy profile g is given by

6The benefit of the friendship 3(> 0) can be regarded as the net benefit (the benefit minus the friendship
cost). Then, this model deals with the case where the friendship benefit is larger than (or equal to) the cost
of friendship.
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vilgig-) = D) flui(gig-i),vi(88-))+ | NI (&) | B— | Ni~(g) | e— | N (g) | w
jEN;(g)
Note that | Ny'(g) | + | Ny (g) |= n— 1, 50 | Nj(g) | # = (n— 1— | Ny (g) |)6. To make
the utility function simpler, let’s transform it monotonically by i) deducting (n — 1) and ii)

integrating 5 and w to k as follows.

i@ g)= Y flulgng) (g8 )~ | N (2= | N (g) | (2.1)

JEN; (8)
k = w — [ is an opportunity cost to increase one negative undirected link. If a positive
undirected link g; ; = 1 is changed to the negative link g; ; = —1, the direct benefit 8 from

g;,; disappears and the war cost w occurs. As a result, the change incurs x.

In this normalized utility function u;(g) if there is no conflict, then player i’s utility is 0
as a result of the normalization. However, the ranking of utility is still preserved. Thus, it
is possible to apply every result derived from the normalized utility function u;(g) to the

original utility function v;(g) with g.

Note that the same cost value may either exclude the possibility of conflict or not, depend-
ing on the parameters of networks such as the number of players. For example, for the
homogeneous case, when there are five players, f(g) = f(4,1), and if there are six players,
f(g) = f(5,1). If f(4,1) < e+ r < f(5,1), this € + k excludes the possibility of conflict

in a network with five players, but it allows for conflict in a network with six players. Our

research considers this aspect by relaxing the restriction on € + x”.

THiller (2017) assumed that ¢ + x < FQjen (kg Aj» Ak) Where Ay < A; Vj € N. It means that the
cost of conflict in his model is always lower than the maximum possible extraction. He focused on conflict
phenomenon by using the assumption. He did not discuss the case where the networks with no conflict are
the Nash equilibrium because of the high conflict cost. Our model relaxes the assumption, so € + & is only
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As mentioned above, we also use the normalized contest success function h(y;, y;, ¢) instead of

f(yi,y;). Let ul(gi, g—i, @) the utility of a player ¢ under a strategy profile g with h(y;, yj, ¢).

ul(ging-i®) = O h(yi(ging-i),vi(g8-5),6)— | N (g) [e— | N7 (g) [ k. (L1)
JEN; (8)

In Section 3, we use f(y;,y;) and u;(g) in general, but sometimes use h(y;, y;, ) and u?(g)

to study the results related to ¢. If the results are about h(y;,y;, ¢) and ul(g), we specify

that h is used instead of f in each result. Otherwise, the result holds for f as well as h.

We study only pure strategy Nash equilibria which is defined in the usual way. A strategy

g* is a Nash equilibrium if and only if

u; (g7, 8%;) > wi(gi, g";) Vg € Gi, Vie N.

2.3.1 Structurally balanced networks

Equilibrium networks share some common properties. First, every Nash equilibrium strategy
g shows clustering. Cartwright and Harary (1956) introduced the term “clique” from graph

theory to this literature®.

They redefined clique as a subset of nodes (players) within which all links are positive and
across which they are negative. They also redefined structurally balanced graphs (networks)

in the context of a signed graph as follows.

Definition 2.2. (Cartwright and Harary, 1956, p. 286, Structure theorem) A signed graph

is balanced if and only if its nodes can be separated into two mutually exclusive cliques such

required to be larger than 0.
8In the graph theory, the clique is defined as a subset of nodes which are fully connected but not a subset
of another subset satisfying this property. For more detail, see Luce (1950)



20 CHAPTER 2. WEAK PLAYERS, STRONG PLAYERS, AND SIGNED NETWORK FORMATIONS

(a) Not structurally balanced (b) Structurally balanced (c) Weakly structurally
balanced

Figure 2.1: Networks with different properties

that each positive undirected link joins two players within the same clique and each negative

undirected link joins players between different cliques.

Davis (1967) relaxed the condition the definition in terms of cliques. He suggested calling the
multiple cliques’ phenomenon clustering. By borrowing terms from Cartwright and Harary

(1956), a formal definition can be written as follows.

Definition 2.3. A signed graph has a clustering if and only if its nodes can be separated into
multiple mutually exclusive cliques such that each positive undirected link joins two players
within the same clique and each negative undirected link joins players between different

cliques.

A signed network which has a clustering is also called a weakly structurally balanced signed
network.
2.3.2 Types of network configurations

Before going to the next section for analysis, let us define some significant signed network

configurations that arise with two types of players. Note that there are only four categories
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. Strong dominant PM
Utopia network (SPM)
| | Positive assortative Weak dominant PM
matching (PM) (WPM)
Weakly balanced | |
signed networks -
| | Disassortative Neither SPM
matching nor WPM

'— War of all against all

Figure 2.2: Categories in weakly balanced signed networks
of the weakly balanced signed networks with the heterogeneous players.

Definition 2.4. Utopia network is the strategy profile g where g;; = 1 V{7, j} € N x N\ {i}.

Utopia network is a peaceful and ideal situation without any conflicts. However, these

friendships can only exist between similar agents in some networks.

Definition 2.5. Positive assortative matching (PM) is a network configuration g where
there exists g;; = 1 for {i,j} € Ny x N\ {i} or for {i,j} € N, x Ny, \ {i}, and g;; = —1
V{i,j} € Ns X N.

We further classify positive assortative matching by order of the network strength related to
the type of players. This classification indicates which type is dominant in the given positive
assortative matching. There are three subcategories in this positive assortative matching. In
the first category, each strong player has a higher network strength than every weak player.
In the second category, each weak player has higher network strength than all of the strong
players. This network configuration, which can be called the tyranny of the weak, can be

formed when the number of weak players is more than that of the strong players. Lastly, the
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rest of the cases is in the third category. Here is a formal definition for the first and second

categories.

Definition 2.6. i) Strong dominant positive assortative matching (SPM) is a positive as-
sortative matching where y; > y; for every i € N, and j € N,,. ii) Weak dominant positive
assortative matching (WPM) is a positive assortative matching where y; > y; for every

i€ N, and j € N,,.

While there is no dominant type in the third category, the strong/weak type is dominant
in strong/weak dominant positive assortative matching. It implies that there is a clear
direction of extraction between the types. Therefore, when a network is either strong or weak
dominant positive assortative matching, people can feel that there is structural inequality

by their attribute in their society.

As extreme cases of these dominant positive assortative matchings, there are network con-
figurations where all of the same type players are fully connected with the positive links, and
the negative links only exist between the players of the different types. In other words, the
same type players compose one complete subnetwork with the positive links. Since there are
two types of players in this model, there exist two complete friendship subnetworks. Let’s call
these networks, consisting of two complete friendship subnetworks, complete strong domi-

nant positive assortative matching (CSPM) and complete weak dominant positive assortative

matching (CWPM).

Definition 2.7. i) Complete strong dominant positive assortative matching (CSPM) is a

strong dominant positive assortative matching such that g; ; =1V 4,5 € Ny and ¢,5 € N,,.

ii) Complete weak dominant positive assortative matching (CWPM) is a weak dominant

positive assortative matching such that g; ; =1V 4,7 € Ny and ¢,j € N,,.

Besides Utopia network and positive assortative matching, there are network configurations
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where the different types of players are friends, but there exist the negative relationships,

too. Let’s call this family of networks disassortative matching”.

Definition 2.8. Disassortative matching is a network configuration such that
(i) there exists g; ; = 1 for i € N,, j € N, and

(ii) there exists g; ; = —1 for any ¢,j € N.

Among disassortative matching, there is a network where one player is bullied by the other
players. Depending on the type of the bullied player, it is named Bullying a strong network
or Bullying a weak network and the relevant strategy is called Bulling a strong strategy or

Bullying a weak strategy.

Definition 2.9. i) Bullying a strong strategy is a strategy that n — 1 players extend the
negative directed link to one strong player and extend the positive directed link to each
other, and the bullied strong player extends the positive directed links to the other players.
ii) Bullying a weak strategy is a strategy that n — 1 players extend the negative directed link
to one weak player and extend the positive directed link to each other, and the bullied weak

player extends the positive directed links to the other players.

In the homogeneous case, where there is only one type of player, these networks are called
Bullying networks. These Bullying networks indicate networks where one player is bullied

by the other players.

Lastly, there is a configuration where only negative links exist. It can be called the war of all
against all. In this study, I do not consider this category of networks. When there are two
types of players, if there are more than two players, there always exists two players whose

network strengths are the same in this configuration. By definition of the war of all against

9In the literature, it is also called negative assortative matching.
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all, they have the negative link between them. Then, the players whose network strengths
are the same does not have an incentive to maintain the negative link. Also, it violates
Remark 2.11, which will be mentioned in the first part of the section of Analysis. Due to
the reasons, the war of all against all networks is always not in Nash equilibrium. Hence we

do not study this network in the section of analysis.

2.4 Analysis

There is a deterministic relationship with a negative undirected link and negative directed
links in equilibrium. In the model, if there is at least one negative directed link in a bilateral
relationship, then the undirected link between the players has a negative sign. In equilibrium,
a player with stronger network strength extends negative links to another player with weaker
network strength. On the other hand, the player with weaker network strength extends
positive links to the player with stronger network strength in equilibrium. Hiller (2017)

mentioned the result as given below:

Remark 2.10. (Hiller, 2017, p.1073, Lemma 1 and 2)

1. In any Nash equilibrium, there does not exist a pair of agents ¢ and j such that g;; =
gji = —1L.

2. In any Nash equilibrium, if g; ; = —1 with y;(g) < y;(g), then g; ; = 1.
Based on Remark 2.10, Hiller (2017) showed that every network configuration has a clustering
in equilibrium.

Remark 2.11. (Hiller, 2017, p.1066, Proposition 1) In any Nash equilibrium, if y;(g) =

y;(g), then g;; = 1, and if y;(g) # y;(g), then g;; = —1.
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In Appendix, we prove Remarks 2.10 and 2.11. We shortly show the logic of the proof here.
Regardless of the types, if y;(g) = y;(g) but g;; = —1in g, f(v:i(8),y;(g)) = 0 but e+~ > 0.
Therefore, either ¢ or 7 want to terminate this futile conflict. Regarding the second statement,
it is possible to prove it indirectly by showing that every player in the same P,(g) has the
same strategy to the other players out of P,(g). For example, suppose i and j in P,,(g) has
nonidentical strategies to the other players. Without loss of generality, if u;(g) < u;(g), then
i imitates j’s strategy in her deviation g}. Then it increases i’s utility. Roughly speaking,
suppose g;x = 1 and g; = —1 for k € P, 1. If player i imitates j’s strategy so g;, = —1, it
decreases k’s network strength. Therefore, u;(g’) > u;(g). ui(g') = u;(g’), so u;(g') > wi(g).
This example is just for the players in P, (g), but it is possible to repeat this way for the

other relationships between P,(g).

Remark 2.11 is a necessary condition for any network g to be a Nash equilibrium. Note
that this logic is not relevant of the type of each player. Therefore, Remark 2.11 is useful to

analyze the heterogeneous player model.

If a network does not consist of cliques (not weakly structurally balanced), there is a triad
t,7, and k where g;; = g;x = 1 but g;, = —1. Then, it violates the statement that if
vi(g) = y;(g), then g;; = 1, and if y,(g) # y;(g), then g;; = —1. Hence, any network

including this triad cannot be a Nash equilibrium.

With Remark 2.11 in the endogenous signed network formation game, first, we can only
consider weak balanced networks in equilibrium. Note that players in the same clique have
the same network strength y;. It also simplifies the study of this endogenous network for-
mation model. Second, if players in different cliques have the same network strength y;,
then g is not a Nash equilibrium. This property excludes some weakly balanced network
configurations from Nash equilibria before checking each player’s incentive to deviate from

the networks. Third, in every Nash equilibrium, players in the same clique have the same
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Figure 2.3: If a network contains the above triad with two positive links and one negative
link, it violates Remark 2.11 and the definition of a clustered signed network in Definition
2.3.

network strength. If a pair of players have different network strength although they are in
the same clique, it contradicts Remark 2.11. As mentioned above, P; denotes a set which
ranks the network strength of the players. Therefore, in equilibrium, P; can represent each

clique according to the rank of network strength which the players in the clique have.

For every bilateral relationship, a negative relationship is only profitable when an involved
player has a higher network strength. Thus, the player with the higher network strength
extends the negative link with the cost ¢ for picking a fight. However, the player who has
the lower network strength does not want to pay the conflict cost. Thus, he would avoid ¢
by extending the positive link. Like Remark 2.11, in this logic of Remark 2.10, there is no
mention of the players’ type and their intrinsic strengths. Therefore, Remark 2.10 is also
valid in the heterogeneous player model. Hence, in the following analysis, when we analyze
networks in equilibrium, g; ; = g;; = 1 for each g; ; = 1, and g; ; = —1 and g;; = 1 for each

gi; = —1 where y;(g) > y;(g) by the definition of positive undirected links and Lemma 2.10.

2.4.1 The model with homogeneous players

We study the homogeneous player model as a benchmark. Let’s assume that the players

are homogeneous. The assumption in this benchmark model will be generalized in the latter
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section. In the following sections, we categorize networks according to the number of cliques.

In each category, we summarize Hiller (2017)’s results and generalize some of them.

Networks consisting of one clique: Utopia networks

Hiller (2017) mentioned that Utopia network is the unique Nash equilibrium if & + & is
sufficiently large!’. He also showed that if the conflict cost e+ is appropriately small'!, then
Utopia network is a Nash equilibrium. Therefore, Utopia network is always in equilibrium

in the homogeneous model.

Remark 2.12. Let g be Utopia network where \; = A Vi € N.
(a) If e + K > f(n —1,1), then g is the unique Nash equilibrium.

(b) If e+ x < f(n—1,1), then g is a Nash equilibrium. (Hiller, 2017, p. 1066, Proposition

2)

In the homogeneous model, f(g) = f(n — 1,1). If f(n —1,1) > & + &, then Bullying
network, where n — 1 players extend the undirected negative links to the other player, is a
Nash equilibrium because this extraction is profitable. If n increases, then f(n — 1,1) also
increases. It means that for the same level of conflict cost € + &, if there are few people,
Utopia network can be the unique Nash equilibrium. However, if there are more people,
then Utopia network is not the unique Nash equilibrium more, but also conflict can occur

in equilibrium.

As mentioned in the model, the normalized contest success function h(y;,y;, ¢) can be used
for f(yi,y;). Here, it is possible to characterize a change in the level of conflict cost with

respect to the number of players and technology of extraction in equilibrium. Given n and

Vet k> f(ZjGN\{k} Ajs Ak) where Ay < \; Vj e N.
Metr < f(X en ) Ais M) where A, < X; Vj € N.
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¢, h(n—1,1,9) = % — % is the minimum of € 4+ s for Utopia network to be the unique
Nash equilibrium. If € + x is larger than this threshold, peace is always the rational choice
for every player. However, if € + k is less than this threshold, initiating conflict can be a
rational choice, too. Let ¢“(n) denote the minimum of the conflict cost e + x for Utopia
network to be the unique Nash equilibrium given n with the function f(y;,y;). Also, let

c“"(n, ¢) denote that given n and ¢ with the function h(y;, y;, @).

Corollary 2.13.
(i) As n increases, c*(n) increases.

(ii) If f is h, as ¢ increases, ¢ increases.

Proof. (i) ¢"(n) = f(n—1,1). f(n —1,1) increases as n — 1 increases as defined.

(ii) c**(n, ¢) = (757_11—)211 — 1. The first derivatives are 8%;? = (7(1(:11_)?)1;155;) > 0. O

Corollary 2.13 indicates that when there are small number of players and low level of extrac-
tion technology, Utopia network is unique in equilibrium. As the number of players increases
and the level of technology is developed, there should be a higher level of cost for conflict
for Utopia network to be the unique Nash equilibrium. Therefore, for the same level of the
conflict cost, Utopia network can be the unique equilibrium or one of the Nash equilibria

according to the number of players and the level of extraction technology.

Networks consisting of two cliques

This section considers networks consisting of two cliques. Hiller (2017) showed that Bullying
strategy, where n— 1 players form a clique and extend negative links to the remaining player,
is a Nash equilibrium under a condition: € + x < f(n — 1,1). Now, let us generalize his

result to a case that there are more than one bullied players. Let C} denote the set of players
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who bully and C5 denote the set of players who are bullied, where n; = |C}| and ny = |Cs|.
Also, let g% denote the generalized bullying strategy profile. In g2, g;; = —1if i € O}
and j € (%, and g;; = 1 otherwise. Lemma 2.14 gives conditions under which these network

configurations with two cliques can be sustained in a Nash equilibrium.

Lemma 2.14. Suppose \; = A\ Vi € N. g?¢ is a Nash equilibrium if and only if ¢ + xk <

f(TLl + 1, 7’L2) — ng(f(nl + 1, ng) — f(nl,ng)).

The condition € + k < f(n1 + 1,n2) —na((f(n1 + 1,n2) — f(n1,n2)) is equivalent to another
condition wu;(g?“) > u;(g?“ + gf]) where i« € C; and j € Cy. When the above conditions are
satisfied, then the players in C; do not have an incentive to deviate from g?¢ by extending
one positive link. Also, when this condition is satisfied, the other deviations extending
multiple links are also non-profitable by the property of decreasing marginal extraction to
network strength. The weak players cannot change the relationship between the cliques, so

it is enough to check the strong players’ incentive. The more detailed proof is in Appendix.

Based on Lemma 2.14, it is possible to argue that there is a minimum size of C for g to be
a Nash equilibrium. Let’s define the minimum size n, given n and € + . If the number of

players in (1 is larger than this minimum size value, then this configuration is in equilibrium.

Proposition 2.15. Suppose \; = A\Vi € N. Fore+r < f(n—1,1), there exists ny(n,e+k) <
n such that every network configurations with two cliques is a Nash equilibrium if and only

z'fm Z ny.

Example 2.16. Suppose there are ten players and f = h(y;,y;,1). When n; = 6, g?“ isnot a

Nash equilibrium for e +x > 0. When n; = 7, g2¢ is a Nash equilibrium if e + x < %. When
31

3L When ny =9, g% is a Nash equilibrium if

n1 = 8, g2¢ is a Nash equilibrium if ¢ + x <

e+ kK < %. Lastly, Utopia network is the unique Nash equilibrium if ¢ + k > 1%.
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Once again, this proposition is a generalized version of Hiller (2017)’s Proposition 2. In
his proposition, he showed that when there are n — 1 players in C}, this configuration
is always a Nash equilibrium. His proposition was proved without the assumptions that
f(yi,y;) is homogeneous of degree 0, and the marginal return is decreasing in y;. With these
assumptions, this Proposition 2.15 shows that other configurations with two cliques are can

be Nash equilibria.

Note that all structurally balanced network configurations consist of two cliques. If there
are more than two cliques in the network!?, it is not structurally balanced by definition (but
weakly structurally balanced). Therefore, it is the characterization of Nash equilibrium for

any structurally balanced network formation when the players are homogeneous.

When there are four homogeneous players, only Utopia network and Bullying network (three
players bully one player) are all the possible Nash equilibria. We attach the detailed expla-

nation and conditions for each Nash equilibrium in Appendix.

2.4.2 The model with two types of players

Now, let us introduce heterogeneity within the player set. As mentioned in Section 2.3, each
player is either strong or weak, with the assumption that there exists at least one player of

each type.

Example: The four players model with two types

In this example, we find all configurations which can be in equilibrium when there are four

heterogeneous players.

12This configuration is called a weakly balanced network.



2.4. ANALYSIS 31

As mentioned in the model section, there are three categories of network configurations which
can be Nash equilibria: Utopia, positive assortative matching, and disassortative matching.
First, there are three Utopia networks in this model of four players. These three networks
have a different number of strong (weak) players: (i) ns = 3, n, = 1, (ii) ns = 1, n, = 3,
and (iii) ns = 2, n,, = 2. Second, there are six positive assortative matchings in equilibrium.
Five of them are strong dominant ones, and the other one is weak dominant. In the following
list, players in a higher-numbered clique have higher network strength than players in a lower
numbered clique. When Ny = {1,2,3} and N,, = {4}, there are networks possible to be
equilibria such that (i) Cy = {1,2,3}, Cy = {4}, and (ii) C; = {1,2}, Cy = {3}, C5 = {4}.
When N = {1} and N,, = {2, 3,4}, there are networks possible to be equilibria such that
(iii) C, = {1}, Cy = {2,3,4}, (iv) C1 = {2,3,4}, Cy = {1} (the only weak dominant positive
assortative matching), and (v) C; = {1}, Cy = {2,3}, C5 = {4}. When N, = {1,2,3}
and N,, = {4}, there is a network possible to be an equilibrium such that (vi) C; = {1,2},
Cy ={3,4}.

Lastly, there are four disassortative matching in equilibrium. When N, = {1,2,3} and
N,, = {4}, there is a network possible to be an equilibrium such that (i) C; = {1,2,4},
Cy = {3}. When N; = {1} and N,, = {2,3,4}, there is a network possible to be an
equilibrium such that (ii) C; = {1,2,3}, Cy = {4}. When N, = {1,2,3} and N, = {4},
there are networks possible to be equilibria such that (iii) C; = {1, 3,4}, Cy = {2}, and (iv)

Oy =1{1,2,3}, G, = {4}.

We draw all figures of possible Nash equilibrium network configurations in Table A.1 in

Appendix.

Except for these configurations, there are no possible Nash equilibrium configurations in the
model with the four heterogeneous players. In both of this example with four players and

the general n players case, all Nash equilibrium configurations can be classified into three



32 CHAPTER 2. WEAK PLAYERS, STRONG PLAYERS, AND SIGNED NETWORK FORMATIONS
/- . N /7 . . N\ . N

\. J N\ S J

[010)

(@) (b) c)

Figure 2.4: Utopia networks

categories: Utopia networks, positive assortative matching, and disassortative matching.
We specify the condition for each configuration in Table A.1 to be a Nash equilibrium in
Appendix. Furthermore, from the following section, we generalize these conditions to the

general case with n players.

Utopia networks

Given the number of strong players and weak players and the ratio of intrinsic strength a =
/’\\—Z, there is a condition of the conflict costs e+ k for Utopia network to be a Nash equilibrium.
There are some specific deviations which always give higher payoff than the other deviations.
Therefore, if Utopia strategy gives more payoff than these particular deviations, then the
Utopia strategy profile is a Nash equilibrium. Furthermore, Utopia network is the unique
equilibrium when benefit from extending any negative links is always less than the conflict

cost.

Theorem 2.17. Suppose there are ng strong players and n,, weak players. (i) Utopia network
is a Nash equilibrium if and only if e + k > ¢ = f(nsAs + (N — D) A, (ns — 1) As + 1y Ay)-

(ii) Utopia network is the unique Nash equilibrium if and only if ¢ + k > f* = f(nsAs +
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(ny — 1) Ay, )\w)13.

Theorem 2.17 determines the minimum of the conflict cost for Utopia network to be a Nash
equilibrium and the other minimum conflict cost for Utopia network to be the unique Nash
equilibrium. Given ng strong players and n,, weak players, f¢ is the extraction value when
a strong player suddenly attacks another weak player in Utopia network. Even though this
strong player initiates the conflict toward the weak player, the other players (ns — 1 strong
players and n,, — 1 weak players) are still friends with both of the strong player and the weak
player. On the other hand, when a weak player with no friend is bullied by one of the other
players, each bullying player extracts f* from the lonely weak player. Note that f(g) = f*.
Therefore, if the conflict cost € + k is higher than f*, then any possible conflict given the
set of players is unprofitable. Hence, Utopia network where there are no conflicts becomes

the unique Nash equilibrium.

It is possible to implement comparative statics analysis with the conditions in Theorem 2.17.

Corollary 2.18.

(i) 9= >0, 9= <0, and $& <0,

7 Ong
Also, 2L >0, 2% > 0, and 2L~ > 0.
7 Oa 7 On ) on

(ii) Let n, = n —ng. For any given n, jsz <0 and flsz > 0.

Given the difference A\, and A, if either ng or n, increases, f¢ decreases. It implies that
Utopia network is stable when there are lots of players. Although a strong player suddenly
attacks a weak player in Utopia network, any weak player can still have support from the
rest of the players. Hence, it functions as counterchecking a new conflict. Different from f¢,

f* is increasing when either ng or n,, increases. f* is the possible maximum extraction value,

13fu > fe'
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and it increases when the number of players gets larger. Therefore, the level of conflict cost
to block any non-Utopia network increases as the number of players increases. Collectively,
in the large society, Utopia network can be stable if it is attained once, but there are also

many other possible networks with conflicts in equilibrium.

A
On the other hand, given the number of players, as a = )\—s increases, f¢ and f* increase
w

in the same direction. It implies that as the disparity between the different types grows,

Utopia network gets unstable and is also hard to be the unique equilibrium.

Meanwhile, as shown in Corollary 2.18 (ii), fixing the total number of players, it is possible
to observe the direction of change in f¢ or f" regarding the ratio of the number of strong
players to the number of weak players. If there are more strong players (and the number of
weak players decreases), then f¢ decreases, but f* increases. First, regarding f¢, increasing
ns means there are more strong colleagues helping each weak player. If every other strong
player continues to support the weak player, then it is hard for the strong player to bully
the weak player. Thus, without the possibility of collective action, each strong player has
to consider the existence of the other strong players more if there are more strong players.
Second, if there are many strong players and if they bully a weak player having no friends,
this attack must be effective. The effect would increase as the number of strong players rises.
The cost level to make this attack unprofitable increases as the number of strong players

increases. Lastly, an increase of n,, has the opposite effect because it means decreasing n.

Additionally, by applying the normalized contest function, it is possible to observe variations
of the conditions with respect to ¢. The following corollary is directly derived from Theorem

2.17 by using the normalized contest success function h with ¢ = 1.

Corollary 2.19. When f = h and ¢ = 1, (i) Utopia network is a Nash equilibrium if and
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only if
S a—1
e+ kK

~ 2((2ns — )a+2n, — 1)

It is satisfied if
—4d(e+R)ny +2(e+k) —1
< d
e an—2 M= de+K)ns —2(e+ k) —1

or if

e+r> Va.

— 4n — 2

(ii) Utopia network is the unique Nash equilibrium if and only if

Ty + Ng — 2 1 —2(e 4+ K)Ny + Ny — 2
— < et+r<-anda <
2Ny, + 214 2 2(e + K)ng — ng
or
1
5+mZ§Va

We omit the proof because the conditions are directly derived from Theorem 2.17.

How about cases when ¢ is large or small? In simulations, the minimum boundary for the
conflict costs € + k increases as ¢ increases. In Appendix, there is a graphical result of the
simulations. Also, for the extreme cases of ¢, it is possible to derive conditions for Utopia

network to be a Nash equilibrium or the unique Nash equilibrium.

Corollary 2.20. When f = h and ¢ — oo, if and only if ¢ + Kk > %, Utopia network is a

Nash equilibrium and it is unique.

Corollary 2.21. When f = h and ¢ — 0, for any given € + k > 0, Utopia network is a

Nash equilibrium and it is unique.

Corollary 2.19 confirms the implications from Proposition 2.17. In the condition for existence,
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the lower bound of € + k increases as a rises. Also, in the condition for uniqueness, if n,,

gets closer to % Corollary 2.20 and 2.21 discuss the extreme cases

Nw+ns—2

or ng is large, Gt

of ¢. When the technology of extraction is highly efficient, then only high conflict cost can
interfere with the existence of conflict at the equilibrium. However, if the technology is not
developed, then a low conflict cost can prevent the conflicts and attain Utopia network in

the equilibrium.

Utopia network is a special case consisting of only the positive links. Except for Utopia
network, there is at least one negative link in every network configurations. Contrary to
Utopia network, a configuration with only negative links, which can be called “the war of all
against all” cannot be a Nash equilibrium except when there are only one strong player and
one weak player. If there are at least three players in these two types heterogeneous player
model, at least two players have the same type and have the same network strength. This

is a contradiction to Hiller’s Proposition 2.11.

Positive assortative matching

In these configurations, friendship (or alliance) only exists between the same type of players.
However, negative relationships, which represent conflicts, can exist between the same type
of players. In other words, my own type may be my friend or enemy, but the other typee
is always my enemy in a positive assortative matching network. As mentioned in Remark
2.11, all Nash equilibrium network configurations consists of cliques. Therefore, discussing
Nash equilibrium regarding positive assortative matching, I consider only the network con-

figurations, which consist of cliques made of the same type of players.

Remark 2.22. Every Nash equilibrium positive assortative matching consists of cliques

C1,C,...,C,,, and there are only one type of players in each clique.
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Figure 2.5: Strong dominant positive assortative matching
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Once again, by definition of clique, g; ;=1 if i,j € C} and g; j=-1 if i € C}, j € C; where
k # 1. As mentioned in the model, among positive assortative matching, there are special
cases where a type of players dominating the other type of players. For example, suppose
there are three alliances (teams). Two alliances consist of incumbents, and one alliance
consists of challengers. Among the incumbents’ alliances, one has the strongest marketing
power, and the other has the second strongest marketing power. The challenger’s alliance is
the weakest one, so they always lose their customers to the other alliances. It is an example

of strong dominant positive assortative matching.

Let us see strong dominant positive assortative matching first. As described in Figure 2.5,
there are five cases of Nash equilibrium strong dominant positive assortative matching in
the four players model. These five configurations can be Nash equilibria depending on the

parameters € + k and a. The conditions are specified in Appendix.
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For complete strong dominant positive assortative matching (CSPM, Figure 2.5 (a)) to be a
Nash equilibrium, every deviation has to give lower payoff for each payer than this strategy
profile. Similar to Utopia strategy, there exist particular deviations from CSPM always more
profitable than the other deviations. This particular deviations vary from case to case, so
we sorted these in Lemma 2.23 below. Note that any deviation strategy by a weak player
is always not profitable in CSPM. Lemma A.1 proves it in Appendix. Simply speaking, in
CSPM, if the weak player extends negative links to the strong player, nothing is changed,
but only the cost € happens. If this player extends negative links to the other weak players,
it is also not profitable. The payoff from the conflicts is always zero or negative because
f((nw — ) A, (N — 1) Ay) < 0 when z > 1. Similarly, regarding CWPM, any strong players

do not have a profitable deviation.

Lemma 2.23. Complete strong dominant possitive assortative matching g is a N.FE. if and

only if
(i) when (ns — 1A > nww, ui(g) > ui(g +g;), or

(i) when (ns — 1)As < Nopdw, ui(8) > u(g+g;) and ui(g) > wi(g + D pek ik + 2ien, 8i1)

foralli e Ny, j € N, K C Ns.

ui(g) > ui(g + > ;c;8i;) for all J C N, is the condition for each strong player not to
embrace some of the weak players. If u;(g) > ui(g + gi;), then u;(g) > wi(g + >, 8i)
for all J C N,,. It is because of the property of decreasing marginal extraction to network
strength (gié < 0). The more detailed proof is in the appendix. Stories about the deviations
are as follows. When one group exploits another group, the attacking group seeks turncoats.
The newly formed positive relationship with the turncoats is for exploiting the rest of the
exploited group members. On the other hand, g — >, . g + Zje N, g;; means to initiate

new conflicts against the same kind of players by taking advantage of the other group. Thus,
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player 7 is a casting voter here. If player ¢ betrays the old strong type friends, then she may
get a higher network strength than the old (betrayed) friends’ network strength with the
help of the weak players. This condition also means that this deviation is profitable only
when this betrayal efficiently weakens the remaining strong players’ network strength. Hence

there is a tradeoff in switching alliances.

When

(ns - ]-))\s Z nw)\w

(the first case of Lemma 2.23), any deviation switching alliance is an unattractive choice
as mentioned in Lemma A.3. The new weak friend is not useful to increase the network
strength. Also, the new enemy who was an old friend before the deviation is still stronger
than the new friend. On the other hand, in the second case (ii), the old friends are weaker
than the new friends after the deviation. However, these new friends are not as helpful as

the old friends to increase the network strength.

From Lemma 2.23, it is possible to derive the necessary and sufficient condition concerning
the parameters for CSPM to be a Nash equilibrium. Since CSPM is a special case of SPM,
it is also a sufficient condition that there exists a Nash equilibirum SPM. Moreover, there is

a condition that all Nash equilibria are SPM.

Theorem 2.24. For e + rk < f(ns,ns — 1), there exists a®(ns, ny, € + k) such that all Nash
equilibria are strong dominant positive assortative matching if a > a®, and for e + K < f

there also exists a®(ng, ny, €+ k) such that CSPM is a Nash equilibrium if and only if a > a®.

Theorem 2.24 indicates that positive assortative matching can be a Nash equilibrium only if
there is a significant difference between A\ and \,,. Furthermore, if the difference gets larger,
every Nash equilibrium configuration is strong dominant positive assortative matching. The

result implies that first, gathering and discrimination by the strong player can happen when
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the strong people are competitive enough compared to the discriminated people. Second,
when strong players are quite stronger than weak players, if the conflict cost is small enough,

only strong dominant positive assortative matchings can be Nash equilibria.

It is also available to consider extreme cases such as ¢ — oo, where the technology of conflict

is efficient.

Corollary 2.25. When f = h and ¢ — oo, complete strong dominant positive assortative

matching is a Nash equilibrium for a such that nga > n,, and € + k < %

Remark 2.26. When f = h, suppose ¢ — 0. For any ¢ + k > 0, any strong dominant

positive assortative matching is not a Nash equilibrium regardless of a.

High ¢ amplifies the effectiveness of extraction from the difference between A\, and \,,. There-
fore, sufficiently large ¢ allows any a to satisfy the condition for CSPM to be a Nash equi-
librium in Lemma 2.23. Remark 2.26 is derived from Corollary 2.21. When ¢ is sufficiently
low, complete strong dominant positive assortative matching cannot be a Nash equilibrium
because Utopia network is the unique Nash equilibrium. The relative simulations are in

Appendix.

To glance a case where ¢ is moderate, let’s consider the special case that ¢ = 1 and e+x — 0.

Corollary 2.27. When f = h, suppose ¢ = 1 and € + K is small enough. Complete strong

dominant positive assortative matching is a N.E. if and only if

i) When ng =2 and ny, =2, a > a(2,2,e+xk — 0) = 1.5, or

1
i) otherwise, a > a®(ns, Ny, +k — 0) = 5
N

(=14 /12n2 —4n,, + 1) .

Corollary 2.27 is directly derived from Lemma 2.23. The first condition, when ny = 2 and

Ny, = 2, is derived from the condition u;(g) > u;(g + g;;), and the other condition is derived
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Figure 2.6: Weak dominant positive Assortative Matching

from w;(g) > ui(g + D gex S + 2jen, 8ij) - If ns increases then @ decreases, and if n,

increases then a® increases.

Now let’s consider weak dominant positive assortative matching. In the example with four
players, there is only one weak dominant positive assortative matching configuration as drawn
in Figure 2.6. This undirected network is the same to Figure 2.5 (c), but the strategy profile
denoted by the directed network is different. In Figure 2.5 (c), the strong player extends
the negative directed links, but in Figure 2.6, the weak players extend the negative directed
links. For each negative link to be profitable, the players who extend the negative links
should have larger network strength. Therefore, in Figure 2.5 (¢), the strong player should
have his intrinsic strength larger than 3, and in Figure 2.6, the strong player should have his
intrinsic strength less than 3. For the configuration in Figure 2.6 to be a Nash equilibrium,
the weak players should not have any incentive to deviate from the weak dominant positive

assortative matching strategy. We specify the condition in Appendix.

Like the strong dominant positive assortative matching, there is a condition for weak dom-
inant positive assortative matching to be a Nash equilibrium for an arbitrary number of
players. Weak dominant positive assortative matchings can be Nash equilibria when the
difference between the types is not significant. Proposition 2.28 focuses on complete weak

dominant positive assortative matching. It is about the condition for complete weak domi-
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nant positive assortative matching to be a Nash equilibrium.

Proposition 2.28. For any n, and ng such that n, > 2ns — 1, and for small enough
e+ k > 0, there exists a(ngs,ny) such that the complete weak dominant positive assortative

matching is a Nash equilibrium if and only if a < a.

Weak dominant positive assortative matchings describe situations in which the weak players
form a majority in society because of their number. Proposition 2.28 implies that this
network configuration can be a Nash equilibrium only when the difference between A\, and
Ay is not so large. If it is significantly large, then there is always a weak player who has an
incentive to form new friendships with the strong type enemies. Note that not every Nash
equilibrium is weak dominant positive assortative matching even when the difference between
the types of players is small enough. When the difference is small, other Nash equilibrium
configurations also exist, such as Utopia, disassortative matching, and even strong dominant
positive assortative matching. When a is small, this heterogeneous player model brings a

similar result to the homogeneous player model.

In Corollary 2.29 and Remark 2.30, we show how the extreme assumption such as ¢ — oo
or ¢ — 0 changes the condition of the Nash equilibrium weak dominant positive assortative

matching.

Corollary 2.29. When f = h, suppose ¢ — oo. Then complete weak dominant positive

assortative matching cannot be a Nash equilibrium for any a.

Remark 2.30. When f = h, suppose ¢ — 0. Then any weak dominant positive assortative

matching cannot be a Nash equilibrium for any a.

According to Corollary 2.29, when the extraction technology is highly efficient, the strong

players are never discriminated. For the weak type, it is always beneficial to embrace the
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talented minority whose intrinsic power is A and to establish other conflicts with some of the
old friends. If the extraction technology is highly efficient, the weak players always prefer
to betray the old friends with the help from the strong players. Similar to Remark 2.26,
Remark 2.30 is derived from Corollary 2.21 that when ¢ — 0, Utopia network is the unique
Nash equilibrium. If the technology is extremly not efficient, each weak player give up the

extraction, and choose peace in the Utopia network.

Before moving to the next category, it is worth mentioning that neither SPM nor WPM
can be a Nash equilibrium, even though these configurations do not appear in the example
with four players. For example, suppose there are many weak players and one strong player.
Then n-2 weak players form a clique C, the strong player form C5, and the remaining weak
player form Cj5. It can be a Nash equilibrium depending on the parameters. Figure 2.7 shows

another example of positive assortative matching that is neither strong dominant nor weak

1st 2nd

Qwy ) O,

oy () ) (s)
3rd 4th
59 @
©

Figure 2.7: An example of positive assortative matching that is neither strong dominant nor
weak dominant

dominant.

Disassortative matching

Disassortative matching is any network where there exists friendship between heterogeneous

players. Since the requirement in the definition is simple, there are diverse configurations in
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this category.s Firstly, let’s mention a condition where any disassortative matching is not in
equilibrium. Theorems 2.17 and 2.24 state the conditions when there are only either Utopia
network or strong dominant positive assortative matchings in equilibrium. If the conflict cost
e+ k is large enough, Utopia network is the unique Nash equilibrium. If e+x < f(ng,ns—1)
and a is large enough, every Nash equilibrium is positive assortative matching. When these

conditions are satisfied, any disassortative matching cannot be a Nash equilibrium.

Remark 2.31. Any disassortative matching is not in equilibrium (i) if € + £ > f(nsAs +

(M — 1) Ay Aw) (ii) or if e + K < f(ng,ns — 1) and a is large enough.

Among many kinds of disassortative matchings, let’s consider strong bullied network and
weak bullied network. We study the bullying networks for two reasons. First, there are
intuitive results. Second, a related network was studied in the literature. As specified in
Section 2.4.1, Hiller (2017) showed that bullying strategy is a Nash equilibrium when the
conflict cost is not too big (¢ + kK < f(n — 1,1)). Is this bullying strategy still a Nash
equilibrium when there are two types of players? If the conflict cost is moderate, Bullying
a strong network and Bullying a weak network can be Nash equilibria regardless of the

difference between the players.

(a) Bullying a strong network (b) Bullying a weak network

Figure 2.8: Examples of Bullying networks
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Proposition 2.32. For any a > 1, (i) when ns > 3, if f(ns,ns —2) <e+r < f(ns—1,1),

Bullying a strong network is a Nash equilibrium.

(i) When ng > 2, if f(ng,ns —1) < e+ k< f(n—1,1), Bullying a weak network is a Nash

equilibrium.

The proof is in Appendix.

Note that both of the bullying networks can be Nash equilibria depending on n,. In partic-
ular, as n, increases, then the range of € + x for Nash equilibrium bullying network expands.
For example, the lower bounds f(ng,ns —2) and f(ng,ns — 1) go to 0 and the upper bounds
f(ng—1,1) and f(n —1,1) = f(ns +n, — 1,1) go to f as n, increases. Regardless of the
difference between the players and the number of weak players, if there are enough strong

players, then for € + x < f, the bullying networks are Nash equilibria.

Corollary 2.33. If ny — oo, then Bullying a strong network and Bullying a weak network

are Nash equilibria for any a and € + K < f.

The proof is straightforward, so we omit it.

2.5 Conclusion

The paper has built upon Hiller (2017) by studying different equilibrium configurations.
First, we investigate all Nash equilibrium network configurations in the example with four
players. While there are only two network configurations with four homogeneous players
that can be sustained in equilibrium, there are much more network configurations sustained
in equilibrium with two types of players. In the model with four heterogeneous players,

there are thirteen network configuration categories in equilibrium. Except for the network
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configurations, there is no other network configuration in equilibrium in this four players

model.

After we identify these thirteen Nash equilibrium configurations, we sorted them to three
categories: Utopia network, positive assortative matching, and disassortative matching. In
the case of an arbitrary number of players and two types, we derive the generalized condition
for existence of an equilibrium exhibiting Utopia networks and positive assortative matching.
In both homogeneous and heterogeneous model, Utopia network can be a Nash equilibrium
or the unique Nash equilibrium if the conflict cost is significant. If the difference between
intrinsic strengths gets larger, then the level of conflict cost for Utopia network to be a Nash
equilibrium also increases. Generally, when the heterogeneity is introduced, strong players
have an incentive to deviate from Utopia networks. However, if the number of strong players
increases, then Utopia network can be sustainable in the lower level of conflict cost. It is
because when there are lots of strong players, each of them holds each other in check. It
is not profitable for the strong players to extend a negative link to a weak player when
the weak player has lots of strong friends. Therefore, while introducing strong players into
a network can impede cooperation in the beginning, but adding more strong players also

promotes cooperation.

In the boundary of positive assortative matching, there are strong dominant positive as-
sortative matching, weak dominant positive assortative matching, and the other positive
assortative matching, which are neither strong dominant nor weak dominant. If the strong
player’s intrinsic strength is sufficiently larger than the weak player’s intrinsic strength, all
Nash equilibrium network configurations are these positive assortative matchings. We also
show that if the difference between the intrinsic strengths is small enough, then complete
weak dominant positive assortative matching can be a Nash equilibrium. Lastly, disassor-

tative matching cannot be a Nash equilibrium when the difference is large enough. As a
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representative of disassortative matching, we study bullying networks. These bullying net-

works can be Nash equilibria if there are enough strong players.



Chapter 3

Equilibrium configurations in signed

network formation model with neutral

links

3.1 Introduction

In the real world, whether in the specific contexts of international relations or social relations,
we witness neutrality as well as friendship and enmity between two nations or individuals. For
example, during the World wars and the cold war, when the world was divided into enemies
and allies, some nations, such as Switzerland, remained neutral. This paper investigates the
various bilateral interactions in a single framework, the signed network model. To do so, we
consider a model where two agents can form friendships through a bilateral agreement. And
they will be enemies if one of them declares a conflict with the other. Each player bears
a cost when extending a friendship link or an enmity link. However, remaining neutral is

costless.

This study is an extension of Hiller (2017). He analyzed a signed network formation model,

where each player could choose only the positive directed link or the negative directed link.

48
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In his model, the players did not have the option of choosing the neutral directed link. In the
analysis, he used Nash equilibrium and strong Nash equilibrium. His main finding is that
any Nash equilibrium network is weakly structurally balanced. A signed network is weakly
structurally balanced if its nodes can be separated into multiple mutually exclusive subsets.
In the weakly structurally balanced network, each positive undirected link joins two players
within a subset, and each negative undirected link joins players between different subsets.
Chapter 2 provides another extension of Hiller (2017). We categorized all Nash equilibrium
networks into four cases when the players are divided into two types. We also characterized
a condition when every Nash equilibrium network is a positive assortative matching. On the
other hand, Jackson and Nei (2015) studied the signed network formation model with neutral
links in another way. They analyzed war-stable networks, where any subset of alliance does
not have an incentive to maintain and initiate conflict. They showed that only the empty

network could be war stable.

Unlike the existing literature, we analyze the model using the pairwise Nash equilibrium
concept. In the network formation theory, researchers have studied the equilibrium concepts
for the unsigned network formation game first. In this paper, we borrow the equilibrium
concept in the unsigned network model and modify it for the signed network formation model.
Pairwise Nash equilibrium network is a network that is derived from a Nash equilibrium
profile and satisfies the pairwise stability condition of Jackson and Wolinsky (1996). Goyal
and Joshi (2003) and Belleflamme and Bloch (2004) used the Nash equilibrium concept and
the notion of pairwise stability. Goyal and Joshi (2006) formally defined pairwise Nash
equilibrium networks. They defined the notion but used different terminology of pairwise
equilibrium networks. Calvé-Armengol and Ilkilic (2009) firstly used the term of “Pairwise
Nash equilibrium network” for this notion. For the same notion, Gilles and Sarangi (2005)

used a different name, “strictly pairwise network” Here, we use the term of pairwise Nash
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equilibrium because it is widely used now.

While Hiller (2017) showed that the signed networks of players exhibit weakly structural
balance in Nash equilibrium, we show that the relevant conflict networks are multipartite.
Davis (1967) defined Weakly structural balance in a graph. In any weakly structurally
balanced network, a friend of a friend is a friend, but an enemy of an enemy is not necessarily
enemies. It allows multiple cliques, within which nodes are positively connected and between
which nodes are negatively connected. Huremovic (2019) studied a weighted conflict network
formation model. He showed that when players are limited farsighted, any Nash stable
network is multipartite. Compared to the weak structural balance, multipartiteness is a
weaker condition. If a signed graph is weakly structurally balanced, then the relevant conflict

graph is always multipartite. However, the converse is not true.

In our model, as Hiller (2017), each player starts out with intrinsic strength. Forming
allies through bilateral agreements, the players build their network strengths. When players
become enemies, they enter into a zero-sum game, where the one with a higher network
strength emerges as the winner. No such games are played when the relationships are

neutral.

Our results can be summarized as follows. In the general model where intrinsic strengths
vary across players, first, in every pairwise Nash equilibrium, the conflict network, which
consists of only negative links, is multipartite. Second, when the players are homogeneous,
Utopia network, where the players are all friends, is not a pairwise Nash equilibrium. Also,
Dystopia network (the war of all against all) is not a pairwise Nash equilibrium. However,
empty network is always a pairwise Nash equilibrium. Moreover, friendship and conflict are
interdependent in equilibrium. Hence, friendship without conflict does not appear in any
pairwise Nash equilibrium and vice versa. Moreover, there exists a k-regular bullying network

in pairwise Nash equilibrium, where one player is an enemy of everyone else, and the others
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are not enemies of each other. Third, when the players are heterogeneous, Utopia network
is still not a pairwise Nash equilibrium. But Dystopia network can be a pairwise Nash
equilibrium. Empty network is not always a pairwise Nash equilibrium. Friendship without
conflict is still not available, but conflict without friendship can appear in equilibrium. We
also investigate how matching takes place in building one’s network strength when there are

two types of players with different intrinsic strengths.

3.2 Model

There are n players. Let N = {1,2,3,...n} denote the set of players. Each player has an

intrinsic strength. Player ¢’s intrinsic strength is \;, with A; > 0.

Every player can extend either a friendly (positive) directed link, an antagonistic (negative)
directed link, or a neutral directed link. Player i € N chooses g;; € {1,0,—1} for all
j € N\ {i}. Here 1 denotes the friendly link, 0 denotes the neutral link, and —1 denotes
the negative link. In the following graphical expressions, solid lines represent the positive
link 1. If there is a no line, it means there is neutral link 0. Dotted lines represent the
negative link -1. A player’s strategy can be defined as a 1 x (n — 1) vector. A player
i’s strategy is 8 = (i1, 8i2, - Gii1s8iit1s - Sim). Bach element can be interpreted as a
directed link from one player to another. The set of a player i’s strategy g; is defined by G;
for all : € N. g_; is a set of all the players’ strategies except for player i’s strategy g;, i.e.
g = (81,82, 8i—1,8it1, -, 8n)- AlSO, i j = (81,82, Bi—1,8it1, s 8j-1,8j+15--8n)-
The players’ strategy profile is a directed network g = (g1,82,...,8x). Therefore, (g;, g ;)

and (g;, g, 8—i—;) are the same as g. The strategy space is defined by G = G; X ... X G,.
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The players form their relationships according to their attitude (the directed links) towards
each other. In a bilateral relationship, if both players are friendly, then they will be good
friends. However, if one of them is not cooperative by extending a negative link, then
they will have the undirected negative link. Otherwise, there is a undirected neutral link
between the players. To represent these relationships, let us define an undirected network:
g = (81,82, .-, 8n), Where g = (81,82, - 8isi—1, 8isit15 -, &in)- &ij € {1,0,—1} represents
player i’s relationship with j. If g; ; =g, =1, theng;; = 1. If g; ; = —1 or g;; = —1, then
g;; = —1. Otherwise, g; ; = 0. In the same way, g; ; and g;; determine g;;, hence g; ; = g;,
I. In g (and in the resulting undirected network g), each player has a set of friends and a
set of enemies. N;"(g) = {j € N | g; = 1}, represents a set of players to which player i
reciprocates a positive link. N, (g) = {j € N | g;; = —1}, meaning a set of players such that
a player i extends and/or receives a negative link. In a similar way, it is possible to specify
the set of the negative direct link which player ¢ extends as N/ (g) = {j € N | gi; = —1},
and N7~ (g) C N; (g). Also, Ni"(g) ={j € N | g ; =1}, and N;"(g) € Nf*(g).

To express a deviation strategy, a change in directed link g; ; is denoted as follows: Given
a network g, g + g;fj changes the directed link from g; ; = 0 or —1 to g; ; = 1. Similarly,
g + g, ; changes the directed link from g; ; =0 or 1 to g; ; = —1. On the other hand, g — ng

changes the directed link from g;; = 1 to g;; = 0, and g — g;; changes the directed link

from g;; = —1 to g;; = 0. However, if g;; =1in g, g+ g;fj = g, i.e. there is no change.
Similarly, if g;; = —1 in g, then g+ g;; = g. Also, if g;; =0, then g — g:j =g—-8g,=8.

g+ g;-f (=gt g;fj + gjl) is a pairwise deviation by ¢ and j to form an undirected positive

link g; ; = 1. The summation sign > can be used to denote multiple link changes.

It is possible to express both directed and undirected networks as graphs consisting of solid

!t is possible to express this rule determining g; ; from g; ; and g; ; as a function v: {g; ;, gi;} — &
The function v(g; ;, g:.;) is equal to min(g; ;, gi,;). This minimum function implies that the player, who has
a more negative attitude toward the relationship between them, determines the relationship with the other
player.
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and dotted lines. It is also possible to divide the whole graph into separate graphs consisting

of the links of only one type. Given g, call a network consisting of the positive (negative)

Sall

undirected links an alliance network g™ (a conflict network ge™).

d@

(a) Signed network (b) Alliance network (c) Conflict network

Figure 3.1: Examples of alliance network and conflict network

Each relationship has a different impact. If ¢ and j are friends (g;; = 1), then they can
strengthen each other’s power. Let y; denote player i’s network strength, which is a result

of her intrinsic quality and her network of friends. Thus, y; is determined as follows.

Yi(8ir8-i) = \i + Z Aj-
JENT (8)
Therefore, apart from the type of players, each player can have different level of y; according
to g. To classify the players by network strength, let P;(g) € {Pi(g), P(g), ..., Pn(g)} denote
a set which ranks the network strength of the players given g. Let us call P;(g) the ith lowest
network strength partition in g. P;(g) can be abbreviated to P; when there is no room for
confusion. P;(P,,) is the the partition containing the weakest (strongest) players. To avoid
confusion, let’s call a player who has higher \; a strong player, and a player with high (low)
y; just a player with high (low) y;. In other words, players in P; have the lowest y;, and
players in P, have the highest y;. If they have no relationship (neutral relationship, g; ; = 0),

then nothing happens.

If they are enemies (g; ; = —1), they enter a zero-sum competition. In this zero-sum game,
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the player with the higher network strength extracts some payoff from the weaker player
with less network strength. Let f(y;(g),v;(g)) € (f, f) denote the player i’s extraction
from player j at a network g, where f (f) is the least upper (greatest lower) bound for
f(vi(8),y;(g)). The network g determines y; and y;, which determine f(y;(g),v;(g)). Thus,
the extraction function f(y;(g),y;(g)) is ultimately a function of g. Also, for simplicity, let’s

abbreviate the extraction function to f(y;,y;) if there is no confusion.

It is also possible to define some property of the extractions function regarding the value
of y; and y;. First, Hiller (2017) defined this extraction function as follows to describe a
zero-sum competition. When y; > y; the value of f(y;,y;) is positive, but when y; < yj,
it is negative. If a pair of players with equal strength is negatively connected, then no
payoff extraction takes place: f(vi,y;) = 0 Yyi,y; : vi = y;. f(yi,y;) is strictly increasing
in y; and decreasing in y;. Following the definition of zero-sum game, the value that a
player extracts through an antagonistic link is assumed to be another player’s loss, hence
i, y;)+ f(yjv:) = 0, Yy;,y;. We further assume as follows. First, f(y;, y;) is homogeneous
of degree 0. That is, f(y;,y;) = f (;’—;, 1). Therefore, this function can be used to describe
conflicts where the relative size of strength matters. Using this property, let’s denote a = 5 ,

J

yz,y]) <0

a ratio of the different intrinsic strengths. Then f(y;,y;) = f(a,1). Second, =5

when y; > y;. It means that a marginal return of extraction to network strength is decreasing.

In this model, there are two kinds of cost: friendship cost and conflict cost. But there is
no cost associated with neutral links. Extending a directed positive link can be thought
of as an effort to establish a friendship, which incurs a cost of ¢ > 0. This cost ¢* is
assumed to occur even though there is no reciprocated directed positive link from the other
player, where g;; # 1 ?. Extending a negative link results in an antagonistic relationship

and can be thought of as picking a fight, which incurs a cost of ¢ > 0. Even though

2This point leads to problems of coordination failure to form the friendship. Hence, pairwise stability
should be considered.
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extending the negative directed link is a unilateral decision, bilateral players get to engage
in conflict, incurring another cost of kK > 0 to both players. Thus, this model is different
from Hiller (2017) and Chapter 2 regarding the set of actions (including the neutral link)
and the friendship cost. Except for these factors, the model is identical to that of Hiller
(2017) and Chapter 2.

The utility of player ¢ under a strategy profile g is given as

w(g)= Y flulg).y(@)— | N () |e= | Ny (g) | n— | Nt (g) | " (3.1)

JEN; (8)

In this model, we use the notion of pairwise Nash equilibrium because neither Nash equilib-
rium and pairwise stability is not enough to analyze the generalized signed network model.
The notion of Nash equilibrium cannot consider a pairwise deviation of two players to form
their friendship. On the other hand, Jackson and Wolinsky (1996) defined the notion of
pairwise stability regarding the single link formation. So, when a player only considers one
link at a time, if there is no incentive to change each link, then the network is pairwise
stable. However, the player may consider a deviation switching multiple links if it increases
her utility. The notion of Pairwise Nash equilibrium covers the limits of both equilibrium

concepts.

However, pairwise Nash equilibrium concept has not been used to analyze the signed network
formation model yet. Thus, it is possible to refine pairwise Nash equilibrium for the signed

network model as follows.

Definition 3.1. A strategy profile (a signed network) g is a pairwise Nash equilibrium if

the following conditions hold:

1. Nash stability: For any i € N, u;(g;,g_i) > wi(g,, g ) Vg, € G;, Vi € N.
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2. Pairwise stability: For any g;; # 1 € g, if ui(g) < wi(g + g;;), then u;(g) > u;(g + g;).

The condition of Nash stability is related to the strategy by a single player, which take effect
in changing the signed network. First, a player can degrades the relationship (1 — 0,1 — —1,
and 0 — —1). Similar to the normal network formation game, the positive undirected link
formation requires mutual consent. Thus, if one player chooses to stop the positive attitude,
then the friendship will be terminated. On the other hand, a player can initiate a conflict
with another player, regardless of this player’s intention. Moreover, the player can switch
some positive and neutral links to the negative links towards the multiple players. Second,
When only a single player extending the negative directed link between two players, this
player can stop the conflict (—1 — 0). In a lemma in the following section, we will show
that the second deviation can stop the conflict because only a player between two players
under conflict extends the negative directed link in any pairwise Nash equilibrium. The
other player always extends the neutral directed link in equilibrium. Therefore, except for
the positive link formation, Nash stability checks the deviation strategies such as ceasing
the positive link, initiating the negative link, stopping the negative relationship, and these

combination.

On the other hand, following the definition, pairwise stability only checks a single positive
link formation (0 — 1, and —1 — 1). It means that even though player ¢ wants to establish
friendship with player 7 and k at the same time, and even these ;7 and k also get benefit
from the relationship with ¢, the pairwise stability notion does not consider it. The pairwise
deviation from the negative relationship to the neutral relationship is considered by the
condition of Nash stability, as explained above. Thus, pairwise stability only applies to the

positive link formation.
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3.3 Analysis

3.3.1 Global results

We derive a series of lemmas and propositions that apply in both models of homogeneous
players and heterogeneous players. Results of the model of homogeneous players are dealt

with in Section 3.3.2. Section 3.3.3 covers the model of heterogeneous players.
The following Lemmas 3.2 and 3.3 hold for every pairwise Nash equilibrium networks.

Lemma 3.2. In any pairwise Nash equilibrium g, there does not exist a pair of players 1

and j such that

(1) gi; =18, =—1,
(it) gij = 1,8, =0, and
(Zzz) gij; =g = —1.

Lemma 3.3. In any pairwise Nash equilibrium g, if g;; = —1 with y;,(8) > y;(g), then

gi; = —1,85: = 0.

The proof for these lemmas is in Appendix.

Lemmas 3.2 and 3.3 are similar to lemmas in Hiller (2017), that every Nash equilibrium
network satisfies in his model. In Lemma 3.2, (i) and (i7) imply that any unilateral friend
request is not profitable so that there are only reciprocal friendships in equilibrium. (7iz)
means that pairwise conflicts do not exist in this model. Lemma 3.3 is a reason for (7i).
Lemma 3.3 states that a player with a higher network strength extends the negative directed
link to extract utility from the other player with the lower network strength. The exploited

player does not want to pay the conflict cost € because she only loses her utility from
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the conflicting relationship. Thus, the exploited player extends the neutral link under the

conflict, at least to save her conflict cost® .

Lemma 3.3 shows that conflict can exist when the network strengths are not identical (y;(g) >
y;(g)). However, even though the network strengths are different, if the conflict costs are
high, exploiting utility will not happen. Then, if the network strengths are identical between
two players, what will happen? Lemma 3.4 shows that every player with the same network
strength does not have the negative relationship with each other. it implies that any players

in the same strength partition will never be enemies in a pairwise-Nash equilibrium.

It also implies that, for every conflict for an economic reason, there are always the strong

and the weak, but not rivals (whose network strengths are the same).

Lemma 3.4. In any pairwise-Nash equilibrium g, if v;(g) = y;(g), then g;; =1 or 0.

The proof is in Appendix.

Note that Lemma 3.4 was a part of Hiller (2017) proposition. His proposition also include
another part that if y;(g) # y,(g), then g;; = —1. This proposition implied that any
Nash equilibrium was weakly structurally balanced in his model. A weakly structurally
balanced network is a network where friend of my friend is always my friend. Also, a
weakly structurally balanced network can be segregated into multiple subnetworks. In this
subnetwork, every player is connected with the positive undirected link. If two players are
in different subnetworks, then there exists the negative undirected link between them. This

phenomenon is also called clustering.

From contraposition of Lemma 3.4, it is possible to derive Proposition 3.7, a characterization

of the pairwise Nash equilibrium networks. In graph theory, an independent set means a set

3In Hiller (2017), the exploited player extended the positive link instead of the neutral link, because the
neutral link was not allowed in his model. Hence, the positive link is the cheapest option.
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of nodes that are not linked at all. In this signed network, let us apply this notion for the
alliance network g®. Then an independent set is a set of players, where any two players has

the positive undirected link between them.

Definition 3.5. An independent set Nj,q is a set in which g; ; # 1 V ¢, j € Njpa.

If a graph has links only between independent sets, it is a multipartite network.

Definition 3.6. a k-partite network (multipartite network) is a network of which players

are partitioned into k different independent set where k > 2.

The contraposition of Lemma 3.4 is that in any conflict network g®”, the negative links
only exist between independent sets in equilibrium. Hence, every pairwise Nash equilibrium

conflict network is multipartite except for the empty network.

Proposition 3.7. Suppose g is a non-empty pairwise-Nash equilibrium network and there
exist {P1(g), P»(g), ..., Pn(g)}. Then the conflict network g™ is a k-partite network where

k<m.

The proof is in Appendix.

Proposition 3.7 can give an intuition on how to detect clustering in the real data. In the
network data analysis, a cluster means a set of densely connected nodes. The nodes in a
cluster are sparsely connected to other clusters. Hiller (2017) showed a possibility of the
weakly structurally balanced network in the signed network model. If it exists, then it is
easy to detect clustering. However, in real data, it is hard to observe the weakly structural
balance. Nevertheless, it is still possible to regard any network as a multipartite conflict
network. Then, we can detect the independent sets based on the distribution of the negative
links. The independent sets can be clusters of the alliance network as itself, or it can be a

good hint to detect other plausible clusters.
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Lastly, we show that the neutral links can exist in equilibrium even though the positive link
cost is even zero. Note that it is possible to regard Hiller (2017)’s model as a particular case
of this model where ¢ = 0. However, even though the friendship cost is zero, there exist

situations where neutral links will be part of the equilibrium.

Example 3.8. Consider the following network g. Player 1,2,3, and 4 has intrinsic strength

of 1. Player 5’s intrinsic strength A5 is 2.

@f“ @

The configuration is a pairwise Nash equilibrium when f(3,1) — f(2,1) > ¢© > 0 and

F(3,1) >e+r> f(2,1).

Example 3.8 shows that when there is a player who does not engage in any conflict, she does
not have any incentive to extend any positive links regardless of the size of the friendship

cost.

3.3.2 Homogeneous player model

This section investigates properties of the networks in equilibrium when the players are
homogeneous. Also, we find some notable pairwise Nash equilibrium networks. All global

results in the previous section are applied to this model.

First, in any pairwise-Nash equilibrium, positive links exist only when there are the negative

links, and vice versa.
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Proposition 3.9. When the players are homogeneous, in any pairwise-Nash equilibrium g,

if and only if there exists i,j € N such that g; ; = 1, there exists k,l € N such that g5, = —1.

Proposition 3.9 shows that friendship and conflicts are prerequisites of each other in the
signed network model of homogeneous players. Let us consider each statement respectively.
First, conflicts are prerequisites of friendships. It is because there is no direct benefit from
the positive links. However, the positive links indirectly contribute to the players’ utility
through the extraction under the negative relationships. It gives us two intuitions. First,
even though there is no direct benefit from friendship, friendship can exist because of the
conflicts. Second, conflict can facilitate a higher level of friendship. Jackson and Nei (2015)
had similar results. They were interested in stable networks without conflicts and even the
potential of conflicts. They called these networks war-stable networks. They showed that
only the empty network could be war-stable. It implies that there is no alliance without
external conflict. Even though Jackson and Nei (2015) used the different notion of the

stable network, their result has a thread of connection.

On the other hand, when the players are homogeneous, having alliances is also a prerequisite
for conflicts to exist. Since each player has the same intrinsic strength, their network strength
is also identical without any friends. The extraction under conflicts is positive when the
network strength is imbalanced. Thus, the homogeneous players need their alliances to

make any conflicts profitable.

By using Proposition 3.9, it is possible to exclude some kinds of networks which cannot be in
equilibrium. In this model, where there is neither complementarity nor conflicts, there is also
no friendship. Thus, an ideal status, where every player is a friend, cannot be a pairwise Nash
equilibrium. The network where all players are friends is named Utopia network in Chapter
2. The proposition also excludes a network consisting of only the negative links from the

pairwise Nash equilibria. Hence, the worst scenario, where every player is an enemy, cannot
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be a pairwise Nash equilibrium, too.

Corollary 3.10. (No Utopia and no Dystopia network) When the players are homogeneous,
a network g is not a pairwise-Nash equilibrium if (1) g ; =1 forVi, j € N, or (i) g;; = —1
for¥ i, j €N.

We omit the proof because it is directly derived from Proposition 3.9. Meanwhile, the
network with only the negative links can be a pairwise Nash equilibrium in the heterogeneous
model depending on the condition. We will discuss it in the next section of heterogeneous

players.

Corollary 3.10 states that Utopia network is never a pairwise-Nash equilibrium. This result is
different from Hiller (2017). He showed that when the players are homogeneous, the network
where every player is a friend was always a Nash equilibrium. However, in this model, this
Utopia network cannot be a pairwise Nash equilibrium with the homogeneous players. It
is also not a pairwise Nash equilibrium with the heterogeneous players. We will discuss it
in the next section. Instead, the empty network is a pairwise Nash equilibrium with the
homogeneous players. Depending on the condition, it can be even the unique pairwise Nash
equilibrium. Corollary 3.11 suggests a condition that the empty network is a pairwise Nash

equilibrium or the unique pairwise Nash equilibrium.

Proposition 3.11. When the players are homogeneous, then empty network is a pairwise-
Nash equilibrium. When n > 4, empty network is the unique pairwise-Nash equilibrium if
ct

fn—1,1) — mingcp<n_1 f (2, — 1) is sufficiently small and ming<p<p—1f(z, 2 —1) > 5.

f(n — 1,1) is the maximum extraction in the model of homogeneous players (f), and

Ming<z<n—1f(z,x — 1) is the minimum of the positive extraction. The proof is in appendix.

Then, is Proposition 3.11 different from his result? No. In fact, both results indicate the

same direction. These results imply that a network without conflict can be in equilibrium
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regardless of the neutral links’ existence. Therefore, Utopia network in Hiller (2017) has the

same role as the empty network in this model.

Hiller (2017) also pointed out that specific network formations were always Nash equilibria.
One of the networks is where n — 1 players are friends to each other, and one player is an
enemy against these n — 1 players. This network can be a pairwise-Nash equilibrium, too. In
this model with the neutral links, let’s define a generalized version of this network using the
notion of a regular network. A regular network is a network when each player has the same

number of links. If every player has k links, then the network is called a k-regular network.

Definition 3.12. A network g is a k-regular bullying network if n — 1 players form k regular
alliance sub-network and the n—1 players extend the negative directed links to the remaining

player.

By Lemma 3.4, there is no negative link within any regular sub-graph in any pairwise-Nash
equilibrium network. Hence, between the players in the k-regular alliance network, there is
no negative directed link. Proposition 3.13 states the condition when each k-regular bullying

network is a pairwise Nash equilibrium.

Figure 3.2: 2-regular bullying network

Proposition 3.13. Suppose the players are homogeneous.

i) For2 <k <n-3,ife+r < f(k+1,1), f(k+2,1) = f(k+1,1) < ct < f(k+1,1)— f(k,1)

and k-regular networks exist, then k-reqular bullying networks are pairwise-Nash equilibria.
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i) Ife+ k< f(n—1,1) and ¢t < f(n—1,1) — f(n—2,1), (n — 2)-bullying network is a

pairwise-Nash equilibrium.

The proof is in Appendix.

Note that (n — 2)-regular bullying network is the network where the sub-network is the
complete network with the positive links. Hiller (2017) mentioned that this network is always
a Nash equilibrium when the conflict cost is not extremely high. Proposition 3.13 shows
that for a given condition, even though this (n — 2)-regular bullying network is not always

a pairwise Nash equilibrium, the other bullying networks can be pairwise Nash equilibria.

3.3.3 Heterogeneous player model

In this section, we investigate aspects observed in the model of heterogeneous players, which
are different from the result of the model of homogeneous players. Hence, while the global

results in Section 3.3.1 still hold, some results in Section 3.3.2 may not hold in this section.

First, when the players are heterogeneous, conflict without alliance can exist in equilibrium.
For example, if the difference among each intrinsic strength is large and the friendship cost
is high, players with high intrinsic strengths enjoy the extraction under the conflict without

alliances. However, conflict is still a prerequisite of friendship.

Proposition 3.14. In any pairwise-Nash equilibrium g, if there exist i,j7 € N such that
gij = 1, there exist k,l € N such that g,; = —1.

The proof is in Appendix.

Since friendship is not a necessary prerequisite of conflict anymore, the network where all
players fight against all players can be a pairwise Nash equilibrium. However, Utopia network

is still not a pairwise-Nash equilibrium.
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Corollary 3.15. (No Utopia network) A network g where g; ; =1 for¥V i, j € N is not a

pairwise-Nash equilibrium.

We omit the proof since it is trivially derived from Proposition 3.14.

While the empty network is always a pairwise-Nash equilibrium when players are homoge-
neous, it is not always in equilibrium if the players are heterogeneous. Here we suggest a
generalized result regarding the empty network for the heterogeneous model. The empty
network can be a Nash equilibrium when the conflict cost is high compared to the size of

the difference between intrinsic strengths.

Proposition 3.16. Let Maz{\, ..., \,} —min{A,..., \,} < e+ kK, then empty network is a

pairwise-Nash equilibrium.

Next, we check that positive assortative matching occurs in this model. Chapter 2 defined
positive assortative matching in network formation theory as follows. Suppose there are two
types of players. One is a strong type who has \,, and the other is a weak type with A,.
As > Ay, and the difference between the types can be measured by a parameter a = /’\\—; The
set of the strong players is Ny, and the set of the weak players is V,,. When the positive
links exist only between the same type of players in a network, this network is a positive

assortative matching.

Definition 3.17. Positive assortative matching (PM) is a network configuration g where
there exists g;; = 1 for {i,j} € Ny x N\ {i} or for {i,j} € N, x N, \ {3}, and g;; # 1
V{i,j} € Ns X N,.

Definition 3.18. A strong dominant positive assortative matching (SPM) is a positive

assortative matching where y; > y; for every i € Ny and j € N,,.

Chapter 2 showed that when the conflict cost is sufficiently small, there exists a such that
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when a > a, all Nash equilibrium network configurations are strong dominant positive as-

sortative matching. Here we generalize the result to the model with the neutral links.

Proposition 3.19. For ¢ + k < f, there exists a(ns, ny,c", e, k) such that if a > a all
pairwise-Nash equilibria exhibit either i) strong dominant positive assortative matching or
that 1i) there exist only the neutral undirected links between players of the same type and only

the negative undirected links between players of the different types.

The network formation in ii) is similar to positive assortative matching because there g; ; =
—1 for all i € N and all 5 € N,,. However, it is not a positive assortative matching because
there does not exist a positive undirected link between the same type of player. If the
difference between the two types of players is extremely high so that any friendship formation
is meaningless, every strong player extracts utility from all weak players respectively. The
weak players also do not seek their friends because a new friend will also not be helpful to

decrease the extraction.

3.4 Conclusion

We study the signed network formation model, including the neutral links. We use pairwise
Nash equilibrium because pairwise stability is required for players to form the positive link
from the neutral link. In our environment, each player has their own intrinsic strength. If
they form the positive relationship, then they can aggregate their intrinsic strength to the
bigger network strength. If they form the negative relationship, then the zero-sum conflict
occurs, where the player with higher network strength pillages utility from the other player
with smaller network strength. If they form the neutral relationship, nothing happens. When
they form the positive or the negative links, the relevant cost is incurred, but not for the

neutral link.
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We show that some of the findings in the signed network formation literature still hold in
this model. Here are some results we can still verify as valid in this model. First, as Jackson
and Nei (2015) showed, any peaceful networks with friendship without conflicts cannot be in
equilibrium. It means that conflict can be a motivation for friendship. That is, when there is
no direct benefit from friendship such as complementarity, people can seek their friend to fight
against their enemies. Furthermore, we show that, when the players are homogeneous, there
does not exist conflict without friendship, too. Second, Hiller (2017) showed that Utopia
network and bullying network were Nash equilibria when the players were homogeneous. In
this model, the empty network and the bullying networks can be pairwise stable networks,
too. Utopia network in his model and the empty network in this model share the property
that these are the network without conflicts. Lastly, Chapter 2 showed that if the difference
between the different types was large enough, any Nash equilibrium network configurations
were strong dominant positive assortative matchings. In this model, in addition to it, the
network, consisting of the neutral undirected links between the same type and the negative

undirected links between the different types, can be a pairwise Nash equilibrium.

In future research, it will be possible to integrate the factor of complementarity accompanied
with the positive relationship to the generalized model. Many researchers have pointed out
complementary as a source of networking among people. However, there is no complementary
effect of the positive relationship in this model. This extension will test how the results in

equilibrium vary as the complementarity is introduced.



Chapter 4

A Weighted Network Formation

Model of Inequality

4.1 Introduction

Inequality is a classical issue in economics. In many cases, inequality distorts the social
system. At the same time, society can magnify inequality. For example, the rich tend to
hang out with the rich. In the meantime, the rich often share useful information and business
opportunities only with themselves. Although the rich have no intention of discriminating

against the poor, this factor often cements the cartel among the rich.

This paper studies which weighted network players form when unequal wealth is given. In
the existing literature, many homogeneous player models are well documented, but any
heterogeneous player model was rare. I introduce simple binary heterogeneity among the
players: Rich players and poor players. Rich players have higher endowments, while poor
players have lower endowments. In particular, I investigate whether players prefer players of
the same type or the different types when a specific preference such as homophily does not

exist among players.

This paper is motivated by Salonen (2016), Baumann (2021), and Griffith (2019a). In their

models, players choose self-investment levels and relation investment levels. Self-investment

68
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is independent of relation-investment in their model. When a pair of players spend non-
zero relation-investment on their relationship together, they benefit from the relationship.
Salonen (2016) used Cobb-Douglas function to describe the relation investment. Also, he
assumed that the marginal self-investment is constant. Baumann (2021) generalized it to the
general functional form and analyzed it. Griffith (2019a) also used the Cobb-Douglas func-
tion for the relation-investment but assumed that the marginal self-investment is decreasing.
While all of the previous literature focused on the equilibrium analysis with the homogeneous
players, I study the heterogeneous players model. My model uses Griffith (2019a), but is

also based on Baumann (2021).

The paper only considers the case when the network is complete. In Griffith (2017) ’s
model, he focused on the complete network where every player has a relationship with
every other player. The players choose only relation-investment levels without the factor of
self-investment. He also performed structural estimation and analyzed a Nash equilibrium
network as a part of the estimation. In my paper, I analyze the case of the complete network
to study how the relationship varies by the level of inequality. While network structures
can distort the effect of inequality, I start studying the weighted network formation model
regarding inequality with the complete graph case as a benchmark. Even though every player
is allowed to have a relationship with every other player, each player behaves differently

depending on their type and on the level of inequality.

Also, I show that a specific network configuration may be investigated due to censoring in
a social network survey. In the survey investigating the social network, researchers tend to
set a limit of responses. For example, in the National Longitudinal Study of Adolescent to
Adult Health (Add Health) conducted by Harris et al. (2009), each respondent can report
her male/female friends up to five people respectively. While censoring is inevitable due to

space limitations, it can be a source of distortion or momentum forcing a particular result.
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Griffith (2019b) showed that this censoring could attenuate peer effects estimates. In this
paper, I show that censoring can bring about nested split graphs as a result of the survey

when there is inequality.

The structure of the paper is organized as follows. Section 4.2 introduces the model of
weighted network formation and nested split graphs. Section 4.3 displays the result of the
analysis. Section 4.3.1 presents how much the player invests in herself and in the relation-
ship, depending on the type. Section 4.3.2 shows that the censoring in the survey data
derives nested split graphs in the result. Section 4.3.3 reports the simulation result and

gives intuitions regarding social welfare and inequality. Lastly, Section 4.4 concludes.

4.2 Model

Let N = {1,2,...,n} denote the set of players. where n is even and n > 3. There are two
types of players, rich player (type r) and poor player type p. The set of rich players is R and
the set of poor players is P. The number of each type of player is the same, so there are 7
rich players and 3 poor players'. Each player has their endowment M;. The endowments
are exogenously given. If player i is rich (type 1), then M; = M,. If player i is poor (type p),
then M; = M,, where 0 < M, < M, < 1. Player i € N chooses her self investment level and
n— 1 relation-investment level. Hence, each player’s strategy is an n-dimensional vector that
says how much she will invest in herself and how much she will invest in forming with others.
Her self investment is ;; > 0. Her relation-investment level toward j is denoted by x; ; > 0
where j € N\ {i}. Hence, player i’s strategy is X; = (21, %i2,...%in) € IR, A strategy
profile X comsists of every player’s strategy. Thus, X = (X1, Xy, ..., X;) € [[,en IR, Also,

let X_; denote a set of strategies except for player i’s strategy.

'Tn this study, I assume that the first players 1 to 5 are rich and the last players § + 1 to n are poor for
easy understanding.



4.2. MODEL 71

The utility of player ¢ under a strategy profile X is given as

uz(Xz | X—z) = S(l’m) + Z JTZOf]JIfJ
JeN\{i}
S(-) is a self investment utility function. Following Baumann (2021) and Griffith (2019a),
S(x;;) has the following properties. For z;; € [0,1], i) S(z;;) is increasing, ii) S(z;;) is
strictly concave, iii) S(x;;) is continuously differentiable, and iv) lim,_,0S’(z) = oo and

limxﬁl S,(x) =0.

The Cobb-Douglas function mf‘]xf , 1s a joint production between player 7 and j. Only when
both z; ; and x;; are positive, the joint production is positive. This Cobb-Douglas function
describes the relation investment. Here, a represents an efficiency of the relation-investment
of player i (herself) on the joint product, and  means an efficiency of the relation-investment
of player j (the other side) on the joint product. In this research, I assume that the joint
production shows decreasing return to scale (a4 8 < 1). The reasons are as follows. First,
decreasing return to scale is an assumption that is broadly accepted for production. Second,
Griffith (2019a) showed that a Nash equilibrium strategy profile always exists in this setting.
Third, he also showed that there existed the unique Nash equilibrium strategy profile for

any specific graph (network). For example, if a network is complete (all x; ; > 0), then there

only exists one unique Nash equilibrium strategy profile.

Player ¢’s budget constraint is

Z Tij = ]\/[Z

JEN

As mentioned above, the endowment is depending on the type of player r or p.

In this study, I use Nash equilibrium concept. A strategy profile X* is a Nash equilibrium
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if and only if
wi (X7 ] X)) > w(X | X)) VX € R Vi e N.

Social welfare is defined as the sum of individual utilities. For any X, it is given as U(X) =
Y ien ui(X). A strategy profile X is socially efficient if and only if U(X) > U(X) for all
X € [LienyRY

As a result of a strategy profile X, it is possible to draw a graph meaning a social network.
In this paper, I consider two kinds of graphs: Normal (undirected) network G and Data
(undirected) network Dy. It is because researchers use undirected networks when they discuss
the structure of the network. For clear understanding, I construct directed versions of both

networks G and D, and define G, and Dy, based on them.

First, there is a traditional concept of network, where a directed link exists (g; ; = 1) if z; ; >
0.If z;; =0, then g; ; = 0. For any z,;, g;; is defined as 0 because z;; is the self-investment
information. By collecting every g; ;, it is possible to construct “Normal network” G(X) as

a form of a matrix.

The second network is the data matrix. It is defined as follows. The matrix Dy is a n X n
directed matrix for £k > 0. k£ means the number of links for each player to report. In this
model, I allow each player to report multiple links exceeding k if there exist equally close
friends to remove any uncertainty ? . The process to form D, from X is as follows. For
each i, Dy(X) is defined that (i) d;; = 1 if the ranking of z; ; is the same as or higher than
k among j € N\ {i}. (ii) Otherwise, d;; = 0. (iii) Lastly, any z,, gives d;; = 0. If there
exist tied links such that x; ; = z;;, then these have the same ranking, which is the higher

one. The lower ranking is skipped for consistency. For example, if 219 = 0.2, 213 = 0.2,

2In the real survey, if I have six equally best friends but the number of responses is five, I should randomly
exclude one of my friends. To remove the uncertainty, I assume that each respondent can report more than
the limit in the situation.
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T1,4 = 01, X155 = 01, 16 = 005, then dl’g and d173 are the highest, d1’4 and d1’5 are the
thirdly highest, and d; ¢ is the fifthly highest (the lowest). Figure 4.1 shows each network

configuration derived from the example. In this figure, I assume that every other z;; is 0

:f; NORNOAING
(a) Graphical expression of X (b) G(X) and Ds

0
Ty Y

(c) D3 and Dy (d) Dy and Do

except for the ones mentioned above.

Figure 4.1: Networks in the example

Now, let’s define the undirected networks G and Dj. I use the notations of D}, here, but G
is constructed in the same way. Dy, is an n x n undirected matrix. Ji,j =1whend;,; =1or
d;; = 1. Naturally, cfm = 0 when d;; = 0 and d;; = 0. In an undirected graph Dy, 6;(Dy)

denotes the degree of node (player) 7 in D;.

There are varieties of graphs in the literature. The structure of networks has been defined
in unweighted graphs, in which every link has a value of 1 or 0. Following the tradition,

I only consider the unweighted networks when I discuss the structure of networks. In this
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paper, I focus on two structures: complete network (complete graph) and nested split graphs.
The complete network is the network where every link has a positive value. In this network,

every player is completely connected to every other player.

Definition 4.1. A network G is the complete network where g; ; = 1 for every i and j( )
e N.

The complete network is (n — 1)-regular network, so every player is equally connected to

each other.

Contrary to the complete network, in another network, players can be connected but not
equally. Some players are more connected (central), while the other players have fewer
connections. If the players can be divided to two groups (the centralized group and the
periphery group) in a network, the network is called a split network or a core-periphery
network ® . Furthermore, we can consider the case when the connection is hierarchical. It
means that the friend set of a more connected player always includes that of a less connected

player. If the condition is satisfied in a split graph, then it is called a nested split graph.

Definition 4.2. A network G is a nested split graph if and only if, when gi; = 1 and

0x(G) > §;(G), then g;;, = 1 for any 7,5,k € N.

Note that the complete network satisfies the definition of nested split graphs.

3A network G is a split network (a core-periphery network) if N is partitioned into two sets: the core

C(G) and the periphery set (independent set) P(G), such that g;; = 1V i,j € C(G), and g, = 0V
k1€ P(G).
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Core" Core",

Periphery

Periphery->

(a) Nested split network (b) Not nested, but split network

Figure 4.2: Examples nested (and not nested) split networks

4.3 Analysis

4.3.1 Properties of Nash equilibrium strategy profile

This section only considers a case when G is the complete network. One of the purposes of
this paper is to study the configurations of networks on survey data. I presume that there
is a latent network (In this paper, G.). Then, only a part of the latent social network (In
this paper, Dy.) is investigated because of the limit of the survey form. Then, we may
observe another network configurations Dy (X) different from G(X). Hence, I study how
Dy (X) looks like where G/(X) is complete. In future research, it will be possible to study
a case when some g; ; is not allowed to be positive (G is not complete.). However, as the
first study about Data network configurations, I start the paper with a benchmark of the
complete network. As mentioned above, Griffith (2019a) showed that there exists a Nash

equilibrium X, and it is unique when the corresponding G is given.

Because S(z;;) does not have a specific functional form, it is not available to derive a

closed-form of the Nash equilibrium. However, it is available to compare the size between
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the self-investment and the relation-investments, between the same types, or between the
different types. To make the model tractable, let’s consider a symmetric Nash equilibrium
strategy profile. A symmetric strategy profile means that the players of the same type use

an identical strategy.

Proposition 4.3. Suppose X is a symmetric Nash equilibrium such that G(X) is the com-

plete network. Then for any i,j € R and k,l € P, the following inequalities always hold.
(111) x;; > xpy
() z;; > x5, and

(v) g > Tpy.

The proof is in Appendix. Even though the exact size of each investment varies depending
on the self-investment function and the parameters o and f3, it is possible to determine the
order of the investments. Then it is available to determine which relationship is stronger
(or weaker) than other relationships. Let’s see each item of Proposition 4.3. First, between
the same types, rich players spend more on self-investment than poor players. Second, on
the relationship between the different types (rich and poor players), rich players invest more
than poor players. Third, the relation investment between rich players is higher than that
between poor players. Fourth, rich players invest more in the relationship with other rich
players (the same type) than with poor players (the different types). Fifth, however, poor
players invest more in the relationship with rich players (the different type) than that with

poor players (the same type).

The first, second, and third inequalities are straightforward because rich players have more
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endowment that they can use. The fourth and fifth items are also similar to the others, but
these can give some intuitions. Regardless of the type of player, every player prefers rich
players when she builds her relationship. In the context of homophily, it can be said that
rich players show homophily, but poor players show heterophily. This result can give a hint

to other researchers who try to detect homophily in network data.

4.3.2 Nash equilibrium data network

Based on the result in Proposition 4.3, a special category of the network can be related
to the Nash equilibrium strategy profile. Because I started from the complete network G,
let’s skip the normal network part and go to the data network. Proposition 4.3-(4) and (5)
indicate that every player invests more in the relationship with rich players than that with

poor players. Then it is possible to find a certain data network in Nash equilibrium.

Proposition 4.4. Suppose X is a symmetric Nash equilibrium such that G(X) is the com-

plete network. Then Dy(X) is a nested split graph.

The proof is in Appendix. The following example explains how the nested split graph appears

in the data network.

Example 4.5. Let’s consider the example of the four players’ case. Player 1 and 2 are rich,
and 3 and 4 are poor. When k < 2, the rich players form the core. The poor players form
the periphery set, reporting only the rich players as their friends. Then D, satisfies the
definition of nested split graphs as shown in Figure 4.3 (a). When k > 3, the poor players
report the other poor players as their friends because there are only two rich players. Then,

Dy, is the complete network, which is a nested split graph, too.
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ata!

Figure 4.3: Configurations of Data network D;, in Example 4.5

4.3.3 Simulation: Numerical comparison by the level of inequality

Until the last section, I studied the model with the general self-investment utility function
and the arbitrary a and . While it has merit as a general model, it is not available to
calculate utility directly. In this section, I use a specific self investment utility function

% and f = i to perform a simulation. There are four players.

S(z) = z2 and set a =
Player 1 and 2 are rich, and player 3 and 4 are poor. I assume that the total endowment
is fixed regardless of the level of inequality, as M, 4+ M, = 1. Hence, if M, increases, M, is
automatically decreased. It makes M, represent the level of inequality in this setting. In each
simulation, I report the result when M, = 0.5,0.6,0.7,0.8, and 0.9 to observe the impact
of inequality on the weighted network formation. Reporting the results, I also interpret
the meaning regarding inequality. As I have done until the last section, I only consider

the symmetric Nash equilibrium. Thus, 211 = 222, T12 = %21, T13 = T14 = T23 = Tau,

L33 = T44, 3,1 = 32 = T4,1 = T42, and T34 = Ty3.

Change of the investments by inequality

Above all, I check the change of each self and relation investment by the type. There are

three trends in the change of investment.
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M, | 0.5 0.6 0.7 0.8 0.9

x| 0.274 1 0.327 | 0.382 | 0.442 | 0.510
x12 | 0.075 | 0.107 | 0.146 | 0.195 | 0.260
x13 | 0.075 ] 0.082 | 0.085 | 0.081 | 0.064
x33 | 0.274 1 0.222 | 0.170 | 0.118 | 0.063
x31 | 0.075 ] 0.064 | 0.049 | 0.033 | 0.016
34 | 0.075 ] 0.049 | 0.029 | 0.014 | 0.004

Table 4.1: Change of the investments by inequality

First, as M, increases, the rich players increases her investments except for z; , where : € R
and k € P. The result is straightforward because each rich player will increase her investment
as she has more endowment. Second, as M, increases, M, is decreased by the assumption.
It implies that the poor players get poorer. As a result of the income reduction, the poor
players decrease all of their investments. Third, as M, increases, the rich player’s relation
investment toward the poor players (z; ) where i € R and k € P) is increased at first but is
decreased after a point. When M, increases from 0.5, It is increased at first because she has
more endowment. However, as M, increases, M, decreases, so the poor players decrease all of
their investments. The outcome of the relation-investments is the multiplication (interplay)
of bilateral players’ relation investment. Thus, as the poor player decreases her relation
investments significantly, the rich players lose an incentive to invest more in the relationship
with the poor players. Relatively, as the relation-investment with the poor players gets less
attractive, the other investments such as the self-investments and the relation-investments

with the rich players become more profitable.

Social welfare and inequality of utility

Here, first, I compare social welfare, which is defined as the sum of utilities of every player
(total utility). The notion of social welfare is one way to measure the efficiency of an

economic system. On the other hand, inequality (fairness) is another important issue to
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evaluate economic systems. To measure the inequality of utility, I calculate the ratio of

utilities of rich and poor players as v = uiw, where ¢ € R and k € P. 7 has a different
value from M, because of the concave self-investment utility function and the existence of
the relation-investment between the players. Also, I compare v between with the relation-

1
investment and without it (u;(X) = z7;) to check the impact of network effect on inequality.

The result of simulation is as follows.

With relationships Without relationships
M, | w uz | Social welfare vy Social welfare 0
0.5 | 0.954 | 0.954 3.818 0.5 2.828 0.5
0.6 | 1.048 | 0.848 3.793 0.552 3.098 0.550
0.7 | 1.131 | 0.725 3.714 0.609 3.346 0.604
0.8 | 1.203 | 0.581 3.568 0.674 3.577 0.666
0.9 | 1.260 | 0.396 3.313 0.760 3.794 0.75

Table 4.2: Social welfare and inequality of utility

First, it is possible to observe that income inequality aggravates the efficiency (social welfare).
It is because every investment shows decreasing return to scale. As income inequality gets
worse, the investments are concentrated on the rich players. While it increases the rich
players’ utility, it decreases the poor players’ utility much more than the benefit of the rich
players. Overall, the concentration of the investment brings about inefficiency. Second, as
M, increases, the level of inequality v increases, but the absolute value of v is lower than
M.,.. Tt is because every investment function is concave (decreasing marginal return). Third,
the network exacerbates the inequality of utility. Compared to the case when there is no
relation-investment, ~ is bigger for the same M, when there exists the factor of relation-

investments.
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Social mix and positive assortative matching

In this part, I use two incomplete network cases. In each case, there are two complete
subnetworks. For both cases, there are eight players. Four players are rich, and the other
four players are poor. In the first case, two rich players and two poor players form a complete
subnetwork. Because the different types are mixed in the subnetworks, I call the case Social
mix. In the second case, only the players of the same type form each complete subnetwork.
There is no relationship between the players of the different types in the network. Thus, I

call it positive assortative matching.

ORO
el

(a) Social mix

(o) O
b I

(b) Positive assortative matching

Figure 4.4: Configurations of social mix and positive assortative matching

Each case has a quality and a weak point. First, the positive assortative matching gives bigger
total utility than the social mix when M, > 0.5. It implies that the positive assortative

matching case is better in terms of efficiency. Second, for the same level of inequality
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Social mix Segregation policy

Social welfare ¥ Social welfare v

0.5 7.637 0.5 7.637 0.5
0.6 7.587 0.552 7.603 0.561
0.7 7.429 0.609 7.495 0.626
0.8 7.137 0.674 7.294 0.699
0.9 6.627 0.760 6.941 0.790

Table 4.3: Social mix and positive assortative matching

M, > 0.5, v, the difference in the utilities between the players of the the different types, is
lower in the social mix than in the positive assortative matching. It means that in respect

of fairness, the social mix shows a better result than the positive assortative matching.

4.4 Conclusion

The paper has built upon Salonen (2016), Baumann (2021), and Griffith (2019a). In this
paper, I study the weighed network formation model where the players experience inequality.
I investigate the symmetric Nah equilibrium profile when every player is connected. In any
equilibrium strategy profile, some links are always stronger than other links. Overall, the
links related to the rich players tend to be stronger than those associated with the poor
players. It brings about homophily among the rich players, while the poor players show
heterophily. Based on the result, I show that researchers who study social networks using

survey data may observe nested split graphs because of the limit of responses on the survey.

After I derive the general properties, I perform simulations with a specific utility function. In
the simulation, when the level of inequality increases, the players behave depending on their
type (rich or poor). When inequality increases, the rich players increase every investment
except for the relation-investment between rich players and poor players. The rich players

increase the relation investment between rich and poor players at first but decrease it later.
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On the other hand, the poor players decrease every investment. Based on the behavior
of each type, I analyze social welfare as the sum of every player’s utility and inequality of
utility. The result shows that inequality decreases social welfare and aggravates the difference
of utility between the types. Lastly, I simulated two special cases of social mix and positive
assortative matching. While the positive assortative matching effectively increases the size
of social welfare, the social mix can decrease the inequality of utility between the players of

the different types.

In this chapter, I assume that the numbers of rich players and poor players are the same.
Even though these numbers are different, the main result would be similar. I remain this

part as future research.
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Appendix A

Appendix for Chapter 2

A.1 Proof

The properties of h(y;,y;, ®)

The normalized contest success function h(y;,y;, ¢) satisfies the properties of f(y;,y;) as

follows.

d . . .
1. d—; > 0: f increases in y;.

=1 ¢
dh ¢yi Y; 0

in = i)

2. %fj < 0: f decreases in y;.

¢yfy¢_l
ﬂ — 2 < 0

7 (R

3. f is concave on the range of y;.

d2h(yz~2,yj) _ _¢yf72yf((¢+1)yfb;(¢—1)yf)
dy; (v +v?)

< 0 when y; > y;.

4. f is homogeneous of degree 0.

(ayz')‘b

. yj) 1
ay;)? + (ay;)?

——— — L = h(yi, ;. 0)
v +yl

N

h(ayi7 Oéyju ¢) = (

In addition, in A(y;, y;, @), ¢ represents the efficiency in technology of extraction. the larger

¢ is, the bigger the size of extraction is for the same y; and y; for y; > y;.
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dh _ v{y) (n(yi)—In(y;))
2
e (v +4?)

> 0 when y; > y;.

Remark 2.11

This proof includes the same part to Hiller (2017)’s Proposition 1 (Step 1 and Step 2-1).

However, Step 2-2 is different from his proof.

Step 1) If y;(g) = y;(g), then g; ; = 1.

Suppose g; ; = —1 where y;(g) = y;(g) in a Nash equilibrium g. To g; ; = —1, by definition,
at least one of g;; or g;; should be -1. If both g; ; and g;, are negative, then it violates
Remark 2.10-1. Therefore, let’s consider the case where g; ; = —1 and g;, = 1 without loss
of generality. We will show that ¢ has an incentive to change g; ; = —1 — 1 to increase her

utility. Before the deviation,
wi(g) = Y fluig) u(g) — [N (g)le — [N (g)|x.
keN; (g)
After the deviation,

w(gre) = D fulg)+ N, u(g) — N (8) — e — N7 (g) — s,
keN; (8)\{J}

wigteh)—ui(@) = Y. (fui(e)+N,ve(@)—f(ui(g). ue(8)) —(f(ui(g), yi(g))—c—~) > 0,

keN; (g)\{s}
because f(y;(g),y;(g)) = 0. Therefore, when y;(g) = y;(g) in a Nash equilibrium g, then

g ; is always 1.

Step 2) If yi(g) # y;(g), then g;; = —1.
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In the following Step 2-1 and 2-2, we will show that every player in P,,(g) has the negative
relationships g; ; with every other player j out of P, (g). And then, it is possible to apply

the same logic to the players in P,,_1(g), Pn_1(8), ..., and Py(g), respectively.

Step 2-1) In any Nash equilibrium, N;"(g) \ {j} = N, (g) \ {i} and N; (g) = N; (g) Vi,j €
P™(g). (If two players are in the same group P,,(g), then they have both the same friend

set and the enemy set.)

When |P,,(g)| = 1, it is trivially holds. When |P,,(g)| > 2, suppose Ji, j € P,,(g) such that
N (g) \ {j} # N/ (g) \ {i}. Then automatically N; (g) # N; (g).

First, g;; = gix = gjx = 1 for V k € P,,(g) by Step 1. Secondly, g; = gr,; =1V k ¢ P,(8)
by Remark 2.10-(2). Thus, V & ¢ N\ {4,j}, gk = gx; = 1. Therefore, g, = g;» and

gk = 8;k- 1t means that each 7 or j can choose the undirected links as she wants.

Now, without loss of generality, suppose w;(g) < u;(g). Then ¢ can choose her utility by

choosing g; such that g; \ {j} =g} \ {i} and g;; = 1.

flui(g), w(g)) > fyi(g), m(g)) for L € N7 (g) N (N; (g))¢, because yi(g') = vi(g) = y;(g)
and y(g) = w(g) — Ai. Also, f(yi(g), n(g")) = f(y;(8) u(g)) for I € N;(g) N N; (g),

because y;(g') = yi(g). Thus,

wi(g) = Y. fly(e).ulg) — N () — Ny (g)ls

leN; (g)

>u(g) = ) fyi(8),m(g) — IN;(g)le — [N; (g)lx = uilg).

leN (g)

Therefore, if their friend sets are not identical, it is not a Nash equilibrium.

Step 2-2) Suppose there exists g; ; = 1 where i € P,,(g), but j ¢ P,,(g). In particular, let’s

pick j such that y;(g) < vi(g) but y;(g) > yk(g) for all k € N;"(g)N (Py(g))°. It means that
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J is one of the strongest players among 4’s friends weaker than . Then by Step 2-1, g; ; =1
for all 7 € P,(g). Also, N;"(g) = N (g) # N/ (g) = because y;(g) # y;(g). Hence, there
exists ' € N;"(g) N N; (g) (and there may exist [ € N; (g) N N, (g)). Since y;(g) > yi(g)
for all k € N;"(g) N (Pm(g))c, gr; = 1 by Step 1 and Remark 2.10-2. For i € P,,(g), g, =1
for the same reason. Therefore, similar to Step 2-1, either 7 or j can imitate the strategy
of each other to increase her utility and it is always profitable. Therefore, if g; ; = 1 where

i€ Pn(g) and j ¢ P, (g), it is not a Nash equilibrium.

Remark 2.12

(a) Suppose € +x > f(n—1,1). Let a player ¢ have a negative link, i.e., g;; = —1. Now the
benefit from having the negative link is f(y;(g),y,(g)). For g with n homogeneous players,

f(n—1,1) is the maximum extraction value. The cost of this negative link is given by € + k.

Let player ¢ deviate from the negative link to the positive link, i.e., g; ; = 1. This deviation
is profitable for player i. First, directly, ¢ + x > f(n — 1,1) > f(vi(g),v;(8)) Vv, y;.
Also, indirectly, this deviation increases the extractions generated on the other negative
links. The positive link increases player i’s network strength y;(g) to v;(g") = vi(g) + 1.
Then, on another negative link with player [, the amount of extraction increases because
fyi(g) + Lui(g)) > f(yi(g),ui(g)). Therefore, the deviation from g;; = —1to g;; = 1 is

always profitable given the condition. Thus there is no conflict when ¢ + k > f(n — 1, 1).
(b) Suppose e+x < f(n—1,1). Let a player i’s strategy g; be given by g; = {1, 8i2, - 8ii—1,
iitls - 8in} = {1,...,1}. Player i’s utility u;(g) is 0.

Let player i deviate to g; + >_,c;8;; where J € N\ {i}. Take [J| =1, then y; = n — 1

and y; = n — 1 where j € J C N. In this case, f(y;,y;) = 0. But ¢ + x > 0. Hence,

u; (g + g;j) = —e — kK < 0. Thus, it is not profitable to deviate to the negative link.



94 APPENDIX A. APPENDIX FOR CHAPTER 2

Let’s take |J| > 2, then y; <n —2and y; =n —1, so f(y;,y;) <0 and € + K > 0. Then,
(8 + D jes8ii) = Djes (f(yi,y;) — e — k) < 0. Thus, it is not profitable to deviate by

extending the new negative links. Hence Utopia network is a Nash equilibrium.

Lemma A.1. In any network formation strategy g, which has a clustering, u;(g) > u;(g +

ZkeK gz_k:) where K C N;r(g) and ¥ A\, = \;.

Proof. This lemma means that initiating new conflicts with the players of the same type
in the same clique is always unprofitable. To prove it, consider the deviation strategy
g+ hex g; - Before the deviation, in the network configuration g, a player ¢ has y:(g), and
a player k in the set K also has y;(g). After the deviation, yi(g + > ik 8ix) = ¥i — K|\
However, yx(8 + D rex 8ix) = ¥i — Ai- ¥i — [K|A; is the same to or less than y; — A;. Hence,
flyi = [K A, y: — Ai) <0. O

Lemma A.2. Suppose a network configuration with a strateqy g consists of two cliques',
. . +
and the players in Cy have the same A1, and those in Cy have Aa. If u;(g) < ui(g+>_,c;8:;)

for some set J such that J C N; (g) and |J| > 2, then ui(g) < ui(g+g;;) where j € N; (g).

Proof. Let C and Cy denote each clique. The players in ('} have an identical intrinsic power
A1, and those in Cy have Ao. Then player’s network strength is |Cy|A; in Cf, and |Cy|A2 in
Cy. Suppose |C1|A1 > |Cy|Ag without loss of generality. By Remark 2.10, a corresponding
strategy profile g to this network configuration is as follows. If player i is in C}, g;; = 1 for

j €y, and g;; = —1 for j € Cy. If player ¢ is in Cy, g;; =1 for j € N\ {i}.

Note that this lemma is only about the players in C;. For player i in Cy, u;(g) = u;(g +

Zjejg;tj), because g; ; =1 for j € J so g + Zjejgj,_j =g.

Let’s consider a player i in |C}|. Her utility after using the deviation g + Z]EJ g:j is as

Tt implies that g is structurally balanced.
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follows.

wi(g + ) eiy) = (1G] = [JNF(CM + |2, [CalAz) = (ICo| = [J])(e + &)

jeJ

The first and second derivatives of u;(g + > ; gF;) with respect to | J| are as follows.

Gui /

- —f(IC1[A1 + [T[ A2, [CafA2) + Ao (|Co| = [T f/(IC1 AL + || A2, [CalA2) + 2 + K
azui / 2 "
e =20 [/(|C A+ [T A2, [C2fA2) + A3 ([Caf + [T]) f7(IC1 AL + [ | A2, [C2[A2)

The second derivative is less than zero when f”(|Ci| A1 + |J| A2, |C2|A2) < 0. By assumption,
giy’; < 0 so the second derivative % is always less than zero. Since the second derivative
is less than zero, it is impossible that u;(g + g;;) < wi(g) < wi(g+ > ,c,2;) for [J| > 2.

Therefore, if u;(g + g7;) < ui(g), then ui(g+ 3., &) < wi(g) for [J| > 2.

Lemma A.2 implies that it is enough check only the case of g+ g;fj instead of checking every

case of |J| > 2 to check an incentive for player ¢ in C; to deviate from the strategy g.

Lemma A.3. Suppose there is a network configuration consisting of two cliques Cy and
Cs. The players in Cy have the same A1, and those in Cy have Ay, such that A\ > Ao, If
(IC1|=1)A1 > |Co|hg, Forany g” =g+ e, 85+ ke, Sips there exists g = g+, e
org =g+ ik, Gipr sSuch that ui(g') > ui(g"), where Ji&Jy C Cy = N; (g) and K1& K, C
Ci\ {i} = N;'(g).

Proof. The corresponding strategy to this network configuration is as mentioned in the proof

of Lemma A.2. Player s network strength is given by 3;(g”) = (|C1| — |K2|) A1 + | 2| Xe.
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Now, let’s consider another network:
g=g"+g,+eg
where j € Jy and k € K5. Then

yi(g) = (|C1] — [Ko| + 1)A1 + ([ o] = 1) Ao
= (|C1] = [K2[) A1 + | o Ao + A1 — A

> y;(g")

In g, for j € Jb,N N, (g) and k € Ko N N, (g) player j’s network strength is smaller than
player k’s network strength as y;(g") = y;(8) = |Ca| 2 < yi(g”) = yr(8) = (|C1|—1)A; . The

number of the negative links extended by player ¢ is the same in both g” and g. Therefore,

wi(&) =(1Co| = [ ((1C1] = [l + D)1 + (1] = 1)he, [Cale)
+ 1Kol £ ((1C1] = K] + D + (] = Da, (1G] = 1A
+ £((C] = 1Kol + D1+ (1] = D, [Calre)
= 7 (UG = 1Kol + DA + (1] = e, (1G] = D))
= (16l = 192l + Kzl ) (e + 1) 2

ui(g") =(1Ca| = 1221 ) £ ((IC1] = [z} + | alAa, [ Cala )
Kl (1G] = [KaDhs + |, (€| = D))

— (1G] = ] + Kol ) 4 )
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Therefore, g gives a utility higher than or equal to g”. w;(g) = u;(g”) can happen when

every player is homogeneous. It is possible to iterate this procedure until g = g+ > ien g;-fj

org =g+ ek, ik -

Lemma A.3 implies that it is enough to calculate whether u;(g) > w;(g) or not, to check

whether player ¢ has an incentive to deviate from g.

Lemma 2.14

We will check whether each deviation gives higher utility than the suggested strategy profile
for each player. As a result of this procedure, it is possible to find a condition which makes

any deviations unprofitable.

Once again, in the network g in equilibrium, there are n; players in C; who extend negative
links to ny players in Cy where n; > ny = n — ny. Except for these negative links, there are

only positive links. The full strategy profile of g is as suggested in the proof of Lemma A.2.

First, there are three kinds of deviation for any player i in C;. (i) Player ¢ can extend positive
links to players in Cy and negative links to players in C; together. (ii) She can only extend

negative links in C. Lastly, (iii) she can only extend positive links in Cj.

When the first type of deviation (i) can be profitable than g, then the second type (ii) or
the third type deviation (iii) is also profitable than g by Lemma A.3. In this homogeneous
model with two cliques, Lemma A.3 is applicable as the assumptions are satisfied. Therefore,
to check whether g is a Nash equilibrium or not, it is enough not to check the deviations of
the first type (i). Second,by Lemma A.1, the deviations of the second type (ii) are always
non-profitable. Third, regarding (iii), it is enough to check only whether g + ng, where

j € Oy, gives a higher utility than g following Lemma A.2.
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naf(n1,ne) —na(e + k) > (na — 1) f(ny + 1,n2) — (n2 — 1)(e + k) is a different expression of
u;i(g) > wi(g + gl‘-fj) using the parameters given in the model. Therefore, if and only if this

condition is satisfied, then g is a Nash equilibrium.

Second, the players in Cy can only change some of their positive links to the negative links
in any deviation strategy. However, by Lemma A.1, extending the negative links to other
players in Cy is not profitable. Also, extending the negative links to players in C does not
change the undirected network g, but generates the additional conflict cost (g). Therefore,

for the players in (', g describes the best response strategy.

Proposition 2.15

Let’s use the condition naf(ny,ny) — (ng — 1) f(n1 + 1,n2) > € + k in Lemma 2.14. This

condition is equivalent to

f(ni,n2) 2 (ne = 1)(f(n1 + 1,n2) — f(n1,n2)) + €+ k.

Given ny and € + k < f(n — 1, 1), if n; is large enough, then this equation holds.

Also, we will show that there always exists n1(ns, e + k) < n. Let’s consider the case where
ny = n — 1. In this case, this configuration is always a Nash equilibrium?®. A player ¢ in C}
does not have an incentive to deviate from this strategy because when f(n —1,1) > ¢ + &,
g+ g;fj where j € (s is unprofitable. Also, g + Z]EJ g;; where J C Cy \ {i} is always not
profitable by Lemma A.1. Lastly, g + g, + > jecigiy 8iy where J C Cr\ {i} and k € Cy is

also not profitable than g by Lemmas A.2 and A.3.

The player in (5 also do not have an incentive to change his strtegy by Remark 2.10.

2This is what Hiller (2017) proved in his Proposition 2
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Theorem 2.17

(a) If and only if condition when Utopia network is a Nash equilibrium: By definition, g is
a Nash equilibrium if and only if there is no g} € G; such that u;(g}, g—;) > u;(g) for all 7.

In Utopia network, a player ¢’s strategy g; = {8i1,8i2,---»8in} = {1,...,1}.

Any weak player does not have an incentive to deviate from Utopia network strategy. First,
g’ = g+ g;; where j € N, is unprofitable. If a weak player i betrays one strong player
J by extending one negative link, it is an unprofitable deviation because y;(g') = (ns —
DAs + Ay < y;(8) = nsAs + (ny — 1) Ay, so f(vi(g'),y(g)) < 0. If weak player i betrays
one weak player j by extending one negative link, it is also unprofitable by Lemma A.1. If
the weak player i betrays more than one player, then it is always unprofitable, too. When
she betrays x; strong players and x,, weak players, y;(g') = (ns — T5)As + (N — Tw) M-
However, any other betrayed player j’s network strength is y;(g') = nsAs + (1w — 1) Ay, s0
f(yi(g),y;(g")) < 0. Therefore, any weak players do not have an incentive to deviate from

g.

On the other hand, each strong player does not have an incentive to deviate from Utopia
network strategy if and only if u(g) > u(g”) = g +¢;;. It is possible to transform u(g) >
u(g”) to e + k > f(nshs + (ny — DAy, (ng — 1)As + ny\y,). First, a player ¢’s deviation
8 + D _jcs8,; where J € N\ {i} is always unprofitable by Lemma A.1. Second, let’s
consider two other deviations: (i) g = g+ >_;c;8;; for J/ C N;UN, and J NN, # &
and J NN, # @, and (ii) 8 = &+ D pcjnn. 8ix = 8+ 2 jcunn, 8iy- Note that g’ always
gives higher utility than g. The reason is as follows. Once again, z, is the number of the
betrayed strong players and z,, is the number of the betrayed weak players. In g, for j € N,
i) = (1 — 2 ) A+ (my = 2) Ay and 5(8) = (n,— DAs+nude. Then, F(5i(8), 15 (@) < 0.

Therefore, for the strong player i, g always gives more utility than g by excluding the
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negative value of the extraction f(y;(g),y,(g)). Lastly, we should consider the deviation
g =g+ .8, where L € N,,. We will show that checking u;(g) > u;(g') where |L| =1
is enough. Let x,, denote |L|. Note that g' =g+ > ., ¢, =&+ ZkemN g: k. The utility

from g’ is as follows.

(@) = 3 (F(E). (@) — < — )

leL

= T, (f(ns/\s + (N — Tw) Ay (Mg — D) Ag + Ny Ay) — € — Ii)

By using the method used in Lemma A.2,

=/
8g(g) = f(nsAs + (N — Tw) A, (ns — DAs + nyAyy) —€ — K
Loy
— Zwdwf (NsAs + (N — ) Aoy, (Mg — D) Ag + Ny M)
2, (5!
aau(2g> — 20 (s As + (M — Zu) A (15 — DA + 1y \y)
'r'LU

+ A2 (nghs + (N — ) A, (Mg — 1) Ag + N Aw).

When f” < 0, & “(g) < 0. Therefore, if u;(g) > w;(g') for x,, = 1, then u;(g) > w;(g') for

Ty = 2.

(b) If and only if condition when Utopia network is the unique Nash equilibrium: In the
network with heterogeneous players given the parameters ng, n,, As and Ay, f(nsAs + (1, —
1)Aw, Ay) is the maximum of extraction. This is because ngAs + (1, — 1)\, is the maximum

network strength and A, is the minimum network strength given ng, n,,, As, and A,.

First, if e+ Kk > f(nsAs + (nw — 1) Aw, Ay ), then any networks including negative links cannot
be Nash equilibria. In these networks, players who are extending negative links have an

incentive to change these links to the positive links. However, Utopia network is still a Nash
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equilibrium because e+k > f(nsAs+ (N —1) A, Aw) > f(nsAs+(nw—1)Aw, (ns—1) A+ ).

Thus, Utopia network is the unique Nash equilibrium.

Second, if Utopia network is the unique Nash equilibrium, then € + k£ > f(nAs + (n, —
1)Aw, A\w). As shown above, Utopia network is a Nash equilibrium iff e + £ > f(ngAs + (n, —
DAws (g — DAg + nyAy). When e + & < f(ngAs + (ny — 1) Ay, (ns — 1)As + nwAy), Utopia
network is not a Nash equilibrium. When € + k < f(nsAs + (ny, — 1) Ay, Ay ), there is another
Nash equilibrium network configuration where n — 1 players are in a clique C; and they
extend the negative links to the other player in Cy. If € + k > f(nsAs + (ny — 1) Ay, Aw),
then any networks containing negative links cannot be a Nash equilibrium. Therefore, if the

Utopia network is the unique Nash equilibrium, € + £ > f(nsAs + (ny — 1) Ay, Aw)-

Corollary 2.18

By the assumption, when f(y;,y;) is homogeneous of degree 0, so that f(nsAs + (n, —

DAw, (ns = DAs + nwe) = f(m—lﬂ;im, 1) = f(%, 1), where a = i‘—w

: nsa+nyy—1 Nsa+n,—1 : : Nsa+n,—1
(i) If e, - increases, f (—(ns_l)a o 1) increases by assumption. Let x denote Ty

here.

ox Ng + Ny — 1

— = >0
Jda  (ans —a+ny)?
0 -1
x (a—1)a <0
on (ans —a+ny)?
ox 1—a

= <0

ony,  (ang —a+mny)?

When Utopia network is the unique equilibrium, it is trivial to determine the directions of

[ = f(nsAs + (nw — DAy, Ay) = f(nsa + (ny — 1), 1) regarding a, ng, and n,,.
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s _ o nsa+n,—1 _ nsatn—ms—1 nsa+n—ms—1
(ii) ny = n — ng, O et = et Let x denote oy Then

or (a— 1) <0
on,  ((a—1)ns—a+n)?2 '

It is also trivial to prove the uniqueness condition because Ay > A,,.

Corollary 2.20 and 2.21

First, when ¢ — oo, every f(y;,y;) — 3 when y; > y;. Then, f¢ = f* — %, too. Thus,
following Theorem 2.17, only for € + k > %, Utopia network is the unique Nash equilibrium.
Second, when ¢ — 0, every f(y;,y;) — 0. Thus, f¢= f* — 0, too. Hence, for any e+~ > 0,

Utopia network is the unique Nash equilibrium.

Lemma 2.23

By definition of Nash equilibrium, complete strong dominant positive assortative matching
g* is a Nash equilibrium if and only if w;(g}, g*;) > wi(g}, g*,) for every deviation g, € G;, for
all i € N. The strategy profile g for complete strong dominant positive assortative matching
is as follows. (i) If player i’s type is strong, g;; = 1 for j € Ng\ {i}, and g;; = —1 for

J € Ny. (ii) If player i’s type is weak, g; ; = 1 for all j € N\ {i}.

There are four kinds of deviations from the complete strong dominant positive assortative
matching. First, a strong player changes his positive links toward the other strong players
to the negative links. Second, a strong player changes his negative links toward weak players
to the positive links. Third, a strong player changes his positive links toward the other
strong players to the negative links and changes his negative links toward weak players to

the positive links. Lastly, a weak player changes his positive links toward the other players
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to the negative links.

First, the deviation g+, ; g, where i € Ny and j C S\ {i} is unprofitable by Lemma A.1.
Second, the deviation g+ .; g;; where i € Ng and J C Ny is unprofitable when u;(g) >
u;(g + g;;) where j € Ny by Lemma A.2. Third, the deviation g+ >,k 85 + 2 jcny 8
where i € Ny and K C Ny is unprofitable when (ng — 1)\ > n,A, by Lemma A.3. If
(ns — 1)As < Ny, each deviation g+ 7, g + >y, & ; should be compared with
the suggested strategy g whether it is profitable or not. Lastly, each weak player does not
have any incentive to deviate from the suggested strategy. When a weak player changes
his positive links to strong players, it cannot change the undirected links between the weak
player and the strong players, but this deviation brings about additional conflict cost €. If
the weak player changes his positive links toward other weak players, it is unprofitable by

Lemma A.1l.

Theorem 2.24

The condition that all Nash equilibria are SPM

Suppose a is large enough and f(ng,ns — 1) > ¢ + k. Then CSPM is a Nash equilibrium,
and any other network configuration except for SPM cannot be a Nash equilibrium. We will
show the proof that CSPM is a Nash equilibrium in the next part after this part that there

is no other equilibrium than SPM.

The network configurations which are not SPM can be classified into three categories: (i)
disassortative matching, (ii) other positive assortative matchings which are not SPMs (there
exist weak players whose network strength is higher than some strong players’ network

strength.), and (iii) Utopia network. I do not consider the war of all against all network,
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where there are only negative links. It is because this network is always not a Nash equilib-

rium when there are more than two players.

First, if a is large enough, any disassortative matching cannot be a Nash equilibrium. To
show it, suppose there are K cliques C4,Cy,...,Ck in a disassortatvie matching g. By
definition of disassortative matching, there exists a clique C consisting of both strong and
weak players. Suppose there are s strong players and w weak players in C, and players in
this clique C7 has the Cjth strongest network strength in g. For a strong player ¢ in this

clique C7, her utility is as follows.

w@= Y (fway)—m+ D (fluny) = (E+r)
JEX L1 Ck JE k=141 Ch
where y; = sAs + wA,. Note that f(y;,y;) < 0 for j € Zi;i Cy and f(y;,y;) > 0 for
J € Zf: 711 Ck. Now, let’s consider a deviation strategy g + g;; where player [ is a weak

player in the same clique C;. The payoff from the deviating strategy is

wlg+e)= D, W= 2wy —r)+ Y. (fli—dwy)—(E+5)

. I—1 . K
J€>—1 Ck JE k141 Ck

+ (Wi = Awyyi = As) — (4 K)

To compare the sizes of u(g) and u;(g + g;;), let’s substract u(g) from u;(g + g;).

ui(g+8;;) — wi(®) =f(Yi — Aw, i — As) — (€ + K)

— Y (Fwny) = (Wi = M yy))

JEX 421 Ck

- > (Fwoy) = Fi— A yy)

. K
JGZk:1+1 Ck
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Using the property of f that f is homogeneous of degree zero and f(y;,y;) + f(yj,vi) =0,

ui(g+8;;) — wil8) =f(Yi — Aws ¥ — As) — (€ + k)
OO UE) - ()

Yi — )\w
JE 41 Cr

D D ) R g A

) Yj Yj
JES 141 Ck

Ifa = /’\\—ju is large enoguh, f(y; — A\, ¥ — As) = f(é‘ﬁ;’;jrlw, 1) = f(:%,1) while f(%, 1) —

f(;55-:1) — 0 and fOL) = f(B Aw 1) = 0. f(s,s — 1) > f(ng,ns — 1), and by the
assumption, f(ng,ns—1) > e+ k. Thus, f(:%5,1) > e+ &, and the disassortative matching

g is not a Nash equilibrium.

Second, if a® is large enough, any positive assortative matching which is not SPM cannot be
a Nash equilibrium. A network configuration, which is PM but not SPM, has at least one
strong player ¢ whose network strength y; and one weak player j whose network strength y;

such that y; < y;. If a® is large enough, y; is always larger than y;. So it is a contradiction.

Lastly, Utopia network is not a Nash equilibrium if a is large enough and if f(ns,ns — 1) >
e + k. In Theorem 2.17, Utopia is a Nash equilibrium if ¢ + k > f¢ = f(nAs + (ny —
DAw, (ns — DAs+nuAy). As a — 0o, f¢ — f(ng,ns—1). Therefore, when a is large enough

and f(ns,ns — 1) > € + k, Utopia network cannot be a Nash equilibrium.

If and only if condition that CSPM is a Nash equilibrium

If a is large enough, then the condition of Lemma 2.23-(i) is satisfied given e+r < f(n—1,1).

Suppose a is sufficiently large. Then the condition (ns — 1)a > n,, is satisfied. Let us check
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the condition u(g) > u(g + g;;). The condition can be transformed as follow.
f(nsa,ny) > (ny, — 1)(f(nsa + 1,n,) — f(nsa,ny)) + ¢ + k.

If a — oo, f(nsa,n,) — f and f(nsa + 1,n,) — f(nsa,n,) — 0. Therefore, as long as

£+ K < f, there exists a satisfying the condition in Lemma 2.23.

Corollary 2.25

Using Lemma 2.23, for complete strong dominant positive assortative matching to be a Nash

equilibrium, the following two conditions should be satisfied for 0 < d < ng.

Ny (nsa)® — n® (nw — 1) (nga +1)? —n?,

Condition(A) : 71”—(?15&)‘;5 e nw(€+ K) > T mat P nt — (N — 1)(e + k)
» N (nsa)? —nf) d ((ns — d)a + ny)® — ((ns — 1a)°
Condition(B) : 7m —ny(e+K) > 2 (e = d)a 1) T+ (e —1)a)? d(e+k)

First, if (ns —1)As > ny,Ay, we only need Condition (A). If (ns—1)a > n,,, then ngAs + Ay, >

NnsAs > NyA,. Next, let’s consider Condition (B). If (ny — d)a + ny, > (ns — 1)a, then

((ns—d)atnw)®—((ns—1)a)
((ns—d)atnw)?+((ns—1)a)

i converge to 5 as ¢ goes to infinite. d < da < (ns — 1)a < ny, so

N
N o=

condition (ii) is satisfied for e + k < 5. If (ng — d)a + n,, < (ns — 1)a, RHS of Condition (B)

is always less than zero. Hence, Condition (B) is also satisfied, too.

((ns—d)atnu)®—((ns—1)a)®

(nsa)®—ng, . t
2 (ns—d)atnw) 4 ((ns—1)a)e CONVEIZE 1O

n (ns a+1)¢fnﬁ d
(nsa)®+nS’

(nsa+1)9+n%’

Thus, if ¢ goes to infinity, % %

1

5 Mw >Ny — 1land d < da < (ng — 1)a < ny, so the Conditions (A) and (B) are always

satisfied if e + Kk < %
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Proposition 2.28

In this proof, we only show a condition for each weak player does not have an incentive to
deviate from the complete weak dominant positive assortative matching g. It is because
each strong type player decreases his/her utility when he/she extends any negative directed

links.

First, we show there exists a value of a making g a Nash equilibrium given n,, and n;.
Suppose Ay = A, + 6 where 0 > 0 is small enough. For a weak player i, g and any deviation

8 =8+ /8T Yrex 8y Where K C N, \ {i} and J C Nj gives utilities are as follows.

;i (8) =nsf(NuwAw, NsAs) — ns(e + k) (A.1)
ui(g') =(ns — [J) f(nw — [KDAw + [J[As; nsAs)+
(K f((nw = KA + [J[As, (R — D) Aw) — (ns — [J] + |K]) (e + K) (A.2)

<(ns = [J| + K f(nw = [K[)Aw 4+ |J|As; nsAs) = (ns = [J] + |K])(e + £) (A3

(A.3) > (A.2) because n,, — 1 > ng and ¢ is small enough. Also, (A.1) > (A.3). Note that
(A.3) is u(g”) where g" = g+ 3, g, where |L| = |J| — |K| and L C N,. By lemma A.2,
if u;(g) > wi(g + g;;) for a j € N, ui(g) > us(g"). ui(g) is always greater than u;(g + g;;)
for small enough ¢ as follows. By the assumptions, %’; < 0, ny > 2ngs—1, and € + k is small

enough. Then

Nwdw > (2ng — 1)\
NpAw — NsAs > (ng — 1) A
f(nwAwa ns/\s) - f(ns)\sa ns/\s) - (5 + ’f) > (ns - 1)(f(nw)\w + )\57n8)\8) - f(nw/\wa ns/\s>>

(A4)
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The last line holds, because g%f < 0. Rearranging the last line,

Nsf (MwAw, NsAs) — ns(e + k) > (ng — 1) f(npAew + As, nsAs) — (ns — 1) (e + K)

Therefore, if a is close to 1 enough and n, > 2ng — 1, complete weak dominant positive

assortative matching is a Nash equilibrium.

Corollary 2.29

First, let us consider the case when ¢ + kK < % There is a weak player i’s deviation g, =
8+ jen. g;fj + > ek 8ip Where K C Ny, \ {i} and |K| = n, + 1, which is more profitable
for i when ¢ — 0co. After the deviation, y;(g') = (n, —ns — 1)\, +nsAs and yp(g') = ny — 1.

Thus y;(g’) > yk(g’). Player i’s utility from g’ is approximately

u(g) = (ns + (5~ e+ 1),

and the utility from CWPM is approximately

Therefore, the deviation is always more profitable than CWPM.

Ife+r > %, any extraction is not profitable because this cost is higher than the upper bound

of the possible extraction. Therefore, CWPM cannot be a Nash equilibrium.
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Proposition 2.32

There is one clique with n-1 players in the networks and one left player bullied by the clique

members. There are three kinds of deviations in large.
i) A player in the clique extends a positive link to the bullied player.
ii) A player in the clique extends the negative link to other players in the clique.

iii) A player in the clique extends the positive link to the bullied player and extends the

negative link to other players in the clique.

Any deviations by the bullied player are not profitable for her because she cannot change

the undirected network g by her deviation, but it incurs additional conflict costs.
1) The case of Bullying a strong network

When the number of strong players is more than two, then there always exists at least one
strong player in the clique. Because it is not the homogeneous model, there exists at least one

weak player in the clique. The utility of ¢ in the clique is u;(g) = f((ns—1)a+ny,a) —e —k.
1-i) The first deviation is unprofitable if f(n, —1,1) > ¢ + k.

Regardless of type of i, u;(g') = 0. f((ns — 1)a + ny,a) > f(ns — 1,1). Therefore, if

f((ns = L)a+ ny, ng) > € + £, then u;(g) = ui(g') = 0.

1-ii) The second deviation is unprofitable if € +x > f(ns — 1,ns — 2). In the second and
third deviation, let’s by denote the number of betrayed strong players by i, and b,, denote
the number of betrayed weak players, in the deviation strategy. That is bs = | Bs| such that
B, = N;"(g) N N; (g') N Ny, and b,, = | B,,| such that B, = N,"(g) N N; (g') N N,,. Suppose



110 APPENDIX A. APPENDIX FOR CHAPTER 2

1 is type s. Then after the deviation,

ui(g) =f((ns — 1 = bs)a + ny — by, a) + (bs + by) f(ns — 1 — bs)a + 1y — by, (N — 2)a + ny,)

— (by + by + 1) (= + 1)

If by > 1, then f((ns—1—bs)a+ ny — by, (ns — 2)a + ny,) <0 for all by,. So u;(g") < ui(g).

If b, = 0, then g’ is unprofitable when

f((ns—1)a+ny, a)—e—k > f((ns—1)a+n,—by, a)+by f(ns—1)a4+n,—by, (ns—2)a+ny)—(by+1)(e+k).
It can be arranged as

f((ns=1)a+ny, a)—f((ns—1)a+n,—by, a)+by,(e+K) > by f((ns—1)a+n,—by, (ns—2)a+n,),

etk > f((ns—1)a+n,—by, (ns—2)a—|—nw)—bi(f((ns—l)a—i—nw, a)— f((ns—1)a+n,—by, a)).

The RHS is smaller than f(ns — 1,ns —2). So if e + K > f(ns — 1,ns — 2), then g’ is not

profitable for .

If 7 is type w, then

ui(g) =f((ns — 1 = bs)a—+ ny — by, a) + (bs + by) f(ns — 1 — bs)a + ny — by, (ns — 1)a+ny, — 1)

— (bs + by + 1) (e + k).

For all by > 1 or b, > 1, u;(g) > u;(g’).

1-iii) As a result of the third deviation, ¢ has the enemy set N, (g’) consisting of the players

in the clique. The third deviation is unprofitable if e+ > f(ng, ny—2). The third deviation
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ui(g) = (bs + bw) f((ns — bs)a + Ny — by, (ng — 2)a + 1) — (b + by) (e + K).
u;(g') > ui(g) when
f((ns—1D)a+ny,a)—e—K > (bs+by) f(ns—bs)a+ny, —by, (ns—2)a+n,) — (bs+by)(e+EK).
Then

(bs+by —1)(e+K) > (bs 4+ bw) [((ns — bs)a+ ny — by, (ng —2)a+ny) — f(ns — 1)a+ny, a),

s+ bu, 1
> 2T f((ny—b — by, (1 — 2 S
m 2 g =1 (s = bat e =by, (ns =2)atny) = g

e+ f((ns—1Da+ny,a).
If bs > 2, then it always holds because (ns — bs)a + 1y — by < (ng — 2)a + ny,.
If o, =1,

14+ by

, f((ns — Da+ ny — by, (ng — 2)a+ ny) — bif((nS — 1Da+ ny,a)
<f((ns — 1)a+ ny, — by, (ns — 2)a + ny)
<f((ns — Da+ ny, (ns — 2)a + ny,)

Sf(ns - 17”5 - 2)

Thus, if € + k > f(ng,ns — 2), i does not have an incentive to choose the third deviation.
2) The case of Bullying a weak network

When the number of strong players is more than two, there always exists at least two strong

players in the clique. The utility of 7 in the clique is u;(g) = f(nsa + ny, 1) — e — k.
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2-i) The first deviation is unprofitable if f(n — 1,1) > ¢ 4+ k. After the first deviation
the utility of ¢ is 0. Thus, if f(nsa + ny,,1) —e — k > 0, the deviation is unprofitable.
f(n—1,1) < f(nsa + ny, — 1,1) for any n,, and a. Hence, if f(n —1,1) > 0, the condition

is automatically satisfied, and the deviation is unprofitable.

2-ii) The second deviation is not profitable if ¢ + k > f(ns,ns — 1). Suppose i is type s.

Then after the deviation,

ui(g) =f((ns —bs)a+ny —1—by, 1)+ (bs + by) f((ns — bs)a+ny, — 1 — by, (ng — 1)a+n, — 1)

— (bs + by + 1)(= + k).

If u;(g) > w;(g'), then g is unprofitable for i. u;(g) > w;(g) is equivalent to

(bs + byw)(e + k) >(bs + by) f(ns — bs)a + 1y — 1 — by, (ns — 1)a +nyy — 1)

- (f(nsa + N, 1) - f((ns - bs)a +ny —1— bw’ 1))

The RHS is smaller than (bs + by,) f((ns — bs)a+ny, — 1 — by, (ng — a+n, —1). If by > 1,
f((ns —bs)a+ny, —1 —by, (ng — a+mn, —1) < 0. When by =0, it is f(nsa +n, — 1 —
by, (ns — 1)a + n,, — 1). For all @ and n,, it is smaller than f(ns,ns — 1). Therefore, if

€+ Kk > f(ns,ns — 1), then the deviation is unprofitable for strong type i.

Secondly, suppose ¢ is weak type. Then

ui(g) =f((ns — bs)a +ny — 1 — by, 1) + (bs + by) f((ns — bs)a + My — 1 — by, nga + 1y — 2)

— (by + by + 1) (e + 1)

This u;(g’) is smaller than u,;(g) if by > 1 or b, > 1, because (ns — bs)a + ny, — 1 — by, >

ne@ + Ny —21if by > 1 or b, > 1.
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2-iii) The third deviation is unprofitable if ¢ + k > f(ns,ns — 2). If i is type s,
ui(g') =(bs + bw) f(ns — bs)a + Ny — by, (ng — 1)a + ny — 1) — (bs + by) (e + K).

If by = 0 and b, > 2, f(nsa + ny — by, (ns — )a + n, — 1) < f(ng,ns — 1). Thus, if
f(ng,ms—1) < e+ kK, then u;(g') < 0. If by =1 and b, > 1 or by > 2, (ng—bs)a+n, — by, <

(ng — 1)a+ny, — 1, so u(g') <0. If bs + b, = 1, then
U,(g/) = f((ns - bs)a + Ny — bwa (ns - l)a + Ny — 1) - (6 + I{).

u;(g) > u;(g') because f(nsa + ny, 1) > f((ng — bs)a + ny — by, (ns — 1)a +ny, — 1).

Secondly, if 7 is weak type,
ui(g') =(bs + bw) f((ns — bs)a + Ny — by, nsa + 1y, — 2) — (bs + by) (€ + K).

If by + by > 2, (ng — bs)a + ny — by < nga + ny — 2, so u(g) < 0. If by +b, = 1,

f(nsa+ny, 1) > f((ns — bs)a + ny — by, nsa + n,, — 2). Hence u,;(g) > ui(g).

A.2 Four players example: The condition for each con-

figuration to be a Nash equilibrium

Homogeneous players

There are two network configuration, which can be Nash equilibria. The first case is Utopia
network. According to Remark 2.12, it is always a Nash equilibrium for any ¢ + x, and it is

unique when ¢ + £ > f(3,1). The second case is a network where three players are a friend
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to each other, and they extend negative links to the other player. It is a Nash equilibrium

when € + k < f(3,1) by Lemma 2.14.

Except for these two configurations, any other network configurations cannot be Nash equi-
libria by Remark 2.11. In the other weakly structually balanced configurations, there always

exist players whose network strengths are the same. It violates Remark 2.11.

Two types of players

3 strong, 1 weak 1 strong, 3 weak 2 strong, 2 weak
| ©
Utopia * *
©
O *
Positive
assortative
matching - .
)6
Disassortative « . . * ,*
matching : .

Table A.1: Possible network configurations with four heterogeneous players in equilibrium

In Table A.1, we categorize all possible Nash equilibrium networks in the example of four
heterogeneous players. If the network configurations are identical to the case with homoge-
neous players, the they are marked with an asterisk. In Figures A.1, A.2, and A.3 we specify

each network configuration with the condition to be a Nash equilibrium.
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(@) e+ K> f(BA, 205 + Aw) (b) e+ K> F(As +2X0,300) (¢) e+ K> F(2A 4+ A, As +2Ay)

Figure A.1: Utopia networks

A.3 Simulation

Using the normalized contest success function, we perform simulations to observe changes

of conditions of each configuration to be a Nash equilibrium by parameters.

2.4.1 Utopia networks: Homogeneous players’ model

In Figure A .4, the blue part is a region of the parameters ¢ 4+ k, ¢ and n for Utopia network
to be the unique Nash equilibrium. The yellow part represents the boundary, and it is
corresponding to c**. Note that % is the maximum value of h(n;,n;, ¢). When ¢ is larger

than 2 and n is larger than 6, c** is already close to %

2.4.2 Utopia networks: The case of two types of players

Figure A.5 compares the conditions for Utopia networks to be a Nash equilibrium and to be
the unique Nash equilibrium in the example of four players. Figure A.6 presents variations
of ranges of the parameters supporting Utopia network as a Nash equilibrium with respect to
¢ when there are two strong players and two weak players. It also indicates that the conflict

cost should increase and a should decrease as ¢ increases to maintain the Nash equilibrium.
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2.4.2 Positive assortative matching

Figure A.7 shows the ranges for each positive assortative matching of Figure 2.5 (a), (b),
and (c) to be a Nash equilibrium. Figure A.7 (a) shows the difference with respect to the
number of players when ¢ = 1. Figure A.7 (b) describes a three-dimensional range for the
configuration with two strong players and two weak players to be a Nash equilibrium. Figure
A.7 (c) is a two dimensional expression of Figure A.7 (b). The figures indicate the following.
First, if a is sufficiently large, then this CSPM is a Nash equilibrium. Second, If the number
of strong players increases, less a can make CSPM in equilibrium. Third, if the conflict
cost is sufficiently high, then CSPM can not be a Nash equilibrium. It is consistent with
Proposition 2.12 mentioning the uniqueness of the Nash equilibrium Utopia network. Lastly,
as the number of strong players increases or ¢ increases, CSPM can be a Nash equilibrium

with the higher conflict cost.

In Figure A.7, (b) and (c) also shows consistent observations with Corollary 2.25. It presents
the variation in respect of ¢ on the range of parameters satisfying the condition for the Nash
equilibrium complete strong dominant positive assortative matching when there are two
strong and two weak players. In this diagram, as ¢ increases (decreases), the range expands

(shrinks).

As mentioned above, Figure A.7 (a) demonstrates variations in respect to the number of
players on the range of parameters satisfying the condition. The figure indicates that the
range expands (shrinks) when there are more (less) strong players and less (more) weak

players.

Figure A.8 demonstrates variations of the range of parameters satisfying the conditions for
the Nash equilibrium complete weak dominant positive assortative matching when there are

one strong and three weak players. These diagrams in Figure A.8 give implications consistent
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with Proposition 2.28, Corollary 2.29 and Remark 2.30. When ¢ increases, the range of e+«
increases and the range of a decreases. For example, in the extreme case such as ¢ > 100,
no a satisfies the condition for this Nash equilibrium configuration. Lastly, there is an upper
bound of € + « for the configuration in equilibrium. It is consistent with Proposition 2.17 in

respect of the uniqueness of the Nash equilibrium Utopia network.
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Figure A.4: Region of the parameters for Utopia networks as the unique Nash equilibrium
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Appendix for Chapter 3

B.1 Proof

Lemma 3.2

(i) gij =181 =-1

Between player ¢ and j, there is the resulting undirected link g; ; = —1. Player ¢ always has
an incentive to change g;; = 1 to g;; = 0. Then player ¢’s utility increases by ¢ but there
is no change in the undirected network g.

(ii) gij = 1,g5: =0

In this case, g; ; = 0. Given g;; = 0, player ¢ has an incentive to change g; ; = 1 to 0. Then
she can increase her utility by ¢t with the same g.

(iii) gij = gji = —1

In this case, g; ; = —1. One of the players 7 and j has an incentive to deviate from —1 to 0.

Because she can increase her utility by € + x with the same g.

123
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Lemma 3.3

This lemma has the same implication to Hiller (2017)’s Lemma 2. First, I will show that
when v;(g) > y;(g), no g; ; and g;,; except for g; ; = —1 and g;, = 0 is possible in any PNE.
By Lemma A1, g;; = 1,g;; = —1 and g; ; = g;; = —1 are not available in any pairwise
Nash equilibrium. Now, for a g; ; = —1, suppose g;; = —1 and g; ; = 0, but y;(g) < y,(g).
In this condition, f(y;(g),v:(g)) < 0, but the player i spends € + k. Player i has an incentive

to deviate from g; ; = —1 to 0. Then, her utility increases by — f(vi(g),vi(g)) + ¢ + .

Lemma 3.4

Suppose 3 7, j € Py(g) but g; ; = —1. This undirected negative link g; ; = —1 exists because
at least one of 7 and j is extending the directed negative link g; ; = —1 or g;; = —1. Then, the
one who is extending this directed negative link can save e4+x > 0 when she ceases extending

this directed negative link and extends the directed neutral link because f(y;(g),y,(g)) = 0.

Proposition 3.7

By definition, players in the same P;(g) have the same network strength. Therefore, by
Lemma 3.4, there is no negative link between the players in the same P;(g). Then, the
negative links exist only between the players in the different P;(g). Thus, it is possible to
regard P;(g) (or an union of several P;(g)) as an independent set. As a result, the relevant
conflict network is k-partite. If there is an independent set consisting of multiple P;(g),

k < m. Otherwise, k = m.
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Propositions 3.9 and 3.14

Step 1 proves “if” condition of Proposition 3.9, and Proposition 3.14. Step 2 proves “only

if” condition of Proposition 3.9.
Step 1) If there exists i, j € N such that g; ; = 1, there exists k,l € N such that g, = —1.

Suppose there are only the undirected positive or neutral links but are not the undirected
negative links. Then for a player 7, whose directed link g; ; = 1 in g, ZjeNf(g) fyi,y;) =0,
because N; (g) = @ Vi € N. Hence, u;(g) = —|N,"(g)|ct < 0. Instead, player i has a more

profitable deviation g; = g — e+ (g) gi;. Tt gives the utility u(g}, g—s) = 0 > u;(g).
Step 2) If there exist i, j € N such that g; ; = —1, there exist k,l € N such that g, = 1.

Suppose there are only the undirected negative or neutral links, but not the undirected
positive links. Then every player has the same intrinsic strength, A\; = A. There is no
undirected positive link by the assumption. Thus every network strength y;(g) = A. Then
from any undirected negative links, the extraction f(n;,n;) = f(A\,A) = 0. Therefore, if
any player ¢, who extends the directed negative links in g, stops extending all negative
links by changing them to the neutral links, it will increase player i’s utility from u;(g) =

—|N;(g8)|(e + k) <0 to 0.

Proposition 3.11

(i) The empty network is a pairwise-Nash equilibrium.

The empty network g is a PNE. First, it is Nash stable. Every homogeneous player has 0
utility in the empty network. For any player ¢ € N, she cannot form the positive undirected
link alone, because g;; = 0 for all j € N\ {i}. Also, any negative directed links do not

increase her utility because v;(g) = y,(g) = 1 so f(v:i(g),y;(g)) =0 but e +x > 0.
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Second, it is pairwise stable for the same reason as Step 1 in the proof of Proposition 3.9.
There is no existing extraction in g, so making new friends does not increase her utility but

incurs the friendship cost. (ii) The empty network is the unique pairwise-Nash equilibrium.

Suppose a network g is not empty. Then by Proposition 3.9, there should be positive and
negative links together. First, suppose there exist ¢ and j such that y;(g) > y;(g) + 1 where
i € P,(g) and j € P,,_1(g). By Proposition 3.9, there exist the negative undirected links
between i and the other players in P,,_»(g) and in P,,_5(g) .... and in Pi(g). If g; ; = —1, then
17 has an incentive to cut any one positive link. Let us call this deviation cutting one positive
link g’ yi(g) > vi(g) = vi(g) — 1 >y;(g). Then f(yi(g),y;(8)) ~ f(v:i(g), y;(g)). Player i
can save ¢t but the difference between f(y;(g), y;(g)) and f(vi(g'), y;(g)) is negligible. Also,
if there exist g;x = —1 for k € N\{P,.(g) UP,,—1(g)}, the difference between f(y;(g),yr(g))
and f(vi(g'), yx(g')) is negligible too, because y;(g) > y;(8) + 1 > yx(g). Therefore, i can

increase her utility using the deviation.

Now, it is clear that g such that |P,,(g)] > |Pn-1(g) + 1| cannot be a PNE. By using
inductive way, it is possible to repeat the procedure for |P,, — 1(g)| > |Pn-2(g) + 1|, and
|P, — 2(g)| > |Pn-3(g) + 1|, so on. Then, we have the last case of g where |P,,(g)| =
|Pr—1(g) + 1| = |Pr2(g)+2| = ... = |Pi(g) + m—1]. If |Pi(g)| # 1, then it is not a pairwise
Nash equilibrium. Because a player in P;(g) has an incentive to cut a positive link. Then

she can save ¢t but the change in extraction ) f(-) is negligible.

We assumed that there are more than or equal to four homogeneous players. Then at
least, there should be more than three P,. Let’s consider a player i’s deviation g’ in Py(g).
She can propose a new positive directed link gg’j = 1 for 7 € Pi(g). This pairwise de-
viation is profitable for both players i and j. Let f denote f(n — 1,1) and f:, denote
ming<p<n—1f(z, 2 —1) > % From this deviation, i loses at most f — (¢ + &) + ¢* because

gi; = —1 is replaced by g;; = 1. However, her network strength y;(g') = vi(g) +1 =
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yr(g'), for k € P3(g'). Then she can increase her utility at least by 3f,.;, from the three
negative links from the players in P3(g’). Overall, i can increase her utility at least by
3fmin — f + €4+ Kk —ct > 0. On the other hand, this deviation is also profitable for j.
y;j(g) = yj(g) +1 = y(g) for | € P5(g’). Then j can increase her utility at least by

2 fmin — ¢ > 0, because i ceased her negative link, and f(y,(g),y,(g")) = 0.

Proposition 3.13

i) In a k-regular bullying network, there are two sets of players. In a set A, there are
n — 1 players. In the other set B, there is one player v. Every player in A extends the
negative directed link to player v, so g;, = —1 Vi € A. By Lemma 3.3, g,; = 0 Vi € A.
Let’s check Nash stability of g. First, any player ¢ € A does not have an incentive to
decrease the number of positive links. Suppose i ceases several g;; = —1 — ggyl = 0 for
all [ € L C A\ {i}. Tt decreases i’s utility w;(g) = f(k+1,1) — ket — (e + k) to wi(g) =
fl+1=|L, 1) = (k=|Lct = (e +k). ui(g) —ui(g) = f(k+1,1) = f(k+1—|L[,1)~|L|c* >0,
because ¢t < f(k+1,1) — f(k,1) < f(k+2—|L|,1) — f(k+1—|L|,1) for any |L| > 1.
Also, gi» = —1 — g;, = 0 decreases player i’s utility u;(g) = f(k+1,1) — kc¢™ — (¢ + k) to
ui(g) = —(k+1)c™ <0. wi(g) — ui(g') > 0 because ¢ + k < f(k+1,1). So the deviation g’

is not profitable for player .

Second, player v does not have any valid choice of single deviations. Even though g,; =
0 — g, ; = —1 for any i € A, it does not change the undirected network g because g; , = —1

Vi € A, already.

Let’s check pairwise stability of g. For a pair of ¢,5 € A where g; ; = 0, they do not have
an incentive to add a positive undirected link between them, g; ; = 1, because f(k +2,1) —

f(k+1,1) < ¢ On the other hand, for a pair of i € A and v, g,; = 0 — g, ; = —1 gives
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u;(g') = —ct < 0, so i does not choose the deviation.

ii) If £ = n—2, then these n— 1 players are fully connected, so they cannot add more positive

links between them. Therefore, the condition f(k+2,1) — f(k+ 1) < ¢* is not required.

Proposition 3.16

If the condition Max{Ay,...,\,} — min{)\i,..., \,} < € + K is satisfied, the empty network
is a PNE. First, it is Nash stable. Given the empty network g, the players cannot form
the positive undirected link alone, because g;;, = 0 for all j € N \ {i}, too. Regarding
the negative undirected link, for any ¢« € N, y; = \;. Therefore, the condition implies
Max{yi(g), .-, yn(g)} — min{yi(g), ..., yn(g)} < € + k. Then any player cannot increase her

utility by extending the negative links.

Second, because there is no negative link for any player, they cannot increase their utility

by forming a positive undirected link, as shown in Proposition 3.14

Proposition 3.19

Before the proof, let Ay = a and A\, = 1 for simplicity. It does not change the result because

f(yi,y;) is homogeneous of degree 0.

Suppose there exists a network g, which is not positive assortative matching in equilibrium.
Then, it is one of (i) the empty network, (ii) 3g;; = 1 for i € N, and j € N,, and (iii)
ﬂgm =1fore¢, j € Ny and i, 57 € N, First, the empty network is not a pairwise-Nash
equilibrium. For any € + & < f, there exists a which satisfies f(a, 1) > ¢+ x. Then a strong

player i’s deviation g; ; = 0 — —1 to j € N,, is profitable for <.

Second, any network in (ii) cannot be in equilibrium. Let’s consider a player i’s deviation
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g;; = 1 — 0. Before the deviation,

wi(g) = Y fluig),u(®) = [N ()t — IN (2)l(e + #).

keN; (g)

After the deviation,

w(g)= Y S8~ Lu(®) — IN(g) — L — N{~(g)le + &.

keN; (g)

(3

ui(g) = ui(g") = Ypen-(g) (f(Wi(®), yr(8)) — fyi(g) — 1, yn(g))) — ¢". Let yi(g) = As + .

x = y;(g) — As is the strength borrowed from the other players. Then u;(g) — u;(g') =

As+x As+x— : As+x As+x—
Yren; 0 Gty V= f it 1) =™ As ainereases, 3 en- ) (f (555, V) = F (g D)

decreases and goes to 0. Thus, for any given ¢, u;(g) — u;(g') < ¢ if a is sufficiently large.

Lastly, suppose ﬂgm =1 for 7,5 € N, and for i,j € N,. In the paragraph just above, we
showed ﬂgi,j = 1for i € Ny and j € N,,. Therefore, there do not exist any positive links in
the network, so y;(g) = \; for every i € N. Then, there are three possible cases. First, if
Vg, ; = 0 for 7,7 € N, and for ¢,j5 € N,,. it is the empty network, which is proven that it
cannot be in equilibrium. Second, suppose Jg; ; = —1 for i € N, and j € N,,, but not all
(3gi; = 0). Then player i can deviate from g changing g; ; = 0 — —1. Then ¢ can increase
her utility by f(a,1) — (¢ + k) > 0, because a is sufficiently large. Third, if Vg; ; = —1, then
There are only the neutral undirected links between the same type and only the negative

undirected links between the different types. It is the network mentioned in the proposition.
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Appendix for Chapter 4

C.1 Proof

Proposition 4.3

(i) For any rich player i, j, and any poor player k, [, the following equalities are derived from

the first-order conditions.

S'(x) = ozxffj_la:ii (C.1)
S'xiy) = a:v?f,;lmgi (C.2)
S'(xpr) = a:cg’jlek (C.3)
S'(xpr) = oza:g;le,k (C4)

Using symmetry, z; ; = x;,; and x; = ;5. From (C.1) and (C.3),

S'(zi;) = az® P! =

[2¥} 1—Oé—ﬁ
Lij
’ _ a+B-1 _ Q
S'(wrr) = QT N
L

130
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Because the players use the symmetric strategy, each rich or poor player has the budget

constraint as follows.

n n

T + (5 — D+ 5 Tik = M, (C.5)
n n

Th ke + (§ — l)l’kJ + §l'k7i = Mp (CG)

Regarding z; ; and xy, there are two cases. First, if z; ; > wy,, then S'(z;,;) < S'(xy) and
xi; > Tk Second, if z; ; < xy; then S'(z;;) > S'(xk ) and x;; < xp,. Then to satisty the
budget constraints (C.5) and (C.6), x;, > ;. However, it does not hold. From (C.2) and
(C.4),

(@) axdy e,
S"(Tkk) x;‘;lek
= (Zhiylmet?

Tk

)

If 2@ > 1 then %4 > 1. Hence, it is a contradiction.
S’ (zk k) T4k

(ii) From the inequality x;; > xyx, S'(x;;) < S’(zgx). Then from (C.2) and (C.4),

8 8

AT, - ax:

S'(215) = ot < S'(wpp) =
ik ki

Thus, z;; > .
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(iii) As shown in (ii), S"(x;;) < S'(xkx). Then from (C.1) and (C.3),

o (8%
S' (i) = T3 < S'(wrk) = I—a—B
Tij Tk
Thus, z;; > xp.
(iv) From (C.1) and (C.2),
B
ary; oy (C.7)
l-a = | l-a” '
T Lik

I show that only the case z; ; > x;, > xy; is possible. First, neither z; ; = x; ; nor z;; = x;

is possible. If z; ; = x; 5, then z;; = x; ;. But it contradicts the inequality z;, > x); in (ii).

8 8
.. . ax; - azxl . . .
Second, x; > x;; > xy,; is impossible. If so, % > xlf;;. Third, ;, > x,; > x;; is not
i,j ik

available. Let’s consider a case when M, = 1

5 and M, = e for a small enough €. xp, Ty,

and xy,; are close to 0 because of the budget constraint. Because, x;; > z; ;, ; ; should be
close to 0. Then S’(z;;) is not close to zero, but %—ﬁ is close to 0. Hence, in this case,
Tij > Ty > Tk, Nash equilibrium solution z; ; isz’éontinuous on M, and M, because the
utility function is continuous on M, and M,. Therefore, if there exists Nash equilibrium z;

such that x;, > xp; > w;;, there should be a case that x;; > x;; > x1;, which I showed

that it is impossible. Therefore, only x; ; > x;; can be in equilibrium.

(v) From (C.3) and (C.4),

: (C.8)

I show that only the case x;; > y,; > xy, is possible. First, neither x;, = x4 nor x; = x5,

)

is possible. If z; = xy,, then xy; = x5, But it contradicts the inequality z; ;. > xy; in (ii).

8 8
. . . ax ar,; . .
Second, ;) > xk, > ¥, is impossible. If so, xlf;ﬁ < xl,’f,f. Third, z; > ;5 > Ty, is not
k,l ki

available. As shown in (i), z; ; > xj;. Let’s multiply (C.1) and (C.3), and (C.2) and (C.4).
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Then

2 a—1_08 a—1_08 _ o / 2 a-1_08 a-1_0
QL5 Ly Ly = S'(2i3)S (Tpr) = Tik Tilii Lig

But (z;jx5)' P > (2;52,1)' 7P, Hence, it is a contradiction.

. o . . .
Then S’(z;;) is not close to zero, but o IS close to 0. Hence, in this case, x;; >
x;
?]
Tik > Tk, Nash equilibrium solution z;; is continuous on M, and M, because the utility
function is continuous on M, and M,. Therefore, if there exists Nash equilibrium z; ; such

that ; , > x,; > x;;, there should be a case that x;, > x; ; > x,, which I showed that it

is impossible. Therefore, only z; ; > x;; can be in equilibrium.

Proposition 4.4

In this proof, I show X induces a specific Data Dy (X) depending on k. The specific config-

urations satisfy the definition of nested split graphs.

1) When k < %, the rich players form the core, and the poor players form the periphery set
(independent set). Each rich players report the other § —1 fiends as their best friends. In the
symmetric Nash equilibrium, for every i, j € R, z;; is identical. By Proposition 4.3-(iv), the
rich players do not point out the poor players because the number of the other rich player
(5 —1) is bigger than (or equal to) k. As a result, the rich players form a core. Secondly, the
poor players point out the rich players as their best friends by Proposition 4.3-(v). Because

X is the symmetric Nash equilibrium, every z;j, is identical for « € R and k € P, each poor

n

player designates every 7 rich player. However, they do not report the other poor players

as their best friends because the number of rich players 7 is already bigger than the limit
of response k. The degree of each rich player d; is n — 1, and that of each poor player 9§, is
5. Because every rich player is connected to all of the other rich players, the configuration

satisfies the definition of nested split networks.
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2) When k = %, the rich players still form the core, and the poor players form the periphery
set (independent set), too. Each rich player reports every other player as their friend because
she has the space of response for § — 1 rich friends and one more friend. Because ;y is
identical for any ¢ € R and k € P, the rich players report all poor players as their friends.
The poor players still report 3 rich players as their best friends. Because the configuration

and the degrees are the same, this case also satisfies the definition of nested split networks.

3) When k = %, Dy, is the complete network. As the case when k = %, each rich player
reports every other player as her friend because k is bigger than the number of the other
rich players § — 1. Each poor player also reports every other player as her friend because k
is more than 7, the number of the rich players. Because all players report the other players
as their friends, Dy, is the complete network. The complete network is a nested split graph

satisfying the definition.
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